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Preface

It is now over a hundred and seventy years since Arnold Berthold 
demonstrated that endocrine glands convey their effects via the 
bloodstream and a hundred and ten years since the word ‘hormone’ 
was coined by Ernest Starling. Amazingly, it is just under a hun-
dred years since one of the nascent specialty’s most spectacular 
Nobel Prize- winning triumphs, the purification and use of insulin 
to transform Type I  diabetes from a rapidly fatal wasting disease 
of childhood into a manageable chronic condition. Similarly, sev-
enty years ago the Nobel Prize recognised the life- saving impact 
of glucocorticoids both for patients with adrenal insufficiency and 
as immunosuppressive therapy for chronic inflammatory disease. 
Since then endocrinology has continued to ride the crest of a wave 
of technological advances, most prominent recently in areas such 
as molecular genetics, imaging, immunotherapy and rational drug 
design.

The first edition of the Oxford Textbook of Endocrinology & 
Diabetes was published in 2002. The landscape of endocrine dis-
ease has evolved enormously since then, driven largely by bur-
geoning obesity and by population ageing. The spectrum of 
endocrinology has been further broadened by the increasing use 
of immunomodulatory therapies with endocrine complications, 
evolving patterns of recreational drug use impacting endocrine 
systems, and widespread exposure to endocrine disrupting chem-
icals. The therapeutic armamentarium of the endocrinologist has 
also expanded at pace, not only through development of novel small 
molecule and biological therapies, but also through step changes in 
e- technology and their application to chronic disease management 
and “precision” medicine.

We now comprehensively update the second edition of the 
Textbook published in 2012. The expanded first part of the book is 
devoted to overview chapters focusing on principles underpinning 

the science and practice of endocrinology. Elsewhere, other sections 
have also been enlarged to capture exciting developments in 
subspeciality practice, with separate sections now devoted to endo-
crine disease in pregnancy and transgender endocrinology.

The diabetes section has been extensively reorganised to reflect 
rapid advances in understanding the molecular pathogenesis of 
diabetes, step changes in the sophistication of technologies used 
for metabolic monitoring and insulin delivery, and innovations in 
immunotherapy, behaviour- focused and cell- based therapies. New 
chapters are devoted to current urgent responses to diabetes as a 
public health and economic challenge.

Fascination in the science underlying endocrinology continues 
to endure, and clinical endocrinologists have an ever more sophis-
ticated ability to transform the length and quality of life of those 
with hormone- related diseases.  This book aims both to illuminate 
the emerging scientific concepts that underlie endocrinology, and 
to provide an accessible and authoritative account of cutting edge 
endocrine practice.

We are very grateful indeed to our national and international col-
leagues who have kindly, expertly and cerebrally contributed to all 
sections. We are proud of this magnum opus and thank them sin-
cerely for their significant efforts.

We also thank Claire Brankin, James Oates and Helen Liepman 
from Oxford University Press who have expertly and efficiently 
guided us through this whole process.

This book should be available to every endocrinologist, trainee 
and researcher and we hope that it provides as much enjoyment and 
intellectual satisfaction in the reading as it did in putting it together.

John A.H. Wass
Wiebke Arlt 

Robert K. Semple
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Symbols and Abbreviations

AAS androgenic anabolic steroids
AC adenylate cyclase (also arachnoid cysts)
ACE American College of Endocrinology
ACE angiotensin- converting enzyme
ACTH adrenocorticotrophic hormone
AD autosomal dominant
ADH autosomal dominant hypocalcaemia
ADIS agonist- driven insertional signalling
ADT androgen deprivation therapy
AF atrial fibrillation
AGHDA assessment of GH deficiency in adults
AgRP agouti- related peptide
AHA Anterior hypothalamic area
AHO Albright’s hereditary osteodystrophy
AI alcohol- induced (also aromatase inhibitors)
AIDS acquired immunodeficiency syndrome
AIDS advanced HIV disease
AIP aryl hydrocarbon receptor- interacting protein
AIRE autoimmune regulator
AKAP A- kinase- anchoring proteins
ALS acid- labile subunit
ALSPAC Avon Longitudinal Study of Parents and Children
ANCA antineutrophil cytoplasmic antibodies
ANF atrial natriuretic factor
AP anterior pituitary
APECED autoimmune polyendocrinopathy- candidiasis- 

ectodermal dystrophy
APT aggressive pituitary tumours
AR androgen receptor
ARC arcuate nucleus
ARE androgen response elements
ART assisted reproduction technologies
ASD autism spectrum disorders
ATA American Thyroid Association
ATD antithyroid drug
ATMA antithyroid microsomal antibody
ATOR Australian thyroid- associated orbitopathy research
AVP arginine- vasopressin (also antidiuretic hormone)
BMAD bone mineral apparent density
BMD bone mineral density
BMI body mass index
BP blood pressure
BST bed nucleus of the stria terminalis
CAH congenital adrenal hyperplasia
CAIS complete androgen insensitivity syndrome
CAPTEM capecitabine and temozolomide

CART cocaine-  and amphetamine- related transcript
CAS clinical activity score
CAS Court of Arbitration for Sport
CaSR calcium- sensing receptor
CBG corticosteroid- binding globulin
CBG cortisol- binding globulin
CC clivus chordoma (also clomiphene citrate)
CCCR calcium- to- creatinine clearance ratio
CCH central congenital hypothyroidism
CDI central diabetes insipidus
CDK cyclin- dependent kinase
CDP constitutional delay of puberty
CE calcium excretion
CEA carcinoembryonic antigen
CG chorionic gonadotrophin
CGTT clinical genetics think tank
CH cavernous haemangiomas (also congenital 

hypopituitarism)
CHH congenital hypogonadotropic hypogonadism
CIRCI critical illness- related corticosteroid insufficiency
CKD chronic kidney disease
CLIP corticotropin- like intermediate peptide
CLOCK circadian locomotor output cycles kaput
CME clathrin- mediated endocytosis
CNS central nervous system
CNV copy number variant
COPD chronic obstructive pulmonary disease
CPAP continuous positive airway pressure
CPHD combined pituitary hormone deficiency
CPI checkpoint inhibitors
CRE CAMP- response elements
CREB CAMP- Response Element Binding
CREB cyclic AMP- response element binding
CRH corticotropin- releasing hormone
CRP C- reactive protein
CRPC castration- resistant prostate cancer
CSF cerebrospinal fluid
CSHI continuous subcutaneous hydrocortisone infusion
CSM cavernous sinus meningiomas
CT computed tomography
DA dopamine agonists
DAA direct- acting antivirals
DALY disability- adjusted life year
DBD DNA- binding domain
DCV dense- cored vesicles
DDT dichloro- diphenyl- trichloroethane
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DEXA dual- energy X- ray absorptiometry
DHAES dehydroepiandrosterone sulphate
DI diabetes insipidus
DMD Duchenne muscular dystrophy
DMH dorsomedial hypothalamus
DON dysthyroid optic neuropathy
DS diaphragma sellae
DSA digital subtraction angiography
DSD disorder of sex development
dSPZ dorsal subparaventricular zone
DXA dual- energy X- ray absorptiometry
ED endocrine disruptor (also erectile dysfunction)
EDC endocrine disrupting compounds
EGF epidermal growth factor
EGFR epidermal growth factor receptor
ELISA enzyme- linked immunosorbent assay
EMA European Medicines Agency
EMAS European Male Ageing Study
ENIGI European Network for the Investigation of Gender 

Incongruence
EPP ectopic posterior pituitary
EQA external quality assurance
ER endoplasmic reticulum
ERR excess relative risk
ESE European Society of Endocrinology
ESPGHAN European Society of Paediatric Gastroenterology, 

Hepatology and Nutrition
ESPR European Society of Paediatric Research
ESR erythrocyte sedimentation rate
ESRD end stage renal disease
ETA European Thyroid Association
EUGOGO European Group on Graves’ Orbitopathy
FAP familial amyloidotic polyneuropathy
FDA US Food and Drug Administration
FDH familial dysalbuminaemic hyperthyroxinaemia
FEO food- entrainable oscillator
FHH familial hypocalciuric hypercalcaemia
FHPP familial hypokalaemic periodic paralysis
FIH familial isolated hyperparathyroidism
FISH fluorescent in situ hybridization
FN follicular neoplasm
FNA fine- needle aspiration
FNAB fine- needle aspiration biopsy
FSH follicle- stimulating hormone
GABA gamma aminobutyric acid
GAD glutamic acid decarboxylase
GAH gender- affirming hormones
GBD gracile bone dysplasia
GD gender dysphoria (also Graves’ disease)
GDNF glial cell- derived neurotrophic factor
GDR German Democratic Republic
GFR glomerular filtration rate
GH growth hormone
GHBP growth hormone- binding protein
GHD growth hormone deficiency
GHR growth hormone receptor
GHRH growth hormone- releasing hormone
GHS growth hormone secretagogues

GK Gamma Knife
GNAS guanine nucleotide- binding protein G(S)
GnRH gonadotropin- releasing hormone
GO Graves’ orbitopathy
GPCR G- protein- coupled receptor
GREAT Graves’ Recurrent Events After Therapy
GRP gastrin- releasing peptide
GTR gross total resection
GTV gross tumour volume
GWAS genome- wide association studies
H&E haematoxylin & eosin
HCG human chorionic gonadotropin
HDL high- density lipoprotein
HDR hypoparathyroidism, deafness, and renal
HGPIN high- grade prostatic intraepithelial neoplasia
HH hypogonadotropic hypogonadism (also 

hypothalamic hamartoma)
HIF hypoxia- inducing factor
HIV human immunodeficiency virus
HLA human leukocyte antigen
HOMA homeostasis model assessment
HOS hypo- osmotic swelling
HP hypothalamo– pituitary
HPA hypothalamic– pituitary– adrenal
HPF high power field
HPT hypothalamic- pituitary- testicular
HPT hypothalamic– pituitary– thyroid
HPV human papilloma virus
HRE hormone response element
HRT hormone replacement therapy
HSP heat shock protein
HT Hashimoto’s thyroiditis
HyOb hypothalamic obesity
IAD isolated ACTH deficiency
IAPP islet amyloid polypeptide
ICSI intracytoplasmic sperm injection
ICU intensive care unit
IDD iodine deficiency disorders
IGF insulin- like growth factor
IGF- 1 insulin- like growth factor 1
IGF1R insulin- like growth factor 1 receptor
IGHC integrated growth hormone concentration
IGT impaired glucose tolerance
IHH idiopathic hypothalamic hypogonadism
IIH idiopathic infantile hypercalcaemia
IJV internal jugular vein
ILP interstitial laser photocoagulation
IMRT intensity- modulated radiotherapy
INSR insulin receptor
IOC International Olympic Committee
IOM Institute of Medicine
IPEX immunodysregulation polyendocrinopathy 

enteropathy X- linked
IPSC induced pluripotent stem cells
IQ intelligence quotient
IR insulin resistance
IRAE immune- related adverse effects
IRD inner ring deiodination
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ISE ion- specific electrode
ISRS International Stereotactic Radiosurgery Society
ITT insulin tolerance test
IUI intrauterine insemination
IVF in- vitro fertilization
JNK Jun N- terminal kinase
KS Kallmann syndrome (also Klinefelter syndrome)
LAR long- acting release
LATS long- acting thyroid stimulator
LBD ligand- binding domain
LC liquid chromatography
LC locus coeruleus
LCH Langerhans cell histiocytosis
LDL low- density lipoprotein
LDT laterodorsal tegmental nucleus
LEPR leptin receptor
LGBT lesbian, gay, bisexual, and transgender
LH luteinizing hormone
LHA lateral hypothalamic area
LHRH luteinizing hormone- releasing hormone
LIF leukaemia inhibitory factor
LINAC linear accelerator
LN lymph node
LOH local osteolytic hypercalcaemia
LOH loss of heterozygosity
LS Lugol’s solution
LS Lynch syndrome
LVMI left ventricular mass index
MACE major adverse cardiovascular events
MAI mycobacterium avium intracellulare
MAP mitogen- activated protein
MAPK mitogen- activated protein kinase
MC2R melanocortin- 2 receptor
MCH melanin- concentrating hormone
MCT monocarboxylate transporter
MDD major depressive disorder
MDT multidisciplinary team
MEN multiple endocrine neoplasia
MES mineralocorticoid excess syndrome
MFB medial forebrain bundle
MFS metastasis- free survival
MHC major histocompatibility complex
MHRA Medicines and Healthcare products 

Regulatory Agency
MI myocardial infarction
MIF migration inhibition factor
MIP minimally invasive parathyroidectomy
MMI methyl- mercapto- imidazole
MMSE Mini- Mental State Examination
MNG multinodular goitre
MPB male pattern baldness
MPN medial preoptic nucleus
MPO medial preoptic area
MR magnetic resonance
MRI magnetic resonance imaging
MSH melanocyte- stimulating hormone
MTC medullary thyroid cancer
MTC medullary thyroid carcinoma

MTP mitochondrial trifunctional protein
NAFLD non- alcoholic fatty liver disease
NCD non- communicable diseases
NCRP National Council of Radiation Protection
NEFA non- esterified fatty acids
NFPA non- functioning pituitary adenomas
NGS next generation sequencing
NHL non- Hodgkin’s lymphoma
NICE National Institute for Clinical Excellence
NLS nuclear localization sequence
NNRTI non- nucleoside reverse transcriptase inhibitor
NOD non- obese diabetic
NOGG National Osteoporosis Guideline Group
NRTI nucleoside reverse transcriptase inhibitors
NTCP Na- taurocholate cotransporting polypeptide
NTD N- terminal domain
NTD N- terminal transcriptional regulation domain
NTE neuropathy target esterase
NTG non- toxic goitre
NTI non- thyroidal illness
NYHA New York Heart Association
OAR organ at risk
OATP organic anion transporting polypeptide
ODS osmotic demyelination syndrome
OF orbital fibroblasts
OGTT oral glucose tolerance test
OHG optico- hypothalamic gliomas
OI osteogenesis imperfecta
OIS oncogene- included senescence
ONH optic nerve hypoplasia
OPG optic pathway gliomas
OR odds ratio
ORD outer ring deiodination
OS overall survival
OSA obstructive sleep apnoea
OXT oxytocin
PA pituitary adenomas
PASS pheochromocytoma of the adrenal gland 

scaled score
PC pituitary carcinoma (also prohormone convertase)
PCB polychlorinated biphenyls
PCOS polycystic ovary syndrome
PCR polymerase chain reaction
PCS petroclival chondrosarcomas
PDX patient- derived xenograft
PEARS Parathyroid Epidemiology and Audit Research Study
PEG polyethylene glycol
PET positron emission tomography
PeVN periventricular nucleus
PFS progression- free survival
PH pleckstrin homology
PI protease inhibitor
PIA proliferative inflammatory atrophy
PIC pars intermedia cysts
PIN prostatic intraepithelial neoplasia
PLAP placental alkaline phosphatase
PPT pedunculopontine tegmental nucleus
PREGO presentation of Graves’ orbitopathy
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PROTAC PROteolysis TArgeting Chimera
PRRT peptide receptor radionuclide therapy
PRV planning risk volume
PSA prostate- specific antigen
PSIS pituitary stalk interruption syndrome
PSMA prostate- specific membrane antigen
PTC papillary thyroid carcinoma
PTH parathyroid hormone
PTHrP parathyroid hormone- related protein
PTM post- translational modification
PTPR papillary tumours of the pineal region
PTSD post- traumatic stress disorder
PTTG pituitary tumour- transforming gene
PTV planning target volume
PVH periventricular hypothalamus
PVN paraventricular nucleus
QC quality control
QoL quality of life
RAAS renin angiotensin aldosterone system
RANKL RANK ligand
RCC Rathke’s cleft cysts
RCOG Royal College of Obstetrics and Gynaecology
RCT randomized clinical trial
REM rapid eye movement
REMS risk evaluation and mitigation strategy
RL RAS- like
RNI reference nutrient intake
RR relative risk
RRM RNA recognition motifs
RS radiosurgery
RTH resistance to thyroid hormone
RTK receptor tyrosine kinases
RXR retinoid X receptor
SAH subarachnoid haemorrhage
SCCM Society of Critical Care Medicine
SCN suprachiasmatic nucleus
SD standard deviation
SDR spontaneous dwarf rats
SDS standard deviation score
SE spin echo
SERM selective oestrogen receptor modulator
SGK serum glucocorticoid- regulated kinase
SH subclinical hyperthyroidism
SHBG sex- hormone- binding globulin
SIADH syndrome of inappropriate antidiuretic hormone
SIBO small intestinal bacterial overgrowth
SINE selective inhibitors of nuclear export
SMR standardized mortality ratio
SNP single- nucleotide polymorphism
SOCS suppressor of cytokine signalling
SOD septo- optic dysplasia
SON supraoptic nucleus
SPECT single photon emission computed tomography
SRIF somatotropin release inhibiting factor
SRL somatostatin receptor ligands

SRS sex reassignment surgery
SSA senile systematic amyloidosis
SSRI selective serotonin reuptake inhibitors
SST short synacthen test
StAR steroidogenic acute regulatory
SWS slow- wave sleep
TAO thyroid- associated orbitopathy
TBI traumatic brain injury
TBS trabecular bone score
TC thyroid cancer
TCR T- cell receptor
TDF Tenofovir disoproxil fumarate
TED thyroid eye disease
TGCC testicular germ cell cancer
TGF transforming growth factor
TH thyroid hormone
THDP thyroid hormone distributor protein
THR thyroid hormone receptor
TKI tyrosine kinase inhibitor
TMC total motile count
TMD transmembrane domains
TMN tuberomammillary nucleus
TPP thyrotoxic periodic paralysis
TR thyroid hormone receptor
TR thyroid receptor
TRH thyrotropin- releasing hormone
TRT testosterone replacement therapy
TSH thyroid- stimulating hormone
TSHR thyroid- stimulating hormone receptor
TSM tuberculum sellae meningioma
TSS transcriptional start site
TSS transsphenoidal surgery
TVDT tumour volume doubling time
UFC urine- free cortisol
USI universal salt iodization
VDDR vitamin D- dependent rickets
VDR vitamin D receptor
VEGF vascular endothelial growth factor
VEGFR vascular endothelial growth factor receptor
VEP visual evoked potential
VFA vertebral fracture assessment
VIP vasoactive intestinal peptide
VLPO ventrolateral preoptic area
VMH ventromedial hypothalamus
VMN ventromedial nucleus
vSPZ ventral subparaventricular zone
VTA ventral tegmental area
WADA World Anti- Doping Agency
WBS whole- body scan
WGS whole genome sequencing
WHO World Health Organization
WHR waist/ hip ratio
WT Wilm’s tumour
XLH X- linked hypophosphataemia
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Introduction

The ‘essential’ theme of the physician’s life is the commitment 
to expend time in a focused effort to improve the life of patients 
(πάσχειν— paskhein— to suffer, sufferer). This is a tall order. Many 
forces come to bear in the effort, forces that can hinder or facilitate 
the process. Understanding these forces is essential for the complete 
physician: fear, trust, knowledge, and threat.

Fear

It is not an exaggeration to say that all people fear the doctor. It 
starts in childhood when going to see the doctor meant pain and 
separation. It is still that way. How can we manage fear?

In my transition between the Brigham Hospital and the National 
Institutes of Health (NIH), I  had decided that medicine has too 
many shibboleths, like the white coat, which frighten people. I de-
cided that I would dress like any average person at work. I began to 
wear a Pendleton shirt in place of the white coat. Nobody seemed to 
care. A few months later a head nurse corralled me and dragged me 
into the clean utility room.

‘What is the matter with you?’ she asked.
‘I am not sure. What do you think?’
‘Your patients are afraid of you!’ she said.
‘What? They are not!’
‘You don’t look like a doctor. You look like a cowboy. Where are 

you from anyway?’
‘New Mexico.’
‘That explains it. Get rid of that shirt, get some white ones and 

sport jacket.’
I did what she said.

A month later, walking down the hall, she took my arm and said, 
‘your patients are not afraid of you now. And neither are we!’

Michael DeBakey, the famous heart surgeon, used patient expect-
ations to fight fear in a different way. He wore only green scrub suits, 
everywhere he went. His scrubs were monogrammed, MED. He al-
ways wore a scrub hat and had a mask around his neck. When pa-
tients met him, it was like an audience with St. Peter or Gandhi. Fear 
melted into adoration. Comfort filled the room. His patients had 
no fear and did better than the other doctor’s patients. Fear is ever- 
present. The best doctors learn to manage it for the good of their 
patients. Calling their name in the waiting room is a good start.

Trust

Without trust there could be no Western medicine. It is the bedrock 
of the physician– patient interaction.

It begins in the waiting room, sometimes at the bedside. The 
physician’s eye meets the patient’s eye and thus begins an associ-
ation based on mutual trust and an unspoken commitment to 
work together to find more hours of tolerable life than would have 
happened without the encounter. There is a trade of some of the 
physician’s ‘good hours’ for some of the patient’s ‘bad’ ones. Both are 
energized by a 2500- year record of spectacular success in Western 
medicine. There is nothing else in life quite like this covenant. It 
occurs no place else in human experience. A ‘hand off ’ of some of 
the labours of suffering in return for some of the burdens of uncer-
tainty. In its train comes trust and hope.

At the core of the physician patient relationship is the Oath of 
Hippocrates. The patient knows that the physician will always work 
in the patients’ best interest and can be trusted with nakedness of 
the flesh and nakedness of the soul. Short of catastrophe, this cov-
enant will endure.

The physician washes hands. In this gesture the physician demon-
strates a commitment to the health of the patient and to their own 
health. It happens at every meeting that requires touch. The barrier 
to touch is breached. The pulse and respirations are counted and 
temperature is estimated. There is an assessment of anxiety, depres-
sion, indifference, pain, and sorrow. ‘What brings you here?’ It is the 
last open- ended question the physician will ask.
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One night, many years ago, I  was closing the admitting clinic 
doors when I saw a small middle- aged woman sitting in the corner 
wrapped in a care worn coat of wool.

‘Why are you still here?’ I asked.
‘To see the doctor,’ she said.
‘How long have you been here?’ I asked.
‘A long time. Nobody called me in.’
‘Did you register?’
‘No. They could see me.’

The nurses were in no mood for another patient, but they did 
their duty and got her in a gown and in an examining room. I could 
find nothing on physical examination. She was tired, five children, 
abusive husband, not enough money. I told her I could find nothing 
to worry about. Maybe some iron pills.

‘That is all right doctor,’ she said. ‘I will be fine. I have iron pills 
at home.’

She got up to dress and I  said, ‘When was your last pelvic 
examination?’

She stopped and looked at me for what seemed a long time.
‘It has been years,’ she said.
‘We should do one now,’ I said.
The nurses were seething.
She said, ‘All right.’
I left the room and the nurses set up a pelvic tray and got her 

into the stirrups.
When I returned, large tears were running down her cheeks.
‘What is wrong?’ I asked. ‘Are you afraid?’
‘No. I am not afraid.’
‘Should we go ahead?’
‘Yes.’ The tears rolled on.

Before I could start the examination, I found that her vulva would 
not admit the entrance of even a single finger. Her pelvis was filled 
with an ovarian cancer that would be obvious to any physician con-
templating a pelvic examination. No one had ever looked. I got up 
and moved to the head of the table.

‘How long has it been like this?’
‘A while,’ she said.
‘No other doctors have examined you?’
‘No. They always said everything was all right down there. I just 

needed iron and vitamins. It did seem to help.’ She wept.

She died of ovarian cancer not too many weeks hence. She knew 
she was sick and she was reasonably sure of what the problem was, but 
she trusted the doctors. If they could find nothing wrong, nothing was 
wrong. It gave her some relief from fear until she could tolerate it no 
longer and then she would go to a different doctor. She reasoned that 
any competent doctor would find the problem. Not so. Fear of the truth.

A complete physical examination is the single most important thing 
the physician can do for the patient. William Osler famously said, ‘It is 
the responsibility of the consultant to perform the rectal examination.’

Knowledge— Docere— To Teach

Hippocrates spends the first third of the oath clarifying who can be 
a physician and the ever- present obligation to teach. In this case, 

the physician teaches the patient. Patient understanding is essential 
for success.

The physician explains the examination that is about to occur. 
When it is clear that the patient understands, the patient sits on the 
examination table, the physician stands up and turns the computer 
off. It will not be turned on again until the patients leaves. The pro-
cess begins with an examination of the hair. The physician explains 
to the patient that in this kind of specialty examination, a thor-
ough physical examination is of utmost importance. For complete-
ness sake, it is helpful if the patient will get into a hospital gown. 
They almost never say no. This is the best time to ask if the patient 
would like to have a nurse with us during the examination. A family 
member cannot play this role. The physician steps out of the room 
while the patient changes into the gown. This is the time to update 
the medication list and verify what the patient actually is taking. It 
is the third most important activity of the day.

The physician must be able to see all of the patient, physically 
and mentally. The lemma is that ‘nothing can be between the pa-
tient and the stethoscope but air’. Patients want a thorough phys-
ical examination, but they fear it. Something serious could be found 
bringing an end to the façade. The patient is at the point of max-
imum vulnerability.

There is the focused examination. The sprained ankle. There is 
the complete examination— head to toe. And then, there is the ef-
fective examination. The physician looks and sees, listens and hears, 
and touches and feels. Every patient knows intuitively what an ef-
fective examination is. Every patient deserves an effective examin-
ation, even if incomplete. At the end of the examination, the patient 
is asked to change back into their street clothes.

While the patient changes, the physician slips into the hall and 
jots down the important findings. Re- entering the examination 
room, the patient is asked if they would like anybody to join us in 
the discussion of the findings. It is important that another person 
participates. There is always more than one person can remember, 
much less understand.

After discussing the findings, you explore your plans to verify the 
‘working diagnosis’. You discuss various options you might use in 
case the first plan doesn’t work out. Laboratory tests are sure to play 
an important role in this discussion. The physician must understand 
the tests that are likely to be used. The physician must know the 
dangers of the test, the normal ranges, the sensitivity and specificity, 
the positive and negative predictive values, the effect of ‘time of day’, 
fasting or fed, what medications or foods can affect the accuracy 
and precision of the test, how much blood will be drawn? One of 
the most egregious examples of the damage that ignoring laboratory 
details can cause is the saga of the 1 mcg Cosyntropin® stimulation 
test. In the early 1990s a group of investigators became interested in 
finding the smallest dose of Cosyntropin® that could effect secretion 
of cortisol from the adrenal glands. The usual dose of Cosyntropin® 
in this test is 250  mcg given intravenously. These investigators 
examined doses of 0.6, 0.8, 1.0, and 250 mcg of Cosyntropin®. They 
examined these doses in a group of ten normal volunteers with 
blood drawn at 30 minutes. The resultant data were not normally 
distributed so that the mean and standard deviation could not be 
calculated. However, the response of cortisone to the 1 mcg dose 
was identical to the 250 mcg dose. The investigators proposed that 
because of this finding the 1  mcg test could be interpreted using 
the 250 mcg standard curve. The Cortrosyn test performed in a test 
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with normally distributed data, however, shows that almost 50% of 
subjects are ‘abnormal’. The diagnosis of a mild form of adrenal in-
sufficiency was made. Subjects that failed this test were told that 
they had adrenal insufficiency and most were treated with cortisol. 
When the studies were repeated in assays providing a normal data 
distribution, all of the tested volunteers were normal. The 1  mcg 
test has been abandoned. The point is, that when you understand 
the tests that you use, this kind of disaster will not occur. You must 
understand all of the hormonal measurements and the provocative 
tests that you use on a day- by- day basis.

‘Where will I find the time to do all of these things?’ you ask. You 
will create the time by asking no open- ended questions.

Threat

Job Satisfaction

Physician job satisfaction is always highest at the beginning of a new 
job. As time goes by, most of the reasons that induced the physician 
to accept the job will change. If the change is good, it is soon for-
gotten. When the change is bad, it is never forgotten and frequently 
comes to mind. Most problems are related to patient volume, pay, 
patient satisfaction, and assigned clerical duties.

Patient Volume

Physicians lost control over their work volume years ago. The 
volume is now regulated by business people. They know how to ‘op-
timize’ your time, how to ‘trim’ your product. However, they do not 
know how to put these changes into effect.

Currently, most endocrine practices look like this:  consultants 
see all urgent cases in the day the consultation is received. Non- 
urgent consultations must be seen in 3 weeks. The full patient load 
is seven clinics a week. Hospital- attending duties are usually added 
on without supplemental pay. Most practices schedule new pa-
tients with two return visits. The first visit is the diagnostic visit. 
The second visit is the planning visit, and the third visit is the dis-
charge visit. The clinic sessions are usually three new patients in the 
morning and six return patients in the afternoon. This means that 
there will be alternation of six clinics per week with eight clinics 
per week, giving an average load of seven clinics a week. Necessary 
paperwork such as the electronic medical record fills the remaining 
time. It is never enough. This results in doing chart work from 
home. The workload from home never ever goes down. It continu-
ally goes up. This problem is tethered to patient volume, and can be 
approached from that direction, but with great difficulty. Dogma 
prevails.

Problems with compensation are almost always caused by failure 
of the ‘compensation plan’ to keep pace with changes in the value 
of the ‘dollar’. Money doubles every 10 years. Compensation plans 
never double every 10  years. At 5  years, the physician is ‘seeing’ 
more patients for less money than when the job was negotiated. The 
doctor will be forced to ask for a raise. The ‘compensation boss’ will 
first try to convince you that the ‘bonus’ feature of the compensa-
tion plan will retain your income in a competitive range. Changes 
in the bonus calculation, however, will ensure that equity can never 
occur. The vehicle is usually an emergency tax that is essential for 
the ‘health of the institution’. You will always be short unless you 
negotiate a new job in a new place at great cost. If you do, the cycle 
begins anew.

Next, the patient satisfaction survey. Like all great hospitals and 
clinics, your great institution will expect 100% patient satisfaction, 
and is proud of it!! The problem is that the expectation and the 
highest possible grade are the same, guaranteeing that no physician 
will ever meet the expectation of 100%. If a physician does get 100% 
patient satisfaction more than a few times, that physician is almost 
certainly pandering to patients, giving them what they want, instead 
of what they need. Never go to that physician, nor refer any of your 
patients in that direction. These doctors are usually ‘the apple in the 
eye of the CFO’ [chief financial officer]. They meet all the targets, 
even when it is mathematically impossible. They can be dangerous 
doctors, even lethal.

There was a time when business people worked for the doc-
tors. They were charged with making medicine more profitable. 
Physicians paid their wages. Sometime around 1968– 1969, and the 
advent of Medicare and Medicaid, business people were hired to 
manage the money, and in a few years, the doctors worked for the 
business people. Things have never been the same. They want us to 
treat every patient the same and to pay all of the doctors the same 
salaries, surgeons at the top, and cognitive specialist at the bottom. 
Now, we work for them. The quality of medicine has deteriorated. 
At some point in the future, the structure will collapse, and we will 
have a chance to rebuild along the principles of patient- centred care. 
We will have to move fast. They are not afraid. They believe we will 
not leave the bedside and hence ignore the struggle. They are right. 
Hope for the best!

You may attribute most of this to the ‘ravings of an old man’. True, 
but most of the recommendations were made when I  was much 
younger. They have survived, especially the no ‘open- ended ques-
tions’, and the ‘100% satisfaction’ doctor. If all fails to help with your 
particular problem, there is this:

‘Never be the first, nor the last, to use a new medication or tech-
nique!’ If you can remember this, and do it, you will probably be 
alright.
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Background

The original endocrine physiologists viewed hormones as re-
sponses to homoeostatic challenge, any signal a call to arms; the 
word is thus derived from the classical Greek ωρμαειν— ‘to arouse’. 
In the twenty- first century a hormone is a molecule— small or 
large, protein or lipid— secreted in a regulated fashion from one 
organ and acting on another. The definition is firmly based on the 
anatomy of the seventeenth century, the histology of the nine-
teenth, and the physiology of the twentieth. It has been shaped 
by convention and clinical specialization:  gut hormones are the 
marches between endocrinology and gastroenterology, and the 
adrenal medulla the territory of the cardiovascular physician. It 
has been refined by concepts of paracrine— where the secretion 
of one cell type in a tissue acts on another cell type in the same 
tissue— and autocrine, where a particular cell type both secretes 
and responds to a particular signal. Inherent in the concepts of 
paracrine and autocrine are that the signal is not secreted into 
blood or lymph, to be distributed more or less throughout the 
body, but is made locally to act locally. A very good example of a 
signalling system with both paracrine and autocrine activities is 
the neuronal synapse.

Inherent in the concept of the signal is that of a receptor: a signal 
without a receptor is the sound of one hand clapping. Inherent in 
the concept of a receptor are two functions:  that of being able to 
discriminate between different signals, and to propagate the signal 
by activating cell membrane or intracellular signal transduction 

pathways. Discrimination by a receptor between different circu-
lating potential signals is, in the first instance, a function of the 
likelihood of a particular signal being able to interact with the 
receptor, for a period of time sufficient to alter the confirmation 
of the receptor and thus to trigger propagation. This interaction 
is commonly referred to as binding, and thus the circulating hor-
mone as a ligand (that which is bound). If the structures of ligand 
and receptors are such that the initial interaction is followed by 
formation of strong intermolecular bonds between the two, less-
ening the possibility of dissociation and the receptor returning to 
an unliganded state, the receptor is said to have high affinity for the 
ligand (and vice versa). If the binding is followed by propagation 
of the ‘appropriate’ signal the ligand is classified as an agonist, or 
active hormone; if a molecule occupies the binding site on the re-
ceptor but does not so alter its structure as to propagate a signal, 
it is often called a hormone antagonist (and, more accurately, a re-
ceptor antagonist). In the past couple of decades, the concepts of 
‘agonist’ and ‘antagonist’ have needed to be refined, as noted subse-
quently in this chapter.

Hormones and Receptors: Binding

In symbols, the reversible interaction between hormone and re-
ceptor can be simply written as follows;

  H R HR
K[ ] ⋅ [ ]  →←  [ ]1

 (Equation 1)

where [H]  is the concentration of hormone, [R] the concentration 
of empty or unliganded receptor, and [HR] the concentration of oc-
cupied receptor (i.e. hormone- receptor complexes). The forward (to 
the right by convention) or association reaction is equally a func-
tion of hormone and receptor concentrations; the association rate 
constant [K1] is a reflection of the likeliness of apposition/ good-
ness of fit of hormone and receptor, reflecting their structures plus 
extrinsic factors such as temperature, ionic strength of the milieu, 
and unstirred layers (close to the receptor, where hormone is less 
likely to diffuse). The actual rate of the forward reaction is thus 
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multifactorial, a function of the rate constant, the concentration of 
hormone, and the concentration of receptor, or

   foreword rate or on-rate =( ) [ ][ ].K−1 H R  (Equation 2)

The dissociation of hormone- receptor complexes [HR] is driven 
by one thing, and one thing only, the dissociation rate constant  
[K− 1], a measure of the inherent probability of the two entities falling 
apart, under particular conditions of temperature, ionic strength, 
and so on. The actual rate of dissociation is thus the product of K− 1, 
the dissociation rate constant, and the concentration of hormone- 
receptor complexes, or

 reverserate or off-rate =K HR( ) [ ]−1 .  (Equation 3)

At equilibrium, by definition, the rates of the forward and reverse 
reactions are equal, i.e. for every molecule of hormone that associ-
ates with a receptor molecule, a preformed hormone- receptor com-
plex dissociates, or

 K H R K HR11 [ ] [ ]= [ ]− .  (Equation 4)

By simple rearrangement, this can be rewritten as

  
K
K

H R
HR

1−

1

= [ ][ ]
[ ] .  (Equation 5)

The quotient of the two rates constants (K− 1/ K1) is termed the dis-
sociation constant or Kd; its reverse (K1/ K− 1) is the less commonly 
used Ka or association constant of the reaction. The key outcome 
of all this relatively simple mathematics is to put a value on Kd, as a 
measure of affinity, or overall probability of the hormone- receptor 
complex being in existence, as follows:

 K =
K
K

H R
HRd

− = [ ][ ]
[ ]

1

1

.  (Equation 6)

If we were to choose a concentration of hormone which would 
half saturate the receptors, then [R]  would equal [HR]. Under such 
circumstances the two terms can be cancelled in Equation 6, and

  K = Hd [ ],  (Equation 7)

where Kd equals [H] , the hormone concentration at which half 
maximal receptor occupancy is achieved, and which has the dimen-
sions of concentration, that is, molar.

From Equations 1 to 7 there are a number of things that flow. 
First, in a simple binding system the dissociation of hormone 
from receptor is not accelerated by addition of excess hormone. 
What this does, when, for instance, 1000- fold non- radioactive hor-
mone is added to a system containing tracer hormone- receptor 
complexes, is to operationally prevent (i.e. dilute 1000- fold) 
reassociation of tracer to receptor. Under such conditions then, 
the disappearance of tracer– receptor complexes over time thus 
provides an accurate estimate of the dissociation rate. There are 

receptors that oligomerize: in such circumstances binding of ligand 
can increase or decrease the affinity of the other binding sites for 
hormone, termed positive and negative cooperativity, respectively. 
Dissociation of bound tracer, for instance, is accelerated in systems 
displaying negative cooperativity.

Secondly, dissociation constants can only be derived from equi-
librium studies, that is, those in which the rates of forward and 
backward reactions are equal. The association rate constant and dis-
sociation rate constant are often very different, and are constant for 
a given set of physical circumstances; the actual rates of association 
and dissociation are determined by not just these constants, but also 
by the concentration of reactants, as noted earlier. Where this con-
cept of equilibrium comes into play is in situations where binding 
is covalent, or essentially irreversible; under such circumstances 
Scatchard analysis, for example, is inappropriate for determining 
Kd. A  practical case in point is triamcinolone acetonide (TA), a 
powerful synthetic glucocorticoid in clinical use, which (in contrast 
with dexamethasone or the physiological glucocorticoids) requires 
approximately 24 h to come into equilibrium in glucocorticoid re-
ceptor binding systems in vitro at 4 C; exposure for shorter time 
points will consistently underestimate the affinity of TA for the 
glucocorticoid receptor. Third, different binding systems respond 
differently to changes in physical conditions. Cortisol, for example, 
binds transcortin with an order of magnitude higher affinity at 4°C 
than at 37°C, across a number of species, and shows clear differ-
ences in transcortin binding at physiologically relevant temperat-
ures. In contrast, cortisol binding to glucocorticoid receptors is not 
particularly temperature dependent, but if anything is of a higher 
affinity at physiological than at lower temperatures.

Finally, there is the inherent bias of endocrinology, that of seeing 
high- affinity binding as good (‘binds well to the receptor . . .’), and 
lower affinity binding as less good (‘binds poorly . . .’). The under-
pinnings of this bias are twofold, one theoretical and the other 
practical. Practically, particularly in often unstable broken cell 
preparations, the absence of high- affinity binding equates to ex-
perimental failure, a powerful driver of emotive language. Even if 
no experiment ever failed, however, an endocrinologist’s bias is to 
regard high- affinity binding as good, for the following reason. The 
higher the affinity the lower the concentration of signal required 
to half- maximally occupy, and, other things being equal, activate 
the ‘cognate’ receptor. There are two consequences of this, one of 
which appears to be biologically sound, the other less so. The latter 
is a notion of economy; that it is better for an organ to make less 
rather than more signal, in that it poses less of a demand on pre-
cursors and metabolism. This is experientially not the case; every 
molecule of thyroglobulin, with a molecular weight in excess of 
600  000 yields 4– 16 molecules of thyroxine, at first sight an ex-
ample of conspicuous biological extravagance. The other concept 
underlying the bias has more biological purchase, in that the higher 
the concentration required to activate cognate receptors, the more 
likely is the hormone to cross- react with other receptors, acting as 
an agonist or antagonist, and thus reducing the specificity of the 
signalling system. It is, of course, entirely possible that there have 
evolved circumstances in which such ‘cross- reactivity’ may reflect 
physiology, and that our bias is Ockham’s razor cutting too close to 
the bone: on the whole, however, such a degree of cautious reduc-
tionism appears justified.
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Hormones and neurotransmitters

In contrast with the previous discussion, if we take a broader bio-
logical view that low- affinity binding can be ‘good’— for example, 
when it enables rolling of platelets or leucocytes on endothelium, 
giving them time to ‘sniff the wind’ in terms of damage or in-
flammation. It is also not only advantageous, but functionally 
required, within the nervous system where low- affinity binding 
of signal to receptor is a necessity for the time constants of 
neurotransmission.

When the electrical impulse underlying nerve conduction is 
translated into a chemical signal at a synapse or neuroeffector 
junction, minute quantaties of neurotransmitter are released. 
Because the space into which the neurotransmitter is released 
is even more minute, the concentration of neurotransmitter be-
comes very high, so that receptors are rapidly occupied and acti-
vated. To achieve this, the ‘on- rate’ of neurotransmitter- receptor 
binding must be very rapid; and the off- rate (in contrast with 
hormone- receptor interactions) must also be very rapid, to 
enable the receptor to return to ground zero. Signal is rapidly 
cleared by reuptake, diffusion, and metabolism, so that quantal 
release of signal is followed essentially stochastically by a single 
response.

To achieve this rapid- onset- rapid- offset binding and activation 
by neurotransmitters, receptors have to be low affinity, to allow the 
time constants that characterize neurotransmission. The nervous 
system does it by mass, ‘brute- forcing’ occupancy of low- affinity re-
ceptors, with a restricted spatial distribution of the mass of signal 
to allow the very high concentrations required, and very efficient 
mechanisms of rapidly reducing signal concentration. Reflecting 
this difference, hormones have time constants of minutes, hours, 
and days compared with the nervous system’s milliseconds; the 
endocrine system sacrifices time to allow its signals to be distrib-
uted all over the body, to ‘arouse’ the diversity of cells that express 
receptors to which the particular signal can bind. Its signals are 
broadcast like radio, in contrast with the nervous system landline 
telephone network.

One striking anthropomorphic illustration of this difference 
may be worth a thousand words of theoretical justification [1] . 
First, picture a hummingbird in the National Geographic, its 
wings still blurred despite shutter speeds of 1/ 500 or 1/ 1000 of 
a second. If acetylcholine had the same high affinity for its re-
ceptors at the neuromuscular junction as progesterone has for 
progesterone receptors, then a hummingbird could beat its wings 
twice a minute— aerodynamically challenging and clearly no 
evolutionary advantage. Even less of an evolutionary advantage 
accrues if progesterone receptors had the same affinity for pro-
gesterone as cholinergic receptors for acetylcholine. Unless the 
efficiency of steroidogenesis were vastly improved, the placenta 
would need to be considerably larger:  to maintain plasma pro-
gesterone at the levels required, other things equal, it would need 
to be the size of a 14 cubic foot refrigerator. Other evolutionary 
considerations would be the 9 months of somnolence that such 
levels of progesterone would almost certainly produce, difficult 
to reconcile with the additional 25 000 calories per day required 
to maintain the requisite levels of progesterone biosynthesis 
required.

Mineralocorticoid Receptors: A case Study

We have mercifully evolved otherwise, and evolution has exploited 
a range of interactions between signals and receptors in terms of 
growth, development, homoeostasis, and cognition. Sometimes we 
can second- guess nature, perhaps to our own disadvantage in terms 
of realizing our own physiology.

One example, within the author’s area of experience, is that of 
the mineralocorticoid receptor. Mineralocorticoid hormones 
were defined in 1961 by Jean Crabbé as promoting unidirectional 
transepithelial sodium transport [2] , a definition that has stood 
the test of time. The principal mineralocorticoid hormone, aldos-
terone, is secreted from the zona glomerulosa of the adrenal cortex 
in response to elevated plasma potassium concentrations, increased 
levels of angiotensin II, or acutely, adrenocorticotropic hormone 
(ACTH). In response to sodium deficiency, volume depletion, or 
potassium loading, aldosterone incontestably acts via mineralocor-
ticoid receptor in kidney and colon, salivary gland and sweat gland 
to retain sodium, and excrete potassium thus acting as a classic 
homoeostatic hormone. And yet . . .

When human mineralocorticoid receptors were first cloned 
[3] , the highest levels of mRNA were found in the hippocampus, 
not a classical site of aldosterone action, and recapitulating 
earlier binding studies on rat tissue extracts [4]. Second, in both 
studies, mineralocorticoid receptors were shown to have equiva-
lent affinity for the physiological glucocorticoids (cortisol, cor-
ticosterone) as for aldosterone, raising obvious questions of how 
aldosterone ever occupies epithelial mineralocorticoid receptors, 
given the orders of magnitude for higher circulating concentra-
tions of glucocorticoids.

The answer to this question appears to be the coexpression, in 
epithelial tissues, of the enzyme 11β- hydroxysteroid dehydro-
genase [5,  6], which converts cortisol and corticosterone to their 
inactive 11- keto metabolites cortisone/ 11- dehydrocorticosterone. 
Aldosterone is not similarly metabolized, because its signature al-
dehyde group at C18 cyclizes with the hydroxyl at C11, forming a 
stable hemiacetal which is not susceptible to enzyme attack by 11β- 
hydroxysteroid dehydrogenase 2.

The enzyme is expressed at high abundance in aldosterone 
target cells (3– 4 × 106 molecules/ cell), and its operation— by 
metabolizing glucocorticoids and clearly by other mechanisms 
[7, 8]— appears sufficient to confer aldosterone selectivity on the 
epithelial mineralocorticoid receptor. When it is congenitally 
deficient, as in the autosomal recessive syndrome of apparent 
mineralocorticoid excess [9] , cortisol activates epithelial min-
eralocorticoid receptors, leading to uncontrolled sodium reten-
tion and severe hypertension.

The enzyme 11β- hydroxysteroid dehydrogenase 2 is not found in 
non- epithelial tissues in which mineralocorticoid receptors are ex-
pressed at high (hippocampus) or modest (heart) abundance, and 
which aldosterone thus has little chance of occupying. An inescap-
able corollary of the last sentence is that such mineralocorticoid re-
ceptors are physiologically high- affinity glucocorticoid receptors.

A second, quite different mechanism modulating the activity of 
mineralocorticoid receptors has recently been demonstrated [10]. 
Classically, mineralocorticoid receptors were believed to be confined 
to principal cells in the tubule; in 2013 Shibata and his colleagues 
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showed that renal intercalated cells also express mineralocorticoid 
receptors, normally held inactive by phosphorylation of serine 843 
in the ligand binding site. In volume depletion, however, angio-
tensin dephosphorylates the receptors, which can then be activated 
by aldosterone or by cortisol. Their response to glucocorticoid 
underpins the difference between the aldosterone synthase null 
mouse and the mineralocorticoid receptor mouse [11]. The latter 
does not survive sodium restriction [12], whereas the former does 
[13]. Although a complete tissue scan is yet to be done, to date this 
mechanism appears confined to the renal intercalated cell.

Hormones and Receptors: evolutionary 
considerations

In the syndrome of glucocorticoid remediable aldosteronism 
([14]: now termed familial hyperaldosteronism type- 1), aldosterone 
is secreted primarily in response to adrenocorticotrophic hormone 
(ACTH), with aldosterone synthase activity expressed throughout 
the adrenal cortex. The underlying genetic defect is a chimeric gene 
in which the 5′ end of the gene for 11β- hydroxylase is fused with 
the 3′ end of the gene coding for aldosterone synthase. This can 
happen because the two parent genes lie next to one another, on 
chromosome 8, and because they are 94% identical in terms of nu-
cleotide sequence. What the condition reflects is the product of an 
unequal crossing over at meiosis in an ancestral gamete, reflecting 
the relatively small misalignment required (gene proximity) and the 
possibility of realignment (sequence homology). In evolutionary 
terms, however, what the condition illustrates is the probability 
that the two genes (for 11β- hydroxylase and aldosterone synthase) 
share a relatively recent ancestor, and that their degree of identity 
and juxtaposition represent a relatively recent gene duplication 
event. Compare this with the gene coding for the mineralocor-
ticoid receptor (chromosome 4)  and the glucocorticoid receptor 
(chromosome 5).

Mineralocorticoid receptors and glucocorticoid receptors have 
one area of high (about 90%) sequence identity, the DNA- binding 
domain, and another of considerable homology, the ligand binding 
domain, with 57% identity:  the majority of the two molecules, 
including major activation domains, have minimal (less than 15%) 
identity. It would thus appear that the mineralocorticoid receptor 
and glucocorticoid receptor are rather more evolutionarily dis-
tant than are the enzymes 11β- hydroxylase and aldosterone syn-
thase. Although classically mineralocorticoid and glucocorticoid 
receptors were thought to share a common immediate ‘corticoid’ 
receptor ancestor [15], more recently evidence has emerged for 
mineralocorticoid receptors being the first of the mineralocor-
ticoid/ glucocorticoid/ androgen/ progestin receptor subfamily to 
branch off [16].

In evolutionary terms aldosterone is thus a Johnny- come- lately, 
pressed into service as organisms became amphibious, to activate 
a pre- existing high- affinity glucocorticoid receptor (which we now 
term the mineralocorticoid receptor). Mineralocorticoid receptor 
selectivity in epithelial aldosterone target tissues is produced by 
coexpression of the enzyme 11β- hydroxysteroid dehydrogenase 2 
at high abundance, and the integrity of a system for Na+ retention 
out of seawater obtained by the expression of aldosterone synthase 
being yoked to surrogates of Na+ deficiency (angiotensin II, K+) 

rather than primarily to the brain hormone ACTH. To call aldos-
terone the cognate ligand for mineralocorticoid receptor— and the 
ascription ‘mineralocorticoid receptor’ itself— is thus understand-
able in terms of our historical knowledge of aldosterone, but it fails 
to recognize the previous, and current, physiological roles for min-
eralocorticoid receptors net of aldosterone. The rainbow trout, for 
instance, does not synthesize aldosterone. In an attempt to clone 
rainbow trout androgen receptors, an rtMR sequence was identi-
fied, related to rtGR but with much higher identity with mamma-
lian mineralocorticoid receptors [17]. Its physiologic role(s), like 
the pathophysiologic roles of mammalian non- epithelial mineralo-
corticoid receptors, await exploration.

A final fundamental consideration might thus be as follows. 
There are currently 49 members of the extended steroid/ thyroid/ 
retinoid/ orphan receptor superfamily of ligand activated transcrip-
tion factors in the human genome, evidence for enormous evo-
lutionary scope and flexibility. One might thus be pardoned for 
asking why a ‘specific’ mineralocorticoid receptor did not evolve, 
responsive to a ligand with levels inversely related to Na+ status, ra-
ther than the complicated system of highly reactive C18 aldehyde 
groups and epithelial 11β- hydroxysteroid dehydrogenase 2. This is 
in fact an impertinent question, bluntly put this way: what is the 
appropriate question to ask, is where is the evolutionary gain in the 
system developing as it did?

Receptor Activation, Receptor Blockade

For aldosterone and mineralocorticoid receptors, the past decade 
has provided more questions than answers. Among the latter, for 
the hormone, is the acceptance that aldosterone can have both 
genomic and acute, non- genomic effects [18], and that most but 
probably not all such rapid effects are via the classic mineralocor-
ticoid receptor [19]. In addition, there is now general consensus 
that the syndrome of primary aldosteronism represents ≥ 10% of 
all ‘essential hypertension’ [20], and that such patients show higher 
cardiovascular morbidity and mortality than age- , sex- , and blood 
pressure- matched patients with essential hypertension [21]. For 
the receptor, the RALES, EPHESUS, and 4E trials [22– 24] have 
shown the beneficial effects of mineralocorticoid receptor blockade 
in heart failure and essential hypertension. The functions and 
roles of non- epithelial mineralocorticoid receptors, constitutively 
(90– 99%) occupied by glucocorticoids, have hardly begun to be 
properly addressed. The mechanisms whereby the physiological 
glucocorticoids show bivalent activity when bound to mineralo-
corticoid receptors— normally antagonist, but agonist (in the sense 
of mimicking aldosterone) in the context of redox change (11β- 
hydroxysteroid dehydrogenase 2 blockade, reactive oxygen species 
generation [7, 8]) similarly remain to be established.

In fact, the terms agonist and antagonist need to be seen for 
what they are— effector definitions, like that proposed for min-
eralocorticoids almost half a century ago by Jean Crabbé. For most 
hormone- receptor systems, the last 20 years has seen the growing 
emergence of tissue selective agents, agonist in some organs, antag-
onist is others. While most microarray analyses have provided a for-
midable list of genes, expression of which is doubled or halved by 
a classical agonist, similar lists can be complied for classical antag-
onists. Some classical antagonists (e.g. spironolactone for epithelial 
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mineralocorticoid receptors), demonstrate inverse agonist activity 
in experimental myocardial infarction [25]. Aldosterone and cor-
tisol aggravate the infarct area; spironolactone at low (EC50 3– 
5 nm) concentration reduces the infarct area, in the absence of any 
other steroid.

Spironolactone thus has its ‘antagonist’ effects in the context of 
cardiac damage not just by competing with agonist steroids for oc-
cupancy of mineralocorticoid receptors, but by inducing expression 
of protective genes and lowering that of proapoptotic genes. It does 
this at relatively low concentrations, evidence that not all mineralo-
corticoid receptors, or even a majority, need to be occupied for 
such an effect. Even before the advent of microarray, it was clear 
that the effects on enzyme induction, for example, in cultured cells 
could show distinct dose– response curves, evidence for maximal 
effects on some readouts at submaximal receptor occupancy. This 
has not been widely incorporated into consideration of the clinical 
roles of aldosterone and mineralocorticoid receptors. An example 
of the former is the demonstration that relatively mild elevations 
of aldosterone in primary aldosteronism, which would have min-
imal incremental effects on non- epithelial receptor occupancy, are 
accompanied by demonstrable cardiovascular damage [26], even in 
the absence of an elevated blood pressure [27], compared with age- , 
sex- , and blood pressure- matched controls. An example of the latter 
would appear to be the otherwise curiously low dose (x = 26 mg/ 
day) of spironolactone which, when added to standard care, pro-
duced a remarkable 30% improvement in survival, and 35% lower 
hospital admission rate, in the RALES trial [22].

enV0I

Given the achievements of the human genome project, we are faced 
with a mass of information of daunting proportions. This brief 
chapter has attempted to raise questions, and thus help shape the 
mindsets of those who face the exciting but very challenging task 
of reconciling the enormity of information with the demands of 
clinical endocrinology, from individual patients through popula-
tions. For a chance of success, we need a degree of comfort with the 
underlying mathematics, the biology, and as best we can guess from 
the historical record, the evolution.
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Introduction

Hormones are chemically and structurally diverse. Most are either 
small proteins (e.g. insulin, glucagon), shorter peptides derived from 
precursor proteins (e.g. CRH, melanocortins), cholesterol- derived 
steroids (e.g. testosterone, cortisol), amino acid derivatives (e.g. 
catecholamines, thyroid hormones), or fatty acid derivatives (e.g. 
eicosanoids). All bind highly selective or specific receptors, either 
on the surface, in the cytoplasm, or in the nucleus of target cells to 
elicit biological responses. Hormone receptors enable cells to receive 
information and to process, decode, and respond to that informa-
tion. Decades of research has established that information is trans-
mitted from many hormone receptors via signalling ‘cascades’ of 
sequential enzymic reactions, giving rise to the widespread notion 
of ‘signalling pathways’. It has progressively become clear, however, 
that specific biological effects often do not arise solely through linear 
information transfer, but rather involve complex interactions among 
multiple pathways, so that many responses are better understood in 
terms of signalling ‘networks’. Distinct biological outcomes result 
from integration of protein– protein interactions, modulation of en-
zymatic activity, sometimes generating ‘second messengers’, multiple 
post- translational protein modifications including phosphorylation, 
and changes in RNA and protein biosynthesis. These processes are 
all subject to temporal, spatial, and threshold constraints. Similar 
mechanisms govern the actions of growth and differentiation fac-
tors and cytokines that act in a paracrine or autocrine manner. This 

chapter gives a brief overview of molecular mechanisms involved 
in cellular responses to hormones, using examples to illustrate the 
underlying principles and complexities (see Box 1.3.1).

classes of Hormone Receptor

nuclear Hormone Receptors

Steroid and thyroid hormones, which are lipophilic, cross cell mem-
branes by passive diffusion, by facilitated diffusion via membrane- 
bound transport proteins, or by other mechanisms which continue 
to be elucidated. Once inside target cells, they bind intracellular re-
ceptors. These are either constitutively located within the nucleus 
(e.g. thyroid hormone receptors) or translocated to the nucleus fol-
lowing hormone binding in the cytosol (e.g. sex hormone recep-
tors). This class of receptors serve as ligand- activated transcription 
factors, acting in concert with other proteins that include so- called 
corepressors and coactivators. Receptors bind via zinc- finger motifs to 
hormone response elements (HREs) within enhancer and promoter 
regions of genes. Ligand binding causes a conformational change that 
alters the repertoire of proteins interacting with the receptor to drive 
gene transcription. The pattern of gene expression that ensues is not 
stereotyped, with different hormones or ligands regulating distinct 
but overlapping sets of genes even when acting on the same receptor 
in the same cell. Cellular context is also important, with differential 
expression of the proteins that interact with receptors, and differen-
tial accessibility of HREs due to chromatin conformation modulating 
transcriptional responses to receptor activation. Although the direct 
transcriptional actions of nuclear hormone receptors bound to HREs 
are best studied, they are also capable of indirect actions that do not 
require the receptors themselves to be DNA bound, but are mediated 
through interactions with other transcription factors. Nuclear hor-
mone receptors may also exert fast- acting non- genomic actions via 
initiation of second messenger cascades similar to those discussed 
next for cell surface receptors.

Subclassification of nuclear Receptors

Nuclear hormone receptors are grouped into subtypes based on cel-
lular location, internal structure of cognate HREs, and mechanism 
of their action on gene transcription. Type I  hormone receptors, 
such as those for androgens and oestrogens, reside in the cytoplasm, 
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where they are sequestered by binding to chaperone proteins. 
Ligand binding by a type I receptor causes conformational changes 
within the receptor leading to its dissociation from the chaperone 
protein and subsequent homodimerization. This produces further 

conformational changes exposing a nuclear localization sequence 
(NLS) that permits entry into the nucleus. Hormone- bound type 
I receptors in the nucleus bind palindromic inverted repeat HREs 
and associate with multiprotein complexes called transcriptional 
coactivators to increase target gene transcription [1] . Type III hor-
mone receptors function similarly to type I receptors, but recognize 
HREs with a directly repeated sequence.

Type II hormone receptors reside within the nucleus bound to 
HREs with direct repeat sequences, usually as heterodimers with 
the retinoid X receptor (RXR). The spacing between the HRE direct 
repeats confers receptor specificity [2] . Unliganded type II hormone 
receptors, including thyroid hormone receptors (THR), are bound 
to HREs near the transcriptional start site (TSS) of target genes 
(e.g. growth hormone, GH) and act as transcriptional repressors in 
the basal state through association with multiprotein corepressor 
complexes (Figure 1.3.1). These corepressor complexes include 
histone deacetylases that remove acetyl side groups from histones, 
favouring chromatin condensation, limiting transcription factor ac-
cess, and repressing transcription [2]. Binding of T3 to THR pro-
motes dissociation of the corepressor complex and recruitment of 
a coactivator complex. This opposes the action of corepressor com-
plexes, favouring acetylation of histones and thus access to the TSS 
for core transcription factors and RNA polymerase (Figure 1.3.1).

cell Surface Hormone Receptors

Protein, peptide, catecholamine, and some eicosanoid hormones, in 
contrast to steroid hormones, elicit cellular responses by binding 
to and activating receptors on the cell surface. Ligand binding to 
a receptor induces a conformational change in the receptor that 
transmits information across the plasma membrane lipid bilayer to 
the intracellular portion of the receptor, ultimately initiating relays 
of intracellular signals, or signalling ‘cascades’. Termination of such 
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Figure 1.3.1 Triiodothyronine (T3)- mediated regulation of growth hormone gene transcription. T3 binds the thyroid hormone receptor THR in 
the nucleus where it is bound to the hormone- responsive element in a heterodimer with RXR. This changes the conformation of THR allowing 
coactivators to bind, remodelling surrounding chromatin to allow transcription factors (TFs) and RNA polymerase to access the transcriptional start 
site (TSS) and leading in turn to expression of target genes such as GH. NCoR1, nuclear receptor corepressor- 1; SMRT, silencing mediator for retinoid 
and thyroid receptor (SMRT); HDAC, histone deacetylases; SRC, steroid- receptor coactivator family; NCoA- 1, nuclear coactivator 1 (NCoA- 1).

Box 1.3.1 ‘Call out’ box

Glucose transporter 4 (GLUT4) storage vesicle (GSV):  insulin- re-
sponsive storage and transport vesicle containing glucose transporter 
4 protein.

GTPases: proteins that switch between GTP- bound active form to GDP- 
bound inactive form by hydrolysis of GTP via their intrinsic GTPase 
activity.

GTPase- activating proteins (GAPs): enzymes that inactivate GTPases 
by catalysing GTP hydrolysis.

Guanine nucleotide exchange factors (GEFs): enzymes that activate 
GTPases by catalysing GDP release followed by GTP binding.

Histones: proteins that package DNA into chromatin.
Histone acetyltransferase (HAT): enzyme that transfers acetyl groups 

to histones to relax the structure of chromatin.
Histone deacetylase (HDAC):  enzyme that removes acetyl groups 

from histones to condense chromatin.
Hormone response element (HRE):  a short sequence of DNA that 

binds specific nuclear hormone receptors.
Nuclear localization sequence (NLS): an amino acid sequence within 

a protein that identifies the protein for import into the nucleus.
Phosphatase: enzyme that catalyses the removal of phosphate groups 

from proteins.
Phosphotyrosine- binding (PTB) domain: protein domain that binds 

phosphorylated tyrosine residues in proteins.
Pleckstrin homology (PH) domain:  protein domain that (usually) 

binds phosphoinositol lipids within membranes.
(Protein) kinase:  enzyme that catalyses the transfer of phosphate 

groups to serine, threonine, or tyrosine residues on proteins.

Src homology 2 (SH2) domain: protein domain that binds phosphor-
ylated tyrosine residues in proteins and differs from PTB domains.
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signalling is essential if the receptor is to continue to serve a useful 
information transfer function, and so signalling is almost invariably 
transient, being terminated by enzymatic reactions and/ or intern-
alization of the activated receptor into the endosomal/ lysosomal 
system. Cell surface receptors have diverse mechanisms of action, 
but these usually involve either the generation of intracellular small 
molecule ‘second messengers’, or the activation of protein kinase 
activity acting on intracellular substrates. This section will give an 
overview of the principles and general paradigms underlying intra-
cellular signalling networks before focusing on the receptor families.

covalent Modifications in Signalling cascades

One major mechanism whereby activation of a hormone receptor 
propagates signalling inside a cell is through sequential activation 
of enzymes through their covalent modification. The most common 
and best studied such modification is phosphorylation, or addition 
of a phosphate group by kinase enzymes to amino acids with suit-
ably receptive side chains, namely serine, threonine, or tyrosine. 
This often induces a conformational change that either disrupts 
or creates protein– protein interactions, or may create a new pro-
tein binding site without major conformational change, which in 
turn leads to activation of the target enzyme or transcription fac-
tors. Often, a sequence of several enzymes in a signalling cascade, 
each activating the next one specifically, serves to amplify the initial 
signal within the cell, and also provides multiple points for regula-
tion and modulation of the response.

Although phosphorylation is the best studied so- called post- 
translational modification (PTM) in hormone signalling pathways, 
many other forms of PTM of target proteins are also important. 
These include other chemical modifications such as acylation, 
methylation, and acetylation. For example, the covalent modifica-
tion of histones by methylation and acetylation is involved in the 
epigenetic regulation of gene expression by both altering chromatin 
structure and allowing the recruitment of other histone modifiers. 
Other PTMs are protein based and involve the attachment of the 76 
amino acid protein ubiquitin in a process known as ubiquitylation. 
This can be extended to form polyubiquitin chains and the ubiquitin 
within these chains can be further modified by small ubiquitin- like 
(Ubl) modifier (SUMO) family proteins, acetylation, and phosphor-
ylation to create a diverse signalling cipher known as the ‘ubiquitin 
code’. The biological outcomes of ubiquitin signalling are many and 
various and affect almost all aspects of cell biology [3] .

Second Messengers in Signal Transduction

As well as transferring information directly through the action of 
enzymes on protein substrates to alter their function, hormone sig-
nalling pathways also commonly rely on activation of enzymes that 
generate diffusible small molecules, or ‘second messengers’ that can 
either be cytosolic or membrane- anchored. These can exert effects 
on distant cellular components, or, conversely, can bind target pro-
teins and thus concentrate them locally, close to substrate or targets. 
Second messengers are rapidly generated or released in response to 
extracellular signals and serve to relay and amplify the message. They 
are now known to come in many forms, including not only cyclic 

nucleotides (e.g. cAMP, cGMP) or ions (e.g. calcium, magnesium) 
acting within the cytosol, but also membrane- associated lipids or 
lipid- derived molecules. In non- stimulated cells second messenger 
concentrations are extremely low, but they are produced rapidly in 
response to receptor activation, binding and altering target proteins 
within the cell to propagate signalling [4] . As for all signalling pro-
cesses, mechanisms must exist to extinguish the signal. In the case 
of second messengers this is usually through enzyme- mediated me-
tabolism of organic second messengers, or sequestration of ionic 
messengers in membrane- bound organelles.

cyclic nucleotide Second Messengers

In the 1960s, Earl Sutherland first elucidated the role of 3’– 5’- cyclic 
adenosine monophosphate (cAMP) as the ‘second messenger’ of 
catecholamine action (adrenaline/ epinephrine itself being viewed 
as the first messenger), a breakthrough of such significance that 
Sutherland was awarded the 1971 Nobel Prize in Physiology or 
Medicine ‘for his discoveries concerning the mechanisms of the ac-
tion of hormones’. Membrane- bound adenylyl cyclases, which syn-
thesize cAMP in response to activation, are particularly important 
in transmitting signals from the G- protein- coupled class of cell 
membrane receptors described next.

The major target protein of cAMP is protein kinase A (PKA), which 
through its kinase activity can then phosphorylate downstream tar-
gets (Figure 1.3.2). Many different proteins are substrates for PKA, 
and ensuring that the correct target is phosphorylated at the right 
time in response to the physiologically appropriate signal is governed 
both by the monomers constituting the PKA heterotetramer and by 
A- kinase- anchoring proteins (AKAPs) that function as scaffolds to 
anchor PKA to subcellular structures [4] . The phosphodiesterase 
family of enzymes play a critical role in modulating the duration 
and amplitude of signalling by cAMP (and cGMP, which has also 
been shown to have a second messenger role in distinct signalling 
pathways) by catalysing the hydrolysis of these two second messen-
gers. Tissue- specific expression and discrete subcellular location of 
various phosphodiesterase family members allows tight control 
of compartmentalized gradients of cAMP and cGMP hence regu-
lating their signalling pathways and downstream biological effects. 
Phosphodiesterases have thus been exploited pharmacologically for 
therapeutic effect and the development of drugs that target individual 
subfamilies has improved tolerability and efficacy of treatments for 
Cushing’s disease, erectile dysfunction, asthma, and heart disease [5].

Lipid Second Messengers

Several types of membrane phospholipid serve as important sub-
strates for generation of second messengers. Glycerophospholipids 
anchored on the cytoplasmic face of the cell membrane can be hydro-
lysed by phospholipase D and phospholipase C (PLC) to generate 
the second messengers, phosphatidic acid and diacylglycerol (DAG), 
respectively [4] . When phosphatidylinositol 4,5- bi sphosphate (PIP2) 
is hydrolysed by PLC in response to receptor activation, DAG re-
mains in the cell membrane while the polar head group inositol 
trisphosphate (IP3) is released into the cytosol. There it binds IP3 
receptors on organelles resulting in the release of calcium (itself a 
second messenger) into the cytosol (Figure 1.3.2). IP3 can be further 
phosphorylated to IP4 which activates chloride channels, and IP6 
which may have a role in apoptosis [4]. DAG acts as a second mes-
senger to target a family of enzymes known collectively as protein 
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kinase C (PKC). Some PKC isoenzymes require both DAG and cal-
cium for activation, giving rise to a level of specificity as PKC can 
transduce signals that trigger selective hydrolysis of PIP2 due to the 
release of calcium caused by IP3 mobilization. Other isoenzymes of 
PKC can be activated by DAG alone, while so- called atypical PKC 
isoenzymes do not respond to DAG or calcium. Signalling by PKC 
is terminated by the phosphorylation of DAG by DAG kinase which 
removes the second messenger [4].

Plasma- membrane- associated PIP2 can also be phosphorylated 
by phosphoinositide 3- kinase (PI3K) to produce the second mes-
senger phosphatidylinositol (3,4,5)- triphosphate (PIP3), which is 
key in the PI3K- AKT signalling pathway. This is triggered by many 
receptor tyrosine kinases (RTKs) such as the insulin and IGF1 re-
ceptors (Figure 1.3.3). Activation of PI3K leads to conversion of 
PIP2 to PIP3. PIP3 in turn provides a docking site for AKT and other 
effector proteins, serving to drive their localization to desired sites 
of action at the plasma membrane.

calcium as a Second Messenger

In direct response to receptor activation, or as a consequence of 
second messenger action, calcium can rapidly enter the cytoplasm 
via activation of channels and transporters either at the cell sur-
face or on organelles with a high internal calcium concentration. 
Calcium itself acts as a second (or third!) messenger and can rapidly 
propagate signals by regulating targets either by direct binding or by 
modulating calcium sensors and calcium- sensitive enzymes [4] . For 
example, as one component of glucagon signalling (Figure 1.3.2), 

in addition to activation of adenylate cyclase, PLC is activated and 
cleaves phosphatidylinositol 4,5- bisphosphate (PIP2) generating 
IP3 and DAG. IP3 then acts on the IP3 receptor calcium channel 
on the endoplasmic reticulum resulting in an increase in Ca2+ in 
the cytoplasm and activation of the Ca2+/ calmodulin- dependent 
protein kinase II (CaMKII). Downstream of CaMKII activation, 
the transcription factor FoxO is phosphorylated and translocated 
to the nucleus where it can stimulate expression of genes involved 
in hepatic glucose production [6]. Cells actively maintain gradi-
ents of calcium across lipid membranes and when calcium channels 
are opened, rapid diffusion of calcium down these gradients gen-
erates spatiotemporal waves and oscillations which, coupled to the 
subcellular organization of the calcium signalling machinery, allows 
for a vast array of signals to be encoded and propagated. Calcium 
actions are terminated by pumping calcium out of the cell or back 
into subcellular organelles [4].

Types of Plasma Membrane Hormone Receptor

G- Protein- coupled Receptors

G- protein- coupled receptors (GPCRs) are a large family of pro-
teins (numbering as many as 800 in mammals). They share core 
sequence and structural similarity, but the family has evolved to be 
activated by a myriad of different ligands including light- sensitive 
compounds, odorant chemicals, pheromones, and neurotransmit-
ters as well as hormones. Hormones of clinical importance that bind 

Extracellular

Intracellular

GcgR

Glucagon

DAG PIP2

Ca2+
Ca2+

Ca2+

Ca2+

IP3

IP3R

Endoplasmic
reticulum

CaMKII

FOXO

Cytoplasm

Nucleus

PLC

Gqα Gsα

Gα
β

γ
GTP

GDP

Adenylyl
cyclase

cAMP

Phosphorylase
kinase

PKA p

p

pp

p

p

Glycogen phosphorylase

Glycogen

HAT

CREB

DNADNA TSSTSS

FOXO

Co-

Activ
ator

Glucose-1-P

p

Glycogen
synthase

(inactive)

CREB

Figure 1.3.2 Glucagon signalling via its G- protein- coupled receptor. Glucagon signals via a GPCR (GCGR) that associates with either Gsα or Gqα 
heterotrimeric G- proteins. This activates pathways leading to transcription of genes involved in glycogenolysis and gluconeogenesis. Glucagon 
signalling also stimulates enzymatic changes that regulate glycogenolysis and the generation of glucose.



 1.3 Molecular Aspects of Hormone Regulation 17

GPCRs include catecholamines, glucagon, ACTH, PTH, TSH, FSH, 
LH, and β- hCG, among many others. GPCRs are also the largest 
family of proteins targeted by approved drugs. All GPCRs include 
seven transmembrane regions between an extracellular N- terminal 
domain and a cytosolic C- terminal segment. Extracellular ligand 
binding causes a conformational change, reconfiguring the cyto-
plasmic loops to bind and activate a heterotrimeric G- protein com-
plex that is responsible for signal transduction [7] . GPCRs are also 
capable of transactivating both RTKs and serine/ threonine receptor 
kinases, providing one of many mechanisms of ‘crosstalk’ with other 
signalling pathways [7].

G proteins constitute one of the most important families of sig-
nalling proteins. Martin Rodbell and Alfred Gilman shared the 
1994 Nobel Prize in Physiology or Medicine ‘for their discovery of 
G- proteins and the role of these proteins in signal transduction in 
cells’. G- protein complexes comprise α, β, and γ subunits, for each 
of which multiple isoforms exist. Function is defined primarily by 
the Gα subunit. The combination of G- protein subunits determines 
which receptor the complex couples to, the second messenger gen-
erated, and the downstream effectors activated, allowing the cell 
to integrate information from a variety of extracellular stimuli. 
Stimulatory G protein (Gsα) activates adenylyl cyclase, which gen-
erates the second messenger 3’– 5’- cyclic adenosine monophosphate 
(cAMP), while inhibitory G protein (Giα) inhibits adenylyl cyclase. 
Gqα activates phospholipase C (PLC), resulting in generation of 
inositol trisphosphate (IP3) and diacylglycerol (DAG) as second 

messengers (Figure 1.3.2). Signalling from Gα is terminated by 
its intrinsic GTPase, which hydrolyses Gα- bound guanosine tri-
phosphate (GTP) to guanosine diphosphate (GDP). This enables 
reassociation of Gα to Gβ𝛄 [7] . GTP hydrolysis is enhanced by a 
variety of GTPase- activating proteins (GAPs), and nucleotide ex-
change is enhanced by Guanine nucleotide exchange factors (GEFs). 
Both these types of proteins serve as important sites of regulation of 
the action of many hormones. GPCR signalling is also regulated by 
the β- arrestin family of proteins. β- arrestins were initially identi-
fied for their role in switching off GPCR signalling by desensitizing 
the receptors and facilitating their internalization and recycling. 
More recently, β- arrestins have been shown to have wider roles in 
GPCR signalling, acting both as signal transducers by controlling 
phosphorylation of intracellular targets and as scaffold proteins for 
the recruitment of signalling cascades (such as ERK), thereby pro-
longing signalling by GPCRs internalized to the endosomes [8].

β- arrestins also play a key role in the ‘signalling bias’ shown by 
both natural ligands and pharmacological compounds that can act 
not only as full agonists and antagonists, but also as partial and in-
verse agonists by way of multidimensional allosteric or orthosteric 
interactions with the GPCR. Such ‘signalling bias’ is being exploited 
for therapeutic benefit as some ligands/ compounds preferen-
tially activate classical G- protein- dependent signal transductions, 
whereas others demonstrate preferential activation of β- arrestin 
mediated signalling. This allows selective control of pathway activa-
tion to minimize potential side effects [8] .
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Receptor Tyrosine Kinases

RTKs bind many important peptide hormones and growth factors. 
RTK ligand- binding domains reside in the extracellular portion of 
the receptor, a transmembrane domain spans the plasma membrane, 
and the intracellular portion of the receptor contains the tyrosine 
kinase domain. RTKs are commonly expressed at the cell surface 
as monomers that undergo dimerization upon binding of bivalent 
ligands which cross- links monomers to form active complexes [9] . 
Exceptions are the insulin receptor (INSR) and the closely related 
type I  insulin- like growth factor receptor (IGF1R), which exist at 
the cell surface as preformed dimers, within which ligand binding 
causes conformational changes and activation currently best de-
scribed by a ‘harmonic oscillator’ model [10].

While precise signalling mechanisms differ for the various mem-
bers of the RTK family, ligand binding and the resulting conform-
ational changes generally trigger the release of autoinhibition within 
the tyrosine kinase domain, resulting in activation of the RTK [9] . 
This leads to autophosphorylation of tyrosine residues in recep-
tors themselves and on separate substrate proteins (e.g. INSR sub-
strates, IRS- 1 and IRS- 2), which provide docking sites for adaptor 
proteins that recognize phosphotyrosines within specific sequence 
contexts. Docking and sometimes phosphorylation of these adaptor 
molecules propagates signalling cascades responsible for diverse 
cellular responses. For example, the effects that insulin exerts on 
glucose metabolism, cell growth, and differentiation are mediated 
mostly by signalling pathways involving phosphoinositide 3- kinase/ 
AKT (PI3K/ AKT) and mitogen- activated protein kinase/ extracel-
lular signal- related kinase (MAPK/ ERK) [11], which are initiated 
by recruitment of regulatory subunits or proteins to IRSs (Figure 
1.3.3). Generation of PIP3 by PI3K leads to membrane binding 
of AKT and its colocalization with phosphoinositide- dependent 
kinase I  (PDKI), also recruited to the cytoplasmic face of the cell 
membrane by PIP3, and the mammalian target of rapamycin com-
plex 2 (mTORC2). These phosphorylate and activate AKT, a kinase 
that in turn phosphorylates an array of substrates with important 
metabolic and growth- related functions [12]. Multiple enzymes 
contribute to the termination of RTK signalling, including pro-
tein tyrosine phosphatases (PTPs) that dephosphorylate INSR and 
IRS proteins, the phosphatase and tensin homologue (PTEN) that 
dephosphorylates PIP3 and the protein phosphatases PHLPP and 
PP2A that dephosphorylate AKT.

other Receptors and Signalling Pathways

In contrast to the RTKs and PS/ TRKs (discussed next), cytokine- 
type cell surface receptors lack intrinsic kinase activity, instead asso-
ciating with members of the intracellular Janus kinase (JAK) family 
to propagate signalling. The cytokine family includes a diverse 
array of proteins including growth hormone, leptin, interferons, 
chemokines, adipokines, lymphokines, and tumour necrosis factors 
with endocrine, paracrine, and autocrine actions. Ligand binding 
to cytokine receptors induces conformational changes favouring 
recruitment and activation of the associated JAK leading to phos-
phorylation of proteins called signal transducers and activators of 
transcription (STAT) [13]. Like the other cell surface receptors, a 
key mechanism for modulating cytokine signalling at the cell sur-
face is internalization of the receptor upon ligand binding. Together 
with subsequent recycling back to the cell surface or degradation of 

the receptor, this modulates receptor availability to ligand. Cytokine 
receptor signalling is negatively regulated intracellularly by Src 
homology 2 domain- containing PTPs (SHPs) and the suppressor of 
cytokine signalling (SOCS) family of proteins [14].

The protein serine/ threonine receptor kinases (PS/ TRKs) re-
spond to members of the superfamily of ligands that include the 
transforming growth factor beta family (TGFβ), bone morpho-
genic proteins (BMPs), activins, and growth and differentiation fac-
tors (GDFs) which have diverse roles in embryonic development 
and tissue homeostasis, the immune system, and cancer, as well as 
endocrine regulation of adipose tissue metabolic functions. Ligand 
binding causes the formation of a heterotetrameric complex of 
two different PS/ TRKs (type I  and type II receptors) resulting in 
an interaction where the type II receptor phosphorylates and acti-
vates the type I receptor allowing signal transduction via the phos-
phorylation of serine or threonine residues on target downstream 
signalling substrates [15]. The best- known pathway downstream 
from PS/ TRKs involves the Smad family of transcription factors, 
although other signal transduction pathways such as ERK and c- Jun 
N- terminal kinase (JNK) can be activated, for example, in response 
to TGFβ [15].

Information coding in Signalling networks

For all the multitude of different cell surface receptors, the reper-
toire of signalling cascades initiated in response to receptor activa-
tion is relatively limited. Despite this they mediate a broad spectrum 
of cellular outcomes, and yet individual receptors produce distinct 
responses. Many mechanisms exist to permit such specificity of in-
formation transfer. Important factors include the cellular context 
of receptor expression, positive and negative crosstalk among sig-
nalling pathways, and feedback regulation within pathways. Spatial 
and temporal factors including subcellular localization and regu-
lated intracellular trafficking of signalling components, cytoskeletal 
arrangements, and differential utilization of ‘scaffold’ and adaptor 
proteins are also critical. Such determinants of signalling specificity 
are discussed briefly next.

Hormone Receptor Signalling: ‘cascades’  
or ‘networks’?

Although hormone signalling pathways are commonly schematized 
as distinct, simple, and linear, this is a gross simplification. Feedback 
both within and between different pathways is a major feature of 
signalling. Negative feedback from later stages of a pathway to prox-
imal steps is one prevalent mechanism which means that activation 
of a pathway inevitably leads, with a time delay, to its downregulation 
[16]. Positive feedback loops also exist within some signalling cas-
cades, however, that can stabilize and amplify signals [17]. Many 
examples of both positive and negative feedback between distinct 
pathways also exist. The collective dynamics of such positive/ nega-
tive feedback loops and oscillations in enzyme on/ off states can affect 
the timescale and magnitude of biological responses. Sophisticated 
modern techniques, most involving mass spectroscopy, are begin-
ning to define temporal complexity of signalling in response to dif-
ferent hormones; however, understanding how different types of 
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information are encoded remains limited. A  complete account of 
the richness of information transmitted by hormone action will re-
quire further integration of such temporal considerations with the 
subcellular spatial localization of signalling molecules. Only once 
this considerable computational feat is achieved may it be possible 
to understand the diverse biological outcomes achieved with such a 
limited number of signalling pathways [17].

Selective Receptor Modulation and Biased 
Agonism

Hormone receptor signalling is sometimes viewed, for simplicity, 
as binary, with receptors acting essentially as ‘switches’ to trigger a 
stereotyped cellular response. However, as the preceding discussion 
has indicated, hormone receptor signalling is much more complex. 
Responses to hormones are usually graded, and at different levels of 
hormone stimulation responses may qualitatively vary, as different 
arms of the downstream pathway may require different degrees of 
stimulation to activate. Signalling responses are also context de-
pendent, in part due to the accessory proteins that function with 
hormone receptors to modulate selectivity or to direct downstream 
responses. This is true of both nuclear hormone receptors and cell 
surface receptors. For example, the biased agonism of GPCRs de-
pends on the context of the allosteric or orthosteric interactions of a 
particular ligand of a GPCR that lead to either preferential activation 
of G- protein- dependent signalling or preferential β- arrestin medi-
ated signalling [8] . Biased signalling can also be observed with the 
receptors of the insulin- like growth factor (IGF) system and their 
various affinities for the IGFs and insulin, which is further com-
plicated by the variety of hybrid receptors that can form between 
the IGF1R, INSR- A, and INSR- B isoforms [12]. Understanding 
the biophysical, structural, and pharmacological biology of recep-
tors, their mechanism of actions and how these relate to distinct 
signalling outcomes has enabled the development of therapeutics 
that capitalize on selective pathway activation to minimize poten-
tial side effects and/ or selectively target one target tissue over an-
other. A prime example is the failed contraceptive tamoxifen, which 
is a selective oestrogen receptor modulator (SERM) and has mixed 
agonist and antagonist properties depending on tissue of action. 
Tamoxifen is used to treat breast cancer and has beneficial effects in 
postmenopausal women on bone mineral density and serum lipids, 
but also increases the risk of development of endometrial cancer 
due to its oestrogen receptor (ER) agonist activity in the uterus [18].

Spatial Regulation of Intracellular Signalling

Another mechanism which can serve to diversify biological out-
comes, even using the same signalling process, is the localization 
of machinery involved to specific parts of the cell. This commonly 
involves so- called scaffold proteins which essentially serve to tether, 
orientate, and coordinate allosteric control of partner molecules, 
providing a flexible means of signalling regulation [19]. Scaffold 
proteins can either mediate linear signalling down a pathway or 
provide a branching point for diversification of the signal. An ex-
ample of linear signalling can be observed with the kinase sup-
pressor of Ras (KSR) scaffold protein that helps to tether and 
activate components of the Ras- Raf- MEK- ERK signalling pathway 
downstream of RTK activation, by facilitating the assembly of a 

multiprotein complex that brings the downstream substrates in 
close proximity to their upstream activators (Figure 1.3.3) [19, 20]. 
Scaffold proteins are themselves subject to regulation by PTMs such 
as phosphorylation, which can be either stimulatory or inhibitory 
to enable or block protein– protein or protein– lipid interactions that 
sequester the signalling molecules to distinct subcellular locations 
(such as the effect of AKAP scaffold proteins on PKA as discussed 
in the section on cAMP second messengers), or ubiquitination 
which targets substrates for proteosomal degradation [19]. Scaffold 
proteins are also pivotal in coordinating feedback loops involving 
phosphatases that are important for temporal dynamics and the ter-
mination of signalling pathways [17]. Not only do scaffold proteins 
function to integrate signalling networks arising from hormonal ac-
tivation of cell surface receptors, they are also involved in the coord-
ination of sequential passing of some type I and III steroid hormone 
receptors across their chaperone proteins prior to translocation to 
the nucleus [20].

Receptor endocytosis and Signal Termination

Common to both GPCR and RTK signalling is that receptor activa-
tion at the cell surface is followed by endocytosis. The consequent 
decrease in cell surface expression helps prevent excessive down-
stream signal activation by attenuating the strength and duration of 
signalling or by providing a shift in the dose- response relationship 
between ligand and receptor such that a greater concentration of 
ligand is required to produce a cellular response [21]. Internalized 
receptors are trafficked through the endosomal/ lysosomal pathway 
and this process is not only critical for the termination of signalling 
via receptor sequestration and degradation, but also allows recruit-
ment of specific signalling components in different compartments. 
For example, full activation of the extracellular signal- regulated 
kinases (ERK1/ 2) by RTKs requires internalization of the receptor 
and complexing with scaffold proteins in the late endosome [21]. In 
contrast, full activation of AKT can occur at the plasma membrane 
prior to receptor internalization [21]. Similarly, GPCRs are capable 
of sustained signalling within endosomes that affects recruitment of 
downstream mediators [22].

Activated receptors generally undergo clathrin- mediated endo-
cytosis (CME) [23] either by direct interaction with the adaptor 
complex AP2 (RTKs) or via interactions with β- arrestins (GPCRs). 
Ubiquitination can also target receptors for internalization and the 
level of receptor ubiquitination in endosomes affects recycling back 
to the plasma membrane or trafficking to the lysosomes for degrad-
ation [21]. Receptors that are internalized by clathrin- independent 
endocytosis may be degraded more rapidly than those that undergo 
CME, suggesting another level by which trafficking routes can in-
fluence cellular signalling. Various signalling kinases also have an 
effect on endosomal sorting and trafficking to lysosomes to reduce 
receptor recycling and terminate signalling [21, 22].

Hormone Resistance

Primary endocrine disorders may broadly be classified into those 
featuring loss or dysregulation of hormone production, and others 
featuring an abnormality of hormone action, most commonly hor-
mone resistance. Hormone resistance as a clinical phenomenon 
has been recognized for many years, notably through the work of 
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Harold Himsworth on insulin in the 1930s, and the work of Fuller 
Albright on PTH in the 1940s. In the molecular genetic era, as the 
genes encoding components of signalling pathways have been iden-
tified, so the precise molecular bases of some forms of hormone re-
sistance have been identified. Many of these lie in the receptor itself, 
while others lie in receptor signalling pathways downstream from 
the receptor (Table 1.3.1). For some truly pandemic conditions 
such as insulin resistance, however, the precise defect is imprecisely 
identified, and appears not, in general, to be due to single gene de-
fects of insulin action. For other disorders, such as obesity, the very 
nature and existence of leptin resistance continues to be debated.

It follows from consideration of the complexity of receptor action 
that some forms of primary hormone resistance are not simply clas-
sifiable as loss of hormone action, but rather reflect selective loss of 
some aspects of hormone intracellular signalling. Depending on the 
feedback loops that regulate a pathway, this means that compensatory 
high levels of hormone may paradoxically drive unimpaired aspects 
of receptor signalling, and this may lead to clinical disease. Common 
insulin resistance may provide one such example, with significant 
evidence suggesting that some aspects of the ‘insulin resistance syn-
drome’ are actually driven by high levels of insulin signalling in some 
tissues, driven by hyperinsulinaemia. Disentangling perturbations of 
complex signalling networks is a major challenge for current efforts 
to understand many common endocrine disorders.

conclusion

Methodological and conceptual advances over the last 40 years have 
provided major insight into the molecular mechanisms of hormone 

action. The anatomy of intracellular signalling networks has been 
revealed, and new insights gained into how cells decode, process, 
and respond to multiple external stimuli utilizing only a limited 
repertoire of signalling pathways. The concept of temporal and spa-
tial compartmentalization influencing signalling network specifi-
city is now established, however, much is still to be learned about 
the mechanisms that couple external stimuli to their intracellular 
‘roadmap’ to a specific biological outcome. Integrating the compu-
tational methodologies of systems biology with biochemical experi-
mentation [24] will be required to further enhance understanding 
of signalling specificity, and to enable more refined endocrine inter-
ventions, for example, in the form of selective receptor modulators, 
for human disease.
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Introduction

Comparative endocrinology is the study of endocrine glands and 
hormones in different animal species. It is undergoing a renaissance 
driven by rapid technological advances facilitating, for example, 
DNA/ RNA sequencing, profiling of DNA methylation and protein 

interactomes, and genome editing with CRISPR. Until relatively 
recently, characterization of hormones in ‘lower’ vertebrates relied 
upon biological assays and protein chemistry, whereas now genes 
are readily revealed in whole genome sequences, and specific anti-
bodies and other reagents for sensitive assays can rapidly be devel-
oped, enabling revealing physiological experiments.

Endocrinology traditionally used animal species including many 
lower vertebrates. Comparative endocrinology became distinct only 
in the last 50 years as endocrinologists concentrated on rodents as 
their preferred model. In 1933, Riddle demonstrated that an avian pi-
tuitary factor promoting growth of the pigeon crop- sac was identical 
to a mammalian pituitary factor earlier found to initiate and maintain 
milk secretion. Riddle called this avian factor prolactin and the crop- 
sac response provided a sensitive assay for human prolactin detection 
in pituitary extracts. Pigeon prolactin was the first pituitary hormone 
to be crystallized and purified in 1937, leading to purification of 
mammalian prolactin. Prolactin has many roles in lower vertebrates, 
including a vital role as a hypercalcaemic factor in fish.

This chapter will focus on two paradigmatic examples of the value 
of comparative endocrinology. Calcium regulating factors including 
parathyroid hormone (PTH), parathyroid hormone- related protein 
(PTHrP) and stanniocalcin (STC) will first be considered, followed 
by THs (which have identical structures in all vertebrates from fish 
to humans) and transthyretin (a thyroid hormone distributor in 
blood and cerebrospinal fluid). Both groups of hormones are essen-
tial for human life during development and in adulthood, and piv-
otal insights have been gained from non- mammalian vertebrates.

calcium Regulation

Regulation of calcium concentration in intracellular (c.0.1μmol/ 
L) and extracellular compartments is fundamental in vertebrate 
physiology. Calcium regulation in body fluids demarcates inverte-
brates and vertebrates:  marine invertebrates have plasma calcium 
concentrations around 10  mmol/ L, close to the concentration in 
the environment. Primitive marine vertebrates (cyclostomes) have 
plasma calcium levels of 5 mmol/ L in the same environment, and 
most cartilaginous and bony fish, regardless of environment, have 
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plasma calcium levels around 2 mmol/ L, similar to mammals. Most 
aquatic vertebrates are less dependent on the skeleton as a calcium 
source, as the aquatic environment provides an inexhaustible cal-
cium supply.

Fish use their scales instead of their skeleton as a rapidly ac-
cessible calcium store. In contrast, terrestrial vertebrates have 
skeletons serving both as a physical support and calcium reser-
voir. Dietary calcium supply is episodic, so calcium reserves must 
be labile and dynamic. All vertebrates possess several essential 
factors with complex interrelated actions controlling circulating 
ionic calcium.

calcium Regulating Factors in ‘Lower’ Vertebrates

The major difference in calcium control between ‘lower’ and 
tetrapod vertebrates is the presence of the parathyroid gland and its 
product, PTH. A distinct parathyroid gland first appeared in am-
phibians, but no comparable gland has been observed in fish. PTH 
is critical for calcium homeostasis at all stages of tetrapod devel-
opment, interacting with calcitonin and 1,25- dihydroxyvitamin D3. 
PTH elevates serum calcium by causing calcium release from bone 
and inhibition of renal calcium excretion.

PTH

Despite the absence of a parathyroid gland, several reports describe 
an immunoreactive PTH- like protein in fish, detected by antisera 

raised against the mid- molecule portion of bovine PTH [1] . PTH- 
like immunoreactivity was demonstrated in brain and pituitary of 
goldfish and platyfish, the pituitary of eel and cod, and the plasma 
of trout and goldfish. Problems with these studies included in-
sufficient controls and poor characterization of antibodies, how-
ever. Physiological studies by Parsons et al. [2] predicted a rapidly 
acting hypercalcaemic factor in cod pituitary with a PTH- like 
N- terminus, however existence of a fish PTH homologue was un-
proven until 2003, when a PTH gene was identified from the Fugu 
rubripes genome [3]. Fugu PTH has low overall homology with 
human PTH (32%) and Fugu PTH(1– 34) has only 56% identity 
with human PTH(1– 34), however Fugu PTH(1– 34) was found to 
have in vitro biological activity resembling that of human PTH(1– 
34). A second Fugu PTH gene was later identified that is not pre-
sent in the human genome, suggesting a gene duplication in bony 
fish. There are now three PTH genes in zebrafish [4], chicken and 
Xenopus [5], but the third PTH gene is absent in eutherian mam-
mals, which generally have fewer chromosomes (e.g. 39 in chickens 
vs. 23 in humans).

Subsequent studies have identified two PTH genes in the ele-
phant shark (Callorhinchus milii) [6] . The elephant shark is among 
the most ancient cartilaginous fish, the oldest living group of jawed 
vertebrates (approximately 450  million years old) (Figure 1.4.1). 
Its genome has been termed the ‘reference vertebrate genome’ as 
initial studies have shown it to resemble the human genome more 
than those of other fish (e.g. Fugu or zebrafish) [7]. The two ele-
phant shark PTH proteins have different biological activity and the 
gene encoding elephant shark PTH2 does not exist in other fish or 
humans [6].
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PTHrP

The earliest reports of PTH- like immunoreactivity in fish prompted 
studies in the early 1990s [8]  demonstrating immunoreactive 
PTHrP in tissues including the pituitary as well as in the circula-
tion of a marine bony fish. PTHrP is highly homologous to the N- 
terminus of PTH and may be the factor predicted by Parsons et al. 
[2] in cod pituitary. PTHrP was first isolated from human tumours 
[1, 9, 10] and identified as a factor causing humoral hypercalcaemia 
of malignancy (HHM), acting via the classical PTH receptor 
(PTH1R) in bone and kidney. PTH and PTHrP bind the receptor 
with different affinities. They share sequence homology only in 
the N- terminal, notably in the 1– 34 region, with 8 of the first 13 
amino acids being identical. The N- terminus of PTH and PTHrP 
are required for PTH1R binding. Subsequent studies indicated that 
PTHrP is synthesized in many normal adult and embryonic mam-
malian tissues, implying numerous potential functions, many auto-
crine or paracrine [1].

The PTHrP and PTH Genes

The PTHrP gene is more complex than the PTH gene (Figure 1.4.2). 
Rat and chicken PTHrP genes comprise five exons encoding a pro-
tein of 139 or 141 amino acids (Figure 1.4.2), while the human 
PTHrP gene has nine exons and encodes at least three isoforms of 
139, 141 and 173 amino acids [1] . The Fugu PTHrP gene, in con-
trast, has only three exons, like the PTH gene. The PTH gene is con-
served among these species, generating proteins of 84 or 88 amino 
acids. The increasing complexity and number of protein products of 
the PTHrP gene from birds to humans may reflect increasing num-
bers of roles for PTHrP through evolution. Indeed, PTHrP may be 
the original gene and PTH the copy. This is supported by the highly 
conserved gene structure of PTH, and the single encoded protein, 
suggesting a role(s) unchanged through evolution.

Duplication of the PTHrP and PTH Genes

The gene for human PTHrP is on chromosome 12 while the PTH 
gene is located on chromosome 11. The PTH and PTHrP genes are 
considered paralogous. That is, they have arisen through duplica-
tion of a single ancestral gene within a species [11]. This is opposed 
to orthologous genes, which are found in different species but have 
diverged from their common ancestral gene during speciation 
and separate evolution. This divergence has been documented for 
other gene families with members on both chromosomes 11 and 
12, including the insulin- like growth factors, the aromatic amino 
acid hydroxylases, lactate dehydrogenases and the Ras gene family 
(Table 1.4.1). All these genes map to the same regions of these two 
chromosomes, suggesting a single duplication event. Chromosome 
12 appears moreover to have a central position in the human 
genome [11], indicating that it might be a primordial chromosome. 
The genes on this chromosome may thus have a long evolutionary 
history.

The duplication event that generated two members of the PTH 
family may have been one of two tetraploidization events occurring 
between invertebrates and vertebrates [12]. Tetraploidization means 

that every gene in the genome is duplicated, in contrast to regional 
duplication where only some loci are duplicated. Regional duplica-
tion is thought to have produced the IGF- II gene from insulin on 
chromosome 11, while the IGF- I gene on chromosome 12 is be-
lieved to have arisen from tetraploidization [11] (Table 1.4.1).

Implications of Gene Duplication

The two tetraploidization events early in vertebrate evolution ex-
panded the genome, creating new genomic and phenotypic diversity 
and enhancing evolutionary survival. Such a genetic ‘safety net’ is ex-
emplified by knockout mouse studies. These are based on the premise 
that nature is ‘thrifty’, with one gene responsible for a defect. Frequently, 
however, knockout animals do not have the expected phenotype, 
teaching molecular biologists what evolutionary biologists have long 
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known— nature is ‘extravagant’, and genes can sometimes fulfil mul-
tiple roles. This is logical given the imperative to ensure survival of the 
species. Consequently, many diseases are polygenic. Thus, several lines 
of knockout mice, each with a different gene deleted, may need to be 
interbred to yield defects originally attributed to only one gene.

Timing of the Duplication of PTH and 
PTHrP Genes

The PTHrP gene has been cloned from various mammals (human, 
rat, mouse, dog) and chicken and shows such high homology that its 
evolutionary development can only be discerned from the sequences 
in lower vertebrates, including fish and sharks. It appears likely that 
the divergence between the PTHrP and PTH genes occurred prior to 
evolution of cartilaginous fish. The presence of both genes in elephant 
shark indicates that clues to their evolutionary relationship and pos-
sible role(s) of their corresponding proteins in calcium metabolism 
and other functions may best be found in lampreys, a jawless fish.

Fish as Model Vertebrates

Fish constitute the major group of vertebrates, with numbers of 
species estimated from 25 000– 35 000. They are highly successful, 
with physiologies evolved to survive in water of high or low ionic 
strength, and sometimes both. The two major groups are the jawed 
bony fish and the jawed cartilaginous fish, including sharks and rays 
(Figure 1.4.1). Surviving jawless fish, the lampreys, and hagfishes, 
also have a cartilaginous skeleton. It seems likely that among bony 
fish modification of calcium metabolism resulted in ossification of 
the internal skeleton. This was essential for the future evolution of 
terrestrial vertebrates, providing an internal calcium store.

Originally, all fish were marine and more dependent on 
hypocalcaemic factors to maintain tissue calcium levels lower than 
the surrounding water. As fish colonized fresh water, hypercalcaemic 
agents would have become essential for survival, and such a 
hypercalcaemic agent may have developed from a factor already ful-
filling a different role in marine fish such as PTH or PTHrP. Over the 
last decade PTHrP has been identified in tissues of lower vertebrates 

by immunohistochemistry and in situ hybridization with antisera 
and probes to human PTHrP [13]. Tissues were examined from 
bony fish, including the lungfish (a ‘living fossil’ believed to link fish 
and amphibians), cartilaginous fish, and jawless fish. PTHrP protein 
and messenger RNA (mRNA) localized to kidney, epidermis, verte-
bral elements, and muscle, a distribution resembling that reported 
in higher vertebrates. Conservation of PTHrP localization indicates 
that PTHrP’s function in these tissues is essential, corroborated by 
successful use of antisera and probes to human PTHrP, which indi-
cates that the PTHrP gene and protein are highly conserved. PTHrP 
was also localized to tissues unique to lower vertebrates, such as 
gills, saccus vasculosus, and the rectal gland of sharks, all involved 
in mineral ion regulation. Further examination of PTHrP in these 
tissues could reveal new roles it plays. No PTH has been detected in 
tissues of lower vertebrates using a polyclonal antiserum to human 
PTH (1– 34) due to low homology between human and fish PTH.

PTHrP is an onco- fetal hormone in mammals. Findings in bony 
fish argue that PTHrP may be a classical hormone in fish, however 
[8] . Comparative endocrinology allows examination of the normal 
physiological roles of PTHrP in simpler systems. The dissection of 
PTHrP’s roles in fish has been assisted by the isolation and cloning 
of zebrafish PTH1R and PTH2R genes [14].

Stanniocalcin

Calcium regulation in most marine fish is dependent upon 
hypocalcaemic agents such as stanniocalcin (STC), a hormone pro-
duced by the corpuscles of Stannius, an organ unique to some bony 
and cartilaginous fish. Fish generally have abundant access to envir-
onmental calcium, and STC prevents hypercalcaemia by targeting gill 
and gastrointestinal tract calcium transport [13]. STC was thought to 
be unique to fish with corpuscles of Stannius, but in 1995 human STC 
was isolated and its gene cloned [15– 17]. Fish STC mRNA expres-
sion is limited, however mammalian STC mRNA is found in many 
tissues, including ovary, prostate, and thyroid. Human STC protein is 
localized to the renal cortex adjacent to the glomerula and has been 
detected in the circulation. The mouse Stc protein has the same length 
as human STC, with very high sequence similarity.

The Function of Mammalian STc

STC is localized in the renal cortical brush- border membrane of rats, 
and decreases calcium absorption and increases phosphate absorption 
in rat duodenum. STC expression has also been found in developing 
mouse chondrocytes, acting as a probable autocrine/ paracrine factor 
[16]. Mammalian STC may be a regulator of calcium and phosphate 
homeostasis, with autocrine/ paracrine roles as well as an endocrine 
role in cell growth and differentiation. This evolutionary progression 
is also seen for PTHrP, a classical hormone in lower vertebrates with 
predominantly autocrine/ paracrine roles in mammals [17].

STc- 2

A second mouse and human STC (STC- 2) gene and protein have 
been identified [17]. STC- 2 is expressed in human tissues ranging 

Table 1.4.1 Paralogous genes in portions of human chromosomes 
11 and 12

Chromosome 11 Chromosome 12

Lactate dehydrogenase A
Lactate dehydrogenase C

Lactate dehydrogenase B

Hras Kras

Parathyroid hormone Parathyroid hormone- related protein

Glutathione S- transferase 3 Glutathione S- transferase 3- like
Glutathione S- transferase 12

Tyrosine hydroxylase
Tryptophan hydroxylase

Phenylalanine hydroxylase

Insulin
Insulin- like growth factor 2

Insulin- like growth factor 1

Progesterone receptor Vitamin D receptor
Retinoic acid receptor G
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from spleen, peripheral blood leucocytes, and small intestine, to 
ovary and testes. It is also expressed in rat kidney, skeletal muscle, 
liver, and brain. STC- 2 protein has significant similarity with fish 
STCs and mammalian STC- 1. The difference between the two mam-
malian STCs is 15 histidine residues in STC- 2, four of them forming 
a cluster near the C- terminus of the protein [17]. Clusters of histi-
dine residues often interact with metal ions such as Co2+, Ni2+, Cu2+, 
and Zn2+, although this has not yet been established for mamma-
lian STC- 2. A second fish STC was described in salmon corpuscles 
of Stannius in the same year [18]. Salmon STC- 2 was less effective 
as an inhibitor of gill calcium transport in fish, supporting a non- 
calcium- related role for STC- 2. Salmon STC- 2 has fewer histidine 
residues than human, eel, or coho salmon STC- 1. The increase in 
the number of histidine residues in STC- 2 on transition from fish to 
mammals may reflect altered roles of STC through evolution.

Thyroid Hormones (THs)

The first clear demonstration of the function of THs was by 
Gudernatsch in 1912 [19], when he showed that diced horse thy-
roid gland prematurely turned tadpoles into ‘mini- frogs’. In 1925 
Allen [20] showed that removal of thyroid cells inhibited metamor-
phosis and, in 1926, Harington identified the main product of the 
thyroid gland as thyroxine (T4) [21]. The more metabolically active 
triiodothyronine (T3) was later identified by Hird and Trikojuus in 
1948 [22] but, having been published in The Australian Journal of 
Science, this was not widely acknowledged. Hird visited Pitt- Rivers 
in London to discuss his experiments. The discovery of T3 is more 
commonly attributed to Gross and Pitt- Rivers in 1952 [23].

THs play a significant role in bone remodelling alongside the 
core systemic hormones previously discussed effecting calcium and 
bone homeostasis. THs are essential for normal human skeletal de-
velopment, growth, and maintenance of adult bone mass [24]. THs 
are also more widely involved in regulation of development and me-
tabolism, particularly of the brain. Both the timing and the quantity 
of TH delivered to the sites of action are crucial for normal devel-
opment and metabolism. Insufficient TH during human gestation 
produces ‘cretinism’ and intellectual disability from birth, whereas 
reduced TH levels in adults can result in depression.

Key insights into the physiological and developmental func-
tions of THs and their binding proteins in humans have come 
from studying evolution of TH distribution in vertebrates. This 
section will focus on insights into both TH metabolism and into 
forms of human amyloidosis caused by polymerization of the key 
TH binding protein transthyretin (TTR). We will show that for TH 
binding, mammalian TTRs are the exception, not the rule.

TH Distributor Proteins ensure that THs get 
from the Thyroid Gland to Target cells

THs are synthesized in the thyroid gland then secreted into the 
blood for distribution to all tissues by so- called thyroid hormone 
distributor proteins (THDPs), which are present in both cerebro-
spinal fluid (CSF) and blood [25]. More than 99% of TH in blood 
is THDP- bound. Older literature and some current textbooks 
state that THs are bound to THDPs due to low solubility in blood, 

however the solubility limit of THs at pH 7.4 is 2.3 μM, and the con-
centration of free TH in blood is 24 pM, or only 1/ 100 000 of the 
solubility limit [26]. THs are lipophilic, partitioning between lipid 
and aqueous phases at a ratio of 20 000:1 [27]. This means that THs 
require protein binding to counteract avid partitioning into cell 
membranes, to maintain a pool of circulating THs in the blood, and 
to ensure even tissue delivery [28]. In the bloodstream, THs can dis-
sociate from the THDPs to enter cells, largely via membrane- bound 
TH transporter proteins such as MCT8, MCT10 (monocarboxylate 
transporters 8 and 10). THs are then subject to activation or inacti-
vation by the family of deiodinases. In humans, the major form of 
TH circulating in the blood is T4 (the ‘transport form’), whereas the 
form of the hormone with highest affinity for the nuclear receptors 
is T3 (the ‘active form’). However, there is now a rapidly expanding 
literature of non- genomic actions of THs other than T3 (e.g. T4, 
rT3, T2). Deiodinases types 1, 2, and 3 can either active (e.g. T4 
to T3) or inactivate (e.g. T4 to rT3; T3 to T2) THs within a cell. 
Thus, deiodinases confer a tissue- specific level of regulation of TH 
activity.

Within the cell, THs bind specific cytosolic proteins and are 
translocated into the nucleus where they bind TH nuclear receptors 
(TRs). T3 has the highest affinity for TRs and is the usual ligand. 
TRs are encoded by two genes: TRα and TRβ. Each of these genes 
produces at least two splice variants resulting in the four main 
products TRα1, TRα2, TRβ1, and TRβ2. However, TRα2 does not 
bind T3. Together with comodulator proteins, T3- TRs dimerize 
with retinoid X receptor (RXR) and bind to TH response elements 
(TREs) and either positively or negatively regulate expression of 
specific genes.

TTR is Responsible for Much of the TH 
Distribution in the Body and in the Brain

THs are distributed by the bloodstream. In humans, THDPs are 
albumin, thyroxine- binding globulin (TBG), and transthyretin 
(TTR). In the blood about 75% TH is bound to TBG, 15% to 
TTR and 10% to albumin. A small fraction is lipoprotein- bound. 
Albumin, TBG and TTR are synthesized by the liver. TBG is lowest 
in concentration but has highest affinity for T4, albumin is highest 
in concentration but has the lowest T4 affinity, whereas TTR has 
intermediate concentration and affinity for T4. T4 bound to al-
bumin rapidly dissociates, T4 bound to TBG acts as a reservoir for 
T4 in the blood and TTR is responsible for the bulk of the delivery 
of T4 to tissues (for kinetic discussion of the free hormone hypoth-
esis and the free hormone transport hypothesis, see [29]). This may 
be captured by the ‘Goldilocks and the Three Bears’ analogy: TBG 
binds THs so tightly it does not participate in biodelivery, albumin 
binds so weakly that it does not distribute THs effectively, but TTR 
has affinity for THs that is ‘just right’, allowing appropriate distribu-
tion and cellular delivery of THs [30].

Blood is separated from the cerebrospinal fluid (CSF) by the 
blood-CSF barrier. The choroid plexus, located in the lateral, third, 
and fourth ventricles of the brain, forms this barrier. The only 
THDP synthesized by the brain is TTR, which is synthesized in the 
choroid plexus and is involved in the transport of T4 from the blood 
into the CSF [27, 31, 32, 33]. Only a small amount of albumin and 
TBG are present in the CSF due to the leakiness of the blood- brain 
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barrier. Thus, TTR is responsible for the majority of TH distribution 
in the CSF.

evolution of TTR Synthesis in the Body and Brain

TTR is synthesized by the livers of all classes of vertebrates at some 
stage during their life cycle (Figure 1.4.3) ([34]; for a review, see 
[29]). In some animals this is only during development (e.g. fish, 
amphibians, reptiles, monotremes and Australian polyprotodont 
marsupials) whereas in birds, diprotodont marsupial and eutherians 
(‘placental mammals’) TTR is synthesized in the liver throughout 
life. In general, animals that are homeothermic (‘warm blooded’) 
synthesize TTR in their livers throughout life. THs are known to 
be involved in the regulation of body temperature. Poikilothermic 
(‘cold blooded’) animals synthesize TTR in their livers only during 
specific stages of development that are regulated by THs. From 
comparative endocrinology, we see that the function of TTR 
synthesized by the liver is related to an increased demand for TH 
distribution: during TH- regulated development and homeothermy, 
which is governed largely by THs.

TTR synthesis by the choroid plexus probably began with the 
stem reptiles about 320 million years ago [35]. The stem reptiles are 
the common ancestors to the reptiles, birds and mammals (but not 
to amphibians and fish). Thus, TTR synthesis in the brain is a more 
recent event than TTR synthesis in the liver. The selection pressure 
for turning on the TTR gene in the choroid plexus could be the 
increase in brain volume, which occurred with the first traces of 
the cerebral cortex in the stem reptiles [36]. This increase in lipid 
volume could have been the selection pressure requiring a protein 
to better distribute TH around the brain via the CSF (see [26]). 
From comparative endocrinology, we see that the function of TTR 

synthesized by the brain is to counteract the partitioning of THs 
into the increased lipid pool and to ensure appropriate distribution 
of THs throughout the CSF.

evolution of TTR Structure and Function

The amino acid sequences of TTRs from more than 20 vertebrate 
species (including fish, amphibians, reptiles, birds, marsupials, 
and eutherians) have been determined (Figure 1.4.4). The amino 
acids in the central channel of the TTR homo- tetramer that are 
involved in ligand binding were 100% conserved between spe-
cies. A  surprising finding, therefore, was that TTRs from lower 
vertebrates bind T3 with higher affinity than T4 [37]. Only TTRs 
from mammals bind T4 with higher affinity than T3. Given that 
the amino acids in the TH binding sites are identical in all TTRs 
sequenced to date, regions of the protein that changed during 
vertebrate evolution were sought and considered for influence 
of ligand binding. The region with the highest rate of evolution 
is the N- terminal region of the TTR subunit. This changed from 
longer and more hydrophobic in lower vertebrates to shorter and 
more hydrophilic in eutherian mammals. These structural charac-
teristics correspond with ligand binding preferences: TTRs with 
longer and more hydrophobic N- termini bind T3 with higher af-
finity than T4, whereas TTRs with shorter and more hydrophilic 
N- terminal regions bind T4 with higher affinity than T3 [37]. 
A series of chimeric TTRs were generated, where N- terminal re-
gions were swapped or deleted. These studies confirmed the hy-
pothesis that the N- terminal region of the TTR subunit confers 
ligand preference and affinity [38, 39]. The mechanism for short-
ening the N- terminal region of the TTR subunit was found to 
be the stepwise shift in the position of the intron 1/ exon 2 splice 
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site in the 3’ direction [40]. This situation is very unusual, as the 
TH binding site in TTR does not determine which form of TH is 
preferentially bound.

TTR evolved from TTR- Like Protein, a 
5- Hydroxyisourate Hydrolase

There is a very high degree of amino acid identity across all verte-
brate classes, suggesting that the TTR gene evolved prior to the di-
vergence of the vertebrates from the invertebrates [41]. Therefore, 
genomes of non- vertebrates were screened for open reading frames 
(ORFs) similar to TTR genes that could code for TTR- like proteins 
(TLPs). More than 100 ORFs coding for TLPs were identified, from 
all kingdoms [42]. It was proposed that the TTR gene evolved as a 
duplication of the TLP gene. Five motifs were identified as defining 
TLPs and three motifs were identified as defining the set of TTRs 
+ TLPs. These motifs mapped to structurally conserved and func-
tionally important regions of the proteins. Transcription of these 

ORFs was demonstrated in a bacterium, a plant, and an invertebrate 
animal, demonstrating their existence in nature. These TLPs had 
similar molecular weights and tetrameric structures to vertebrate 
TTRs. A  subsequent study revealed the X- ray crystal structure of 
Salmonella dublin TLP to be extremely similar to that of vertebrate 
TTRs [43]. Thus, the 3D structure of TLP/ TTR has not changed 
from bacteria to humans. The fact that the structure was so highly 
conserved throughout evolution implies that this protein serves a 
very important function. Even within vertebrates, the structure of 
TTR is extremely highly conserved, similarly to the conservation of 
the histones (involved in compacting DNA in eukaryotes), whose 
structures are among the highest conserved. This remarkable degree 
of conservation of structure was only revealed through comparative 
biochemistry (see [44]).

TLPs do not bind THs [45]). TLPs from Salmonella, mouse, 
and zebrafish are enzymes involved in the oxidation of uric 
acid to allantoin. TLP is a 5- hydroxyisourate hydrolase, which 
hydrolyses 5- hydroxyisourate (5- HIU) to 2- oxo- 4- hydroxy- 4- 
carboxy- 5- ureidoimidazoline (OHCU) [43, 46,  47]. A  series 

Figure 1.4.4 Human TTR mutations compared with evolutionary mutations in vertebrate TTRs. TTR amino acid sequences and those derived from 
cDNA sequences from 19 species aligned with human TTR. Secondary structural features for human TTR are indicated. Amino acids in other species 
identical to those in human TTR are indicated with asterisks. Point mutations detected in human TTRs are indicated below the human TTR sequence.
Reproduced with permission from Richardson SJ. (2007) Cell and molecular biology of transthyretin and thyroid hormones. Int Rev Cytol 258, 137– 93. Copyright © 2007 Elsevier Inc.
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of Salmonella TLPs with point mutations identified three con-
served residues in the catalytic site that are essential for enzyme 
activity [43]. Comparison between the TH binding site in TTR 
and the equivalent region in Salmonella TLP revealed that the 
binding site was shallower and more positively charged in TLP 
compared to that of TTR, explaining why THs cannot be bound 
by TLPs [37]. TLP/ TTR is a remarkable example of conservation 
of protein structure, but evolution of the protein’s function: from 
a 5- HIUase to distributor of T3 to distributor of T4 (for greater 
detail, see [48]).

evolution of TTR Structure Sheds Light on Human 
Amyloidoses: FAP and SSA

TTR can form amyloid deposits in humans, leading to two types 
of TTR amyloidosis: familial amyloidotic polyneuropathy (FAP) 
and senile systematic amyloidosis (SSA). The TTR tetramer is 
usually very stable. However, it can form amyloid fibrils naturally 
in vivo, and can be induced to form amyloid in vitro [49]. There 
are two types of TTR amyloid. SSA is an age- dependent disease 
and the TTR fibrils are formed from wild type protein. At least 
65% of people over 70 years old have TTR SSA (see [50]). By con-
trast, FAP is a specific form of autosomal dominant hereditary 
polyneuropathy, which initially manifests as systemic deposition 
of amyloid in the peripheral nerves, but later effects many vis-
ceral organs. Many of the FAP mutations are named after their 
country of origin. Examples of this are being able to track the 
travels of the Vikings, as they left a trail of their FAP mutations 
in Scotland and in England; and the Portuguese explorers left 
a trail of their FAP mutations to Japan and back. Interestingly, 
there are about 200 words that are similar in Portuguese and 
Japanese languages.

There are at least 100 point mutations that have been docu-
mented in the 127 amino acids in the TTR subunit which result in 
FAP (see [51]). These mutations are evenly spread throughout the 
length of the TTR subunit, which is in sharp contrast to the evo-
lutionary mutations, which are concentrated in the N- terminal re-
gions of the subunit. TTR amyloidosis has not yet been described in 
a non- human species. Of the mutations in human TTR that result 
in amyloidosis, five are found in other species but do not result in 
amyloidosis: Val30Leu, Glu42Asp, Ile68Leu, Tyr69Ile and Ala81Thr 
(Figure 1.4.4) (see [29]). Of these, Leu30 is only found in sea bream 
TTR and Asp42 is only found in bullfrog TTR, both of which are 
evolutionarily quite distant from humans. However, the Ile68Leu 
substitution is found in seven mammalian species studied to date. 
Further investigation of these TTRs and comparison to the mutated 
human Leu68 could give valuable insight as to why Leu is tolerated 
in position 68 without amyloidosis formation in other mammalian 
species, but leads to amyloid formation in humans. This could result 
in understanding the molecular basis of TTR amyloid formation in 
humans.

All five  point mutations in human TTR resulting in amyloidosis, 
that are the normal residue in that position in TTRs from other spe-
cies, result in cardiac amyloid deposition in humans. This is highly 
intriguing and requires further investigation.

Implications of the evolution of calcium 
Regulation and Thyroid Hormone Distributors 
for clinical endocrinology

In summary, there has always been considerable synergy between 
comparative and mammalian endocrinology, with information 
from one field providing stimulus to the other. STC was originally 
identified in fish and subsequently found in mammals. Previous 
studies on fish stanniocalcin provided information about the po-
tential roles of human STC- 1 and the isolation of mammalian and 
fish STC- 2 will stimulate the search for its endocrine and physio-
logical roles in both fish and mammals. In contrast, PTHrP and 
PTH were originally identified in mammals and then the search for 
the orthologous genes in fish began. There has been considerable 
interest in calcium regulating factors from lower vertebrates be-
cause of the efficacy of salmon calcitonin in inhibiting bone resorp-
tion in mammals, including man. Certainly, a number of groups 
are interested in isolating fish PTH, or possibly PTHrP, as these fish 
factors or structural analogues could be potential treatments for 
osteoporosis in human subjects.

The identification of a second STC in both fish and mammals 
reflects the principle that Niall argued in 1982 [52] that nature 
duplicates a gene rather than creating a new gene. Through this 
mechanism, when a gene for a hormone is duplicated the copy is 
free to mutate and acquire new function(s) and receptors, leaving 
the first hormone carrying out its original role. This could also be 
the case with the duplication of PTH and PTHrP and calcitonin and 
calcitonin gene- related peptide. In his review, Ohno argues that for 
every gene present in invertebrates there could be up to four copies 
present in vertebrate genomes [12]. He bases his argument on the 
fact that there are 15 000 protein- coding genes in invertebrate gen-
omes while there are 60 000 in vertebrate genomes as a result of two 
rounds of whole genome duplication. He argues that there could 
be up to four copies of each gene in jawed vertebrates compared to 
one copy of each gene in tunicates. The current evidence supports 
Ohno’s theory. This one- to- four rule could apply to a number of 
other genes including the parathyroid hormone and calcitonin gene 
families. First it is important to establish if there are members of 
these gene families present in an invertebrate genome.

There are a number of other genes and hormones that have been 
identified in fish that have not yet been identified in mammals. One 
of these is somatolactin, a member of the growth hormone/ pro-
lactin family [53]. Its relationship with two of the major vertebrate 
hormones should stimulate the search for it in the human genome 
and uncover its function in both lower and higher vertebrates. This 
will be another project where interaction between the two fields of 
endocrinology will prove fruitful.

Now a number of whole genome sequencing projects, including 
the elephant shark, pufferfish (Fugu rubripes) and human are com-
pleted, and other genomes are currently being sequenced (e.g. 
Japanese lamprey) more information about the genes for calcium 
regulating factors as well as a number of other hormones are be-
coming accessible. When the complete sequences and genome 
structure are known, a shift in focus from gene to protein will be re-
quired leaving comparative endocrinology to answer the following 
intriguing questions:  what are the roles of these factors in lower 
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vertebrates, compared to higher vertebrates, and how have evolu-
tionary events modified these roles?

The evolution of the structure and function of TTR has given 
insights into the tissue- specific requirements of THs, both during 
development and during evolution. TLPs exist in all kingdoms, 
whereas TTRs only exist in vertebrates. The highly conserved struc-
ture of TLP was very slightly modified to allow binding of THs in 
the central channel. The N- terminal regions of each subunit were 
modified during evolution to change TTR from distributing T3 
to distributing T4. This presumably resulted in an increased com-
plexity of deiodinases at the tissue level. That certain amino acids in 
specific positions are tolerated in some species, but result in amyl-
oidosis in human TTR should be exploited in order to understand 
the mechanism(s) of TTR amyloid formation in humans.

There are large amounts of data being generated by whole genome 
sequencing projects of a wide range of vertebrates and invertebrates 
currently being undertaken. There will be a number of exciting 
opportunities for collaboration between comparative and clinical 
endocrinology to learn more about the evolution of human endo-
crine conditions and possibly potential new treatments for diseases.
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Introduction

The endocrine system plays a central role in growth, development, 
metabolism, reproduction, and physical well- being throughout 
life. A  complex developmental programme shapes distinct time- 
dependent changes in various components of the endocrine system 
during different phases of postnatal, childhood, and adult life. This 
permits context- dependent modulation of this multifaceted control 
system to subserve distinct functions according to the differing de-
mands of different life stages. Regulation is critically dependent on 
feedback, which is configured distinctly in each of the reproductive, 
adrenal, thyroid, and growth axes from fetal to adult life.

There are three main points in the life course when pituitary 
function is remodelled. First, a remarkable programme of adap-
tation prepares the fetal endocrine system for extrauterine life no 
longer dependent on maternal factors, with a second shift marking 
the acquisition of sexual maturity at puberty. The much more 
gradual process of senescence in later life, which features par-
ticularly notable sexually dimorphic changes in the reproductive 
system (abrupt in women and gradual in men) constitutes a third 
phase of change.

The profiles of hormones throughout life are well characterized 
and provide a framework for assessing the integrity of the endo-
crine system in health and disease. This chapter will describe the 
profiles of the gonadal, adrenal, growth hormone, thyroid, and pro-
lactin axes covering the paediatric and adult years of life. The paedi-
atric phase spans the neonatal, childhood, and adolescent years. 
The endocrinology of fetal development is a major topic whose 
full treatment is beyond the scope of this chapter, however selected 

aspects are covered to provide an understanding of changes in the 
transition to postnatal life.

Gonadal Axis

Among the pituitary hormonal axes, the gonadal axis displays the 
greatest dynamic, developmental change, exhibiting distinct pat-
terns in postnatal, childhood, and adult life that are moreover dis-
tinct in women during and at the end of reproductive life. The major 
measurable elements of this system are pituitary gonadotrophins 
and the gonadal products sex hormones and inhibin.

Development In Utero and childhood

The hypothalamic– pituitary– gonadal axis (HPA) is fully intact by 
mid- fetal life. Its function is suppressed in the latter half of pregnancy 
by sex steroids produced from the fetal gonad under the influence 
of placental human chorionic gonadotropin (HCG) and rising ma-
ternal oestrogen levels. After placental restraint is removed at birth, 
gonadotrophin levels rise in early infancy, reaching a peak around 
2– 3 months, causing a parallel rise in sex steroid levels in early in-
fancy (Figures 1.5.1 and 1.5.2). The term minipuberty is applied to 
this phase in early life when gonadotrophins and sex steroid levels 
are high, although sex hormone receptor insensitivity ensures lack 
of translation into secondary sexual characteristics [1] . Luteinizing 
hormone (LH), follicle- stimulating hormone (FSH), and sex steroid 
levels then decline by about six months in boys and 1– 2 years in 
girls to prepubertal levels, entering the so- called juvenile pause, 
determined by neural mechanisms suppressing gonadotropin- 
releasing hormone (GnRH) secretion. The cause and significance of 
minipuberty, and the mechanisms determining the secondary in-
activation of the axis, are not well understood.

The gonadal axis profile remains relatively quiescent throughout 
childhood, although very low amplitude pulsatile secretion of go-
nadotrophins does occur, with FSH levels tending to be higher than 
LH. Nocturnal sleep- entrained pulsatile secretion of hypothalamic 
GnRH activation marks the onset of puberty, driven by a hypothal-
amic pulse generator in which the neuropeptide kisspeptin plays 
a key role. During pubertal development, gonadotrophins rise, 
with LH levels higher than FSH, in concert with increases in the 
amplitude and frequency of episodic secretion extending into the 
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daytime. The progressive and sustained increase in gonadotrophin 
secretion leads to maturation of the gonads and production of sex 
steroids reaching a peak in late puberty, and occurring earlier in fe-
males than males (Figure 1.5.1).

Adulthood

Males

A gradual and progressive decrease in serum total testosterone oc-
curs from age 20 to 80 years, with a recent study of 10 000 healthy 
men demonstrating a decline of 0.5% annually [2] . See Figure 
1.5.2. The decline is more marked in those with chronic illness 
and in those who are overweight [3]. An associated increase in sex 
hormone- binding globulin occurs with ageing, resulting in a more 
marked reduction of free (bioavailable) testosterone.

The decline in testosterone results from reduced production rates 
and a fall in plasma clearance. Reduced testosterone production 
arises from changes at all levels of the HPA, including gonadotropin 
secretion and testicular steroidogenesis; There are also changes in 
negative and positive feedback interactions [4] . Testosterone dis-
plays a diurnal profile of high levels in the early morning, falling 
to a nadir in the late afternoon. The diurnal rhythm of testosterone 
production is less marked in older compared to younger men.

Mean LH and FSH levels increase with increasing age. However, 
the increase in LH is not proportionate to the decline in testosterone 
indicating alteration in the classical feedback loop. The sensitivity of 

pituitary LH secretion to androgen- mediated feedback inhibition is 
increased, and the ability of LH to stimulate testicular testosterone 
secretion is inhibited.

Changes in testicular morphology influence circulating hormone 
levels. Inhibin produced by Sertoli cells falls with age; in combin-
ation with increased FSH levels this indicates decline in Sertoli cell 
function. There is also a reduction in Leydig cell volume and number 
which probably contributes to reduced testosterone concentration.

As in younger subjects, interpretation of serum testosterone levels 
in older men is guided by timing and conditions of sampling, the 
validity of lower limit of the normal reference range, and whether 
symptoms of hypogonadism are present [5] . Current evidence that 
the lower level observed in later life merits supplementation to im-
prove heath is poor.

Females

The phasic changes in gonadotrophins, oestrogen and progesterone 
concentrations that typify the female menstrual cycle are well 
covered elsewhere and will not be described here. See Figure 1.5.1.

In contrast to other hormonal axes in which there is a gradual 
change in hormone levels with ageing, a major change in female re-
productive hormones occurs at the time of menopause. This stems 
from near exhaustion of the oocytes in the ovaries, which is the 
culmination of a gradual decrease in quantity and quality of oo-
cytes in the ovarian cortex across reproductive life [6] . At the time 
of menarche, there are approximately 300 000 primordial follicles. 
During reproductive years, there is a gradual but accelerating de-
cline, leaving fewer than 1000 follicles at the time of menopause 
[7]. The first detectable evidence of reproductive ageing is usually 
a lengthening of the menstrual cycle by 2 to 3 days. Subsequently 
insufficient availability of follicles further lengthens cycles, leading 
to missed periods or phases of cycle arrest. This is referred to as 
the menopausal transition and lasts until the final menstrual period. 
The average age of onset of the transition is 46 years, and the mean 
age of the final menstrual period is 51.

Increased FSH levels associated with decreased inhibin levels 
but normal LH levels accompany perimenopausal changes in men-
strual cycle pattern, usually associated with slightly elevated oestra-
diol levels. These changes reflect decreasing ovarian reserve and are 
best detected on day 2 or 3 of the menstrual cycle. Serum oestradiol 
levels begin to decline less than a year before menopause. Ovarian 
production of inhibin begins to decrease after 30 years and this be-
comes more pronounced after age 40.

In the absence of oestrogen and inhibin from the menopause, LH 
and FSH levels rise sharply; LH pulse amplitude but not frequency is 
increased. FSH and LH levels peak a few years after menopause and 
slowly decline in subsequent years. Increased LH maintains signifi-
cant production of androstenedione and testosterone from the ovary 
albeit at lower levels than in premenopausal women. Circulating 
oestradiol and oestrone are slightly less than average male levels 
postmenopausally and almost all of these steroids is derived from 
peripheral aromatization of androstenedione. These changes result 
in a marked increase in the ratio of androgen to oestrogen levels.

The function of the gonadal axes can be disrupted by many fac-
tors including stress, nutrition, body weight, and systemic illness in 
the absence of pathological lesions to the hypothalamus, pituitary, 
and gonads.

Puberty

Oestradiol

FSH/LH

Infancy Menopause

Figure 1.5.1 Schematic representation of gonadotropin (LH/ FSH) 
and oestradiol levels in females throughout the lifespan. The figure 
shows concentrations in infancy through pubertal, reproductive, and 
menopausal phases. The LH/ FSH levels depict the summated curve 
within a diurnal profile characterized by secretory pulses of varying 
amplitude and frequency. The waveform excursions during puberty 
represent changes during the menstrual cycle.

Puberty
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Figure 1.5.2 Schematic representation of gonadotropin LH and 
testosterone levels in males throughout the lifespan. The figure shows 
concentration in the neonatal and pubertal periods, and in adult life. The 
LH levels depict a summated curve within a diurnal profile characterized 
by secretory pulses of varying amplitude and frequency.
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Adrenal Axis

The ontogeny of the pituitary– adrenal system features one progres-
sive change, reflecting the diverse demands on the adrenal gland as 
part of electrolyte, metabolic, androgen, and cardiovascular homeo-
stasis, and in systemic stress response.

AcTH

Development In Utero and Childhood

The fetal adrenal cortex is functionally active by 10 weeks [8] . It 
contributes significantly in the production of androgens, particu-
larly dehydroepiandrosterone (DHEA) [9]. The fetal zone of the ad-
renal gland expresses high levels of sulfotransferase activity leading 
to a greater proportion of DHEA and DHEAS relative to cortisol 
and aldosterone. In turn DHEA and DHEAS are aromatized by the 
placental trophoblast to oestrogen, contributing significantly to the 
maternal pool.

The HPA axis is fully functional at birth in term infants. In ba-
bies born prematurely, adrenal function is often suboptimal, due 
to functional immaturity and the influence of antenatal maternal 
steroids [10]. Diurnal cortisol secretion within the fetal circulation 
is present by late gestation, controlled by maternal stimuli [11]. 
Following birth, cortisol secretion is unsynchronized for several 
months until the adrenal clock is entrained to the day– night cycle, 
mediated by ACTH (adrenocorticotropic hormone) secretion [12].

ACTH is secreted in a complex pattern featuring pulsatile and 
basal components; 12 to 30 pulses occur per day, with ACTH 
having a short half- life of 14– 35 minutes. ACTH secretion in turn 
is driven by CRH rhythms; its diurnal pattern originates from the 
circadian pacemaker located in the suprachiasmatic nuclei of the 
hypothalamus. ACTH and cortisol secretion parallel one another, 
with a characteristic profile that peaks in the early morning, falling 
gradually through the day to a nadir around 12 midnight, before 
increasing again in the early morning.

Adulthood

Mean ACTH levels frequently sampled over 24 hours do not change 
with age. More subtle changes in the pattern of ACTH secretion do 
occur however; increasing age is associated with greater asynchrony 
of ACTH and cortisol secretion, and a greater proportion of brief 
sharp fluctuations in ACTH levels [13]. A recent intriguing finding 
has been the identification of a significant association between 
genes encoding the ACTH receptor and familial longevity [14].

Parallel age- related reductions in cortisol secretion rates and 
cortisol metabolic clearance result in serum cortisol levels that are 
unchanged or increased; clear changes in the diurnal pattern exist, 
however. Frequent sampling of cortisol levels over 24 hours has 
demonstrated an age- related phase advance of the circadian pattern 
with earlier nadir and peak levels (up to 3 hours), no difference in 
the interval between nadir and peak levels, and increased levels at 
the time of the nocturnal nadir, indicating reduced inhibition of 
nocturnal cortisol secretion. The largest study to address the effect 
of age on mean 24- hour cortisol levels report an increase of 20– 50% 
between 20 and 80 years [15] although not all studies support this. 
Changes in the diurnal pattern of cortisol secretion reflect changes 
in the output of the circadian pacemaker, and potentially influence 
the sleep- wake cycle of older adults who tend to have earlier sleep 

onset, earlier morning awakening. and a more fragmented and 
shallow sleep.

The diurnal variation in axis function, with cortisol excursion 
varying across a 5– 6- fold range means that caution must be exer-
cised in assessing the integrity of the system using any isolated cor-
tisol value, particularly if the sample time is unknown. The HPA 
axis plays a vital survival role by subserving the flight and fright 
response. The plasticity required for such immediate adaptation 
engenders enormous variability in ACTH- cortisol excursions in 
daily life.

DHeA

Childhood

Adrenal androgen production increases at around ages 5– 8  years 
without a concomitant increase in cortisol secretion. This phenom-
enon is called adrenarche, and coincides with the emergence of 
mild androgenization including axillary and pubic hair appearance 
[16]. The trigger for adrenarche is poorly understood but is thought 
to arise from changes intrinsic to the biochemical machinery of the 
adrenal cortex that maximize DHEAS production. DHEAS levels 
later progressively rise through puberty, coinciding with appearance 
of androgen- driven secondary sexual characteristics. Activation of 
adrenal androgen secretion is usually clinically imperceptible, mer-
ging into centrally mediated puberty. DHEA and DHEAS levels 
peak later in adult life.

Adulthood

Serum DHEAS concentration in adult life is over 100- fold higher 
than the concentration of testosterone, and over 2000 times the con-
centration of oestrogens. DHEA and DHEAS form a pool of pre-
cursors that can be converted in various tissues to androgens and 
oestrogens. Most of the sex steroids in postmenopausal women are 
derived from DHEA and related adrenal precursors. There has been 
great interest in the biology of DHEAS in health because of obser-
vational studies linking higher levels to longevity and better cogni-
tion. In hypoadrenal patients, DHEA replacement improves sexual 
function, vitality, and quality of life [17]. The results from studies of 
DHEA supplementation in ageing populations with normal adrenal 
function have been conflicting [18, 19].

Among the adrenal hormones, the most marked age- related ef-
fects are seen for DHEA and DHEAS. Maximum levels occur at 
the beginning of the second decade of life before levels decrease to 
about 20– 30% by the eighth decade, in association with selective 
involution of the zona reticularis of the adrenal cortex. A  large 
Australian study which included approximately 1400 women dem-
onstrated age- related declines in total and calculated free testos-
terone, DHEAS and androstenedione with no change in SHBG [20]. 
The decline was steepest in the early reproductive years, and flat-
tened out in midlife, with a tendency to increase in later years. There 
was no effect of natural menopause on the rate of decline. Among 
postmenopausal women who had previously undergone oophorec-
tomy, total and free testosterone levels but not androstenedione and 
DHEAS were lower than in the remainder of the cohort, indicating 
that the observed changes in the latter two steroids reflect reduction 
in adrenal production. The significance of DHEAS levels in the ab-
sence of adrenal disease is unknown. There is insufficient evidence 
warranting its measurement as an indicator of adrenal function.
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GH Axis

Development In Utero and childhood

The infantile pituitary secretes growth hormone at levels higher 
than in later childhood, however fetal growth is not dependent 
on adequacy of growth hormone secretion either from the pitu-
itary or from the placenta. Postnatal growth is more dependent 
on nutrition than on growth hormone status, such that the mani-
festations of growth hormone deficiency are only evident after the 
first 2 years of life [21]. There is limited information on growth 
hormone (GH) secretion in infancy, but available evidence sug-
gests that GH levels are relatively high in early infancy [22] be-
fore stabilizing during childhood until entry into puberty. There is 
increasing evidence that sensitivity of growth hormone- responsive 
tissues changes with age and plays a part in determining the mag-
nitude of growth [23].

Spontaneous GH secretion is pulsatile with most occurring at 
night, triggered by onset of slow- wave sleep. Because secretion of 
GH is episodic, isolated basal plasma GH concentrations are a poor 
indicator of overall secretion. Studies employing frequent sampling 
over a 24- hour period have clearly demonstrated that GH secretion 
increases at onset of puberty, peaking by 2– 3- fold at mid-  to- late 
puberty (Figure 1.5.3). The increase in GH secretion occurs earlier 
in girls than in boys in parallel with entry and progression through 
puberty [24]. The changes in spontaneous GH secretion are attrib-
utable to changes in pulse amplitude and not frequency.

Adulthood

GH secretion starts to decline during the third decade of life and 
then progressively thereafter [25]. IGF- 1 levels follow a similar 
trend to GH, increasing 2-  to 3- fold at puberty in both sexes, pro-
gressively declining with advancing age to about 50% of that ob-
served in the third decade (Figure 1.5.3). Both GH production 
rate and half- life decline with age, the former by 14% and the 
latter by 6% per decade [26]. GH secretion is reduced in obesity. 
Because obesity often increases with age, it is unclear the extent 
to which the fall in GH secretion is confounded by the age- related 
increase in adiposity.

The influence of age on stimulated GH secretion is less clear. 
Whether the GH response to insulin- induced hypoglycaemia 
changes with age is unresolved. The GH response to arginine, a 
GH secretagogue, and to GH- releasing hormone (GHRH) does 
not change significantly with age. In contrast, exercise- induced GH 

release is reduced with age and even in early middle age (mean age 
42 years), the GH response to exhaustive exercise is greatly attenu-
ated compared to younger (mean age 21 years) individuals [27].

Physical activity, sleep patterns, adiposity, and gonadal steroid 
status all change with age and have all been shown to regulate GH 
secretion. Age, body composition, and physical fitness are inde-
pendent predictors of 24- hour integrated GH concentrations. GH 
secretion in response to arginine and clonidine in healthy adults is 
determined by body composition and physical fitness rather than 
by age while the GH response to exercise is influenced by age and 
physical fitness (VO2max) but not by body fat [28]. These find-
ings suggest that maintenance of physical fitness throughout life 
might attenuate the decline in GH secretion rates although notably 
training programmes, which improve physical fitness, do not ap-
pear to increase the GH response to exercise [27].

The age- related decline in GH secretion is mediated at the pitu-
itary and hypothalamic or higher levels. Studies in animals have 
indicated that enhanced hypothalamic production of somatostatin, 
an inhibitor of GH secretion, is the principal mechanism for age- 
related hyposomatotropism, with reduced GHRH production in-
volved to a lesser degree. Human studies using indirect approaches, 
however, have demonstrated an important role for reduced hypo-
thalamic GHRH secretion in ageing. Firstly, the GH response to 
withdrawal of somatostatin infusion, which provides an estimate 
of GHRH release, is reduced in elderly compared to young women 
with a similar trend occurring in men. Secondly, GH pulse ampli-
tude, a function of GHRH secretion, is reduced in elderly compared 
to young subjects. The suppression GH secretion by IGF- I infusion 
is reduced rather than enhanced in older people, implying that in-
creased sensitivity to negative feedback by endogenous IGF- 1 is not 
a mechanism through which this effect occurs.

In the absence of confounding factors, there is an age- dependent 
fall in GH and IGF- I levels that begins in the third decade well be-
fore the onset of physical frailty (Figure 1.5.3). The significance of 
the reduction in the activity of the GH axis is unknown; there has 
been enduring speculation that it may be pathological rather than 
adaptive biology of ageing. A  beneficial effect of GH supplemen-
tation has not been established. Of interest are observations that 
patients with congenital isolated GH deficiency and GH receptor 
mutations appear to be protected from age- related diseases such as 
atherosclerosis, diabetes, and cancer [29, 30].

Prolactin

Prolactin is secreted by lactotrophs, the function and growth of 
which is stimulated by oestrogens. Prolactin secretion is under 
tonic inhibitory control of the hypothalamus.

Development In Utero and childhood

Lactotrophs are present by 6 weeks’ gestation and prolactin con-
centration increase gradually in the fetus throughout pregnancy. 
Prolactin levels in the newborn are approximately 10- fold higher 
than that seen in adult life in both boys and girls but gradually de-
crease within 3 months to a stable concentration in infancy and in 
childhood. The high prolactin levels are believed to be caused by the 
stimulatory effect of elevated maternal oestrogen levels. Prolactin 
levels increase slightly during puberty, to a greater extent in females 
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Figure 1.5.3 Schematic representation of growth hormone (GH) and 
IGF- I levels in males and females across the lifespan. The figure shows 
concentrations in the neonatal and pubertal periods, and in adult 
life. The GH levels depict a summated curve within a diurnal profile 
characterized by secretory pulses of varying amplitude and frequency.
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than males, and this gender difference is maintained virtually 
throughout adult life.

Adulthood

Prolactin is secreted in a diurnal pattern in both sexes, with epi-
sodic peaks and higher levels during the night than day. Prolactin 
secretion increases about 60– 90 minutes after the onset of sleep co-
incident with non- rapid eye movement (REM) sleep and falls with 
the onset of REM sleep. Prolactin levels fluctuate during the men-
strual cycle with higher levels at mid- cycle and lower concentra-
tions during the luteal compared to follicular phase.

Prolactin levels decline gradually with age. In accordance with 
its pro- lactational function, levels rise progressively during preg-
nancy. Maternal prolactin levels start to rise by 6– 8 weeks’ ges-
tation, increasing gradually throughout the course of pregnancy 
to 8– 10 times higher than prepregnancy levels at term. Suckling 
is a potent stimulus to prolactin secretion, elevating blood levels 
by 3– 5- fold. After termination of suckling, levels return to 
prenursing baseline by 1– 2 hours. The suckling- evoked increase 
of prolactin secretion wanes with time post- partum particularly 
when the frequency of suckling diminishes with the introduc-
tion of formula feeds. Lactation can be maintained by regular 
suckling over years. On cessation, levels return to that seen be-
fore pregnancy by about 3– 4  months. Prolactin has no known 
function in males.

Thyroid Axis

Development In Utero and childhood

The fetus starts producing thyroid stimulating hormone (TSH) and 
thyroxine by the end of the first trimester. TSH levels remain low 
until 18 weeks, increasing steadily followed by rise in serum thy-
roxine levels through the mid and late trimesters.

TSH concentrations are higher in the fetus than in the mother 
throughout fetal life. At birth, TSH levels rise abruptly triggering 
a parallel increase in serum thyroxine levels achieving steady state 
values after 3– 4 days of birth [31]. TSH levels fall rapidly shortly 
after the immediate postnatal rise, returning to baseline 48 hours 
after birth. The concentration of thyroxine in the neonatal period 
is considerably higher than in older children and adults, however, it 
falls gradually into the normal range of children and adults by the 
first month. Beyond the neonatal period, thyroid hormones levels 
remain stable and do not fluctuate with the onset and progress of 
puberty.

Newborn screening tests for the diagnosis of congenital hypothy-
roidism are reliant on TSH measurements in whole blood at day 5 
of life, after the transient immediate postnatal surge. Because of the 
critical role of thyroid hormones for brain development and func-
tion, treatment of neonatal hypothyroidism aims to keep the TSH 
level in the normal range, including in premature babies with bor-
derline TSH levels.

Adulthood

Interpretation of physiologic changes in thyroid hormones with 
ageing is complicated because rates of mild or subclinical thy-
roid dysfunction are high in elderly people, especially in women. 
Furthermore, acute and chronic non- thyroidal illness, poor 

nutritional status, and use of medications that influence thyroid 
function become more prevalent with age.

After the early neonatal period, the pituitary– thyroid axis 
changes minimally throughout life with TSH being the most robust 
indicator of thyroid status in the absence of pituitary disease. TSH 
is secreted constantly, exhibiting small episodic peaks and higher 
levels at night in both sexes while maintaining thyroid hormone 
levels within a tight range. With ageing, when patients with sub-
clinical hypothyroidism or other confounding conditions are ex-
cluded from analysis, serum TSH remains within the normal range, 
although mean TSH levels are lower than at younger ages. Daily 
secretion of TSH is reduced with blunting of the nocturnal peak. 
It is not clear whether this reflects increased sensitivity to negative 
feedback or whether other mechanisms are involved.

Studies in subjects up to the 100– 110 year age range report no 
change in total or free T4 levels, but an age- dependent reduction in 
Free T3 levels with levels continuing to decrease up to the eleventh 
decade, and age- dependent reduction in TSH [30]. Morphologic 
and functional changes are also seen in the ageing thyroid. There 
is a progressive decline in iodine uptake, while radioisotope studies 
have demonstrated reduced T4 distribution space, increased T4 
half- life, and reduced T3 and T4 production rates. T4 degradation 
rates are also reduced (through reduced outer ring deiodination 
mediated by 5’ deiodinase) with reduced generation of T3. The net 
effect of these physiologic changes likely explains the dissociation of 
T4 and T3 levels with ageing.

conclusion

The profiles of hormones of the major pituitary axes across the life-
span differ from each other, with distinct responses seen at different 
stages of development and ageing, yet all are unified by a regulatory 
paradigm integrating peripheral feedback and converging neural 
cues. Fetal factors, maternal environment, and placental function 
shape the status and profile of each axis differently in postnatal life. 
When established, a central effector and peripheral feedback system 
provides for tight regulatory control. Developmental programming 
during life’s transitions can bring dramatic changes of the pattern 
relationships between pituitary and target gland profiles within the 
regulated system. The hormone profiles are characterized by an or-
derly rhythmicity that is unique for each axis and which may not 
readily be discerned from single random hormone measurements. 
The hormone profiles of the pituitary gland provide key informa-
tion on the integrity of the endocrine system across the human 
lifespan. An understanding of the properties and characteristics of 
each axis is critical for identifying disease and implementing appro-
priate treatment.
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Introduction

The optimum methods of testing anterior and posterior pituitary 
function and the interpretation of the results are subjects of con-
tinuing debate. The syndromes associated with and consequences 
of hypo-  and hyperpituitarism; and the diagnosis and treatment 
of diabetes insipidus are all discussed elsewhere in this book. The 

intention of this chapter is to describe the physiological basis and 
evidence in favour of the various available tests of anterior pitu-
itary function, while at the same time acknowledging their limi-
tations and appreciating the importance of the clinical context of 
testing.

The aetiology, treatment, and complications of hypopituitarism 
are described elsewhere (see Chapter  2.3.5) but fundamental to 
achieving the desired outcomes is the early diagnosis of pituitary 
dysfunction as, untreated, the morbidity and mortality of hypo-
pituitarism is high, mainly as a consequence of secondary adrenal 
insufficiency. There are two broad groups of patients for whom pi-
tuitary function tests are required. The first group comprises all pa-
tients with symptoms suggestive of hypopituitarism. This, in turn, 
includes patients with target organ failure (such as hypoadrenalism, 
hypothyroidism, and hypogonadism) in whom low levels of cor-
tisol, thyroxine, and sex steroid respectively are not associated 
with an appropriate elevation of the relevant pituitary trophic hor-
mone; patients with cranial diabetes insipidus; patients presenting 
with the mechanical consequences of pituitary tumours (possibly 
hypersecreting, e.g. acromegaly, such as headache and visual failure; 
and patients in whom a pituitary mass is found incidentally during 
the course of radiological investigation for an unrelated symptom. 
In recent years, increasing recognition that immune cancer ther-
apies (such as ‘checkpoint’ inhibitors) and brain injury (traumatic 
or vascular) may cause hypopituitarism provide important alerts to 
the possibility that both chronic and acute ill health may have a pi-
tuitary aetiology. The second group of patients includes those with 
known hypothalamic– pituitary disease or a history of radiotherapy 
to the head or neck who are at risk of evolving endocrine deficiency 
(Box 1.6.1). The former should be under endocrine review and be 
having regular pituitary function testing but the concern is that in 
the latter group, there may be no endocrine follow-up and the risk 
of hypopituitarism may not be appreciated and testing not occur.  
Conditions in which progressive hypothalamo– pituitary destruc-
tion may occur, such as sarcoidosis or Langerhans cell histiocytosis, 
require monitoring as the development of symptomatic hypopituit-
arism may be subtle.

The order of development of pituitary hormone deficiency is 
predictable with, typically, growth hormone deficiency (GHD) 
preceding gonadotrophin deficiency with subsequent failure of 
adrenocorticotrophic hormone (ACTH) and thyroid- stimulating 
hormone (TSH) secretion. Traumatic brain injury and lymphocytic 
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hypophysitis (including checkpoint inhibitor- induced hypophysitis) 
are exceptions to the rule with the order of development of defi-
ciencies being less predictable; isolated ACTH deficiency is well 
recognized with the latter. In patients receiving cytotoxic and 
other chemotherapies, the use of dexamethasone as an antiemetic 
is common; and many patients carry other diagnoses (such as air-
ways disease and skin conditions) that mandate the use of inhaled 
or transdermal steroid preparations. A meticulous drug history is 
therefore crucial prior to ascribing a low serum cortisol to ACTH 
deficiency. In all patients, pituitary function testing may help iden-
tify those patients whose hypopituitarism is sufficiently severe to 
threaten their safety, irrespective of symptoms; or exclude hor-
monal deficiencies as a cause of symptoms such as fatigue. For 
example, an asymptomatic patient with a basal serum cortisol of 
120 nmol/ L rising to 175 nmol/ L during insulin- induced hypogly-
caemia is at risk of hypoadrenalism with intercurrent illness, and 
requires hydrocortisone replacement therapy plus education on 
the implications of glucocorticoid replacement therapy. In con-
trast, a patient with a pituitary mass and symptoms of lethargy who 
has normal thyroid hormone levels, a basal serum cortisol above 
400 nmol/ L and normal gonadal function does not require endo-
crine replacement therapy. A sound knowledge of the principles of 
pituitary function testing is mandatory for the accurate diagnosis 
and optimal treatment of pituitary failure.

The anterior pituitary gland secretes six known hormones: growth 
hormone (GH), ACTH, luteinizing hormone (LH), follicle- 
stimulating hormone (FSH), TSH, and prolactin, all of which are 
under regulatory feedback control. Regulation of secretion of each 
hormone is complex with, in most cases, at least two hypothalamic 
peptides directly acting on the appropriate pituitary cell type to in-
fluence secretion, which in turn may be pulsatile, with underlying 
circadian or ultradian rhythm. In the case of ACTH, for example, 
this phenomenon is striking with plasma levels of its target hormone, 
cortisol, varying in health between undetectable (<20 nmol/ L) and 
700  nmol/ L over 24 hours. For other pituitary hormones, such as 
TSH, the circadian variation is modest and there is no diurnal change 
in serum thyroxine concentrations. This means that a single, random 
blood sample is unlikely to provide sufficient diagnostic information 
about the function of the pituitary– adrenal axis; whereas it is rare for 
investigations other than basal samples to be required in the assess-
ment of the pituitary– thyroid axis. In general, the more dynamic the 
physiological system in health, the more likely will be the need for 
a dynamic/ provocative test to investigate its possible malfunction in 

disease. In all cases, the fundamental question being posed is: is the 
functioning of this ‘endocrine unit’ adequate for this patient’s health 
and, if not, does it require replacement/ support? It is the authors’ 
intention to describe the physiological basis of the various tests of 
anterior pituitary function, to discuss the evidence in favour of their 
interpretation and, ultimately, to produce a rational, reliable, and 
safe strategy for pituitary function testing.

General Principles of Pituitary Assessment

The diagnostic evaluation of pituitary function has several comple-
mentary limbs involving laboratory and radiological investigations. 
First, it is necessary to demonstrate target organ hormonal insuf-
ficiency, such as low levels of thyroid hormone or gonadal steroid. 
Paired testing of both hormones in the pituitary– target organ feed-
back loop, sometimes in combination with provocative testing, will 
prove that target organ failure is consequent upon lack of stimu-
lation by the relevant pituitary trophic hormone. Additional tests 
may occasionally be performed in order to determine whether the 
pituitary itself is at fault, or whether pituitary failure is secondary 
to understimulation by the hypothalamus. However, this distinc-
tion is seldom useful clinically and is irrelevant to the need for 
hormone replacement therapy. Sophisticated radiological imaging 
is required to establish the aetiology, together with careful neuro- 
ophthalmological assessment. Lastly, in cases of pituitary failure 
where the cause is believed to be a systemic illness (such as sarcoid-
osis or tuberculous hypophysitis) more specific investigations may 
be needed. These are discussed in the relevant sections elsewhere 
(see Chapter 2.3.5).

It is important to recognize that it is erroneously simplistic to 
think of any pituitary hormone status as being either ‘adequate’ 
or ‘deficient’; the reality is there are degrees of deficiency. The bio-
chemical criteria propagated by consensus guidelines and similar 
are not necessarily predicated on rigorous science but rather the 
notion of ‘best practice’. Furthermore, the decision about interven-
tion and replacement therapy may depend on symptoms and other 
variables, an obvious example being gonadotrophin deficiency in 
a woman over 50  years of age, which may be indicative of hypo-
pituitarism but does not necessarily mandate the use of oestrogen 
replacement therapy.

Types of Laboratory Test

The literature, and in particular clinical guidelines on the diagnosis 
of hypopituitarism rely on biochemical criteria to define deficiency. 
However, application of such international consensus criteria to 
local practice is complicated by bias in assay performance and it is 
inappropriate to blindly adopt such ‘cut- offs’ without an awareness 
of the performance of local assays.

Basal Pituitary Function Tests

Basal blood tests refer to samples taken with the patient resting, 
unstressed and with no physiological or pharmacological 
manipulation of the mechanisms that control the pituitary 

Box 1.6.1 At- risk patients

In such patients (e.g. those who have received pituitary radiotherapy), 
pituitary function tests should be performed regularly in order to de-
tect asymptomatic hypopituitarism, although there is a paucity of data 
on the optimum frequency with which this should be done. Our prac-
tice is to check thereafter basal pituitary function (7 to 9  a.m.) every 
2 years, with a dynamic test of ACTH reserve if the basal serum cortisol 
is <400 nmol/ L. If patients exhibit symptoms consistent with GHD, then 
the dynamic test of choice will be the ITT. GHD occurs early after radio-
therapy and, once it has been proven, many physicians use sequential 
SSTs to document the subsequent evolution of ACTH deficiency. Again, 
data in this regard are scarce such that accurate; robust local reference 
ranges are essential.
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cell– target cell interaction (Box 1.6.2). Hence basal samples 
are taken between 7 and 9 a.m., when serum cortisol and tes-
tosterone levels are highest. Given that the decision to proceed 
to dynamic testing is based on the results of basal samples, it is 
logical to maximize the chances of basal investigations yielding 
sufficient information to avoid the need for more complex tests. 
Paired measurement of both limbs of a pituitary hormone– target 
hormone loop is required for interpretation of the target hor-
mone level. Low levels of target hormone in association with low 
or normal levels of the relevant pituitary trophic hormone indi-
cate that target gland failure is consequent upon under stimula-
tion by the pituitary.

Provocative Tests

Provocative (stimulation) tests are employed when hypofunction 
of a pituitary cell type is suspected and basal investigations have 
not yielded sufficient information. Such tests assess the ability of 
a given cell type to respond acutely to a stimulus, but do not ne-
cessarily provide information about the adequacy of day- to- day 
hormone production by that cell type under basal conditions. 
Two types of provocative tests are used: those that stimulate hor-
mone release indirectly (such as the insulin tolerance and glu-
cagon tests) and direct stimulation tests in which pharmacological 
doses of synthetically manufactured peptide are injected and the 
target cell hormone response measured. Examples of these include 
hypothalamic- releasing hormone tests and the short synacthen test 
(see next). The virtue of indirect provocation tests is that the integ-
rity of an entire hypothalamo– pituitary– target cell loop is tested. 
Hypothalamic- releasing hormone tests with thyrotropin- releasing 
hormone (TRH), gonadotrophin- releasing hormone, and growth 
hormone- releasing hormone (GHRH) are discussed briefly in 
the relevant sections. When introduced to clinical practice, it was 
thought that they would facilitate the diagnosis of hypopituitarism 
and forewarn of insidious pituitary failure. However, experience 
has shown that they have no value in diagnosing hypopituit-
arism and they cannot be used to predict future pituitary failure. 
Historically they may occasionally be of value in differentiating 
hypothalamic from pituitary disease, but have been supplanted by 
high- resolution imaging.

Assessing AcTH Reserve (the Hypothalamic–  
 Pituitary– Adrenal Axis)

Of all the aspects of pituitary function testing, this is the most im-
portant and controversial, mainly because assessment of the ad-
equacy of the hypothalamic– pituitary– adrenal (HPA) axis and 
the provision of replacement therapy (if required) has the most 
far- reaching consequences of all the anterior pituitary hormones. 
The laboratory assessment of the HPA axis is performed in two dis-
tinct clinical settings, although the aim of establishing whether cor-
tisol production is adequate is common to both. The first clinical 
scenario is that of a patient with symptoms suggestive of adrenal 
insufficiency (such as tiredness, listlessness, and malaise), where 
the question being posed is: ‘are the symptoms due to cortisol de-
ficiency?’ The second clinical setting is one in which the patient is 
known to be at risk of developing secondary adrenal insufficiency, 
for example patients previously treated with supraphysiological 
doses of corticosteroids, known to have hypothalamic– pituitary dis-
ease who may have been treated with surgery and/ or radiotherapy. 
In these ‘at- risk’ people, it is necessary to assess the adequacy of the 
patient’s response to physiological stress, even in the absence of any 
symptoms of adrenal insufficiency. If the test used predicts that the 
patient will not be able to mount an adequate stress response, then 
the patient requires education about the implications of ACTH de-
ficiency and adequate steroid cover must be provided in the event of 
emergency, although not necessarily day- to- day therapy.

A satisfactory method for assessing the adequacy of the day- to- 
day cortisol production rate has not yet been identified. Isotope di-
lution methods are accurate but complex and not widely available, 
while measurement of 24- hour urinary free cortisol requires com-
plete collection and lacks the sensitivity to detect insufficiency. The 
inability to adequately assess basal, unstimulated cortisol produc-
tion rate mean it is of paramount importance to consider patients’ 
symptoms and well- being when contemplating initiation of lifelong 
glucocorticoid replacement therapy.

Physiological Background

Although there is considerable debate about many aspects of as-
sessing ACTH reserve, the aim of establishing whether cortisol 
production is adequate for the patient’s health is not disputed. 
Measurement of the target hormone (cortisol) is common to all 
tests of the hypothalamic– pituitary– adrenal axis. Cortisol has a 
multitude of actions, including regulation of protein and carbohy-
drate metabolism, maintenance of vascular tone, and modulation 
of the immune system. Its synthesis and secretion are controlled by 
ACTH, whose release from the pituitary is, in turn, regulated by 
hypothalamic corticotrophin- releasing hormone and vasopressin. 
Hypothalamic function is influenced by a complex array of factors 
including neural stimuli (particularly from the limbic system) and 
humoral inputs (such as inflammatory cytokines). A change in cor-
tisol production rate is the ‘final common pathway’ for all of these 
complex modulatory factors: hence the use of cortisol levels for the 
assessment of ACTH reserve. It has the added practical advantage of 
ease of collection, as ACTH samples require cold centrifugation and 
flash- freezing whereas cortisol is measured in serum.

Box 1.6.2 Basal pituitary function tests

New patients
Basal serum investigations, at 7– 9 a.m.:

cortisol
free T4, TSH
Prolactin
LH, FSH, testosterone/ oestradiol, SHBG
Insulin- like growth factor- I
Urine/ plasma osmolality

If basal serum cortisol is <400 nmol/ L and/ or GHD suspected, then pro-
ceed to ITT. If any abnormality in any of the aforementioned tests, then 
one should proceed to pituitary imaging.
TSH, thyroid- stimulating hormone; LH, luteinizing hormone; FSH, follicle stimulating 
hormone; SHBG, sex- hormone- binding globulin; GHD, growth hormone deficiency; 
ITT, insulin tolerance test.
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General Aspects of cortisol Measurements

A common pitfall in the assessment of the HPA axis is failure to 
document exposure to exogenous glucocorticoids, whether ad-
ministered orally, transdermally, by inhaler, by parenteral or intra- 
articular injection. Occasionally, patients may be unknowingly 
exposed to exogenous glucocorticoids, for example some so- called 
‘skin whiteners’ have been shown to contain dexamethasone [1] . 
Coadministration of P450 CYP3A4 inhibitors, such as itraconazole, 
can potentiate the glucocorticoid action of exogenous steroid. 
Typically, such patients are asthmatic with fungal infections and are 
clinically Cushingoid with undetectable serum cortisol levels which 
reinforces the importance of interpreting the biochemical investiga-
tions in the clinical context [2].

Only 5– 10% of cortisol is free and biologically active, the re-
mainder being bound to cortisol- binding globulin and albumin. 
Variations in these proteins significantly impacts on measurement 
of total serum cortisol. Cortisol- binding globulin is synthesized 
in the liver and, like sex- hormone- binding globulin (SHBG), pro-
duction is increased by oral oestrogen therapy. However, while 
SHBG is frequently measured along with testosterone in the as-
sessment of the pituitary– gonadal axis, cortisol- binding globulin 
is not routinely measured along with cortisol. Total serum cor-
tisol levels are therefore significantly raised in pregnancy and in 
patients taking oral oestrogens, although serum free cortisol is 
essentially unchanged. Hence, oral oestrogens should be discon-
tinued prior to assessment of the HPA axis and most authorities 
accept that six weeks are required for their effect on cortisol- 
binding globulin levels to disappear completely [3] . Transdermal 
oestrogen therapy does not affect circulating cortisol- binding 
globulin (CBG) levels [4]. Accurate assessment of the HPA axis 
in pregnancy is extremely difficult. Other circumstances in which 
cortisol- binding globulin and albumin levels may complicate 
assessment of cortisol status axis include conditions of protein 
loss, such as nephrotic syndrome and protein losing enterop-
athy; and failure of protein synthesis, such as hepatic cirrhosis. 
GH also has a subtle effect on circulating CBG, with GH replace-
ment therapy lowering circulating cortisol levels secondary to re-
duced circulating CBG [5], with the reverse seen with treatment 
of acromegaly.

Assessment of late- night salivary cortisol secretion is widely 
used in the diagnosis of Cushing’s syndrome but there is increasing 
interest in salivary cortisol in the investigation of possible cor-
tisol deficiency. Salivary cortisol concentrations are not affected 
by serum CBG levels (i.e. oestrogen status) and correlate closely 
with serum free cortisol [6] . Oxidation of cortisol to cortisone by 
the enzyme 11B- HSD2 in salivary glands results in cortisone being 
the predominate glucocorticoid in saliva which to varying degrees 
cross- reacts in cortisol immunoassays, and explains the signifi-
cant ‘between- assay’ bias [7]. Mass spectrometry measurement of 
salivary steroids is unaffected by cross- reactivity and has the fur-
ther virtue of being able to quantify cortisol and cortisone to lower 
levels than immunoassays. It is believed that as mass spectrometry 
becomes more widely available, salivary cortisol measurement will 
have an increasingly important role in the investigation of cor-
tisol deficiency, although consensus is required around cut- off 
criteria [8].

Liquid chromatography Tandem Mass  
Spectrometry (Lc- MS/ MS) in Steroid 
Measurement

In the great majority of laboratories, cortisol is measured by im-
munoassay (IA), but LC- MS/ MS is emerging as an alternative and 
superior technology as it is not blighted by the inherent limitation of 
IA, namely cross- reactivity of synthetic exogenous glucocorticoids 
such as prednisolone/ prednisone, methylprednisolone and cortisol 
precursors, and metabolites such as 11 deoxycortisol. LC- MS/ MS 
has the additional virtues of permitting measurement of multiple 
steroids at essentially the same cost as a single analyte and being 
able to quantify to lower limits than possible by IA.

Improvements in instrument performance have ensured that LC- 
MS/ MS is increasingly becoming the method of choice for steroid 
hormone measurements, for example vitamin D, and drugs (e.g. 
tacrolimus and ciclosporin) due to smaller sample volumes, faster 
analysis times, and improved specificity compared to immuno-
assays. The main impediments to wider adoption of LC- MS/ MS 
are the cost of instrumentation, greater technical complexity, speed, 
and turnaround of analysis. For these reasons and except for the 
larger specialized laboratories, the uptake of LC- MS/ MS has been 
relatively poor in routine clinical laboratories, however once estab-
lished and with high throughput MS is comparable in cost to the 
purchase and use of commercial IA kits.

The sample preparation process is not as simple as for IA as a 
clean- up/ extraction is always needed before LC- MS/ MS analysis 
to remove matrix and chemical interference. After extraction the 
sample needs to undergo separation on a liquid chromatography 
(LC) column to further remove potentially interfering substances 
before introduction into the mass spectrometer (Figure 1.6.1). The 
liquid eluate from the LC column is converted into either positively 
or negatively charged gaseous ions by the process of electrospray 
ionization in the mass spectrometer source. The tandem mass 
spectrometer instrument consists of two mass analysis quadru-
poles separated by a collision cell. The strengths of this instrument 
lie in the ability to filter ions of a predetermined mass in the first 
quadrupole and then fragmentation of these ions in a compound 
specific way in the collision cell. Monitoring fragment ions, that 
have been selectively filtered in the second quadrupole, which can 
only have come from the parent ion, gives rise to high analytical 
specificity. The total process thus utilizes three different separation 
techniques, sample extraction, chromatography, and mass spec-
trometry which together confer a very high degree of specificity 
compared to automated immunoassay, which relies solely on the 
specificity of the antibody [9] .

To further improve precision and accuracy, internal standards are 
added during the extraction process to control for ionization vari-
ability within the mass spectrometer source and the precision of the 
extraction procedure. The most appropriate internal standards are 
stable isotopes of the steroid being measured.

LC- MS/ MS is particularly good at measuring urine free cor-
tisol (UFC) with demonstrated enhanced specificity and sensitivity 
over IA methods [10] which results in significantly lower reference 
ranges. It can be debated whether the exclusion by MS of urinary 
cortisol metabolite measurement improves the diagnostic effi-
ciency in Cushing’s syndrome of UFC but it certainly improves the 
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value when used to monitor medical therapy with agents such as 
metyrapone [11].

Both cortisol and cortisone can be measured by LC- MS/ MS in 
saliva with the added advantage that salivary cortisone may be a 
better diagnostic marker than cortisol because it agrees more 
closely with serum cortisol [12]. The LC- MS/ MS serum methods 
for serum cortisol offer many advantages over IA methods when 
measuring samples from patients on metyrapone [11] or prednis-
olone therapy [13] and do not suffer some of the technical issues 
such as inadequate release of cortisol from CBG [14]. It also permits 
simultaneous measurement of cortisol and dexamethasone during a 
dexamethasone suppression test to ensure patient compliance.

While implementation of LC- MS/ MS in the clinical laboratory has 
been slow, use in research laboratories has been expanding rapidly. 
Advances in mass spectrometer design have produced a boom in re-
search not only in endocrinology but in other biological applications 
such as proteomics and metabolomics. In endocrinology, this work is 
being translated into the ability to measure panels of steroids adop-
tion of which will improve diagnosis and monitoring disease [15, 16].

The ability of LC- MS/ MS to perform multiplexed analysis of 
many steroids using similar sample extraction and instrument con-
ditions, is often at no greater expense. Whereas, measuring ster-
oids using IA one test at a time, adding in extra tests becomes more 
expensive.

Selective testing panels of steroids have been developed to as-
sist in the management of various endocrine disorder such as con-
genital adrenal hyperplasia [17,  18], polycystic ovarian syndrome 
[19], and for the investigation of hypoadrenalism [20].

The enhanced specificity of LC- MS/ MS should be contrasted 
with specificity problems with IA methods encountered with the 
move to perform ‘direct’ IA (without any extraction step) routinely 
on automated analysers. The elimination of the extraction step may 
streamline the assay procedure but at the expense of the potential 
for significant interference from other steroids.

Instrument manufacturers are bringing to market clinical mass 
spectrometry analysers with automation of the time- consuming 
sample extraction phase. These instruments currently have a limited 
test repertoire and are relatively expensive but offer an automated 

vision of the future that will undoubtedly make LC- MS/ MS more 
attractive to a wider range of laboratories and should improve the 
availability of high quality tests to the clinician.

Defining an Adequate Peak cortisol Response

The clinical spectrum of adrenal insufficiency ranges from car-
diovascular collapse through to more subtle dysfunction that is 
apparent only during the physiological stress of sepsis, major sur-
gery, or accidental trauma. The fundamental question is:  What 
serum cortisol level is required under such circumstances? The 
defining study looked at the cortisol response to major abdom-
inal surgery in normal and corticosteroid- treated patients. Peak 
intraoperative serum cortisol was closely correlated to the cortisol 
response to insulin- induced hypoglycaemia and that a peak serum 
cortisol of 580 nmol/ L was associated with an adequate cortisol re-
sponse during surgery [21]. Controlled iatrogenic hypoglycaemia 
has widely been advocated as the ‘gold standard’ by which to judge 
the ability to mount an adequate cortisol response to physiological 
stress.

The figure of 580 nmol/ L was based on the fluorimetric method 
of Mattingly [22] for measurement of serum cortisol, a technique 
that, also detects cortisone, and with modern immunoassays a more 
appropriate ‘cut- off ’ is probably in the range of 400– 450  nmol/ L 
depending on assay characteristics [23] and this has been confirmed 
using mass spectrometry methods [24].

Appreciation of assay performance and ‘between- assay’ bias is 
crucial to the appropriate application of cortisol measurement to 
the investigation and diagnosis of hypopituitarism. Bias in cortisol 
immunoassays arise because of the epitope- specificity of polyclonal 
antibodies resulting in cross- reactivity with other endogenous and 
exogenous steroids, matrix- differences between standards and sam-
ples, susceptibility to interference by binding proteins, and calibrator 
(reference- preparation) effects. In 1998, Clark et al. [25] documented 
a 26% bias between basal serum cortisol results using different as-
says, with highly significant differences also noted in serum cortisol 
levels 30 and 60 minutes after injection of synacthen. Twenty years 
later, little has changed with El- Farhan [24] reporting lower refer-
ence limits for six assays varying between 420 and 574 nmol/ L, with 
differences between males and females. Evaluation of the more com-
monly used immunoassays against LC- MS/ MS showed that much 
of this difference is caused by the varying ability of immunoassay 
kits to liberate cortisol from CBG, without which cortisol cannot 
bind to the antibody. This problem is exacerbated in pregnancy and 
those taking oral contraceptive pill in whom binding proteins are 
high [26]. Such findings make comparisons of cortisol responses 
between assays and laboratories extremely difficult and emphasize 
the need for centres to define/ adapt appropriate reference ranges for 
their assay, as opposed to selecting rigid ‘cut- off ’ values derived from 
studies using different methodologies.

The Testing of cortisol Reserve

Having established a minimum serum cortisol level that is adequate 
for acute physiological stress, the question arises as to what is the 
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Figure 1.6.1 LC- MS/ MS. Schematic of an LC- MS/ MS system showing 
the principal components. Solvent is pumped through a liquid 
chromatography column to facilitate separation of the steroids of 
interest. The eluent from the column undergoes electrospray ionization 
in the mass spectrometer source, the ions generated are separated 
according to mass charge ratio by the first quadruple mass analyser 
and the specific molecular ion is selected. After fragmentation of the 
molecular ion in the collision cell, a specific fragment ion is selected 
in the second quadrupole mass analyser which is then used for 
quantitation.
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most appropriate stimulation test for the prediction that the pa-
tient will be able to achieve such a cortisol response when required. 
Several tests exist, each with its own merits and shortfalls, including 
measurement of basal serum cortisol, the insulin tolerance test, 
glucagon stimulation test, short synacthen test (standard and low 
dose), and the metyrapone test.

Measurements of Basal Serum cortisol

In the interest of patient convenience and economics, it is preferable 
to maximize the value of basal unstimulated cortisol measurement 
with the goal of minimizing the number of dynamic tests under-
taken. Endogenous HPA activity is maximal in the early morning 
and samples should be drawn between 8 and 9 a.m. or earlier if pos-
sible. In cases of suspected pituitary insufficiency, a basal morning 
serum cortisol of less than 100 nmol/ L strongly indicates ACTH 
deficiency, dynamic testing is not necessary, and glucocorticoid re-
placement should commence immediately. In most such patients, 
the requirement for steroid replacement is likely to be permanent. 
However, in the case of ACTH deficiency prior to surgery for a pitu-
itary tumour, recovery of ACTH reserve following surgical decom-
pression may occur and so it is necessary to reassess the situation 
postoperatively.

In contrast, defining an unstimulated, basal cortisol that predicts 
an adequate response to stimulation is difficult. Several studies have 
confirmed that a close correlation exists between measurements of 
basal, unstressed serum cortisol to peak serum cortisol levels during 
insulin- induced hypoglycaemia. From these reports, it is clear that 
many patients can avoid a dynamic test on the basis of basal cor-
tisol measurements, although the precise ‘cut- off ’ that predicts an 
adequate response is challenging but it would be generally accepted 
that a baseline cortisol of 400 nmol/ L or more precludes the need 
for dynamic testing [27– 29].

emergency Assessment of the Hypothalamic–  
 Pituitary– Adrenal Axis

In the acutely sick patient with, for example, sepsis, trauma or 
checkpoint inhibitor therapy, and suspected hypoadrenalism the 
clinical situation dictates that a morning cortisol and/ or a dynamic 
test of ACTH reserve are impractical and glucocorticoid support 
may need to be started immediately. In such a context, circa-
dian variation of ACTH release will be absent and activity of the 
hypothalamic– pituitary– adrenal axis should be maximal. If ad-
renal insufficiency is suspected, then random serum cortisol and 
plasma ACTH measurements, prior to commencing glucocorticoid 
therapy, will suffice for an assessment of hypothalamic– pituitary– 
adrenal axis integrity. If, subsequently, the random cortisol level is 
shown to have been appropriate to the clinical situation (above 400 
nmol/L) glucocorticoids may be withdrawn. If not, steroid support 
should continue, and dynamic testing must wait until the acute clin-
ical situation has resolved. The plasma ACTH will indicate whether 
the adrenal insufficiency is primary or secondary. A serum cortisol 
below 200 nmol/ L with a plasma ACTH above 200 pg/ ml is diag-
nostic of primary adrenal failure.

The Insulin Tolerance Test

This test, first described in 1966 [30] seeks to simulate physiological 
‘stress’ in a controlled, supervised environment by inducing hypo-
glycaemia with intravenous insulin. Hypoglycaemia is a powerful 
stress stimulus, which in the intact pituitary and hypothalamus in-
duces ACTH and GH release and a rise in serum cortisol levels. 
It therefore assesses the integrity of the entire HPA axis and has 
traditionally been regarded as the ‘gold standard’ for this purpose. 
The cortisol response to hypoglycaemia has been shown to be re-
producible in healthy volunteers and patients with pituitary dis-
ease [31, 32]. As discussed earlier, the assumption that the ability 
to respond to insulin- induced hypoglycaemia will translate into an 
appropriate cortisol rise in the event of acute illness or major sur-
gery is supported by studies in which the peak cortisol levels of pa-
tients undergoing major surgery were comparable to those achieved 
during a preoperative insulin tolerance test [21].

Although the safety of the insulin tolerance test (ITT) has been 
questioned, particularly in children, the morbidity of this inves-
tigation in experienced hands within the setting of a designated 
metabolic investigation unit is reassuringly low, provided that 
the standard criteria are adhered to (ischaemic heart disease, epi-
lepsy/ unexplained blackouts, severe longstanding hypoadrenalism, 
glycogen storage disease are contraindications and patients should 
have normal thyroid function) [28]. The dose of fast- acting insulin 
used varies between centres. Most authorities recommend a dose 
of 0.1– 0.15 IU/ kg, with higher doses (typically 0.3 IU/ kg) being re-
quired for patients with acromegaly or other conditions in which 
insulin resistance is a feature. Many physicians are uncomfortable 
with its use in older people and it requires careful supervision and 
monitoring of adrenergic and neuroglycopaenic symptoms.

The immediate counter- regulatory response to hypoglycaemia 
is characterized by catecholamine release, which, in turn, stimu-
lates hepatic glycogenolysis and correction of hypoglycaemia. 
Glucocorticoids are not part of this phenomenon, although the 
laying down of hepatic glycogen stores does require pre- exposure 
to glucocorticoids. Thus, in patients with longstanding ACTH de-
ficiency and consequent inadequate glycogen stores, recovery from 
hypoglycaemia may be delayed. It is therefore usual practice to ad-
minister oral glucose in the form of a sugary drink, together with a 
meal, at the conclusion of the test to guard against this eventuality.

A common reason to perform an ITT is to test the ability of the 
hypothalamic– pituitary– adrenal axis to respond to stress following 
the use of supraphysiological doses of corticosteroids. Such doses 
may lead to ACTH suppression, with secondary adrenal involu-
tion and loss of responsiveness. It is therefore essential, in this situ-
ation, to perform a short synacthen test in order to establish that 
the adrenals are capable of responding to ACTH, prior to an ITT. If 
the adrenals do not respond to ACTH, an ITT will yield no useful 
information.

Short Synacthen Test

This investigation was originally introduced in the 1960s [33] as 
a test for primary adrenal failure. It involves the injection of a 
pharmacological dose (250 μg) of synthetic ACTH, with measure-
ment of the serum cortisol response, and it has been advocated as 
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an alternative to the ITT as a means of assessing ACTH reserve. 
The basis of its use, in the context of hypopituitarism, is that 
chronic underexposure of the adrenal glands to ACTH (either as 
a consequence of prolonged corticosteroid therapy or due to sus-
pected or proven hypothalamic– pituitary disease) will result in a 
blunted cortisol response to exogenously administered ACTH. The 
test does not distinguish primary from secondary adrenal insuffi-
ciency, although clinical assessment (pigmentation) and measure-
ment of basal plasma ACTH are usually sufficient in this regard. 
The major argument in favour of the short synacthen test (SST) 
is its simplicity, as it requires no specialist staff and takes only an 
hour to complete. The only reported side effect is allergy in patients 
with a history of atopy, although this is very rare. The SST does not 
assess GH reserve. It is universally accepted that the SST cannot be 
used for the assessment of ACTH reserve when acute hypopituit-
arism develops, such as following pituitary infarction (apoplexy) or 
the immediate postoperative assessment of the HPA axis. It takes 
at least 6 weeks for the adrenal zona fasciculata to involute fol-
lowing withdrawal of ACTH stimulation, during which time the 
adrenal cortex will remain responsive to supraphysiological doses 
of ACTH. In addition, it should be remembered, in the assessment 
of new patients with suspected hypothalamic– pituitary disease, 
that the duration of ACTH deficiency may be unknown and that, 
as following pituitary surgery or apoplexy, a falsely reassuring SST 
may result.

Two main aspects of the SST in assessing ACTH reserve have 
been debated: the peak serum cortisol versus increment and the 
level of serum cortisol that constitutes an adequate response. The 
increase in serum cortisol following synacthen is a poor index of 
adrenal responsiveness, as there is considerable overlap between 
normal volunteers and patients with secondary adrenal insuffi-
ciency [34]. Further, the cortisol increment is inversely correlated 
with the basal value and hence a smaller increment is seen in the 
early morning when plasma ACTH and serum cortisol levels are 
at their highest [35]. The peak serum cortisol response following 
synacthen shows no diurnal variation and is now the accepted 
index of adrenal responsiveness and, indirectly, endogenous 
ACTH exposure.

Excellent correlations exist between cortisol levels 30 min after 
injection of synacthen and the peak cortisol achieved during 
insulin- induced hypoglycaemia. This has led to the increasing use 
of the SST as a substitute for the ITT.

However, despite its widespread use as a method of assessing 
ACTH reserve, there is no study showing that a normal SST indi-
cates that the HPA axis is capable of responding normally to major 
illness or stress. Critics of the use of the SST point to reports of 
patients with pituitary disease with symptoms and signs of adrenal 
failure, corrected by glucocorticoid replacement, having recently 
had a falsely reassuring ‘normal’ SST. This problem cannot be cor-
rected by application of a more ‘stringent’ threshold of serum cor-
tisol as in two such reported patients the peak serum cortisol value 
was more than 950 nmol/ L 30 min after synacthen. However, re-
ports exist of patients who have developed acute adrenal crisis fol-
lowing a reassuringly normal ITT.

The safety and simplicity of the SST have, in many units, made it 
the ‘pragmatic default test’ of ACTH and cortisol reserve with the 
ITT reserved for specific circumstances such as recent onset hypo-
pituitarism or when GH and cortisol status require testing.

Low- Dose Short Synacthen Test

The use of a lower dose of ACTH (typically 1 μg) in the assessment 
of secondary adrenal failure has been extensively investigated over 
several decades. In health, the entire stored pool of pituitary ACTH 
is of the order of 600 μg, such that an injected bolus of 250 μg pro-
duces plasma concentrations that are unphysiological and beyond 
the top of the ACTH/ cortisol dose– response curve. Proponents 
of the low- dose (LD) SST argue that chronically understimulated 
adrenal glands may mount a satisfactory cortisol response to the 
unphysiological concentration of ACTH provided by 250 μg of 
synacthen, but that only normal glands will respond to the small 
doses used in this test. Further, plasma ACTH levels following 
injection of 1 μg are comparable to those reached during an ITT 
in healthy volunteers [36]. The test is quick (a single sample only 
is required 30 min after injection of ACTH) and the test may be 
performed at any time of day. While theoretically attractive and 
the focus of many publications, a recent survey of 766 endocrin-
ologists over 60 countries concluded that the 92% of centres were 
performing 250 μg SST, 43% low- dose, and 37% both, which by im-
plication means very few centres relied exclusively on the LD SST. 
It also reported that 72% of paediatric endocrinologists used the 
LD SST. The attraction of a lower dose of ACTH in children is not 
surprising [37].

The study also reinforces one of the major concerns with the LD 
SST, namely the lack of a standardized, reproducible means of di-
lution of a 250 mcg in 1 ml vial of synthetic ACTH. The authors 
reported variation in dilution methods resulted in the dose of 
synacthen administered in a LD SST varying between 0.16 μg and 
0.81 μg [37]. ACTH is prone to be adsorbed onto the plastic of syr-
inges or saline bags and to date, there is no quality controlled 1 μg 
synthetic ACTH vials commercially available, so 250- fold dilution 
is required.

Although theoretically attractive, a compelling case has not been 
made that it is superior to the SST, and does not entail the additional 
complexity of dilution.

Glucagon Stimulation Test

The mechanism of glucagon mediated stimulation of cortisol 
and GH secretion is ill- understood. The subcutaneous injection 
of glucagon causes a transient rise in plasma glucose. During the 
subsequent fall in glucose levels, ACTH and GH are both released 
and this has led to its widespread use as a means of assessing the 
reserve of these two hormones. Glucagon is a less powerful or re-
liable stimulus to ACTH or GH release than hypoglycaemia and 
false negative results are common. Administration of glucagon 
routinely makes patients feel unwell with nausea and may cause 
abdominal pain and vomiting. The glucagon test has not been 
the subject of intense study and the interpretation of the serum 
cortisol response relies upon criteria established for insulin- 
induced hypoglycaemia. However, it remains a useful method 
of assessing the hypothalamic– pituitary– adrenal and GH axes, 
particularly when the ITT is contraindicated [38]. A  ‘normal’ 
response to glucagon administration provides reassurance of 
adequate HPA axis function but caution must be shown before 
concluding a patient has inadequate cortisol reserve based on 
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this test and a second, confirmatory test is advisable in most 
patients.

Metyrapone Test

This test of adrenal reserve was first described in the 1950s [39] and 
its role in the assessment of ACTH reserve has therefore changed 
with the availability of plasma ACTH and serum cortisol assays. 
Metyrapone inhibits the conversion of 11- desoxycortisol to cortisol 
by the enzyme 11β- hydroxylase (CYP11b1). The principle of the 
test is that the metyrapone- induced fall in serum cortisol stimulates 
ACTH secretion, which in turn increases corticosteroidogenesis 
and in particular a rise in circulating 11- desoxycortisol. As 11- 
desoxycortisol has no glucocorticoid activity a rise in its level has 
no effect on ACTH secretion. In patients with secondary adrenal in-
sufficiency, the metyrapone- induced fall in cortisol does not stimu-
late an increase in ACTH secretion and hence no rise in serum 
11- desoxycortisol occurs.

A typical protocol entails oral administration of 30 mg/ kg 
metyrapone in hospital at midnight. Simultaneous cortisol and 11- 
desoxycortisol levels are taken between 8 and 9 a.m. and then oral 
glucocorticoids are administered if the index of suspicion of ACTH 
deficiency is high. An 11- desoxycortisol level above 200 nmol/ 
L (7 μg/ dl) indicates normal adrenal function, irrespective of the 
simultaneous cortisol value. Levels less than 200 nmol/ L, in the 
presence of a low serum cortisol level, strongly suggest secondary 
adrenal insufficiency [39]. A low serum cortisol level is required for 
the interpretation of the test as an indicator that a stimulus has been 
delivered to the pituitary. Anticonvulsant therapy such as pheny-
toin accelerates the metabolism of metyrapone and an alternative 
test of the hypothalamic– pituitary– adrenal axis should be used in 
such patients.

A major criticism of this investigation is that it is a test of the 
ACTH- cortisol feedback mechanism rather than of ACTH re-
serve. The test requires measurement of serum 11- deoxycortisol 
either by immunoassay or preferably by mass spectrometry, nei-
ther of which are routinely available in most centres. The test is 
rarely undertaken in the United Kingdom and appears to have 
fallen out of favour internationally, as it requires hospitalization, 
and specialist assays.

conclusion

It is inevitable that the debate about the optimum method for the 
assessment of the hypothalamic– pituitary– adrenal axis will con-
tinue. Practical issues such as cost and staff availability will, to a 
large extent, affect local policy but the fundamental clinical issue of 
patient safety remains the same. Dynamic tests of the integrity of 
the hypothalamic– pituitary– adrenal axis support, rather than sub-
stitute for, clinical decisions and it is important to recognize that the 
use of sophisticated statistical methods for the comparison of serum 
cortisol levels in groups of people with or without endocrine disease 
can never substitute for clinical awareness in the individual patient. 
Even the ITT, thought for so long to be the ‘gold standard’ for as-
sessing ACTH reserve cannot provide complete reassurance that an 
individual patient will not develop secondary adrenal insufficiency 
during physiological stress. Changes in methodology and variation 
in the assays used for cortisol measurements hinder comparisons 

between published experiences of hypothalamic– pituitary– adrenal 
testing and make it difficult to recommend a diagnostic cut- off 
that defines cortisol deficiency, but a cortisol level >450 nmol/ L, in 
most circumstances, makes the diagnosis very unlikely. Endocrine 
physicians should always educate their patients about the possible 
implications of pituitary disease in terms of the stress response, 
particularly when it is anticipated that the functioning of the 
hypothalamic– pituitary– adrenal axis may change over a period of 
time, such as following pituitary irradiation. The ITT is the single 
most reliable test of the hypothalamic– pituitary– adrenal axis but 
should only be performed under close supervision in specialist 
centres. If there is any doubt about the adequacy of ACTH reserve, 
it is sensible to err on the side of caution with respect to the pro-
vision of emergency steroid cover; and to consider a trial of oral 
glucocorticoid replacement therapy in patients with symptoms sug-
gestive of chronic adrenal insufficiency and an equivocal response 
to dynamic testing.

Pituitary– Thyroid Axis

Like other pituitary cell types, thyrotrophs interact with their target 
cells by feedback inhibition, although the marked diurnal and ul-
tradian variations that characterize ACTH and GH release are not 
present. This means that investigations other than basal blood sam-
ples (free thyroxine (fT4) and TSH) are rarely necessary for the as-
sessment of thyroid status in the context of pituitary disease. The 
challenge in the diagnosis is that TSH is rarely undetectable in 
hypopituitarism and therefore the biochemical confirmation of de-
ficiency relies on the context (i.e. other pituitary hormone deficien-
cies and falling or low circulating fT4 levels). TSH deficiency can be 
the most difficult to diagnose pituitary hormone deficiency as it can 
insidious in onset (e.g. after radiotherapy), and free T4 levels can fall 
by 50% (e.g. 20– 10 pmol/ L) and still be within the reference range. 
Secondary hypothyroidism is strongly suggested by low levels of cir-
culating T4 in the presence of a low or low normal TSH. TSH defi-
ciency in the absence of gonadotrophin and GH deficiency is very 
unusual. Illness (‘sick euthyroid’ syndrome), thyroxine- binding 
globulin deficiency, supraphysiological doses of glucocorticoids, 
and drugs such as phenytoin may also produce a similar picture. 
The interpretation of the results is dependent on the overall clinical 
context. An important, practical, point is that serum free thyroxine 
levels vary very little through life, so the availability of previous 
measurements may be particularly informative if values lie close 
to the lower limit of the reference range but secondary hypothy-
roidism is clinically suspected.

A novel approach to the identification of TSH deficiency has 
been proposed by Jostel et  al. [41]. The TSH Index (TSHI) is an 
algorithm- based approach that calculates a ‘fT4- adjusted TSH’ that 
corrects for any physiological TSH suppression to provide a true 
estimation of thyrotrophic function. The TSHI, based on simple 
thyroid function tests (TFTs) and regardless of concomitant T4 sup-
plementation, correlates closely with other measures of the severity 
of pituitary dysfunction (i.e. GH and cortisol deficiency) in patients 
with a known risk of hypopituitarism. Potentially it permits the 
diagnosis of TSH deficiency when fT4 and TSH values are within 
the quoted reference ranges. Further work is required but this ap-
proach combined with the rapid advances in machine- learning 
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offer the prospect of reducing delay in the initiation of thyroxine 
replacement therapy in patients with hypopituitarism.

TRH Testing

TRH testing is of no value in diagnosing secondary hypothyroidism 
or predicting imminent TSH deficiency.

Growth Hormone Axis

Recombinant GH became available in the 1985 and was approved 
for the treatment of GHD in adults in 1996. Tests of GH reserve 
in adults will be described in this chapter; the symptoms and signs 
and diagnosis of childhood and adult GHD and its treatment are 
discussed elsewhere (see Chapter  2.3.6). Due to the lack of nor-
mative data and bias in assay performance, it must be appreciated 
that the biochemical definition of GHD (peak GH <3  ng/ ml) for 
the ITT and glucagon test [42] is, in part, an arbitrary cut- off but 
all the same important in some countries as it has been adopted by 
regulatory authorities to define patients’ eligibility for replacement 
therapy. From a physiological and therapeutic stand- point, it may 
be more accurate to think of patients with a peak GH response of 
less than 3 ng/ ml as having severe GHD and, based on the available 
data, being likely to benefit from GH replacement therapy. Patients 
with peak GH response of more than 3 ng/ ml may still have degrees 
of GHD but evidence for the benefit of GH replacement therapy 
is less robust. In contrast to ACTH deficiency, GHD is not life- 
threatening and replacement therapy is not mandatory. It is only 
of value to test for adult GHD if GH therapy is a therapeutic option 
and the patient is willing to self- inject daily. In some countries, in 
addition to meeting the biochemical criteria for deficiency evidence 
of impaired quality of life is required to qualify for GH therapy, so 
it is clinically inappropriate to perform complex stimulation tests in 
patients with a normal quality of life.

Normal GH secretion is pulsatile, with four to six pulses per 24 h, 
mostly at night in association with stage III– IV rapid eye move-
ment (REM) sleep, punctuated by long periods when GH levels in 
blood are undetectable (<0.3 ng/ ml). As with the assessment of the 
hypothalamic– pituitary– adrenal axis, a single basal blood sample 
is unlikely to yield significant diagnostic information, unless the 
taking of the sample coincides with a GH surge. An attractive ap-
proach, therefore, might seem to be to measure 24 h spontaneous 
profiles, as has been employed in the diagnosis of GHD in child-
hood. However, this approach has proved disappointing, as there 
is considerable overlap in the integrated growth hormone con-
centration (IGHC) of normal subjects and those of hypopituitary 
patients and the test has little diagnostic value [43]. Other physio-
logical methods of assessing GH secretion include sampling during 
sleep and exercise, both of which are associated with GH release. 
However, all three of these methods are prohibitively expensive and 
time- consuming for routine clinical use.

The symptoms, such as lethargy, of GH deficiency in adults are 
not specific and similarly the dynamic test of GH status described 
next do not have 100% specificity. It is important that testing for 
GHD is only undertaken in patients with a plausible cause of GHD, 

rather than in an indiscriminate manner in individuals with non- 
specific symptoms, such as fatigue or central adiposity, and no 
known reason for developing hypopituitarism as inevitably such an 
approach will result in a proportion of ‘false positive’ investigations 
and unnecessary treatment.

Most, if not all, actions of GH are mediated through the peptide 
hormone insulin- like growth factor- I (IGF- I). However, measure-
ment of serum IGF- I is of limited value in the diagnosis of adult- 
onset GHD, as 30% of patients with unequivocal GHD may have 
a serum in the lower half of the age- related reference range [43]. 
However, in most patients with hypopituitarism GHD is the first 
hormone to become deficient and therefore the most recent Growth 
Hormone Research Society Guidelines [42] state that in the clin-
ical context of multiple pituitary hormone deficits a very low serum 
IGF- I (<2 SD below the mean) is sufficient to diagnose severe GHD 
and that such patients do not require a dynamic test of GH reserve.

Most authorities accept that pharmacological stimulation of GH 
release is the most practical and reproducible method of assessing 
GH reserve. Hypoglycaemia is a powerful stimulus to GH secretion 
and, over the years, the ITT has been the most frequently employed 
test in this regard. It has the advantage that ACTH reserve can be as-
sessed simultaneously and, in experience hands, is a safe investiga-
tion provided the exclusion criteria outlined earlier are adhered to. 
The criterion for profound GHD is met if the peak GH response to 
insulin- induced hypoglycaemia and glucagon tests is 3 ng/ ml or less. 
As with cortisol measurement and for many of the same reasons, 
there is significant bias between different GH immunoassays which 
makes comparison of GH data between centres difficult and must 
be borne in mind when applying consensus guidelines to local prac-
tice. Similarly, the endocrine physician should be alert to the con-
founding effect of obesity on GH release which may lead to a false 
positive diagnosis of GHD [42].

Where the ITT is contraindicated, alternative provocative tests 
of GH reserve include the glucagon (see earlier), arginine, GH- 
Releasing Hormone (GHRH)+arginine.

Endocrine Society [45] and the GH Research Society guidelines 
[42] advocate the use of the combination of GHRH and arginine 
stimulation testing on the basis of evidence suggesting sensitivity 
and specificity comparable to that of the ITT. However, GHRH is 
not readily available and therefore arginine is often used on its own. 
Arginine is one of several amino acids (others include leucine and 
histidine) that stimulate GH release, with a peak occurring between 
30 and 120 min after infusion. It is generally used when a second dy-
namic test of GH reserve is required and the ITT is contraindicated. 
It involves the intravenous infusion of 0.5 g/ kg (maximum dose 30 g) 
in 100 ml normal saline over 30 minutes and sampling for 2 hours 
thereafter. It is frequently used as an alternative to the ITT in patients 
with suspected hypopituitarism following traumatic brain injury.

The GH- releasing peptides (GHRP) are a collection of syn-
thetic peptides that act via an alternative mechanism than GHRH 
to be potent stimulators of GH secretion and have been studied 
for both the diagnosis and treatment of GHD. Studies failed to 
establish the therapeutic benefit of GHRPs in patients with GHD 
and so, while they may be of value in the diagnosis of GHD, they 
are no longer generally available. There is interest in the use of 
ghrelin mimetics as a means of testing of the GH axis but data are 
not yet available.

Clonidine testing is of no value in diagnosing GHD in adults.
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Assessment of the Pituitary– Gonadal Axis

Assessment of the pituitary– gonadal axis differs from other aspects 
of pituitary function testing. First, regular menstruation in a 
woman implies normal gonadotroph function and measurement 
of serum gonadotrophins and oestradiol therefore add little to the 
clinical assessment. Associated ovulation is not necessarily implied 
by regular menstruation; measurement of luteal phase progesterone 
levels is required for the assessment of subfertility in a patient with 
pituitary disease and a regular cycle. Second, social and age- related 
factors may influence the need to correct any underlying gonadal 
deficiency in men and women. The avoidance of cardiovascular 
complications and loss of bone mineral density (BMD) consequent 
upon prolonged hypogonadism is obviously desirable, but must 
be set against the temporal relationship of normal physiology. For 
example, an 80- year- old patient with secondary hypogonadism is 
likely to feel differently about sex steroid replacement therapy than 
a patient of 30 years.

It is rare for tests other than basal measurements of gonado-
trophin hormones and sex steroid levels to be required for assess-
ment of the pituitary– gonadal axis. Both oestradiol and testosterone 
bind to sex- hormone- binding globulin (SHBG), such that simul-
taneous measurement of SHBG and gonadal steroid levels are re-
quired to assess ‘free’ (biologically active) levels of these hormones 
(see Chapter  2.3.5). Testosterone should be measured fasted be-
tween 8 and 9 a.m., as levels show considerable diurnal variation. 
Oestradiol is best measured in the follicular phase of the menstrual 
cycle (if female patients are menstruating). Ovulation is assessed 
by measurement of progesterone in the luteal phase (days 18– 25) 
of the cycle.

Historically, a combination of clomiphene and gonadotrophin- 
releasing hormone (GnRH) tests were used in an attempt to dis-
tinguish hypothalamic from pituitary causes of secondary gonadal 
failure. However, such information has little clinical value in terms 
of therapy, and newer, more sophisticated imaging techniques are 
able to distinguish these two groups of causes in the majority of 
cases. Central hypogonadism can be isolated, occur in the con-
text of a hypothalamo– pituitary tumour or its treatment, or be 
the earliest sign of incipient panhypopituitarism. Isolated gonado-
trophin deficiency will either be congenital, as in Kallmann’s syn-
drome and associated with delayed/ absent pubertal development, 
or be acquired and secondary to systemic illness (e.g. AIDS), exces-
sive exercise (long distance running) or psychological disturbance 
(anorexia nervosa). In all cases it is imperative to investigate pitu-
itary function in detail.

clomiphene Testing

This investigation has been used in the investigation of suspected 
gonadotrophin deficiency. Clomiphene citrate is a selective oes-
trogen receptor modulator (SERM) acting as a weak oestrogen 
receptor antagonist at the hypothalamus and pituitary, and as an 
oestrogen agonist at the liver. In healthy subjects its antagonistic ac-
tion at the hypothalamus stimulates gonadotrophin- releasing hor-
mone levels to rise, with consequent release of LH and FSH. The 
hepatic effect is to induce SHBG synthesis and a rise in measured 

total testosterone and oestradiol levels. Hence, such a rise may be 
misleading and does not necessarily indicate increased gonado-
trophin release. Clomiphene should not be given to patients with 
liver disease because of its oestrogen agonist effects. The test is also 
contraindicated in depression, because of the risk of mood dis-
turbance, and patients should be warned of the risk of alteration of 
peripheral vision. In normal women, gonadotrophin levels double 
by 10 days and menstruation usually accompanies a positive clomi-
phene test in women. However, the test is of very limited clinical 
value as the ability of a progesterone challenge to induce a men-
strual bleed is highly predictive of the response to clomiphene. 
A normal response to clomiphene in a patient with amenorrhoea 
offers reassurance that the axis is intact and that the problem lies 
in the hypothalamus, but offers little indication of the aetiology. 
Patients with weight, exercise, and stress- induced amenorrhoea can 
have either a normal or absent response to clomiphene, presum-
ably indicative of the severity of the suppression of gonadotrophin 
secretion.

Gonadotrophin- Releasing Hormone Testing

In an era of sophisticated imaging and an increasing array of gen-
etic explanations of hypogonadotropic hypogonadism, GnRH 
testing is of very limited value in the investigation of gonadotrophin 
deficiency.

Prolactin

A clinical syndrome associated with prolactin deficiency is not 
recognized and the clinical consequences of hyperprolactinaemia 
are discussed elsewhere. The principle value in serum prolactin 
measurement is as a guide to the aetiology and severity of hypo-
pituitarism. Prolactin physiology differs from that of other anterior 
pituitary hormones in that its secretion is principally under tonic 
inhibition by release of dopamine from the hypothalamus. Levels 
do not show significant diurnal variation and so tests other than 
basal measurements are very rarely required. Physiological stress 
and various medications that interfere with dopamine action, such 
as metoclopramide, prochlorperazine, and several antipsychotics, 
raise serum prolactin. TRH stimulates prolactin release but pro-
vides no additional clinically useful information compared to 
random serum prolactin measurements. Serum prolactin on three 
separate occasions minimizes the risk of falsely elevated, stress- 
induced hyperprolactinaemia.

conclusion

Accurate assessment of anterior pituitary function requires a 
sound knowledge of its normal physiology together with careful 
integration of clinical and biochemical information. As discussed 
earlier, certain aspects of the optimum method of pituitary func-
tion testing, notably the assessment of ACTH reserve, are still 
disputed, with local circumstances and personal preference often 
dictating the final choice. Physicians are advised to acquaint 
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themselves with their local laboratory reference ranges and never 
to allow a single hormonal measurement in a single patient on a 
single day to substitute for clinical awareness, particularly where an 
evolving endocrinopathy is anticipated, such as following pituitary 
irradiation.
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Introduction

Autoimmune attack directed at endocrine target tissues is respon-
sible for several conditions that present diverse management prob-
lems to the clinical endocrinologist, the most prevalent being the 
autoimmune thyroid diseases (AITDs) and type 1 diabetes mel-
litus (T1D). Addison’s disease, premature ovarian insufficiency, 
hypophysitis, and hypoparathyroidism are less frequently encoun-
tered endocrine conditions that may also have an autoimmune 
basis. These conditions typically develop insidiously and their im-
munological hallmarks may be present for many years before any 
clinical presentation. Most of these conditions are inherited as 
complex genetic traits and knowledge about the immunogenetics 
underlying their susceptibility has advanced in recent years. In con-
trast, we remain largely in the dark about the molecular mechan-
isms through which both tissue- specific and environmental factors 
contribute to disease risk. At the moment most of these condi-
tions are managed by replacing the missing hormone(s), however, 
immunomodulatory therapy aimed at modifying the natural his-
tory of these diseases may hold some hope for the future.

Diversity and natural History of endocrine 
Autoimmunity

With the exception of Graves’ disease, autoimmune endocrine 
conditions present owing to clinical manifestations caused by 
reduced secretion of one or more hormones. Because of the 

multisystem influences of adrenal and thyroid hormones, the 
symptoms are frequently non- specific, reflecting disturbances to 
several bodily systems. In contrast, the features of ovarian insuffi-
ciency and insulin deficiency are relatively specific. These presen-
tations with hormone deficiency or excess are different from those 
of other autoimmune diseases, such as rheumatoid arthritis or 
multiple sclerosis, which typically manifest with pain or reduced 
function at the site of autoimmune attack due directly to the asso-
ciated inflammatory process. The inherent reserve capacity of hor-
mone secretion and the regenerative capacity of many endocrine 
tissues means that these conditions don’t present until the disease 
process has inflicted a critical amount of tissue damage leading to 
hormonal insufficiency.

Pancreatic islet cell antibodies are detectable in 70% of children 
who go on to develop T1D by the age of 5yrs, with about 11% of 
children with multiple islet cell antibodies developing overt hyper-
glycaemia per year [1] . Similarly, the rate of progression to overt 
hypothyroidism for people with positive thyroid peroxidase anti-
bodies is around 5% per year [2]. In contrast, serum steroid 21- 
hydroxylase antibodies are rare in the population, but around 50% 
of adults found to have them will ultimately develop overt adrenal 
insufficiency [3]. In most conditions, these circulating autoanti-
bodies are not believed to be a direct cause of tissue destruction/ 
hormonal dysfunction, but are simply a marker for the autoimmune 
attack on the target tissue. The exception to this rule is Graves’ dis-
ease, where antibodies that stimulate the thyroid- stimulating hor-
mone (TSH) receptor directly lead to thyrocyte hypertrophy causing 
goitre and thyroid hormone hypersecretion [4]. For this reason, it 
seems likely that hyperthyroid Graves’ disease becomes clinically 
apparent much earlier in the autoimmune process than other auto-
immune diseases, because substantial tissue damage isn’t necessary 
for its clinical presentation. This might explain its natural history 
to remit and relapse, whereas the majority of other autoimmune 
endocrinopathies seem to be monophasic, with a steady destruction 
of the target organ leading to hormonal insufficiency. Nevertheless, 
it has to be acknowledged that once patients are started on hormone 
replacement therapy, it is rare to re- evaluate whether there may be 
endocrine recovery at a later date. Thus, it remains possible that 
we are overtreating patients with several conditions, or treating for 
longer than necessary, if an unidentified proportion of patients ul-
timately recover function.
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epidemiology and Disease clustering

AITDs are the commonest of the autoimmune disorders affecting 
around 4% of people over a lifetime with either Graves’ disease or 
Hashimoto thyroiditis [2, 5] (Table 1.7.1). Both have a strong female 
proclivity (F to M 5:1) and a peak age of onset in the fifth decade of 
life. Autoimmune Addison’s disease, while much rarer, has a similar 
age distribution of occurrence but the female proclivity is less strong, 
around 2:1. In contrast, type 1 diabetes presents in childhood, ado-
lescence, and young adults, affects 0.5% of the population, and has 
no gender bias (Figure 1.7.1). Idiopathic autoimmune hypophysitis 
is most commonly found during the last trimester or in the year fol-
lowing pregnancy, however, drug- induced hypophysitis following 
immune checkpoint inhibitor therapy (ipilimumab) for cancer is 
rapidly changing the prevalence of this hitherto rare condition.

There is a strong tendency for each of these organ- specific auto-
immune diseases to cluster with each other in an individual or in 
families. This is most marked for Addison’s disease, where 50– 65% 
of people will have a second autoimmune condition, broadly termed 
the autoimmune polyendocrinopathy syndrome type 2, or APS2 
[6] . Autoimmune thyroid disease occurs in 70– 90% of APS2 people 
and type 1 diabetes in 5– 15%. On presentation with Addison’s dis-
ease, type 1 diabetes already exists in around 10% and preventable 
deaths still occur in T1D patients with undiagnosed adrenal failure. 
Other conditions that may commonly cluster in APS2 patients in 
decreasing order of prevalence are pernicious anaemia, coeliac dis-
ease, vitiligo, and premature ovarian insufficiency.

Physiology of Immune Tolerance

In health, the two main arms of the adaptive immune system, T 
and B lymphocytes, work together via both cellular and humoral 
responses to protect the body against infections and tumours. 
Ensuring that the immune response is regulated to prevent auto-
immunity is a complex process that starts early in utero. The im-
mune system undergoes a process of ‘education’ in order to be able 
to exert an effective immune response while maintaining tolerance 
to self- antigens. This process is initially due to the development of 
central tolerance, however, it has recently become clear that this 
alone is insufficient to prevent autoimmunity and there are also im-
portant peripheral mechanisms involved.

Development of central tolerance:  Immune tolerance begins in 
utero in the fetal thymus. Thymic medullary epithelial cells (mTECS) 
play a critical role in central tolerance— they have the ability to present 

antigens that are only otherwise expressed in a tissue- specific manner 
outside the thymus, such as glutamic acid decarboxylase (GAD) and 
insulin. These antigens are expressed together with costimulatory 
and major histocompatibility complex (MHC) molecules allowing 
engagement with T lymphocytes. This promiscuous gene expres-
sion in mTECs is partly controlled by the transcription factor AIRE 
(AutoImmune REgulator), which is responsible for the expression 
of the tissue- specific antigens enabling the thymus to represents the 
wide range of antigens that encompass the ‘peripheral self ’ [6, 7].

The maturing T lymphocytes in the thymus (thymocytes) develop 
a diverse T- cell receptor (TCR) repertoire through numerous som-
atic recombination events. They then undergo a process of positive 
and negative selection by interacting with the mTECs that express 
high levels of MHC class  I  or II molecules associated with self- 
antigens. The nature of the T- cell interaction with MHC molecules 
determines its future, and if the CD4 + CD8+ thymocyte TCR is 
able to bind with sufficient affinity it receives survival signals (posi-
tive selection), ensuring that all mature T cells have some affinity for 
MHC molecules. Those thymocytes that interact with self- antigen– 
MHC class I develop into CD8+ cells, while those interacting with 
self- antigen– MHC class  II complexes form CD4+ T cells. Those 
thymocytes whose TCRs do not bind with sufficient affinity do not 
receive any survival signals and become unresponsive (anergic). 
A  negative selection process follows the positive selection, where 
potentially autoreactive thymocytes that bind the self- antigen– 
MHC complex with high affinity are either removed by apoptosis 
(known as clonal deletion), or differentiate into regulatory T cells 
[8] . Therefore, thymocytes that bind to the self- antigen– MHC com-
plexes with low affinity will recognize antigen– MHC complexes but 
not become autoreactive, are allowed to develop as mature CD4+ or 
CD8+ T cells and leave the thymus. The CD4+ cells then develop 
into different T- cell subsets depending on the local cytokine envir-
onment. These include T- helper (Th) 1, Th2, and Th17 cells. In add-
ition, some CD4+ thymocytes expressing TCRs that do bind with 
high affinity to self- antigen– MHC complexes express the forkhead 
box protein- P3 (FOXP3) and develop into T regulatory (Treg) cells 
[8, 9]. B cells undergo a similar process of positive and negative se-
lection occurring in the bone marrow. Breakdown or dysregulation 
of this process at any of the aforementioned steps may lead to po-
tentially autoreactive T cells escaping to the periphery, with the po-
tential to initiate autoimmunity.

Peripheral tolerance: Although most self- reactive T cells are de-
leted in the thymus, some escape thymic negative selection and can 
be found in the periphery of most people. However, few of these go 
on to develop autoimmune disease, which supports the existence of 
peripheral tolerance which keeps these potentially ‘auto reactive T 
cells’ under control. The activation and proliferation of these cells 
in response to self- antigens is prevented by several different periph-
eral immune regulatory mechanisms, many of which are not fully 
understood. Some of these mechanisms are intrinsic to the T cell 
itself, such as activation- induced cell death, anergy [10], immuno-
logical ignorance, and phenotypic skewing. However, a key mech-
anism for peripheral immune tolerance is through the induction of 
regulatory T cells that inhibit effector T- cell proliferation.

Regulatory T cells are unique in that they develop both cen-
trally (thymus derived) and peripherally. Central regulatory T cells 
form from CD4+ thymocytes that show high affinity interactions 
with self- peptide– MHC complexes in the thymus, and instead 

Table 1.7.1 Prevalence of common endocrine autoimmune 
conditions

Condition Prevalence per 100 000 
population

% female

Graves hyperthyroidism 1151 88

Hashimoto’s thyroiditis 791 95

Type 1 diabetes mellitus 192 48

Addison’s disease 5 92

Data taken from Jacobson DL et al. 1997 (1)
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of undergoing apoptosis, if they express the transcription factor 
FOXP3+ and high levels of the IL- 2 receptor alpha chain (CD25+), 
differentiate into the regulatory T- cell lineage [11, 12]. In addition, 
induced regulatory T cells, such as Tr1 cells, arise in the periphery 
after engagement in prolonged interactions with low affinity self- 
antigens (not present in the thymus) and in the gut following ex-
posure to food antigens, bacterial flora and pathogens [13].

Regulatory T cells recognize a wide array of antigens and have a 
higher avidity for self- antigen/ MHC complexes than other T cells, 
but show a limited capacity to proliferate when their TCR is en-
gaged. Their role is to inhibit activation, proliferation, and cytokine 
synthesis by effector T and B cells. They exert this immunosup-
pressive effect through different mechanism such as the synthesis 
of anti- inflammatory cytokines such as interleukin (IL)- 10, IL- 35, 
and TGFβ or via cell contact. In summary, there are two function-
ally distinct populations of CD4+ T cells, one capable of mediating 
autoimmune disease and one dominantly inhibiting it, and the 
balance between these cell- types two maintains immune tolerance.

Breakdown of Tolerance: Autoimmunity

Endocrine autoimmunity is a consequence of the loss of immune 
tolerance towards tissue- specific self- antigens, and in most con-
ditions this leads to tissue destruction and gland failure, which is 
mediated by cytotoxic T cells. In most conditions there is also a hu-
moral immune response manifest as autoantibody production, al-
though it is unclear whether this plays a direct pathogenic role or 
is just an epiphenomenon. The exception to this is Graves’ disease, 
where circulating anti- TSH receptor antibodies are a prerequisite 
of hyperthyroidism. Nevertheless, histologically Graves’ thyroid 
tissue shows a mixed T-  and B- cell infiltrate, underlining that this 
isn’t purely a B- cell mediated disorder. Furthermore, B- cell deple-
tion therapy has been shown to ameliorate features of autoimmune 
disease in both the non- obese diabetic (NOD) mouse and in newly 
diagnosed type 1 diabetes patients, suggesting a significant role for 
B- cell at least in perpetuating the immune response [14].

Many organ- specific autoimmune diseases affect endocrine 
glands and it is hypothesized that this may be due to a critical 
role for thymic antigen presentation of low- abundance, specialist 

antigens such as those found in the biosynthesis, secretion, and 
regulation of the various hormones. This is best illustrated by the 
monogenic example of the autoimmune polyglandular syndrome 
type 1 (APS1), owing to loss of function of the AIRE gene (see next). 
In most other conditions, a complex interplay of multiple genetic 
variants interacting with environmental and endogenous factors 
seem to determine disease proclivity.

Genetic Factors

Monogenic conditions

It is clear that the genetic basis of autoimmunity is complex in most 
autoimmune conditions, and we still do not have a clear under-
standing of how and why these conditions develop [9] . There are 
however a few monogenic forms of autoimmunity that have led to 
huge advances in our understanding of the development of self- 
tolerance and how autoimmunity develops, and further studies 
of these conditions are continuing to advance our knowledge. 
Two such monogenic endocrine polyendocrinopathies are auto-
immune polyglandular syndrome type 1 (APS1) and the immune 
dysregulation, polyendocrinopathy, enteropathy, X- linked syn-
drome (IPEX)— these are discussed further next.

APS1:  also known as the autoimmune polyendocrinopathy- 
candidiasis- ectodermal dystrophy syndrome (APECED), is a rare 
and frequently debilitating disorder of childhood.

It is characterized by organ- specific autoimmunity affecting 
endocrine organs, skin, and the gastrointestinal (GI) tract. Most pa-
tients develop at least two of the three main components— chronic 
mucocutaneous candidiasis, autoimmune hypoparathyroidism, 
and autoimmune primary adrenal failure. In addition, over 40 other 
clinical manifestations have been associated with APS1, and many 
of these are autoimmune in nature [6, 15]. APS1 is inherited as an 
autosomal recessive condition and more than 120 different disease- 
causing mutations have now been identified by the defective auto-
immune regulator gene, AIRE. It has been shown that AIRE encodes 
a nuclear transcription factor that plays a key role in the develop-
ment of central immune tolerance. The highest levels of AIRE are 
found in mTECs where it induces the expression of tissue- specific 
antigens, which is an essential step in the development of central 
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Figure 1.7.1 Age- related incidence of different autoimmune endocrinopathies.
Type 1 diabetes has the highest incidence in children and young people, and gets progressively less frequent with ageing. In contrast, autoimmune thyroid diseases and 
Addison’s disease start to present around puberty, with a peak onset at around the age of 40 yrs. Hypoparathyroidism is almost always found in association with APS1, and 
commonly presents between the ages of 5 and 15 years in this context.
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immune tolerance. AIRE deficient mTECs show downregulation 
of the level of organ- specific gene transcripts compared with wild 
type mTECs, so in the absence of AIRE, the number of tissue- 
specific antigens expressed on mTECS is reduced, with consequent 
failure of negative selection of developing autoreactive thymocytes, 
which escape into the periphery [16]. AIRE deficient mTECs still 
express normal levels of some self- antigens such as GAD and C- 
reactive protein (CRP), so AIRE seems to only regulate a subset of 
transcripts. The full action of AIRE is still poorly understood and 
it may play further roles in the development of immune tolerance 
other than directing thymic antigen presentation. Evidence suggests 
AIRE may also have a role in thymocyte migration through modu-
lating chemokine expression, helping to regulate mTEC apoptosis 
and differentiation [17]. In AIRE deficiency regulatory T cells ex-
press less FOXP3, so AIRE may affect peripheral immune tolerance 
as well by ensuring self- reactive thymocytes are directed into the 
regulatory T- cell lineage [18].

Most APS 1 patients are homozygous or compound heterozygous 
for loss of function mutations, so have no functional AIRE tran-
scripts. Recently however, dominant- negative heterozygous AIRE 
mutations have been described [19], that are located in the AIRE 
PHD1 (first plant homeo- domain) zinc finger and are associated 
with a milder and later onset APS1 phenotype. Thus, it is now ap-
parent that disease- causing mutations in AIRE are probably more 
common than previously appreciated and may cause a more vari-
able autoimmune phenotype.

Immune dysregulation, polyendocrinopathy, enteropathy,  
X- linked syndrome (IPEX):  IPEX is a rare and devastating X- 
linked condition of male infants, affecting immune regulation 
and resulting in multiple autoimmune disorders. Affected males 
develop severe diarrhoea, failure to thrive, type 1 diabetes, and 
thyroiditis, usually in the first year of life. Other features include ec-
zema, other autoimmune conditions, and immunodeficiency. IPEX 
is due to mutations in the FOXP3 gene, located at Xp11, encoding a 
transcription factor called ‘scurfin’ which belongs to the forkhead/ 
winged- helix family. Several mutations have been reported in both 
the coding region and regulatory regions of FOXP3 [20, 21]. FOXP3 
is specifically expressed in naturally arising CD4+CD25+ regulatory 
T cells, and appears to convert naïve T cells to this regulatory pheno-
type. Thus, FOXP3 is a critical regulator of Treg development and 
function [11]. Severe autoimmunity in FOXP3 deficiency is thought 
in part to be due to the inability of CD4+CD25+ Tregs to develop 
and therefore there is a lack of suppression of self- reactive effector 
T cells that have escaped to the periphery. Although female carriers 
of FOXP3 mutations appear to be healthy, a small number of cases 
of an IPEX- like syndrome have been reported in families with af-
fected girls in whom no mutation was found. Deleterious mutations 
at several autosomal loci, including the IL- 2 receptor subunit CD25, 
CTLA4, and LRBA have been shown to cause conditions with over-
lapping clinical features [22, 23]. This genetic heterogeneity may ex-
plain some of the clinical variation seen in this syndrome but, as yet, 
no obvious genotype– phenotype relationship has been identified, 
and other modifying genes, such as HLA, as well as environmental 
factors may influence the outcome. Importantly, the identification 
of the AIRE and FOXP3 genes as defective in APS1 and IPEX have 
led to huge leaps in our understanding of the control of thymic T- 
cell selection and the development of regulatory T cells and how 

loss of function in these critical pathways leads to the development 
of autoimmunity.

complex ‘Polygenic’ conditions

Apart from the special cases of APS1 and IPEX just described, 
each of the individual autoimmune endocrinopathies and their 
‘combined’ APS2 syndrome are inherited as complex conditions; 
meaning that multiple genetic susceptibility variants interact with 
environmental and/ or endogenous factors to lead to the disease.

The MHC on the short arm of chromosome 6 is quantitatively the 
dominant susceptibility locus for all of the common autoimmune 
endocrinopathies. Strong association of type 1 diabetes, Graves’ 
disease, Hashimoto thyroiditis, and Addison’s disease with alleles 
of the human leukocyte antigen (HLA) genes within the class  II 
MHC region, which includes HLA- DRB, - DQA, and - DQB has 
been consistently found [24]. Furthermore, some susceptibility al-
leles are common to more than one condition; for instance, HLA- 
DRB1*0301 (‘DR3’) confers genetic risk of type 1 diabetes, Graves’ 
disease, Hashimoto’s thyroiditis, and Addison’s disease. Carrying 
one susceptibility HLA allele increases the risk of type 1 diabetes 
three-  to sixfold [25], and for Graves’ disease there is a twofold in-
crease over the background population. Fine mapping to the amino 
acid level of the HLA- DRB molecules has demonstrated that an 
arginine at position β74 is the strongest determinant of suscepti-
bility, although residues at other positions do have lesser influences. 
Variation in HLA molecules likely influences the spectrum of 
antigens that can be presented to T lymphocytes and the avidity of 
the HLA– TCR interaction, which may be acting during the thymic 
selection of T lymphocytes.

Several variations in other immune molecules have been asso-
ciated with multiple autoimmune endocrine conditions. A  series 
of genetic polymorphisms in the cell- surface receptor cytotoxic 
T- lymphocyte antigen- 4 (CTLA- 4) have been associated with type 
1 diabetes, Graves’ disease, Hashimoto’s thyroiditis, Addison’s dis-
ease, coeliac disease, and other related conditions [26]. CTLA- 4 
is a costimulatory receptor that binds T lymphocytes to antigen- 
presenting cells and which acts to downregulate T- lymphocyte 
signalling once antigen presentation has occurred to the TCR. It 
now seems probable that the disease- associated variations within 
the CTLA- 4 gene encode receptor isoforms with higher prob-
abilities of being shed from the T- cell surface and that these sol-
uble CTLA- 4 molecules may saturate the antigen- presenting cell 
partner CD86 and prevent it from binding the structurally hom-
ologous but activating T- cell molecule, CD28 [27]. An additional 
molecular variant that is expressed in T lymphocytes and that has 
been widely associated with endocrine autoimmunity is known 
as protein tyrosine phosphatase non- receptor- 22 (PTPN- 22). 
A  coding variant (R620W) in PTPN- 22 has been associated with 
type 1 diabetes, Graves’ disease, Hashimoto’s thyroiditis, Addison’s 
disease, and several other non- endocrine autoimmune conditions 
[28]. Interestingly, this PTPN- 22 susceptibility allele has only been 
found to be associated with autoimmunity in populations of white 
European ancestry, whereas in East Asian populations, different, 
non- coding variations of PTPN- 22 seem to confer susceptibility. 
Like CTLA- 4 variants, PTPN- 22 alleles may act as a brake to T- 
lymphocyte activation, by inactivating intracellular signalling mol-
ecules downstream of the TCR, such as Lck.
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Discovery- based genomic methods have now uncovered many 
additional genetic variants that each contribute a few per cent to the 
overall susceptibility to autoimmune diseases. Currently type 1 dia-
betes is the best studied of the conditions and genome- wide associ-
ation scans have shown that allelic variants in more than 60 different 
genes underlie the proclivity to this disorder (Figure 1.7.2) [1, 29]. 
Knowledge of the diversity of the genes in which susceptibility vari-
ants have been found allows some insight into disease pathogenesis 
and highlights novel pathways that could be modified in attempts 
to ameliorate the underlying autoimmune disease process. For in-
stance, variations in the CD25 gene (a subunit of the interleukin 
2- receptor) have been found in type 1 diabetes and AITDs, leading 
to current trials of low- dose IL2 therapy in recent- onset T1D [30]. 
Similarly, variants in B lymphocyte activating factor (BAFF) have 
been found in Graves’ disease as well as multiple sclerosis and sys-
temic lupus erythematosus, suggesting that specific anti- B lympho-
cyte therapies might be efficacious in these conditions. In addition, 
improved knowledge of the diverse genetic burden has begun to be 
used in multiallelic stratification scores to more accurately quan-
tify disease risk in currently unaffected children who have affected 
family members with T1D [31]. The ultimate aim being that such 
stratification may be able to more precisely predict future develop-
ment of T1D and that the highest risk individuals could be targeted 
for preventative therapies.

Antigen and Tissue- Specific Factors

As well as immune system variants, genetic studies have demon-
strated that alleles of the insulin and TSH receptor genes are as-
sociated with T1D and Graves’ disease, respectively [32, 33]. This 
establishes that variations in the target antigens, likely involving 
quantitative differences in expression pattern or regulation rather 
than qualitative alterations of the protein itself, are also important 
in determining the specific endocrine organ involved in auto-
immunity. An important recent development is the discovery that 
T cells from the NOD mouse model of T1D and from T1D patients 
recognize hybrid insulin peptides, formed by fusion of proinsulin 
C- peptide and chromogranin or islet amyloid polypeptide (IAPP) 
fragments [34]. This finding of peptide rearrangement explains 

how such novel antigens can elude the thymic immune educa-
tion process, and provides another layer of complexity to disease 
pathogenesis.

environment and endogenous Factors

Many different non- inherited factors have been shown to influ-
ence the risk of autoimmunity. Some are likely to be common to 
more than one autoimmune disorder such as stress or vitamin 
D insufficiency, and others may be highly specific for a certain 
condition such as a viral infection with a specific tissue tropism, 
or environmental iodine exposure which directly affects thyroid 
function.

Among the best characterized conditions are Graves’ disease 
and type 1 diabetes. As mentioned earlier, dietary iodine supply is 
a significant factor in determining the prevalence of Graves’ dis-
ease in a population. Iceland, where iodine intake is high, has more 
than double the rate of Graves’ disease than found age- matched 
individuals in East Jutland, Denmark, where iodine intake was 
low [35]. Cigarette smoking has a clear association with thyroid- 
associated orbitopathy (TAO) and is also implicated in both preva-
lence of hyperthyroid Graves’ disease and remission rate following 
antithyroid drug therapy. In contrast, smoking has been shown to 
protect against Hashimoto thyroiditis [36]. It is believed that thio-
cyanate compounds contained within cigarette smoke may per-
turb thyroid hormone production. Stress, in the form of adverse 
life events has been implicated in Graves’ disease pathogenesis. 
Analysis of incidence during spells of national conflict have shown 
increased rates, although other, major changes that occur simultan-
eously could be confounding factors (e.g. dietary changes during 
wartime). In addition, significant life events (such as bereavement 
in the year before the onset of the disease) have been linked to the 
onset and remission rate of Graves’ disease [37, 38]. In a prospective 
study, no correlation was found between stressful life events and 
thyroid peroxidase antibody (TPO Ab) status, suggesting that alter-
ations in the cytotoxic or innate arms of the immune system might 
be involved [39]. Pregnancy is also a well- recognized risk factor for 
Graves’ disease [40]. The mechanism for this presumably relates to 
a relative suppression of immune function during pregnancy and a 

10

9
–l

og
10

 P
8

7

6

5

4

3

1 2 3 4 5 6 7 8 9 10

Chromosome

11 12 13 14 15 16 17 18 20 22 X

Figure 1.7.2 Manhattan plot of genetic associations for type 1 diabetes. Genomic single- nucleotide polymorphism (SNP) locations on human 
chromosomes 1– 22, X are shown on the x- axis with the – log10P value in favour of association on the y- axis. High densities of associated SNPs are 
found in many locations, for instance chromosome 1 (PTPN22), chromosome 6 (HLA), chromosome 12 (CD25).
Reproduced with permission from Barrett JC et al. Genome-wide association study and meta-analysis find that over 40 loci affect risk of type 1 diabetes. Nature Genetics 2009; 
41:703–707. Copyright © 2009 Springer Nature. 



SecTIon 1 Principles of Basic and Clinical Endocrinology56

rebound of immune activity in the postpartum period. In contrast, 
oestrogen use protects against Graves’ disease.

Several lines of evidence suggest that enteroviral infection, either 
maternal or in the infant, predisposes to type 1 diabetes. Enteroviral 
ribonucleic acid (RNA) has been identified in the blood of 10– 
50% of newly diagnosed T1D patients and serological evidence of 
enteroviral infection supports a high frequency of previous infection. 
Nevertheless, enteroviral infection is common in healthy controls 
and T1D patients have a distinct immunogenetic make up which 
might result in differences in viral clearance or antibody response 
that could be incidental to any pathogenic role for enteroviruses 
[41]. High birthweight, rapid early childhood growth, obesity, and 
other states of relative insulin resistance have been found to predis-
pose to T1D. This gives rise to the accelerator hypothesis, which pro-
poses that these increased insulin demands drive the autoimmune 
response against the pancreatic β cell [42]. Along similar lines to 
Graves’ disease, adverse psychological stresses have been associ-
ated with T1D risk [43]. It seems possible that the metabolic conse-
quences of this, including hypercortisolaemia and sleep disturbance 
could also lead to increased insulin demand (‘β cell stress’), as well as 
direct effects on immune function. In addition, there are nutritional 
influences for T1D, including reductions in incidence in vitamin D 
supplemented children, and with diets containing more omega- 3 
polyunsaturated fats [43]. With the exception of vitamin D status, 
it remains largely unknown how these different environmental in-
fluences on T1D risk are mediated at a molecular level, and this re-
mains an important subject for future research.β

Future Directions and Summary

Study of the rare monogenic polyendocrinopathy syndromes has 
unveiled fundamental insights into the mechanisms of thymic im-
mune tolerance and peripheral T- cell regulation. In the commoner, 
complex conditions, several variants in both immune system and 
target antigen genes have been implicated. Several new treatment ap-
proaches are in development based on this understanding, including 
clinical trials of low- dose IL2, which may bolster Treg numbers and 
reduce cytotoxic T- cell responses in T1D [30]. In addition, know-
ledge of T- cell epitopes has led to promising studies of desensitization 
to target antigenic peptides [44]. Current therapies for autoimmune 
endocrinopathy still involve replacing the ‘missing’ hormone; it 
seems likely that specifically targeted immunomodulatory therapies 
may become a reality over the next few years.
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Introduction

There is a broad variety of endocrine tumours, defined by their lo-
calization, differentiation, and hormonal activity. They all share in 
common by definition to arise from endocrine cells. For this reason, 
they are mostly observed in endocrine glands. This is evident for tu-
mours primarily located in an endocrine organ, like thyroid, or pitu-
itary tumours. However, because endocrine cells can also be present 
in small quantities scattered in many non- endocrine organs they 
can also be observed in many non- endocrine organs. For instance, 
pulmonary neuroendocrine tumours or paraganglioma (extra- 
adrenal pheochromocytoma) are well- known examples of neuro-
endocrine tumours arising outside an endocrine gland. In some 
very rare instances primary endocrine tumours can be observed in 
various non- endocrine organs like breast or skin. The World Health 
Organization (WHO) 2017 classification of endocrine tumours 
has listed mainly the following entities that will be the focus of this 
chapter: tumours of the pituitary, the thyroid, the parathyroid, the 
adrenal cortex, the adrenal medulla, and extra- adrenal paraganglia, 
the neuroendocrine pancreas, and inherited tumour syndromes [1] . 
Their frequency is listed in Table 1.8.1.

The endocrine symptoms caused by hormone excessive secre-
tion can be the revealing signs of an endocrine tumour. In this case, 
hormonal biology guided by clinical signs leads to the diagnosis of 
hormone excess, and subsequently clinical and imaging investiga-
tions lead to the identification of the causative tumour. However, 
there is a wide range of hormone secretion dysregulation from 
non- secretory to subclinical and overt- secreting tumours. For 

this reason, the tumour can also be found incidentally on medical 
imaging, or due to the tumour mass and finally more rarely distant 
metastasis. Incidentally discovered endocrine tumour is nowadays 
a very frequent and classic situation for adrenal tumours, thyroid 
tumours, and to a lesser extent pituitary and pancreatic neuro-
endocrine tumours. One of the major steps in the investigations of 
these ‘incidentalomas’ is the clinical and biological investigation 
in search of autonomous hormone secretion. The demonstration 
of hormone excess is both important for diagnosis as a kind of 
‘tumour marker’, but also for patient management. For instance, 
a very high prolactin level (typically above 200 ng/ ml) will clas-
sify a pituitary incidentaloma as a prolactinoma. Evidence of cor-
tisol excess will be the main parameter to decide on surgery for 
an incidentally discovered benign adrenal adenoma:  in case of 
overt- cortisol excess, surgery will be indicated; in case of modest 
autonomy of cortisol secretion surgery will be discussed, taking 
into account the potential consequences and the age of the patient; 
finally, in case of a non- secreting adenoma with a perfectly normal 
suppression of cortisol after dexamethasone, there is no indication 
for surgery [2] .

Hormone Dysregulation in endocrine Tumours

One main characteristic of endocrine tumours is usually the par-
tial or complete loss of the normal control of hormone secretion. 
For this reason, endocrine tumours can be responsible for hormone 
excess in keeping in most cases with their cellular origin and differ-
entiation. The main clinical symptoms due to hormone excess and 
their principal biological work- up are listed in Table 1.8.1.

Various mechanisms can be responsible for this hormone ex-
cess. This can be due to the loss of the negative feedback of the 
peripheral hormone, as for instance adrenocorticotropic hormone 
(ACTH) oversecretion escaping the negative feedback of gluco-
corticoids in ACTH- dependant Cushing syndrome. Another level 
of dysregulation is the relative dedifferentiation of the tumour cells, 
leading to mixed secretion as, for instance, prolactin, growth hor-
mone (GH), and thyroid- stimulating hormone (TSH) cosecretion by 
plurihormonal pituitary adenomas. Processing of pro- hormone can 
also be incomplete in endocrine tumour cells, as for example pro- 
insulin maturation in insulinoma. This can be explained by the level 
of expression of the maturing enzyme that differs from the normal 
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Table 1.8.1 General characteristics of endocrine tumours

Estimated 
prevalence in 
general population

% Hormone secretion Main clinical 
presentation

Main hormonal 
investigations for 
diagnosis

Main functional 
imaging used in 
routine

Pituitary gland 0.02– 0.1%

Functional pituitary 
adenoma

70%

Somatotroph 13% GH Acromegaly IGF1, GH suppression 
test

Lactotroph 60% PRL Galactorrhoea PRL

Thyrotroph <1% TSH Hyperthyroidism T4L, TSH

Corticotroph 6% ACTH Cushing’s syndrome Midnight cortisol, free 
urinary cortisol, cortisol 
suppression test, ACTH

Plurihormonal and 
double adenomas

Unknown PRL + GH (= most 
frequent)

Acromegaly and/ or 
galactorrhoea

IGF1, GH suppression 
test, PRL

Non- functional 
pituitary adenoma

30%

Gonadotroph 15– 20% LH, FSH, SUA Asymptomatic LH, FSH, SUA

Null cell adenoma <5% None Asymptomatic No

Silent adenomas often 
aggressive

<5% None, but 
possible tumour 
immunopositivity 
for ACTH and/ or GH 
and/ or or TSH

Headaches, acute 
visual loss

No

Pituitary carcinoma 0.1– 0.2%

Thyroid 4– 5% (palpable 
nodules) > 50% 
(ultrasonographic 
nodules)

Benign tumour 90– 95%

Toxic benign adenoma 15% 
(palpable 
nodules)

T4L, T3L Thyrotoxicosis TSH, T4L I123 scintigraphy

Non- functional benign 
adenoma

85% 
(palpable 
nodules)

None Asymptomatic No

Malignant tumour 1– 10 / 100 000 in 
men
2.5– 20/ 100 000 in 
women

5– 10%

Differentiated thyroid 
carcinoma

95% None Asymptomatic Follow- up by TG follow- up by I123 
scintigraphy (or I131 
in case of concomitant 
treatment)Anaplastic thyroid 

carcinoma
1– 9/ 1 000 000 <2% None Asymptomatic/ local 

compression
Follow- up by TG

Medullary thyroid 
carcinoma

1/ 14 300 <5% TCT Asymptomatic/ flush 
and diarrhoea

TCT Fluoro- DOPA- PET

Parathyroid gland 0.85/ 1000

Parathyroid adenoma 99% PTH Primary 
hyperparathyroidism 
(hypercalcaemia 
symptoms and 
complications such 
as nephrolithiasis and 
osteoporosis)

Calcaemia, PTH, 24 
hours calcinuria

MIBI scintigraphy

Parathyroid carcinoma <1% More severe primary 
hyperparathyroidism 
with possible 
malignant 
hypercalcaemia
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cells, especially in the case of malignant tumours. A classic example 
of that is the processing of pro- opio- melanocortin (POMC) by ag-
gressive lung cancer causing high secretion of this non- matured 
ACTH precursor by comparison with pituitary corticotroph 

adenoma maturing POMC almost like a normal pituitary cell [3] . 
Activation of cell signalling pathways controlling hormone secre-
tion has been explained by genetic defect of main component of 
this pathway in some endocrine tumours. For instance, the cAMP 

Estimated 
prevalence in 
general population

% Hormone secretion Main clinical 
presentation

Main hormonal 
investigations for 
diagnosis

Main functional 
imaging used in 
routine

Adrenal cortex 5%

Adrenal adenoma 80%

Non- secreting 75% None Asymptomatic

Aldosterone secreting 
(Conn adenomas)

2.50% Aldosterone Hypertension and 
hypokalaemia

Renin and aldosterone 
(decubitus) +/ -   
suppression test (salt 
load)

Cortisol secreting 12% Cortisol Cushing syndrome Midnight cortisol, free 
urinary cortisol, cortisol 
suppression test, ACTH

Noriodocholesteror 
scintigraphy

Adrenocortical 
carcinoma

1/ 1 500 000 2– 25% 
depending 
on tumour 
size

Adrenal steroids 
(glucocorticoids, 
androgens, 
mineralocorticoids) 
and precursors

From asymptomatic 
to hyperandrogenia, 
Cushing syndrome, 
hypokalaemia 
hypertension

FDG- PET scan

Adrenal medulla 
and extra- adrenal 
paraganglia

1– 9 / 1 000 000

Pheochromocytomas 1/ 500 000 70% (10% 
malignant)

Metanephrines and 
Normetanephrines

Menard 
triad: headaches, 
palpitations and 
tachycardia, sweating

Urinary and plasmatic 
metanephrines and 
normetanephrines

MIBG scintigraphy

Paragangliomas 1/ 1 000 000 30% (30% 
malignant)

Urinary and plasmatic 
metanephrines and 
normetanephrines

Fluoro- DOPA- PET

Neuroendocrine 
pancreas

2– 3/ 100 000
Malignant:  
0.8/ 100 000

Non- functioning 60– 90% Asymptomatic Chromogranin A

Functioning 10– 40% Chromogranin A Somatostatin receptor 
imaging

Insulinoma 39% (<10% 
malignant)

Insulin Hypoglycaemic 
symptoms

Insulin and C- peptide 
during fasting trial 
or concomitant 
with spontaneous 
hypoglycaemia

(somatostatin receptor 
scintigraphy or 
PET/ CT with 18Ga 
labelled somatostatin 
analogues)

Glucagonoma 2% (50– 80% 
malignant)

Glucagon Rash, glucose 
intolerance, weight loss

Glucagon

Gastrinoma 25% (60– 90% 
malignant)

Gastrin Pain, diarrhoea, 
oesophageal 
symptoms

Gastrin Fluoro- DOPA- PET

VIPoma 7% (40– 70% 
malignant)

VIP (vasoactive 
intestinal peptide)

Diarrhoea, 
hypokalaemia, 
dehydration

VIP

Somatostatinoma <1% (>70% 
malignant)

Somatostatin Diabetes mellitus, 
cholelithiasis, 
diarrhoea

Somatostatin FDG- PET scan 
(malignant tumours)

Serotonin- producing 
tumours with and 
without carcinoid 
syndrome

25% (60– 88% 
malignant)

Serotonin Flush, diarrhoea, 
abdominal pain, 
cardiopathy

Serotonin

ACTH- producing 
tumour with Cushing 
syndrome

Rare (>95% 
malignant)

ACTH Cushing syndrome Midnight cortisol, free 
urinary cortisol, cortisol 
suppression test, ACTH
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pathway will be activated by somatic mutations of several of its 
components in different types of benign oversecreting endocrine 
tumours (i.e. the TSH receptor in toxic thyroid adenoma, the stimu-
latory G protein (GNAS) in somatotroph adenomas, and the cata-
lytic alpha of the protein kinase A (PRKACA) in cortisol- secreting 
adrenal adenomas). Interestingly, some germline defects activating 
the same cAMP pathway, like mutations of the regulatory subunit of 
PKA (PRKAR1A) in Carney complex, cause various endocrine tu-
mours including GH- secreting adenomas and primary pigmented 
nodular adrenal hyperplasia leading to cortisol excess (ACTH- 
independent Cushing’s syndrome) [4].

In term of biological investigations, hormone excess will be dem-
onstrated by basal assays and/ or dynamic tests depending on the type 
secreting tumours (see Table 1.8.1). Basal assays can be sufficient for 
some tumour types and often in many other tumour types in case of 
a severe hormone excess. These different requirements reflect mostly 
the physiology of the investigated hormones: a hormone with a quite 
stable level of secretion during the nychthemeron (e.g. thyroid hor-
mone) will not require dynamic testing. Thyroid tumours usually 
require only basal assay of TSH, fT4, fT3 and, in case of medullary 
thyroid cancer, calcitonin. By contrast, investigations of the highly 
variable corticotroph axis will in most cases require multiple dynamic 
testing for an accurate diagnosis. It can be also the demonstration of 
an inadequate level of an hormone by comparison with an increased 
level of its target that will prove hormone excess: for instance, a still 
in the normal reference range of the laboratory level of parathy-
roid hormone (PTH) with a high calcium level will be considered 
as not supressed and therefore inappropriately elevated. Dynamic 
tests to demonstrate hormone autonomous secretion required for 
various tumour types are mostly suppression tests. For instance, 
GH oversecretion in acromegaly will be demonstrated by a non- 
suppressed GH level after an oral glucose load, and cortisol excess in 
case of Cushing syndrome by a non- suppressed cortisol level during a 
dexamethasone suppression test. These tests are especially needed in 
case of a modest autonomy of hormone secretion and for this reason 
are also often important to exclude oversecretion. Multiple basal hor-
mone assays can also help to demonstrate hormone dysregulation in 
some endocrine tumours; for instance, repeated assays of glucose and 
insulin during a fasting test in insulinoma or study of the circadian 
rhythm of cortisol in Cushing’s syndrome.

Tumours with a neuroendocrine differentiation will also present 
abnormal secretion of granins. Granins are a major component of 
secretory granules. They participate in the maturation and exocytosis 
of secretory vesicles releasing active neuropeptides and hormones. 
Among them, chromogranin A (CgA) presents an increased secretion 
in patients with neuroendocrine tumours of various type and location 
[5] . CgA is therefore used as a tumour marker in these patients, both 
for diagnostic and follow- up, especially in case of malignant tumours.

Membrane Receptors in endocrine Tumours: 
Implications for Pathophysiology, Imaging, 
and Treatment

Membrane receptors belonging to the family of seven transmem-
brane receptors coupled to G protein (RCPG) are present in endo-
crine cells. Specific ligands binding these receptors play a major 
role in endocrine gland development, maintenance, and hormone 

secretion, such as TSH receptor (TSH- R) in the thyroid, or growth 
hormone- releasing hormone (GHRH) receptor in the pituitary 
somatotroph tumours. Endocrine tumours in most cases still ex-
press these receptors, except in situations of dedifferentiated tu-
mours that are mostly observed in some rare endocrine cancers. 
Dysregulation of these receptors can play a role in the pathophysi-
ology of endocrine tumours, such as activating mutations of the 
luteinizing hormone (LH) receptors in Leydig cells tumours or il-
legitimate receptors expression in bilateral primary macronodular 
adrenal hyperplasia (PBMAH) [6] . These receptors can also be 
used for imaging in part of the extension work- up. For instance, 
many neuroendocrine tumours express the somatostatin receptor. 
Scintigraphy with radio- labelled somatostatin agonist has been de-
veloped for neuroendocrine tumour imaging [7]. Somatostatin re-
ceptor scintigraphy is probably the most advanced and used peptide 
receptor based medical imaging in endocrine tumours. But other 
receptors can also be targeted for medical imaging, like GLP- 1 in 
insulinomas.

The presence of RCPG in endocrine tumours is also the basis 
of various therapeutic approaches. For instance, suppressive 
levothyroxine treatment in differentiated thyroid cancer aims 
at reducing the stimulation of the TSH- R by endogenous TSH. 
Somatostatin analogues are used in the treatment of various type of 
endocrine and neuroendocrine tumours mostly to inhibit hormone 
secretion, but also to control tumour growth.

outcome and Prognosis of endocrine Tumours

The majority of endocrine tumours are benign. These benign tu-
mours often present a very slow progression when they are simply 
monitored, as it can be done in many thyroid benign tumours or 
some incidentally discovered non- secreting adrenal adenomas. In 
this case, symptoms will be mostly related to hormone excess or 
compression of adjacent organs, the latter being usually observed 
in large tumours.

Malignant tumours can be observed in all the endocrine glands, 
but with a different frequency and aggressiveness. For instance, pi-
tuitary carcinomas or parathyroid carcinomas are very rare with a 
reported prevalence of only 0.1% of all pituitary tumours and less 
than 1% of parathyroid tumours, respectively. By contrast, malig-
nant pheochromocytoma or paraganglioma (PPGL) or thyroid 
cancer account for 10– 20% of all PPGL and 5– 10% of all thyroid 
tumours, respectively. Thyroid cancers are the most frequent endo-
crine cancer and are estimated to represent about 2% of the total 
cancer incidence. It is worth to note an increase in the incidence of 
thyroid cancer worldwide that might be at least in part explained 
by the increasing use of ultrasonography leading to more frequent 
diagnosis [8] . This is probably the most documented example of the 
increased incidence of incidentally discovered endocrine tumour.

Distinguishing malignant from benign endocrine tumours may 
be difficult even for the pathologist. This is because endocrine can-
cers are often well differentiated and share common pathologic 
characteristics with benign endocrine tumours. Pathological ex-
pertise is therefore a key for the diagnosis of many endocrine tu-
mours, especially for rare tumours like adrenocortical cancer. For 
some tumour types like PPGL, malignancy can only be firmly af-
firmed by the presence of distant metastasis. The malignancy of a 
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pituitary tumour (i.e. pituitary carcinoma), is defined by cerebro-
spinal and/ or systemic dissemination— the central nervous system, 
including brain, spinal cord, and meninges, representing the most 
common metastatic site. In parathyroid carcinomas, reliable indica-
tors of malignancy, including invasion of adjacent tissues or meta-
static spread, are rarely observed at the time of diagnosis. Other 
histological features such as capsular invasion, vascular invasion, 
thick fibrous bands, and mitotic activity orient towards malignancy 
but are not specific of cancers and can also be found in parathyroid 
adenomas. For some cancers pathological scores have been devel-
oped to improve the diagnosis of malignancy, including the Weiss 
score for the adrenal cortex and the PASS (pheochromocytoma of 
the adrenal gland scaled score) for the adrenal medulla. However, 
some approaches might be more common to several endocrine tu-
mours. For instance, the Ki- 67 index reflecting cell division and 
mitosis is used in various endocrine tumours for the diagnosis of 
malignancy and/ or for the prognostication of malignant tumours.

Indeed, in endocrine cancers the prognosis varies greatly from 
one tumour type to another (Table 1.8.2). The prognosis of dif-
ferentiated thyroid cancer is generally excellent with a 10- year 
survival rate of 90%, while the prognosis of pituitary or meta-
static adrenocortical cancer is generally poor, with a median sur-
vival not exceeding 2 years. In most endocrine cancers, tumour 
stage at diagnosis will impact the prognosis. However, within a 
single tumour type and for similar tumour stage, prognosis can 
vary among patients. Furthermore, one specificity of endocrine 
cancers is that hormone related complications may also impact 

survival as well as tumour burden itself. Precise prognostication 
of endocrine cancer is often difficult. This could be explained by 
some specificity of endocrine tumours but also the rarity of endo-
crine cancers that is a limitation to design large clinical studies to 
investigated prognostic markers. The hope in the near future is 
that molecular markers will improve diagnosis and prognostica-
tion of endocrine cancers [9] .

Genetics of Familial and Sporadic Tumours

Much progress in the genetics of endocrine tumours has been made 
since the identification of the proto- oncogene RET in multiple 
endocrine neoplasia type 2 [10]. Endocrine tumours can be ob-
served in many genetic diseases responsible for familial neoplasias. 
In this case, a germline genetic defect of a tumour suppressor gene 
or, more rarely, an oncogene- activating mutation is present. Some 
of these genes predispose to various different types of endocrine 
tumours, like the proto- oncogene RET or the tumour suppressor 
menin (MEN1). Other tumour suppressor genes are apparently re-
sponsible for a single type of endocrine tumour like pituitary aden-
omas in patients with AIP mutations or adrenocortical tumours in 
patients with ARMC5 mutations. Although inherited endocrine tu-
mours can be diagnosed at various ages, the general rule is that the 
younger the patient is the more likely a genetic cause could be found. 
For instance, pituitary adenomas are more frequently of genetic 
origin before the age of 20- year- old and a genetic cause of primary 

Table 1.8.2 Prognosis of endocrine cancers

 Tumour type Overall survival Factors associated with poor prognosis

Age Sex Tumour extent Hormonal 
secretion

Histological 
features

Genetic 
markers

Pituitary  
carcinoma

50% at 2 years 
(metastatic tumours)

Systemic metastases Non- functional 
tumours

Differentiated  
thyroid carcinoma

90% at 10 years Older age Large tumour size
Local invasion
Lymph node involvement
Distant metastases

High postoperative 
thyroglobulin level

Non- papillary 
subtype  
Vascular invasion

BRAF V600E 
mutation

Anaplastic thyroid 
carcinoma

20% at 1 year Older age Male Large tumour size  
Distant metastases

Medullary thyroid 
carcinoma

75% at 5 years Older age Male Local invasion
Lymph node involvement
Distant metastases

High postoperative 
thyroglobulin level 
Calcitonin doubling 
time < 6 months

RET M918T 
mutation

Parathyroid  
carcinoma

80% at 5 years Older age Male (Large tumour size)  
(Lymph node involvement) 
Distant metastases

High calcium level

Adrenocortical 
carcinoma

40% at 5 years Older age Local invasion
Lymph node involvement
Distant metastases

Cortisol- secreting 
tumours

Ki- 67 index > 20%
Mitotic count > 
5/ 50 HPF

BUB1B- PINK1 
differential 
expression

Malignant 
pheochromocytoma- 
paraganglioma

50% at 5 years 
(metastatic tumours)

Large tumour size  
Visceral metastases

Catecholamines 
excess

Paraganglioma SDHB 
mutation

Pancreatic 
neuroendocrine 
tumours

50% at 5 years Large tumour size  
Lymph node involvement
Distant metastases

Non- functional 
tumours

Glucagonoma/ 
VIPoma Grade 3 
(Ki- 67>20%)
Poorly 
differentiated 
tumours
Vascular invasion

HPF, high-power field.
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hyperparathyroidism is very rare after 50- year- old. Endocrine can-
cers occur mostly in adults, even though some paediatric cases are 
described, mainly as part of tumour predisposition syndrome, such 
as hereditary PPGL (SDH germline mutation), multiple endocrine 
neoplasia type 1 (MEN1) or type 2 (RET), or Li Fraumeni syndrome 
(TP53).

Some endocrine tumours like pheochromocytoma and 
paraganglioma are of genetic origin in more than 30% of the cases. 
Depending on the causative gene, the outcome of the tumours 
might differ. It is therefore important in newly diagnosed patients 
with an endocrine tumour to consider the possibility of a genetic 
cause and to identify the patients to be referred to the geneticist, not 
only for familial screening but also for patient management [11].

The development of genomics, allowing us in a single experiment 
to study at the pangenomic level of genetic and epigenetic alter-
ations, has been very helpful to progress in the molecular genetics 
of sporadic as well as familial endocrine tumours and the molecular 
classification of endocrine tumours. The integrated genomics of 
various endocrine cancers has been possible. It is due to these ana-
lyses that the burden of either mutation of driver genes or chromo-
somal alterations are recognised as important determinants of the 
classification of endocrine cancers and are associated with patient 
outcome [12].

Management of Benign endocrine Tumours

Treatment is required to correct or prevent tumour growth 
and/ or hormone excess. However, some benign non- secreting 
endocrine tumours considered after appropriate investigations 
to have no significant clinical consequences and not being at 
risk of rapid growth will be simply monitored. This is often the 
case for small incidentalomas of the thyroid, pituitary, adrenal 
cortex, or endocrine pancreas. In all the other situations, treat-
ment will be required. In many cases, surgery will be indicated 
as the treatment of choice since complete tumour removal will 
also treat the cause of hormone excess. Surgery will usually def-
initely cure a benign endocrine tumour. However, recurrence 
might occur in cases of tumour remnant, or genetic or envir-
onmental factors favouring the development of a second benign 
tumour. Furthermore, in some endocrine glands (e.g. the pitu-
itary) complete removal might be difficult to warrant because 
of local invasion to the adjacent structure and recurrence might 
be observed, sometime years after the initial surgery. For this 
reason, long- term follow- up is usually needed. Some benign se-
creting tumours might require a specific medical treatment to 
control hormone excess in patients that could not be operated 
upon because of comorbidity, severe consequences of hormone 
excess, or when complete tumour removal is not possible or ex-
pected. For some tumour types, surgery might not be always the 
first treatment of choice when a specific medical option might 
offer a definitive cure. This is, for instance, the case in thyroid 
toxic adenoma treated with radioiodine. Antisecretory treatment 
will depend on the type of endocrine tumour and its secretion, 
and will aim at inhibiting directly hormone hypersecretion from 
the causative tumour or indirectly on its targets. For instance, 
somatostatin analogues can be used to treat ACTH- secreting 

tumours, but anticortisolic treatment can also be used to in-
hibit, at the adrenal cortex level, the cortisol production driven 
by ACTH excess. Medical treatment of hormone excess can also 
rely on drugs blocking the peripheral action of hormones at the 
receptor level:  for instance, spironolactone to inhibit the min-
eralocorticoid receptor in case of primary aldosteronism, or GH 
antagonists to block the GH receptor in case of GH- secreting 
pituitary adenomas. Symptomatic treatment of the clinical con-
sequences of hormone excess is also important, like glucose- 
lowering drugs in case of diabetes secondary to acromegaly or 
Cushing’s syndrome, β- blockers in case of hyperthyroidism, or 
antihypertensive drugs in case of pheochromocytoma.

Management of Malignant endocrine Tumours

In endocrine cancers, treatment will aim at controlling tumour 
growth and metastasis. In secreting cancers, the treatment of hor-
mone excess will often need to be associated with the antitumour 
treatment. Somatostatin analogues are used in various endo-
crine cancers to inhibit both hormone secretion and tumour 
growth [13]. Some more specific drugs like mitotane, used only 
in adrenocortical cancer, aim at both inhibiting steroid synthesis 
and tumour growth. Owing to the rarity of endocrine cancers, 
only few randomized controlled studies have investigated med-
ical treatments for these diseases, and surgery is still the main-
stay of treatment of most endocrine malignancies (Table 1.8.3). 
In localized tumours, surgery will be indicated in the majority 
of endocrine cancers, aiming at complete tumour removal. This 
often requires experienced surgeons in a multidisciplinary set-
ting to offer the best chance of cure, at least for the rare forms 
of endocrine cancers. In metastatic diseases, surgery might still 
have a role in some type of endocrine cancers, when the number 
of metastatic organs is limited as well as the tumour load, and 
that the tumour progression is slow. The decision usually requires 
a multidisciplinary discussion in expert centres to offer the best 
standard of care. For the same reason, progressive endocrine 
cancers after initial treatment might benefit from loco- regional 
approaches, including repeated surgeries, radiofrequency abla-
tion, or radiotherapy. This helps to reduce the tumour burden, 
prevent loco- regional complications, and symptoms related to tu-
mour mass and can also improve hormonal control for secreting 
tumours. This is often the case for well- differentiated pancreatic 
endocrine cancers or malignant PPGL with a slow progression. In 
case of asymptomatic, low- tumour burden, non- progressive dis-
ease, a ‘wait and see’ strategy could even be discussed.

Some specific radionuclide treatments are given in endocrine 
cancers because of the capacity of the tumour cells to uptake the 
administered drug in a quite specific manner (for synthesis of its 
specific hormone or when the cell expresses significant amount 
of a membrane receptor). Radioiodine (I– 131) therapy is re-
commended in differentiated thyroid cancers after surgery in 
patients with high- risk of recurrence as well as in patients with 
metastatic disease. metaiodobenzylguanidine (MIBG) therapy 
can be used in malignant PPGL and somatostatin analogues 
radionuclide therapy is in development in pancreatic neuro-
endocrine tumours.
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Most endocrine cancers are not good responders to classic 
systemic cytotoxic chemotherapy usually administrated in many 
non- endocrine cancers. For this reason, systemic chemotherapy 
is used in a limited number of aggressive endocrine cancers. For 
instance, chemotherapies are given in frontline treatment of ad-
vanced anaplastic thyroid cancer with taxanes, anthracyclines, 
and platinum- based regimens. Systemic chemotherapy with 
streptozotocin is used in progressive poorly differentiated endo-
crine pancreatic cancers. In metastatic adrenocortical cancer, 
the combination of mitotane and platinum chemotherapy repre-
sents the standard frontline treatment, even though this regimen 
shows limited efficacy [14]. Temozolomide monotherapy gives 
encouraging results in pituitary cancer and malignant PPGL 
[15, 16].

Because of the limited efficacy of systemic chemotherapy in 
endocrine cancers, efforts have been developed to see whether tar-
geted therapy might offer a good alternative. Ideally, this should be 
based on molecular evidence of genetic alteration in the signalling 
pathway targeted by the drug. A good example of this approach is 
the differentiated thyroid cancer in which the mitogen- activated 
protein (MAP) kinase pathway is commonly activated, most often 
due to BRAF- activating mutations. The use of BRAF and mitogen- 
activated protein kinase kinase (MEK) inhibitors in thyroid cancers 
has proved to be efficient. Interestingly, in thyroid cancer refractory 
to radioiodine because they do not uptake radioiodine anymore, 
the MAP kinase pathway inhibition allows the re- differentiation 
of tumour cells and restores radioiodine uptake, and therefore, re-
sponse to I– 131 therapy [17]. Other targeted therapies include the 
multitargeted kinase inhibitors sorafenib and lenvatinib, acting 
on angiogenesis, which is also a hallmark of differentiated thy-
roid cancers. Activating mutations of RET observed in medullary 
thyroid cancer also offer therapeutic perspectives. The tyrosine 
kinase inhibitors vandetanib or cabozantinib, which target both 
RET and vascular endothelial growth factor receptor (VEGFR) kin-
ases, can be used in first- line systemic therapy of medullary thy-
roid cancer. Finally, some anaplastic thyroid cancer may respond 
to antiangiogenic drugs and to ALK or BRAF inhibitors[18]. The 
mTOR inhibitor everolimus, as well as the antiangiogenic drug 
sunitinib, have proven their efficacy in pancreatic endocrine can-
cers [19, 20]. Antiangiogenic tyrosine kinase inhibitors seem also 
promising in malignant PPGL, and a phase III study with sunitinib 
is ongoing [21].

conclusion

The broad variety of endocrine tumours clearly illustrates very 
different situations in terms of tumour growth and hormone ex-
cess. They share in common the need for a specialized imaging, 
biological, and sometimes pathological expertise for an accurate 
diagnosis. Treatment will depend on the tumour type and its secre-
tory activities, going from simple monitoring to combination of 
various therapies aiming at controlling both secretion and tumour 
growth. For tumours requiring an active treatment, the best man-
agement will often have to be discussed in a multidisciplinary 
specialized team.
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Historical Introduction

The recognition of a hereditary component in plant and animal 
phenotypes and human disease dates back many centuries but the 
start of genomic medicine may best be linked to the description of 
DNA’s double helical structure reported by Watson and Crick in 
1953 [1]  (Figure 1.9.1). It is perhaps surprising that this actually 
predates other discoveries, now taken for granted, such as recog-
nition of the correct number of human chromosomes (46 not 48), 
reported in 1956 by Tijo and Levan [2] and 3 years later the first pa-
pers reporting numerical chromosomal abnormalities in humans, 
accounting for three widely recognized clinical disorders:  Down, 
Turner, and Klinefelter syndromes [3– 5].

Karyotype analysis should be considered a genomic test in that 
it looks at the whole genetic architecture and the potential interrela-
tionships therein, to identify their combined influence rather than the 
study of a focused single gene test which scrutinizes a specific genes 
sequence and function (adapted from the World Health Organization 
(WHO)’s definition) [6] . It took a series of significant technological 
advances over the next three decades to bring significant progress in 
sequencing power and enable the delivery of more widespread genetic 
and genomic testing. It is important for individuals wanting to incorp-
orate these technologies into their clinical practice understand the dif-
ferences between these two types of testing, which tests they should 
request and the differences in the information generated (Table 1.9.1).

The investigation of chromosomal disorders became more sen-
sitive during the 1970s, firstly utilizing chromosome banding tech-
nologies and then in the 1980s and 1990s utilizing fluorescent 
labelled probes that could detect as subtle deletions, duplications, 
and translocations [7]  (Figure 1.9.1). These remain important in 

detecting significant copy number variants (CNVs) in endocrin-
ology, such as the 22q11 deletion resulting in hypoparathyroidism 
in DiGeorge syndrome (Figure 1.9.2) but will likely become redun-
dant as microarray, and then whole genome analysis, becomes the 
universal platform.

In 1977 Fred Sanger described a technology, now known as Sanger 
sequencing, which utilizes radioactive or fluorescent tagging of 
chain- terminating dideoxynucleotides which are incorporated into 
DNA during its replication [8] , and with further development of 
polymerase chain reaction (PCR) by Kary Mullis in 1983 [9] meant 
sequencing individual genes became more practical. The processes 
were, however, slow and expensive compared to currently available 
technology, as only a single sequence could be read on each analysis. 
Despite these limitations, in 1986 Royer- Pokora reported the first 
successful identification of a gene by positional cloning, a process 
by which the chromosomal location of a disease gene is continually 
refined by a series of experiments until a small enough number of 
candidates is reached within that region to enable individual sequen-
cing of these genes. Three papers were published in 1986 and 1987 
reporting the identification of the genes for chronic granulomatous 
disease, Duchenne muscular dystrophy and retinoblastoma [10– 12].

Over the next two decades the rate and number of genes identi-
fied by these technologies gradually increased but there was a parallel 
technological development occurring in the non- clinical arena which 
would revolutionize human genetic discovery and service delivery. 
Massively parallel signature sequencing (MPSS) was being developed 
by a series of technological advances during the 1990s which sub-
sequently resulted in the publication of Brenner et al. in 2000 [13]. 
Although it was several years before this became commercially avail-
able, the change in the diagnostic power are readily be illustrated by 
gene discovery before and after the introduction of this technology 
which we now know as next generation sequencing (NGS). Whereas 
Sanger sequencing analysed just one region of genetic coding in a 
single experiment, NGS could analyse many thousands of sequences 
simultaneously. There are currently several different NGS technologies 
available and readers wanting to understand more about the specific 
platforms are referred to the paper of Reuter et al. [14].

In 1989 Riordan et al. [15] reported the cloning and sequencing 
of the cystic fibrosis gene utilizing a Sanger- based approach. This 
was the culmination of research on thousands of families, by over 
100 groups worldwide, and costing many millions of pounds. In 
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1953
1953  DNA double helix described
1956  Correct human chromosome number of 46 reported
1959  Trisomy 21, 45XO and 47 XXY karyotypes reported
1961  DNA triplet code linked to amino acids

1971  Chromosome G banding reported

1977  Sanger sequencing

1983  Polymerase chain reaction (PCR) reported

1986  First disease genes identified by positional cloning CGD, Rb, and DMD
1986  Human cytogenetic analysis using Fluorescent in-situ hybridization

1990  Human genome project (HGP) initiated

2000  Brenner et al. paper on next generation sequencing
2001  Initial draft from HGP
2003  HGP Full sequence completed

2010  Ng et al. identify DHODH gene by next generation sequencing

2014  First reports in media of $1000 genome

Figure 1.9.1 Timeline of genetic milestones.

2010, Ng et al. reported the identification of the Miller syndrome 
gene (DHODH), which was the work of a single collaborative group 
investigating four individuals in three families using NGS exome 
analysis, and was the first report of success using this approach 
[16]. The confirmed the suspected potential and many initiatives, 
including large scale national programmes were instigated.

In April 2011 the first patients were recruited into two national gen-
omic projects in the United Kingdom [17] and Canada [18], which while 
not unique, they are illustrative of the rapid change occurring world-
wide [19]. In the United Kingdom the Deciphering Developmental 
Disorders, was a national collaboration led by clinical geneticists and 
scientists from Sanger Institute in Cambridge [17] and in Canada the 
FORGE project (Finding of Rare Disease Genes in Canada) was led by 
genomic centres in Ontario, British Columbia and Quebec [18]. Within 
18 months the FORGE project had discovered 41 novel genes not pre-
viously linked to human disease [18] and the DDD study has currently 
published over 100 papers [17]. Through projects such as these it rap-
idly became apparent the new challenge would not be sequencing our 
genome or identifying new genes but interpreting the ‘avalanche’ of 
data generated. How could this be delivered equitably, accurately and in 
a timely fashion across healthcare systems where it is estimated that 1 in 
17 have a rare disease (a disease less frequently than 1 in 2000), of which 
the majority will have a genetic basis [20]?

Much of this work was underpinned by a multinational project 
planned to run from 1990 and 2005 to sequence the whole genome 
(The Human Genome Project) which published an initial draft in 
February 2001 and the full sequence in April 2003 [21]. This resulted 
in a re- evaluation of the number of human genes from the previously 
estimated number of over 50  000 to just over 22  000 but the func-
tion of many of these genes remains unclear. The cost of the project 

to sequence the initial genome of three billion base pairs was $3billion 
whereas now a whole human genome sequence can be generated for 
less than a $1000, although this does not necessarily include the larger 
cost of additional interpretation that is typically required (Figure 1.9.3).

The societal and political impact had also not gone unnoticed, for 
example, in 2009 the European Commission produced a directive 
to its 28 member states requiring them to develop and implement 
a Rare Disease Strategy for their citizens [22]. Without doubt this 
added impetus to numerous initiatives such as the 100 000 Genome 
Project which was launched in the United Kingdom in 2014 [20, 23] 
and a raft of clinical and laboratory initiatives across healthcare ser-
vices worldwide. The challenge remains however how to deliver 
these aims across a whole population health system ensuring en-
gagement of all health professionals not just those working within 
the specialism of clinical genetics [20, 24].

Delivery of Genetic Testing

There are significant challenges to the introduction of genetic inves-
tigation into the wider clinical setting. To date the majority of gen-
etic testing has been organized through specialist clinical genetics 
services, only feasible as the number of individuals in whom testing 
was possible remained small. Genetic practitioners would evaluate 
the clinical history, assess the likelihood of an identifiable genetic 
cause being present based on the knowledge at that time and iden-
tify the most appropriate test. They would consent the appropriate 
member of the family for the initial test, typically an affected indi-
vidual and not necessarily the initial consultant. The clinician would 
ensure individuals were aware of the medical and non- medical 
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Table 1.9.1 Examples of likely test selection dependent on presentation or disorder

Genetic mechanism Disorder Test type to order

Likely sex chromosome aneuploidy Turner syndrome
Klinefelter syndrome

Routine karyotype

Likely predictable copy number variant 
(CNV)

Disorder of sex development (DSD) and Wilm’s tumour
Hypoparathyroidism associated with DiGeorge syndrome

FISH for 11p13 deletion
FISH for 22q11.2 deletion

Possible CNV— but not predictable Developmental delay, short stature, and congenital 
anomalies

Microarray

Single gene disorder with known 
association with single gene ¹

MEN type 1
MEN2/ MTC
CAH due to 21 hydroxylase Deficiency
Classical osteogenesis imperfecta (OI)¹
Achondroplasia short stature

Sanger sequence Menin
Sanger sequence Ret oncogene
Sanger sequence Cyp21A2
Sanger sequence Col1A1+ Col1A2
Sanger sequence FGFR3

Disorder that may be genetic but ‘limited’ 
heterogeneous aetiology— often less than 
20 genes associated

Isolated hyperparathyroidism
Isolated phaeochromocytoma
DSD with undefined steroid pathway abnormality
Atypical OI or bone fragility

NGS with interrogation of defined HPT gene panel
NGS with interrogation of defined 

phaeochromocytoma gene panel
NGS with interrogation of defined DSD gene panel
NGS with interrogation of defined bone fragility gene 

panel

Disorder which may be genetic but 
extremely heterogeneous— often  
more than 100 genes

Syndromic short stature and developmental delay
Syndromic obesity and/ or overgrowth
Undefined skeletal dysplaia³

²NGS with large panel of genes interrogated  
or alternatively

Clinical exome or whole genome sequencing

¹ Some laboratories may do the sequencing on an NGS platform but only interpret specific relevant genes.
² Decision on whether NGS with extended panel analysis is by a clinical exome or whole genome may depend on laboratory informatics platforms.
³ Decision on which test to select will be influenced by requesting clinicians diagnostic expertise, for example when investigating short stature due to a skeletal dysplasia the clinician 
might be expected to recognize and request specific test for achondroplasia rather than a skeletal dysplasia panel or clinical exome. For more complex clinical disorders, a local 
integrated genomic network (Figure 1.9.4) could help support and direct the most appropriate clinical test.

implications of the result to both affected family members, and 
those unaffected relatives who despite being asymptomatic may be 
at risk of developing the disorder in the future. This consent also 
needs to consider any relevance yet to be born individuals.

Such genetic counselling is both time- consuming and often outside 
the training and experience of non- genetics clinicians. The increased 
requirement for genetic or genomic testing, however, means that in fu-
ture most diagnostic and precision management testing will have to be 
delivered by non- clinical geneticists. It is also pertinent that as more 
disorders and clinical presentations are recognized as having a mono-
genic aetiology or significant genetic component, the expert insight 
from non- clinical genetic specialists into the understanding of the nat-
ural history and management discussions, to support of clinical genetic 
colleagues will be equally vital if services are to be effective. The model 
of medical care delivery in the genomic medicine arena will therefore 
need to address the limited number of trained clinical and laboratory 
genetic specialists, necessary to deliver a service where up to 1 in 17 of 
the population may have a genetic disorder. Timely understanding of 
the genetic aetiology may have a direct impact on the optimal man-
agement, for example in some endocrine tumour or diabetic disorders. 
Reliance on clinical geneticists alone will delay the delivery of potential 
patient benefits from such expanding genomic knowledge.

Bowdin et al., in their paper ‘Recommendation for the integration 
of genomics in clinical practice’ [25] provide some important and clear 
principles that would enable a model to be developed which is less 
heavily dependent on clinical genetic resources. They identify that 
the requesting clinician should be competent in the following broad 
areas: (i) obtaining an appropriate family history and genetic evalu-
ation; (ii) ability to determine the most appropriate test; (iii) provide 
adequate information to obtain informed consent and iv the ability to 
interpret the genomic results and provide adequate post- test counsel-
ling, or identify a suitable source of such advice (Table 1.9.2).

In Tables 1.9.3 and 1.9.4 we provide some examples of the principles 
which may underpin the choice of test with some examples to illustrate 
these. The test and methodology of testing (Table 1.9.1) will be influ-
enced not just by the evidence on detection rate and resources, but also 
the clinical validity and utility of the test, accessible funding, and po-
tentially guidance within the healthcare system. Bowdin et al. [25] illus-
trate this by referring to the differences in the decision making between 
Canada and the United States, and even within insurance providers 
in the United States [25]. In other publicly funded services there may 
be a nationally agreed set of guidelines as documented in the United 
Kingdom on the UK Genetic Testing Network website [26], soon to be 
transferred to a national directory. Even with guidance on patient and 
test selection, nominating who should undertake testing, consent, and 
provide support mechanisms to help interpret and return results and 
develop patient pathways will remain a challenge. It is likely that inte-
grated care networks or multidisciplinary team working with a ‘local 
decision- making pathway’ will improve the patient access and service 
delivery by identifying on- going professional education opportunities. 
It can also optimize data collection and provide clinical support to col-
leagues with hard to interpret or unexpected results (Figure 1.9.4).

Barriers and Solutions to Integrating Genomic 
Technologies into a Wider Healthcare Service

evaluating the cost

The cost is decreasingly seen as a barrier to genomic testing as the 
sequencing costs fall to levels at or below many other routinely ordered 
clinical tests. The milestone of whole genome sequencing (WGS) for 
under $1000 has been passed and some commercial ventures are ad-
vertising sequencing for half this figure or less which is similar to the 



SecTIon 1 Principles of Basic and Clinical Endocrinology72

Figure 1.9.2 (a) Solid stain karyotype— 47XXY Klinefelter syndrome; (b) G banded karyotyoe— 47XXY; (c) Fluorescent in situ hybridization (FISH) — Di 
George syndrome del(22)(q11.2.q11.2). Inverted DAPI stain: the TUPLE1 probe is in red and for this hybridization, the 22q13.3 probe acting as a 
control in green. The FISH probe— Cytocell DiGeorge/ VCFS TUPEL1 and 22q13.3 deletion syndrome.
Courtesy of Graham Fews.
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Figure 1.9.3 Comparison of falling cost of generating sequence data compared to Moore’s law.
Reproduced with permission from Wetterstrand KA. DNA Sequencing Costs: Data from the NHGRI Genome Sequencing Program (GSP). Courtesy: National Human Genome 
Research Institute. Available at: https:// www.genome.gov/ sequencingcostsdata. Accessed November 15, 2018.

Figure 1.9.2 Continued
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cost of MRI scans or endoscopies. These headline figures may not 
always clarify the extent of genes covered, the depth of coverage, or 
ability to detect CNVs, all factors which will significantly impact on 
the analytical validity and clinical utility of the test. Of at least equal 
importance when considering the cost to any health system, is the po-
tential need for additional bioinformatic and clinical assessment and 
an increasing recognition that the clinical interpretation of many iden-
tified sequence variants still remains beyond our current knowledge. 

Therefore, a sound clinical focus on the testing that is required, at the 
current time remains a key component rather than relying solely on 
WGS as a ‘scattergun’ approach in all settings.

Despite these cautions the potential to personalize treatment can 
have a clear benefit as illustrated by a simple change of practice in the 
West Midlands region in the United Kingdom (population 5.5 million) 
(author’s personal experience). In an 18- month period in 2006– 2007, 
all apparently sporadic medullary thyroid cancer (MTC) cases were 

Table 1.9.2 Competencies recommended for clinicians ordering genomic tests as recommended by clinical genetics think tank (CGTT); 
Bowdin et al. (2016) and modified by Cole (2018)

Broad theme Specific components

Clinical genetics 
evaluation

Take a family history
Genetics focused history and exam
Evaluate prior genetic tests

Determine which 
tests appropriate

Non- genomic— including metabolic
Genomic— to include evaluation of specific genetic or genomic test

Pretest counselling 
and consent

Information on spectrum of disorder and natural history
Possible test outcomes including primary and secondary coincidental findings
Possible variants of unknown significance
Make patient aware there may be non- medical implication such as insurance
Obtain appropriately informed consent with a discussion that the information may be very relevant to other family members and ideally 

obtain permission to share this information in pretest consent

Post- test counselling 
and support

Personal ability to accurately interpret results and address patients’ questions and concerns or alternatively have an identified route to 
provide such support with identified pathway in a network or with specialist genetic services

It is unrealistic to expect non- genetic specialist to be able to manage all these issues in all cases, but an identified mechanism to address them should be in place and the patient 
should be made aware that in some circumstances additional input may be required.

Network training and
support

Clinician identifies
appropriate test

Clinician able to meet
criteria table 1

Request further advice re
testing

No testing

Network MDT—virtual or
real

New test indicated

Evidence Incorrect genomic
test; network MDT review

No mutation (class 1 or 2
variants only)

Patient given negative test
result

Network MDT review if
required—virtual or real
Reclassified if indicated

after MDT review

VOUS (class 3 variant)

Result to referring clinician

Class 4 o 5 mutation
(pathogenic)

Consent to share result

Result to patient

Mutation result generated

Patients HPO terms entered
with electronic laboratory

request

Unrelated / coincidental
finding

Consent taken

Network MDT—virtual or
real

Clinical genetics
appointment for proband

Predictive test

Clinical genetics
appointment for relatives

Figure 1.9.4 Example of integrated care pathway for genomic testing in mainstream healthcare. MDT active input in light orange filled boxes and 
from clinical genetics in dark orange filled boxes.
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tested for the commonly recognized ret- oncogene mutations. This re-
vealed pathogenic mutations in 3 of the 19 apparently sporadic MTC 
cases and cascade testing in the families, and uncovered 13 asymptom-
atic gene carriers of whom 11 underwent total thyroidectomies during 
this period. Pathological review identified 5 occult MTCs, 5 cases with 
C cell hyperplasia, and 1 normal result. Importantly, management 
was also modified to include parathyroid and adrenal surveillance. 
This illustrates the optimization of the test strategy, from confirming 
a previously unrecognized diagnosis (MEN2), delivering ‘personalized 
management’ and implementing effective and comprehensive cascade 
testing within the families (Table 1.9.3 and Box 1.9.1). While the ini-
tial cost to the health service from such systematic genetic testing is 
increased by subsequent consultant surveillance and surgery in asymp-
tomatic patients, there are longer- term clinical and cost benefits, po-
tentially many decades into the future, and typically in specialisms such 
as oncology and palliative care rather than clinical genetics and endo-
crinology where the management change was instigated and cost was 
incurred. All clinicians requesting genetic testing should strive to main-
tain the maximum clinical utility by utilizing all the potential informa-
tion from informative results (Table 1.9.3 and Box 1.9.1).

consent and confidentiality

When requesting genetic testing, clinician instigating such testing 
should explain the potential outcomes and provides adequate infor-
mation for the consultant, so that they, or their legal guardian in the 
case of children, can give informed consent. It is however important 
that we do not burden clinicians with a concept of ‘genetic excep-
tionalism’ such that they avoid genetic testing or refer all such cases 

to clinical genetics. Many blood, radiological, or pathological tests 
ordered by clinicians have unpredicted significances and impacts. 
The appropriate management of these possible outcomes, before 
and after results, are part of good holistic clinical care. Furthermore, 
a genetic diagnostic test may only be confirming a clinical diagnosis 
but can remove uncertainty and make possible choices for other 
family members. There are many instances of a diagnostic test only 
providing proof of the underlying condition, for example, patients 
presenting with an autosomal dominant (AD) family history and 
personal neurological diagnosis of Huntington’s disease or an AD 
history of MTC indicative of MEN2. In these settings the genetic 
test does not reveal any ‘unpredicted’ information in the consultant, 
but can provide potential benefits to other family members. These 
tests therefore should be available to healthcare practitioners out-
side clinical genetics as long as they are able meet the requirements 
identified in Table 1.9.2, either personally or in collaboration with 
colleagues as part of a clinical pathway (Figure 1.9.3).

Asymptomatic family members requesting predictive testing will 
often have more complex issues to evaluate including the medical, 
psychological, and financial consequences the information may have 
for them and their families. In some instances, it may also have occu-
pational or reproductive impacts and as such the counselling, consent, 
and testing may be better directed to clinical genetics services.

When obtaining consent for a genetic or genomic test the clinician 
should make the consultant aware that the result could well have 
an impact on other family members and where there is a clinical 
indication should, where possible, obtain the permission to share 
this information with relatives who may have the ‘same genetic risk’, 

Table 1.9.3 Examples illustrating different impact of genetic results

Role of genetic testing Example of disorder Gene/ Genes examined Impact of identified mutation

Confirm diagnosis

Example 1 Bone fractures Col1A1 and Col1A2 Avoidance of incorrect diagnosis of non- 
accidental injury

Example 2 Disorder of sex development (DSD)
Developmental delay (DD)
Wilm’s tumour (WT) and obesity

WT1 and contiguous gene deletion 
including BDNF

Confirm single unifying disorder

Precision management

Example 1 Isolated Phaeochromocytoma SDH and related genes, Ret- proto- 
oncogene, Von Hippel– Lindau  
(VHL), NF1

Surveillance for contralateral 
phaeochromocytoma and related tumour 
management,

e.g. Thyroidectomy if Ret mutation +ve
Renal surveillance if SDH or VHL 

mutation +ve
Retinal and CNS management in VHL +ve

Example 2 Onset of diabetes in early  
adulthood

MODY panel of genes
Including HNF1A

Trial of sulphonylurea rather than insulin

Example 3 DSD and DD WT1 deletion Surveillance for WT and renal function

Example 4 Isolated hypercalcaemia CaSR Avoidance of unnecessary investigation and 
inappropriate parathyroidectomy

Cascade testing and management

Example 1 Isolated medullary thyroid cancer Ret proto- oncogene Cascade testing prophylactic thyroidectomy
Parathyroid and adrenal surveillance

Example 2 For all scenarios above First degree relative testing and cascade 
testing beyond if positive result in each 
tested relative

Reassure if de novo or individual tested is not 
a gene carrier.

Implement appropriate management in 
proven gene carriers
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and with anonymized databases to facilitate new interpretive know-
ledge. This is good practice and also provides a clear illustration 
of the potential impact of the possible outcomes to the consultant. 
These issues are often easier to discuss in the preresult setting rather 
than the post- test setting when the focus should be the consultant’s 
own management. Patients may however refuse to share this infor-
mation with family members. In our traditional medical model this 
right to confidentiality would be considered paramount but this ab-
solute right has been questioned [26]. Non- disclosure could even 
result in one family member having information about a relative, 
of which the is relative themselves unaware. Examples might in-
clude obligatory female carriers of x- linked adrenoleukodystrophy, 
or a distant relative who recognizes the existence of an endocrine 
tumour syndrome in a second-  or third- degree relative with non- 
penetrance in the intervening relatives, scenarios that could have 
profound medical implications.

Parker and Luccassen in 2018 [26] suggested that it may be 
inappropriate to see the information as belonging to the in-
dividual but rather belongs to the family, many of whom will 
share the same genetic information. The debate is illustrated by 
the range of published opinions, including the British Medical 
Journal (BMJ)’s ‘head to head’ in 2007 [27, 28] and nuanced dif-
ferences between USA and Canadian patient surveys [29,  30]. 
The potential duty to inform family members, even after a pa-
tient has refused, is highlighted in the current UK high court 
case ABC versus St Georges Healthcare trust, in a family with 
Huntington’s disease. This case and the broader issues are dis-
cussed by Mitchell et al. [31].

Thankfully such cases to date have been rare, but do illustrate that 
within the field of genomic medicine, some of our concepts around 
consent and confidentiality may be challenged. In many countries, 
professional guidance is currently being updated but in the mean-
time the clinician utilizing genomic investigations should be aware 
to the issues and the broader family considerations.

Our understanding of informed consent is also being chal-
lenged by what information can realistically be provided to the 
patient wanting to pursue WGS when offered as a diagnostic test. 
Coincidental findings, which are pathogenic mutations in genes 
unrelated to the clinical presentation, will become increasingly 
common on whole genome reports. The clinician cannot provide 
detailed information for consent on over 20 000 specific genes, es-
pecially as the function of many are not yet known and certainly 
many mutation specific phenotypes have yet to be identified. Future 
knowledge or family information may become available at a later 
date, such that variants that are difficult or impossible to assess at 
the current time may become readily interpretable. This should be 
included in the discussion with the patient.

Genomic investigation of broad phenotypic categories such as 
short stature or developmental delay, typical require the examin-
ation of hundreds or thousands of genes respectively. Within these 
huge panels there may be genes with unexpected consequences for 
the consultant, such as progressive degenerative disorders or tu-
mour syndromes and even conditions which may be relevant to 
apparently unaffected parents. An example of the latter would be 
parents at risk of tumours due to carrying heterozygous BRCA2 
mutations in a child with short stature and Fanconi’s syndrome due 
to two pathogenic BRCA2 mutations.

Microarrays also examine the whole genome and may iden-
tify CNVs in child with learning difficulties in an ‘non- focused 
manner’. The coincidental finding of a 1 q deletion identified in 
a child with mild learning difficulties is illustrative. The deletion 
includes the gene CDC73 which results in hyperparathyroid jaw 
tumour syndrome and is associated with a significant risk of para-
thyroid carcinoma (Figure 1.9.5). Without any previous history 
such a finding was completely unpredictable. This demonstrates 
the impossibility of pretesting consent covering all potential out-
comes but the importance of making individuals aware of the 
possibility of unexpected or coincidental findings. There should 
be adequate post- test holistic service provision to address such 
scenarios. This is in lines with the principles laid out by Bowdin 
et al. [24].

Interpretation of Findings

Variants are Frequently Found but commonly 
not Significant

All humans have a unique pattern of genetic variation in both 
our coding and apparently non- coding DNA, for example in the 
paper on Ng et  al. [16], each affected individual had over 1000 
non- synonymous variants, a figure consistent with other large scale 
genomic sequencing projects [17]. Individuals not uncommonly 
have potentially pathogenic genetic changes in more than one gene 
which might account for the presenting phenotype [16, 17]. While 
it would be possible this represents a ‘hybrid phenotype’ or digenic 
inheritance (interaction of two non- allelic genes) a more likely ex-
planation is that at least one variant is a coincidental finding. To 
aid accurate and consistent interpretation laboratory and clinicians 
need to draw on a number of tools as summarized in Table 1.9.4.

Epigenetics

Not all significant genetic variation will be detected by technolo-
gies such as microarrays, NGS, and methodologies to determine 
intragenic deletions or duplications. There are instances where the 
germline or somatic sequence remains unchanged but the gene  
expression is under epigenetic regulation. This typically results 
from modification by additions such as methyl side chains to the 
DNA or methyl or acetyl groups to the histones. These epigenetic 
changes maybe heritable or secondary to non- genetic influences 
and can alter many endocrine related genes [32] and are relative 
common mechanism in rare disorders of growth, hormone action 
and diabetes [33] (Table 1.9.5). Recognition of these clinical pat-
terns may direct the clinician to alternative molecular genetic tests, 
such as looking at gene expression or methylation, to confirm the 
genetic aetiology.

Box 1.9.1 Three components to optimize clinical utility 
of genetic testing (somatic and germline findings)

Confirm precise diagnosis

Implement appropriate precision management (pharmacological or 
surgical intervention, surveillance, advice on the natural history or prog-
nosis and genetic advice)

Implement cascade testing and management as appropriate to gene 
and genetic result in extended family. This includes scenarios of somatic 
genetic variant subsequently identified in the germline
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Coincidental Findings

The broader and less specific a genetic test the greater the poten-
tial for uncovering additional or unpredicted findings (Table 1.9.1). 
A single gene test for MEN1 or MEN2, for example, if informative 
will only reveal information about those disorders. A panel test for 
isolated phaeochromocytoma may confirm a diagnosis of neuro-
fibromatosis type 1, MEN2, or Von Hippel Lindau. As this later gene 
panel is relatively narrow, typically around 10– 15 genes, these pos-
sibilities can be discussed in the consenting process. In comparison 
however when utilizing a gene panel for short stature or intellec-
tual deficit, typically including between 100 and over 2000 genes, 
or a whole genome analysis counselling and consent cannot cover 
individual gene outcomes. The patient interaction should include 
an explanation of the possibility of either completely unexpected 
phenotypes, or in the case of whole genome analysis, the discovery 
of completely unrelated disorders. The latter are known as coinci-
dental findings.

The clinician patient discussion should include not only the 
acknowledgement of such possibilities and their consequences, 
but also the potential strategy to deal with these. One possibility 
frequently proposed strategy to deal with such scenarios is an 

agreement not to look for additional findings or a patient request 
not to be informed of such coincidental findings, and informed 
only those findings related to the condition being investigated. 
Determining what might be relevant to the clinical presentation can 

Figure 1.9.5 Microarray result showing 1q deletion including CDC73.
Courtesy of Graham Fews.

Table 1.9.4 Examples of tools to assist interpretation

Methodology Example Reference or link

Variant 
Interpretation 
and scoring

American College 
of Medical Genetics 
Consensus Guidance

[34]

Software 
for variant 
interpretation

Alamut

SIFT
Polyphen

https:// www.interactive- 
biosoftware.com/ 
http:// sift.jcvi.org/ index.php
http:// genetics.bwh.harvard.edu/ 
pph2/ 

Databases of 
normal and 
pathological 
variants

gnomAD
ClinVar

Decipher
LOVD

http:// gnomad.broadinstitute.org/ 
https:// www.ncbi.nlm.nih.gov/ 
clinvar/ 
https:// decipher.sanger.ac.uk/ 
http:// www.lovd.nl/ 3.0/ home

Functional 
studies

In vitro expression
RNA studies
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however be challenging. Furthermore, it leaves the managing clin-
ician in the difficult situation of potentially having information on 
file, relevant to the patient’s longer- term health, which has not been 
revealed. An added challenge to this solution is that coincidental 
findings may have significant medical and life- limiting implications 
to other family members. Failure to reveal significant genetic infor-
mation to relatives has been the subject of past and present debates 
and legal cases worldwide [26, 27, 29– 31]. This may potentially 
make such agreements less practical in the future.

An alternative approach is to ensure genetic testing is instigated 
only by clinicians able to explain these issues to the patient and 
working as part of a wider team with access to additional clinical 
and psychology support. Such additional expertise may only rarely 
be called upon but developing links to such a multidisciplinary 
team (MDT) will ensure rapid and appropriate access to clinical 
genetics, other medical- based specialties, and psychology services. 
The establishment of such MDTs or integrated care solutions will 
also support the discussion of hard to interpret genetic results and 
fulfil one of the suggested requirements from Bowdin et  al. [25] 
(Table 1.9.2, Figure 1.9.3).

conclusions

The increasing understanding of the genetic basis of much of human 
disease and falling cost of obtaining such information means gen-
omics should be integrated in patient care. This will include both 
germline and somatic tissue testing which has the potential to make 
or refine a diagnosis, identify specific patient management or sur-
veillance (personalized medicine) and alert members of the ex-
tended family to treatment or surveillance opportunities which can 
reduce their health own morbidity and risk of avoidable early death. 
The number of patients and wide spectrum of disorders where this 
is applicable means that delivery will be through a multitude of 
clinical specialities and settings. Many such services are not yet ad-
equately developed nor are individual clinicians adequately trained 
or supported. The development of genomic MDT and integrated 
care pathways could address many of the delivery and training chal-
lenges and facilitate support and oversight by laboratory and clin-
ical genetics with a process of gradually and iterative learning. It is 
vital that clinical services delivering both diagnostic and predictive 
genetic and genomic testing are aware of the complexity of issues 

highlighted earlier in this chapter and have in place solutions to 
address these.

Clinicians should not be swayed by unrealistic hype or blinkered 
to the remaining challenges and unknowns that lie in the field of 
genomics nor should they be deflected by fear or ignorance of the 
technologies available or uninformed statements that there are no 
proven benefits. Clinicians should be empowered to recognize the 
role of such testing, informed so they can select the most appro-
priate investigation or clinical root for such testing and apply the 
result to obtain the maximum clinical utility. This may be within 
their own clinical team or as part of a wider MDT dependent upon 
their knowledge and experience and the clinical scenario that is 
being managed. This is true in endocrinology and indeed all med-
ical specialities.
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Introduction

During the last 60 years, chemical substances such as plasticizers, 
pesticides, detergents, paints, those found in metal food cans, flame 
retardants, cosmetics, and chemical waste have proliferated world-
wide. Many can interfere with human and animal endocrine sys-
tems. Many natural products can also interfere with endocrine 
regulation (i.e. phytoestrogens). These chemicals are collectively 
known as endocrine disruptors (EDs). The public health risks re-
lated to EDs have raised justified concern and EDs have become the 
focus of major research.

Definition

According to the International Programme on Chemical Safety 
an ED is a chemical substance or mixture of substances that alters 
endocrine function(s) and consequently adversely affects health in 

an intact organism or its progeny [1] . It is important to distinguish 
permanent from transient endocrine interference by EDs. It is 
plausible to suggest that characterization as an ED should require a 
substance to change endocrine function(s) permanently, or to cause 
inherited changes in endocrine physiology. EDs interfere with the 
synthesis, secretion, transport, binding, action, and/ or elimination 
of hormones involved in homeostasis, reproduction, development 
and/ or behaviour [1]. Many are biologically active at extremely low 
doses, and their effects on humans, wildlife, and the environment 
have been the subject of close scrutiny internationally. EDs may 
cause, directly or indirectly, effects including infertility, abnormal 
prenatal development, precocious or delayed puberty, thyroid dys-
function, obesity, type 2 diabetes mellitus, behavioural disorders, 
and cancer. They can also alter nervous and immune system func-
tions. ED Research is focused on three areas: (i) the ‘time- window’ 
of exposure to EDs, which is critical for the adverse outcome; (ii) 
the dose responses of EDs and their intracellular action; (iii) the 
ED- induced genomic or epigenetic modifications which affect off-
spring of exposed individuals [2]. Some EDs cross the placenta and 
are concentrated in the fetal circulation, while others are trans-
ferred from mother to infant through breast milk.

Historical Background

The existence of EDs has been known since the 1930s, when the oes-
trogenic action of some chemicals (e.g. bisphenol A; BPA) was shown 
in animals, and in the 1950s, dichloro- diphenyl- trichloroethane 
(DDT), a chemical pesticide, was reported to feminize roosters. In 
‘Silent Spring’, an influential environmental science book of 1962, 
Rachel Carson presented examples of impaired development in 
birds, mammalian gonadal dysfunction, and human tumorigenesis. 
During the 1970s, the use of diethylstilboestrol (DES, a synthetic 
oestrogen) for prevention of abortion was common. Later, it was 
found that children of DES- treated women developed disorders 
such as vaginal carcinomas and infertility. The use of DES is now 
prohibited [3] .
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Mechanisms of Action

EDs affect concentrations and/ or actions of hormones or their re-
ceptors. The most common mechanism of ED action is agonism at 
a hormone receptor, particularly the oestrogen receptor (ER) (e.g. 
BPA, DES), androgen receptor (AR) (e.g. vinclozolin) and aryl 
hydrocarbon receptor (AhR) (e.g. dioxins). Other EDs are competi-
tive or non- competitive hormone receptor antagonists. Competitive 
antagonism usually leads to total receptor deactivation, while non- 
competitive antagonism causes the receptor to react more slowly or 
less efficiently. Typical antagonists acting at hormone receptors are 
the herbicides linuron and vinclozolin and their metabolites. EDs 
can also inhibit enzymatic hormone interconversion (e.g. aromatiza-
tion of testosterone to oestrogen), induce hormone- metabolizing 
enzymes (e.g. cytochrome P450) or antagonize hormone binding 
to transport proteins, increasing bioavailability. Finally, EDs can in-
duce receptor down- regulation or degradation [4] .

Most common categories of eDs and 
exposure Routes

The most common categories of EDs (Table 1.10.1) and their ex-
posure routes are described next.

Polychlorinated biphenyls (PCBs): PCBs are synthetic organic 
chemicals formerly used as coolants and lubricants in transformers, 
capacitors, and other electrical equipment. Their use was banned in 
1977, when their negative health effects became clear. They can still 
be found in old microscope or hydraulic oil, old fluorescent lighting 
fixtures, or electrical devices that contain old PCB capacitors. They 
can be inhaled when released from electrical devices heated during 
operation, ingested in contaminated food, or be absorbed through 
the skin. Infants can be exposed to PCBs through breast milk.

Phthalate esters: Phthalate esters, commonly called plasticizers, 
are used in plastics, rendering them more flexible and harder to 
break. They are found in diverse products including wall cover-
ings, tablecloths, floor tiles, furniture upholstery, shower curtains, 
garden hoses, swimming pool liners, rainwear, baby pants, squeeze 
toys and dolls, shoes, automobile upholstery, packaging film and 
sheets, medical tubing, and blood storage bags. They are also added 
to cosmetics. There is risk of exposure by inhalation of air con-
taining phthalate vapours or dust contaminated with phthalate par-
ticles, but minimal risk of exposure from drinking water due to low 
solubility in water. Phthalates can enter the body during medical 
procedures such as blood transfusions, kidney dialysis, intravenous 
fluid administration, or artificial ventilation. Elevated exposure has 
been documented in neonatal intensive care units [5] .

Phenols- Bisphenol A: Bisphenol A is a light plastic with unique 
toughness, optical clarity, and high heat and electrical resistance. 
It has been used widely since the 1960s in eyeglass lenses, med-
ical equipment, water bottles, CDs and DVDs, mobile phones, 
computers, household appliances, reusable food and drink con-
tainers, safety shields, sports equipment, industrial floorings, in-
dustrial protective coatings, can coatings, and electrical equipment. 
Although BPA is considered biodegradable, it can leach out of the 
lining in cans, potentially contaminating foods and liquids therein 
(3). Medical equipment may also contain BPA, and elevated BPA 

exposure has also been documented in neonatal intensive care units 
[6] . In 2011, use of BPA in baby bottles was prohibited in Europe. 
In France, from 2013, BPA was banned in food contacting mater-
ials for children up to 3 years old and from 2015 in all packaging, 
containers, and utensils in direct contact with food. However, the 
European Plastics Regulation (EU) authorizes use of BPA as a 

Table 1.10.1 Effects of EDs on humans

Substances Effects

In utero exposure

PCBs Neuromuscular disorders, lower IQ, 
hypothalamic– pituitary– testicular axis 
dysregulation

Dioxins Low birth weight, skin discoloration, bronchitis, 
developmental retardation

Phenols Irregular menstrual cycles

Phytoestrogens, 
xenoestrogens, other 
substances with oestrogenic 
bioactivity

Ambiguous genitalia, obesity later in life, sexual 
differentiation problems, hormone- dependent 
cancers

DES Transplacental carcinogenesis (cervicovaginal 
cancer in female offspring)

DDT, DDE Low T4 levels in infants

PCP Altered thyroid hormone levels and thus, 
neurodevelopmental deficits

Nitrofen (pesticide) Lung hypoplasia

Phthalate esters Morphological abnormalities of male 
reproductive tract

Disruption in pubertal timing

Lead Delayed pubertal onset

PCBs, phytoestrogens, 
pesticides, BPA

Precocious female reproductive tract 
development

DDE, DDT Earlier menarche

Disruption in reproduction

BPA Oocyte meiotic disturbances (i.e. aneuploidy), 
PCOS

Phytoestrogen genistein Altered cyclicity, prolonged and abnormal 
cycles

Dioxins (TCDD) Endometriosis

DES Suppression of lactation

DDE, PCBs Reduction of duration of lactation

EDs and cancer development

Oestrogen- mimicking 
compounds

Breast cancer, Testicular cancer

PCBs, arsenic Prostate cancer

Pesticides (i.e. atrazine) Ovarian cancer

EDs and thyroid function

BPA, PCBs, phytoestrogens Hypo-  or hyperthyroidism

EDs and obesity

PCBs, pesticides, phthalates, 
BPA, metals

Weight gain

EDs and various functions

BPA, phthalates, dioxins Alterations in blood glucose
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monomer for production of plastic with a specific migration limit 
of 0.6 mg/ kg of food [7].

Dioxins: Dioxins are highly persistent in the environment. The 
most toxic is the 2, 3, 7, 8- tetrachlorodibenzo- p- dioxin (TCDD), 
an unintentional by- product of many industrial processes involving 
chlorine, such as waste incineration, chemical and pesticide manu-
facturing, pulp, and paper bleaching. The major source of dioxins 
in the environment is waste incineration. Dioxin pollution is also 
encountered in paper mills where chlorine bleaching is used. People 
are exposed to dioxins by diet, especially meat and dairy products. 
Since dioxins are fat soluble, they bioaccumulate and climb the food 
chain. Dioxins can also cross the placenta and are present in breast 
milk [8] .

Pesticides/ Herbicides:  Pesticides and herbicides such as atra-
zine, DDT, and trifluralin were once used widely. Atrazine is a white 
powder used to protect grasses and broadleaf plants from pests. 
It is water soluble and taken up by plants, and can be inhaled as 
dust or ingested through contaminated water, but is not absorbed 
through skin. DDT is extremely hydrophobic and strongly ab-
sorbed by soils, where its half- life ranges from 22 days to 30 years. 
Routes of loss and degradation include runoff, volatilization, pho-
tolysis, and aerobic or anaerobic biodegradation. In aquatic ecosys-
tems it is quickly absorbed by organisms and soil or else evaporates, 
leaving little DDT in the water itself. Its breakdown products 
and metabolites, dichlorodiphenyldichloroethylene (DDE) and 
dichlorodiphenyldichloroethane (DDD), are also highly persistent 
and have similar properties. Trifluralin is a herbicide against grasses 
and some broad- leaved weeds. It is usually directly incorporated 
into soil, although some mixtures may be sprayed. Trifluralin may 
enter the aquatic environment predominantly via diffuse sources 
resulting from its recommended use (e.g. in agricultural run- offs 
bound mainly to soil particles). Industrial discharges, accidental 
spillages during transport, storage, and use are potential sources of 
trifluralin contamination.

Phytoestrogens: These are a diverse group of naturally occurring 
non- steroidal plant compounds with oestrogenic or antioestrogenic 
properties due to structural similarity with 17- β- oestradiol. They 
are important in plant defence systems, mainly against fungi. Foods 
with the highest phytoestrogen content are nuts and oilseeds, fol-
lowed by soy products, cereals and breads, legumes, meat products, 
and other processed foods containing soy, vegetables, fruits, alco-
holic, and non- alcoholic beverages.

Parabens:  Parabens are esters of p- hydroxybenzoic acid used 
as preservatives in foods, drugs, and in cosmetics or deodorants; 
they may also be found in polyester fabrics [9] . The most com-
monly used in cosmetics are methylparaben, propylparaben, 
butylparaben, and ethylparaben. They can cross the skin and in 
animal studies parabens demonstrated weak oestrogenic activity. 
No direct link between parabens and cancer has been established 
despite numerous studies. According to the European Medicines 
Agency (EMA), methylparaben has not been associated with ad-
verse effects on male or female reproductive organs in juvenile rats 
or in embryo- fetal development studies. The use of methylparaben 
in oral formulations up to 0.2% is not a concern for humans of any 
age. The EMA concluded that additional information for parabens 
is not necessary, however, further data are needed to evaluate poten-
tial risk of propylparaben in children below 2 years of age. The use 
of propylparaben- containing medicines in this age group must be 

justified on a case- by- case basis, by weighing the need for treatment 
against potential risk.

Polybrominated diphenyl ethers (PBDEs):  These are used in 
manufacture of plastic products. Certain PBDE congeners are per-
sistent, bioaccumulative, and toxic to both humans and the envir-
onment. The exposure of mice to low doses during intrauterine or 
neonatal brain growth induces irreversible changes in mental func-
tion of adults [10]. Polybrominated diphenyl ethers are not chem-
ically bound to plastics, foam, fabrics, or other products in which 
they are used, making them more likely to leach out.

effects of eDs on In Utero Development

Effects of in utero exposure to EDs are intensely studied. Exposure 
at critical ‘time- windows’ during development can cause various 
disorders, most of them irreversible. Several chemicals or chem-
ical classes can cause neurodevelopmental abnormalities by inter-
fering with neuroendocrine functions. These include PCBs, dioxins, 
metals, pesticides, phytoestrogens, synthetic steroids, and triazine 
herbicides. Any compound that mimics or antagonizes a neuro-
transmitter, hormone, or growth factor in the developing brain 
may adversely affect fetal neurodevelopment. The resulting deficit, 
which could include cognitive dysfunction, altered neurologic de-
velopment, or sensory deficits, depends on the severity of the dis-
turbance, for example of thyroid function, and the developmental 
period when exposure occurred (Figure 1.10.1) [11].

The classical example of endocrine disruption in utero produ-
cing adult disease is prenatal exposure to DES. Maternal treatment 
during pregnancy produces cervicovaginal cancer in daughters 
when in adulthood, and was the first demonstration of human 
transplacental carcinogenesis. Daughters of DES- exposed mothers 
also had functional and anatomical abnormalities of the uterus and 
fallopian tubes, with subfertility [12].

Exposure to DDE and its metabolites during fetal development 
is associated with lower cord serum T4, emphasizing the need for 
further study of thyroid function, growth, and neural development 
in children exposed to high doses of DDT. Neuromuscular dis-
orders have been reported in infants exposed to PCBs in utero and 
during lactation, and lower IQ in children of 4 to 11 years of age 
prenatally exposed. Another chemical, related to BPA and named 
pentachlorophenol (PCP), alters thyroid hormone concentrations 
in newborns and may cause neurodevelopmental defects.

In 1968 contamination of rice oil with dioxins in the Japanese 
city of Yusho led to low birth weight, skin discoloration, bronchitis, 
and developmental retardation in neonates, and hypoactivity and 
hypotony in infants. Intrauterine exposure to dioxins might de-
range thyroid function and thus newborn development [11].

Maternal exposure to environmental pollutants during preg-
nancy and high oestrogenic bioactivity in newborns’ serum have 
implicated fetal exposure to EDs in ambiguous genitalia develop-
ment [12]. Perinatal exposure to BPA causes irregular cycles in 
mice, although insufficient evidence exists to confirm this in hu-
mans [13]. Perinatal exposure to EDs with oestrogenic activity is 
moreover proposed to induce later life obesity [14].

Phyto-  and xeno- oestrogens often inhibit steroidogenic en-
zymes including 3β-  and 17β- hydroxyl- steroid- dehydrogenase, 
aromatase, sulphatases, and sulphotransferases. Both phyto-  and 
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xeno- oestrogens can also modulate intracellular signalling path-
ways, thereby inhibiting expression and activity of steroidogenic 
enzymes. Modulation of enzyme activity could impact sexual dif-
ferentiation and development as well influencing risk of hormone- 
dependent cancers [15].

In utero exposure to phthalate esters is associated with mor-
phological abnormalities of the male reproductive tract, including 
decreased anogenital distance, cryptorchidism, hypospadias, re-
duced Leydig cell numbers, and decreased testicular testosterone 
secretion. Testicular androgen signalling may be impaired through 
suppression of the hypothalamic– pituitary– testicular (HPT) axis. 
Exposure to DES impaired HPT signalling in rats, reducing plasma 
testosterone and increasing plasma follicle- stimulating hormone 
(FSH). The HPT axis is also disrupted in rats by PCB- 169 exposure 
in utero, decreasing spermatogenesis, Leydig cell number, and 
plasma testosterone concentrations. Another herbicide, atrazine, 
with antiandrogenic and oestrogenic properties, exerts various ad-
verse reproductive effects in rats including reduction of testicular 
testosterone secretion. Atrazine has low affinity for androgen and 
oestrogen receptors, reduces androgen synthesis, and enhances 

oestrogen production via increased intratesticular aromatization of 
androgens in both Leydig and Sertoli cells [16].

Numerous studies have assessed the relationship between EDs 
and birth weight, with inconsistent evidence of an association be-
tween reduced birth weight and exposure to insecticides, herbi-
cides, or low- level PCBs but not DDT [17, 18]. Evidence of low birth 
weight related to phthalates, BPA and PBDE is similarly inconsistent 
[17]. Several studies have reported a relationship between exposure 
to PCBs, pesticides or phthalates and preterm delivery [19,  20], 
however further studies reported no association or even a positive 
association between phthalates and length of gestation [21].

effects of eDs on Pubertal Timing

Falling age of onset of puberty and increased incidence of preco-
cious puberty have been noted over recent decades in many coun-
tries, and cannot be wholly explained by factors such as increasing 
adiposity or changing living conditions. EDs are a suspected major 
contributing factor [22]. Recent studies have revealed an impact 
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of EDs on pubertal timing in both males and females, particu-
larly for oestrogenic or antiandrogenic compounds [23]. Exposure 
may be gestational, lactational or juvenile, and EDs can disturb the 
hypothalamic– pituitary– gonadal axis through negative feedback 
to hypothalamus and pituitary as well as through direct gonadal 
effects. Lead exposure has been associated with delayed puberty, 
while exposure to phytoestrogens, PCBs, pesticides, or BPA was 
implicated in precocious female development. In male rodents, 
transient neonatal androgen exposure reduced testis weight and 
testosterone production [23].

A study of adolescent girls in Canada revealed that exposure to 
chemicals such as PCBs is associated with oestrogenic phenomena 
and may affect menarche. Lead was associated with a delayed me-
dian age at menarche, when controlling for other toxicants, age, and 
socioeconomic status. However different effects may occur by ex-
posure to different doses of EDs [24]. Age at menarche is reduced 
in girls exposed to oestrogenic organochlorines, but discerning the 
exact contribution of these substances to precocious menarche is 
complicated by the numerous environmental variables influencing 
menarche. A study of women exposed to DDE through Great Lakes 
fish consumption found a reduction of one year in the age of me-
narche for each increase of 15 mg/ L serum DDE, while in Chinese 
textile workers a 10 mg/ L serum DDT increase was associated with 
0.2 year reduction in menarchal age [13]. In the United States, in 
1151 girls aged 6 to 8 years assessed for pubertal development, posi-
tive associations between low molecular weight urinary phthalate 
metabolites and breast and pubic hair development were demon-
strated [25]. An inverse relationship between high molecular weight 
phthalates and pubic hair development was reported, but no associ-
ation between BPA and pubertal development was found. A smaller 
study of Turkish boys demonstrated a greater concentration of high 
molecular weight phthalates in boys 11 to 15 years old with pubertal 
gynaecomastia compared to controls [26].

effects of eDs on Female Reproduction

The impact of EDs on human fertility remains controversial. Ten 
years ago, because mice housed in damaged polycarbonate plastic 
cages were shown to exhibit a high frequency of oocytes with mei-
otic disturbances, oocyte- damaging effect of the oestrogenic plasti-
cizer BPA was investigated. When BPA was added to water of mice 
in intact cages, similar oocyte meiotic disturbances were induced, 
some causing aneuploidy. Other EDs such as DES have also been 
implicated in meiotic disturbances.

Takeuchi et al. reported that plasma BPA concentrations were in-
creased in both non- obese women with polycystic ovary syndrome 
(PCOS) and obese women with or without PCOS compared to non- 
obese women without PCOS [27]. The same authors reported an 
association between BPA exposure, complex endometrial hyper-
plasia, and endometrial cancer [28], although another study found 
lower BPA concentrations in patients with premalignant complex 
endometrial hyperplasia potential than in either control or simple 
endometrial hyperplasia groups. BPA may thus represent one of the 
many underlying causes of PCOS, perhaps acting as a modifier to 
worsen symptoms or contributing to the phenotype in genetically 
predisposed women [29]. A  strong association between BPA and 
both plasma androgen concentrations and insulin resistance indices 

has been reported, implicating BPA potentially in these two major 
components of PCOS pathophysiology. It is also known that women 
with ovulatory dysfunction have higher serum BPA concentrations 
than normally ovulating women [27] and that both have lower BPA 
concentrations than men [30]. BPA binds sex hormone- binding 
globulin, competing with natural androgens and increasing bio-
active androgen concentrations [31].

Menstrual cyclicity may be perturbed by EDs by other means 
also. Experimental studies of exposure of neonatal mice to physio-
logically relevant concentrations of the phytoestrogen genistein 
caused prolonged and abnormal cycles in adult animals. In humans, 
altered cyclicity and adult simultaneous exposure to persistent or-
ganic pollutants and pesticides have been linked. Studies examining 
the influence of organochlorine pesticide exposure on cyclicity and 
fecundity suggest that organochlorine exposure shortens menstrual 
cycles, while women exposed to hormonally active pesticides (non- 
organochlorine) have a 60– 100% increased odds for long cycles, 
intermenstrual bleeding, and missed menstrual bleeds.

EDs acting upon the human uterus produce structural changes 
including in development of uterine leiomyomas, while on the 
other hand consumption of phytoestrogens, such as those in soy, 
in a Japanese study was associated to decreased hysterectomy rates, 
implying a potential uterine protective effect of modest phyto-
estrogen consumption.

Finally, there appears to be a correlation between ED exposure 
and lactation: Exogenous oestrogens such as DES effectively sup-
press lactation [12], and duration of lactation is reduced in women 
with elevated serum concentrations of PCBs and DDE in a dose- 
dependent manner [13].

effects of eDs on Male Reproduction

Significant toxicologic data from laboratory and wild animal studies 
suggest that exposure to certain EDs is associated with male repro-
ductive toxicity, manifesting as abnormalities of the reproductive 
tract (cryptorchidism, hypospadias), reduced semen quality, and 
impaired adult fertility [32]. Endocrine disruption of spermato-
genesis may be accounted for by four mechanisms, including:  (1) 
epigenetic changes to the genome; (2)  apoptosis of germ cells; 
(3)  dysregulation of androgenic signalling; and (4)  disruption of 
Sertoli and other spermatogenesis supporting cells [16]. The ef-
fects of EDs in male reproductive anomalies are presented in Table 
1.10.2.

The ‘endocrine disruption hypothesis’ suggests ED exposure 
during fetal, neonatal, and adult life perturbs development of male 
reproductive organs, altering semen quality and reproductive hor-
mone production [33]. Many studies in rodents have supported this, 
demonstrating that prenatal and perinatal exposure to EDs such as 
BPA, phthalates, and alkylphenols causes genitourinary develop-
mental anomalies [34], decreased epididymal [35], and increased 
prostate weight [35], lower sperm production [16] and, in some 
cases, cryptorchidism. Shorter anogenital distance and smaller tes-
ticular and penile size are also described [36]. Neonatal ED exposure 
can decrease sperm motility and change morphology [37], including 
induction of abnormalities in the acrosomal granule and nucleus in 
older spermatids and spermatozoa, with attendant decreased height 
of the seminiferous epithelium. ED exposure of pubertal rodents 
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has been correlated with decreased epididymal spermatozoa [38], 
and testosterone concentrations [38], increased testicular apoptosis, 
and loss of seminiferous epithelium. Finally, adult ED exposed rats 
show decreased epididymal spermatozoa concentration, sperm 
count, epididymal weight and testosterone concentrations along 
with increased luteinizing hormone concentration [39].

In animal models, there is thus substantial evidence for adverse 
effects on male reproduction for several EDs, but direct evidence 
from human studies is required to prove that EDs cause adverse ef-
fects on the male reproductive system. Human studies are challen-
ging, however, because of the complexity of the field, and a recent 
systematic review of published evidence was unable to clarify the 
impact of EDs on human male reproductive health [40].

effects of eDs on cancer Development

There is increasing concern about cancer development after ED ex-
posure. Gestational and perinatal exposures may have long- term ef-
fects on the endocrine system that influence tumour development 
later in life. Not only does the synthetic oestrogen DES cause vaginal 
adenocarcinoma in female offspring and extensive prostatic squa-
mous metaplasia in male offspring of exposed mothers, but elevated 
gestational concentrations of natural oestrogens have been associ-
ated with increased incidence of breast cancer in adulthood [41].

Many studies have investigated the effect of underarm cosmetic 
products (UCPs) on breast cancer. Active ingredients in most UCPs 
are aluminium- based compounds such as aluminium chloride and 
aluminium chlorohydrate. Frequent use of UCPs may lead to alu-
minium accumulation in breast tissue, and in an Austrian study, 
women who reported UCP use several times a day starting under 
30 years old were reported to have increased risk of breast cancer 
[42]. Developmental mammary toxicants may increase mam-
mary tumour risk if they alter circulating or intratissue hormone 
concentrations, receptor expression, hormone transport, or hor-
mone metabolism to alter responses to endogenous hormones or 
growth factors. Many oestrogenic environmental chemicals have 
been measured in human breast tissue and could be associated with 

increased breast cancer risk, however, although animal models sup-
port this point of view, new studies are needed to clarify the role of 
EDs in the human breast. Investigation of the impact of multiple 
oestrogen- mimicking compounds, at varying doses is required. 
New research is also needed to clarify whether the type of ED is the 
key cancerogenic factor, or if the exposure time and route is rather 
most important in cancer development.

Studies in the last decade provided no evidence of association be-
tween PCB exposure and breast cancer. No association was found 
either between DDT, DDE, and breast cancer, but further studies 
are needed. The impact of phytoestrogens on breast cancer risk 
is controversial. Some studies demonstrate an association with 
breast cancer, while others suggest a protective effect of these 
compounds [43].

Initial suspicions that testicular germ cell cancer (TGCC) may be 
related to early life exposure to environmental oestrogens and/ or 
antiandrogens, while logical, are currently supported by little evi-
dence. The dramatic recent increase in TGCC incidence does in-
dicate that environmental and lifestyle factors are likely important 
but no compelling evidence implicating environmental oestrogenic 
or otherwise hormonally active substances to this rise in Western 
nations has emerged. More studies are warranted, however, as the 
rarity of the cancer, the long lag time between the presumed fetal 
sensitive period and the appearance of the cancer, and the lack of a 
good animal model have greatly hindered understanding.

It has been suggested that the exposure to environmental chem-
icals such as phthalates may impair semen quality, and exposure may 
coincide with development of testicular cancer, cryptorchidism, and 
hypospadias [44]. A case– control study did not find any association 
between serum organochlorine concentrations and risk of TGCC, 
but did find that organochlorine concentrations in mothers’ periph-
eral blood decades after their sons’ birth were predictive of increased 
risk in their sons [45]. It is plausible that in utero exposure to endo-
crine disruptor compounds (EDCs) is the aetiological exposure 
window. The exact contribution of pesticide and ED exposure to 
development of testicular cancer has also not been fully elucidated, 
although genetic and environmental factors have been implicated in 
reduced sperm counts and cancer development. Once again, the 2– 
3- decade latency between fetal exposure and adult cancer appear-
ance is a major challenge for study design, highlighting the value of 
large- scale epidemiological approaches [44].

Increasing evidence both from epidemiological and animal 
studies suggests that EDs may influence development or progression 
of prostate cancer. These effects appear largely linked to oestrogen 
signalling, either via interaction with ERs or influences on steroid 
metabolism and thus oestrogen concentrations. In human studies, 
exposure to PCBs or inorganic arsenic have been associated with 
elevated prostate cancer risk, although risk seems to be increased 
only by exposure during critical developmental ‘time- windows’ (in 
utero, neonatal, peripubertal). Thus, infants and children may be 
considered a population highly susceptible to increased risk of later 
prostate cancer due to ED exposure [46].

Ovarian cancer development may also be influenced by hor-
mone action, and pesticides with relevant endocrine- disrupting ac-
tivity remain widely used in some countries. Research to date most 
strongly suggests a link between atrazine and ovarian cancer risk, 
but other environmental and occupational exposures may also be 
associated and require further study [47].

Table 1.10.2 Effects of EDs on male fertility

Compound Outcome

Dibromochloropropane Azoospermia and oligospermia
Decreased motility and morphology
Elevated FSH and LH
Deficit of male births

Ethylene dibromide Decreased sperm counts

Chlordecone (kepone) Oligospermia, decreased sperm motility

Perchloroethylene Dose- related morphological changes

Carbaryl Impaired semen quality

Ethylene glycol ethers Decreased sperm counts
Decreased fertility

TCDD Reduced serum testosterone, increased LH
Deficit of male births

p- Nitrophenol Decreased sperm concentration
Decreased percentage of motile sperm
Increased serum LH
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effects of eDs on Thyroid Function

The existence of many thyroid disrupting chemicals has been 
proven in animal and human studies. Disruption occurs at many 
different levels of thyroid hormone synthesis, binding, action, and 
metabolism. The most common EDs that affect thyroid function 
are BPA, pentachlorophenol, PCBs, and phytoestrogens. Most 
studies of EDs and thyroid physiology were performed in ro-
dents, with only some in humans. A substantial amount of infor-
mation, albeit not conclusive, has thus been gathered about HPT 
axis perturbation by EDs. They can target the Na/ I symporter, 
deiodinases, transport proteins and nuclear thyroid receptor 
(TR) and have been implicated in hypo-  or hyperthyroidism, thy-
roid nodule formation, and thyroid tumorigenesis. Disruption of 
thyroid hormones during fetal life by exposure to EDs in utero 
may also produce irreversible developmental disorders including 
structural and functional brain abnormalities with postnatal be-
havioural changes.

Isolated measurements made during pre-  or postnatal period 
cannot accurately test the cumulative or synergistic properties of 
EDs during these periods. However, much of the T4 circulating 
in the fetus is of maternal origin and chemicals altering maternal 
thyroid function seem to be associated with impaired fetal devel-
opment. Thorough investigation needs to take into account ma-
ternal physiological changes during pregnancy required to meet the 
needs of the conceptus in terms of energy supply and waste elim-
ination. Three different compartments— maternal, placental, and 
fetal— interact closely during pregnancy and they should all be ap-
proached as one entity [11]. Limited data to date do not permit firm 
conclusions about the effects of EDs on thyroid function, and more 
research will be of crucial importance [11].

effects of eDs on obesity Development

The role of environmental chemicals on obesity development is 
emerging as an area of research primarily focusing on identification 
of obesogens. Obesogens are defined as chemicals which influence 
energy balance and/ or lipid homeostasis to promote adipogenesis 
and lipid accumulation, and experimental evidence supporting this 
action of numerous chemicals is growing [48]. Many mimic en-
dogenous lipophilic hormones which exert effects via members of 
the nuclear receptor superfamily, and environmental oestrogenic 
chemicals such as BPA and nonylphenol have been shown to pro-
mote differentiation and/ or proliferation of murine preadipocyte 
cell lines.

The hypothesis that environmental chemicals could be respon-
sible for the obesity pandemic was first introduced by Paula Baillie- 
Hamilton in 2002, based in part on evidence from toxicologic 
studies in which low- dose chemical exposures were associated 
with weight gain in experimental animals [49]. More recent studies 
have shown that chemicals including pesticides, organophosphates, 
PCBs, polybrominated biphenyls, phthalates, BPA, heavy metals, 
and solvents might cause weight gain by interfering with weight- 
controlling hormones, by altering sensitivity to neurotransmitters 
or by altering activity of the sympathetic nervous system. However, 
more research is needed.

Biological effects of some EDs may be prolonged in obese in-
dividuals due to retention in adipose tissue. This can exacerbate 
disruptive effects of fat- soluble toxicants, such as PCBs and dioxin- 
type compounds.

other effects of eDs

Lately, it has been shown that EDs might affect other systems such as 
the immune system and the endocrine pancreas. For example, EDs 
may be involved in autoantibody production by B1 cells and could 
be an aetiologic factor in development of autoimmunity. Other 
studies suggest that concentrations of BPA, phthalates, dioxins, and 
persistent organic pollutants are correlated with altered blood glu-
cose homeostasis in humans [50], and in other studies EDs have 
been connected with diabetes and cardiovascular diseases. Dioxins, 
pesticides, and BPA can also cause insulin resistance and altered β- 
cell function in animal models [51].

conclusions

The impact of EDs has been a matter of concern for 60  years. 
However, research remains challenging due to the multiple envir-
onmental effects seen on humans, due to differences in genetic sus-
ceptibility, and due to varying routes and durations of exposure. The 
exact time- point of exposure is crucial. In utero exposure may cause 
irreversible outcomes. Experimental studies may furthermore not 
agree with human studies due to different responsiveness of labora-
tory animals used. More research is needed to clarify mechanisms 
of ED action. Ultimately a choice must be made between short- term 
benefits of technological advances and global quality of life rooted 
in respect for the environment.
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Introduction

Endogenous circadian rhythms enable organisms to prepare for 
predictable environmental changes brought about by the Earth’s 
rotation around its axis by temporally modifying behavioural and 
physiological functions— including the endocrine system [1] . One 
of the most obvious examples of circadian behaviour is the sleep– 
wake cycle, closely linked to diurnal variations of locomotor ac-
tivity, body temperature regulation, and water/ food intake. Even 
subtle changes in these circadian cycles may lead to detrimental 
effects. Such causative relationship between these changes and ad-
verse biological effects have been obtained not only from mutations 
characterized in genes responsible for the generation and the inte-
gration of circadian rhythms, but also from observational studies 
where circadian rhythmicity was experimentally changed. Life in 

modern societies tends to increasingly ignore natural time cues 
and these environmental insults are increasingly recognized as the 
underlying mechanism for many pathophysiological changes and a 
higher susceptibility to disease. Focusing on endocrine- related ef-
fects, this chapter will highlight our current understanding of the 
genetic mechanisms of circadian rhythms, their integration with the 
light– dark cycle, and their links to sleep- related changes.

Mechanisms Underlying circadian Behaviour 
and Definitions

Definitions

Rhythmic circadian (from circa diem (lat.)— ‘about a day’) be-
haviour is not restricted to humans, but can be detected in most 
animals, plants, and even in prokaryotes. Circadian rhythms syn-
chronize biological processes to the day– night (or light– dark) cycle 
of the natural environment. In mammals, it was originally believed 
that only specialized neurons of the hypothalamic suprachiasmatic 
nucleus (SCN) are able to induce circadian behaviour, but recent 
detection of rhythmicity in most peripheral organs or cells have 
challenged this view. The detection of clock and clock output genes 
in these peripheral cells and of rhythmic behaviour when time cues 
from the SCN are missing suggests a general endogenous pattern. 
In the current model, the SCN integrates information about the 
external light– dark cycle and synchronizes a ubiquitous network 
of cellular clocks throughout the body with each other and with 
external time. At the cellular level, these clocks coordinate physi-
ology through rhythmic activation of transcriptional programmes. 
Approximately 5– 10% of genes in a given tissue show such cyclical 
circadian behaviour. It has been estimated that across the whole or-
ganism, 40– 50% of all genes are rhythmic in at least one tissue [2] .

The time interval between two peaks of an individual circadian 
rhythm defined as its period is synchronized to the 24- h cycle by ex-
ternal time cues, so- called Zeitgebers. In contrast to the SCN, which 
integrates time cues mainly from the light circle, peripheral cells 
are insensitive to light and are predominantly regulated by internal 
Zeitgebers such as hormones or autonomic signals, and the timing of 
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energy intake. When these time cues are missing, temporal coord-
ination follows the endogenous sustained rhythm provided by the 
SCN and— under specific conditions— individual circadian rhythms 
may even dissociate following their own internal pace. These free- 
running rhythms have been detected in experiments with volunteers 
kept in long- term isolation from all Zeitgebers. Depending on the 
exact experimental conditions, free- running rhythms in humans 
are estimated at a period length of 24– 25 h, with individual rhythms 
reported to show period lengths even beyond 30 h [3] .

One of the most striking real- life conditions where synchron-
ization of circadian rhythms is temporarily lost is jetlag due to a 
transmeridian flight travel. Under jetlag conditions, internal and 
external time do no longer match and the internal clock system 
transiently becomes uncoupled during the following adaptation 
phase. Typical jetlag symptoms involve fatigue, immune suppres-
sion, mood disorder, and gastrointestinal dysfunction. There are 
multiple other examples for a weakening of the coordination of 
circadian rhythms including (night) shift work or extreme lighting 
conditions during winter or summer in high- latitude regions— both 
of which favour the development of metabolic and mood disorders.

With the recent characterization of the molecular mechanisms’ 
underlying circadian rhythmicity mutational changes have been de-
scribed, affecting the circadian mechanism in all cells. This may re-
sult either in shorter or longer than expected underlying rhythms, 
alter coordination between internal and external rhythms or be-
tween different tissues, or external time cues may no longer be able 
to optimally synchronize circadian rhythmicity under specific con-
ditions such as given earlier. The so- called phase angle, defined as 
interval between a reference event like the beginning of the night 
and the peak of a given rhythm, is altered. It can be shifted to an 
earlier time, i.e. become phase advanced, or may be prolonged and 
become phase delayed. Every individual appears to have a given 
phase angle of its sleep–wake rhythm relative to external time which 
determines its chronotype. Morning (‘lark’) or evening (‘owl’) types 
have been characterized in humans who differ by up to 4 h in their 
optimal cognitive function and other physiological peak and trough 
performances due to the setup of their molecular clock [4] .

Molecular Mechanism

Seminal work in plants, flies, mice, and humans on the genetic basis 
of circadian behaviour led to the independent discovery of the first 
genes involved in circadian behaviour, from non- vertebrates to 
mammals. The first clock gene, period, was identified in a behav-
ioural mutagenesis screen in the fruit fly Drosophila melanogaster by 
Seymor Benzer and his student Ronald Konopka in 1970 [5] . While 
the different components of the circadian clock system differ be-
tween species, the principle makeup appears very much conserved 
across most multicellular organisms, from plants to mammals. At 
its core, the circadian clock consists of interlocked transcriptional– 
translational feedback loops driving 24- h rhythms of transcrip-
tional activity regulating cellular physiology. For their unravelling 
of this principle of molecular clockworks, Michael Rosbash, Jeffrey 
Hall, and Michael W. Young received the Nobel Prize for Physiology 
or Medicine 2017 (https:// www.nobelprize.org/ nobel_ prizes/ medi-
cine/ laureates/ 2017/ ).

The first mammalian clock gene was described in 1994 by Joseph 
S.  Takahashi in mice [6] . Further molecular components of the 
mammalian circadian clock were unravelled in the following years 

building a current working model of how this clock functions at 
the molecular level, even though there are still many open ques-
tions remaining. In brief, two basic- loop- helix transcription factors, 
circadian locomotor output cycles kaput (CLOCK) and its binding 
partner brain and muscle ARNT- like 1 (BMAL1; also known as aryl 
hydrocarbon receptor nuclear translocator- like or ARNTL) drive 
the expression of three Period (Per1– 3) and two Cryptochrome (Cry1, 
Cry2) genes during the day. As monomers PER and CRY proteins 
are highly unstable and, therefore, with a delay of several hours, 
PER and CRY proteins heterodimerize and translocate into the 
nucleus where they inhibit their own transcription following inter-
action with the CLOCK– BMAL1 complex. Subsequently, during 
the dark period, the PER- CRY repressor complex is degraded, and a 
new cycle of transcription is initiated. The period of one such cycle 
approximates 24 h.  This primary feedback loop is stabilized by a 
second negative feedback through the nuclear hormone receptors 
REV- ERBα/ β and RORα. REV- ERBα/ β, direct targets of CLOCK- 
BMAL1, are strong inhibitors of Bmal1 transcription while RORα 
(whose transcription is also activated by CLOCK- BMAL1) en-
hances Bmal1 transcription. At least two further accessory loops 
have been described. This basic feedback regulation is modulated by 
a large number of additional factors that change the kinetics of the 
feedback by altering the stoichiometry of clock protein complexes. 
During the late afternoon and night, PER proteins are progressively 
phosphorylated through key kinases such as casein kinase 1δ and 
ε (CSNK1δ; CSNK1ε). These phosphorylation steps are crucial 
for the degradation of clock proteins via the proteasomal pathway. 
Mutants in any members of these regulators may alter the kinetic 
of the circadian process and result in either short or long periods. 
Figure 1.11.1 schematically illustrates this process. In addition, 
more recently the critical importance of circadian changes in his-
tone H3 acetylation and chromatin remodelling for circadian tran-
scription of CLOCK-BMAL1 target genes has been recognized. It 
supports an intimate link between the autoregulatory feedback loop 
and chromatin remodelling (for a recent review, see [7]).

Mechanisms of circadian Synchronization

Role of Light and the Scn

While the current view prevails that biological clocks are present in 
most— if not all— cells of the body, the key importance of the hypo-
thalamus for the integration of circadian rhythms is undisputed. 
Targeted ablation of hypothalamic nuclei including the SCN, the 
ventrolateral preoptic, and dorsomedial nucleus clearly indicates 
that a normal patterning of the sleep– wake cycle, locomotor behav-
iour, feeding, and the circadian secretion of hormones is no longer 
observed. Using the same molecular instrumentarium observed in 
many cells, the SCN appears to be the master regulator of circadian 
behaviour. This may be based on the extraordinarily tight coup-
ling of rhythms between the cellular clocks in this tissue and the 
ability of these clocks to respond to light which has been shown for 
the expression of the clock genes, Per1 and Per2. While SCN clock 
rhythms— including the rhythmic activation of Per genes— persists 
even in the absence of external light input, this photic regulation 
of Per expression is crucially involved in the alignment of internal 
and external rhythms termed entrainment. While during most of 
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the subjective (i.e. internal) day the SCN clock is insensitive to light, 
during the first half of the subjective night light exposure elicits a 
strong induction of Per1 and Per2 transcription, while during the 
second part of the night only Per2 remains light inducible. This out- 
of- phase activation of Per2 mRNA and subsequent protein expres-
sion is integrated into the internal oscillator, thus resetting its phase 
and adjusting internal and external time. Similar responses in Per 
expression have been observed in peripheral tissues clocks, too [8] . 
However, here they are not part of photic entrainment but transmit 
internal time information provided by, for example, endocrine sig-
nals to local clocks. Both Per genes contain glucocorticoid (GC) re-
sponse elements (GREs) in their promotors and, thus— as described 
further on in this chapter— the diurnal GC release rhythm is an im-
portant internal Zeitgeber of the circadian system.

The Role of Food in circadian entrainment

Studies in nocturnal rodents show that a shift in the availability of 
food has a strong effect on locomotor activity and may reset the 
circadian clocks of metabolic tissues such as liver, lung, adipose, 
and pancreas while having little effect on the SCN pacemaker 
which stays locked to the light– dark cycle [10]. In rats, such food- 
entrained rhythms persist under fasting conditions even in SCN- 
lesioned animals, supporting the notion that a food- entrainable 
oscillator (FEO) exists distinct from the well- characterized light- 
dependent entrainment of circadian rhythms. Ablation studies in-
dicate that the dorsal medial hypothalamus may be involved in the 
food- dependent effects on circadian activity rhythms, but contro-
versial data exist, and the current model favours a more distributed 
organization of the FEO. An involvement of a gut– brain communi-
cation, either via humoral or neural pathways, has been postulated 
as intestinal clock genes are largely independent of the light– dark 
cycle but respond rapidly to the timing of food intake similar to 
other peripheral tissues. In line with this, food- entrained circadian 
rhythms in physiology such as blood triglyceride levels persist even 

in the fasting state. The mechanisms of food- induced clock resetting 
are still poorly understood, but two endocrine factors, insulin and 
oxyntomodulin, have been implicated in aligning the liver clock 
and liver physiology with meal timing [11].

Sleep and circadian Rhythms

The daily pattern of activity versus sleep is the most obvious cir-
cadian rhythm in humans. Sleep is controlled by two interacting 
processes: during the day, sleep propensity is low and this changes 
during the night (process c— for circadian). The second process in-
creases sleep drive as a response to the duration of time spent awake. 
This sleep homeostat is called process s (for sleep drive). Together, 
process c and s control consolidated sleep profiles in humans, with 
most of the time spent awake during the day and asleep during the 
night. At the neuroanatomical level sleep– wake states are regulated 
by a flip- flop mechanism comprising neurons of the basal fore-
brain, the lateral hypothalamus, and the brainstem. Wakefulness is 
driven by the noradrenergic ascending arousal system of the brain 
stem which inhibits sleep-promoting galanergic and GABAergic 
neurons in the ventrolateral preoptic area (VLPO). The firing rate 
of these sleep promoting neurons, in turn, is high during sleep 
under the stimulation of adenosine inhibiting wake- promoting 
monoaminergic brain stem neurons. Orexins (or hypocretin) ex-
pressing neurons in the perifornical area and the lateral and pos-
terior hypothalamus stabilize the wake state by inhibiting the 
VLPO and stimulating wake- inducing monoaminergic neurons 
[12]. Fitting to this pattern, it has been shown in animal models 
that orexin neurons fire during wake state. They are virtually com-
pletely inactive during rapid eye movement (REM) and non- REM 
sleep (NREMS). This complex interaction is highlighted by muta-
tions of orexin receptors in animal models and humans. In both 
conditions, daytime sleepiness, narcolepsy, and obstructive sleep 
apnoea may be induced. Narcolepsy, with a prevalence of roughly 
1 in 2000, is characterized by excessive daytime sleepiness but also 
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Figure 1.11.1 Current model of the mammalian circadian oscillator. The rhythm generating circuitry is based on a central molecular feedback loop 
with a positive (CLOCK, BMAL1) and a negative oscillator limb (PERs, CRYs) that is further stabilized via an accessory loop comprising the nuclear 
orphan receptors REV- ERBs and RORα. NONO, non- POU- domain- containing, octamer binding protein (an RNA- binding protein); RORE, retinoic 
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Reproduced with permission from Takahashi JS, Hong HK, Ko CH et al. The genetics of mammalian circadian order and disorder: implications for physiology and disease. Nat 
Rev Genet 2008;9:764– 75. Copyright Copyright © 2008, Springer Nature. [ref 9].
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sudden onset of weakness/ atonia (cataplexy) fitting to orexin effects 
on muscle tone. Orexin promotes locomotor behaviour and energy 
homoeostasis. It further stimulates food intake via neuropeptide Y 
(NPY) but also exerts an inhibitory action on proopiomelanocortin 
(POMC) neurons to decrease energy expenditure.

The role of orexin highlights the intimate interplay between 
sleep– wakefulness, locomotion, and central as well as peripheral 
metabolic control into a sensitively regulated circadian system. 
It implies that any disturbance of the sleep– wake cycle, of energy 
homoeostasis, and of the interfering endocrine regulators may lead 
to substantial changes in other components of this highly integrated 
system (Figure 1.11.2).

circadian endocrine Rhythms and Their Relation 
to Sleep and energy Homoeostasis

Multiple hormonal systems show pronounced circadian rhythmi-
city (see Figure 1.11.3 for examples and the link to other circadian 
rhythms) [13]. The physiological relevance of these rhythms is only 
in part elucidated so far. Multidirectional interactions between 
sleep, energy homoeostasis, and the endocrine system are currently 
best characterized, and the following section will thus focus on 
these interactions. As the capacity of endocrine signals to affect en-
ergy homoeostasis is reviewed in more detail in other parts of this 
book, the following will only review the relevance of energy shifts in 
relation to circadian behaviour and sleep [1] .

Ghrelin and Leptin

Ghrelin and leptin are among the most important regulators of en-
ergy homoeostasis. Both hormones show a significant diurnal vari-
ation in lean subjects tied to circadian rhythms of food intake. Both 
in lean and obese subjects, a nightly increase of leptin has been shown 
with peak levels reached at around 02.00 h in the morning hours. 

Leptin levels decrease thereafter to reach a nadir in the hours between 
waking and noon. These changes have been viewed as important for 
the well- known regulatory effects of leptin on energy homoeostasis 
but also for leptin’s action on other hypothalamic/ pituitary hormones.

Leptin secretion is linked to another important hormone in ap-
petite control, ghrelin. Ghrelin is released with a marked delay com-
pared to leptin with peak ghrelin levels reached after waking in the 
morning. This diurnal pattern of ghrelin secretion is restricted to 
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lean persons only. It is interesting that the diurnal ghrelin pattern is 
lost in obese subjects.

Ghrelin is known to activate orexin neurons and thus plays 
an important role in the regulation of food searching behaviour 
and locomotive activity. Ghrelin also has direct effects on the ma-
chinery of circadian behaviour by inducing a phase advance and 
shifting Per2 mRNA expression in dorsomedial hypothalamic 
neurons. On the contrary, leptin exerts an inhibitory influence on 
the firing of orexin neurons and counteracts feeding behaviour 
by activating POMC. Leptin as well acts directly on clock genes 
as shown in the example of mice deficient in Per or Cry in their 
osteoblasts. At least in this example clear phenotypic changes are 
found under leptin treatment, indicating that leptin acts on osteo-
blast proliferation via sympathetic nervous pathways and circa-
dian gene activation.

Growth Hormone

With growth hormone- releasing hormone (GHRH) and som-
atostatin, ghrelin is an important regulator of growth hormone 
(GH). GH secretion shows a marked diurnal variation. Using high- 
frequency sampling techniques in several hundreds of volunteers 
and patients, it has been shown that GH is released in secretory 
pulses, and that these pulses form the basis of a circadian pattern. 
Modulation of frequency and amplitude of these secretory pulses 
shows circadian variations; a common pattern observed in many 
hormonal systems.

GH in humans is closely linked to sleep. Quantifying the amount 
of NREMS revealed that GH is robustly associated with the dur-
ation and deepness of NREMS but this relation depends on age and 
gender. It typically develops at about 3 months of age, reaches a peak 
in adolescence, and progressively decreases after 30  years of age. 
Despite the fact that there is a marked sex- related difference with 
a closer relation in males than in females, the decline in slow- wave 
sleep parallels the almost complete decline in nightly GH secretion 
above the age of 50 in both sexes.

These observational studies on a close link between GH and 
sleep were recently supported by investigations in mutant and 
transgenic animals. Growth hormone secretion in spontaneous 
dwarf rats (SDR) is almost completely lost due to a mutation of 
the GH gene. At variance to expectations NREMS is not reduced 
in these animals, but rather increased during the rest period. This 
suggests that growth hormone/ insulin- like growth factor 1 (IGF- 
1) is only indirectly responsible for the reduction in spontaneous 
NREMS. The idea that a major part of this activity is mediated by 
GHRH- dependent pathways is supported by several rodent models 
with deletions of the GHRH receptor, such as the lit/ lit mice or 
dw/ dw rats. In both strains, GH and IGF- 1 production is greatly 
decreased along with significantly reduced spontaneous NREMS. 
As no GHRH action is expected in these animals, chronic growth 
hormone replacement allows us to dissect GHRH action from 
growth hormone/ IGF- 1 responses. Despite successful correction of 
growth hormone deficiency, growth hormone replacement is un-
able to stimulate NREMS to normal indicating an important role 
of GHRH in the regulation of NREMS. This assumption fits to the 
detection of a circadian and sleep- related variation of GHRH in the 
hypothalamus. In contrast, REM sleep seems to be directly stimu-
lated by GH secretion.

Adrenal Axis

Endogenous cortisol secretion rises sharply between 02.00 and 
04.00 h at night with a peak serum concentration approximately 1 h 
after wakening. Under non- stressed conditions cortisol is secreted 
in a robust diurnal pattern overlying 90- min pulsatile patterns, 
both of which generally reflect the pattern of adrenocorticotropic 
activity (ACTH). Its high variation between nadir and peak secre-
tions and its high reproducibility allow to use the circadian pattern 
as a window to evaluate changes in circadian rhythmicity in order 
to capture pathophysiology. Moreover, GCs have been shown to af-
fect clock gene rhythms in target tissues, thus transmitting circadian 
time information across the body [16].

In Cushing’s syndrome circadian cortisol variations are markedly 
dampened or even abolished. Whereas morning cortisol may still 
be within the normal range, typically midnight cortisol levels are 
increased. Similarly, circadian secretion is altered in normal ageing 
with an increased nightly secretion. This is a mild alteration whereas 
in depressive illnesses, as well as in chronic alcohol abuse, more pro-
nounced shifts in circadian pattern reminiscent of Cushing’s syn-
drome are observed. In cortisol deficiency stimulation of the entire 
corticotropin- releasing hormone (CRH)– ACTH– cortisol axis may 
be achieved by administration of the 11β- hydroxylase antagonist 
metyrapone, which blocks the conversion of 11- deoxycortisol to 
cortisol. The reduced negative feedback inhibition of cortisol on 
CRH and ACTH secretion can be used diagnostically in partial pi-
tuitary insufficiency. It is, however, highly dependent on circadian 
timing. Deoxycortisol has been shown to be maximally induced 
when the drug is applied at 20.00 h. This stimulation was signifi-
cantly higher than after administration during the morning hours. 
Similarly, suppression of ACTH secretion by cortisol or synthetic 
analogues depends on the timing of their administration. Maximal 
inhibitory effects on ACTH secretion are observed just prior to the 
endogenous nightly rise in ACTH secretion. These effects have im-
plications for the timing of corticosteroid treatment.

For physiological replacement therapy a slow- release preparation 
has recently been developed which is able to mimic the nightly cor-
tisol increase. Application of the preparation when going to sleep 
will release peak cortisol levels at the physiological peak secretion 
time in the early morning hours. It is hoped, but still remains to 
be proven, that these promising preparations will improve the im-
paired quality of life of patients with Addison’s disease. In pharma-
cotherapy with GCs, it is evident that the effectiveness depends on 
the timing. Nightly application improves the effect/ dose, but side 
effects are higher as well. Bearing in mind interindividual variations 
in the sensitivity to GCs, there is no present consensus on which 
minimal dose is effective at which time of the day. In addition, this 
may vary due to disease specific factors.

Thyroid Hormone Axis

Thyrotropin (thyroid- stimulating hormone (TSH)) exhibits a 
marked circadian rhythm that governs a similarly phased— though 
far less developed— 24- h rhythm of free triiodothyronine. Data 
on circadian thyroxine rhythms are less clear, probably due to the 
long half- life of several hours of the circulating hormone. There 
are early observations suggesting a light– dark cycle in total thy-
roxine but more recent data on free thyroxine do not confirm this. 
There are no data on the influence of light on TSH secretion but 
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the important impact of sleep on TSH has been well investigated. 
Sleep withdrawal induces an acute increase and prolonged release 
of nocturnal TSH secretion (Figure 1.11.4) independent of total 
thyroid hormone levels. In contrast, TSH is almost completely sup-
pressed if volunteers sleep significantly more and deeper in the 
night following a night of sleep withdrawal. This recovery of hor-
monal changes in acute total sleep deprivation is observed for other 
hormonal systems as well and raises the possibility that chronic 
sleep loss may result in long- term adverse endocrine effects via al-
terations in the circadian rhythmicity of hormone release. A direct 
link to energy homoeostasis is currently elusive. Short- term activa-
tion of the thyroid axis as in acute sleep withdrawal may, however, 
be linked to an activation of energy stores via the thyroid hormone 
system, an assumption fitting to data on fasting. Decreased energy 
availability following a 3- day fast almost completely suppresses cir-
cadian TSH release. Effects on the sympathetic nervous system are 
clearly important in this context but detailed studies are missing 
to date.

Melatonin

Melatonin, which is exclusively derived from the pineal gland, is se-
creted with a strong circadian rhythm peaking during the dark phase. 
Ganglionic photoreceptor cells in the retina integrate information 
on the light– dark cycle and signal via the retino- hypothalamic 
pathway to the SCN where duration, phase, and amplitude of mela-
tonin hormone production are encoded. Nocturnal light exposure 
suppresses melatonin secretion, with blue light in the range 460– 
470 nm having the most pronounced effect (acting through retinal 
ganglionic melanopsin (OPN4) photoreceptors). Circulating mela-
tonin levels show high interindividual variability which presum-
ably is genetically determined. An age- related blunting of circadian 
melatonin rhythms has been suggested, but more recent data indi-
cate that melatonin rhythms are preserved even in old age, albeit 
with large interindividual variations [18].

Melatonin exerts its physiological actions through G- protein- 
coupled specific cell membrane receptors, MT1 and MT2. The 
functions of the subtypes differ and are not restricted to sleep 
and circadian behaviour where MT1 receptor decreases neur-
onal firing rates and MT2 receptor regulates phase shifts. Like 
cortisol, melatonin is a major regulator of the circadian rhythm 
in peripheral tissues and of core body temperature in humans. 
This pattern is linked to sleep. In normal adults, the deepest 
level of sleep and the lowest core body temperature are reached 
simultaneously.

Without external light cues as in totally blind patients with a 
complete loss of light recognition entrainment of endogenous 
rhythms is lost and patients free- run with their own endogenous 
period (Non- 24). Synchronized endogenous circadian rhythms are 
important for a normal quality of life. Totally blind persons lose this 
synchrony and exhibit cyclical sleep loss associated with daytime 
sleepiness and mood swings.

Exogenous melatonin affects sleep regulation largely through a 
phase- resetting mechanism. By its capability to readjust disturbed 
circadian rhythms to their correct phase position, melatonin 
strengthens endogenous rhythms, thus decreasing daytime sleepi-
ness and restoring sleep quality. Circadian rhythm sleep disorders, 
either advanced or delayed sleep phase syndrome, have been suc-
cessfully treated with melatonin [19]. A common denominator of 
these conditions is the loss of coordination between endogenous 
rhythms. Jet lag induced by a transmeridian flight across several 
time zones is a well- known but transient condition of such loss 
of entrainment as a mismatch occurs between the endogenous 
circadian rhythms and the new environmental light– dark cycle. 
Endogenous rhythms shift in the direction of the flight with a phase 
advance on eastbound flights but a phase delay when flying west-
wards. Symptoms typically include a disturbed night- time sleep, 
impaired daytime alertness and performance, irritability, distress, 
and appetite changes, along with other physical symptoms such 
as disorientation, fatigue, gastrointestinal disturbances, and light- 
headedness. Pharmacological modification of melatonin secretion 
has been used to synchronize endogenous rhythms in jetlag and 
in shift workers. The convincing positive data in the totally blind 
on a coordinating role of melatonin have recently been paralleled 
in healthy volunteers treated with a melatonin agonist. The dose- 
dependent effect on sleep propensity supports an important coord-
inating function of melatonin on the sleep– wake cycle and on other 
circadian rhythms. To understand melatonin action in normal 
physiology, further mechanisms such as the activation of the sym-
pathetic nerve system, which suppresses melatonin secretion from 
the pineal gland, may play a crucial role. Light, even dim light at 
night, leads to a suppression of melatonin and feedback on other 
rhythms. Recent data on melatonin secretion in postmenopausal 
women highlight this complex relation. Absolute 24- h melatonin 
secretion is enhanced in depressed postmenopausal women. In 
addition, the timing of melatonin secretion is altered, showing a de-
layed morning offset. This longer melatonin secretion window fits 
to results in seasonal affective disorders where— due to weak and 
noisy photic Zeitgeber conditions during winter— a dissociation of 
endogenous rhythms is observed. These patients also often show an 
increased melatonin secretion during the winter months. In both 
groups mood disturbance and sleep are improved by bright (blue- ) 
light therapy [20].
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Figure 1.11.4 Effects of sleep modulation on TSH secretion in healthy 
volunteers. Comparing normal sleep to acute sleep withdrawal and to 
sleep in the night following sleep withdrawal [17].
Adapted with permission from Brabant G, Prank K, Ranft U et al. Physiological 
regulation of circadian and pulsatile thyrotropin secretion in normal man and 
woman. J Clin Endocrinol Metab 1990;70:403– 9. Copyright © 1990, Oxford 
University Press [ref 17].
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Altered Sleep, circadian Rhythmicity, 
and Metabolism

Increased melatonin secretion may further impact on the risk of 
insulin resistance and diabetes mellitus. Recent data from three 
independent groups reveal that a polymorphism of the melatonin 
receptor 1B, which leads to chronic overactivity of intracellular 
melatonin dependent signalling pathways, is an independent and 
strong risk factor for glucose intolerance and type- 2 diabetes mel-
litus. The mechanism behind this is not entirely clarified but in-
hibition of insulin secretion from pancreatic β cells and a negative 
impact on incretins seem to cooperate.

Glucose tolerance, which critically depends on the ability of the 
pancreatic β cell to respond to a given glucose challenge, varies over 
the day in healthy individuals. It is much lower in the evening than 
in the morning. There is a further increase in plasma glucose when 
tested in the middle of the night, suggesting minimal glucose toler-
ance during sleep. Whereas reduced glucose tolerance in the evening 
hours is attributed to both a reduction in insulin sensitivity and a 
reduced insulin secretory response to glucose, the further deterior-
ation of glucose tolerance during the night depends on sleep- related 
processes to maintain stable glucose levels during the extended over-
night fast. During NREMS glucose utilization is lowest; it increases 
during REM sleep and is highest in the wake period. The underlying 
multifactorial causes of this circadian change in glucose tolerance are 
only partly unravelled. Insulin sensitivity decreases in the evening 
predominantly due to a decreased pancreatic insulin secretory re-
sponse to glucose. Data from transgenic mice suggest that pancreatic 
insulin production itself is under control of the local clock gene ma-
chinery [21]. Melatonin- mediated effects may further contribute to 
this regulation. Glucose production and utilization fall in association 
with sleep during the first half of the night and increase again in the 
latter part. Insulin- dependent and - independent glucose disposal is 
reduced during sleep. In parallel, GH secretion is increased with the 
initiation of slow- wave sleep, cortisol is inhibited, sympathetic nerve 
activity is decreased, and vagal tone stimulated.

Moderate alteration of night sleep with a reduction to only 4 h/ 
night over a period of 6 nights has been shown experimentally to 
profoundly affect energy metabolism. It acutely reduces insulin re-
lease predominantly via an increased sympathetic outflow and de-
creases peripheral insulin sensitivity on several levels. Importantly, 
counteractive hormone release is activated with augmented nightly 
GH, TSH, and cortisol secretion, and also with a higher level of 
cytokines and inflammatory markers. It is not surprising that 
testing for insulin resistance in such a state of sleeplessness re-
vealed a metabolic state well comparable with metabolic syndrome 
and prediabetes. Similar data have subsequently been obtained in 
subjects where selective suppression of slow- wave sleep decreased 
the quality but not the duration of sleep.

Chronic sleep reduction as investigated in obstructive sleep ap-
noea is further associated with a dysregulation of the neuroendo-
crine control of appetite. A combined alteration of ghrelin, orexin, 
and leptin secretion is part of the pathomechanism leading to ex-
cessive food intake, decreased energy expenditure and, as recent 
data indicate, to hypertension (see Figure 1.11.5 for schematic in-
tegration of mechanisms). There is further evidence that metabolic 
changes in the polycystic ovary syndrome are a result of obstructive 

sleep apnoea. Experimental studies on partial sleep loss and their 
impact on energy conservation parallel epidemiological findings on 
the greatly increased risk of obesity and diabetes mellitus in soci-
eties. It is tempting to speculate, but remains to be proven, that sleep 
curtailment by modern lifestyle changes is a primary force behind 
the adverse metabolic effects via its impact on diurnal endocrine 
regulation. Mouse and human data suggest that even a short epi-
sode of mistimed and shortened sleep may profoundly affect circa-
dian clocks in blood and peripheral tissues [22].

conclusion

In summary, these examples clearly demonstrate a powerful circa-
dian regulation of the endocrine and metabolic system interlinked 
with sleep. Evidence is accumulating that the common curtailment 
of normal sleep in modern society has important consequences 
for metabolic and endocrine functions. Data on shift workers who 
most frequently experience gastrointestinal disturbances support 
the importance of food- entrained rhythms in addition to the light– 
dark cycle for the timing of many endocrine rhythms and sleep- 
associated cycles. Constant violation of these patterns may lead 
to detrimental effects. The example of treatment with melatonin 
and melatonin agonists suggests that a better understanding of the 
pathophysiology of the circadian system may help to develop new 
means to endocrinologically modulate these cycles for the benefit 
of patients.
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Figure 1.11.5 Integration of endocrine signals with sleep and 
food regulating hypothalamic circuits. ARC, arcuate nucleus; DMH, 
dorsomedial hypothalamus; dSPZ, dorsal subparaventricular zone; 
GABA, γ– aminobutyric acid; LHA, lateral hypothalamic area; MCH, 
melanin- concentrating hormone; MPO, medial preoptic area; PVH, 
periventricular hypothalamus; SCN, suprachiasmatic nucleus; TRH, 
thyrotropin- releasing hormone; VLPO, ventrolateral preoptic area; VMH, 
ventromedial hypothalamus; vSPZ, ventral subparaventricular zone [12].
Reproduced with permission from Saper CB, Scammell TE, Lu J. Hypothalamic 
regulation of sleep and circadian rhythms. Nature 2005;437:1257– 63. Copyright © 
2005, Springer Nature [ref 12]
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Introduction

The aim of hormone replacement is to replace the missing physio-
logical effects of a deficient hormone. In principle this may best be 
achieved by replicating the physiological profile of that hormone 
in the bloodstream. This is easier said than done as there are many 
challenges to be met in order to achieve this, from defining the 
physiological profile of the hormone to designing and testing thera-
peutic formulations that can replicate that profile. This involves, ac-
curately measuring the bioactive hormone, describing its actions, 
identifying biomarkers of those actions, accurately measuring those 
biomarkers, generating formulations of hormone or hormone mi-
metic drug that replace the physiological concentration and rhythm, 
providing a route of administration that yields bioavailability, and 
then demonstrating in clinical trials the short and long- term bene-
fits of hormone replacement.

It is remarkable that in many cases providing a daily bolus of 
hormone is lifesaving even when it does not replicate the physio-
logical profile, as was evident with the introduction of insulin and 
glucocorticoids in the last century. Thus, a daily subcutaneous 
injection of insulin can prevent ketoacidosis and death despite 
the fact that insulin in health is secreted from the pancreas into 
the portal circulation in a pulsatile manner under tight control 
of multiple nutrient sensing mechanisms, and coordinated with 
the secretion of glucagon. Hormone deficiencies are generally 
chronic diseases requiring lifelong therapy, often starting early 
in life. In the short term non- physiological daily administration 
may prevent death, but we now recognize that replacement needs 
to replicate physiology more faithfully to prevent poor long- term 
health outcomes. This is well demonstrated in type 1 diabetes mel-
litus, where poor glucose control over time results in large and 
small blood vessel disease with resultant ischaemic heart disease, 

neuropathy, retinopathy, and nephropathy. Thus, the emphasis 
in the management of diabetes mellitus in this century is on re-
constituting physiology by providing basal insulin levels supple-
mented by mealtime boluses, or combining insulin with glucagon 
infusions, all with intensive glucose monitoring. Similarly, with 
glucocorticoid replacement in adrenal insufficiency we can pre-
vent adrenal crises through administration of large doses of any 
glucocorticoid, but chronic excess glucocorticoid over time is as-
sociated with all the complications of Cushing’s syndrome. This 
chapter explores the challenges associated with hormone replace-
ment and through this exemplifies the principles of hormone 
replacement.

Physiology of Hormones

Understanding the physiological regulation and action of a hor-
mone is essential to understanding how to provide its replacement. 
This is exemplified by gonadotropin- releasing hormone (GnRH), 
which, if given as a continuous infusion, results in downregulation 
of the pituitary gonadal axis. This is the opposite of what occurs 
in nature, where GnRH is secreted in a pulsatile manner, with the 
frequency and magnitude of those pulses regulating puberty and 
fertility (see Chapter 8.1.2). Characterizing hormone physiology is 
complex and requires not only an understanding of the synthesis 
and secretion of the hormone and its total concentration in the 
blood stream, but also an understanding of its binding proteins, 
which tissues it acts upon, what receptor(s) it acts through and its 
metabolism and excretion.

Some hormones are released in pulses, like GnRH, and the pulse 
and trough are important to the biological action, whereas parathy-
roid hormone is secreted at a fairly constant level. When increased in 
primary hyperparathyroidism parathyroid hormone causes osteo-
porosis, but, intriguingly, when given in pulses it has an anabolic 
action on bone (see Chapter 4.1). Some hormones are secreted in 
pulses superimposed on an underlying rhythm, exemplified by the 
hypothalamic– pituitary– adrenal (HPA) axis: cortisol production is 
controlled by the pulsatile release of adrenocorticotropic hormone 
(ACTH) from the pituitary, and shows an overall circadian rhythm 
underpinned by an ultradian rhythm. Both of these rhythms may be 
important in its biological actions [1] .
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Many hormones such as thyroid hormones and cortisol have 
binding proteins which influence both bioavailability and hormone 
measurement. Women taking oestrogens or when pregnant have 
a high plasma cortisol binding protein concentration and there-
fore have a high total cortisol level which needs to be recognized 
when assessing for adrenal insufficiency or measuring absorption 
of hydrocortisone.

Hormone receptors are variably expressed in different tissues and 
there may be different receptors for the same hormone in different 
tissues that can influence biological output of hormone exposure. 
As an example, there are two thyroid hormone receptors, THRα 
and THRβ. These are variably expressed with THRβ being more 
highly expressed in the hypothalamus and pituitary, mediating in-
hibition of thyroid- stimulating hormone (TSH), and so TSH alone 
may not be a suitable biomarker for thyroid action in other tissues 
[2] . Within cells there may be conversion of prohormones to either 
active or inactive forms, as seen in the deiodination of T4 to bio-
logically active T3 or conversion of active cortisol to inactive cor-
tisone by 11β- hydroxysteroid dehydrogenase. Finally, clearance of 
hormones varies between hormones in rate and site, and may fea-
ture renal clearance, hepatic metabolism, receptor- mediated tissue 
uptake, and/ or proteolysis, all of which may influence the pharma-
cokinetics of a drug formulation.

Biomarkers of Hormone Replacement

A biomarker is defined as a characteristic that is objectively meas-
ured and evaluated as a surrogate indicator of a normal biological 
process, a pathogenic process, or a pharmacologic response to 
a therapeutic intervention [3] . Biomarkers are essential tools 
for monitoring hormone replacement and for developing new 

therapies for hormone replacement. Clinical endpoints, capturing 
how a patient feels, functions and survives, are ultimately the key 
objectives for hormone replacement, but these are usually not easily 
measurable in individual patients and are challenging to measure in 
clinical trials. In such trials we thus frequently depend on surrogate 
endpoints, or biomarkers that can accurately predict beneficial or 
harmful clinical outcomes.

Haemoglobin A1c (HbA1c) is an example of a validated surrogate 
endpoint for microvascular complication risk associated with dia-
betes mellitus, and has been used as the basis for approval of drugs 
intended to treat diabetes mellitus as well as being used in the man-
agement of individual patients. We have biomarkers for the actions of 
most hormones; however, few are validated as surrogate endpoints. 
Serum IGF- I is widely used as a biomarker in growth hormone 
(GH) replacement but correlates only weakly with clinical endpoints 
in GH treatment, although normalization of IGF- I is related to an 
improvement in mortality in patients with acromegaly [4] . TSH is 
routinely used as a biomarker of thyroid hormone replacement for 
the management of individual patients as well as in clinical trials. 
Nevertheless, in trials of T4 monotherapy at doses that normalized 
TSH in overt, primary hypothyroidism, not all systemic biological 
markers of thyroid hormone signalling were normalized, including 
serum cholesterol levels [2]. Identifying biomarkers that are valid-
ated endpoints is essential for management of hormone replacement 
both in the clinic and for developing optimized therapies and there is 
a need for new biomarkers in most fields of endocrinology.

Delivery of Hormonal Therapies

The route of administration for hormones depends on their in-
trinsic properties. Proteins such as insulin and GH have to be given 

Table 1.12.1 Current practice in hormone replacement

Hormone Physiological profile Replacement Biomarkers Future prospects

Growth hormone 3– 4 hourly pulses;
greatest at night

Daily s/ c injection given in 
evening

Growth in childhood and 
IGF- I in adults

Long- acting formulations are in development 
but don’t replicate physiology and therefore 
efficacy and safety important to demonstrate

Thyroid T4 and T3 secretion from 
thyroid with circadian 
rhythm of T3 and 
peripheral conversion of 
T4 to T3

Thyroxine monotherapy TSH Development of new tissue specific biomarkers 
and T3 formulations that can provide the normal 
ratio of T4 to T3

Parathyroid Constant secretion of 
parathyroid hormone (PTH) 
modulated by calcium level

Usually calcium and 
vitamin D supplementation. 
Subcutaneous PTH (1– 84) 
recently licenced

Calcium level Development of long- acting PTH 
supplementation as current treatment results in 
fluctuating calcium levels

Cortisol Circadian cortisol rhythm 
with underlying ultradian 
rhythm

Hydrocortisone twice to 
thrice daily or modified 
release once daily

None There is a need for tissue- specific biomarkers. 
There is a modified- release formulation in 
development that replaces the circadian 
overnight cortisol levels and work with s.c. 
pumps looking at the ultradian rhythm

Insulin Baseline levels with 
postprandial surges

Short-  and long- acting 
insulins

HbA1c See Chapter 15.5.3

Oestrogen and 
progesterone

Gradually rise through 
puberty; varying levels 
during menstrual cycle

Oral and transdermal 
preparations; combined 
preparations

Menstrual cycle and 
dual energy X- ray 
absorptiometry (DEXA) 
scan for bone health

There is a need for biomarkers and to determine 
the optimal route and dose of replacement at 
different ages

Testosterone Gradually rises in puberty; 
circadian rhythm

Parenteral or transdermal 
preparations

None There is a need for biomarkers to determine 
optimal replacement doses and when to replace
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parenterally because of proteolysis in the gut. Most peptide hor-
mones such as DDAVP (desmopressin) are also broken down in the 
gut, although when given at high dose sufficient hormone maybe 
absorbed to be biologically active. In contrast, amino acid- based 
hormones such thyroxine and steroid hormones such as hydro-
cortisone are well absorbed from the gut. The gonadal steroids tes-
tosterone and oestradiol, too, are well absorbed from the gut but 
undergo first pass metabolism in the liver, commonly necessitating 
parenteral or transdermal administration.

The route of administration will often dictate constraints in rep-
licating physiology. Sophisticated subcutaneous pump technology 
performs well in diabetes, but this is generally impractical for most 
hormone replacement. GH is secreted in pulses approximately every 
3 hours with the largest pulse occurring during deep sleep, however 
single daily subcutaneous GH injections given in the evening have 
proven effective in promoting growth in children. There are long- 
acting formulations of GH in development with the potential to offer 
weekly or less frequent dosing options. These GH formulations don’t 
truly replicate endogenous GH profiles, but they do promote growth. 
Important to their development will be demonstration of a good safety 
profile [5] . It is also possible to modify release of drugs in the gut and 
in so doing to delay and/ or sustain release of hormone, depending on 
what part of the gut the hormone is absorbed from. This approach 
has been used with hydrocortisone to mirror more faithfully the daily 
rhythm of cortisol concentration. There is now a dual- release formula-
tion available that provides for once daily hydrocortisone replacement 
[6], and a delayed and sustained absorption formulation in develop-
ment that replaces the overnight rise in cortisol and improved bio-
chemical control of patients with congenital adrenal hyperplasia [7].

Summary

The last century identified most of the endocrine hormones, 
which can now be replaced when deficient; however, the 

challenge of the twenty- first century is to optimize replacement 
(see Table 1.12.1). The guiding principle in hormone replace-
ment is replicating the natural levels and rhythms of hormones 
at different ages but this requires a good understanding of physi-
ology. There is a need for better biomarkers of hormone actions 
and using these to develop new ways to deliver hormone replace-
ment tailored to the individual. This chapter discusses current 
approaches to this problem.
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Introduction

At its inception in 1948, the World Health Organization defined 
health as ‘a state of complete physical, mental, and social well- being 
and not merely the absence of disease and infirmity’. The widely 
accepted goals of healthcare systems are to promote and preserve 
health, to restore health when it is affected and to minimize suf-
fering. The concept of disease prevention is embedded within 
these goals.

When considering disease prevention within the field of endo-
crinology, there has been a clear shift in focus reflecting changing 
epidemiology. Iodine deficiency disorders and congenital hypothy-
roidism were examples of conditions, which when left untreated 
had severe consequences and posed considerable public health 
challenges. However, the introduction of appropriate screening 
strategies and health policies has successfully increased early rec-
ognition and treatment, reducing the incidence of associated ad-
verse outcomes. While the challenges do still exist, the epidemics 
of diabetes and obesity now observed have superseded both these 
and other preventable non- communicable diseases worldwide.

Disease prevention can take many forms ranging from public 
health campaigns addressing lifestyle factors to targeted interven-
tions in at risk groups. Prevention can be classified as follows [1] :

 1. Primary prevention. This focuses on improving health in popu-
lations’ (e.g. salt iodization) programmes to prevent iodine defi-
ciency disorders.

 2. Secondary prevention. Here, disease development in at risk 
individuals is targeted (e.g. lifestyle modification in over-
weight individuals to prevent type 2 diabetes). The strength of 
this particular form of prevention is that the intervention can 
be matched to the needs of the individual allowing focused re-
source delivery.

 3. Tertiary prevention. This aims to reduce the risk of complica-
tions associated with a disease in affected individuals (e.g. good 
glycaemic control to prevent microvascular complications in in-
dividuals affected by type 1 or type 2 diabetes).

 4. Quaternary prevention. The most recent of the concepts 
relates to the actions taken to identify a group at risk of 
overmedicalization, thus protecting them from unnecessary in-
vasive medical interventions and providing them with ethically 
acceptable care.

Screening

Effective secondary and tertiary prevention relies on practical 
screening strategies and the identification of clear modifiable factors, 
which when addressed, can mitigate the risk of either developing a 
disease or improving its associated complications.

The World Health Organization (WHO) defines screening as 
the ‘presumptive identification of unrecognized disease or defects 
by means of tests, examinations, or other procedures that can be 
applied rapidly’. In an early series of papers on the subject, Rose 
and Barker stated that to ensure an effective screening programme, 
these three core principles should be addressed [2] :

 1. Earlier treatment should improve the prognosis
 2. The screening test should be valid and repeatable
 3. There should be a high yield to the screening service

The WHO proposed these further recommendations for screening 
strategies in a clinical policy guideline [3] :

 • The condition being screened for should be an important one
 • Facilities for diagnosing and treating the condition should be 

available
 • There should be an accepted treatment for those who ultimately 

develop the disease
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 • There should be a recognizable latent or early symptomatic stage
 • The natural history of this condition including the progression 

from latent to declared disease should be adequately understood
 • There should be a suitable test to screen for the condition and this 

test should be acceptable to the population
 • The cost of case- finding (including diagnosis and treatment of pa-

tients diagnosed) should be economically balanced in relation to 
possible expenditure in medical care as a whole

 • Case- finding should be on a continuing process and not a ‘once 
and for all’ project

When deciding on appropriate screening programmes, the sensi-
tivity and specificity of the tests need to be considered together with 
the implications of false positive and false- negative results.

This chapter will explore the principle preventable diseases and 
their associated complications within the field of endocrinology 
as well as the strategies that have been employed to combat them. 
Two areas will be described in which public programmes of primary 
prevention have been implemented worldwide, the first relating to 
iodine deficiency disorders and the second to learning difficulties 
due to congenital hypothyroidism. The global epidemic of type 2 
diabetes and its prevention will then be discussed, and potential 
prevention opportunities relating to gestational diabetes, type 1 dia-
betes, and osteoporosis will also be described.

Iodine Deficiency Disorders

Iodine deficiency is estimated to affect two thousand million people 
worldwide. Endemic goitre had been a well- recognized complica-
tion of iodine deficiency as early as the start of the twentieth cen-
tury. However, it was not until much later that the links between 
iodine deficiency and mental as well as physical impairment were 
established, following which the term ‘iodine deficiency disorders’ 
was introduced (Table 1.13.1).

Dietary iodine is readily absorbed from the gastrointestinal tract, 
reaching the circulation in the form of iodide [4] . The latter is con-
verted back to iodine in the thyroid gland and concentrated within 
the follicular cell. Iodine is an integral component of T4 and T3. 
A low dietary intake of iodine results in adaptive processes within 
the thyroid gland, which are mediated by the enhanced secretion 
of thyroid stimulating hormone (TSH) from the anterior pitu-
itary gland. This in turn maintains T3 status as well as reducing the 
renal clearance of iodide. Despite these adaptive processes, iodine 

deficiency in the chronic stages results in total thyroid gland iodine 
depletion and hyperplasia of thyroid epithelial cells precipitating 
the development of goitre.

In 1978, a study in the Chinese village of Jixian demonstrated that 
iodine supplementation in an iodine deficient population resulted 
in the following benefits over an eight year period: reduction in en-
demic goitre rates in schoolchildren (80% in 1978 versus 4.5% in 
1986), reduction in incidence of cretinism (11% presupplementation 
versus 0% in 1986) and improvement in school performance (both 
school ranking and pupil failure rate) [5] . This, together with fur-
ther similar studies provided evidence that mental impairment sec-
ondary to iodine deficiency could be prevented. The implications 
for translating this to a population level were therefore numerous 
particularly when considering the potential beneficial impact on 
socioeconomic development.

While iodine supplementation had been commonplace in coun-
tries such as the United States and Switzerland, it was not until the 
1990s that a turning point in the global efforts to combat iodine de-
ficiency was observed. This first involved concerted efforts to assess 
the prevalence of iodine deficiency and countries with a total goitre 
rate exceeding 10% were classed as iodine deficient. One hundred 
and ten countries fell into this remit exposing 1570 million people, 
equating to approximately 30% of the global population, to the risks 
of developing iodine deficiency disorders.

In 1990, the International Council for Control of Iodine Deficiency 
Disorders, UNICEF, and the World Health Organization collabor-
ated on guidelines to address iodine deficiency, which was followed 
by the WHO recommending universal salt iodization (USI) pro-
grammes to combat the associated disorders. USI programmes were 
thought to represent the most cost- effective methodology by which 
to do so with the price per person per annum estimated at $0.002– 
0.006. The proportion of the global population consuming iodized 
salt increased from less than 20% in 1990 to approximately 70% in 
2000. By 2004, WHO indicated that 54 countries were iodine defi-
cient (relative to the 110 prior to the programme) indicating that 
the strategy was effective.

Longitudinal studies have now demonstrated that the implemen-
tation of USI programmes have improved endemic goitre rates, One 
example of this is the Chinese province of Hebei, where the rate has 
improved from 11.3% to 2.7% in school children aged 8– 10 years 
over a 10- year period. Similar reductions in the incidence of cret-
inism have been observed.

However, not all regions required the implementation of USI 
programmes to improve iodine deficiency rate. Changes in farming 
practice have almost led to an accidental increase in iodine intake 
among the general population within certain parts of Europe and 
Australasia. Using the United Kingdom as an example, the endemic 
goitre rate was estimated at 30% in school children in the 1920s [6] . 
Changes to farming practice including provision of iodine- enriched 
feed to cattle to improve their reproductive performance led to an 
associated increase in the iodine content of milk. Subsequent to 
this, iodine deficiency rates improved across the country, which in 
turn was evidenced by both reductions in the endemic goitre rate 
(equating to approximately 11%) and increases in median urinary 
iodine concentrations, a surrogate marker of iodine intake. While 
cross- sectional surveys have suggested that iodine deficiency rates 
could once again be increasing in certain parts of the world, the true 

Table 1.13.1 Consequences of iodine deficiency in different 
age groups

Age group Manifestations of iodine deficiency

Fetus Spontaneous early pregnancy loss, congenital anomalies, 
stillbirth

Neonate Cretinism (neurodevelopmental delay including mutism, 
squint, spastic diplegia), hypothyroidism, and short 
stature. Infant mortality

Childhood Physical impairment, mental impairment

All age groups Hypothyroidism, goitre, iodine-induced hyperthyroidism, 
increased susceptibility to nuclear radiation
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prevalence, severity, and indeed long- term impact of this, has yet to 
be established.

congenital Hypothyroidism

The screening programme for congenital hypothyroidism is well 
organized in many parts of the world and represents another im-
portant primary prevention programme within endocrinology. The 
condition affects approximately 1 in 3000 to 1 in 4000 neonates ren-
dering it one of the most frequent congenital endocrine disorders. 
Untreated, congenital hypothyroidism results in severe intellectual 
disability, neurodevelopmental delay and growth impairment [7] . 
The majority of cases (80%) occur as a result of developmental de-
fects within the thyroid gland itself otherwise known as thyroid 
agenesis or dysgenesis. In the remaining 20%, a normal or enlarged 
thyroid gland is found and the condition instead occurs due to dis-
ruptions in thyroid hormone biosynthesis.

The finding that normal mental development in a child with 
congenital hypothyroidism was contingent on both a timely diag-
nosis and initiation of treatment within the first three months 
of life prompted researchers to search for an effective screening 
strategy. However, screening only became viable when sensitive 
radioimmunoassays for TSH and T4 were introduced. The first two 
pilot screening studies were published in the 1970s. Subsequent to 
this, routine testing for congenital hypothyroidism has been intro-
duced as part of neonatal screening programmes in many parts of 
the world and testing is generally undertaken between the first 48 
hours and 4 days of life.

Type 2 Diabetes

The WHO has estimated that globally, 422  million adults were 
living with diabetes in 2014, compared to 108  million in 1980. 
Separate global estimates of diabetes prevalence for type 1 and type 
2 do not exist. However, the majority of people with diabetes have 
type 2 diabetes, and policies aligned to attenuate the current trajec-
tories of increasing incidence and prevalence of type 2 diabetes, as 
well as the associated complications of type 2 diabetes, are of global 
significance.

The aetiology of type 2 diabetes is multifactorial, with environ-
mental and genetic risk factors, although to date only around 5% of 
the variability in predisposition to type 2 diabetes has been linked 
to specific genes. Nevertheless, family history and ethnicity are im-
portant non- modifiable risk factors, as is age. Modifiable risk fac-
tors principally involve the lifestyle risk factors relating to weight 
gain, poor quality nutrition, and reduced physical activity, although 
socioeconomic factors, with people from more deprived communi-
ties at significantly greater risk, may also be described as modifiable.

Type 2 diabetes is a disease to which all four potential prevention 
strategies can be applied:

 1. Primary prevention. Type 2 diabetes is strongly associated with 
both overweight and obesity, the major modifiable risk factor, 
and reduced physical activity. Population- level interventions 
that address the obesogenic environment, and that encourage 
greater physical activity, are therefore attractive targets for 

interventions, interventions that have potential for wide reach 
across the whole population as well as carrying low unit cost. 
Examples include price increases applied to unhealthy food and 
drink choices, such as levies introduced on sugar- sweetened 
beverages in the United Kingdom (2018) and Mexico (2014); 
reformulation of products resulting in lower sugar or total cal-
orie content; reducing promotions on unhealthy foods (e.g. 
buy one get one free), which have been shown to increase the 
amount of food and drink people buy in the United Kingdom by 
around 20%; limiting advertising of unhealthy foods— all forms 
of marketing consistently influence food preference, choice and 
purchasing in children and adults; promoting active transport; 
promoting healthy eating and physical activity in schools and 
in working environments; and requiring clear food labelling 
that indicates calorie, sugar, fat, and salt content. Although each 
intervention alone will carry only a small effect size, increasing 
the number of interventions in the national or regional portfolio 
of interventions will have a more significant effect. Examples of 
broader portfolios of interventions nationally or regionally are 
the UK Government’s Childhood Obesity Plan (2016), the North 
Karelia Project in Finland, and the Amsterdam Healthy Weight 
Programme in the Netherlands.

 2. Secondary prevention. It is now well established that onset of 
type 2 diabetes can be prevented or delayed in high- risk adults. 
At least five major randomized controlled trials, conducted in 
China [8] , Finland [9], United States [10], Japan [11], and India 
[12] have documented 30– 60% reductions in type 2 diabetes 
incidence in adults with impaired glucose tolerance through 
intensive lifestyle behavioural change programme interven-
tions focusing on weight loss, better quality nutrition, and in-
creased physical activity. The USA- based Diabetes Prevention 
Programme (DPP), the largest of the five studies, showed that 
an intervention targeting weight loss of around 5– 7% of body 
weight and moderate physical activity of 150 minutes per week 
through a structured lifestyle change program reduced the cu-
mulative incidence of type 2 diabetes by 58% at 2.8 years [10]. 
Real- world translations of these trial interventional approaches 
have established the effectiveness of similar group- based inter-
ventions [13], and interventions are now being established in 
some countries as part of routine care for those at high risk (the 
Healthier You: NHS DPP in England [14]; the US DPP [15]; and 
the Australian lifestyle intervention Programme ‘Life’ [16]).

 3. Tertiary prevention. Preventing the complications of type 2 dia-
betes, including the microvascular complications of retinopathy, 
peripheral neuropathy and nephropathy, and the macrovascular 
complications of coronary heart disease, cerebrovascular dis-
ease, peripheral vascular disease, and renovascular disease, are 
of paramount importance in improving the quality of life and 
outcomes for people with type 2 diabetes as well as reducing 
the financial burden on health systems. In the United Kingdom, 
80% of the direct costs associated with managing people with 
diabetes were associated with the management of complica-
tions [17]. Well- conducted randomized controlled trials have 
demonstrated the effectiveness of tighter glycaemic control in 
preventing the microvascular complications (UKPDS) [18], of 
blood pressure reduction in preventing the microvascular and 
macrovascular complications (UKPDS) [19], and of treatment 



SecTIon 1 Principles of Basic and Clinical Endocrinology106

with statins in preventing the macrovascular complications 
(CARDS) [20].

 4. Quaternary prevention. Both ageing and diabetes are recog-
nized as important risk factors for the development of functional 
decline and disability. Frailty in those with type 2 diabetes, and 
its associated weight loss, can lead to overtreatment of glycaemic 
parameters and of blood pressure in those with type 2 diabetes if 
treatment regimes are continued without modification, resulting 
in hypoglycaemia and postural hypotension. Clinical recom-
mendations that address these issues are now emerging [21].

Gestational Diabetes

Gestational diabetes is defined as ‘diabetes diagnosed in the second 
or third trimester of pregnancy that is not clearly overt diabetes’ [22]. 
Development of hyperglycaemia in pregnancy is associated with 
considerable risks to both the mother and developing baby. For the 
mother, these include a greater likelihood of undergoing a caesarean 
section, pre- eclampsia and the development of type 2 diabetes: for the 
baby, macrosomia, shoulder dystocia, and physiological and meta-
bolic abnormalities such as neonatal hypoglycaemia, and obesity with 
insulin resistance in young adulthood. The risk factors for developing 
gestational diabetes mirror those for developing type 2 diabetes.

The incidence of gestational diabetes and its associated compli-
cations are increasing, reflecting the increasing prevalence of ma-
ternal overweight and obesity globally. Indeed, similar to type 2 
diabetes, overweight and obesity is the major modifiable risk factor 
contributing to the development of hyperglycaemia in pregnancy. 
Preventing pathological hyperglycaemia during pregnancy has sev-
eral potential benefits: reduction of associated immediate maternal 
and fetal adverse outcomes, potential improvements in the risk 
of long- term sequelae and reductions in the economic burden to 
healthcare systems worldwide.

Given the overlap in modifiable risk factors with type 2 diabetes, 
the primary prevention strategies outlined earlier, which address 
the obesogenic environment are also applicable to the prevention 
of gestational diabetes (e.g. introduction of the sugar- sweetened 
beverage tax in the United Kingdom). There are currently no clear 
proven or established secondary prevention strategies and inter-
ventions have been restricted to research settings [23]. Results from 
the randomized controlled trials investigating lifestyle intervention 
strategies in at risk cohorts have been conflicting. The reasons for 
this probably relate to the large degree of heterogeneity across the 
trials. Differences existed both in the demographics of the cohorts 
recruited as well as the criteria used to diagnose the condition.

Evidence relating to the tertiary prevention of complications as-
sociated with established gestational diabetes is more clearly de-
fined. Achieving good glycaemic control mitigates the risk of many 
adverse maternofetal outcomes. In the first instance, dietary modi-
fication is recommended with pharmacological therapy in the form 
of either metformin or insulin advocated if glucose control is not 
achieved with the former.

The glycaemic thresholds used to diagnose gestational diabetes 
are the subject of debate. The Hyperglycaemia Adverse Pregnancy 
Outcomes study (HAPO) clearly demonstrated the linear relation-
ship between glycaemia and fetal birth weight. On the basis of these 
results, the International Association of Diabetes in Pregnancy 

Study Group (IADPSG) and the WHO lowered the thresholds at 
which gestational diabetes should be diagnosed. However, there 
exists no evidence on treating glucose levels to the diagnostic cri-
teria now formulated by these two organizations and concerns have 
been raised as to whether women who fall into lower categories of 
glycaemia could be overmedicalized [24].

Type 1 Diabetes

Type 1 Diabetes is a chronic autoimmune condition characterized 
by T- cell mediated progressive destruction of pancreatic β cells cul-
minating in a complete deficiency of insulin. The aetiology is not 
completely understood. Environmental factors are thought to trigger 
the autoimmune process against a background of genetic suscepti-
bility factors. The exact nature of the environmental triggers is still 
the subject of debate. Fetal exposure to rubella, enterovirus and ma-
ternal pre- eclampsia have been proposed as potential intrauterine 
factors that could contribute to later development of type 1 diabetes 
with early gluten exposure and infectious agents such as Coxsackie 
B virus thought to be possible environmental triggers in early child-
hood, although clear aetiological pathways have not been established.

The global incidence of type 1 diabetes has increased by 2% over 
the last 20  years. In the United Kingdom, this increase has been 
particularly pronounced and it now has one of the highest incidence 
rates for children under the age of 14, surpassed only by Finland, 
Sweden, Saudi Arabia, and Norway. Primary prevention strategies in 
the context of type 1 diabetes are not possible. A significant research 
effort is currently concentrating on potential secondary prevention 
strategies in at risk individuals, although at this point, identifica-
tion of individuals within a latent or preclinical phase is challen-
ging, and there are currently no translational opportunities of such 
research to routine clinical practice. [25]. The research includes im-
mune modulation in the early preclinical phase, which may prevent 
complete β- cell destruction in individuals who are either antibody 
positive or who have a family history of type 1 diabetes.

Tertiary prevention is of paramount importance in type 1 dia-
betes. In the preinsulin era, type 1 diabetes was associated with a 
high mortality and was in fact almost universally fatal either acutely 
from complicating diabetic ketoacidosis or due to the chronic cata-
bolic state that ensued. With the increase in life expectancy that was 
observed following the introduction of insulin therapy, the micro-
vascular and macrovascular complications of the condition came 
to light. However, it was not until advances in insulin therapy were 
achieved that the efficacy of glycaemic control in preventing compli-
cations could really be assessed. The earliest trial to demonstrate this 
was the Diabetes Control and Complications Trial (DCCT), which 
was conducted in the 1980s and early 1990s. This demonstrated a 
clear reduction in the microvascular primary end- point of retin-
opathy (as well as the secondary endpoints of microalbuminuria 
and neuropathy) in those that had been randomized to intensive 
therapy compared to those in the conventional therapy arm: mean 
HbA1c ~7% in the intensive therapy group and ~9% in the con-
ventional therapy group. The legacy effect of good glycaemic con-
trol has now also been established in long- term follow up studies 
of those originally recruited to the DCCT cohort. The first, pub-
lished 20 years later, demonstrated that despite a loss in glycaemic 
separation, those randomized to the intensive therapy group had 
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a significant reduction in cardiovascular endpoints compared to 
those in the conventional therapy group [26]. The second described 
improved mortality rates with intensive therapy to the extent that 
they resembled those of the general adult population [27].

Similar, to type 2 diabetes, the goals of tertiary prevention in type 
1 diabetes involve preventing either the onset of microvascular and 
macrovascular complications or their progression if established. 
Good glycaemic control is paramount for this with antihypertensive 
therapy and statin therapy also contributing significantly to re-
ductions in microvascular and macrovascular complication risk. 
Screening programmes for the complications of type 1 and type 2 
diabetes including retinal screening and regular foot checks, while 
microalbuminuria assessments are also vital in ensuring that com-
plications are detected early and appropriate steps can therefore be 
taken promptly to prevent their progression.

osteoporosis and Bone Health

Osteoporosis is defined by the WHO as a ‘progressive systemic skel-
etal disease characterized by low bone mass and microarchitectural 
deterioration of bone tissue, with a consequent increase in bone fra-
gility and susceptibility to fracture’. The clinical significance of osteo-
porosis relates to the fractures that arise as a result of its development. 
Data from the International Osteoporosis Foundation in 2017 in-
dicated that more than 8.9 million osteoporotic fractures occurred 
in 1 year. In the United Kingdom alone, 536 000 fragility fractures 
occur each year leading to severe pain and disability on an individual 
basis and costing the NHS over £4.4 billion per annum [28].

During development, skeletal growth proceeds through coord-
inated bone deposition and resorption allowing bones to expand, 
otherwise known as periosteal apposition of cortical bone, and 
lengthen (endochondral ossification) [29]. This process begins in 
utero and continues until the third decade of life at which point peak 
bone density is achieved. Later development of osteoporosis has been 
linked to peak bone density mass and national guidelines around 
primary prevention; for example, those in the United Kingdom have 
recommended levels for physical activity, healthy lifestyle and ad-
equate vitamin D and calcium intake in childhood and early adult-
hood to ensure maximum achievement in peak bone density.

In those with established osteoporosis, the following tertiary 
preventative measures are recommended to prevent fragility frac-
tures (adapted from the UK Guidelines for Osteoporosis and the 
International Osteoporosis Guidelines):

 1. Calcium (700– 1200 mg daily) and vitamin D supplementation 
(800 units)

 2. Regular weight- bearing exercise
 3. Falls risk assessment if appropriate

Where appropriate, antiresorptive therapy (e.g. bisphosphonates) 
are recommended.

endocrinology and other Lifestyle Factors

In addition to considering the aforementioned lifestyle modifica-
tions (e.g. healthy diet implementation and increased physical ac-
tivity), abstinence from smoking has benefits. In the first instance, 

smoking is important in the development of goitre. Cigarette 
smoke contains thiocyanate, an anion that competitively inhibits 
sodium iodide symporter thus preventing iodine transport and 
organification [30]. Within areas that are iodine deficient, thyroid 
goitre prevalence is closely related to smoking habits. Smoking also 
increases the risk of developing Graves’ disease and there is more 
than a tenfold increase in associated Graves’ orbitopathy in indi-
viduals who smoke. Cessation of smoking is therefore an important 
tertiary measure in preventing thyroid associated eye disease.

In addition, abstinence from smoking and smoking cessation in 
the context of both type 1 and type 2 diabetes has been shown to 
reduce the risk of macrovascular complications.

conclusions

There is an increasing appreciation that focusing on prevention and 
causing health systems to be more pro- active rather than reactive, 
is likely to contribute to long- term sustainability of those health 
systems. The Global Burden of Disease Study 2013 suggested that 
around 40% of health services workload is potentially preventable, 
yet the proportion of health expenditure directed at prevention, al-
though acknowledged to be hard to estimate reliably, was thought to 
be closer to 4% [31]. Prevention in endocrinology has already con-
tributed to significant health gains globally, and is likely to continue 
to reap significant benefits for populations moving forward.
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Introduction: The Hypothalamus and Its 
Many Functions

The hypothalamus forms only a very small part (0.3%) of the brain 
but one that is the crucial integrative centre for the control, via its 
autonomic and endocrine effector systems, of fluid and electrolyte 
balance, reproduction, thermoregulation, ingestive behaviour and 
energy balance, affective and emotional- response systems. To do 
this it has extensive, reciprocal, neural and vascular connections 
with all other parts of the central nervous system (CNS) and, via the 
autonomic and vascular systems with the rest of the body. Although 
this chapter must focus on the hypothalamo– pituitary relation-
ships, it must also cover hypothalamo- autonomic relationships and 
the relationships between the hypothalamus, the alimentary tract, 
and appetite control. It also plays a major role in diurnal rhythm 
control.

Anatomy of the Hypothalamus and 
Pituitary Hypothalamus

See Figure 2.1.1. The hypothalamus is that part of the diencephalon 
forming the lateral and inferior walls of the third ventricle; extending 
from the hypothalamic sulcus (which separates it from the thalamus) 
to the base of the brain, and from the lamina terminalis rostrally to a 
plane posterior to the mammillary bodies and posterior commissure 
caudally. It is continuous anteriorly with the septal and orbitofrontal 
cortex and anterior perforated substance, anterolaterally with the 
optic tracts and substantia innominate, dorsolaterally with the an-
terior part of the subthalamus and the internal capsule, and pos-
teriorly with the tegmentum of the midbrain. The floor of the third 
ventricle comprises the optic chiasm, the tuberal eminence which 
extends into the infundibulum/ pituitary stalk, the tuber cinereum, 
the mammillary bodies, and the posterior perforated substance. The 
floor of the third ventricle is marked by a distinct infundibular re-
cess, and by the median eminence, in the inner zone of which many 
peptidergic neuroendocrine fibres pass either on into the posterior 
pituitary or end on the fenestrated capillaries of the outer zone. 
Specialized ependymal cells (tanycytes) line the floor and adjacent 
lateral walls of the third ventricle, are sexually dimorphic, and have 
processes that pass through the outer zone of the median eminence 
to end on the fenestrated blood vessels of the outer zone.

Pituitary Gland

See Figure 2.1.1. The pituitary gland is located in the sella turcica on 
the dorsal aspect of the sphenoid. It is attached to the infundibulum 
by both the pituitary stalk (composed largely of magnocellular axons 
en route to the posterior pituitary) and by long portal vessels that 
supply the anterior pituitary. Beneath the pituitary and floor of the 
sella turcica is the roof of the sphenoid air sinus, a relationship ex-
ploited in the transethmoid, trans- sphenoid surgical approach to the 
pituitary. The bony anterior margin of the sella supports the optic 
chiasm; lateral to the midline on either side the internal carotid artery 



SecTIon 2 Pituitary and Hypothalamic Diseases112

passes from the medial wall of the cavernous sinus into the subarach-
noid space; lateral to the artery the anterior clinoid processes of the 
sphenoid give attachment to the meningeal layer of the dura forming 
the lateral wall of the cavernous sinus. The posterior margin of the 
sella is the midline dorsum sellae which ends laterally as the posterior 
clinoid processes to which dura forming the lateral wall of the cav-
ernous sinus is attached. The meningeal layer of the dura continues 
over the pituitary as the sellar diaphragm which has a (usually) small 
central aperture for the pituitary stalk. The sella is lined by the perios-
teal layer of dura. The pituitary gland itself lacks leptomeninges which 
surround the stalk and below the level of the sellar diaphragm reflect 
on themselves forming the infradiaphragmatic pituitary cerebrospinal 
fluid (CSF) cistern. If this cistern is breached during transsphenoidal 
surgery in a person in which the diaphragmatic opening in the lepto-
meninges is large, persistent CSF rhinorrhoea may develop. The cav-
ernous sinuses are situated on either side of the sella and body of the 
sphenoid. Each receives the superior and inferior ophthalmic veins 
(which communicate with the facial veins), the superficial middle 
cerebral vein and the sphenoparietal sinus which runs along the 

lesser wing of the sphenoid. The two cavernous sinuses communi-
cate through veins anterior, posterior, and sometimes inferior to the 
pituitary gland. Cavernous sinus blood drains posteriorly through su-
perior and inferior petrosal sinuses to reach the internal jugular vein 
and through the foramen lacerum to the pterygoid venous plexus. 
The oculomotor, trochlear, and maxillary and ophthalmic branches of 
the trigeminal pass through the lateral wall of the sinus, the internal 
carotid artery follows an S- shaped course in the medial wall of the 
sinus, with the abducent nerve on its lateral aspect. Within the cav-
ernous sinus, the internal carotid artery gives a number of branches 
including fine branches which supply the sinus walls, a branch to the 
abducent nerve, and the posterior (but not anterior) pituitary via the 
inferior hypophyseal artery and pituitary capsule.

Development of the Hypothalamus and Pituitary

In the diencephalic part of the forebrain vesicle the hypothalamus 
develops in the floor; the thalamus develops in the roof, and eye 
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primordia in the lateral walls. Sonic hedgehog (Shh) secreted by the 
prechordal mesoderm situated below the ventral midline floor dir-
ects progenitors to hypothalamic and optic stalk fates but inhibits 
retinal differentiation (loss of Shh causes absent hypothalamus 
and cyclopia). A variety of transcription factors (including Nxk2.1, 
Nkx2.1, Rx, Six3) direct formation of the dorsal and ventral hypo-
thalamus. The hypothalamus shows extensive spatial patterning 
with neurons becoming organized into 12– 28 different nuclei. Wnt 
is critical in anterior- posterior patterning and BMP7 directs nu-
clear specification. With one exception (gonadotropin- releasing 
hormone (GnRH) neurons) there is little cell migration in and 
out of the hypothalamus after neurogenesis starts. Neurons in the 
lateral hypothalamic area are generated first, then neurons in the 
dorsomedial and ventromedial nucleus and finally those along the 
midline such as the arcuate nucleus. Gliogenesis occurs only after 
neurogenesis. GnRH neurons form from precursors which ori-
ginate outside the CNS in the nasal placode and migrate in associ-
ation with olfactory axon bundles. Once in the CNS, olfactory axons 
synapse in the olfactory bulb whereas GnRH neurons continue to 
migrate caudally on other axons to the hypothalamus. Mutation 
of a number of genes including KAL1 prevent this migration and 
cause Kallmann syndrome (anosmia with hypogonadotropic hypo-
gonadism due to a failure of GnRH secretion).

The pituitary has a dual origin:  the adenohypophysis (anterior 
lobe and intermediate zone) develops from ectoderm in the roof 
of the stomodeum which evaginates by week 3 of gestation to form 
Rathke’s pouch. The dorsal portion of Rathke’s pouch directly 
contacts the infundibulum which grows down from the floor of 
the developing hypothalamus to form the neurohypophysis (pos-
terior lobe). When Rathke’s pouch becomes separated from the 
stomodeal ectoderm by the developing sphenoid bone, remnants 
of the pouch form the pharyngeal pituitary. The development and 
differentiation of the various pituitary endocrine cell types in-
volves the sequential and expression of several transcription fac-
tors, including PIT1 (POU1F1) and PROP 1. Corticotrophs are the 
earliest detectable fetal pituitary cell type, appearing by the eighth 
week of gestation. T- pit (Tbx19) has been identified as a critical 
transcription factor for both corticotroph cell differentiation and 
for POMC gene transcription (and subsequently melanotroph de-
velopment in the intermediate zone). Prop- 1 and Pit- 1 direct the 
formation of somatotrophs and lactotrophs, and Pit- 1 and GATA- 
2 that of most thyrotrophs. Finally, GATA- 2 with steroidogenic 
factor 1 (SF1) directs the formation of gonadotrophs. Mutations 
in the genes encoding these transcription factors can produce pi-
tuitary hypoplasia or agenesis, and a combined deficiency of pitu-
itary hormones (GH, PRL, TSH, FSH, LH). Mutations in the gene 
encoding T- pit cause congenital isolated adrenocorticotropic hor-
mone (ACTH) deficiency. Postnatally, cell turnover in the anterior 
pituitary is very slow and regulated by both hypothalamic and feed-
back factors. The number of somatotrophs doubles during puberty 
and the number and size of lactotrophs changes markedly during 
pregnancy, lactation, and weaning. Progenitor stem cells in the an-
terior pituitary have been difficult to define but candidates have 
included the cells which line the pituitary cleft and certain types 
of folliculo- stellate (F- S) cells. Recently a tiny population of SOX2- 
expressing cells in the adult pituitary has been shown to be capable 
of differentiating into all the endocrine and F- S cell types. Because 
of the immunochemical resemblance of some F- S cells to dendritic 
cells a bone marrow origin has been proposed for these cells but 

this remains to be confirmed. Much less is known about the control 
of the formation of the neurohypophysis, but it has recently been 
shown that both Hes1 and Hes5 are required both for the evagin-
ation of the infundibulum to form the posterior pituitary, and also 
for the formation of pituicytes.

Blood Supply of the Hypothalamus and Pituitary

See Figure 2.1.2. The hypothalamus is supplied by small arteries 
which penetrate the base of the brain. These are derived from ves-
sels forming the circle of Willis in the interpeduncular fossa. An 
anteromedial group from the anterior cerebral and anterior com-
municating arteries supply the anterior part of the hypothalamus 
including the optic chiasm, suprachiasmatic, and supraoptic regions 
and the anterior column of the fornix. A posteromedial group from 
the posterior communicating artery and proximal part of the pos-
terior cerebral artery supply more posterior parts of the hypothal-
amus. Superior hypophyseal arteries usually arise from the internal 
carotid immediately after it pierces the sellar diaphragm. They form 
anterior and posterior branches and a plexus of vessels which sur-
round the infundibulum. From these some branches pass toward 
the ependyma of the third ventricle in the median eminence where 
they are surrounded by a plexus of capillaries (gomitoli). In the me-
dian eminence arteries give rise to fenestrated capillaries that form 
an external (mantle) plexus and an internal (deep) plexus. From the 
external and internal plexus, long portal vessels descend along the 
stalk to the anterior pituitary where they branch repeatedly to form 
the vascular sinusoids that surround the anterior pituitary endo-
crine cells. Short portal vessels formed from the capillary plexus 
lower in the stalk also pass to the anterior pituitary. There are no 
capillaries among the cells of the pars intermedia. The anterior pitu-
itary therefore has no direct arterial supply, but its fenestrated sinus-
oids are fed entirely by the long and short portal vessels. By contrast, 
the posterior pituitary and the lower part of the pituitary stalk re-
ceives a direct arterial supply from the inferior hypophyseal arteries, 
derived from the internal carotid artery within the cavernous sinus, 
and which pass directly into the posterior pituitary to form a plexus 
of fenestrated capillaries within that gland. A  few small branches 
from the artery pass forward and give some supply to the periphery 
of the anterior pituitary. Collecting veins draining all the parts of 
the pituitary pass via the intercavernous and cavernous sinuses into 
the inferior petrosal sinus and from there into the internal jugular 
vein. Inferior petrosal sinus blood sampling can therefore be useful 
in the diagnosis of pituitary tumours.

Whereas the capillaries in most of the hypothalamus are con-
tinuous and, with the surrounding astrocytic end feet, form an 
effective blood– brain barrier, those in the median eminence are 
fenestrated, The fenestrations of the median eminence capillaries 
not only allow those capillaries to collect the hypophysiotropic hor-
mones secreted by the terminals of the parvocellular neurosecretory 
neurons and to transfer them to the anterior pituitary, but they also 
provide a route whereby otherwise impermeant peptide hormones 
secreted by fat (e.g. leptin), the pancreas (e.g. insulin) and the gut 
(e.g. ghrelin) can reach neurons in the arcuate nucleus around the 
base of the third ventricle, where they are important signals in 
the homeostatic control of feeding behaviour. The median emi-
nence is therefore one of the ‘circumventricular organs’ of the third 
ventricle (c.f. the organum vasculosum of the lamina terminalis, 
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subfornical organ, and area postrema) where the blood– brain bar-
rier is permeable.

cellular Structure of the Pituitary

neurohypophysis

The neurohypophysis (posterior, or neural lobe) of the pituitary is 
a direct ventral extension of the infundibulum at the base of the 
hypothalamus. The majority of the gland is composed of the vari-
cose axons of magnocellular neurons of the supraoptic and para-
ventricular nuclei which leave the nuclei and course together 
through the internal zone of the median eminence and pituitary 
stalk into the neural lobe where they branch repeatedly and form 
‘nerve endings’ on the fenestrated capillaries. In the neural lobe 
the varicosities are often very large (‘Herring bodies’; axonal ‘swell-
ings’). Vasopressin and oxytocin are synthesized as precursors in 
the magnocellular neuron cell bodies, and packaged in ~160  nm 
diameter dense- cored vesicles (DCV) which are transported along 

axonal microtubules to the neural lobe where they are released by 
exocytosis into the perivascular space of the capillaries. The DCV 
are found throughout the undilated axons, ‘endings’ and ‘swellings’ 
but the perivascular ‘endings’ are distinguished by the presence of 
a population of electron- lucent synaptic- like vesicles which con-
tain glutamate the significance of which is unclear. Although the 
perivascular ‘endings’ may be the principal site of hormone release, 
exocytosis of DCV can occur from any part of the varicose axons. 
In some ‘nerve swellings’ there is massive lysosomal destruction 
of DCV, disposing of aged and effete DCV that have not been re-
leased. Intermingled among and surrounding the neurosecretory 
axons and also contacting the capillaries are pituicyte cells. These 
cells are characterized by the presence of lipid droplets and of glial 
acidic fibrillary protein (GFAP) an intermediate filament protein 
found in astrocytes. Like astrocytes, pituicytes can form gliomas 
(‘pituicytomas’). Pituicytes express β- adrenergic and opioid recep-
tors. When secretion of vasopressin or oxytocin is particularly ac-
tive (dehydration; parturition) the extent which pituicytes enclose 
the neurosecretory axons is much reduced. They are also capable of 
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engulfing and destroying parts of the axons. Classical macrophages 
are located in the perivascular space of the neurohypophysis. These 
act to ‘trim off ’ any neurosecretory axons that penetrate the peri-
vascular basal lamina. The ability of neurosecretory axons to grow 
is also exemplified by what happens after traumatic pituitary stalk 
rupture. At first the distal segments of the axons die (releasing vaso-
pressin and temporarily reducing urine output) but then, after a 
period of central diabetes insipidus, the increase in urine output de-
creases as the proximal parts of the neurosecretory axons grow and 
make functional contacts with capillaries in the median eminence 
and upper infundibulum.

Adenohypophysis

The adenohypophysis (anterior pituitary) forms about 80% of the 
pituitary; it comprises the large pars distalis, the very small pars 
intermedia, and the pars tuberalis the cells of which extend up 
around the infundibulum to the tuber cinereum.

The pars distalis is formed from five types of endocrine 
cells:  corticotrophs, gonadotrophs, thyrotrophs, lactotrophs, and 
somatotrophs all of which synthesize and store hormone in dense- 
cored secretory vesicles; together with folliculo- stellate (F- S) cells— 
agranular, ‘non- endocrine’ cells, and the endothelial cells lining 
the vascular sinusoids. The endocrine cell types are not evenly 
distributed:  somatotrophs and lactotrophs (acidophils) predom-
inate laterally whereas the central zone is rich in basophil, PAS- 
positive corticotrophs, gonadotrophs, and thyrotrophs. Of the total, 
somatotrophs form about 50%, lactotrophs 20%, corticotrophs 
15%, gonadotrophs 10% and thyrotrophs 5% of the endocrine cells. 
Somatotrophs, which secrete growth hormone (GH; 191 aa), are 
ovoid cells of medium size containing abundant spherical DCV of 
~300 nm diameter. Somatotroph adenomas contain variable num-
bers of DCV, but those with few DCV tend to be more aggressive 
with a worse response to therapy. Lactotrophs secrete prolactin 
(PRL; 199aa) and exist in a number of different types, depending on 
the size and morphology of their DCV. Type I lactotrophs contain 
many large (300– 900 nm) irregularly shaped DCV that are thought 
to represent greater storage; type II lactotrophs contain smaller 
(<200 nm) spherical DCV and are thought to be the more actively 
secreting form (though type I cells can be stimulated to exocytose 
their large irregular DCV). There are also intermediate forms, 
and some ‘somatomammotrophs’ produce both GH and prolactin 
which is not unexpected as both somatotrophs and lactotrophs are 
derived from a common precursor. Lactotrophs are particularly 
influenced by oestradiol, and in pregnancy the increased number 
and size of lactotrophs causes the entire pituitary to enlarge. Some 
lactotrophs are situated in close relationship with gonadotrophs. 
Increased prolactin has a marked inhibitory effect on gonadotrophs 
and prolactinomas are a common cause of infertility. As with 
somatotroph adenomas, lactotroph adenomas tend to have fewer, 
smaller DCV. Corticotrophs are medium sized irregular polygonal 
cells in which the DCV (150– 250 nm) are largely situated at the cell 
periphery, just beneath the plasmalemma. Corticotrophs synthesize 
pro- opiomelanocortin (PMC) which is cleaved in corticotrophs to 
yield adrenocorticotrophic hormone (ACTH; 39aa), β- lipotropin, 
and endorphins. Most corticotroph adenomas are basophilic (many 
DCV) or chromophobe (few DCV) monoclonal tumours most of 
which secrete ACTH and cause Cushing’s disease. When cortisol 
is excessive, corticotrophs develop Crooke’s hyaline changes caused 

by an accumulation of microfilaments. Because the adenoma cells 
remain sensitive to and inhibited by cortisol, they remain small 
microadenomas. In contrast ‘silent’ adenomas or macroadenomas 
synthesizing high- mw POMC are aggressive and invasive.

Gonadotrophs are large basophilic cells with extensive cytoplasm; 
most produce both follicle- stimulating hormone (FSH; 204aa) and 
luteinizing hormone (LH; 204aa), though in some only one of the 
gonadotrophins can be detected. Their DCV tend to be scattered 
throughout the cytoplasm except at the time of the preovulatory 
gonadotrophin surge, when they are located more marginally. The 
DCV vary in appearance from small spherical (250  nm) vesicles 
with uniformly dense cores, to larger, more ovoid vesicles with a 
dense core and more lucent surround. The relative production of 
FSH and LH is determined by the frequency of GnRH pulses and 
the amount of inhibin. Functioning gonadotroph adenomas (mostly 
macroadenomas) are very rare. They can cause menstrual irregu-
larity and ovarian hyperstimulation in premenopausal females, tes-
ticular enlargement in males, and precocious puberty in children. 
Most gonadotroph adenomas are ‘silent’ or non- functioning and the 
most common type of macroadenoma. They may be asymptomatic 
or cause neurological effects via increasing mass. Most commonly 
they produce FSH or the alpha subunit, but do so very inefficiently.

Thyrotrophs are the least common, the smallest and contain the 
smallest DCV (100– 150 nm) of any pituitary endocrine cell. They 
produce thyrotropin (TSH; 201aa).

Folliculo- stellate cells are a heterogenous group of cells that comprise 
about 5% of anterior lobe cells and whose functions are only recently 
being revealed. They are characterized by a lack of dense- cored secre-
tory vesicles, by the expression of S100 protein, and by their linkage to-
gether to form follicles and a network throughout the anterior pituitary 
coupled electrically by gap junctions and calcium waves. They produce 
many signalling molecules with paracrine effects on the endocrine cells 
including growth factors, cytokines, nitric oxide and annexin 1 (which 
is implicated in the early inhibitory effect of glucocorticoids on ACTH 
release). There is evidence that some folliculostellate (FS) cells may act 
as stem/ progenitor cells for the anterior pituitary.

The pars tuberalis (pars infundibularis) is an upward extension of 
the anterior lobe along the pituitary stalk.

The pars intermedia is vestigial in human adults, but its scattered 
cells can produce POMC and these can intrude into the anterior 
margin of the neurohypophysis (basophilic invasion’)

The pharyngeal pituitary is a small, but consistent embryologic 
remnant mass of tissue located either in the submucosa of the 
dorsal wall of the nasopharynx or in the sphenoid (i.e. along the 
line of Rathke’s pouch contact with the forebrain vesicle). The cells 
are often chromophobe (few DCV) and inactive, but rarely form 
adenomas which cause Cushing’s syndrome, acromegaly, hyperthy-
roidism, or prolactinoma.

Hypothalamic neuroendocrine neurons: 
endocrine and central effects

For this volume it is particularly important to consider the neuro-
endocrine neurones. These form two major groups: magnocellular 
neurons of the supraoptic and paraventricular nuclei which pro-
ject to the posterior pituitary and release oxytocin or vasopressin 
into the systemic circulation; and the more scattered parvocellular 
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neurosecretory neurons which produce the releasing-  and release- 
inhibiting factors and project to the capillaries of the median emi-
nence where they release their signalling molecules to control the 
anterior pituitary endocrine cells via the hypothalamo– pituitary 
portal veins. Although vasopressin and oxytocin in peripheral 
blood can be assayed for diagnostic purposes, the concentrations 
of the parvocellular releasing and release- inhibiting factors are nor-
mally too low for assay, and such measurements are useful only 
when investigating ectopic secretion by tumours.

Most magnocellular and parvocellular neurosecretory neurons 
secrete peptides. These are produced from larger precursors and 
packaged into DCV in the cell bodies. The DCV are transported 
along varicose axons of the neurosecretory neurons to their 
neurohaemal contacts (indeed, this defines the neurons as ‘neuro-
endocrine’). The role of DCV in the dendrites of neurosecretory 
neurons was not understood until it was shown that they can be 
released from the dendrites and that dendritic release into the hypo-
thalamus is controlled separately from neurohaemal axonal release 
and that the released peptides have important local autocrine and 
paracrine physiological effects. This has been demonstrated most 
clearly for magnocellular neurons secreting oxytocin or vasopressin, 
but it seems likely that it applies more generally to peptidergic 
neurons. Indeed, the two long processes of GnRH neurons both 
contain GnRH DCV and are contacted by synaptic boutons along 
their length, making them intermediate between axons and den-
drites (‘dendrons’). There is also now evidence that the oxytocinergic 
neurons of the posterior part of the paraventricular nucleus that 
project varicose axons down the spinal cord release oxytocin from 
non- synaptic varicosities to influence the lumbar gastrin- releasing 
peptide (GRP) neurons to facilitate male reproductive activity. It is 
clear, therefore, that peptidergic neuroendocrine neurons can have 
much more widespread effects in the CNS than those caused by the 
neurohaemal release of their products. This is consistent with the 
widespread distribution of receptors for the peptides, often far dis-
tant from relevant peptidergic axons. Neuroendocrine neurons are 
only one subset of peptidergic neurons— the extent to which these 
considerations apply generally to all peptidergic neurons remains to 
be determined.

Functional Hypothalamic neuron Groups and 
Hypothalamo– Pituitary Systems

See Figure 2.1.1. The landmarks of the ventral surface of the hypothal-
amus are used to divide it into an anterior (preoptic and supraoptic), 
a middle (tuberal), and a posterior (mammillary) zone. On each side 
of the third ventricle is a narrow periventricular zone, a medial zone 
with relatively well- defined nuclei, and a lateral hypothalamic area 
where cell groupings are less clear. Some nuclei, such as the paraven-
tricular nucleus, comprise a number of structurally and functionally 
different subnuclei. Such neuronal groupings usually reflect integra-
tive centres from which the neurons exert efferent control.

Anterior Zone: circadian Rhythm; osmotic and Thermal 
Homeostasis; Stress Response

Preoptic region— osmotic and thermal sensing:  The preoptic 
region comprises the periventricular grey matter around the ros-
tral extremity of the third ventricle. One population of kisspeptin/ 

neurokinin B neurons is located here in greater numbers in females 
than in males (see Figure 2.1.9). Two of the circumventricular or-
gans where the blood– brain barrier is permeable are located the an-
terior region. Some organum vasculosum of the lamina terminalis 
(OVLT) neurons are intrinsically osmosensitive and essential for 
normal thirst responses (see Figure 2.1.4); others are thermo- , pros-
taglandin, and interleukin 1- sensitive cells involved in thermoregu-
lation and the febrile response. The subfornical organ (SFO), located 
on the ventral aspect of the fornix just behind the interventricular 
foramen and the median preoptic nucleus are also involved in thirst 
and fluid regulation

Supraoptic Region

Suprachiasmatic nucleus (SCN)— circadian control [1] :  See 
Figure 2.1.3. Immediately above the optic chiasm are the SCN, dis-
crete bilateral groups of cells which form the body’s principal cir-
cadian clock. Its neurons and astrocytes exhibit an autonomous 
timing mechanism based on transcriptional and post- translational 
feedback loops. It receives a direct input from light- sensitive gan-
glion cells of the retina which modify its intrinsic rhythmicity ac-
cording to the light– dark cycle. The rhythmic output from the SCN 
projects dorsally into the periventricular zone and more widely, 
via both gamma aminobutyric acid (GABA) and neuropeptides 
including vasopressin and VIP, to centres in the medial hypothal-
amus and brainstem that control arousal, sleep, feeding, neuro-
endocrine behaviour, and autonomic status.

Supraoptic nucleus (SON) and paraventricular nucleus (PVN) 
[2] :  Magnocellular neurons of the SON and PVN produce either 
vasopressin (ADH) for osmotic and volume regulation (Figure 
2.1.4) or oxytocin for milk ejection and parturition (Figure 2.1.5), 
each with their respective neurophysin. The SON neurons lie dorsal 
and lateral to the optic chiasm and optic tract. Their varicose axons 
all project posteromedially to the inner zone of the median emi-
nence and on into the neurohypophysis; their dendrites project 
ventrally to form a dendrite- rich zone on the ventral surface of 
the brain. PVN magnocellular neurons are located laterally in the 
PVN. Their axons pass laterally around the anterior columns of 
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fornix then ventrally to join the supraoptic axons to pass through 
the median eminence and into the neural lobe; their dendrites pro-
ject medially and form a plexus beneath the ependyma of the third 
ventricle. Vasopressin neurons receive osmotic inputs from the 

anterior hypothalamus, volume and stress inputs from the brain-
stem; oxytocin neurons receive spinal inputs from the breast and 
uterus.

Whereas the SON is composed entirely of magnocellular 
neurosecretory neurons, the PVN contains many different types 
of neuron and forms a complex integrative centre. Parvocellular 
neurosecretory neurons of the PVN are located ventromedially, 
their axons passing ventrally to end on median eminence capil-
laries. They produce corticotrophin- releasing hormone (CRH; 
41aa), vasopressin, or thyrotropin- releasing hormone (TRH; 3aa).

Parvocellular oxytocin neurons project to various brainstem nu-
clei and regions of the spinal cord. Recent evidence suggests that 
they involved in the modulation of feeding (Prader– Willi syn-
drome), cardiovascular and respiratory functions, inflammatory 
pain processing and, via axons ending in the sexually dimorphic 
nuclei of the lumbosacral cord, male sexual activity.

Hypothalamo– pituitary stress axis [3] : See Figure 2.1.6. CRH 
neurons are a key part of the hypothalamic– pituitary– adrenal 
(HPA) axis stress response system. Interestingly, limbic centres have 
minimal direct projections to the CRH neurons, but afferents from 
the hippocampus, prefrontal cortex, and amygdala mostly relay in 
the bed nucleus of the stria terminalis, hypothalamus, and brain-
stem to influence CRH neurons in the PVN. They are, however, dir-
ectly responsive to glucocorticoids as are many of their inputs. Some 
CRH neurons also produce vasopressin when stressed and this acts 
synergistically with CRH to stimulate ACTH. Other parvocellular 
vasopressin neurons project widely in the hypothalamus and to the 
limbic system, the brainstem, and the spinal cord where they are 
involved in blood pressure and temperature regulation, including 
brown fat thermogenesis. Oxytocin neurons in the posterior part 
of the PVN project mainly to the brainstem and spinal cord where 
they have roles in gastric reflexes and penile erection. The PVN also 
act as a hypothalamic integrative centre for feeding.
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Hypothalamo– pituitary– thyroid axis [4] :  See Figure 2.1.7. 
TRH- secreting neurons in the medial and periventricular 
parvocellular parts of the PVN act as a hypothalamic integrator 
of energy metabolism. They receive inputs from arcuate neurons 
involved in feeding control and have reciprocal connections with 
AHA neurons involved in thermoregulation. They express T3 re-
ceptors and hypothalamic T3 is produced by type 2 iodothyronine 
deiodinase in local tanycytes. Their axons project to the median 
eminence to control anterior pituitary TSH and thus thyroid ac-
tivity and metabolism. TRH expression is reduced in fasting and by 
endotoxins to decrease metabolic rate.

Anterior and lateral hypothalamic areas:  These areas contain 
less well- defined groups of neurons. The anterior hypothalamic 
area (AHA), which blends with the preoptic area and extends caud-
ally into the middle (tuberal) zone, is the location of thermosensitive 
neurons that form the key body thermostat. Their thermal sensi-
tivity is conferred by the expression of TRPM2 channels, but the 
neurons also receive and integrate inputs from peripheral tem-
perature sensors and also from inflammation- derived cytokines. 
Fever is thought to be the result of prostaglandin E2 (PGE2) in-
hibition of warm- sensitive neurons hence the ability of aspirin to 
reduce fever. The outputs of these neurons influence the central 
autonomic control neurons. Warming the thermosensitive area in-
duces heat loss via vasodilation, sweating, and behavioural adapta-
tion; cooling triggers the opposite. It is therefore unsurprising that 
damage to the area (e.g. after surgery for large pituitary tumours) 
can cause loss of body temperature control. The neurons also acti-
vate the PVN CRH neurons in fever- induced stress. Neurons of the 
lateral hypothalamic area (LHA) are involved in a number of im-
portant functions: sleep, feeding, sex, and reward. Early lesion ex-
periments associated the lateral hypothalamus with reduced feeding 
and increased sexual activity; it was therefore designated a ‘feeding 
centre’. Studies have now shown that both wakefulness and feeding 

are associated with increased activity of LHA orexin neurons as 
well as brainstem arousal systems including the noradrenergic 
locus coeruleus. In contrast, LHA neurons expressing melanin- 
concentrating hormone (MCH) promote sleep and feeding by cir-
cuits that are still being elucidated, though both orexin and MCH 
neurons project to the PVN integrative centre and the LHA receives 
inputs from the central amygdala and from hypothalamic nutrient- 
sensing neurons.

Middle (tuberal zone):  control of the anterior pituitary, 
growth, feeding and metabolism: The hypothalamus is widest in 
the tuberal region, and the anterior columns of fornix separate the 
medial group of nuclei from the LHA and medial forebrain bundle. 
Ventrally, the arcuate (infundibular) nucleus surrounds the base 
of the third ventricle; above it is a distinct ventromedial (VM) nu-
cleus and above that a less distinct dorsomedial (DM) nucleus. 
Much recent attention has concentrated on the arcuate nucleus 
which has important functions in feeding (it receives peptide hor-
monal signals from the gastrointestinal tract and adipose tissue via 
the permeable capillaries in the median eminence), in reproduction 
(through its kisspeptin, GnRH, and dopamine neurons) and growth 
(though its growth hormone- releasing hormone (GHRH) and som-
atostatin neurons).

Feeding and metabolism control [5] : See Figure 2.1.8. Although 
early lesion experiments designated the ventromedial area as a ‘sa-
tiety’ centre, it was the discovery of leptin, and of arcuate neurons 
producing either neuropeptide Y (NPY) and agouti- related peptide 
(AgRP) which promote feeding or POMC (acting via alpha- MSH 
and the MC4 receptor) and CART (cocaine-  and amphetamine- 
related transcript) which inhibit feeding, that dramatically increased 
understanding of homeostatic feeding control. Not only are many of 
the neurons of the area influenced by circulating levels of glucose, 
fatty acids, and some amino acids, but virtually all of the signalling 
molecules produced by the pancreas (insulin, amylin), the gastro-
intestinal tract (ghrelin, GLP- 1, PYY, CCK) and adipose tissue 
(leptin, adiponectin, interleukins) influence arcuate neurons to 
signal nutritional status. Of these, ghrelin, secreted by the stomach 
when empty, stimulates feeding; the remainder inhibit feeding— the 
system has evolved to protect us against famine, not against obesity! 
The NPY/ AgRP and POMC/ CART neurons are reciprocally 
interconnected and connected with the LHA, the ventromedial 
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hypothalamus (VMH) and dorsomedial hypothalamus (DMH), 
and the integrative centre in the PVN to provide a functional net-
work that normally maintains nutritional homeostasis. However, 
it is also now clear that the forebrain nucleus accumbens reward 
centre, which responds to food taste, food novelty, energy content, 
and social pressures can override the hypothalamic homeostatic 
control of feeding— hence the current western world obesity epi-
demic. Mutations in leptin, the leptin receptor, POMC processing, 
and the MC4 receptor for alpha- MSH all produce major obesity 
syndromes; mutations in the other signalling systems have more 
minor effects because of compensation by other of the signals in-
volved. Recently, a genome- wide scan identified the FTO (fat and 
obesity) gene as a major component of the polygenic control of 
obesity. Unsurprisingly, the FTO gene is expressed particularly in 
the arcuate nucleus and PVN. Hypothalamic mechanisms control-
ling feeding inevitably also influence the autonomic and TRH sys-
tems controlling metabolism, and the systems controlling growth 
and reproduction.

Gonadotrophin control [6] : See Figure 2.1.9. Reproductive func-
tion requires the pulsatile release of hypothalamic gonadotrophin- 
releasing hormone (GnRH; 10aa) to control FSH and LH secretion 
from the pituitary. During reproductive life GnRH is secreted in 
circhoral pulses; oestradiol speeds up the pulses in the preovulatory 
period whereas progesterone slows the pulses after ovulation. In 
primates, unlike other animals, a GnRH surge is not required to 
generate an LH surge; unvarying infusion of circhoral pulses of 
GnRH can restore fertility in Kallmann syndrome. Most GnRH 
neurons are located in the infundibular (arcuate) hypothalamus 
though scattered cells are located more anteriorly. Their essential 
projection is to the capillaries of the median eminence to stimu-
late pituitary gonadotrophs via the portal veins. Although sex hor-
mones have feedback effects directly on pituitary gonadotrophs, the 
generation of a preovulatory LH surge in primate females requires 
a ‘positive feedback’ action of oestradiol in the hypothalamus. The 
action of progesterone to slow GnRH pulses after ovulation also 
occurs in the hypothalamus. However, the relevant oestradiol and 
progesterone receptors are located, not on GnRH neurons, but on 
kisspeptin (KP) neurons which are also mostly located in the ar-
cuate nucleus. They stimulate the activity of GnRH neurons and 
play a vital role in the pulsatile secretion of GnRH. The failure of 
either GnRH or KP action causes hypothalamic hypogonadism 
and infertility, and constitutive activity of mutant KP receptors on 
GnRH neurons is a cause of precocious puberty. There appear to be 
at least two population of KP neurons, one of which is stimulated, 
and one inhibited by oestradiol; both also express dynorphin and 
neurokinin B. Kisspeptin neurons express leptin receptors and pro-
vide a link between low body weight, delayed puberty, and repro-
ductive problems. Experimentally, stresses and prolactin can reduce 
KP expression and action suggesting a role for KP in mediating the 
suppression of reproductive function in hyperprolactinaemia and 
stress. Clinical studies in assisted reproduction suggest that admin-
istration of KP may confer less risk of ovarian hyperstimulation 
than hCG in assisted.

Prolactin control [7] : See Figure 2.1.10. Arcuate nucleus dopa-
mine neurons (tubero- infundibular neurons) have long been 
known to project to median eminence capillaries and form the 
major negative control on prolactin (PRL) secretion from pitu-
itary lactotrophs. About half also release GABA within the arcuate 

nucleus and themselves express the D2 and PRL receptors cre-
ating an important a short- loop inhibitory feedback system. 
Humans with an inactivating mutation of the PRL receptor are 
hyperprolactinaemic. Exogenous administration of TRH and hypo-
glycaemia resulting from an insulin tolerance test both stimulates 
PRL secretion. Neither hypoglycaemia nor TRH are physiological 
regulators of systemic PRL but the TRH effect may explain the 
hyperprolactinaemia seen in hypothyroidism. Like GH, PRL is se-
creted in pulses, especially during stage 3 sleep. Circulating PRL is 
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generally maintained at low levels in men and non- pregnant women 
but, during pregnancy, increasing oestradiol stimulates significant 
lactotroph hyperplasia and prolactin secretion for mammary gland 
growth. During lactation, the suckling stimulus not only stimulates 
oxytocin secretion to cause milk ejection, but also inhibits dopa-
mine release and thereby stimulates release of PRL to replenish 
mammary stores of milk. It is now clear that, like magnocellular 
neurons and substantia nigra dopamine neurons, arcuate dopamine 
neurons also release dopamine from their somata and dendrites to 
influence appetite, growth, and reproductive circuits in the arcuate 
nucleus. Hyperprolactinaemia resulting from lactotroph adenomas 
is well known to cause infertility in women and impotence in men 
through both central and systemic effects. Evidence showing wide-
spread distribution of PRL receptors in the brain and transport of 
PRL into the brain via its vasculature suggest that many neural and 
neuroendocrine functions can be influenced by PRL.

Growth hormone control [8] :  See Figure 2.1.11. The secre-
tion of growth hormone (GH) is controlled by two hypothalamic 

hormones:  growth hormone- releasing hormone (GHRH; 44aa) 
and somatostatin (14aa) and by the negative feedback of both 
GH and IGF- 1 at the pituitary and hypothalamus. Both GHRH 
and somatostatin are also produced widely in splanchnic tissues 
(GHRH was first isolated from a pancreatic adenoma). GHRH 
stimulates both the synthesis and release of GH; somatostatin 
inhibits GH release but not GH synthesis; both are secreted in 
pulses. Shorter analogues of GHRH are used clinically. GH is 
normally released in pulses (8– 12/ day) with a large pulse during 
sleep, particularly in males; the generation of a GH pulse requires 
the coincidence of a GHRH pulse when somatostatin release is 
low. GHRH neurons are situated ventrolaterally in the arcuate 
nucleus; somatostatin neurones are more widespread, although 
the most are located in the periventricular zone of the AHA 
and infundibulum/ arcuate nucleus. In addition to inhibiting 
GH release, hypothalamic somatostatin also inhibits TSH re-
lease. Like GnRH neurons, most GHRH neurons are fusiform 
with processes emerging from each pole; the processes of both 
the GHRH and somatostatin neurons form a dense network in 
the arcuate nucleus and contact the portal capillaries in the me-
dian eminence. Somatostatin fibres form multiple inhibitory con-
tacts with GHRH perikarya, but GHRH fibres only rarely contact 
somatostatin perikarya. Feedback by GH to the hypothalamus is 
primarily negative feedback on somatostatin release. GH secre-
tion is also regulated by peripheral signals such as T3, cortisol 
(inhibitory), androgens (stimulatory), nutrients such as glucose 
and fatty acids and metabolites. Hypoglycaemia and low free 
fatty acids (e.g. in starvation or as a result of an insulin tolerance 
test (ITT)) stimulate, whereas glucose infusion inhibits GHRH 
and thus GH release. In contrast, arginine and other amino acids 
stimulate GH release via hypothalamic sensors. Somatotroph ad-
enomas cause excessive growth in children, acromegaly in adults. 
Although pulsatile secretion of GH stimulates growth (it in-
creases at puberty and declines in old age) persistently raised GH 
causes insulin resistance. Synthetic growth hormone- releasing 
peptides (e.g. GHRP- 6; hexarelin) which act on the ghrelin re-
ceptor can be used to stimulate GH secretion. Long- acting and 
selective somatostatin analogues (octreotide, lanreotide) are used 
to treat excessive growth and acromegaly.

Ventromedial (VMH) Nucleus

The VMH forms a fairly well- defined group of neurons dorsal to 
the arcuate nuclei. Many fibres which pass between the arcuate 
and paraventricular nuclei pass through it, so it is not surprising 
that VMH lesions cause hyperphagia and hyposexuality as in 
Fröhlich’s syndrome. Nuclear steroidogenic factor 1 plays a key 
role in development of the VMH and is exclusively expressed 
there. Like the arcuate nucleus, VMH neurons are involved in 
metabolic control, but VMH neurons do not produce specific pep-
tides and its functions have been more difficult to define, though 
it plays a key role in controlling the sympathoadrenal response 
to hypoglycaemia. Experimentally, about half the VMH neurons 
are either stimulated or inhibited by glucose, many express the 
intracellular energy sensor AMP- kinase (AMPK) and many ex-
press insulin, leptin, ghrelin, and cannabinoid receptors. Other 
parts of the VMH express oestrogen receptor alpha and are in-
volved in autonomic responses to aggressive or sexually attractive 
situations.
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Dorsomedial Nucleus (DMH)

Like the VMH, the DMH is involved in the integration of many 
aspects of feeding, and in autonomic stress responses. It receives 
direct and indirect inputs from the SCN and sends projections to 
the sleep- promoting part of the preoptic nucleus and the orexin 
neurons of the LHA which promote wakefulness. It receives both 
neural and hormonal input from other areas important in the regu-
lation of feeding and its activity increases at the expected time of a 
meal. Inputs from the amygdala signal acute stress and DMH effer-
ents to the ventrolateral medulla and raphe nuclei mediate DMH 
cardiovascular effects via projections to spinal sympathetic pregan-
glionic neurons.

Posterior Zone (Mamillary Region): Limbic and 
Autonomic control

The posterior zone of the hypothalamus comprises the poorly de-
fined posterior hypothalamic area and the well- defined mammil-
lary bodies with various subnuclei. The posterior hypothalamus 
contains histaminergic neurons and orexin neurons activated in 
arousal. It receives inputs from diverse areas including the limbic 
forebrain and mid-  and hind- brain areas involved in nociception. 
Stimulation of the posterior hypothalamus activates sympathetic 
responses.

Mammillary Bodies

The mammillary bodies are well- known as a target of 
hippocampal fornix fibres and an integral part of ‘Papez circuit’ 
with a role in memory. Lesions in this part of the diencephalon 
cause Korsakoff syndrome. The mammillary bodies comprise 
two main nuclei:  medial and lateral. All mammillary neurons 
contribute axons to the mammillo- thalamic tract (MTT) that 
terminates in the anterior thalamus; lesions of the MTT cause 
anterograde amnesia and poor spatial memory. Mammillary 
neurons are connected with tegmental motor nuclei via the 
mammillo- tegmental tract.

Fibre Systems connecting the Various nuclei 
of the Hypothalamus

As would be expected of a part of the brain which integrates many 
different physiological functions, the various components of the 
hypothalamus have extensive, complex, and usually reciprocal con-
nections with many regions of the forebrain, brainstem, and spinal 
cord. There are few large myelinated fibre tracts and only relatively 
recently have a variety of tracing techniques elucidated the more 
subtle connections.

Information about the light– dark cycle is passed to the hypothal-
amus via retino- hypothalamic fibres that originate from retinal 
ganglion cells and project to the suprachiasmatic nuclei. Olfactory 
inputs reach the hypothalamus from the pyriform cortex, amygdala, 
and orbitofrontal cortex; gustatory inputs from the brainstem and 
orbitofrontal cortex; both are involved in arousal and feeding be-
haviour. Visual and auditory inputs affect the hypothalamus after 
their significance has been assessed by the limbic system; nocicep-
tive inputs influence hypothalamic function via brainstem connec-
tions and the medial forebrain bundle (MFB). The hypothalamus 
(especially the paraventricular nucleus) receives information from 

the viscera via ascending projections from the solitary nucleus of 
the medulla, which itself receives sensory input from the facial, 
glossopharyngeal, and vagus nerves. The MFB is actually a series 
of fibre bundles that run through the lateral part of the hypothal-
amus, interconnecting basal forebrain olfactory cortex, septum, and 
brainstem. The mesolimbic pathway of dopamine fibres from the 
ventral tegmental area to the nucleus accumbens is a component 
of the MFB and of the reward system. Together with mesocortical 
dopamine fibres it forms one of the ‘fountains’ that spread diffusely 
throughout the forebrain from the locus coeruleus (noradrenaline), 
raphe nuclei (serotonin), and basal nucleus of Meynert (acetyl-
choline). Brainstem reticular afferents from the central grey of 
the midbrain reach the hypothalamus via the dorsal longitudinal 
fasciculus.

The fornix is a large bundle that connects the hippocampal for-
mation with the septal cortex, anterior thalamus, hypothalamus, 
and mamillary bodies. Most of its fibres originate from pyramidal 
hippocampal neurons. Commissural fibres link the two hippo-
campi. Anteriorly, precommissural fibres pass rostral to the anterior 
commissure to the septal nuclei, the preoptic and dorsal hypothal-
amic areas; postcommissural fibres pass caudally through the lateral 
part of the hypothalamus to the medial mammillary nucleus. The 
fornix also carries cholinergic axons from the basal nucleus to the 
hippocampus; degeneration of these is a feature of Alzheimer dis-
ease. The nuclei of the amygdala are connected to many parts of the 
hypothalamus by two distinct pathways: the stria terminalis (which 
parallels the course of the fornix) ends in the bed nucleus of the stria 
terminalis and medial hypothalamus; the ventral amygdalofugal 
pathway links the basolateral amygdala to the lateral hypothal-
amus and MFB. These convey olfactory and visceral information to 
the hypothalamus and are important in mediating autonomic and 
endocrine responses particularly to aversive stimuli (‘fear reaction’).

Apart from its neuroendocrine efferents, most neural efferent 
connections of the hypothalamus are reciprocal to its afferents. 
Fibre tracts link hypothalamic autonomic centres to brainstem and 
spinal cord preganglionic autonomic neurons; descending fibres 
controlling sympathetic activity pass through the lateral medulla 
and lateral medullary (Wallenberg) lesions cause a Horner syn-
drome. Neurons of the posterior part of the PVN project oxytocin 
fibres to the sex dimorphic nuclei of the lumbosacral cord.
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neuroanatomy, Molecular Biology, and 
Physiology of the neurohypophysis

The neurohypophysis is a complex neurohumoral system with a 
key role in body fluid homeostasis and reproductive function. This 
chapter will concentrate on the physiology and pathophysiology of 
the two hormones made by the neurohypophysis, vasopressin (VP), 
and oxytocin (OT); outlining the roles of both hormones together 
with the molecular, cellular, and anatomical basis of their regulation 
and action.

The neurohypophysis: neuroanatomy

The neurohypophysis consists of three parts which together form 
a functional unit; the supraoptic and paraventricular nuclei of the 
hypothalamus, containing the cell bodies of the magnocellular, 
neurosecretory neurones that synthesize and secrete VP and OT; the 
supraoptico- hypophyseal tract, which includes the axons of these 
neurones; and the posterior pituitary, where the axons terminate on 
capillaries of the inferior hypophyseal artery (Figure 2.2.1).

The supraoptic nucleus (SON) is situated along the prox-
imal part of the optic tract. It contains the cell bodies of discrete 
vasopressinergic and oxytocic magnocellular neurosecretory neur-
ones which in turn, project to the posterior pituitary along the 
supraoptico- hypophyseal tract. In man, vasopressinergic neur-
ones are found in the ventral SON, with oxytocic neurones situ-
ated dorsally. The paraventricular nucleus (PVN) also contains 
discrete vasopressinergic and oxytocic magnocellular neurones 
which also project to the posterior pituitary along the supraoptico- 
hypophyseal tract. In man, magnocellular neurones of the PVN 
synthesizing VP are found centrally in the nucleus, with oxytocic 

neurones in the periphery. The PVN contains additional, smaller 
parvicellular neurones projecting to the median eminence and add-
itional extrahypothalamic areas including forebrain, brainstem, and 
spinal cord. A group of those projecting via the median eminence 
cosecrete VP and corticotrophin releasing hormone (CRH), and 
terminate in the hypophyseal- portal bed of the anterior pituitary. 
Together with other hypothalamic CRH neurones, these have a role 
in the regulation of adrenocorticotropin (ACTH) release.

VP magnocellular neurons in the SON and PVN coexpress the 
peptide apelin and the apelin receptor. Apelin is a 36 amino- acid 
peptide, though shorter forms (apelin- 17 and apelin- 13) have also 
been found that retain biological activity. Intracerebroventricular 
injection of apelin- 17 inhibits the phasic firing of VP magnocellular 
neurons, reducing VP release. Hypertonic stress and water loading 
have reciprocal effects on plasma VP and apelin concentrations. 
Apelin receptors are also coexpressed in VP target cells in the renal 
collecting duct. VP and apelin are thus regulated in opposite direc-
tions and a ‘yin and yang’ relationship has been proposed for VP 
and apelin as of physiological regulators [1] .

The posterior pituitary receives an arterial blood supply from the 
internal carotid artery via the inferior hypophyseal artery and the 
artery of the trabecular, which is a branch of the superior hypo-
physeal artery. The SON and PVN receive an arterial supply from 
the suprahypophyseal artery and from the anterior communicating, 
anterior cerebral, posterior communicating, and posterior cere-
bral arteries via the circle of Willis. Venous drainage of the neuro-
hypophysis is through the dural, cavernous, and inferior petrosal 
sinuses.

Molecular and cell Biology of Vasopressin 
and oxytocin

Mammalian VP and OT are nonapeptides containing a closed loop, 
held together through a disulphide bridge between the cysteine res-
idues at positions 1 and 6 (Figure 2.2.2). Most mammals have the 
amino- acid arginine at position 8. In the pig family, arginine is sub-
stituted by lysine. OT differs from VP by two amino acids. OT has 
isoleucine rather than phenylalanine at position 3; and leucine ra-
ther than arginine at position 8. The similarities between VP and OT 
probably reflects derivation from a common ancestral gene [2– 4].
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The Vasopressin and oxytocin Genes

In man, the genes encoding VP and OT lie in head to head tandem 
array on chromosome 20p13, separated by some 12  Kb of DNA. 
Both are composed of three exons, encoding a polypeptide pre-
cursor with a common modular structure: an amino- terminal signal 
peptide; the VP or OT peptide; a hormone- specific mid- molecule 
peptide termed a neurophysin (NPI and NPII for OT and VP, re-
spectively); and a carboxyl- terminal peptide known as copeptin 
(Figure 2.2.3). There is considerable homology between the NP 
sequences of both genes, positions 10– 74 of the NP sequences being 
highly conserved at the amino acid level.

Regulatory control of VP gene expression is mediated through 
positive and negative elements in the proximal promoter. Several 
transcription factors bind to these elements. AP1, AP2, and CREB 
stimulate VP gene expression, while the glucocorticoid receptor 
(GR) represses expression. Cell- selective gene expression is medi-
ated though regulatory elements in the intergenic region between 
the VP and OT genes, with the region  – 288 to  – 116 5’ upstream 
of the VP gene promoter conferring magnocellular neuron spe-
cific expression of the VP gene. VP gene expression is also be regu-
lated post- transcriptionally. Stability of VP mRNA is influenced 
by poly(A) tail length. Poly(A) tail length increases in response to 

water deprivation, increasing stability and enhancing translation. 
VP mRNA also contains a dendritic localization sequence (DLS). 
Interaction of the DLS with a multifunctional poly(A) binding pro-
tein (PABP) plays a further key role in ribonucleic acid (RNA) sta-
bilization, initiation of translation, and translational silencing [2, 3].

Synthesis, Release, and Metabolism 
of neurohypophyseal Hormones

Synthesis of VP and OT occur in the cell bodies of VP and OT- 
specific magnocellular neurosecretory neurones of the SON and 
PVN. Generation of both hormones entails substantial post- 
translational modification of a large primary precursor. Following 
translation, the carboxy terminal domains are glycosylated, and the 
precursors packaged in vesicles of the regulated secretory pathway. 
These migrate along their respective neuronal axons toward the 
nerve terminals in the posterior pituitary. Migration is microtubule 
dependent. During vesicle translocation, VP and OT precursors are 
cleaved by basic endopeptidases to produce the mature hormone 
and the respective NPs. These are stored as a complex in secretory 
granules within the nerve terminals of the posterior pituitary. An 
increase in the firing frequency of vasopressinergic and oxytocic 
neurones opens voltage- gated Ca2+ channels in the nerve terminals 
which results in fusion of the neurosecretory granules with the 
nerve terminal membrane and release of their contents into the cir-
culation. The hormone and its NP are cosecreted into the systemic 
circulation in equimolar quantities. Apart from acting as carrier 
proteins for VP and OT during axonal migration, NPs appear to 
serve no specific biological function.

VP and OT circulate free, unbound to plasma proteins. However, 
VP does bind to specific receptors on platelets. VP concentrations in 
platelet- rich plasma are thus about fivefold higher than in platelet- 
depleted plasma. VP and OT have short are short half- life in the cir-
culation: VP half- life being 5– 15 minutes. VP and OT are degraded 
by several endothelial and circulating endo-  and amino- peptidases. 
A specific placental cysteine aminopeptidase degrades VP and OT 
rapidly during pregnancy and the immediate postpartum period.

The Physiology of Vasopressin

Actions of Vasopressin

VP is the key regulator of renal water excretion and the hormone 
has a central role in fluid balance. However, the physiology of VP 
encompasses a wider context within the integrated neuro- humoral 
response to changes in cardiovascular status and stress [5– 7].

Vasopressin Receptors

VP action is mediated by binding to specific receptors on the cell 
membrane of target cells. There are three VP receptor (V- R) sub-
types, encoded by different genes (Table 2.2.1). All have seven 

Figure 2.2.1 The neurohypophysis. MRI with overlay demonstrating 
relative positions of the paraventricular nucleus (PVN), supraoptic 
nucleus (SON) connecting to the posterior pituitary (PP) via the 
supraoptico- hypophyseal tract.

1 2 3 4 5
Amino acid position

6 7 8 9 Distribution

Most mammalsArginine vasopressin: Cys-Tyr-Phe-Glu(NH)2-Asp(NH2)-Cys-Pro-Arg-Gly(NH2)

Lysine vasopressin

Oxytocin

Phe Glu(NH2)

lle    Glu(NH2)

Lys

Leu Mammals, birds

Pig family

Figure 2.2.2 Amino acid sequences of vasopressin and oxytocin.
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transmembrane spanning domains, and all are G- protein coupled. 
They differ in tissue distribution, signal transduction mechanisms, 
and function. There is 70– 80% human– rat subtype homology at the 
amino acid level. The human V2- R gene has been mapped to Xq28. 
The murine V2- R gene maps to a syntenic X- chromosome locus.

Renal Effects of VP

Although VP has multiple actions, its principle physiological ef-
fect is in the regulation of water reabsorption in the distal nephron. 
The hair- pin structure and electrolyte transport processes of the 
nephron allow the kidney to both concentrate and dilute urine in 
response to the prevailing circulating VP concentration. Active 
transport of solute out of the thick ascending loop of Henle gener-
ates an osmolar gradient in the renal interstitium which increases 
from renal cortex to inner medulla, a gradient through which distal 

parts of the nephron pass en route to the collecting system. This is 
the basis of the renal countercurrent osmolar exchange mechanism. 
The presence of selective water channel proteins (aquaporins) 
in the wall of the distal nephron allows reabsorption of water 
from the duct lumen along an osmotic gradient, and excretion of 
concentrated urine

A wide range of aquaporins (AQPs) has been identified. They act 
as passive pores for small substrates and are divided into two fam-
ilies:  the water only channels; and the aquaglyceroporins that can 
conduct other small molecules such as glycerol and urea. As with 
other membrane channels, specific structural arrangements within 
the primary, secondary, and tertiary structure convey the three 
functional characteristics of permeation, selectivity, and gating. 
AQPs have a common structure consisting of two tandem re-
peats (each formed from three transmembrane domains), together 
with two highly conserved loops containing the signature motif 
asparagine- proline- alanine (NPA). AQP channels are formed by a 
tertiary complex of homo- tetramers within the cell membrane, pro-
viding four functionally independent pores with an additional cen-
tral pore. Water can pass through all the four independent channels 
of water- permeable AQPs. The central pore may act as independent 
channel in some AQPs [8– 10].

Seven AQPs are found in the kidney:  AQP1– 4 and AQP6– 
8. AQP1 is constitutively expressed in the proximal tubule and 
descending loop of Henle, where it facilitates isotonic fluid move-
ment. Loss of function mutations of AQP1 in man lead to defective 
renal water conservation. AQP3 and AQP4 are both expressed in the 
basolateral membrane of collecting duct cells in the distal nephron, 
where they facilitate the movement of water from the collecting 
duct cells into the renal interstitium. AQP2 is expressed on the lu-
minal surface of collecting duct cells and is the water channel re-
sponsible for VP- dependant water transport from the lumen of the 
nephron into the collecting duct cells. The binding of VP to V2- Rs 
on the interstitial surface of collecting duct cells produces increases 
in expression of AQP2. The increase is biphasic: one requiring new 
AQP2 protein synthesis and one which is independent of new pro-
tein synthesis. V2- R activation triggers an intracellular phosphoryl-
ation cascade leading activation of the nuclear transcription factor 

Figure 2.2.3 Functional organization of the VP gene. The VP gene 
consists of three exons encoding a large precursor which is cleaved to 
produce the mature peptide through post- translational modification. 
The VP 5’- promoter contains a number of response element sites 
that interact with transcription factors regulating VP gene expression. 
Os- RE, GRE, ERE, and API- RE represent the response elements for 
osmoregulation: the glucocorticoid receptor, the oestrogen receptor, and 
AP1, respectively.

Table 2.2.1 Vasopressin receptor subtypes

Vasopressin receptor

V1a V2 V3

Expression •  Vascular smooth muscle
• Liver
• Platelets
• CNS

Basolateral membrane of 
distal nephron

Pituitary corticotroph

Amino acid structure 418 amino acids (human)  370 amino acids
(human)

424 amino acids
(human)

Second messenger system Gq/ 11mediated phospholipase C 
activation: Ca2+, inositol triphosphate 
& diacyl glycerol mobilization

Gα+s mediated adenylate 
cyclase activation: cAMP 
production and protein 
kinase A stimulation

As V1a

Physiological effects • Smooth muscle contraction
• Stimulation of glycogenolysis.
• Enhanced platelet adhesion
•  Neurotransmitter and 

neuromodulatory function

Increased production and 
action of aquaporin- 2

Enhanced ACTH release



SecTIon 2 Pituitary and Hypothalamic Diseases126

CREB and expression of c- Fos and stimulation of AQP2 gene ex-
pression through CRE and AP- 1 response elements in the AQP2 
gene promoter. V2- R activation also stimulates an immediate in-
crease in AQP2 activity by accelerating trafficking and assembly 
of presynthesized AQP2 protein into functional, homo- tetrameric 
water channels in luminal cell membranes [4– 6].

As VP levels rise, there is a sigmoid relationship between plasma 
VP concentration and urine osmolality, with maximum urine con-
centration achieved at plasma VP concentrations of 3– 4 pmol/ L 
(Figure 2.2.4). Following persistent VP secretion, antidiuresis may 
diminish. Downregulation of both V2- R function and AQP2 expres-
sion may be responsible for this escape phenomenon. Maximum 
diuresis occurs at plasma VP concentrations of 0.5 pmol/ L or less.

VP has additional effects at other sites in the nephron, which 
serve to augment renal concentrating ability. VP decreases me-
dullary blood flow, stimulates active urea transport in the distal 
collecting duct and stimulates active sodium transport into the 
renal interstitium. VP also stimulates a bi- phasic up- regulation of 
bumetanide- sensitive sodium- potassium- chloride cotransporter 
(SLC12A1) expression in the thick ascending loop of Henle. 
VP both accelerates post- translational processing/ trafficking 
of presynthesized SCLC12A1 and increases SCLC12A1 gene 
expression [7] .

Cardiovascular Effects of VP

VP is a potent pressor agent, its effects mediated via a specific mem-
brane receptor (V1a- R). Systemic effects on arterial blood pressure 
are only apparent at high concentrations due to compensatory buf-
fering haemodynamic mechanisms. Nevertheless, VP is important 
in maintaining blood pressure in mild volume depletion. The most 
striking vascular effects of VP are in the regulation of regional blood 
flow. The sensitivity of vascular smooth muscle to the pressor ef-
fects of VP vary according to the vascular bed; vasoconstriction 
of splanchnic, hepatic, and renal vessels occurring at VP concen-
trations close to the physiological range. Furthermore, there are 

differential pressor responses within a given vascular bed; selective 
effects on intrarenal vessels resulting in redistribution of renal blood 
flow from medulla to cortex. Such effects suggest that baroregulated 
VP release constitutes one of the key physiological mediators of the 
integrated haemodynamic response to volume depletion.

Effects of VP on the Pituitary

VP is an ACTH secretagogue, acting through pituitary corticotroph- 
specific V3- Rs. Though the effect is weak in isolation, VP and C- 
reactive protein (CRF) act synergistically. VP and CRF colocalize in 
neurohypophyseal parvicellular neurones projecting to the median 
eminence and the neurohypophyseal portal blood supply of the an-
terior pituitary. Levels of both VP and CRF in these neurones are 
inversely related to glucocorticoid levels, clearly suggesting a role in 
feedback regulation.

Behavioural Effects of VP

Vasopressinergic fibres and V- Rs are present in many areas of the 
brain, including the cerebral cortex and limbic system. These exten-
sive neural networks are anatomically and functionally independent 
of the neurohypophysis. In rodents, these central vasopressinergic 
systems have key roles in mediating complex social behaviour 
such as mating patterns. There are similar emerging data in man. 
Association studies link V1a- R gene sequence variation with a 
range of behaviours. Dysregulation of central VP action may be 
a distal end point in conditions characterized by complex altered 
social and emotional behaviour [8– 12].

Effects of VP on the Skeleton

Emerging data support a role for neurohypophyseal hormones in 
bone physiology [13]. VP inhibits osteoblast formation. This effect 
is opposed by OT, which has a reciprocal effect in stimulating osteo-
blast formation. Mice deficient in V1a- R (Avpr1a– / – ) have a high 
bone mass while both haploinsufficiency for OT and deletion of the 
OT receptor (Oxr– / – ) result in osteopaenia.

Miscellaneous Effects of VP

Several additional actions of VP are listed in Table 2.2.2.

Osmoregulation of in VP Release

In line with the hormone’s key role in body fluid homeostasis, 
plasma osmolality is the most important determinant of VP secre-
tion. Working in tandem, the combined osmoregulatory system 
for thirst and VP secretion maintain plasma osmolality within the 
narrow limits of 284– 295 mOsml/ kg. The osmoregulation of VP re-
lease and the physiological relationship between plasma osmolality 
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Figure 2.2.4 The relationship of plasma vasopressin concentration 
to urine concentrating ability. There is a sigmoid relationship between 
plasma vasopressin concentration and urine osmolality, with maximum 
urine concentration occurring at plasma vasopressin concentrations of   
4– 6 pmol/ L. There is a range of response in the normal population 
depicted by the grey area, within which an individual response is 
demonstrated.

Table 2.2.2 Miscellaneous effects of VP

Action Receptor involved

Coagulation/ clotting cascade

Factor VII release from hepatocytes V- 2r

von Willebrand factor release from   
vascular endothelium

V- 2r

Liver metabolism

Glycogen phosphorylase A activation V- 1ar
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and plasma VP concentration is described by three characteristics; 
the linear relationship between plasma osmolality and plasma VP 
concentration; the osmotic threshold or ‘set point’ for VP release: 
and the sensitivity of the osmoregulatory mechanism.

Increases in plasma osmolality increase plasma VP concentra-
tions in a linear manner (Figure 2.2.5). The abscissal intercept of 
this regression line, 284 mOsml/ kg, indicates the mean ‘osmotic 
threshold’ for VP release: the mean plasma osmolality above which 
plasma VP starts to increase. Though there is no level of plasma 
osmolality below which VP release is completely suppressed, though 
such low levels of VP have little antidiuretic effect. The concept of a 
threshold of VP release thus remains a pragmatic means to charac-
terize the physiology of osmoregulation; VP release being increased 
from a basal rate by activation of stimulatory osmoreceptor affer-
ents, and decreased to minimal values by removal of this drive and 
the activation of synergistic inhibitory afferents. The slope of the 
regression line reflects the sensitivity of osmoregulated VP release. 
There are considerable interindividual variations in both threshold 
and sensitivity of VP release. Twin studies indicate a strong herit-
able component in this variation. However, over time, these param-
eters are remarkably reproducible within an individual [14].

There are several physiological situations where the tight rela-
tionship between plasma osmolality and VP concentration is lost. 
The act of drinking results in rapid suppression of VP release, in-
dependent of changes in osmolality. In addition, the rate of change 
of plasma osmolality can influence the VP response; rapid increases 
in plasma osmolality result in exaggerated VP release. The osmotic 
threshold for VP release is lowered in normal pregnancy, and a 
similar though smaller change occurs in the luteal phase of the 
menstrual cycle. Plasma VP concentrations increase with age, to-
gether with enhanced VP responses to osmotic stimulation. In con-
trast, thirst appreciation is blunted and fluid intake reduced. These 
changes, together with age- related decreases in renal handling of 
water loads and generation of maximal urine concentration, form 
the basis for the predisposition of older people to both hyper-  and 
hyponatraemia.

Baroregulation of VP Release

As a principle determinant of fluid homeostasis, VP is a key player in 
maintaining haemodynamic integrity. In contrast to osmoregulated 
VP release, progressive reduction in blood pressure produces an ex-
ponential increase in plasma VP. Falls in arterial blood pressure of 

5– 10% are necessary to increase circulating VP concentrations in 
man. Importantly, baroregulated VP release can occur at low levels 
of plasma osmolality levels that would normally act to suppress VP 
production. This apparent ‘hierarchy’ of regulation is important 
when considering the integrated physiological response to volume 
depletion. It is a key pathophysiological mechanism underpinning 
the hyponatraemia resulting from effective circulating volume 
depletion.

Humoral Regulation of VP Release

Changes in circulating volume and blood pressure trigger an auto-
nomic and endocrine cascade resulting in a coordinated physio-
logical response. Baroregulated VP responses can be modified 
by other neurohumoral influences triggered as part of this co-
ordinated response:  atrial natriuretic peptide (ANP) inhibiting 
and norepinephrine augmenting baroregulated VP release. The 
renin– angiotensin system (activated in effective volume deple-
tion) is also intricately involved in the regulation of VP production. 
Circulating angiotensin II stimulates VP secretion, acting centrally 
at forebrain centres influencing SON and PVN activation. In add-
ition, angiotensin II stimulates VP release via a direct effect on VP 
magnocellular neurones, where type 2 angiotensin II receptors have 
been identified. In the rat, ANP inhibits both osmo-  and baro- 
stimulated VP release centrally.

Other Regulatory Mechanisms of VP Release

Nausea and emesis are potent stimuli to VP release, independent 
of osmotic and haemodynamic status. Manipulation of abdominal 
contents is another powerful stimulus to VP release. Both contribute 
to the high plasma VP values and consequent impairment of water 
load excretion, observed after gastrointestinal surgery. VP release 
in response to these stimuli and others, such as neuroglycopaenia, 
justify its classification as a stress response hormone.

Thirst

Thirst, and the drinking response to thirst, are key components 
maintaining fluid homeostasis. While the two systems are discrete, 
it is no surprise that the physiology of VP and thirst are closely 
aligned.

There is a linear relationship between thirst, determined by visual 
analogue scale, and plasma osmolalities in the physiological range 
(Figure 2.2.6). The mean osmotic threshold for thirst perception is 
281 mOsml/ kg, similar to that for VP release. Thirst occurs when 
plasma osmolality rises above this threshold, the intensity varying in 
relation to the ambient plasma osmolality. The functional character-
istics of osmoregulated thirst, just as VP release, remain consistent 
within an individual on repeated testing, despite wide variations be-
tween individuals [14].

As with osmoregulated VP release, there are also specific 
physiological situations in which the relationship between plasma 
osmolality and thirst breaks down. The act of drinking reduces 
osmo- stimulated thirst, just as it does VP release. There is a fall in 
the osmotic threshold for thirst in the luteal phase of the menstrual 
cycle. In contrast, thirst appreciation and fluid intake are blunted 
in older people. Thirst can be stimulated by extracellular volume 
depletion through volume sensitive cardiac autonomic afferents. In 
addition, hypovolaemia, and hypotension lead to the generation of 
circulating and intracerebral angiotensin II, a powerful dipsogen.
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Figure 2.2.5 Relationship between plasma osmolality and plasma 
vasopressin (VP) concentration during progressive hypertonicity induced 
by infusion of 855 mmol/ L saline in a group of healthy adults. LD 
represents the limit of detection of the assay, 0.3 pmol/ L.
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The coordinated Regulation of VP and Thirst

The control of VP production and processes underpinning thirst 
perception and drinking are separate and discrete. Nevertheless, 
there are close functional links between the two systems:  high-
lighted by the situations where they are activated and suppressed 
in parallel. It is therefore not surprising that the two systems are 
regulated by systems that are also closely related. The lamina 
terminalis within the forebrain is a key hub for integrating neural 
and humeral influences on VP production, thirst perception, and 
drinking behaviour.

The Neurobiology of Osmoregulation

The Lamina Terminalis: Anatomy, Neurophysiology, and Role 
in Central Osmoregulation

The lamina terminalis (LT) is a small region of the forebrain 
including areas just anterior and dorsal to the third ventricle. It is 
composed of three, interconnected nuclei: the subfornicular organ 
(SFO), the organum vasculosum (OVLT) and the median preoptic 

nucleus (MnPO). Due to local fenestrations in the blood- brain bar-
rier, neurones within the SFO and OVLT are in direct contact with 
the circulation. They thus function as interoceptive sensory organs. 
The MnPO lies within the blood- brain barrier. While it does not 
have a sensory function, it is thought to have a key role in inte-
grating the output of the LT to higher centres, including those in-
volved in initiating drinking [15].

SFO and OVLT neurones have intrinsic osmosensitivity; neur-
onal firing rates increasing in line with extracellular fluid osmo-
lality. These neurones constitute the principle central osmo- sensing 
mechanism regulating VP and thirst. Changes in the osmotic en-
vironment of these neurons alter their shape. This physical change 
alters the activity of the cell surface stretch- sensitive cationic 
channel TRPV1. TRPVI is the transduction mechanism linking 
osmolality to altered membrane potential and neurone firing fre-
quency. Vasopressinergic neurons of the SON and PVN also ex-
press TRPV1: the basis for a direct effect of plasma osmolality on 
magnocellular neurone activity. Interestingly, osmoregulatory func-
tion is not lost in Trpv1−/ − mice. Additional osmo- sensing pathways 
must therefore also be in operation [16].

Glutaminergic neurones projecting from the SFO and OVLT 
stimulate drinking. Glutaminergic pathways from the LT also 
project to the PVN and SON, providing a neuroanatomical basis 
for the parallel stimulation of thirst and VP release. In con-
trast, activation of GABAergic neurones within the LT reduces 
drinking, highlighting a balance of both positive and negative 
elements in the central neural circuitry controlling fluid balance   
(Figure 2.2.7).

Peripheral Osmoregulation

A related, but distinct osmo- sensory input feeds additional data 
on peripheral osmolar status. Sensory neurones in hepatic portal 
blood vessels are responsive to changes in the plasma osmolality. 
The transducing element in this peripheral osmosensitivity is the 
stretch- sensitive ion channel, TRPV4 [17].
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Figure 2.2.6 Relationship between thirst and plasma osmolality during 
progressive hypertonicity induced by infusion of 855 mmol/ L saline in a 
group of healthy adults.
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Figure 2.2.7 The role of the lamina terminalis in in the integration of thirst and AVP release. The lamina terminalis is key in the integration of sensory 
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Afferent Sensory Regulation of VP and Thirst

Baroregulatory influences on neurohypophyseal VP release derive 
from aortic arch, carotid sinus, cardiac atrial, and great vein stretch- 
sensitive afferents via cranial nerves IX and X. Ascending projec-
tions are via the nucleus tractus solitarius (NTS). From the NTS, 
further afferents project to the SON and PVN and the LT. These 
mechanisms act to integrate a number of afferent inputs that reflect 
volume status. Ascending baroregulatory pathways affect tonic in-
hibition of VP release, as their interruption increases plasma VP 
concentration.

Osmosensitivity of VP release is influenced by circadian rhythms. 
VP release increases during sleep, mediated by clock neur-
ones projecting from the suprachiasmatic nucleus to the LT and 
neurohypophysis [18].

The act of drinking reduces thirst perception. This change oc-
curs before any change in plasma osmolality. The effect is produced 
through three mechanisms: oropharyngeal sensory afferents; gastro-
intestinal stretch- sensitive afferents; and peripheral osmoreceptors 
in the hepatic portal vein. Thirst- promoting neurones in the SFO 
integrate sensory inputs from the oropharynx (drinking and food 
composition) with central osmolar status to influence thirst per-
ception. This mechanism effectively allows anticipatory changes in 
water consumption that can precede changes in plasma osmolality.

Central Mechanisms Integrating Humeral Influences on VP 
and Thirst

Osmoregulated VP responses are modified by other components 
of the coordinated neurohumoral response to changes in circu-
lating volume and blood pressure. Angiotensin II amplifies the 
proportional relationship between osmolality and neuronal firing 
in the SON. Angiotensin II triggers polymerization of intracellular 
actin filaments in osmosensitive neurones in the SON, altering 
cell shape in a manner that works in synergy with that produced 
by changes in extracellular osmolality. Angiotensin II thus en-
hances osmosensitivity. This mechanism underpins the changes 
in osmo- regulated VP release in hypo-  and hypervolaemia:  the 
osmotic threshold and sensitivity of VP release is lowered by 
hypovolaemia; while the converse is found in hypervolaemia and 
hypertension.

Vasopressinergic neurones within the neurohypophysis also 
contribute a direct ‘short- loop’ mechanism for the physiological 
coordination of VP production. Angiotensin II and relaxin excite 
both OT and VP magnocellular neurones. In contrast, ANP in-
hibits VP neuron activity. VP magnocellular neurones themselves 
have independent osmo- sensing properties. V- Rs are present on 
vasopressinergic neurons of both the PVN and SON, highlighting 
the potential for auto- control of VP release through direct osmo-
regulation and short- loop feedback.

Integrated Physiology of VP Release and Body 
Fluid Homeostasis

The physiological regulation of water balance is intimately linked 
with that of circulating volume; common systems are involved 
in both processes. As sodium is the major cationic osmolyte, the 
interrelationships of sodium and water excretion with circulating 
volume regulation are key to appreciating the position of VP and 
thirst- driven fluid intake in the physiology of fluid homeostasis.

At plasma osmolalities of 285– 295 mOsml/ kg, osmolar balance 
can be maintained by VP- dependent regulation of renal water loss. 
A  rise in plasma osmolality within this range produces a progres-
sive increase in plasma VP to a concentration of 3– 4 pmol/ L, and 
antidiuresis. Further increases in plasma osmolality stimulate further 
VP release, but this does not result in any further reduction of renal 
water excretion. Correction of plasma osmolality back to the range 
over which osmolar balance can be maintained by VP requires thirst- 
stimulated drinking. As the osmolar threshold for thirst is similar 
to that for VP release (284 mOsml/ kg), the maintenance of water 
balance through a combination of osmoregulated VP release and 
thirst is clearly a seamless, coordinated process of subtle complexity.

If excessive fluid volumes are consumed, greater than those 
demanded by thirst, plasma VP levels are suppressed to below 
0.3 pmol/ L, resulting in maximum diuresis of up to 15– 20 L/ 24 h. 
Ingestion of water in excess of this causes a reduction of plasma 
osmolality into the subnormal range, and hyponatraemia.

VP release is also regulated by other, non- osmotic stimuli. This 
complex regulation has a hierarchy, with significant physiological 
and pathophysiological sequelae. Hypovolaemia shifts the rela-
tionship of plasma osmolality with VP concentration to the left. 
During moderate hypovolaemia, osmoregulation is maintained 
around a lower osmolar set point. As the degree of hypovol-
aemia progresses, baroregulated VP release overrides the osmolar 
set point, and antidiuresis is maintained despite the potential for 
ensuing hyponatraemia. Coincident activation of the systemic 
and intracerebral renin– angiotensin systems stimulates drinking 
and augments VP release, in addition to independent pressor and 
antinatriuretic effects. The homeostatic response to hypovolaemia 
thus involves an integrated neurohumoral cascade, of which VP and 
thirst are key components.

The Physiology of oxytocin (oT)

OT binds to specific G- protein coupled cell surface receptors (OT- 
Rs) on target cells to mediate a variety of effects largely concerned 
with reproductive function. Historically, attention has focused on 
the role of OT in the regulation of lactation; parturition; and repro-
ductive behaviour. Data from animal models lacking oxytocin be-
cause of targeted disruption of the oxytocin gene have challenged this 
dogma, forcing a review of the physiological roles of the hormone.

Oxytocin and Lactation

In the rat, the stimulation of sensory afferents in the nipple by the 
act of suckling trigger a reflex cascade leading to synchronized firing 
bursts of oxytocic magnocellular neurones, with pulsatile OT release 
corresponding to this burst activity. The released OT acts on OT- Rs 
on smooth muscle cells lining the milk ducts of the breast, initiating 
milk ejection. OT is essential for completion of this milk ejection re-
flex in rodent. Mice lacking OT fail to transfer milk to their suckling 
young, and this deficit is corrected by injection of OT. In contrast, 
Women lacking posterior pituitary function can breast feed nor-
mally, illustrating that OT is not necessary for lactation in Humans.

Oxytocin and Parturition

OT is a powerful uterotonic agent. In many mammals there is both 
an increase in OT secretion during parturition, and an increase 
in uterine responsiveness to OT at term. These data suggest a key 
role for the hormone in the initiation and progression of labour. 
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It is believed that falling progesterone concentrations toward the 
end of pregnancy lead to up- regulation of uterine myometrial OT- 
Rs, enhanced contractility, and increased sensitivity to circulating 
OT. Stretching of the ‘birth canal’ during parturition leads to the 
stimulation of specific autonomic afferents, triggering increased 
burst firing of oxytocic magnocellular neurones and OT release. 
A  positive feedback loop is formed, with OT both stimulating 
uterine contraction further and enhancing the production of local 
uterotonic mediators. It has been difficult to demonstrate increased 
circulating OT levels in women during labour, due in part to the 
difficulties of analysing pulsatile release coupled with the short cir-
culating half- life of the hormone due to the action of placental cyst-
eine aminopeptidase. In mice lacking OT, parturition is normal. 
Moreover, Women with absent posterior pituitary function can 
have a normal labour. However, the importance of OT in the birth 
process is highlighted by the effectiveness of OT antagonists in the 
management of preterm labour.

OT may have key additional offspring- facing roles in parturition. 
Maternal OT produces a switch in fetal central nervous system 
(CNS) neurotransmission with enhanced inhibitory GABAergic 
signalling. This increases fetal neuronal resistance to hypoxaemic 
damage that may occur during delivery, part of adaptive mother- 
fetal signalling during parturition in which OT is a major player [19].

Oxytocin and Behaviour

OT- R expression is widespread in the CNS of many species. There 
is clear evidence that OT has important influences on reproductive 
behaviour in rat; facilitating both lordosis and the development of 
maternal behaviour patterns. However, mice lacking OT exhibit 
normal sexual and maternal behaviour, indicating these effects may 
be species dependent. Central oxytocic transmission appears to re-
duce anxiety and hypothalamo- pituitary- adrenal stress responses 
in female rats. However, the same central oxytotic function may be 
required for normal adrenocorticotropin responses to stress. OT 
release from both dendrites and nerve terminals of hypothalamic 
magnocellular neurons can be regulated by other neuropeptides, 
highlighting the potential for magnocellular OT to integrate with 
central neurotransmission.

Central OT pathways have been implicated complex behav-
iour:  social recognition, affiliation, and social bonding. This clus-
tering has raised interest in the role of OT and OT pathways in 
the development of autism. A number of association studies have 
demonstrated linkage between autism and OT- R polymorphisms. 
Together, these data suggest a complex role for OT in the stress and 
other behavioural responses, with species and context- dependent 
differential effects [20, 21].

Integrated Physiology of Oxytocin

How are the proposed roles of OT in reproductive function recon-
ciled with both human and mouse data that highlight normal func-
tion in the absence of the hormone? Clearly there are interspecies 
differences in OT- modulated processes that contribute important 
qualifications to the data. The mouse gravid uterus does not ex-
press OT- Rs, in contrast to human and rat. It is perhaps not sur-
prising therefore, that parturition is normal in the OT null- mouse. 
Similarly, in contrast to rat, maternal behaviour evolves gradually in 
mouse, and is not acquired rapidly in the postpartum period. Mouse 
may therefore not be a good model for the uterine and behavioural 

effects of OT. Secondly, there is clearly variable redundancy in some 
of the physiological pathways in which OT is involved. This redun-
dancy may vary between species. The extrapolation of OT’s role 
in normal physiology from those responses found in its absence 
should thus be made with caution.

clinical endocrinology of the neurohypophysis

There are no recognized clinical sequalae of OT deficiency in man. 
The pathophysiology of the neurohypophysis thus reflects the 
physiology of VP and the regulation of water excretion. Defects in 
VP production or action impact through disturbances in fluid and 
electrolyte balance. A  second, related but less common group of 
conditions reflect primary defects in thirst. In some cases, the two 
may coincide, in line with the close anatomical and functional rela-
tionship of both processes.

Diabetes Insipidus

Classification

A pragmatic clinical definition of polyuria is the excretion of urine 
in excess of 3 l/ 24 h (over 40 ml/ kg/ 24 h) in adults and over 100 ml/ 
kg/ 24 h in infants). Diabetes Insipidus (DI) simply describes the ex-
cretion of large amounts of dilute urine. One of three mechanisms 
may be responsible.

 1. Deficiency of VP: termed hypothalamic diabetes insipidus (HDI).
 2. Renal resistance to VP: termed nephrogenic diabetes insipidus 

(NDI).
 3. Inappropriate, excessive water drinking: termed dipsogenic dia-

betes insipidus (DDI) or primary polydipsia.

A classification of DI based on aetiology is outlined in Box 2.2.1.

Hypothalamic Diabetes Insipidus

HDI (also known as neurogenic, central, or cranial DI) is due to 
deficient osmoregulated VP secretion. In most cases it is a par-
tial defect, with patients having inappropriately low plasma VP 
concentrations with respect to concomitant plasma osmolalities. 
Presentation with HDI implies destruction or loss of function 
of more than 80% of vasopressinergic magnocellular neurones. 
Though persistent polyuria can lead to dehydration, given free ac-
cess to water, most patients can maintain water balance through an 
intact thirst mechanism. HDI is rare, with an estimated prevalence 
of 1:25 000 and equal gender distribution.

Aetiology

Most cases of HDI are acquired. Improvements in imaging and 
an appreciation of the varied presentation of inflammatory/ auto-
immune forms are responsible for fewer cases being designated 
idiopathic. Inherited/ familial forms account for 5% of HDI.

Trauma, either as a result of head injury or surgery, can produce 
HDI through damage to the hypothalamus, pituitary stalk, or pos-
terior pituitary. Pituitary stalk trauma may lead to a triphasic dis-
turbance in water balance; an immediate polyuria characteristic of 
HDI followed within days by a more prolonged period of antidiuresis 
suggestive of VP excess. This second phase may last up to several 
weeks, and can be followed by reversion to HDI or recovery. Such 
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a ‘triple response’ reflects initial magnocellular axonal damage; the 
subsequent unregulated release of large amounts of presynthesized 
VP; and ultimately, either recovery or development of permanent 
HDI, as determined by the degree of initial neuropraxia/ axonal 
shearing and damage. Not all phases of the response may be ap-
parent. Recent data suggest acute HDI can occur in up to 22% of 
non- selected patients presenting with traumatic brain injury (TBI), 
persisting in some 7% of the total TBI cohort on long- term follow- 
up [22, 23].

Circulating antibodies to VP secreting neurons can be found in 
30% of patients classified previously as having HDI with no identi-
fiable cause, implying an autoimmune aetiology. Presence of anti- 
VP neurone antibodies in patients with HDI is associated with 
pituitary stalk thickening on magnetic resonance imaging (MRI). 
However, anti- VP neurone antibodies can also be found at low 
prevalence in patients with HDI secondary to histiocytosis X and 
following pituitary surgery, suggesting the specificity of the test or 
the auto- antibody response is low. Evidence of wider organ- specific 
autoimmunity common in isolated HDI [24].

Primary pituitary adenoma rarely causes HDI. Hypothalamic 
tumours, such as craniopharygioma and germinoma, are more 
common causes of HDI. Presentation with HDI can precede the 
radiological appearance of germinoma. Hypothalamic tumours and 
developmental defects such as septo- optic dysplasia (SOD) account 
for up to 50% of HDI in children. Hypothalamic or pituitary metas-
tases (e.g. from primary breast or lung cancer) can present with HDI, 
as can primary brain malignancy and primary CNS lymphoma.

HDI can present in pregnancy. Placental vasopressinase activity 
can decompensate pre- existing limited antidiuretic capacity in pa-
tients with partial HDI through increased VP degradation that 
cannot be matched by increased hormone release. This can revert to 
normal after delivery, though permanent HDI may ultimately de-
velop if the natural history of the central defect is progressive.

Wolfram Syndrome (WS)

Genetic studies have identified two subtypes of WS. WS1 is caused 
by loss of function mutations in the WFSI gene on Ch.4p16. WFSI 
encodes an 890 amino- acid glycoprotein, wolframin. Wolframin 
expression is restricted to the endoplasmic reticulum (ER) where 
it regulates ER stress and calcium homeostasis. Loss of function 
of wolframin triggers apoptosis and cell death. Non- inactivating 
mutations of WFSI are associated with autosomal dominant sen-
sorineural hearing loss. WS1 may thus represent one extreme of a 
spectrum disorder.

WS2 is characterized by optic atrophy and diabetes mellitus. 
There are additional features of peptic ulcer disease and bleeding 
tendency which are not seen in WS1. WS2 is caused by loss of 
function mutations in the CISD2 gene. CISD2 encodes a pro-
tein expressed on both ER and the outer mitochondrial mem-
brane. Loss of function of CISD2 disrupts calcium flux between 
ER and mitochondria leading to autophagy and cell death in a 
manner similar to that seen in several other neurodegenerative 
diseases [25, 26].

Autosomal Dominant Familial HDI

Autosomal dominant familial HDI is caused by mutations in the VP 
gene on chromosome 20. While it typically presents in childhood, 
the age of presentation varies considerably, reflecting variation in 

Box 2.2.1 Classification of polyuric syndromes

(A) Hypothalamic diabetes insipidus
• Primary

— Genetic
• DIDMOAD (Wolfram) syndrome
• Autosomal dominant
• Autosomal recessive

— Developmental syndromes
• Septo- optic dysplasia

— Idiopathic
• Secondary/ acquired

— Trauma
• Head injury
• Post surgery (transcranial, transphenoidal)

• Tumour
— Craniopharyngioma, germ cell tumour, metastases, pituitary 

macroadenoma
• Inflammatory

— Granulomata
— Sarcoidosis, histiocytosis
— Infection; meningitis, encephalitis
— Infundibuloneurohypophysitis

•	 Guillain– Barré syndrome
— Autoimmune (anti- VP neurone antibodies)

•	 Vascular
— Aneurysm
— Infarction
— Sheehan’s syndrome
— Sickle cell disease
— Pregnancy (associated with vasopressinase)

(B) Nephrogenic diabetes insipidus
•	 Primary
•	 Genetic

— X- linked recessive (V2- R defect)
— Autosomal recessive (AQP2 defect)
— Autosomal dominant (AQP2 defect)

•	 Idiopathic
•	 Secondary

— Chronic renal disease
— Polycystic kidneys
— Obstructive uropathy

•	 Metabolic disease
— Hypercalcaemia
— Hypokalaemia

•	 Drug induced
— Lithium
— Demeclocycline

•	 Osmotic diuretics
— Glucose
— Mannitol

•	 Systemic disorders
— Amyloidosis
— Myelomatosis

• Pregnancy

(C) Dipsogenic diabetes insipidus
• Compulsive water drinking
•	 Associated with affective disorders
•	 Drug induced?
•	 Structural/ organic hypothalamic disease

— Sarcoid
— Tumours involving hypothalamus
— Head injury

•	 Tuberculous meningitis
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the progressive loss of VP secretion. A variety of different missense 
and nonsense mutations within exons 1, 2, and 3 of the VP gene 
have been identified in affected kindreds. Mutant VP precursors ac-
cumulate in the ER of magnocellular neurones, to which they are 
neurotoxic. This explains the both the progressive loss of VP release 
in the condition, the range of presentation and its dominant inher-
itance pattern: the product of a single mutated allele being sufficient 
to trigger neural degeneration. Growth failure may be an early clin-
ical feature [27].

The inherited HDI of the Brattleboro (BB) rat is due to a frame 
shift in exon 2 of the VP gene, resulting in a VP precursor with 
an altered carboxy terminus which also accumulates in the ER of 
vasopressinergic neurones. Interestingly, the HDI of the BB rat is 
inherited in a recessive manner, in contrast to the equivalent con-
dition in man.

Investigation of Polyuric States

The strategy of investigation of DI is to confirm the polyuric state, 
define its basis, and to explore possible primary aetiologies. After 
establishing significant polyuria of greater than 3 l/ 24 h in adults 
and excluding hyperglycaemia, hypokalaemia, hypercalcaemia, and 
significant renal insufficiency, attention should be focused on the 
VP axis. Direct tests that measure plasma VP in response to os-
motic stimulation would be the ideal modality to differentiate HDI 
from other causes of polyuria. However, access to reliable VP assays 
have been limited. Because of this, an indirect test using a surro-
gate endpoint of VP release (the ability of the kidney to produce 
concentrated urine during osmotic stress) has historically been 
used to differentiate the cause of confirmed polyuria:  the water 
deprivation test.

Indirect Tests of the Hypothalamo- Neurohypophyseal (AVP) 
Axis: The Water Derivation Test

The water deprivation test assesses the capacity to concentrate 
urine during the osmotic stress of controlled water deprivation. 
The period of water deprivation can be followed by evaluation 
of the antidiuretic response to exogenous VP:  the aim being 
to confirm renal sensitivity to VP or establish renal resistance. 
A  standard protocol is outlined in Box 2.2.2. HDI can be dis-
tinguished by urine osmolality less than 300 mOsml/ kg, accom-
panied by plasma osmolality greater than 290 mOsml/ kg after 
dehydration. Urine osmolality should rise above 750 mOsml/ kg 
after desmopressin (DDAVP), indicating normal renal respon-
siveness. In contrast, failure to increase urine osmolality above 
300 mOsml/ kg after dehydration together with failure to respond 
to DDAVP is diagnostic of NDI. Patients with DDI should con-
centrate urine appropriately during dehydration, without signifi-
cant rise in plasma osmolality.

In reality however, many patients have incomplete defects and 
manifest mild or moderate forms of DI. Moreover, prolonged 
polyuria of any type can impair urine concentrating ability 
through dissipation of the medullary interstitial concentration 
gradient, resulting in a partial functional NDI. The water depriv-
ation test can be a poor discriminator in these circumstances. 
The water deprivation test has been shown to support the cor-
rect diagnosis of underlying the polyuric state in some 70% of 
patients overall; and in only 41% of patients with underlying pri-
mary polydipsia [28].

Direct Tests Used in the Differential Diagnosis of DI: The Utility 
of Measuring VP and Copeptin

An accurate diagnosis of HDI can be made by direct measurement 
of plasma VP during the controlled osmotic stress of a hypertonic 
5% sodium chloride infusion. Patients with HDI have either un-
detectable VP levels, or values falling to the right of the normogram 
relating plasma VP to plasma osmolality. In NDI, plasma VP is in-
appropriately high for the prevailing urine and plasma osmolality, 
indicating VP resistance. In DDI, the relationship of plasma VP to 
osmolality is normal. The test is not interpretable if the patient ex-
periences nausea, a powerful non- osmotic stimulus of VP release, 
during the test. Importantly, access to reliable VP assays has been 
limited and there are significant preanalytic obstacles in the scaling 
of this test to wider use. The addition of VP measurements as an 
adjunct to the standard water deprivation test does not add value 
[28, 29].

Copeptin, the c- terminal fragment of the VP- NP precursor is 
released in equimolar amounts to VP. In comparison to VP, the 
peptide is much more stable in plasma, making it an attractive al-
ternative analyte to VP to support the differential diagnosis of poly-
uric states. Copeptin concentrations greater than 4.9 pmol/ L during 
osmotic stimulation with hypertonic fluid can reliably discriminate 
between HDI and primary polydipsia, with a diagnostic accuracy 
of 96%. As with VP, the addition of copeptin to the standard water 
deprivation test does not improve the diagnostic accuracy of the 
test [30].

Additional Tests to Support the Differential Diagnosis 
of Polyuric States

A pragmatic alternative to VP measurements during hypertonic 
stress if there is diagnostic uncertainty following water deprivation 
is a controlled therapeutic trial of DDAVP: 10– 20 mcg of intranasal 
DDAVP per day for 2– 4 weeks, with monitoring of plasma sodium 
every 2– 3  days. Patients with DDI exhibit progressive dilutional 
hyponatraemia, whereas those with NDI remain unaffected. 
Patients with HDI experience improvement in polyuria and poly-
dipsia, but remain normonatraemic.

Box 2.2.2 Protocol for water deprivation/ desmopressin test

 • Preparation
 — Free access to fluid given overnight prior to test
 — Avoid caffeine and smoking
 — 07.50 h weigh patient

 • Dehydration phase
 — 08.00 plasma and urine osmolality, and urine volume
 — Restrict fluids up to eight hours
 — Weigh patient at two hourly intervals
 — Plasma and urine osmolality, and volume measurements two hourly
 — Stop test if weight loss exceeds 5% of starting weight, or thirst is 

intolerable
 — Supervise patient closely to avoid non- disclosed drinking

 • Desmopressin phase
 — Inject intramuscularly 1 mcg desmopressin
 — Allow patient to eat and drink up to 1.5– 2.0 times the volume of 

urine passed during dehydration phase
 — Collect urine for osmolality and volume at 20.00 h

 • Plasma and urine osmolality, and volume measurements at 09.00 h 
next day
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In familial autosomal dominant HDI, sequencing of the VP gene 
can help to establish the diagnosis in at- risk individuals early in the 
natural history of the disease and at a time when the water depriv-
ation test can be equivocal [31].

Neuroimaging in HDI

Imaging of the hypothalamus, pituitary, and surrounding structures 
is essential in patients with HDI. MRI is the modality of choice. 
HDI is associated with the loss of the normal hyperintense signal 
of the posterior pituitary on T1- weighted images. Signal intensity is 
correlated strongly with VP content of the gland. As some hypothal-
amic germ cell tumours can be slow growing, imaging should be re-
peated after 6– 18 months if the initial scan shows no demonstrable 
lesion. A negative scan at this stage should be taken as reassuring in 
the absence of a change in clinical features. Importantly, the absence 
of a posterior pituitary bright spot on imaging is not specific and 
can occur in a range of physiological situations. The finding should 
therefore not be taken as diagnostic of HDI.

Treatment

Patients with a urine output of less than 4 l/ 24 h can be managed 
by advising adequate fluid intake. The treatment of choice for those 
with more severe symptoms is the synthetic, long- acting VP ana-
logue DDAVP; given as an intranasal spray (5– 100 mcg daily), 
parenterally (0.1– 2.0 mcg daily), or orally (100– 1000 mcg daily) 
in divided doses. There is wide individual variation in the dose 
required to control symptoms. DDAVP has twice the antidiuretic 
potency of VP, but has minimal vasopressor activity. It is well tol-
erated. Dilutional hyponatraemia is the most serious potential ad-
verse effect. This can be avoided by omitting treatment on a regular 
basis (perhaps weekly), to allow a short period of breakthrough 
polyuria and thirst [32].

Acute onset of HDI following pituitary or neurosurgery is usually 
transient and may not require intervention. Hypernatraemia can 
develop if cognition is impaired or access to water limited. Polyuria 
should be managed with DDAVP (parenteral administration may 
be required). As the situation is dynamic, a single dose of DDAVP 
may be sufficient to manage the patient until normal posterior pi-
tuitary function returns. Additional doses can be administered if 
polyuria persists or recurs. Regular DDAVP may be used if symp-
toms persist beyond 48 hours [33].

Nephrogenic Diabetes Insipidus

NDI is due to renal resistance to the antidiuretic effects of VP. Most 
forms of NDI are acquired, secondary to a range of metabolic or drug 
effects. The final common endpoint in many cases is downregulation 
of AQP2 expression. NDI secondary to lithium is common. Lithium 
enters collecting duct cells through the amiloride- sensitive epithe-
lial sodium channel (ENaC) expressed on the apical cell membrane. 
This leads to inhibition of glycogen synthase kinase- 3β (GSK3β) 
signalling pathways and dysregulated AQP2 expression and traf-
ficking along the whole collecting duct. There is also dysregulated 
expression of ENaC in the cortical collecting duct. NDI secondary 
to lithium toxicity can irreversible, persisting after drug withdrawal.

Primary familial forms of NDI are rare. There are two types. 
A ‘pure’ type is characterized by water loss alone. A second, more 
complex type is characterized by water loss and a wider tubulopathy. 
X- linked recessive familial NDI is caused by inherited loss of 

function mutations of the V2- R. Over 70 different mutations have 
been described that have a negative impact on receptor expression, 
ligand binding, or G- protein coupling. Most mutations lead to com-
plete loss of function. A small number lead to partial function and 
a milder phenotype.

Some10% of familial NDI is inherited as an autosomal recessive 
trait in which V2- R function is normal. In contrast to the X- linked 
form, autosomal recessive NDI is caused by loss of function muta-
tions of the AQP2 gene. Most mutations occur in the region of the 
gene coding for the transmembrane domain of the AQP2 protein.

A further, rare form of NDI is inherited as an autosomal dom-
inant trait. While this form is also due to a loss of function mutation 
in AQP2, mutations and mechanisms are distinct and separate from 
the autosomal recessive form. The AQP2 mutation in these kindreds 
involves the portion of the gene encoding the carboxyl- terminal 
intracellular tail of AQP2. The mutant AQP2 protein is expressed 
but forms non- functional, mixed tetramers with the product of the 
wild type AQP2 allele acting in a dominant- negative manner.

Defects in thick ascending limb and distal tubular sodium 
chloride transport underlie a range of inherited tubulopathies pro-
ducing combinations of NDI and renal solute loss, including in-
herited forms of Bartter syndrome.

The mainstay of management in acquired cases of NDI is removal 
of the underlying cause and maintenance of hydration. While add-
itional measures can be used for persistent symptoms, these rarely 
reduce urine volumes by more than 50%. High- dose DDAVP 
(4 mcg im. bd) can produce a response in partial NDI. There are 
data to support the use of amiloride in NDI caused by lithium. 
Additional treatment options (used alone or in combination) in-
clude hydrochlorothiazide 25  mg/ 24 hours; non- steroidal anti- 
inflammatory drugs such as ibuprofen 200 mg/ 24 hours; and low 
salt diets. The selective phosphodiesterase inhibitor Sildenafil has 
been shown to improve aquaresis in X- linked NDI. The proposed 
mechanism of action involves bypassing defective V2- R signal-
ling through enhancement of cyclic guanosine monophosphate- 
mediated apical membrane trafficking [34, 35].

Dipsogenic Diabetes Insipidus

DDI is a syndrome of excess fluid intake, and consequent polyuria. 
Though structural abnormalities may be the cause, more commonly 
it is a manifestation of primary hyperdipsia, psychiatric disease, or 
secondary to drug effects. DDI in the absence of other identifiable 
illness is compulsive water drinking. It is associated with abnor-
malities of thirst perception, including; a low osmotic threshold 
for thirst; an exaggerated thirst response to osmotic challenge; 
and an inability to suppress thirst at low osmolalities. The struc-
tural and/ or functional basis for any of these abnormalities has not 
been identified. The association of DDI with affective disorders is 
well recognized. Up to 20% of patients with long- term, persisting 
schizophrenia have polydipsia. Although in some cases abnormal 
drinking is in response to adverse effects of medication producing 
a dry mouth, complex abnormalities in both osmoregulated VP re-
lease and osmoregulated thirst have been described. Whether these 
reflect long- term effects of drug therapy or a primary defect in the 
central integration of thirst, is unclear.

Confirmation of the diagnosis of DDI is through direct or in-
direct demonstration of normal osmoregulated VP release and 
antidiuretic action. As with many conditions, the treatment of DDI 
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should address the underlying disorder. Individuals with persistent 
DDI are at risk of hyponatraemia if treated with DDAVP, as fluid 
intake is maintained despite an obligate antidiuresis. In such cases a 
reduced fluid intake is the only rational treatment.

Syndrome of Inappropriate Antidiuresis

Hyponatraemia (serum sodium <135 mmol/ L) is a feature in some 
15– 20% of non- selected emergency hospital admissions. It is as-
sociated with increased morbidity and mortality across a range 
of conditions and data support the association of correction of 
hyponatraemia with improved outcome. However, the relationship 
of serum sodium to clinical outcomes is not straightforward and 
may not be a causal one. Comorbidity and underlying disease se-
verity may be the more significant contributors to outcomes in pa-
tients with hyponatraemia [36].

VP plays a key role in many clinical situations in that include 
hyponatraemia. However, when VP does play a role, VP produc-
tion may not be inappropriate. Hyponatraemia may reflect an 
appropriate physiological response to volume depletion, with 
baroregulated VP release persisting despite plasma osmolalities 
below the normal osmolar threshold for VP release. In this situ-
ation, continued physiologically appropriate VP release can lead to 
hyponatraemia which can be persistent. Though clinical assessment 
can identify the extracellular volume status of some patients, it is 
unreliable and has poor sensitivity and specificity [37].

Pathophysiology of the Syndrome 
of Inappropriate Antidiuresis

An individual with hyperosmolar plasma but a normal circulating 
volume and in whom in whom the plasma VP concentration is 
high for the prevailing osmolality, has a syndrome of inappropriate 
antidiuresis (SIAD) due to VP excess. A variety of conditions are as-
sociated with SIAD. To date, four patterns of abnormal VP secretion 
have been identified (Table 2.2.3). Absolute plasma VP concentra-
tions may not be strikingly high; the key finding is that that they 
are inappropriate for the prevailing plasma osmolality. When this 
obligate antidiuresis is not accompanied by decreased water intake, 
haemodilution is inevitable.

Aetiology

Many conditions have been reported to cause SIAD (Box 2.2.3). 
SIAD is a non- metastatic manifestation of small cell lung cancer 
and other malignancies. The mechanism(s) of inappropriate VP 
release in many cases of SIAD are not clear. Some tumours are an 

ectopic source of VP, and produce a type A syndrome. However, 
excessive posterior pituitary VP secretion also occurs in asso-
ciation with malignancy. In fact, the absence of an ectopic VP 
source suggests a lesion in the neurohypophysis or its regula-
tory afferent pathways. The similarities between SIAD type B 
and the changes in VP regulation in response to hypovolaemia 
and hypotension, suggest a single lesion in the baroregulatory 
afferent pathways. In contrast, the normal osmoregulated VP re-
lease found in the type D syndrome suggests an increase in renal 
sensitivity to VP, or the action of an as yet unidentified antidiur-
etic factor.

SIAD is a common mechanism of drug induced hyponatraemia. 
It can reflect direct stimulation of VP release from the hypothal-
amus; indirect action on the hypothalamus via effects on higher 
centres; or aberrant resetting of the hypothalamic osmostat. 

Table 2.2.3 Classification of SIAD

SIAD type Characteristics

SIAD type A Wide fluctuations in plasma VP concentration, independent 
of plasma osmolality. Accounts for 35% of SIAD

SIAD type B Osmotic threshold for VP release subnormal. Patients 
osmoregulate around subnormal plasma osmolar set point. 
Accounts for 30% of SIAD

SIAD type C Failure to suppress VP release at low plasma osmolality, 
normal response to osmotic stimulation

SIAD type D Normal osmoregulated VP release, but unable to excrete a 
water load. Accounts for less than 10% of SIAD

Box 2.2.3 Causes of SIAD

 • Neoplastic disease
 — Carcinoma (bronchus, duodenum, pancreas, prostate)
 — Thymoma
 — Mesothelioma
 — Lymphoma, leukaemia
 — Ewing’s sarcoma
 — Carcinoid
 — Bronchial adenoma

 • Neurological disorders
 — Head injury, neurosurgery
 — Brain abscess or tumour
 — Meningitis, encephalitis
 — Guillain– Barré syndrome
 — Cerebral haemorrhage
 — Cavernous sinus thrombosis
 — Hydrocephalus
 — Cerebellar and cerebral atrophy
 — Shy– Drager syndrome
 — Peripheral neuropathy
 — Seizures
 — Subdural haematoma
 — Alcohol withdrawal

 • Chest disorders
 — Pneumonia
 — Tuberculosis
 — Empyema
 — Cystic fibrosis
 — Pneumothorax
 — Aspergillosis

 • Drugs
 — Chlorpropamide
 — Opiates
 — Vincristine, vinblastine, cisplatin
 — Thiazides
 — Dopamine antagonists
 — Tricyclic antidepressants
 — MAOIs
 — SSRIs
 — 3,4- MDMA agents (‘Ecstasy’)
 — Anticonvulsants

 • Miscellaneous
 — Idiopathic
 — Psychosis
 — Porphyria
 — Abdominal surgery
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Dopamine antagonists cause SIAD through stimulation of VP re-
lease. Antidepressant medication, including selective serotonin re-
uptake inhibitors (SSRIs), potentiate stimulatory central adrenergic 
input to VP- producing neurones. Opiates also stimulate inappro-
priate VP release through enhancing central adrenergic drive. SIAD 
is commonly associated with antiseizure medication. The frequency 
of hyponatraemia in patients treated with carbamazepine ranges 
from 4.8 to 40%, though the majority of such cases are asymp-
tomatic. Carbamazepine increases both the sensitivity of central 
osmoceptors, and renal sensitivity to VP.

Clinical Features, Diagnosis, and Differential  
Diagnosis of SIAD

The major features in the diagnosis of SIAD are highlighted 
in Box 2.2.4. The most frequent problem in clinical practice is 
distinguishing SIAD from chronic, mild hypovolaemia. In both 
conditions, urine osmolality tends to be higher than plasma 
osmolality. Plasma VP will be detectable or elevated in both. 
Neither is therefore diagnostic of SIAD. The diagnosis hinges 
on confirming excretion of urine that is not maximally dilute in 
the context of a dilute plasma (i.e. urine concentration greater 
than 100 mOsml/ Kg). Renal sodium excretion should be above 
30  mmol/ L to make a diagnosis of SIAD. Below this value, 
volume depletion should be considered the more likely cause of 
hyponatraemia. SIAD is often associated with urine sodium con-
centrations of 60 mmol/ L or more, as persisting SIAD is a volume 
expanded state. Consistent with this, there is evidence of mild 
sodium loss as other regulators of volume homeostasis attempt to 
minimize volume expansion.

The role of VP production or action in producing hyponatraemia 
can be confirmed indirectly by assessing excretion of a standard 
water load over a fixed time:  the water load test (Table 2.2.4). 
Normal subjects excrete 78– 82% of the ingested water load in the 
4 h observation period. This is reduced to 30– 40% in the presence 
of constitutive VP production or action. The test is not essential to 
establish a diagnosis and is not recommended as part of routine 
clinical practice.

Exercise- Associated Hyponatraemia

Extreme endurance exercise is a profound physiological stress. Non- 
osmoregulated VP release is a central feature of extreme endurance 
exercise, reflecting this physiological stress and determined princi-
pally by the duration of the event and the effort involved. Combined 
with reduced renal blood flow (another feature of extreme endur-
ance exercise) this VP release can lead to a marked antidiuretic 
state. In this situation, fluid intake in excess of water loss can lead 
to hyponatraemia. Those athletes developing hyponatraemia during 
endurance exercise demonstrate weight gain over the course of the 

event, clearly implicating water intake in excess of water and elec-
trolyte loss as the cause. There is a positive correlation between the 
odds ratio for developing hyponatraemia during extreme endur-
ance exercise and the length of time taken to complete the event. 
‘Occasional’ runners are therefore particularly at risk of exercise- 
associated hyponatraemia. They should be advised to follow their 
thirst and avoid rigid, time- based fluid intake. Importantly, health 
professionals need to be aware of the problem of exercise- associated 
hyponatraemia and resist resuscitation with large volumes of hypo-
tonic fluid in the absence of appropriate indications and without 
biochemical monitoring [38].

Nephrogenic Syndrome of Inappropriate Antidiuresis

While loss of function mutations of the V2- R are the cause of X- 
linked nephrogenic diabetes insipidus, rare individuals express the 
reciprocal problem: constitutively activating mutations in the V2- R 
that lead to VP- independent, but V2- R mediated, antidiuresis re-
sulting in persistent hyponatraemia. This nephrogenic syndrome 
of inappropriate antidiuresis (NSIAD) can have a variable pheno-
type. Although initially described in male infants with persistent 
hyponatraemia, the condition is not limited to males and may mani-
fest in adulthood. This is consistent with in the condition being X- 
linked but with variable expression in heterozygous females [39, 40].

Central Salt Wasting

This acquired, primary natriuretic state is described as a com-
bination of hyponatraemia with hypovolaemia associated with 
neurological or (more often) neurosurgical pathologies. The def-
inition, true prevalence, and underlying pathophysiology remain 
a subject of controversy. SIAD can occur in the same group of 
patients in whom central salt wasting (CSW) has been reported 
and both are associated with urine sodium concentrations greater 
than 40  mmol/ L. Importantly therefore, the diagnosis of CSW 
hinges on the natural history: the development of hyponatraemia 
being preceded by natriuresis and diuresis with ensuing clin-
ical and biochemical features of hypovolaemia. In contrast to 
SIAD, urea and creatinine are elevated and there may be postural 
hypotension.

The context and opposed cause- directed management approaches 
to CSW and SIAD can lead to significant tension in clinical practice. 
CSW is a particular concern for the neurosurgical patient in whom 
autoregulation of cerebral blood flow is disturbed and in whom 

Box 2.2.4 Diagnosis of SIAD

 • Hyponatraemia with appropriately low plasma osmolality
 • Urine osmolality that is not maximally dilute in context of on- going 

hyponatraemia (i.e. urine osmolality >100 mOsm/ kg)
 • Urine sodium concentration >30 mmol/ L
 • Absence of hypotension, hypovolaemia, and oedema- forming states
 • Normal renal and adrenal function

Table 2.2.4 Protocol for water load test

Preparation  • Free access to fluid overnight prior to test
• Avoid caffeine and smoking
• 07:30 h weigh patient
• Cannulate patient
• Rest patient 30 minutes

Water load phase • 08:00 plasma and urine osmolality, plasma VP
• Patient to drink 20 ml/ kg water over  

15 minutes
• Measure hourly urine output for 4 hours
• Measure urine osmolality, plasma osmolality, and 

plasma VP hourly for 4 hours

Recovery phase • Plasma sodium 2 hours after test completed
• Plasma sodium and osmolality 09:00 h  

next day
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small reductions in circulating volume can reduce cerebral perfu-
sion. The management of CSW is volume replacement with 0.9% sa-
line; while the cause- directed approach to SIAD would often involve 
restriction of fluid. A  cause- independent approach to the man-
agement of the neurosurgical patient with hyponatraemia needs 
to balance management of hyponatraemia with the need to avoid 
threatening cerebral perfusion and avoidable vasospasm. A  pro-
spective, single centre study including 100 cases of hyponatraemia 
developing after subarachnoid haemorrhage failed to identify a 
case of CSW. Rather, SIAD, glucocorticoid deficiency and inappro-
priate fluid administration were identified as the key mechanisms of 
hyponatraemia [41, 42].

Treatment of Hyponatraemia Secondary to SIAD

Independent of the underlying cause, the morbidity SIAD reflects 
the impact of hyponatraemia on CNS function from cerebral oe-
dema and primary neuronal dysfunction (Box 2.2.5). The rela-
tionship between serum sodium and neurological function is not 
simple:  patients with marked biochemical disturbance may have 
mild symptoms if hyponatraemia develops over a prolonged period. 
This reflects CNS adaptation to reduced osmolality through inor-
ganic and organic ion efflux. These adaptive CNS mechanisms can 
complicate the management of hyponatraemia. Over rapid cor-
rection of serum sodium following the gradual development of 
hyponatraemia can lead to changes in brain volume as the osmolar 
gradient across the blood- brain barrier alters. This change in 
volume can trigger CNS osmotic demyelination syndrome (ODS): a 
rare but serious complication of hyponatraemia and its treatment. 
ODS develops within 1– 4  days of rapid (>10– 12  mmol/ L per 24 
hours) correction of serum sodium. Other factors play a role in 
susceptibility:  hepatic failure, potassium depletion, and malnutri-
tion. Neurological manifestations include quadriplegia, ophthalmo-
plegia, pseudo- bulbar palsy, and coma.

In SIAD, hyponatraemia with serum sodium concentrations 
greater than 130 mmol/ L may not require specific treatment. More 
significant degrees of hyponatraemia, associated with symptoms, 
can require intervention

Management of SIAD Associated with Severe or Moderately 
Severe Symptoms

Hyponatraemia associated with severe or moderately severe symp-
toms requires urgent management. Treatment is cause- independent 
and should be given priority over establishing the aetiology of 
hyponatraemia. The principle of treatment is to reduce immediate 

risk through increasing serum sodium to a level that decreases 
morbidity but at a rate that does not result in harm through pre-
cipitating ODS. Critically, the immediate target should not be to 
normalize serum sodium.

Determining hypertonic fluid prescription by calculated serum 
sodium deficit is associated with a significant risk of over- rapid cor-
rection. A pragmatic approach is to use small boluses of hypertonic 
fluid to achieve a 5 mmol/ L rise in serum sodium in the first hour 
of treatment. The increase in serum sodium should be limited to 
10 mmol/ L in the first 24 hours, and no more than 8 mmol/ L per 24 
hours thereafter. An increase above the recommended rate should 
prompt review and consideration of active management with hypo-
tonic fluid, with or without concurrent use of DDAVP to limit or 
reverse the trajectory in serum sodium. Once the clinical situation 
is stable, investigations to establish the cause of hyponatraemia are 
recommended to guide cause- directed therapy [43].

Management of SIAD Associated with Mild 
to Moderate Symptoms

Cause- directed therapy is the foundation managing SIAD in this 
context. In parallel, fluid restriction of 0.5– 1 L/ day is a reasonable 
parallel intervention. The increase in serum sodium should be 
limited to 8– 10 mmol/ L per 24 hours. All fluids need to be included 
in the restriction. As SIAD is associated with a degree of natriuresis, 
sodium intake should be maintained. Fluid restriction may need 
to be maintained for several days before sodium levels normalize 
and it is important that a negative fluid balance is confirmed during 
this period. As cause- directed therapy progresses (e.g. treatment of 
underlying infection or removal of drug- causing SIAD), fluid re-
striction can appropriately relaxed.

Drug Treatment in SIAD

If hyponatraemia persists or recurs after initial intervention, it is 
important that the underlying diagnosis is reviewed the interven-
tion reconsidered. Clinical balance is key. There may be situations 
where withdrawal of a causal agent for SIAD (e.g. drug) is not prac-
tical or in the overall benefits of the patient. In other situations, 
fluid restriction may be only partly effective, be poorly tolerated, 
or may prove non- sustainable. Clinicians may thus have to balance 
the merits of incremental intervention with those of tolerating mild, 
persisting hyponatraemia.

V2- R antagonists (Vaptans) are a rational approach to the man-
agement of hyponatraemia due to SIAD. They are pure aquaretics, 
increasing renal water excretion without impacting on renal elec-
trolyte loss. Both selective (V2- R specific) and non- selective (V2-  
and V1a- R antagonism) increase serum sodium in patients with 
normal or increased plasma volume and can increase serum so-
dium within 4– 6 hours. There use can be associated with over- rapid 
correction. In the absence of robust data on cost- utility and evi-
dence on patient- orientated outcomes other than serum sodium, 
the role of V- R antagonists in the management of SIAD remains to 
be clarified [43, 44].

Adipsic and Hypodipsic Disorders

Adipsic and hypodipsic disorders are characterized by inadequate 
spontaneous fluid intake due to a primary defect in osmoregulated 
thirst. Patients can become hypovolaemic and dehydrated. Despite 
this, they deny thirst and do not drink. If the defect is mild, the 

Box 2.2.5 Symptoms and signs of hyponatraemia secondary 
to SIAD

 • Headache
 • Nausea
 • Vomiting
 • Muscle cramps
 • Lethargy
 • Disorientation
 • Seizure
 • Coma
 • Brainstem herniation
 • Death
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resultant hypernatraemia is often well tolerated. Severe disorders 
leading to marked electrolyte disturbances are tolerated poorly, and 
can lead to somnolence, seizures, coma, and renal failure. Because of 
the close anatomical relationship of the osmoregulatory centres for 
thirst and VP release, adipsic syndromes are often associated with 
defects in osmoregulated VP release and HDI. Understandably, this 
can exacerbate electrolyte and water balance problems and lead to 
significant and life- threatening decompensation.

Aetiology

Four distinct patterns of discorded thirst and associated VP release 
are recognized (Table 2.2.5; Figure 2.2.8). A  range of conditions 
leading to or associated with adipsia/ hypodipsia have been de-
scribed (Box 2.2.6).

The type A  syndrome can be mistaken for HDI, as patients are 
hyperosmolar with a dilute urine. Formal assessment of thirst con-
firms the diagnosis. Imaging is generally normal. While the precise 
nature of the problem remains unclear, normal VP responses to 
non- osmotic stimuli place the lesion responsible at the level of the 

osmoreceptor, rather than the VP magnocellular neurone. Patients 
effectively osmoregulate around a higher osmolar set point. They are 
protected from extreme hypernatraemia, as are those with the type 
B syndrome. In contrast, type C adipsia is associated with complete 
lack of osmoregulated thirst and VP release, consistent with effective 
loss of osmoreceptor function. Patients present with adipsic HDI. 
Specific precipitants include rupture and repair of anterior com-
municating artery (ACA) aneurysm. The OVLT receives its blood 
supply from perforating branches of the anterior cerebral artery and 
ACA. Surgery involving the anterior communicating artery can lead 
to damage at more distal sites, including the OVLT. Some patients 
with the type C syndrome have persistent, constitutive low- level VP 
release. The resultant obligatory antidiuresis thus also places such 
individuals at risk of dilutional hyponatraemia if large volumes of 
fluid are administered. Impaired osmoregulated thirst with normal 
osmoregulated VP release (type D adipsia) is very rare.

Table 2.2.5 Classification of adipsic/ hypodipsic syndromes

Classification Osmoregulated   
thirst

Osmoregulated VP release

Type A
(essential   
hypernatraemia)

Osmotic threshold 
increased

Normal sensitivity

Osmotic threshold increased, 
normal sensitivity

Normal response to non- 
osmotic stimuli

Type B Normal osmotic   
threshold

Reduced sensitivity

Normal osmotic threshold, 
reduced sensitivity

Normal response to non- 
osmotic stimuli

Type C No thirst response to 
osmotic stimulation

Persistent low- level VP 
release, no response to 
osmotic stimulation or 
inhibition

Normal response to non- 
osmotic stimulation

Type D No thirst response to 
osmotic stimulation

Normal

Box 2.2.6 Causes of adipsic/ hypodipsic syndromes

 • Neoplastic (50%)
 — Primary

 • Craniopharyngioma
 • Germinoma
 • Meningioma

 — Secondary
 • Lung cancer
 • Breast cancer

 • Vascular (15%)
 — Internal carotid ligation
 — Anterior communicating artery aneurysm
 — Intrahypothalamic haemorrhage

 • Granulomatous (20%)
 — Histiocytosis
 — Sarcoidosis

 • Miscellaneous (15%)
 — Hydrocephalus
 — Ventricular cyst
 — Trauma
 — Toluene poisoning
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Figure 2.2.8 Patterns of plasma vasopressin and thirst responses to hypertonic stress in patients with adipsic syndromes. Normal range responses 
to osmolar stimulation are shown by the shaded areas. The four types of adipsic syndrome are demonstrated. Patients with the type A syndrome 
osmoregulate around a higher osmolar set point. Those with the type B syndrome mount vasopressin and thirst responses but with reduced sensitivity to 
increases in plasma osmolality. Patients with the type C syndrome have much reduced or absent vasopressin and thirst responses to osmolar stimulation 
while those with the type D syndrome demonstrate normal vasopressin responses to osmolar stimulation but much reduced thirst responses.
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Treatment

Patients with type A and type B adipsia are protected from extreme 
hypernatraemia. Treatment is to recommend an obligate fluid in-
take of some 2 L/ 24 h, with appropriate adjustment for climate and 
season. Fluid balance may be difficult to maintain during intercur-
rent illness. In such circumstances, in- patient management may be 
required. The adipsic HDI of the type C syndrome can be difficult 
to manage. Structural and vascular causes of the type C syndrome 
may lead to associated cognitive deficits and problems with short 
term memory and task organization which can complicate any 
intervention. In addition, other problems associated with hypo-
thalamic dysfunction may be present:  such appetite and thermal 
balance dysregulation. The principle of management is to define 
an acceptable urine output (1– 2 L/ 24 h) with regular DDAVP, 
and to vary the daily fluid intake depending on day to day fluctu-
ation from a target weight at which the patient is euvolaemic and 
normonatraemic:

Daily fluid intake in litres = 1– 2 L (i.e. the targeted urine output 
as dictated by the DDAVP dose set and taking into account insens-
ible loss) + (target weight –  daily weight in kg).

This formula, together with weekly checks of plasma sodium to 
avoid the creeping development of hyper-  and hyponatraemia, can 
result in stable fluid balance [45, 46].
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Hypothalamo- Pituitary Development

Hypothalamo- pituitary (HP) development is dependent on the com-
munication between the oral ectoderm and the overlying neural ecto-
derm. This occurs through a complex spatiotemporal genetic cascade 
of transcription factors and signalling molecules, intrinsic or extrinsic 
to the developing Rathke’s pouch, the primordium of the anterior pi-
tuitary (AP) [1]  (see Figure 2.3.1.1). The mature pituitary gland is 
situated at the base of the brain, within the sella turcica recess of the 
sphenoid bone, and centrally regulates growth, metabolism, reproduc-
tion, development, and homeostasis through the regulation of endo-
crine glands throughout the body [2]. It consists of three lobes; the 
anterior and intermediate lobes derived from the oral ectoderm, and 
the posterior lobe derived from the neural ectoderm [3, 4]. A series 
of tightly regulated steps resulting in cell proliferation and differen-
tiation give rise to the five different specialized AP cell types that se-
crete the six AP hormones: somatotrophs [growth hormone (GH)], 
thyrotrophs [thyroid- stimulating hormone (TSH)], gonadotrophs 
[luteinizing hormone (LH) and follicle- stimulating hormone (FSH)], 
lactotrophs [prolactin (PRL)], and the corticotrophs [adrenocortico-
tropic hormone (ACTH)] [5]. Specific hypothalamic peptides travel 

via the hypophyseal portal system from the hypothalamus to the AP, 
where they bind to their specific receptors on each cell type to stimu-
late AP hormone production, that in turn target organs throughout 
the body to perform distinct roles in endocrine regulation.

Deficiencies in one or more of the six AP hormones is termed 
congenital hypopituitarism (CH), with GH deficiency being the 
most common and often seen in isolation [1] . CH severity varies 
widely, presenting in the early neonatal period or later in childhood, 
with severe cases resulting in fatality. Disordered embryogenesis 
can give rise to a range of midline craniofacial and brain structural 
abnormalities associated with CH, which may manifest as highly 
variable disorders, such as holoprosencephaly (HPE), septo- optic 
dysplasia (SOD), and Kallmann syndrome (KS), which is character-
ized by hypogonadotropic hypogonadism (HH) with anosmia [6].

Septo- Optic Dysplasia

SOD (n  =  1/10,000 live births) is a heterogeneous variable dis-
order, characterized by optic nerve hypoplasia (ONH), midline 
neuroradiological abnormalities (such as agenesis of the corpus 
callosum and absence of the septum pellucidum), and pituitary 
hypoplasia with endocrine deficits [7, 8] with up to ~40% of SOD 
patients presenting with normal endocrinology. Other associated 
features are developmental delay, seizures, visual impairment, 
precocious puberty, obesity, anosmia, sensorineural hearing 
loss, and cardiac anomalies [9] , illustrating the complexity of the 
disorder.

Intriguingly, SOD is associated with a younger maternal age 
when compared to mothers of children with isolated defects of 
the HP axis [10] for reasons unknown, although in some cases 
it may be due to excessive maternal drug and alcohol use [9, 11]. 
ONH occurs in 75– 80% of SOD patients (unilateral [12%] or bi-
lateral [88%]), with microphthalmia or anophthalmia occurring 
in rare severe cases [12]. Endocrine dysfunction may occur later 
[13]. The known association of midline abnormalities with hypo-
pituitarism suggests a common developmental origin of the hypo-
thalamus, pituitary, and midline structures within the brain [14]. 
Mutations in the transcriptional repressor HESX1 were the first to 
be associated with the pathogenesis of rare cases of SOD, p.R160C 
being the first HESX1 mutation described in association with the 
condition [15, 16]. Murine transgenic studies of HESX1 revealed 
phenotypes that were highly reminiscent of SOD in the mice, 
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supporting the requirement of the gene for midline and HP de-
velopment, and a role for mutations in the gene in the aetiology 
of SOD. Subsequently, human mutations have been cloned into 
mouse models and studied in depth [17]. Since then, mutations 
in SOX2 and OTX2 were identified in SOD patients with severe 
bilateral eye defects including microphthalmia or anophthalmia, 
and SOX3 mutations were identified in SOD patients with abnor-
malities of the hypothalamus, pituitary, infundibulum, and corpus 
callosum, respectively [18]. Mutations in genes implicated in KS 
have also been implicated in SOD. Three patients with an SOD 
phenotype, for example, were reported to have heterozygous muta-
tions in FGFR1 that altered receptor signalling, with one predicted 
to affect splicing. The same report described an SOD patient with 
an FGF8 mutation affecting splicing and altered ligand binding 

[19]. Another FGF8 mutation was identified in an SOD patient 
with microcephaly and neurological defects, and in a patient with 
semilobar HPE, diabetes insipidus, and TSH and ACTH insuffi-
ciency, respectively [6] , making FGF8 a candidate for SOD, and 
HPE as well as KS. Additionally, KAL1 mutations and the PROKR2 
mutation, p.R268C, previously implicated in normosmic HH and 
KS, were reported in three unrelated pedigrees with SOD [20]. 
Heterozygous missense TCF7L1 variants have been identified in 
two unrelated SOD patients [21], following studies using a con-
ditional Tcf7L1 murine deletion that resulted in forebrain defects 
and partially penetrant dwarfism [21], thus suggesting a role for 
TCF7L1 in the aetiology of SOD. Table 2.3.1.1 summarizes the 
causative genes implicated in the aetiology of SOD and the subse-
quent HP- related disorders discussed in this chapter.
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Figure 2.3.1.1 A genetic cascade of transcription factors and signalling molecules involved in hypothalamo- pituitary embryonic development.
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table 2.3.1.1 Inheritance patterns of mutations in causative genes implicated in congenital hypopituitarism

Gene Phenotype Inheritance

GH1 IGHD type IA Autosomal recessive

IGHD type IB Autosomal recessive

IGHD type II Autosomal dominant

GHRHR IGHD type IB Autosomal recessive
Autosomal dominant (rare)

RNPC3 IGHD Autosomal recessive

TSHB TSHD Autosomal recessive

TRHR TSHD Autosomal recessive

IGSF1 TSHD, hypoprolactinaemia, transient GHD; usually with 
macro- orchidism

X- linked

TBL1X TSHD X- linked

TBX19 IAD Autosomal recessive

POMC IAD; early- onset obesity and red hair pigmentation Autosomal recessive

PCSK1 IAD, GHD, TSHD, DI Autosomal recessive
Autosomal dominant (obesity)

TCF7L1 SOD Autosomal dominant

HESX1 IGHD Autosomal dominant
Autosomal recessive

MPHD

SOD

SOX2 HH, anophthalmia/ microphthalmia Autosomal dominant/ de novo

Hypothalamo- pituitary tumour

SOX3 MPHD and absent infundibulum
GHD

X- linked

OTX2 SOD Autosomal dominant:
haploinsufficiency or dominant negative

MPHD

IGHD

LHX3 MPHD, short neck with limited rotation Autosomal recessive

LHX4 MPHD Autosomal dominant
Autosomal recessive

PROP1 MPHD Autosomal recessive

POU1F1 MPHD Autosomal dominant
Autosomal recessive

PROKR2 HH/ KS Autosomal recessive
Autosomal dominant

SOD

FGFR1 HH/ KS Autosomal dominant

SOD

FGF8 HH/ KS Autosomal dominant
Autosomal recessive

HPE

SOD

KAL1 HH/ KS X- linked

SOD

KS

GLI2 HPE Autosomal dominant:
Haploinsufficiency

IGHD/ MPHD

HH

CDON PSIS Autosomal dominant

GPR161 PSIS Autosomal recessive
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combined Pituitary Hormone Deficiency

Combined pituitary hormone deficiency (CPHD) is defined as 
the presence of at least two or more pituitary hormone deficien-
cies including GH, TSH, PRL, ACTH, LH, and FSH deficiencies. 
Mutations in the genes encoding transcription factors PROP1, 
POU1F1, LHX3, and LHX4, which are critical for normal pituitary 
development, often result in unique patterns of CPHD that reflect 
their differential expression during organogenesis [22]. Depending 
on the deficiencies in the patient, the phenotypic features may in-
clude those of hypothyroidism, delayed or absent puberty which 
may lead to infertility, intellectual disability, midline defects such 
as cleft lip or palate, and short stiff neck (specifically caused by 
LHX3 mutations). The early acting transcription factors LHX3 and 
– 4, as opposed to the later acting PROP1 and POU1F1, cause de-
ficiencies of most, if not all, pituitary hormones, often referred to 
as panhypopituitarism or multiple pituitary hormone deficiency 
(MPHD). Mutated forms of all four genes affect somatotroph cell 
development and therefore all may give rise to severe short stature, 
reflecting why growth hormone deficiency (GHD) occurs with a 
higher prevalence. CPHD with differing endocrine deficits may also 
stem from mutations in HESX1, SOX3, and OTX2 [18, 23, 24].

CPHD patients with mutations in genes that are implicated in KS 
have also been described, once again demonstrating genetic overlap 
with KS. For example, a CPHD patient with right microphthalmia, 
right renal aplasia and severe developmental delay had a hemizygous 
variant in KAL1 that was predicted to be pathogenic [25]. The 
known PROKR2 p.R85H mutation was identified in a CPHD pa-
tient with GH, TSH, ACTH, LH and FSH deficiencies, and a 
microphallus; suggesting neonatal gonadotropin- releasing hormone 
(GnRH) deficiency [19] and thus features of HH/ KS. Furthermore, 
the PROKR2 p.L173R variant initially identified in KS patients, that 
affects targeting to the cell surface receptor, has since been frequently 
identified in both CPHD and SOD patients [26]. A novel PROKR2 
variant, p.R248W, predicted to be deleterious in a CPHD patient, 
where a glutamine substitution at this highly conserved residue had 
previously been described, was identified in a patient with HH [27]. 
A novel loss of function mutation in FGFR1, p.R448W, was also re-
cently identified in a patient with GH and TSH deficiency [28].

Furthermore, the transcription factor GLI2, a component of the 
sonic hedgehog (SHH) signalling pathway known to be implicated 
in HPE and other midline neurodevelopmental anomalies [29, 30], 
has now been implicated in CH in the absence of midline brain 
defects [31]. Interestingly, patients with GLI2 mutations may have 

variable phenotypes ranging from isolated GHD (IGHD) to CPHD, 
in combination with variable polydactyly, cleft lip/ palate, diabetes 
insipidus, dysmorphic features, and an ectopic posterior pituitary 
(EPP) on MRI [32– 34]. This does not seem to be apparent for all 
components of the SHH pathway, for example mutations in the 
SHH gene itself seem to exclusively cause HPE, with no reported 
cases of CH to date [31].

Despite these reports implying a genetic overlap between CPHD 
and HH/ KS, and HPE and CH cases respectively, digenic inher-
itance cannot be ruled out here, where another mutation may be 
responsible for the aetiology of at least one of the deficiencies in 
their CPHD. Incomplete or variable penetrance of a mutation often 
occurs in many of these families, especially when GLI2 or HESX1 
mutations are present, where a heterozygous mutation with func-
tional consequences in the child is present in the unaffected parent 
or a parent with a mild form of the disease, respectively [31, 35].

isolated Growth Hormone Deficiency

Congenital IGHD has an incidence between 1/ 4000 and 1/ 10 000 live 
births and is the most prevalent isolated pituitary hormone deficiency. 
The majority of cases are sporadic with a small percentage (3– 30%) of 
familial cases, and the aetiology of most patients is unknown [36, 37]. 
GH- releasing hormone (GHRH) released from the hypothalamus 
binds to its receptor (GHRHR) on somatotrophs resulting in the syn-
thesis and release of GH, in the presence of the transcription factor 
POU1F1 [38]. Children with IGHD manifest with moderate to se-
vere short stature associated with a poor growth velocity and delayed 
skeletal maturation. Recombinant human GH (rhGH) is used to treat 
the condition and generally achieves a good response in patients [37].

There are four main genetic forms of IGHD. Type 1A autosomal 
recessive IGHD harbour complete deletions of GH1 and these pa-
tients present with severe growth failure in the first 6 months of life 
with undetectable GH concentrations. These patients frequently de-
velop anti- GH antibodies after receiving exogenous GH, which pre-
vent the growth response expected on commencing rhGH therapy 
[39]. Heterogeneous homozygous GH1 deletions (~6.7  Kb long), 
were the first, and remain the most common, GH1 gene alteration 
in patients with IGHD type IA [40]. Since then, many other severe 
loss of function GH1 mutations have subsequently been described.

Type IB GHD is associated with recessive GH1 and GHRHR muta-
tions [41], the latter also being known as Sindh dwarfism. GHD due 
to GHRHR mutations differs from the classical IGHD phenotype, 
as patients have limited facial dysmorphism and no microphallus, 
yet still manifest AP hypoplasia (APH) on MRI [42]. These patients 

Gene Phenotype Inheritance

ROBO1 PSIS Autosomal dominant

ARNT2 MPHD Autosomal recessive

PNPLA6 Oliver– McFarlane and Laurence– Moon syndrome Autosomal recessive

KCNQ1 GHD, maternally inherited gingival fibromatosis Autosomal dominant

IFT172 GHD, retinopathy, metaphyseal dysplasia, renal failure
(ciliopathies)

Compound heterozygous

IGHD, isolated growth hormone deficiency; TSHD, thyroid- stimulating hormone deficiency; IAD, isolated adrenocorticosteroid hormone deficiency; DI, diabetes insipidus; SOD, 
septo- optic dysplasia; MPHD, multiple pituitary hormone deficiency; HH, hypogonadotropic hypogonadism; KS, Kallmann syndrome; HPE, holoprosencephaly; PSIS, pituitary stalk 
interruption syndrome.

table 2.3.1.1 Continued
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originate from consanguineous pedigrees in Brazil or the Indian 
subcontinent [43] and usually harbour loss of function GHRHR mu-
tations. The first and most common GHRHR mutation is p.E72X, re-
sulting in a truncated protein devoid of both the transmembrane and 
intracellular domains. The p.W273S, p.A176V [36, 44], and p.K329E 
substitutions have since been reported among many others, with the 
latter failing to show any cAMP response following administration 
of GHRH in in vitro studies [45]. However, there is some pheno-
typic variability; an unusually mild form of IGHD in two unrelated 
families with a novel partial loss of function homozygous GHRHR 
mutation, p.P79L, has recently been described. The patients were 
compound homozygous with a second variant in GHRHR, p.R4Q, 
that did not appear to compromise the cAMP pathway [46].

Type II GHD, the most common autosomal dominant form of the 
disease, is often caused by heterozygous GH1 mutations that affect 
splicing, resulting in exon skipping [47]. The shorter 17.5kDa GH 
isoform, resulting from the skipping of exon 3, has been reported 
to exert a dominant negative effect on GH secretion, with expres-
sion levels directly related to severity of the disorder [48, 49]. Other 
heterozygous GH1 missense mutations, such as p.E32A, p.R178H, 
and p.R183H have also been described in this form of GHD. These 
patients have variable height deficit (occasionally within the normal 
range) and severity, and may develop additional pituitary hormone 
deficiencies over time, including ACTH, TSH, and LH/ FSH defi-
ciencies [36]. To date, no mutations in GHRH have been described in 
association with IGHD. However, mutations in genes encoding early 
(HESX1, SOX2, SOX3, and OTX2) or late (PROP1 and POU1F1) 
transcription factors implicated in murine and human pituitary de-
velopment, have been reported in patients with IGHD [23, 37, 50].

Mutations in RNPC3 have recently been associated with IGHD. 
The ribonucleic acid (RNA)- binding region (RNA recognition mo-
tifs [RRM]) containing 3 on chromosome 1 encodes a 65K protein 
component of the U12- type spliceosome. Its two RRM motifs sug-
gest interaction with one of the small nuclear RNAs of the minor 
spliceosome [51]. Biallelic mutations in RNPC3 have been de-
scribed in three sisters with severe IGHD and pituitary hypoplasia, 
where anomalies were identified in the splicing of multiple U12- 
type introns in patient cells [52]. Despite the unknown direct 
mechanism underlying the GHD, a subset of 21 genes were found 
to be affected by this particular splicing. Interestingly, these genes 
encoded proteins with relevant functions in pituitary develop-
ment, such as SPCS2 and SPCS3 that encode subunits of the signal 
peptidase complex, implicated in post- translational processing of 
preprohormones such as preproghrelin to proghrelin [52, 53].

An induced lethal point mutation in rnpc3 in a zebrafish model 
resulted in the formation of aberrant U11-  and U12- containing 
snRNAs that sufficiently impaired the efficiency of U12- type spli-
cing, thus causing arrested development in the intestine, liver, and 
pancreas. This is the only rnpc3 loss of function in vivo model re-
ported to date. Analysis of the zebrafish transcriptome revealed that 
efficient mRNA processing is critical for the growth and prolifer-
ation of cells during vertebrate development [54].

GHD with Accompanying Features

Mutations in KCNQ1 have recently been described in phenotyp-
ically variable GHD patients with mild craniofacial dysmorphic 

features and maternally inherited gingival fibromatosis [55]. This 
paternally imprinted gene, encoding the alpha subunit of the 
voltage- gated ion channel Kv7.1, is expressed in mouse and human 
somatotroph and gonadotroph cells in the postnatal pituitary, in 
hypothalamic GHRH neurons during murine development, and 
in the human hypothalamus [55]. Mutations in KCNQ1 were pre-
viously associated with cardiac arrhythmia syndromes and other 
heart defects [56]. This suggests how critical ion channels act as 
regulators in the function of the human pituitary, thus supporting 
previous data implicating voltage- gated potassium channel currents 
in pituitary cells [57– 59].

A patient with early growth retardation, APH, and an EPP on 
their MRI, harboured compound heterozygous mutations in the 
IFT172 gene. The patient manifested retinopathy associated with 
metaphyseal dysplasia and hypertension with renal failure, indi-
cative of a ciliopathy [60]. The IFT172 gene encodes a subunit of 
the intraflagellar transport (IFT) subcomplex IFT- B, necessary for 
ciliary assembly and maintenance. Mutations in IFT172 have pre-
viously been associated with skeletal ciliopathies with or without 
polydactyly, and with retinal, cerebellar, or hepatorenal malforma-
tions [61– 63]. This signifies a possible role for ciliary function in 
pituitary development and the bridge between early- onset growth 
failure and ciliopathies. In further support of this theory, the 
ALMS1 gene, which encodes a protein that localizes to the centro-
somes and basal bodies of ciliated cells, was identified in a patient 
with Alström syndrome. This rare autosomal recessive disease 
is characterized by multiorgan dysfunction and associated with 
GHD [64].

Additional isolated Hormone Deficiencies 
and Malformations

Congenital isolated hormone deficiencies, aside from IGHD, have 
been reported for all other pituitary cell lineages, such as iso-
lated TSH deficiency (TSHD), isolated hypogonadotropic hypo-
gonadism [IHH; LH and FSH deficiency] that may be part of KS 
(please see Chapter  2.4.1  ‘Hypothalamic Dysfunction’), isolated 
ACTH deficiency (IAD) and, very rarely, isolated PRL deficiency 
(PRLD) [65].

Defective stimulation of the thyroid gland by TSH causes inad-
equate thyroid hormone biosynthesis and subsequent central, or sec-
ondary, hypothyroidism in affected patients, thus TSHD. Detection 
of congenital hypothyroidism in neonates by T4 and TSH screening 
is a highly sensitive method used to prevent intellectual disability, 
which may occur due to delayed diagnosis [66]. Rarely, mutations 
in genes that cause CPHD may present with isolated hormone de-
ficiencies. For example, a homozygous PROP1 frameshift was iden-
tified in a young patient with isolated central hypothyroidism [67].

Mutations in genes regulating TSH biosynthesis and secre-
tion such as TSHB, TRHR, and more recently IGSF1, have been 
described in patients with isolated TSHD in rare cases [68,  69]. 
Patients with mutations in TSHB, encoding the TSHβ subunit, pre-
viously identified in hypothyroid patients, can have undetectable 
or highly variable TSH concentrations [70, 71]. The most frequent 
TSHB mutation is termed the homozygous ‘hotspot’, c.373delT 
(C105Vfs114X), that causes secondary hypothyroidism in several 
populations worldwide [71, 72].
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Rare recessive biallelic inactivating TRHR mutations have been 
reported in patients with central congenital hypothyroidism (CCH), 
with absent TSH and prolactin responses to exogenous thyrotropin- 
releasing hormone (TRH) [73,  74]. The homozygous mutation, 
p.I131T, that decreases TRH affinity was identified in an over-
weight patient with CCH and normal stature [68]. Subsequently, the 
missense TRHR mutation (p.P81R) was identified in a patient with 
isolated CCH, and exemplified the importance of TRH receptor ac-
tivation in normal TSH secretion [75].

Recently, two X- linked forms of CCH have been identified. 
Firstly, mutations in IGSF1 have been described in CCH with 
macro- orchidism [69,  76]. Igsf1 is expressed in murine pituitary 
thyrotroph, lactotroph, and somatotroph cell lineages [69], Leydig 
and germ cells in murine/ human testes, and at low levels in Sertoli 
cells [77]. It has been suggested that IGSF1 stimulates transcription 
of TRHR thereby enhancing TSH production and function. In con-
trast, IGSF1 appears to inhibit the activin- Smad pathway, leading 
to reduced expression of FSHB secreted by gonadotrophs. A large 
hemizygous 207.873 Kb deletion on Chr. Xq26.2 incorporating 
IGSF1 was identified in a patient with reduced TSH biopotency 
leading to hypothyroidism, macro- orchidism, and an increase in 
FSH secretion in neonatal minipuberty [77]. Many other IGSF1 
mutations have been reported in such patients, however it should 
be noted that macro- orchidism is not consistently present in every 
patient with IGSF1 mutations [78], and intriguingly, heterozygous 
female carriers of IGSF1 mutations may manifest a mild form of 
hypothyroidism [79]. The second X- linked form, identified in iso-
lated CCH, is caused by mutations in the TBL1X gene, encoding a 
component of the thyroid hormone receptor- corepressor complex, 
previously associated with sensorineural hearing loss [80, 81].

In contrast to other isolated hormone abnormalities, an ab-
normal increase in prolactin as opposed to a decrease is more fre-
quent in children with CH, particularly those with midline defects. 
Isolated PRLD, known as hypoprolactinaemia, clinically manifests 
only in women as puerperal alactogenesis, namely the failure of 
milk production during breastfeeding [82], although it remains ex-
tremely rare. Patients that have PRLD as part of CPHD are currently 
screened for mutations in candidate genes known to be involved in 
the lineage of lactotrophs, such as POU1F1, PROP1, LHX3, LHX4, 
HESX1, and OTX2 [83]. However, the aetiology of isolated PRLD 
remains undetermined.

IAD is a rare, heterogeneous, and variable condition, and the 
diagnosis can be challenging. It can be fatal due to hypocortisolism 
or cholestasis if unrecognized, and is associated with neonatal hypo-
glycaemia, convulsions, hypercalcaemia, severe hyponatraemia, and 
an empty sella on MRI [84– 87]. TBX19, formally known as TPIT, 
plays a critical role in the terminal differentiation of corticotrophs 
and melanotrophs; the pre- pro- opiomelanocortin (POMC) lin-
eages. Severe loss of function TBX19 mutations, most commonly 
missense in the DNA- binding Tbox domain, have been identified 
in ~65% of neonatal early- onset IAD cases [88, 89]. Truncated pro-
teins formed by chromosomal deletions or aberrant splicing [90], 
and compound heterozygosity for the p.Arg222Lysfs*4 mutation 
biallelic with the known p.R286X mutation, have since been de-
scribed in IAD patients. Recurrent infections may be a prominent 
clinical feature of adrenal insufficiency, and should alert clinicians 
so that diagnostic delay and subsequent life- threatening conse-
quences can be avoided [91].

Recessive mutations in POMC have been reported in asso-
ciation with a distinct type of IAD. These patients present with 
early- onset obesity and red hair, often with adrenal insufficiency, 
hypocortisolism and hypoglycaemia [92]. Compound heterozy-
gosity for nonsense mutations in PCSK1, encoding prohormone 
convertase (PC) 1, have previously been reported in patients with 
severe obesity with glucose dysregulation and gonadotrophin de-
ficiency [93], and in isolated obesity [94], respectively. Patients 
with such mutations may also suffer from malabsorptive severe re-
fractory neonatal diarrhoea, as described in an obese patient with 
hypoadrenalism, hypoglycaemia, and elevated circulating con-
centrations of prohormones [95]. Other PC1/ 3- deficient patients 
often manifest hypothyroidism and hypocortisolism diagnosed by 
their low blood T4 and cortisol concentrations. They can also pre-
sent with elevated TSH and ACTH, respectively [96], and in rare 
cases, GHD and diabetes insipidus, thus further expanding the 
disease manifestation in PCSK1- deficient patients [97]. Murine 
Pcsk1 (PC1) knockouts present with growth retardation as opposed 
to obesity, and, together with studies using PC1- deficient human 
embryonic stem cells, reflect defective POMC and proinsulin pro-
cessing as observed in human patient phenotypes when PCSK1 is 
absent [98, 99].

Pituitary Stalk interruption Syndrome

Pituitary stalk interruption syndrome (PSIS) is distinguished by 
a thin or discontinuous pituitary stalk, APH, and/ or an EPP on 
MRI. Until recently, only genes known to cause CH, including 
LHX4, OTX2, HESX1, SOX3, and PROKR2, have been described 
to be mutated in rare cases of PSIS [23, 24,  100]. However, a 
novel mutation in CDON, another member of the SHH signal-
ling pathway that causes HPE, has been reported in a PSIS patient. 
The patient presented with neonatal hypoglycaemia, cholestasis, 
and GH, TSH, and ACTH deficiencies, without HPE features 
[101]. Furthermore, two affected siblings from a consanguineous 
pedigree had a recessive variant in the GPR161 gene, encoding 
the transmembrane orphan G protein- coupled receptor 161 sug-
gesting a possible involvement in the aetiology of PSIS patients. 
Interestingly, GPR161 is predicted to interact with GLI2, GLI3, 
and other members of the SHH pathway [102], however functional 
studies on GPR161 are needed to determine its physiological role 
during development. These reports repeatedly demonstrate how 
the SHH pathway may elicit varying phenotypes when its compo-
nents are mutated.

Another gene recently implicated in PSIS, is ROBO1; a receptor 
involved in Slit/ Robo signalling critical for embryonic axon guid-
ance and branching in the nervous system during development 
[103]. Ocular anomalies including hypermetropia with strabismus, 
and ptosis were present in the majority of PSIS patients harbouring 
these mutations [104].

Oliver– McFarlane and 
Laurence– Moon Syndromes

Mutations in the PNPLA6 gene, encoding neuropathy target es-
terase (NTE), have recently been implicated in Oliver– McFarlane 
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and Laurence– Moon syndromes, two distinct neurodegenerative 
disorders. Aside from the characteristic phenotypic features in 
these patients (chorioretinopathy, spinocerebellar ataxia, spastic 
paraplegia, learning difficulties and trichomegaly), pituitary dys-
function in the form of variable GHD and HH, with a small AP 
on MRI, is usually present. Human expression studies alongside the 
generation of a pnpla6- morphant zebrafish model and analysis of 
patient- derived cells, signify that defective recessive PNPLA6 alleles 
give rise to rare distinct pituitary- related phenotypes, when in com-
bination with variable neurodegenerative disorders.

Variant identification and Modern techniques 
Used in Functional Analysis

The use of targeted multigene panels has become the initial pref-
erential technique used in many laboratories to screen patients 
for mutations and novel variants in known and novel causative 
genes. If no variants are identified using this method then next 
generation sequencing (NGS) involving a multitude of revolution-
ized techniques may be used. NGS incorporates whole genome 
(WGS) or exome sequencing (WES), microarrays, and homozy-
gosity mapping, with the latter technique usually employed when 
analysing consanguineous pedigrees. Different parameters and fil-
ters are used in the data analysis of WES to search for candidate 
genes and variants with different modes of inheritance. The filter 
settings are dependent on the phenotype and ethnic background 
of the patient. This has rapidly replaced the laborious and expen-
sive Sanger sequencing approach to screening which to date has 
been the standard approach used in the majority of laboratories 
worldwide. Identification of any novel variants in highly conserved 
residues that are not present on control databases (e.g. gnomAD 
browser) may be screened in patients with similar phenotypes for 
further mutations in the gene of interest. Human embryonic expres-
sion, and in vitro functional studies investigating the significance of 
the novel variants may then be conducted.

WGS is the most efficient NGS technique in identifying vari-
ants when cost is not an issue. WGS interrogates all parts of the 
genome, potentially revealing single- nucleotide variants (SNVs), 
indels, structural variants (SVs), and copy number variants (CNVs) 
in both the ~1% part of the protein coding sequences, and the re-
maining ~99% of the non- coding sequence [105]. However, WGS 
is impractical to perform as a standard approach for every pedi-
gree. Despite WES constituting such a low percentage of the entire 
genome, it still contains the majority of pathogenic mutations iden-
tified to date [106]. Therefore, WES remains the preferred choice as 
it costs significantly less than WGS due to it being confined to the 
cDNA only.

The generation of induced pluripotent stem cells (IPSC) from pa-
tient fibroblasts [107] allows the potential to differentiate cells into a 
multitude of relevant cell types, such as neuronal, pancreatic, adipo-
cyte cells, and so on, dependent on the phenotype or pathway to be 
tested. This technique, although time- consuming, may then allow 
further investigation using relevant methods such as insulin secre-
tion assays, apoptosis, and proliferation assays, using cells derived 
directly from the patient. This pioneering technology will limit the 
need for mouse models and will be more physiologically relevant 
than the current in vitro functional assays.

CRISPR- Cas9 gene editing is now routinely used to knock out a 
gene more efficiently and faster than previous methods using em-
bryonic stem cells. The insertion of genetic variants such as point 
mutations may also be conducted using the CRISPR- Cas9 system in 
order to study the impact of specific variants identified in patients 
[108,  109]. Upon identification of any significant differences be-
tween patient and control cells following assays in patient- derived 
differentiated IPSC cell lines, rescue experiments may also be per-
formed using the CRISPR- Cas9 system to correct certain variants 
that are under investigation. Subsequent assays may then be imple-
mented on the rescued cells to see if the correct function or condi-
tions have been restored.

Newer methods of interrogating patient samples and of manipu-
lating the genome will revolutionize the practice of medicine in the 
future, and the aforementioned techniques mark the dawn of a new 
era in molecular medicine.
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introduction

Although clinically apparent tumours are rarely encountered, pi-
tuitary adenomas are apparent in up to 25% of unselected aut-
opsies. The pituitary gland is composed of differentiated cell 
types:  somatotrophs, lactotrophs, corticotrophs, thyrotrophs, and 
gonadotrophs. Tumours may arise from any of these differentiated 
cell types and their hormone secretory products depend upon the 
cell of origin. Functional classification of pituitary tumours is based 
on identification of differentiation markers by immunostaining or 
mRNA detection, as well as measurement of circulating tumour and 
target organ hormone levels. Oversecretion of adrenocorticotropic 
hormone (ACTH) results in cortisol excess with Cushing disease. 
Growth hormone (GH) overproduction leads to acromegaly with 
typical acral overgrowth and metabolic abnormalities. Prolactin 
(PRL) hypersecretion results in hypogonadism and galactorrhoea. 
Rarely, thyroid- stimulating hormone (TSH) hypersecretion leads 
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to goitre and thyrotoxicosis, and gonadotropin excess results in go-
nadal dysfunction [1] . Mixed tumours cosecreting GH with PRL, 
TSH, or ACTH may also arise from single cells. Clinically non- 
functional tumours do not efficiently secrete their gene products, 
and most commonly are derived from gonadotroph cells. Pituitary 
tumours are defined radiographically as microadenomas (<1 cm in 
diameter) or macroadenomas (≥1 cm in diameter).

Pituitary tumours cause morbidity by both abnormal hormone 
secretion as well as compression of regional structures. As a sig-
nificant proportion of patients do not achieve optimal therapeutic 
control of mass effects and/ or hormone hypersecretion despite 
advances in therapeutic approaches, understanding pathogenesis 
and pituitary tumour growth patterns in individual patients en-
ables identification of personalized treatment targets, ultimately 
decreasing tumour- related morbidity and mortality [2] .

Determinants of initiation and progression of pituitary adenomas 
are not fully understood. This chapter describes a spectrum of mechan-
isms implicated in pituitary tumorigenesis, including the role of pitu-
itary plasticity, imbalances in cell cycle regulation, transcription factors, 
signalling pathways, and angiogenesis (Figure  2.3.2.1). Molecular 
events related to tumorigenesis in human pituitary adenoma subtypes 
are summarized in Table 2.3.2.1. The causal role for selected genetic 
imbalances leading to development of pituitary tumours has been re-
capitulated in several transgenic mouse models (Table 2.3.2.2).

Pituitary Plasticity

Although commitment of pituitary cell function is under cell- 
specific transcriptional control resulting in differentiated mature cell 
types (Figure 2.3.2.2), the pituitary gland responds to central and 
peripheral signals that regulate plastic pituitary cell hormone pro-
duction and proliferation. Under physiological conditions, hypothal-
amic and peripheral hormones act in concert to regulate pituitary 
trophic activity. Age (puberty), and pregnancy/ lactation results in 
increased pituitary volume, and prolonged target gland failure (e.g. 
hypothyroidism) and oestrogen excess are recognized causes of pi-
tuitary hyperplasia. However, there is only modest direct evidence 

that pituitary hyperplasia is a necessary prerequisite for pituitary tu-
mour development. For example, hyperplastic proliferation of PRL- 
secreting cells during pregnancy and lactation does not increase 
the frequency of prolactinomas, while untreated primary hypothy-
roidism and exogenous oestrogen administration are very infre-
quently associated with adenoma development. Pituitary hyperplasia 
caused by ectopic tumour production of growth hormone releasing 
hormone (GHRH) [3] is very rarely associated with discrete ad-
enoma formation. In general, adenohypophyseal tissue surrounding 
pituitary tumours is normal, supporting the notion that multiple 
independent cellular events such as generalized hyperplasia do not 
necessarily precede adenoma formation. Excess pituitary hormone 
secretion is usually associated with invariably benign monoclonal 
adenomas arising from a specific cell type supporting intrinsic pitu-
itary defect in the process of tumour development (Box 2.3.2.1) [4].

Hypothalamic hormones, local growth factors, and circulating sex 
steroid hormones are likely implicated in enabling a permissive en-
vironment which potentiates cell mutation and subsequent tumour 
growth. Trophic pituitary stimuli may influence the intrapituitary 
milieu to either enhance or attenuate expansion of a monoclonal 
tumour cell population.

cell cycle Regulation

Retinoblastoma Susceptibility Gene (RB1)

The protein encoded by this gene (pRB) is a negative regulator of 
the cell cycle and behaves as a tumour suppressor. In its active, 
hypophosphorylated form pRB binds the E2F transcription factors, 
restraining cell cycle progression from the G1 to S phase.

Mice with homozygous loss of Rb1 are non- viable, however those 
with heterozygous Rb1 inactivation develop pituitary tumours with 
high penetrance, and less frequently thyroid medullary carcinoma, 
and pheochromocytoma. Interestingly, mice with deregulated inter-
mediate lobe E2F activity develop tissue hyperplasia that does not 
progress to tumour formation, likely because sustained E2F activity 
ultimately triggers premature senescence in a pRB, p16 and p19- 
dependent manner [5] .

Oncogene activation
Tumor suppressor inactivation

Cell cycle dysregulation

Humoural factors Hyperplasia Proliferative restraint Senescence

Mutations
Stromal and

epigenetic events

Mutations
Unknown changes

AggressiveMacroadenomaMicroadenomaNormal pituitary

Figure 2.3.2.1 Cascade of pituitary tumorigenesis. Pituitary hyperplasia is usually reversible, as exemplified by the situation that occurs during 
pregnancy.
Reproduced with permission from Melmed S. Pathogenesis of pituitary tumors. Nat Rev Endocrinol. 2011;7(5):257– 66. Copyright © 2011 Springer Nature.
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Individuals who inherit a defective copy of RB1 gene are at high 
risk for developing retinoblastoma at an early age, however, inter-
estingly these patients do not exhibit a predisposition to develop-
ment of pituitary adenomas. Aggressive human pituitary tumours 
and rarely encountered metastasis exhibit loss of heterozygosity of 
region 13q14 (RB1 locus), however pRB usually remains expressed 
suggesting that a tumour suppressor gene other than RB1 present in 
the same chromosomal region may be related to pituitary tumour 
progression. Studies based on immunodetection in tumour sections 
found normal expression of pRB in most non- functioning pituitary 
adenomas, however approximately 25% of GH- secreting adenomas 
exhibit loss of pRB expression, and this finding did not correlate 
with tumour behaviour. In some cases, decreased RB1 expression 
correlated with promoter hypermethylation [6] . It is likely that RB1 

inactivation may be involved in human pituitary tumour develop-
ment in a small subset of adenomas.

inK4 Family

Cell cycle is regulated by two families of cyclin- dependent kinase 
(CDK) inhibitors, the INK4 family and the Cip/ Kip family. The 
INK4 family (p16INK4a, p15INK4b, and p18INK4c) inhibit G1/ S 
progression by binding CDK4 and CDK6.

The protein p16INK4a, encoded by the CDKN2A gene on 
chromosome 9p21, maintains pRB unphosphorylated (active) 
by blocking CDK4. p16INK4a is not expressed due to promoter 
hypermethylation in most non- functioning pituitary tumours 
and in a smaller subset of other pituitary tumour subtypes. Loss 
of p16INK4a and pRB in tumours tend to be mutually exclusive, 
likely because functional pRB is required for cell cycle inhibition 
by p16INK4a and loss of both regulators of the cell cycle would not 
provide an additive growth advantage. Promoter hypermethylation 
of the CDKN2B gene that encodes p15INK4b was also noted in a 
subset of pituitary tumours. p18INK4c- deficient mice develop gi-
gantism and widespread organomegalia, and proopiomelanocortin 
(POMC) intermediate lobe pituitary hyperplasia and tumours. 
P18INK4c is significantly underexpressed in human ACTH- 
secreting adenomas.

table 2.3.2.1 Selected molecular events related to tumorigenesis 
in human pituitary adenoma subtypes

Tumour type Mechanism of 
activation/ inactivation

Activating

Gsp GH adenomas Activating mutation

CREB GH adenomas Increased Ser- 
phosphorylated CREB 
promoted by gsp 
overexpression

Cyclin B2 (CCNB2) All tumour types examined Overexpression

Cyclin D1 (CCND1) Non- functioning Overexpression

EGF/ EGFR Non- functioning Overexpression

PTTG All tumour types examined Overexpression

Gal- 3 Prolactinomas
ACTH adenomas

Overexpression

HMGA2 Non- functioning
ACTH adenomas
Prolactinomas

Overexpression

FGF- 4 Prolactinomas Overexpression

USP8 Cushing Mutation

Inactivating

RB1 Negative pRB in
~25% GH adenomas

Promoter methylation

13q14 Aggressive tumours 13q14 loss of 
heterozygosity

AIP 15% of FIPA
2% sporadic GH adenomas

Inactivating mutation

MEN1 Prolactinomas in familial 
MEN1

Inactivating mutation

P16INK4a 
(CDKN2A)

All tumour types examined Promoter methylation

P27Kip1 (CDKN1B) All tumour types examined Reduced expression

MEG3a Non- functioning
GH adenomas

Promoter methylation

GADD45- γ Non- functioning
GH adenomas
Prolactinomas

Promoter methylation

FIPA, familial isolated pituitary adenomas.

table 2.3.2.2 Transgenic mouse models for pituitary tumours

Hyperplasia/ Adenoma b

Gene overexpression a

CMV.HMGA1 GH, PRL

CMV.HMGA 2 GH, PRL

Ubiquitin C.hCG PRL

αGSU.bLH Pit-1 lineage

GH.galanin GH, PRL

PRL.galanin PRL c

PRL.TGFα PRL

αGSU.PTTG1 LH, GH, TSH

αGSU.Prop1 Non- functioning

PRL.pdt- FGFR4 PRL

Gene inactivation

p27/ Kip1 – / – ACTH, αMSH

p18/ INK4c – / – ACTH, αMSH

Rb+/ – ACTH, αMSH
αGSU, GH, βTSH

D2R- deficient PRL

Men1+/ – PRL

PRL– / – Non- functioning

a Genes are listed in bold, and are preceded by the promoter that determines 
transcriptional control; 
b Hormone immunoreactivity/ secreting profile; 
c Pituitary hyperplasia, with no tumour formation.
CMV, cytomegalovirus; PRL, prolactin; HMGA, high mobility group A; pdt- FGFR4, 
pituitary tumour- derived fibroblast growth factor receptor- 4; TGFα, transforming 
growth factor- alpha; Men1, multiple endocrine neoplasia type 1; PTTG, pituitary 
transforming gene.
Reproduced with permission from Donangelo I, Melmed S. Molecular Pathogenesis of 
Pituitary Tumors. 2nd ed. Massachusetts: Blackwell Publishing; 2008.
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cip/ Kip Family

Members of the Cip/ Kip family (p21Cip1, p27Kip1, and p57Kip2) 
restrain cell cycle progression by associating with CDK1 and CDK2 
complexes.

Mice with disrupted CDKN1B gene that encodes p27Kip1 develop 
overall increased body weight, multiorgan hyperplasia, female infer-
tility, POMC intermediate lobe pituitary tumours, and hyperplasia 
of haematopoietic organs [7] . Intermediate lobe tumours derived 
from p27Kip1 null mice differ from those derived from Rb+/ –  mice in 

that they are more vascular, exhibit lower proliferation rates, and are 
oligoclonal or polyclonal (vs. monoclonal in Rb+/ –  mice).

Downregulation of p27Kip1 protein expression is common in 
corticotroph tumours and pituitary carcinomas, and p27Kip1 
levels are lower in recurrent pituitary adenomas compared to 
non- recurrent adenomas. p27Kip1 mRNA expression is gen-
erally not decreased in pituitary tumours, suggesting that de-
creased p27Kip1 expression is likely due to post- translational 
factors.

P21- deficient mice develop increased risk for multiple neoplasia 
in late adult life, however, pituitary tumours are uncommon, and 
p21Cip deletion or mutation is not commonly encountered in 
human tumours. The role of p21Cip in oncogene- induced pituitary 
senescence is discussed below.

p53

p53 inhibits cell cycle progression or induces apoptosis, however, 
this tumour suppressor appears not to play a major role in the 
pathogenesis of pituitary adenomas.

cyclins

Cyclins D and E regulate the G1 to S phase of cell cycle progres-
sion. Cyclin D1, D2, and D3 are the first wave of cyclins to be 
upregulated when quiescent cells (G0) enter the proliferative cell 
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Figure 2.3.2.2 Model for development of human anterior pituitary cell lineage determination by a temporally controlled cascade of transcription 
factors. Trophic cells are depicted with transcription factors known to determine cell- specific human or murine gene expression.
Reproduced with permission from Melmed S. Mechanisms for pituitary tumorigenesis: the plastic pituitary. J Clin Invest. 2003;112(11):1603– 18. Copyright © 2003 American 
Society for Clinical Investigation.

Box 2.3.2.1 Evidence for an intrinsic pituitary defect in the 
pathogenesis of pituitary tumours

•  Pituitary adenomas are monoclonal
•  Absence of pituitary hyperplasia in tissue surrounding pituitary 

adenomas
•  Surgical resection of well- circumscribed pituitary adenomas controls 

>75% of patients
•  Adenoma formation is rarely associated with generalized pituitary 

hyperplasia
•  Unrestrained pituitary hormonal hypersecretion occurs independent 

of physiological hypothalamic feedback regulation
•  Normalization of hormonal pulsatility pattern often occurs after ad-

enoma resection
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cycle. Cyclin- CDK complexes induce phosphorylation (inactiva-
tion) of pRB, releasing E2F to prompt cell cycle transition to S phase. 
CCND1 encoding cyclin D1 was studies in pituitary tumours. Allelic 
imbalance at the CCND1 locus was found to be more frequent among 
invasive tumors, while cyclin D is more expressed in aggressive and 
non- functioning pituitary adenomas, than in GH- secreting aden-
omas [8] . However, CCND1 allelic imbalance and cyclin D1 expres-
sion may not coexist in the same tumour, suggesting that it may not 
be a primary event in pituitary tumorigenesis. Similarly, cyclin A, B, 
and E are also more abundant in larger, highly proliferative pituitary 
adenomas.

Classic oncogene mutations have not been encountered in pi-
tuitary tumours [9, 10] but genomic profiling shows altered copy 
number variation with evidence for genomic instability [11]. Copy 
number variations are more prominently encountered in hormone- 
secreting tumours, and those also harbouring GNAS mutations [12].

PTTG

Overexpression of the pituitary tumour- transforming gene (PTTG), 
isolated from rat GH- secreting pituitary tumour cells, induces cel-
lular transformation in vitro and tumour formation in nude mice. 
PTTG is a mammalian securin, a key regulator of metaphase to 
anaphase transition during mitosis, and overexpression causes an-
euploidy by inhibiting sister chromatid separation [13]. PTTG also 
plays a role in pathways responsible for DNA break repair [14– 16]. 
Because PTTG abundance correlates with pituitary gland trophic 
status, regulation of this gene may subserve a mechanism for af-
fecting tumour formation (Figure 2.3.2.3). Global Pttg inactiva-
tion results in hypotrophic effects (i.e. pituitary, pancreatic β- cell, 
splenic, and testicular hypoplasia). Pttg inactivation in Rb+/ –  pro-
tects mice from pituitary tumour development, and combined Rb+/ –   
and targeted pituitary PTTG overexpression further enhances pitu-
itary hyperplasia and tumour prevalence [17].

PTTG is abundantly expressed in most pituitary tumours 
and PTTG tumour content is determined by RSUME- mediated 

sumoylation [18]. PTTG1 mRNA was overexpressed in 54 pituitary 
tumours assessed by RT- PCR (23/ 30 of non- functioning, 13/ 13 
GH- secreting, 9/ 10 prolactinoma, and 1/ 1 ACTH- secreting), PTTG 
expression correlates well with clinical tumour invasiveness [19].

Transgenic mice with human PTTG targeted to the pituitary 
under the α- subunit of glycoprotein hormone (αGSU) promoter 
exhibited gonadotroph, thyrotroph, and somatotroph focal hyper-
plasia and small adenomas, with elevated serum LH, testosterone, 
GH, and/ or IGF- I levels, and prostate and seminal vesicle hyper-
trophy. Pituitaries derived from compound double transgenic 
αGSU.PTTG1; Rb+/ –  are enlarged as early as 2  months of age, 
and the incidence of anterior lobe tumours increased 3.5- fold 
(Figure 2.3.2.4c), suggesting that targeted PTTG overexpression in 
anterior lobe αGSU cells facilitates tumour formation [17].

transcription Factors

The process of adenohypophyseal differentiation is a highly specific 
and temporally regulated series of events. Expression of transcrip-
tion factors, such as PROP1, Pit-1 (POU1F1), and DAX- 1 in pitu-
itary adenomas reflects the origin of tumour cells, and possibly their 
level of differentiation. However, whether or not dysregulation of 
these transcription factors plays a causal role in the development of 
human pituitary tumours remains unclear.

Signalling Pathways

Guanine nucleotide- Activating α- subunit (GNAS)

The McCune– Albright syndrome comprises defects in bony skel-
eton and skin, precocious puberty, thyrotoxicosis, acromegaly, 
gigantism, or Cushing syndrome. The molecular defect is a mu-
tation in the GNAS gene that encodes Gsα protein, termed onco-
gene gsp which induces constitutive adenylate cyclase activation. 
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Figure 2.3.2.3 Pituitary PTTG content correlates with gland plasticity and with tumour formation potential. On the left side of the inverted triangle 
are listed mouse models with descending pituitary PTTG content, with or without the combination with tumorigenic Rb+/ – . Horizontal bars composing 
the inverted triangle represent the observed effects of the different genotypes on pituitary trophic status, which correlates with pituitary tumorigenic 
potential (arrow).
Reproduced with permission from Donangelo I, Gutman S, Horvath E, Kovacs K, Wawrowsky K, Mount M, et al. Pituitary tumor transforming gene overexpression facilitates 
pituitary tumor development. Endocrinology. 2006;147(10):4781– 91. Copyright © 2006, Oxford University Press.
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In GH- secreting cells, gsp activates GHRH postreceptor pathways 
(i.e. cell proliferation and hormone secretion without necessarily re-
quiring ligand binding to the GHRH receptor).

Although gsp mutations are reported in 30– 40% of GH- secreting 
adenomas, major clinical differences between gsp+ and gsp–  pi-
tuitary tumours have not been identified. GNAS is imprinted in 
normal pituitary tissue and only the maternal allele is expressed. In 
GH- secreting adenomas, gsp activating mutations mostly occur in 
the maternal allele. The gsp oncogene has been detected in <10% of 
non- functioning or ACTH- secreting tumours.

Activated cAMP- Response element Binding 
Proteins (cReB)

The direct mechanism by which cAMP stimulates somatotroph 
GH- transcription may be mediated by the cAMP- responsive nu-
clear transcription factor (CREB), which binds as a dimer to 
cAMP- response elements. Transgenic mice overexpressing a 
phosphorylation- deficient and transcriptionally inactive mutant of 
CREB in the anterior pituitary exhibit dwarfism and somatotroph 
hypoplasia, indicating that phosphorylated CREB plays a role as a 
biochemical intermediate in the somatotroph proliferative response. 
Significantly higher amounts of Ser133- phosphorylated, and hence, 
activated CREB was detected in a series of GH- secreting pituitary 

tumours compared to a group of non- functioning tumours, sug-
gesting that constitutively activated CREB, possibly promoted by 
Gs α overexpression, may be another factor facilitating somatotroph 
transformation.

Dopamine Receptors

The dopamine 2 receptor (D2R) mediates inhibitory effects of dopa-
mine on pituitary PRL synthesis and secretion. D2R- deficient mice 
exhibit hyperprolactinemia and lactotroph hyperplasia with late 
progression to pituitary tumours, suggesting that loss of dopamine 
inhibition induces murine neoplastic transformation. This finding 
likely cannot be extrapolated to pituitary tumour development in 
humans as D2R mutations have not been identified. Decreased 
D2R expression has been linked to dopamine agonist resistance in 
prolactinomas.

Somatostatin Receptors

Somatostatin receptors (SST) 1 through 5 are expressed in all 
pituitary tumour types [20]. Prolactinomas exhibit high SST1 
expression compared to other tumour types. SST3 is frequently 
detected in non- functioning adenomas, while SST4 expression 
is relatively infrequent in pituitary tumours. In GH- secreting 
adenomas, SST2 and SST5 expression does not correlate with 
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Figure 2.3.2.4 Targeted PTTG overexpression to anterior lobe pituitary cells results in cell hyperplasia and increased tumour formation. Panels 
(a) and (b) are duplicates of the same image, overview of pituitary cells expressing αGSU.PTTG1.IRESeGFP transgene. (a) is the untouched image, 
and in (b) the green layer (eGFP) has been hidden for better visualization of nuclear morphology. Contrast between eGFP positive (overexpressing 
PTTG) and eGFP negative (normal PTTG content) can be appreciated, notably presence of macronuclei and reorganization of chromatin suggestive 
of hyperplastic cells. Panel (c) depicts that bitransgenic αGSU.PTTG;Rb+/ –  mice exhibit higher prevalence of anterior lobe and similar prevalence of 
intermediate lobe pituitary tumours when compared with Rb+/ –  mice. Pathological analysis of pituitary tumours reveals that frequency of tumours 
arising from anterior lobe is higher in αGSU.PTTG;Rb+/ –  (white bars) than in Rb+/ –  (black bars) pituitary tumours (**, P = 0.0036), but frequency of 
tumours arising from the intermediate lobe (where there was no PTTG overexpression) is similar. n, Total number of pituitary tumours analysed.
Reproduced with permission from Donangelo I, Gutman S, Horvath E, Kovacs K, Wawrowsky K, Mount M, et al. Pituitary tumor transforming gene overexpression facilitates 
pituitary tumor development. Endocrinology. 2006;147(10):4781– 91. Copyright © 2006, Oxford University Press.
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tumour behaviour; however lower SST2 content is observed 
in adenomas less responsive to somatostatin analogue therapy. 
A  germline mutation in the coding sequence of SST5 was re-
ported in a single patient with acromegaly resistant to somato-
statin analogue therapy, and no mutations have been identified 
in other SST subtypes. SST2 and SST5 variants do not correlate 
with responsiveness to somatostatin analogue therapy. The role 
of these receptors in the pathogenesis of pituitary adenomas re-
mains unproven.

Somatotroph Signalling

GH production is induced by hypothalamic GHRH as well as by 
intracellular factors. Mice bearing a GHRH transgene develop 
mammosomatotroph hyperplasia that may convert to adenomas in 
older mice. Extrahypothalamic tumours secreting ectopic GHRH 
induce somatotroph hyperplasia and acromegaly that rarely progress 
to somatotroph adenomas [21]. The GHRH receptor (GHRHR) 
may be overexpressed in GH- secreting adenomas compared to 
normal pituitary tissue [22], but the significance of increased ex-
pression of GHRHR in the pathogenesis of GH- secreting adenomas 
is not clear. A related protein, GPR101 is overexpressed in a subset 
of short stature patients (X- linked acrogigantism) with Xq26.3 
microduplication [23]. Pituitary STAT3 abundance is induced by 
GH and participates in a closed loop autocrine stimulation of GH 
leading to excess tumour hormone production. This pathway offers 
another target for subcellular therapy of these tumours [24].

Angiogenesis and Growth Factors

Vascularization is decreased in pituitary tumours compared to 
normal tissue, in marked contrast to the pattern observed in other 
tumour types where cancer development is linked to increased 
angiogenesis. In contrast to the normal pituitary which is predom-
inantly supplied by the hypothalamic- pituitary portal vein, pituitary 
adenomas receive a direct systemic blood supply, and the relatively 
low vascular density in these tumours may occur in association with 
an in- growth of systemic capillaries which may dilute intrapituitary 
concentrations of hypothalamic factors, especially dopamine.

Microvascular density is decreased in pituitary adenoma tissue, 
and macroprolactinomas, invasive prolactinomas, or pituitary car-
cinomas have higher microvascular density compared, respectively, 
to microprolactinomas, non- invasive prolactinomas, or pituitary 
adenoma. Conversely, angiogenesis is not enhanced with tumour 
growth in GH- secreting adenomas, consistent with the notion 
that microprolactinomas may represent a pathological and clin-
ical entity distinct from macroprolactinomas, whereas different- 
sized GH- secreting adenomas are components of a similar disease 
spectrum [25].

Vascular endothelial Growth Factor (VeGF)

VEGF increases proliferation and migration of endothelial cells, 
and functions as an antiapoptotic factor promoting vessel endo-
thelial cells survival. VEGF is detected in both the normal pitu-
itary gland and in pituitary adenomas, and levels correlate with 
tumour behaviour, as VEGF is more abundant in carcinomas and 
macroprolactinomas. Pituitary glands derived from DR2- knockout 
female mice have increased VEGF expression compared with 
wild- type mice.

Fibroblast Growth Factors (FGFs)

FGFs participate in cell development, growth, and angiogenesis, and 
basic FGF (bFGF or FGF- 2) is abundantly expressed in the pituitary. 
During the hyperplastic phase of prolactinoma development, pitu-
itary expression of both PTTG and bFGF is increased in a time-  and 
dose- dependent manner in oestrogen- treated rats, and bFGF syn-
thesis is induced in NIH- 3T3 cells overexpressing PTTG. In the ro-
dent, pituitary bFGF has been localized primarily to folliculostellate 
cells and regulates GH, prolactin, and TSH secretion. In murine 
folliculostellate cells, FGF-2 induced positive autofeedback with 
protein kinase C mediated FGF- 2 auto- induction, and stimulates 
cell proliferation and increased Pttg expression.

FGF- 4 is encoded by heparin- binding secretory transforming 
(hst) gene and is expressed in about 30% of PRL- secreting pituitary 
adenomas. FGF- 4 expression in prolactinomas correlates with tu-
mour invasiveness, and GH4 cells transfected with hst form more 
aggressive tumours in vivo [26]. hst gene rearrangement have not 
been detected in human prolactinomas, and mechanisms by which 
hst/ FGF- 4 complex initiates or promotes lactotroph proliferation 
and prolactin secretion are unclear.

erbB Receptors

Epidermal growth factor (EGF) has potent mitogenic activity in pi-
tuitary cells, and both EGF and epidermal growth factor receptor 
(EGFR) may be overexpressed in pituitary tumours, particularly in 
non- functioning adenomas. Examination of ErbB2 and ErbB3 ex-
pression in prolactinomas revealed positive results for both ErbB2 
(7 of 8 tumours) and ErbB3 (4 of 8 tumours) especially in aggres-
sive, recurrent tumours [27].

EGF activates EGFR and ErbB signalling in lactosomatotroph rat 
GH3 cells, with resulting increased PRL and GH expression. EGFR 
antagonist gefitinib decreases GH3 cell proliferation and PRL se-
cretion and attenuates growth and hormone production of GH3 
derived tumours in nude mice through blockage of EGFR/ ERK sig-
nalling pathway [28]. Cushing disease is associated with enhanced 
EGFR signalling [29] and dominant USP8 mutations lead to in-
creased EGFR de- ubiquitination with increased ACTH production 
in Cushing disease [30]. These results suggest that targeted ErbB 
receptor inhibition could be a potential therapeutic alternative.

Familial Syndromes

Multiple endocrine neoplasia type 1

Pituitary adenomas occur in a familial setting in about 5% of all 
cases, and over half of the cases are due to multiple endocrine neo-
plasia type 1 (MEN1). MEN1 is an autosomal dominant genetic dis-
ease characterized by parathyroid adenoma, pancreatic endocrine 
tumours, and pituitary adenomas (Table 2.3.2.3). Pituitary aden-
omas occur in approximately 25% of patients and these tumours 
may be larger and more aggressive than sporadic counterparts. 
Most secrete PRL, with or without secretion of excess GH, followed 
by those secreting GH alone, non- functional tumours, and those se-
creting excessive ACTH. MEN1 is caused by inactivating mutations 
of the tumour suppressor gene, MEN1 [31]. MEN1 encodes menin, 
a nuclear protein expressed in all organs and tissues of the body 
that interacts with both nuclear and cytoplasmic partners to regu-
late gene transcription, DNA repair, and cytoskeletal organization. 
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Hundreds of inactivating MEN1 mutations have been identified, 
and it is unclear why MEN1 mutations cause selected endocrine tu-
mours while menin is ubiquitously expressed. Homozygous murine 
Men1 deletions result in embryonic lethality while heterozygous 
Men1 deletion results in pituitary tumour formation.

Rarely p27Kip1/ CDKN1B functions as a tumour suppressor in 
patients with clinical MEN1 but without MEN1 mutations [32]. 
Rare mutations in other CDK inhibitor genes, including p15INK4b/ 
CDKN2B, p18INK4c/ CDKN2C, and p21Cip1/ CDKN1A, were iden-
tified in families with MEN1 phenotypes with no identifiable germline 
MEN1 mutations.

carney complex

Carney complex is rare autosomal dominant genetic disease with 
myxomas of the heart, skin hyperpigmentation, and endocrine 
overactivity. GH- secreting adenomas are the most common pitu-
itary tumours encountered in these patients. Up to 75% of patients 
have elevated levels of GH, IGF- 1, or PRL, and 10% of patients ex-
hibit clinical acromegaly. Somatotroph hyperplasia is followed by 
GH- secreting tumour formation associated with inactivating mu-
tations of PRKAR1A, the regulatory subunit isoform 1A of protein 
kinase A  (PKA). Inactivating PRKAR1A mutations result in con-
stitutive activation of PKA catalytic subunit. Mice with a specific 
homozygous deletion of PRKAR1A develop somatotroph hyper-
plasia, elevated GH levels, and GH- secreting adenomas. In some 
patients, and in animal models, the wild- type PRKAR1A allele is 
retained in tumour tissue and it appears that decreased expression 
(i.e. haplo- insufficiency), rather than absence of the PKA regulatory 
subunit is sufficient to cause tumorigenesis.

Aryl Hydrocarbon Receptor- interacting Protein (AiP)

Familial isolated pituitary adenoma is a syndrome defined as 
two or more members in a family harbouring anterior pitu-
itary tumours without evidence of MEN1 or Carney complex. 
Whole- genome single- nucleotide polymorphism genotyping was 
performed on three Finnish families with very- low- penetrance 
susceptibility to pituitary adenomas. Linkage analysis provided 
evidence for linkage in chromosome 11q12– 11q13, a region pre-
viously implicated in isolated familial somatotropinomas (IFS) 
[33]. No mutations or altered expression in MEN1 were detected 
in this cohort. Mapping of the linked chromosomal region iden-
tified AIP, or aryl hydrocarbon receptor- interacting protein gene, 
with loss of heterozygosity detected in pituitary adenomas with 
AIP germline mutations, suggesting that AIP may behave as a 
tumour suppressor gene. Of 73 families with the syndrome of 

familial isolated pituitary adenomas, 11 (15.1%) harbour at least 
10 different germline mutations in the AIP gene [34]. Most of 
these patients exhibit a young age of onset for GH oversecretion 
with macro-adenomas [35]. However, ~2% of patients with spor-
adic pituitary tumours have AIP mutations in germline DNA, 
suggesting that the majority of sporadic pituitary tumours are not 
associated with AIP mutations [36, 37].

Other Molecular events

Growth Arrest and DnA Damage- inducible Gene 45γ 
(GADD45- γ)

GADD45- γ  identified as a candidate tumour suppressor gene for 
pituitary adenomas by cDNA- representational difference analysis 
(cDNA- RDA), is expressed in the normal pituitary gland, but ab-
sent in most non- functioning, GH- , and PRL- secreting aden-
omas, as well as in immortalized pituitary cell lines. GADD45- γ  
a p53- responsive gene induced by DNA damage mediates growth 
suppression and apoptosis. Introducing GADD45- γ into a rat pitu-
itary tumour cell line decreases cell proliferation and anchorage- 
independent colony formation. Silencing of GADD45- γ  in pituitary 
tumours likely occurs by epigenetic changes (i.e. methylation of 
CpG islands in the GADD45- γ promoter [23]).

Maternally expressed 3 Gene (MEG3)

An isoform of MEG3 contains an extra exon (MEG3a), and has 
been identified by cDNA- RDA, and is expressed in normal human 
pituitary, brain, and other tissues, but is diminished or absent in 
pituitary tumours and human cancer cell line [38]. MEG3a is 
undetectable in both non- functioning and GH- secreting pitu-
itary adenomas, while introduction of MEG3a in cancer cells in-
hibits proliferation and decreases colony formation. Hence, loss of 
MEG3a in pituitary adenomas likely confers a tumour growth ad-
vantage. MEG3 silencing in non- functioning pituitary adenomas is 
likely due to promoter hypermethylation.

High Mobility Group A (HMGA)

The HMGA family includes the related HMGA1 and HMGA2 
abundantly expressed during embryogenesis, but not in normal 
adult tissues, including the pituitary gland. Transgenic HMGA1 
and HMGA2 overexpression in mice causes GH- secreting ad-
enomas and prolactinomas. Trisomy of chromosome 12, which 
harbours HMGA2, represents the most frequent cytogenetic alter-
ation in human PRL- secreting pituitary adenomas, and HMGA2 

table 2.3.2.4 Pituitary tumour genetic syndromes

Gene Chromosomal locus Main clinical characteristics

Carney complex PRKAR1A 17q24.2 Skin pigmentation; cardiac and cutaneous myxomas; thyroid, testis and adrenal tumours; 
GH- cell hyperplasia or adenoma

Familial isolated 
pituitary adenomas

AIP 11q13.2 Young familial invasive GH adenomas, often therapy resistant

Gigantism GPR101 Xq26.3 X- linked gigantism due to somatotroph hyperplasia or adenoma

McCune– Albright GNAS 20q13.32 Polyostotic fibrous dysplasia, café- au- lait spots, and precocious puberty with GH and/ or 
PRL excess

MEN1 MEN1 11q13.1 Pancreatic, pituitary, and parathyroid gland tumours

MEN4 CDKN1B 12q13.1 MEN1 like, usually with GH- secreting adenomas
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overexpression was detected in a number of prolactinomas har-
bouring rearrangement of regions 12q14– 15. HMGA2 expression 
was present in 38 of 98 (39%) pituitary adenomas, and noted 
to be more frequent in FSH/ LH cell adenomas (15/ 22, 68%), 
prolactinomas (5/ 15, 31%), and ACTH- secreting adenomas (12/ 
18, 18%), however it was rarely detected in GH or mixed GH/ 
PRL- secreting adenomas [39]. High HMGA2 levels correlate with 
tumour size, invasiveness, and cell proliferation marker. HMGA2 
tumorigenic effects may be mediated by stimulation of cyclin 
B2 expression by HMGA2 binding to the CCNB2 promoter [40] 
and by activation of the E2F pathway. There is also evidence that 
HMGA2 is suppressed by microRNA Let- 7, a putative tumour 
suppressor, and HMGA2 and Let- 7 expression correlate inversely 
in human pituitary adenoma samples [39].

Senescence

Cellular senescence is characterized by cell growth arrest induced 
by diverse mechanisms including age linked telomere shortening, 
DNA damage, oxidative stress, chemotherapy, and oncogene acti-
vation, and has emerged as a potential new component of cancer- 
protective response to oncogenic events. In response to oncogene 

activation, protective cellular mechanisms subject the cell to apop-
tosis and senescence. Apoptosis of cells with oncogene removes 
them from the tissue population thereby completely preventing 
tumorigenesis. Oncogene- included senescence (OIS) is a largely 
irreversible process in which proliferative arrest is mediated thor-
ough upregulation of cell cycle inhibitors including p16INK4A, 
p15INK4B, p21Cip1, p53, and pRB. OIS also involves participation 
of cytokine and chemokine pathways which may be protective for 
malignant transformation [41].

Cellular senescent markers are noted to be elevated in benign tu-
mours but not in malignant carcinomas. Indeed, p21Cip1 and sen-
escence activity were found to be elevated in human GH- secreting 
adenomas and in rat GH3 pituitary cells [28]. In 38 GH- secreting 
adenomas, 29 exhibited strong and 9 weak p21 staining. In contrast, 
p21 was not detected in GH- producing pituitary carcinomas, non- 
secreting pituitary oncocytomas, or null cell adenomas, or in ag-
gressive breast carcinoma. Senescence- associated β- galactosidase 
activity (SA- β- gal), a marker of senescence, is strongly positive in 
GH- secreting adenomas (Figure 2.3.2.5). P21 and PTTG levels 
strongly correlated in these pituitary tumours.

Activation of the p21/ p53 senescence pathway is noted to occur 
with both pituitary PTTG overexpression and deficiency. Pttg- null 
mice exhibit pituitary activation of senescence- like features, including 

Figure 2.3.2.5 Senescence markers in human GH- producing pituitary adenomas. (a) Immunohistochemistry of the same GH- secreting human 
adenoma sections stained for p21 (brown) and SA- β- gal activity (blue). (b) Confocal image of double fluorescence immunohistochemistry of p21 
(green) and β- galactosidase (red) proteins coexpression in human pituitary adenoma but not in normal adjacent tissue (left). High resolution (×63) 
image of the same slide (right). For a colour version of this figure, please see colour plate section.
Reproduced with permission from Chesnokova V, Zonis S, Kovacs K, Ben-Shlomo A, Wawrowsky K, Bannykh S, Melmed S. p21(Cip1) restrains pituitary tumor growth. Proc Natl 
Acad Sci U S A. 2008;105(45):17498–503. Copyright 2008 National Academy of Sciences.
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increased SA- β- gal activity, upregulation of p21, pRB, and p19, and 
apoptosis blockage, which result in the pituitary hypoplasia pheno-
type. Telomere shortening was not noted in pttg- null pituitaries, indi-
cating that activation of senescence pathway is not due to early cell 
ageing. Upregulation of p21 is associated with relative protection from 
pituitary formation in Rb+/ –  mice with pttg deletion (Rb+/ – Pttg– / –  mice). 
In both PTTG deletion and overexpression, activation of p21/ p53 sen-
escence pathway occurs on a background of aneuploidy and DNA 
damage. Furthermore, autocrine IL- 6 action was shown to be a deter-
minant of pituitary senescence, with clonal tumorigenicity occurring 
in cells escaping senescence [42]. Taken together, these findings sug-
gest that p21 may exert a tissue- specific tumour- suppressing function, 
unmasked under conditions where other pituitary genetic alterations 
or stresses are present. Activation of the pituitary senescence pathway 
may constrain pituitary tumour growth, and provides an explanation 
for the invariably benign nature of these tumours.
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introduction

The human pituitary gland consists of two major components: the 
adenohypophysis and the neurohypophysis. The adenohypophysis 
comprises the pars anterior, pars intermedia, and pars tuberalis [1] . 
The pars anterior, also known as pars glandularis or pars distalis, 
is the largest portion of the gland. In contrast to most mamma-
lian species, the human gland has no anatomically distinct pars 

intermedia. The exclusively pro- opiomelanocortin (POMC)- 
producing cells of the pars intermedia are sandwiched between the 
anterior and posterior lobes in the majority of mammals, whereas 
in humans they are incorporated within the pars anterior. The pars 
tuberalis is a minor upward extension of the adenohypophysis at-
tached to the exterior of the lower pituitary stalk. Histologically, the 
adenohypophysis consists of a central median (or mucoid) wedge 
flanked by two lateral wings. The hormone- producing cell types are 
distributed in an uneven, but specific manner. The cells are arranged 
within evenly sized acini surrounded by a delicate but well- defined 
reticulin fibre network giving the pituitary its distinct architec-
ture. In the centre of the acini is the pituitary follicle composed of 
the agranular nonendocrine folliculo- stellate cells. The neurohyp-
ophysis is composed of nerve fibres from the hypothalamic nuclei 
that give rise to the infundibulum, the pituitary stalk, and the pos-
terior lobe which stores and releases the hypothalamic hormones 
oxytocin and vasopressin.

cell types

The mature endocrine cell types of the anterior pituitary gland 
emerge from a common primordium. Cytodifferentiation occurs 
in response to opposing signalling gradients that emanate from 
distinct organizing centres [2] . To progress beyond the initial pat-
terning, each cell type requires additional specific transcription 
factors in determining its cytodifferentiation and hormone produc-
tion [3] (see Table 2.3.3.1). Pituitary- specific transcription factor 1 
(Pit- 1) determines cells that can produce growth hormone (GH), 
prolactin (PRL), and thyroid- stimulating hormone (TSH), while 
T- box transcription factor TBX19 (Tpit) determines corticotrophs. 
Oestrogen receptor alpha (ER- α) cooperates with Pit- 1 to en-
hance PRL secretion, therefore, lactotrophs coexpress both Pit- 1 
and ER- α. Guanine- Adenine- Thymine- Adenine binding protein 
2 (GATA- 2) appears to be an essential contributor to thyrotroph 
development and is coexpressed with Pit- 1 in thyrotrophs while 
expression of steroidogenic factor 1 (SF1), ER- α and GATA- 2 cat-
egorize gonadotrophs [4]. Apart from their role in pituitary gland 
development, pituitary transcription factors can serve as diagnostic 
markers of cell lineage in pituitary tumours [5, 6] (see Table 2.3.3.2).

GH cells or somatotrophs make up approximately 50% of the 
gland, occupying mainly the lateral wings. They show strong 
acidophilia by histology and GH hormone immunoreactivity by 

table 2.3.3.1 Cell lineage differentiation and transcription factors

Cell lineage Transcription factor Adenohypophyseal cell

Acidophilic lineage Pit- 1 Somatotrophs

Pit- 1, ER- α Lactotrophs

Pit- 1, GATA- 2 Thyrotrophs

Corticotroph lineage Tpit Corticotrophs

Gonadotroph lineage SF- 1, ER- α, GATA- 2 Gonadotrophs

Pit- 1, pituitary- specific transcription factor 1; Tpit, T- box transcription factor TBX19; 
GATA- 2, GATA binding protein 2; ER- α, oestrogen receptor alpha; SF- 1, steroidogenic 
factor 1.
Modified with permission from Lopes MBS. The 2017 World Health Organization 
classification of tumors of the pituitary gland: a summary. Acta Neuropathologica (2017) 
134(4):521– 35. Copyright © 2017, Springer-Verlag GmbH Germany.
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immunohistochemistry. Contingents of somatotrophs also ex-
press PRL or the α- subunit of the glycoprotein hormones. PRL 
cells or lactotrophs account for 10– 30% of the pituitary gland cell 
population. The chromophobic or slightly acidophilic and PRL- 
immunoreactive lactotrophs are evenly scattered with focal accu-
mulation in the posterolateral rim of lateral wings. The majority of 
adrenocorticotropic hormone (ACTH) cells or corticotrophs reside 
within the median wedge of the pituitary gland. They are basophilic, 
Periodic acid– Schiff (PAS) positive, and immunoreactive for ACTH 
as well as for other pro- opiomelanocortin (POMC)- peptides (β- 
endorphin, β- lipotropic hormone (LPH), corticotropin- like inter-
mediate peptide (CLIP)). Approximately 12% of adeno hypophyseal 

cells are immunopositive for POMC- peptides, which include a 
small but undetermined percentage of pars intermedia derived 
POMC cells as well. TSH cells or thyrotrophs, occupy mainly the 
anterior one- third of the median wedge and represent approxi-
mately 5% of adenohypophyseal cells. The slightly basophilic, an-
gular thyrotrophs are strongly immunoreactive for β- TSH and 
α- subunit. Gonadotrophs producing follicle- stimulating hormone 
(FSH), and luteinizing hormone (LH) account for an estimated 
15– 20% of cells evenly distributed throughout the pars distalis. 
They are immunoreactive for β- FSH, β- LH, and their α- subunit. 
The hormonal function of the adenohypophyseal cell types dis-
plays considerable flexibility depending on the functional demand 
placed on them. Reversible transdifferentiation has been shown to 
occur between members of the Pit- 1 group: GH cells to PRL cells 
during pregnancy, and GH cells to TSH cells in hypothyroidism [7] . 
Pituitary cell types differ not only in their function, structure, and 
hormone content but also in their morphological responses to func-
tional stimulation or suppression. The folliculo- stellate cells, which 
occupy up to 10% of the anterior pituitary, have no hormonal func-
tion but both in vitro biochemical and morphological studies have 
documented that these cells are not only unexpectedly versatile but 
indispensable [8].

Pituitary Adenomas

Pituitary adenomas are common, accounting for approximately 
15% of intracranial tumours [1] . They are monoclonal, produced by 
genetic and epigenetic alterations— leading to activation of proto- 
oncogenes or inactivation of tumour suppressor genes— that impart 
growth and survival advantage to a single cell. While the majority 
of the tumours are sporadic, some are associated with familial 
syndromes exhibiting different genetic background and variable 
phenotype; germline, somatic, and mosaic mutations have been 
identified [9, 10] (see Table 2.3.3.3).

Pituitary tumours may be referred to as microadenomas (less 
than 10 mm in diameter), or macroadenomas (greater than 10 mm 
in diameter). The growth pattern of these tumours may be expan-
sive resulting in a slowly growing mass exerting increasing pressure 
on the surrounding healthy gland and the bony sella. In contrast, 
invasive adenomas spread into the surrounding normal gland, dura 
or other parasellar structures (sphenoid sinus, cavernous sinus) 
regardless of their size. Adenomas extending into the suprasellar 
space may compress the optic chiasm causing visual disturbances, a 
frequent clinical manifestation of macroadenomas.

When interpreting pituitary pathology, the clinical and radio-
logical information must be considered as a whole [11]. At the time 
of surgery, gentle tissue handling is recommended with prompt 
and appropriate fixation of the specimen in formalin for patho-
logical study. It is optional that a small fragment of tissue be fixed in 
glutaraldehyde, osmicated, and embedded for electron microscopy 
for cases that are difficult to diagnosis. It may also be worthwhile to 
obtain DNA from the patient’s blood before surgery and freeze a por-
tion of the tumour for subsequent molecular and DNA analysis [12].

A logical order of steps must be followed to study the morphology 
of pituitary adenomas [11, 13]. It is essential to first establish whether 
the tissue obtained is from a normal pituitary gland, a pituitary 

table 2.3.3.2 Classification of pituitary adenomas

Tumour Transcription 
factors

Hormones

Pit- 1 Family of tumours

Somatotroph adenomas

Densely granulated Pit- 1 GH, α- subunit

Sparsely granulated GH (weak)

Mammosomatotroph adenomas Pit- 1, ER- α GH, PRL, α- subunit

Mixed GH- PRL adenomas Pit- 1, ER- α GH, PRL, α- subunit

Plurihormonal GH- producing 
adenomas

Pit- 1, ER- α GH, PRL, α- subunit, 
ß- TSH

Lactotroph adenomas

 Densely granulated Pit- 1, ER- α PRL

Sparsely granulated PRL, α- subunit

Acidophil stem cell adenomas PRL, GH

Thyrotroph adenomas Pit- 1, GATA- 2 ß- TSH, α- subunit

Monomorphous plurihormonal adenomas

Silent subtype 3 Pit- 1 GH, PRL, β- TSH

Tpit Family of tumours

Corticotroph adenomas

Densely granulated Tpit ACTH

Sparsely granulated ACTH

Crooke cell adenoma ACTH

SF- 1 Family of tumours

Hormone- positive gonadotroph 
adenomas

SF- 1, ER- α, 
GATA- 2

ß- FSH, ß- LH, 
α- subunit

Hormone- negative gonadotroph 
adenomas

SF- 1, ER- α, 
GATA- 2

None

Polymorphous plurihormonal adenomas

Plurihormonal adenomas Multiple Multiple

Transcription factor and hormone- negative adenoma

Null cell adenomas None None

GH, growth hormone; ACTH, adrenocorticotrophic hormone; PRL, prolactin; FSH, 
follicle- stimulating hormone; LH, luteinizing hormone; TSH, thyroid- stimulating 
hormone; Pit- 1, pituitary- specific transcription factor 1; Tpit, T- box transcription  
factor TBX19; GATA- 2, GATA binding protein 2; ER- α, Oestrogen receptor alpha;  
SF- 1, steroidogenic factor 1.
Modified with permission from Syro LV, Rotondo F, Ramirez A, Di Ieva A,  
Sav MA, Restrepo LM, et al. Progress in the Diagnosis and Classification of  
Pituitary Adenomas. Front Endocrinol (Lausanne) (2015) 6:97. Epub 2015/ 07/ 01. 
Copyright © 2015 Syro LV et al.
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tumour, or a different sellar lesion. Next, immunohistochemical 
classification based on hormone production by the cells is accom-
plished and, finally, prognostic information and treatment options 
can be determined by analysing various biomarkers and by mo-
lecular/ genetic/ epigenetic investigation (See Table 2.3.3.4).

table 2.3.3.3 Clinicopathologic features of germline, somatic, and 
mosaic mutations in pituitary adenomas

Syndrome Gene Morphologic 
characteristics

Germline mutations

FIPA AIP AIP- positive 20%
Somatotroph and 
lactotroph, rarely other 
types.

GPR101 Somatotroph adenoma 
or pituitary enlargement 
suggestive of hyperplasia

MEN1 MEN1 Lactotroph 
adenomas (60%)
Non- functional 
adenomas (15%)
Somatotroph and 
corticotroph less common

MEN4 MEN4 Somatotroph adenoma 
most common

Carney complex PRKAR1A
PRKACA
PRKACB

Somatotroph adenoma or 
pituitary hyperplasia

Succinate dehydrogenase 
complex genes syndrome 
3P association

SDHA/ B/ C/ D
SDHAF2

Lactotroph adenomas 
most common
Somatotroph and non- 
functional adenomas
Vacuolar changes in most 
cells

Neurofibromatosis type 1 NF1 Not clear yet

DICER 1 syndrome DICER 1 Pituitary blastoma
Neonatal or early 
childhood age Cushing’s 
disease

Somatic mutations

Somatotroph adenomas GNAS No differences between 
subgroups

Corticotroph adenomas USP8 Small tumours with high 
ACTH production

Oncocytic pituitary 
adenomas

Complex I genes Less aggressive tumour 
phenotype

All types of pituitary 
adenomas

PIK3CA 20% to 40% of 
various types
of pituitary adenomas

Mosaic mutations

McCune- Albright GNAS
(Mosaic postzygotic 
mutation)

Somatotroph adenomas
Somatotroph and 
lactotroph hyperplasia

X- LAG GPR101
(Germline or 
somatic mosaicism)

Somatotroph adenoma 
or pituitary enlargement 
suggestive of hyperplasia

FIPA, familial isolated pituitary adenoma; MEN1, multiple endocrine neoplasia type 1; 
MEN4, multiple endocrine neoplasia type 4; 3P, paraganglioma, phaeochromocytoma 
and pituitary adenoma association; ACTH, adrenocorticotropic hormone; X- LAG, X- 
linked acrogigantism syndrome.

table 2.3.3.4 Panel approach for the evaluation and diagnosis 
of pituitary adenomas

Stain Stain pattern Indication

Haematoxylin- eosin 
(HE)

Acidophilic, basophilic, or 
chromophobic

Ancillary stain which has 
stood the test of time
For initial classification of 
the tumour

Periodic acid– Schiff 
(PAS)

Cytoplasmic To recognize corticotrophs 
and Crooke cells

Reticulin, Silver 
stain, Collagen IV

Acinar reticular pattern To differentiate 
normal pituitary gland, 
hyperplasia, or tumour

Chromogranin, 
Synaptophysin

Secretory granules Neuroendocrine markers

TTF- 1 Nuclear Positive in posterior 
pituitary gland and 
posterior pituitary 
tumours

GH, PRL, ACTH, 
TSH, FSH, LH, 
α- subunit

Cytoplasmic To identify hormone 
secretion

LMWK Cam 5.2 Cytoplasmic
Dot patterns
Ring- like pattern

Positive in somatotrophs 
and corticotrophs
To categorize pure 
somatotroph adenomas 
as densely or sparsely 
granulated
To identify Crooke cells

Pit- 1, Tpit, SF- 1, ER- 
α, GATA- 2

Nuclear To identify cell lineage 
differentiation

E- cadherin Membrane Absent E- cadherin 
expression may be 
correlated to tumour 
invasiveness

Ki67, p53 Nuclear Proliferation markers

SSTR2, SSTR5 Membrane Predictive biomarkers for 
long- acting somatostatin 
analogues?

AIP Cytoplasmic Predictive biomarker 
for long- acting for 
somatostatin analogues?

MGMT Nuclear To evaluate DNA repair 
pathway, DR
Predictive biomarker 
for temozolomide 
treatment in aggressive 
pituitary adenomas and 
carcinomas

MSH2, MSH6 Nuclear To evaluate integrity of 
DNA repair pathway, 
MMR

MPG Nuclear To evaluate integrity of 
DNA repair pathway, BER

VEGF Cytoplasmic To assess angiogenic 
growth and progression of 
tumour

TTF- 1, thyroid transcription factor 1; GH, growth hormone; PRL, prolactin; TSH, thyroid- 
stimulating hormone; FSH, follicle- stimulating hormone; LH, luteinizing hormone; 
ACTH, adrenocorticotropic hormone; LMWK, low molecular weight keratin; SSTR2, 
somatostatin receptor 2; SSTR5, somatostatin receptor 5; AIP, aryl- hydrocarbon 
receptor- interacting protein; MGMT, O6- methylguanine DNA methyltransferase; MSH2, 
MutS protein homolog 2; MSH6, mutS homolog 6; DNA, deoxyribonucleic acid; DR, 
direct repair; MMR, mismatch repair; MPG, N- methylpurine DNA glycosylase; BER, 
base excision repair; VEGF, vascular endothelial growth factor.
Modified with permission from Syro, L.V., Rotondo, F., Serna, C.A. et al. Pathology of 
GH-producing pituitary adenomas and GH cell hyperplasia of the pituitary. Pituitary 
(2017) 20: 84. Copyright © 2016, Springer Science Business Media New York.
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By histology, adenomas are acidophilic, basophilic, or 
chromophobic. The tinctorial properties of tumours are largely un-
related to their hormonal function. After initial evaluation using 
the haematoxylin & eosin (H&E) stain, which allows distinction 
from other pathologies of the sellar region, the next step is to dem-
onstrate the absence of reticulin fibres. This differentiates normal 
adenohypophysis from hyperplasia or adenoma. The normal acinar 
reticular pattern is enlarged but intact in cases of hyperplasia and, 
regardless of their size, a total dissolution of the acinar architec-
ture is evident in every adenoma. PAS stain is used to recognize 
corticotrophs because of the carbohydrate moiety present in POMC 
which is the precursor of ACTH. Chromogranin and synaptophysin, 
broad- spectrum endocrine markers, are used to confirm that the le-
sion is of endocrine origin. Cam5.2, a low molecular weight keratin, 
is used to identify and confirm somatotroph and corticotroph aden-
omas. They are immunopositive, and the keratin pattern will help to 
clarify their subtype: diffuse perinuclear, paranuclear globular (dot 
pattern), mixed or ring- like. These characteristic patterns are spe-
cific to certain adenoma types.

The current World Health Organization (WHO) classifica-
tion (2017) of pituitary adenomas recommends the use of pi-
tuitary adenohypophyseal cell lineages for their classification 
rather than according to their hormone production [5, 6, 14] (see 
Table 2.3.3.2). Accordingly, pituitary adenoma classification uses a 
wide range of monoclonal antibodies against pituitary hormones, 
and pituitary transcription factors, to differentiate the various tu-
mour cell types. Electron microscopy, although useful, is currently 
only utilized in cases that are difficult to diagnose. The available 
immunohistochemical stains used for studying pituitary adenomas 
and their utility are presented in Table 2.3.3.4.

Pit- 1 Family of tumours

Somatotroph Adenomas

Somatotroph adenomas arise from Pit- 1 pituitary cell lineage and 
express GH in excess. Approximately 15% of surgically removed pi-
tuitary adenomas represent pure GH cell adenomas [15]. Most of 
these tumours are associated with clinical signs of acromegaly, but 
silent forms have also been reported [16]. According to the density 
of GH- containing secretory granules in the cytoplasm of the cells, 
somatotroph adenomas can be densely or sparsely granulated. The 
clear distinction between them is crucial for proper prognosis and 
treatment [17].

Densely granulated somatotroph adenomas occur with the 
same frequency in both sexes peaking at the same time (in the sixth 
decade). The tumours display slow, expansive growth resulting in 
the typical ‘ballooning of the sella’ and may remain intrasellar for 
several years. Histologically, the densely granulated form is strongly 
acidophilic displaying diffuse or, less frequently, trabecular pattern. 
Extensive immunoreactivity for GH is usually accompanied by simi-
larly strong positivity for α- subunit. Scattered immunopositivity 
for PRL and β- TSH is usually not associated with oversecretion of 
these hormones. Immunostaining for Cam5.2 demonstrates a dif-
fuse perinuclear pattern.

Sparsely granulated somatotroph adenomas are diagnosed 
earlier, peaking in the fourth decade. The tumours tend to be 
macroadenomas at the time of diagnosis and are often invasive. 

Histology identifies chromophobic adenomas invariably displaying 
a diffuse pattern; GH immunoreactivity is often sparse. Nuclear 
pleomorphism may be evident, and adenoma cells harbour a 
homogeneous, spherical, juxtanuclear, practically unstained struc-
ture. This fibrous body is strongly immunopositive for Cam5.2 in a 
characteristic dot pattern and is the best histological marker for this 
tumour type since it is present in more than 70% of the cells. As op-
posed to the densely granulated type, multiple immunoreactivities 
for pituitary hormones are rarely noted in sparsely granulated 
somatotroph adenomas.

Mixed somatotroph and lactotroph adenomas, comprised of 
two distinct cell types, account for approximately 5% of surgically 
removed adenomas. The tumours are associated with acromegaly 
and varying degrees of hyperprolactinaemia. They tend to be ag-
gressive and are difficult to treat. Mixed adenomas usually consist 
of densely granulated GH cells and sparsely granulated PRL cells. 
Accordingly, they are composed of acidophilic and chromophobic 
cells, displaying immunoreactivity for GH and PRL; α- subunit posi-
tivity is also frequent in this tumour type. Other combinations may 
occur, but they are rare.

The infrequent (2%) mammosomatotroph cell adenomas are 
monomorphous, consisting of one cell type displaying markers of 
both GH and PRL differentiation. Clinically they are associated 
with acromegaly and mild hyperprolactinaemia. These acidophilic 
tumours are immunoreactive for GH and α- subunit and, to a lesser 
extent, for PRL. At the ultrastructural level, the densely granulated 
tumour cells possess unusually large (up to 1000  nm and over) 
secretory granules and display lateral granule extrusions which 
is a PRL cell marker. The slow- growing mammosomatotroph ad-
enomas show biological behaviour similar to densely granulated 
somatotroph adenomas.

Morphologic effects of treatment with long- acting somatostatin 
analogues are neither severe nor consistent. Remarkable shrinkage 
of cells and marked fibrosis are infrequent. Most common findings 
include the increase in size and number of secretory granules and in-
creased lysosomal activity while significant fibrosis is less frequent. 
The close correlation observed between clinical response and tumour 
morphology in cases of prolactinomas treated with dopamine agon-
ists does not exist in examples of somatostatin analogues therapy.

Both types of GH cell adenoma may engage in focal production 
of endocrine amyloid. Approximately 2– 3% of morphologically 
typical sparsely granulated GH cell adenomas are clinically silent, 
the reason for which is unknown. Few cases of the sparsely granu-
lated tumours contain variable amounts of nervous tissue (neuron- 
like cells and neuropil) as a likely result of neuronal differentiation 
within the adenoma. This variant is known as neuronal metaplasia.

Lactotroph Adenomas

Lactotroph adenomas arise from the Pit- 1 pituitary cell lineage and 
express mainly PRL. They are classified into three histological sub-
types: sparsely granulated lactotroph adenomas, densely granulated 
lactotroph adenomas, and acidophil stem cell adenomas.

Sparsely granulated lactotroph adenomas are the most common 
adenoma type accounting for 27– 30% of pituitary tumours. They 
are associated with hyperprolactinaemia, primary or secondary 
amenorrhoea, galactorrhoea, and infertility in women. The less spe-
cific symptoms in men— decreased libido and impotence— usually 
mean a delay in diagnosis and development of macroadenomas 
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whereas the majority of tumours in women are small and classi-
fied as microadenoma. In both sexes, lactotroph adenomas are 
most frequent in the third and fourth decade of life. However, the 
incidence of this tumour type is significantly higher in women 
in their childbearing years. Lactotroph adenomas are associated 
with wide- ranging biological behaviours from indolent to highly 
aggressive, and in men usually present invasive radiological fea-
tures. The PRL blood levels are roughly proportional to the tumour 
mass. Histologically, most lactotroph adenomas are chromophobic 
with a diffuse pattern. Immunostaining demonstrates strong PRL 
immunopositivity tracing the sacculi of the prominent Golgi ap-
paratus (Golgi pattern). Ultrastructurally, the three salient fea-
tures are masses of rough endoplasmic reticulum, prominent 
Golgi apparatus, and lateral extrusion of the small, sparse secretory 
granules— misplaced exocytosis. The latter is a specific marker of 
PRL differentiation.

Densely granulated lactotroph adenomas display strong and 
diffuse PRL immunoexpression with coexpression of Pit- 1 and ER- 
α. They are rare and have been considered aggressive tumours.

Acidophil stem cell adenomas are rare (2%), monomorphous 
type tumours with morphological signs of PRL and GH differenti-
ation. The tumours are associated chiefly with hyperprolactinaemia, 
but the serum PRL levels may be disproportionately low for its size. 
Physical stigmata of acromegaly and significant elevation of GH 
levels are infrequent. These tumours grow aggressively in young 
subjects with a tendency to invade intrasellar areas. The histo-
logical analysis demonstrates chromophobic adenomas with mod-
erate to strong immunoreactivity for PRL. Immunopositivity for 
GH is weak or negative, but immunostaining for cytokeratin re-
veals the dot- like positivity of fibrous bodies. The striking ultra-
structure is characterized by oncocytic change with the formation 
and increased number of giant mitochondria, sparse and small 
secretory granules with lateral extrusion (PRL marker), and fibrous 
bodies (GH marker).

Although calcification is extremely rare in other adenoma types, 
an estimated 10– 15% of lactotroph adenomas display varying de-
grees of calcification. The alteration may be extreme (‘pituitary 
stone’). Deposition of endocrine amyloid occurs infrequently.

Adequate therapeutic response with dopamine agonists is asso-
ciated with striking morphological changes in adenoma cells:  the 
nucleus becomes heterochromatic, the cytoplasm shows marked 
shrinkage due to loss and involution of the hormone- producing ap-
paratus of the cell (rough endoplasmic reticulum, Golgi complex), 
and PRL immunoreactivity is reduced or lost. Theoretically, the 
morphological changes are reversible; however, portions of the neo-
plasm may permanently lose their responsiveness and retain their 
suppressed features even when treatment is discontinued. Long- 
term administration of dopamine agonists may also cause varying 
degrees of fibrosis and calcification—which presents as psammoma 
bodies.

thyrotroph Adenomas

Thyrotroph adenomas express mainly TSH and also arise from Pit- 1 
pituitary cell lineage. They represent 1% of surgically removed ad-
enomas and are associated either with hyperthyroidism or inappro-
priately elevated levels of TSH. Inexplicably, some tumours bearing 
immunohistochemical characteristics of thyrotroph adenomas 
occur in euthyroid subjects. At the time of diagnosis, these tumours 

are often macroadenomas with a tendency to invade. The morph-
ology of the small group of thyrotroph adenomas exhibits sur-
prising diversity. Histologically, the adenomas are chromophobic 
and negative, or mildly positive with PAS. They may be highly dif-
ferentiated comprising elongated polar cells forming pseudorosettes 
around vessels. Alternatively, the pattern may be diffuse in some 
cases with considerable nuclear pleomorphism. However, another 
variant is markedly fibrotic. Minute calcifications may be evident as 
well. Immunoreactivity for TSH is variable; it is often patchy or scat-
tered, rarely extensive. Scattered cells may exhibit immunoreactivity 
for GH, PRL, and α- subunit. Both Pit- 1 and GATA2 are expressed. 
Thyrotroph adenomas possess somatostatin receptors and, in most 
cases, they are strongly positive for somatostatin receptor 2 (SSTR2) 
immunostaining.

Monomorphous Plurihormonal Adenomas

Plurihormonal adenomas produce more than one hormone. They 
can be monomorphous or plurimorphous, consisting of two or 
more different cell lineages. They include plurihormonal Pit- 1 
positive adenomas previously called silent subtype 3 adenomas. 
They have a frequency of approximately less than 1% and are clin-
ically significant owing to their aggressive behaviour. This tumour 
type is equally frequent in both sexes, but it has a strikingly different 
age- related distribution. In men, they may occur at any age from the 
second to the seventh decade while in women it occurs between the 
second and fourth decade, peaking in the late twenties, but rarely 
occurring after 40 years of age. Plurihormonal Pit- 1 positive aden-
omas can mimic lactotroph adenomas in women and are associ-
ated with low- grade hyperprolactinaemia. Some cases may present 
with acromegaly. Histologically, they are often acidophilic and may 
show mild PAS positivity. The large adenoma cells form a diffuse, 
or lobular pattern. Immunohistochemistry may demonstrate scat-
tered, minor positivity for various adenohypophyseal hormones, 
but the majority of tumour cells are immunonegative for all known 
pituitary hormones, showing extensive nuclear expression of Pit- 1.

Molecular Pathology of the Pit-1 Family of tumours

Approximately 40– 60% of sporadic somatotroph adenomas pre-
sent somatic mutations in the gene encoding the α subunit of the 
stimulatory G- protein (GNAS). These mutations are commonly 
found in densely granulated somatotroph adenomas. The somatic 
activating mutations, known as gsp mutations, prevent hydrolysis of 
guanosine- 5’- triphosphate (GTP), leading to a constitutive activa-
tion of the cAMP pathway, which in somatotrophs increases GH se-
cretion and cell proliferation [9, 18, 19]. A hallmark of somatotroph 
adenomas is the genetic and epigenetic alterations in the GNAS gene 
with the ensuing dysregulation of the cAMP pathway. Somatotroph 
adenomas with gsp mutations tend to have higher serum GH and 
IGF- I, but there are no differences between sparsely and densely 
granulated subtypes [20]. Epigenetic alterations that are common 
to both somatotroph and lactotroph adenomas include CASP8, 
CDKN2A, DAPK1, MGMT, RB1, and TP73 [12].

AIP- mutation positive patients present with somatotroph and 
lactotroph adenomas in 85% of the cases [21]. In MEN 1, lactotroph 
adenomas are the most frequent, followed by clinically non- 
functioning adenomas, somatotroph and corticotroph adenomas 
[10]. In thyrotroph adenomas, inactivating mutations of MEN1 
gene have been reported.
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tpit Family of tumours

corticotroph Adenomas

Corticotroph adenomas arise from Tpit pituitary cell lineage and 
express ACTH and other POMC- derived peptides. They are classi-
fied into three subtypes: densely granulated corticotroph adenomas, 
sparsely granulated corticotroph adenomas, and Crooke cell aden-
omas. Corticotroph adenomas may also be clinically silent.

Densely granulated corticotroph adenomas account for 10– 12% 
of surgically removed adenomas and are responsible for Cushing’s 
disease. These tumours exhibit a marked female preponderance. 
The age- related occurrence of corticotroph adenomas is similar in 
both sexes peaking in the fourth decade. Most corticotroph lesions 
are small microadenomas causing florid Cushing’s disease [22]. 
The tumours, often measuring only a few millimetres in diameter, 
may be too small to be conclusively detected by imaging or to be 
identified at surgery. Therefore, serial sectioning of the biopsied 
tissue fragments is often needed, which may not always result in 
the demonstration of the tumour. Histologically, corticotroph ad-
enomas are basophilic and PAS- positive with a sinusoidal or dif-
fuse pattern. Immunoreactivity can be demonstrated not only for 
ACTH, but for β- endorphin, β- LPH, and CLIP as well. Perinuclear 
bundles of cytokeratin filaments, characteristic for the human 
corticotrophs are demonstrated with Cam5.2 as cytoplasmic, peri-
nuclear pattern.

In a minority of cases, pituitary- dependent Cushing’s disease is 
brought about by larger tumours. These neoplasms are often as-
sociated with a milder form of hypercortisolism, but the tumours 
grow aggressively, often invade, and are frequently macroadenomas 
at the time of diagnosis. Histologically they exhibit variable, often 
weak PAS positivity and immunoreactivity for ACTH. A few cases 
of aggressive macroadenomas also display immunoreactivity for LH 
and α- subunit. Morphological features of corticotroph adenomas in 
cases of Nelson’s syndrome are similar to those of densely granu-
lated corticotroph adenomas in Cushing’s disease with few or no 
cytokeratin filaments.

Sparsely granulated corticotroph adenomas are composed of 
faintly basophilic or chromophobic cells. They are PAS- positive 
with patchy immunopositivity for ACTH.

Crooke hyalinization (i.e. excessive accumulation of cytokeratin 
filaments) is the ubiquitous response of the normal human ACTH 
cells to the long- lasting elevation of circulating glucocorticoid 
levels. Accumulation of these cytokeratin filaments causes a glassy 
hyaline appearance to the cytoplasm and displacement of PAS and 
ACTH- positive granules to the cell periphery. These ‘Crooke cells’ 
can be identified using Cam5.2 immunostaining, which displays a 
strong ring- like pattern around the nucleus. In cases of Cushing’s 
disease with persistent hypercortisolism after surgery, no evidence 
of a corticotroph adenoma at pathology, and only pituitary gland 
obtained, analysis for the presence of Crooke cells is pertinent. 
Presence of Crooke cells confirms the previous hypercortisolism 
and will dictate the next step of treatment [22]. Accordingly, Crooke 
hyalinization would be noted in (1)  non- tumorous corticotrophs 
adjacent to corticotroph adenomas; (2)  in ectopic ACTH/ 
corticotrophin- releasing hormone (CRH) syndrome; (3) in patients 
with glucocorticoid secreting adrenocortical tumours; (4)  and 
subjects taking glucocorticoids (factitious Cushing syndrome). In 

cases of pseudo- Cushing, Crooke cells will not be present in the pi-
tuitary tissue.

Crooke cell adenomas are a rare type of pituitary tumours. 
They produce ACTH causing Cushing’s disease or may be 
endocrinologically silent. Crooke hyalinization is not expected to 
develop in corticotroph tumours yet, a minority of such adenomas 
contain a variable percentage of adenoma cells displaying this al-
teration, identical to the Crooke cells seen in the adenohypophysis 
of patients with glucocorticoid excess. If this change affects more 
than 50% of the cells, tumours are diagnosed as Crooke cell aden-
omas [23]. The reason for which Crooke cell adenomas produce 
ACTH while simultaneously displaying Crooke hyaline changes 
in response to increased glucocorticoid excess is not well under-
stood. These tumours are usually invasive, may exhibit aggressive 
clinical behaviour, and often recur with a low success of cure after 
reoperation and radiotherapy. Due to their rarity, they present con-
siderable difficulties in assessing prognosis, treatment, and clinical 
management [23].

Silent corticotroph adenomas are unassociated with func-
tional activity and present as clinically non- functional tumours. 
There are two subtypes of silent corticotroph adenomas. Silent 
corticotroph adenomas subtype 1— densely granulated— show 
less female preponderance and different age- related occurrence 
than corticotroph adenomas associated with Cushing’s disease. 
The tumours display a high propensity for haemorrhage and may 
present with pituitary apoplexy. Morphologically the adenomas 
have the same basophilia, PAS positivity, ACTH and β- endorphin 
immunoreactivity and ultrastructural features as corticotroph 
tumours associated with Cushing’s disease. Silent corticotroph 
adenomas subtype 2— sparsely granulated— have a frequency of 
1.5– 2.0% and show marked male preponderance. The tumours 
appear as non- functioning masses and are usually diagnosed at 
the macroadenoma stage. Histology reveals chromophobic tu-
mours comprised of small cells, which exhibit only modest PAS 
positivity and scattered immunoreactivity for ACTH and β- 
endorphins. No cytokeratin filaments are present with Cam5.2. 
They can present with aggressive clinical behaviour [5] . These 
two adenoma types are possibly derived from cells of the pars 
intermedia.

Molecular Pathology of the tpit Family of tumours

In approximately 40–60% of corticotroph adenomas, somatic mu-
tations in Ubiquitin Specific Peptidase 8 gene (USP8)—resulting in 
increased EGFR expression and increased mRNA levels of POMC—
have been demonstrated [24, 25]. Corticotroph adenomas with 
mutated USP8 are commonly found in females, present as small tu-
mours with high ACTH production, and are associated with better 
prognosis [24]. USP8 mutations have not been confirmed in silent 
corticotroph tumours. Epigenetic mutations in TP53 are linked to 
corticotroph adenomas.

MicroRNA (miRNA) studies revealed a large number of miRNAs 
that are upregulated and downregulated. Among those, it was shown 
that miR- 26a plays a crucial role in cell cycle control of corticotroph 
adenomas [12].

Pituitary blastoma, in DICER1 syndrome, is a rare develop-
mental early childhood invasive neoplasm arising within the fetal 
adenohypophysis causing infantile- onset Cushing disease. It con-
sists of a combination of Rathke- type epithelial rosettes, small 
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primitive appearing cells, and secretory cells expressing ACTH. 
Genetic analysis has revealed a germline DICER1 mutation which is 
often accompanied by a somatic mutation affecting the RNase IIIb 
domain of DICER1 in the cases studied [26].

SF- 1 Family of tumours

Gonadotroph Adenomas

Gonadotroph adenomas arise from SF- 1 pituitary cell lineage and 
produce β- FSH, β- LH, and α- subunit. They can also express ER- α 
and GATA2. Their incidence in the surgical material is about 10%; 
they occur with similar frequency in both sexes. Most gonadotroph 
adenomas appear as slow- growing, expansive macroadenomas 
causing local symptoms. A discrepancy between clinical parameters 
and morphological signs of gonadotroph differentiation is common; 
tumours displaying FSH/ LH immunoreactivity and signs of a high 
degree of functional differentiation, may be unassociated with ele-
vated serum FSH or LH levels. Some clinically non- functioning 
pituitary adenomas are gonadotroph adenomas due to their lack 
of any endocrine activity. The morphology of gonadotroph aden-
omas is variable. Histology may reveal either polar cells forming 
pseudorosettes around vessels or a diffuse pattern. Oncocytic 
change, an excessive increase of number and volume density of 
mitochondria, is frequent. Immunoreactivity for FSH or LH is vari-
able, often patchy; α- subunit, which is a useful clinical indicator, is 
not a reliable morphological marker.

Molecular Pathology of the SF- 1 Family of tumours

Molecular studies involving tumours from the SF- 1 lineage found that 
they have a lower number of germline and somatic mutations compared 
to other pituitary adenomas. Silencing of MEG3 located on chromo-
some 14q32 which has an antiproliferative role in adenomas was also 
found to have an important role in the development of gonadotroph 
adenomas. To date, in MEN- 1, no gonadotroph adenomas have been 
reported. Both non- functioning adenomas and gonadotroph aden-
omas have shown to have loss of p16 protein (tumour suppressor en-
coded by CDKN2A gene) and hypermethylation of CDKN2A.

Polymorphous Plurihormonal Adenomas

Plurihormonal Adenomas

Polymorphous plurihormonal adenomas are rare tumours, often 
with unique ultrastructure. The most common combinations are 
GH- TSH- PRL or PRL- TSH, but other combinations of different 
cellular lineages can also occur.

transcription Factor and Hormone- negative 
Adenomas

null cell Adenomas

Null cell adenomas are composed of adenohypophyseal cells that do 
not display evidence of cell lineage differentiation by pituitary tran-
scription factors or pituitary hormones. These hormonally inactive 
adenomas account for approximately 25% of surgically removed tu-
mours. They are twice as common in males, and peak in the sixth 

decade in both sexes. Most of the tumours are slowly growing, ex-
pansive macroadenomas causing local symptoms and varying de-
grees of hypopituitarism. Low- grade hyperprolactinaemia may 
occur (‘stalk section effect’). Histologically they are chromophobic 
with a predominantly diffuse staining pattern. Pseudorosette for-
mation, characteristic of glycoprotein hormone- producing tu-
mours, may also occur. Null cell adenomas are immunonegative for 
adenohypophyseal hormones and transcription factors. Oncocytic 
change can occur, and in this case, they are referred to as pituitary 
oncocytomas.

Oncocytomas characteristically have a diffuse staining pattern 
by histology. The adenoma cells are larger than null cells and may 
display acidophilia due to non- specific binding of acidic stains by 
mitochondria. The pattern of immunoreactivity is similar to null 
cell or gonadotroph adenomas. By electron microscopy, the sole 
ultrastructural marker is the extensive accumulation of mitochon-
dria, whereas the other organelles are poorly developed.

Molecular Pathology of null cell Adenomas 
and Oncocytomas

Promoter methylation has been reported in many genes (LGAL3, 
PLAG1, and long non- coding RNA MEG3 and WIF1) that func-
tion as tumour suppressors with antiproliferative activity. Recent 
studies reported that the ENC1 gene, which has an essential role in 
tumour invasion, may have an important role in null cell adenomas 
and oncocytomas. Patients with MEN1 have an increased risk of 
developing null cell adenomas. Approximately 60% of oncocytic pi-
tuitary adenomas show somatic mutations in mitochondrial DNA 
genes, coding for various respiratory complex I components. These 
mutations contribute not only to the development of oncocytic 
change, but also to a less aggressive tumour phenotype [27].

Pituitary carcinomas

Pituitary carcinomas can be diagnosed only when a pituitary neo-
plasm gives rise to distant, craniospinal, or less frequently, extra-
cranial metastasis. Such tumours are extremely rare and have been 
associated with poor prognosis. They usually present as invasive 
macroadenomas and grossly they appear similar to other pituitary 
adenomas. To date, no criteria have been found to quickly and easily 
distinguish between an invasive adenoma and one that has the po-
tential to become a carcinoma. Most pituitary carcinomas produce 
either PRL or ACTH. Other types, including those unassociated with 
signs of hormone overproduction, are exceptionally rare. Pituitary 
carcinomas are not accompanied by specific histological features; en-
hanced mitotic activity, nuclear and cellular pleomorphism do not 
necessarily indicate malignancy, and vice versa. Neoplasms with 
bland features may give rise to metastasis. Application of the cell pro-
liferation marker, Ki- 67 is more useful; carcinomas display nuclear la-
belling consistently higher than adenomas [28]. Immunoreactivities 
of pituitary carcinomas follow the pattern of their non- malignant 
phenotype, although the degree of immunopositivity may be variably 
reduced. The p53 expression has been used as a marker for tumour 
behaviour and high p53 expression is associated with malignancy in 
both the primary lesion and metastases. Studies have not been able 
to conclusively confirm the reliability of p53 pertaining to pituitary 
carcinomas since studies have shown that p53 expression may be neg-
ligible or absent in both lesions [29].
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Molecular Pathology of Pituitary carcinomas

Although several studies have reported molecular and genetic de-
fects in both pituitary carcinoma metastases and primary lesions, to 
date, there is no definitive data on the molecular or genetic profiles 
of pituitary carcinomas.

Aggressive Pituitary Adenomas

Clinically aggressive pituitary adenomas comprise a broad, and 
not yet clear, group of tumour types which are diagnosed later, 
do not respond well to therapy, and are generally associated with 
a poor prognostic outcome. Aggressive tumours can be either 
microadenomas or macroadenomas, have the potential to invade 
into surrounding structures, and are characterized by a higher 
rate of recurrence compared to their benign adenoma counter-
parts [30]. A  specific histopathological description of the mul-
tiple pituitary adenomas may assist in recognizing characteristics 
suggestive of aggressiveness. According to WHO classification of 
pituitary adenomas (2017), sparsely granulated somatotroph ad-
enomas, lactotroph adenomas in men, silent corticotroph aden-
omas, Crooke cell adenomas, and plurihormonal Pit- 1 positive 
adenomas are considered as high risk (of recurrence) adenomas 
[6] . Apart from the histologic and morphologic methods utilized 
to classify the tumour types, no single feature can provide a reliable 
assessment to predict aggressive behaviour. To date, the most reli-
able and accepted immunohistochemical analysis to evaluate ag-
gressive behaviour in pituitary adenomas is the assessment of the 
Ki- 67 nuclear labelling. If the Ki- 67 nuclear labelling index is more 
than 10%, the tumour may be classified as aggressive, although 
there is no agreement on this [3]. Another histologic marker used 
to correlate tumour behaviour is the p53 expression. Studies have 
shown that tumour behaviour is associated with p53 expression 
since it is absent in non- invasive pituitary adenomas but large, 
invasive pituitary adenomas demonstrate strong, diffuse nuclear 
immunopositivity for p53, although, as with Ki- 67, studies have 
not conclusively confirmed the reliability of p53 as a marker for ag-
gressive behaviour [30]. A clinicopathological classification, which 
considers proliferation markers, invasion, and size, has been pro-
posed [31], and, recognizing the variable behaviour of pituitary tu-
mours in patients, a recent suggestion to replace the term pituitary 
adenoma to pituitary neuroendocrine tumour (PitNET) has also 
been made [32].

Immunohistochemical study of MGMT expression may be used 
as a prognostic marker for aggressive pituitary adenomas. Studies 
have shown that progression and recurrence of pituitary adenomas 
are often associated with loss of MGMT expression [4, 33, 34] and 
that low MGMT expression may be both a predictive marker for 
temozolomide response, and a prognostic marker of tumour recur-
rence and poor prognosis in pituitary adenomas.
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Adenomas

non- Functioning Pituitary Macroadenomas

Non- functioning pituitary macroadenomas are by far the most 
common macroadenomas. They are also named non- secreting pi-
tuitary adenomas and, more recently, pituitary neuroendocrine tu-
mours (PitNET). They are divided into eight subtypes, based on the 
immunohistochemical expression of anterior pituitary hormones 
and pituitary transcription factors [1] .

They are revealed by symptoms of mass effect, such as headache 
and visual field defects, less frequently by anterior pituitary insuf-
ficiency. On the contrary, the presence of diabetes insipidus allows 
in nearly all cases to reject the diagnosis of pituitary adenoma. 
Non- functioning pituitary macroadenomas are also discovered by 
chance in more than 30% of the cases.

The role of MRI is essential:

 • to make the proper diagnosis and eliminate other sellar masses
 • to evaluate the optic chiasm and optic nerve compression
 • to localize the normal pituitary gland
 • to search for signs of aggressivity, such as cavernous sinus invasion
 • to look for remnants or recurrence after surgery.

Pituitary macroadenomas are centred by an enlarged sella turcica 
and frequently present with lobular contours. Tumoural extension 
is usually directed upwards to the suprasellar cistern, with compres-
sion and / or thinning of the optic chiasm and amputation of the 
inferior recesses of the third ventricle. Hyperintensity of the whole 
optic chiasm or a rail- like pattern on coronal T2- weighted images is 
a criterion of severity of nerve fibre lesion/ damage and must prompt 
rapid surgical decompression. It has been demonstrated that an 
angle less than 114 degrees measured between the optic nerve and 
the floor of the anterior fossa is a sign of poor prognosis despite sur-
gery (Figure 2.3.4.1).

Giant non- functioning adenomas can extend to the frontal or 
temporal lobes. Blockade of the foramens of Monro can be respon-
sible for hydrocephalus. Extension can also be directed inferiorly 
within the sphenoid sinus or laterally in the cavernous sinus, most 
of the times unilaterally.

Non- functioning pituitary macroadenomas usually present with 
a moderate hypointense signal in T1 and a hyperintense signal on 
T2- W images. In large pituitary adenomas, T1 as well as T2 signal 
is usually heterogeneous, with areas of T1 hyperintensity and/ or 
T2 hyper-  or hypointensity revealing haemorrhagic or necrotic 
phenomena. A fluid- fluid level indicates an old haemorrhage. In 
contrast, meningiomas most of the time display a homogeneous 
signal on T1 as well as on T2- W images. Post- gadolinium en-
hancement of the solid part of the tumour is variable but usu-
ally moderate. A  characteristic microcystic pattern is observed 
on T2- W images in 50% of silent corticotropic adenomas. The 
normal residual anterior pituitary gland is visualized on T2 cor-
onal images and after gadolinium infusion. It is compressed and 
pushed laterally on one side, against the cavernous sinus and su-
periorly, but almost never inferiorly. The opposite is true for men-
ingiomas, craniopharyngiomas, and Rathke cleft cysts, where the 
normal gland is pushed down and can be seen inferiorly, below 
the tumour (Figure 2.3.4.2). The posterior pituitary bright spot 
is flattened and remains visible on axial T1 sequences; never-
theless, as soon as the tumour height reaches 20  mm, pituitary 
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stalk compression leads to an ectopic vasopressin storage at the 
infundibular level.

Sequential coronal MRI exams obtained rigorously with the 
same projection, for instance in our practice perpendicularly to the 
subcallosal line, are mandatory to detect recurrence as early as pos-
sible (Figure 2.3.4.3).

cavernous Sinus invasion

Invasion of the cavernous sinus is usually obvious:  enlargement 
of the laterosellar space, bulging of its lateral wall, blurring of the 
intracavernous veins with encasement but without narrowing of 
the intracavernous internal carotid artery make the diagnosis clear. 
Subtle invasion occurs initially at the posterior part of the cavernous 
sinus and is better identified on axial views. Integrity of the medial 

dural wall, more frequently visible on coronal or axial T2- W im-
ages at 3.0 T, excludes cavernous sinus invasion (Figure 2.3.4.4). In 
non- functioning pituitary adenomas, the cavernous sinus invasion, 
which represents a sign of aggressiveness, is usually unmodified by 
the surgeon/ usually persists after surgery and is a potential source 
of tumoural regrowth years after surgery [2] .

Apoplexy

Apoplexy is a severe complication of pituitary adenomas resulting 
from an ischaemia or a brutal haemorrhagic event. Apoplexy is 
symptomatic, unlike subacute haemorrhage from which it has to 
be differentiated. Most pituitary apoplexies complicate pituitary 
middle- sized macroadenomas but rarely giant adenomas, as if 
haemorrhagic infarction preferentially occurs when the responsible 

(a)

(c)

(b)

Figure 2.3.4.1 Non- functioning pituitary macroadenoma on sagittal T1 (a) and coronal T2 (b) W images. A sagittal oblique contrast enhanced 
FIESTA (c) demonstrates the angle between optic nerve and anterior cranial fossa.

(a) (b) (c) (d)

Figure 2.3.4.2 Coronal enhanced T1- W images demonstrating the normal anterior pituitary gland (arrows) in pituitary adenoma (a), sellar 
meningioma (b), craniopharyngioma (c), and Rathke cleft cyst (d).
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pituitary adenoma is still contained by the sellar diaphragm. Not 
infrequently, apoplexy reveals the pituitary adenoma. Apoplexy 
of an adenoma remnant can also occur years after surgery [3] . 
Diagnosis may be difficult in the early stage, the classical predom-
inant hyperintensity on T1 being frequently absent; the T2 sequence 
is more sensitive by demonstrating heterogeneous low signal inten-
sity. Diffusion- weighted images can show an increased signal inten-
sity if compared with the normal brain and a low apparent diffusion 
coefficient. Thickening of the sphenoid sinus mucosa is present 
from the early stage (Figure 2.3.4.5). After gadolinium injection, 
peripheral enhancement is noticed with no or minimal enhance-
ment of the central part of the sellar content.

Sequential MRI will demonstrate the gradual increase in the T1 
hyperintense signal, from the periphery towards the centre of the 
mass. If surgery is not indicated, as is usually the case, MRI will 
show shrinkage of the sellar content in several weeks or months.

the Postoperative Sella

In the immediate postoperative period, some neurosurgeons request 
for an MRI to eliminate a possible complication. But blood products 
and packing material can obscure the sellar content and possible 
residual tumour in the first weeks after surgery. Postoperative MRI 
is then usually not obtained before 3 months after surgery. At this 
time, blood and most of the packing material, if any, are resorbed 
at the exception of fat grafts which can persist many years after 

surgery. Coronal high- resolution 2 mm thick T2- W sequence is the 
most informative, whereas contrast enhanced MRI can frequently 
be spared. Remodelling of the normal pituitary gland occurs 
6 months after surgery at the latest; it appears as a homogeneous 
triangular or oval small mass in contact with the sellar floor and 
the medial wall of the cavernous sinus, most of the times isointense 
to the brain cortex on T2- weighted sequences. The T2 signal of the 
tumoural remnant, if any, is quite always more or less hyperintense 
if compared with that of the residual normal pituitary tissue and of 
course the same as preoperatively. In subsequent years, MRIs rigor-
ously performed with the same parameters and the same inclination 
will be able to demonstrate stability or an early slight increase in 
volume of the remnant and no change of the normal pituitary tissue 
(Figure 2.3.4.6) [4, 5].

Prolactin- Secreting Pituitary Adenomas

In women with amenorrhea and galactorrhoea and a prolactin level 
above 35 ng/ ml, the chances to find a prolactinoma on MRI are very 
high. These adenomas display a T1 hypointense signal and a more 
or less hyperintense signal on T2 (Figure 2.3.4.7). When the clinical 
presentation is clear and the diagnosis confirmed by T1/ T2 MRI 
sequences, the protocol can be simplified and gadolinium injection 
avoided. Most are microprolactinomas and there is a good correl-
ation between prolactin level and adenoma size. For instance, a pro-
lactin level of 60– 90 ng/ ml usually corresponds to an adenoma of 

(c) (a) (b)

Figure 2.3.4.3 Sequential coronal T1- W images (a, b) are easily compared when obtained perpendicularly to the subcallosal line drawn on (c), 
sagittal T1- W image.

(a) (b)

Figure 2.3.4.4 Non- functioning pituitary adenoma years after surgery with intrasellar and intracavernous tumoural remnant. T1-  (a) and T2- W 
images (b). Flap of the medial wall of cavernous sinus (arrow).
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7– 10 mm in diameter. Nevertheless, some adenomas do not obey 
this rule. A frank T2 hyperintensity reflecting degenerative changes 
or a T1 hyperintensity indicating a partial haemorrhagic transform-
ation is less secreting and correlate with a lower prolactin level. 
Such a haemorrhage is usually asymptomatic and frequently seen 
at diagnosis as well as after cabergoline treatment. Prolactin levels 
above 150– 200 ng/ ml correspond to pituitary macroadenomas with 
suprasellar extension and/ or cavernous sinus invasion.

After cabergoline treatment, shrinkage of the adenoma occurs 
quickly, as soon as a few days or weeks and the hyperintense T2 
signal increases. If pregnancy is obtained and cabergoline with-
drawn, the size of the adenoma roughly doubles when compared 
with its size before treatment. This has to be kept in mind for the 
management of prolactinomas during pregnancy. As a general 
rule, pregnancy has no adverse effect for microprolactinomas. 
Nevertheless, a close supervision has to be discussed in haemor-
rhagic adenomas, in prolactinomas with unusually T2 hypointense 
signal or T2 microcystic pattern or in women with a small sella [6] .

In men, most prolactinomas are macroadenomas and even 
giant adenomas. In contrast with the usual T2 hyperintensity of 
prolactinomas, some harbour T2- hypointense areas corresponding 
to calcifications or amyloid deposits. Prolactin levels are very high, 
and can reach thousands of ng/ ml. Cavernous sinus invasion is very 

frequent. Extension to the entire sphenoid sinus can simulate an 
ear/ nose/ throat (ENT) cancer (Figure 2.3.4.8). Cabergoline is usu-
ally efficient with a rapid tumour shrinkage but can lead to a cere-
brospinal fluid (CSF) fistula in case of erosion of the sphenoid sinus 
walls. Initiation of treatment with low- dose dopamine agonists does 
not always allow to avoid this complication [7] .

Growth Hormone- Secreting Pituitary Adenomas

Growth hormone (GH)- secreting pituitary adenomas or 
somatotropinomas represent the third most frequent type of pi-
tuitary adenomas following prolactinomas and non- functioning 
tumours. Their prevalence ranges from 8 to 16% of all types of ad-
enomas with an incidence of 3– 4 cases/ million inhabitants/ year.

Most of the times, somatotropinomas are revealed during the 
imaging studies that follow the diagnosis of acromegaly. Rarely, they 
can be an incidental finding on an imaging examination performed 
for a different reason in a patient that was not known to suffer from 
acromegaly.

Studies performed on large series of patients with acromegaly 
have shown that somatotropinomas are macroadenomas in over 
two- thirds of cases at diagnosis. The largest diameter of most GH- 
secreting adenomas is between 1 and 2 cm. Giant tumours are rare. 
There seems to be an inverse relationship between adenoma size 

(a) (b)

Figure 2.3.4.5 Pituitary apoplexy on coronal T1 (a) and T2 (b) W images. Thickened sphenoid sinus mucosa (arrows).

(a) (b) (c)

Figure 2.3.4.6 Pituitary adenoma remnant. Sequential T1- W images (a, b) show an enlargement of the remnant (asterisk). In c, coronal T2- W image, 
the normal pituitary gland (curved arrow) is unchanged and less intense than that of the tumoural remnant.
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and patient age at diagnosis, with younger patients often developing 
larger tumours. Among these younger patients, tumours develop 
more frequently in a genetic context and, when appearing before the 
closure of the growth plates, will lead to gigantism. The biochemical 
anomalies (GH and IGF1 increases) seem to also be related to tu-
mour size with bigger tumours being responsible for higher levels of 
GH and IGF1. This is valid for adenomas measuring up to 20 mm of 
largest diameter. Beyond this threshold, correlations between secre-
tory levels and tumour size are no longer found.

A particularity of the natural evolution of GH- secreting aden-
omas is their tendency to extend towards the sphenoid sinus. The 

reasons behind this propensity towards infrasellar development are 
not yet clear and may involve local effects of the somatotropinoma 
or the consequences of GH secretion on connective tissue. 
Suprasellar extension with optic chiasm compression is rarer than 
infrasellar extension, which explains why visual field defects are not 
very common at the diagnosis of acromegaly.

Unlike other types of pituitary adenomas, GH- secreting ones 
exhibit a T2- hypointense signal in around 50% of cases, whereas 
prolactinomas and non- functioning adenomas are more rarely T2- 
hypointense. Although different definitions of T2- weighted signal 
intensity have been employed in the existing literature, we believe 

(a) (b)

Figure 2.3.4.7 Microprolactinoma hyperintense on T2 (a) and hypointense on T1- W images (b).

(a) (b)

(c) (d)

Figure 2.3.4.8 Macroprolactinoma invading sphenoid sinus in a male. Prolactin level is 10 000 ng/ ml. (a) Sagittal T1- W image. Huge tumoural 
process extending upwards, downwards, and posteriorly. The inferior surface of the sphenoid bone is eroded as demonstrated on (b), sagittal CT 
(curved arrow). In (c), after low dose cabergoline, limited tumoural shrinkage leading to a CSF fistula. (d) Fat graft interposition to cure the fistula.
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that the most accurate one is comparison with normal pituitary 
tissue and, only when the latter is not visible, with the grey matter 
of the temporal lobe. T2- hypointense somatotropinomas present 
different characteristics compared to T2- hyper and isointense ones. 
T2- hypointense adenomas seem to be smaller, less invasive tumours, 
with higher secretory levels (Figure 2.3.4.9). These T2- hypointense 
GH- secreting adenomas respond better to somatostatin analogue 
treatment. This is true both for primary treatment in terms of de-
creases of GH and IGF1 and of tumour reduction and for adjunctive 
therapy following surgical failure with hormonal control being 
achieved more frequently in patients with T2- hypointense tumours.

Current research is focusing on the relationships between T2- W 
signal intensity in somatotropinomas and histologic parameters. 
These might explain on one hand the different T2- W signal intensity 
of somatotropinomas and, on the other, the differences in adenoma 
behaviour, whether spontaneous or in response to somatostatin 
analogue treatment. Although not confirmed on large studies, it is 
believed that the densely granulated pattern of somatotropinomas 
correspond to T2- hypointensity, whereas T2- hyperintense aden-
omas are mostly sparsely granulated. Iron, fibrous tissue, or amyloid 
content do not seem to influence T2- W signal intensity. One study 
found that T2- hypointensity is correlated to expression of the som-
atostatin receptor type 5 (SSTR5), whereas no difference seems to 
exist with regards to SSTR2. Further detailed studies on larger series 
are required in order to clarify the matter [8] .

corticotropic Pituitary Adenomas

Corticotropic pituitary adenomas are responsible for adrenocor-
ticotropic hormone (ACTH)- dependent hypercorticism. Their 
detection is of major importance for the treatment of Cushing’s 
disease and represents a difficult challenge for radiologists. Less of 
half of corticotropic pituitary adenomas are macroadenomas. Most 
are microadenomas and a large number are picoadenomas (i.e. less 
than 3– 4 mm in diameter). Moreover, a significant number escape 
MRI detection even at 3.0 T. In these cases, inferior petrosal sinus 
blood sampling for plasma ACTH measurements has an important 
role. 11C methionine PET- computed tomography (CT) combined 
with 3D MRI is also very promising but for now is not able to de-
tect the tiniest pituitary adenomas. Macrocorticotropic adenomas 
do not differ from other adenomas. They are hypointense on T1 and 
more or less hyperintense on T2- weighted sequences. Micro and 
picoadenomas can be located centrally or laterally in the sella, more 

readily posteriorly and in contact with the posterior lobe. They are 
suspected through the presence of a small or even millimetric T2 
hyperintense area and confirmed by a localized enhancement de-
fect on 3D MRI. Cavernous sinus invasion can be present even in 
microadenomas. Optimized MRI sequences are here mandatory, 
but increase the risk of false positive findings. Dynamic MRI has 
been proposed to distinguish ACTH- producing adenomas from 
non- functioning pituitary adenomas, the time- intensity curve of 
enhancement featuring a rapidly enhancing and slow washout pat-
tern in the first ones. However, dynamic imaging can lead to false 
positive images, particularly if a laterally positioned posterior lobe 
is not recognized (Figure 2.3.4.10). Delayed washout of cortico-
tropic adenomas could also be demonstrated on a late postcontrast 
FLAIR sequence. Administration of corticotropin- releasing hor-
mone (CRH) during 3T MRI has also been proposed to improve 
the detection of corticotropic adenomas. These data have to be con-
firmed in larger series of patients [9] .

Silent corticotroph pituitary adenomas are clinically and biologic-
ally silent, but harbour ACTH- secreting cells at pathology. Because 
they are endocrinologically silent, silent corticotroph adenomas are 
either diagnosed when large or incidentally and behave like non- 
functioning macroadenomas [10]. A cystic or microcystic pattern 
on T2- W images is present in more than 50% of silent corticotroph 
adenomas (Figure 2.3.4.11).

Rathke cleft cysts

Rathke cleft cysts (RCC) are intra and/ or suprasellar lesions be-
lieved to derive from remnants of the Rathke pouch. If ‘microRCCs’ 
are considered, they represent the most frequent lesions of the 
sellar region revealed on MRI and have to be evoked first when an 
incidentaloma is revealed. Characteristic imaging patterns make 
their diagnosis easy, provided that MRI sequences are carefully 
selected.

RCC’s can be classified by location, content, and related 
symptoms.

Rcc’s Originate intra— Or Suprasellarly

Intrasellar RCCs are by far the most frequent, diagnosed by 
their location, just in front and in close contact with the posterior 
lobe. Most are hyperintense on T1 and can be mistaken for the 

(a) (b)

Figure 2.3.4.9 Growth hormone- secreting adenomas on T2- W images: T2 hypointense (a) and T2 hyperintense (b).
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posterior lobe or even for a fatty dorsum sellae: axial T1 sequence 
with fat saturation solves the problem. They are strictly mid-
line and symmetrical with a curved regular anterior border, ex-
cept when coexisting with a pituitary adenoma (Figure 2.3.4.12). 
Most intrasellar RCCs are asymptomatic, but can expand into the 
chiasmatic cistern.

Suprasellar RCCs are said to originate from the pars tuberalis. 
They are seen on the upper surface of the pituitary gland or em-
bedded in the pituitary as an egg in an eggcup, on the midline 
(Figure 2.3.4.13a) very rarely off midline. They can also involve 
the pituitary stalk and simulate a tumour (Figure  2.3.4.13b). 
These pituitary stalk RCCs never prevent the normal vasopressin 
storage within the posterior lobe. Suprasellar RCCs can be hypo-  
or hyperintense on T1 but usually less hyperintense than when 
intrasellarly located and more or less hyperintense on T2- weighted 
sequences. Cyst signal is related to its proteic content and can vary 

with mucus secretion from its wall and dehydration. Cyst volume 
can also vary with time; it can increase, decrease, or even dis-
appear spontaneously. In about 70% of the cases, a T2 hypointense 
hyperproteinic nodule is able to make the diagnosis of RCC indis-
putable; this nodule can be tiny or involve the whole RCC (Figure 
2.3.4.14). After gadolinium infusion, the thin monocellular cyst 
wall does not enhance in asymptomatic cysts [11].

We Used to Differentiate Symptomatic 
from complicated Rccs

Symptomatic RCCs are responsible for mass effects due to their size, 
mainly visual field defects if the optic chiasm is threatened, head-
ache, rarely anterior pituitary deficits [12]. Mild hyperprolactinemia 
due to stalk compression can be encountered. Complicated RCCs 
can present with haemorrhage, infection or rupture and are mainly 
responsible for anterior and/ or posterior pituitary deficits, some-
times after one or several short episodes of severe headache, prob-
ably related to a reactional hypophysitis. These pituitary deficits 
usually occur in a short period of time. In these cases of complicated 
RCCs, the cyst wall is thickened and appears enhanced with gado-
linium infusion. The distinction between wall enhancement and 
normal pituitary tissue encircling the cyst has to be made; dynamic 
imaging could help to this purpose (Figure 2.3.4.15).

The characteristic pattern of RCCs presented here render the 
differential diagnosis with pituitary adenomas usually simple. 
Moreover, mass effect, such as enlargement of the sella is less fre-
quent in RCCs than in pituitary adenomas. Finally, the position of 
the normal pituitary gland is important to consider: unlike what is 
observed in pituitary adenomas, the normal gland in RCCs can be 
typically seen between the cyst and the sellar floor (Figure 2.3.4.2d).

Perisellar tumours

craniopharyngioma

Craniopharyngioma is an epithelial tumour, classified World Health 
Organization grade 1. They represent approximately 5% of all intra-
cranial tumours. Craniopharyngiomas are derived from remnants of 
the Rathke’s pouch and can occur anywhere along the course of the 
craniopharyngeal duct, from the nasopharynx to the third ventricle. 
They are characterized by a bimodal age distribution, with a main peak 
in children (5– 14 years) and a second peak in adults (fifth– seventh 

(a) (b)

Figure 2.3.4.10 False positive diagnosis of a pituitary microadenoma on early phase of dynamic imaging: the pseudo right defect in enhancement 
(curved arrow in a, coronal T1- W image) is related to a lateral normal position of the T1 hyperintense posterior lobe visible on (b) axial T1- W image.

Figure 2.3.4.11 Silent corticotropic adenoma. Microcystic pattern on 
coronal T2- W MRI.
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(a) (b) (c)

Figure 2.3.4.12 Micro Rathke cleft cyst on sagittal T1 (a) and axial T1 Fatsat (b) W images. Coexisting haemorrhagic pituitary adenoma on axial T1- 
W image on (c).

(a) (b)

Figure 2.3.4.13 Rathke cleft cysts as an egg in an eggcup on coronal T1- W image (a) and of the pituitary stalk in (b) coronal T1- W- enhanced image.

(a) (b)

Figure 2.3.4.14 Rathke cleft cysts. Hyperproteinic pathognomonic T2 hypointense nodules, small in (a) coronal T2- W image, large and involving 
the whole cyst in (b) axial T2- W image.

(a) (b) (c)

Figure 2.3.4.15 Rathke cleft cyst wall. (a– c) Coronal T1- W enhanced images. Non- visible and non- enhanced cyst wall in non- complicated RCC (a). 
Thin and incomplete enhanced wall is also a normal pattern (b). Thick and complete wall enhancement in complicated RCC (c).
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decade). There are two histologic subtypes:  the adamantinomatous 
type, the most common form, typically seen in children and adoles-
cents, and the papillary type, seen almost exclusively in adults, usually 
in the third ventricle. They most commonly involve the suprasellar 
and sellar area, where they are either anterior to, or posterior to the 
optic chiasm. In fewer cases, their location is purely suprasellar or en-
tirely intrasellar. This explains the variability of the clinical symptoms. 
Headache, visual field defects, decreased visual acuity, and hormone 
disturbances are the common clinical symptoms in the suprasellar 
location. The most common endocrine dysfunctions encountered 
in children are growth retardation, delayed or precocious puberty. 
Global hypopituitarism, hyperprolactinemia, and diabetes insipidus 
are the other endocrine disorders that can be encountered. Rare loca-
tions include the third ventricle and the infrasellar region (sphenoid 
bone, ethmoid bone, and nasopharynx) [13].

Adamantinomatous craniopharyngiomas typically present 
with three components: solid, cystic, and calcified portions which 
occupy the suprasellar cistern (Figure 2.3.4.16). The cystic com-
ponent is single or multiple, usually hyperintense on T1, T2, and 
FLAIR weighted images reflecting high protein concentration, chol-
esterol, or methaemoglobin contents. Less commonly, a CSF- like 
signal pattern can be seen in huge craniopharyngiomas with a thick 
wall enhancement. The solid component has variable signal inten-
sities and shows contrast enhancement. Calcifications are common, 
they are better seen on computerized tomography. The sella is often 
enlarged and may be eroded.

Papillary craniopharyngiomas usually appear as predominantly 
solid or mixed solid and cystic spherical tumours in the suprasellar re-
gion. They are characterized by a more upward growth towards the third 
ventricle. The solid parts classically show isointense signal intensity on 
T1-  and T2- weighted images, hypointense signal on diffusion- weighted 
images reflecting the low- grade character and a homogeneous or re-
ticular enhancement. They less frequently contain calcifications. Surgical 
removal is easier in this subtype than in the adamantinomatous type.

Although histologically benign, craniopharyngiomas are aggres-
sive neoplasms and recurrences are common because complete 
surgical resection is difficult. Treatment usually consists of surgical 
resection with or without adjuvant radiation therapy.

Optochiasmatic and Hypothalamic Glioma

Chiasmatic and hypothalamic gliomas are childhood tumours, 75% 
occurring in the first decade of life, with a similar gender distri-
bution. In children, low- grade astrocytoma is the most frequent 
type of lesion, and 10– 70% of these patients have neurofibroma-
tosis type 1 (NF1). Visual loss with optic atrophy and growth delay 
are the most common signs. Intracranial hypertension syndrome 
with hydrocephalus is seen in large tumours. Optic glioma associ-
ated with NF1 is frequently asymptomatic. Optic and hypothalamic 
gliomas appear as rounded or lobulated solid suprasellar masses 
hyperintense on T2- W images, hypointense on T1- W images with 
a variable, often heterogeneous enhancement. A  posterior exten-
sion along the optic tracts is usual (Figure 2.3.4.17). Suprasellar 

(c)

(a) (b)

(d)

Figure 2.3.4.16 Suprasellar adamantinomatous craniopharyngioma on coronal (a) and sagittal (b) T1- W images, coronal T1- W image after 
contrast (c) and coronal CT- scan (d). Suprasellar multiloculated mixed mass with varying mainly bright signal intensities (asterisk) and solid calcified 
component heterogeneously enhanced (arrow). Hyperdense calcifications on CT- scan (thin arrow).
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extension compressing the third ventricle may be responsible for 
hydrocephalus [14].

Suprasellar Germinoma

Germinoma is the most common germ cell tumour of the suprasellar 
region. It can be a primitive or a metastatic lesion from a pineal 
germinoma. It is most commonly seen in adolescents and young 
adults with no gender preference. Clinical symptoms include dia-
betes insipidus, precocious puberty, or growth failure and visual loss. 
Tumour markers such as alpha- fetoprotein and human chorionic 
gonadotropin can be found in the serum and/ or CSF. The most pre-
cocious radiological sign is the infundibular thickening with the ab-
sence of the posterior lobe bright spot on T1- W images. As it grows, 
the lesion appears as a well- delineated round or lobulated lesion 
markedly enhanced. Intraventricular extension and infiltration of 
the basal ganglia and the corpus callosum can occur. Leptomeningeal 
spread with drop metastases along the spinal cord are reported, so 
before treatment, a complete examination of the brain and spinal 
canal is required (Figure 2.3.4.18). Early diagnosis may reduce the 
risk of dissemination and the morbidity of treatment [15].

Meningioma

Meningiomas are the most common intracranial tumours in 
adults, with 20% occurring at the skull base and arising from the 
arachnoidal cells of the meninges. The common sites of origin are 
the planum sphenoidale, the tuberculum sellae, the clinoid pro-
cesses, the sellar diaphragm, and the cavernous sinus.

Pre-  and suprasellar meningiomas can be revealed by an-
osmia, frontal syndrome, and visual disturbances when the 
optic chiasm or optic nerves are compressed. Meningioma 
appears iso to hyperintense on T2- W images and is hypo-  to 
isointense on T1- W image with a marked homogeneous en-
hancement after gadolinium. Hyperostosis is commonly as-
sociated. Upward convexity of the jugum sphenoidale in the 
area near the insertion of the meningioma, termed blistering, 
can be seen (Figure 2.3.4.19). Posterior extension can com-
pletely cover the sellar diaphragm, making the identification 
of the site of tumour insertion difficult. Diagnosis of men-
ingiomas of the sellar diaphragm can be tricky. They should 
be differentiated from the underlying normal pituitary gland 
(Figure 2.3.4.2b) [16].

(a) (b) (c)

Figure 2.3.4.17 Suprasellar optochiasmatic glioma. Coronal T2 (a) and T1 after gadolinium (b) W images. Suprasellar multiloculated mass 
hyperintense and heterogeneous on T2 with strong and heterogeneous enhancement (arrow). Axial T2- W image (c). Posterior tumoural extension 
along the left optic tract (curved arrow).

(a) (b)

Figure 2.3.4.18 Suprasellar and pineal germinoma. Sagittal T1- W images after gadolinium before (a) and after treatment (b). Suprasellar 
tumour strongly enhanced involving the optic chiasm (arrow). Contrast enhanced pineal mass (thick arrow). Metastatic leptomeningeal linear and 
micronodular enhancement (short arrow). After treatment, complete radiological remission.
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Cavernous sinus meningiomas are revealed by oculomotor 
deficit, ptosis, diplopia, anisocoria, or complete ophthalmoplegia. 
Compression of the internal carotid artery can be responsible for 
ischaemic events. Some of them arise from the lateral dural wall, 
while others are developed exclusively inside the cavernous sinus. 
These frequently extend into the sella turcica, pushing the pituitary 
gland towards the opposite side (Figure 2.3.4.20).

Metastasis

Pituitary metastases are rare. They are found particularly in breast 
and lung cancer patients. The pituitary gland can be reached via 
hematogenous spread, via the skull base, or by meningeal spread. 
The posterior lobe is the most frequently involved, probably be-
cause of its direct arterial blood supply by the inferior hypo-
physeal arteries. Diabetes insipidus is the most frequent symptom. 
Oculomotor nerves palsies are seen if the cavernous sinus is in-
volved. On MRI, loss of hyperintensity in the posterior pituitary 
is constant. We can also see a non- specific isolated thickening of 
the infundibulum, a large intra-  and suprasellar dumbbell- shaped 
tumour with or without invasion of the cavernous sinus. Erosion 

or destruction of the dorsum sellae is better appreciated on CT. 
Rapid growth of the lesion on sequential MRIs suggests a malig-
nant disease [17].

Lymphoma

Primary central nervous system lymphoma (PCNSL) is rarely 
limited to the sellar region. Sellar and suprasellar locations rep-
resent a diagnostic challenge. The most common presentation is 
hypopituitarism, followed by headache, diplopia, diabetes insipidus, 
hyperprolactinemia, and fever. Prognosis is generally poor and the 
disease is rapidly progressing.

The common MRI finding is a T2 hypointense mass lesion re-
sulting from the dense cellularity and high nucleus- to- cytoplasm 
ratio of lymphoma. Contrast enhancement is typically intense and 
homogeneous in immunocompetent patients, but inhomogeneous 
or ring- like in immunocompromised patients. Diffusion, perfusion, 
and MR spectroscopy may help differentiate central nervous system 
(CNS) lymphomas from other brain lesions. Peritumoral oedema 
is generally less pronounced than in metastases. Confirmation of 
diagnosis is most frequently obtained after surgery [18, 19].

(a) (b)

Figure 2.3.4.19 Presellar meningioma with posterior extension in the suprasellar cistern. Sagittal T2 (a) and T1 after contrast (b) W images. The 
tumour is hyperintense to the grey matter on T2 with strongly and homogeneously enhancement (asterix). Blistering of the jugum sphenoidale 
(arrow). The pituitary gland is pushed inferiorly (thin arrow).

(a) (b)

Figure 2.3.4.20 Meningioma of right cavernous sinus with intrasellar extension. Coronal (a) and axial (b) T1- W images. Bulging of the lateral wall 
of the right cavernous sinus (short arrow) and convexity of the upper pole of the sellar content; meningioma and normal pituitary gland are not 
differentiated. Severe reduction of the right intracavernous internal carotid artery (arrow). Posterior extension in the prepontine cistern (arrowhead).
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Primary neurohypophyseal Glial tumours

The pituitary stalk and the posterior pituitary gland, which are com-
posed of specialized glial cells called pituicytes, can host neoplastic 
glial processes. We distinguish astrocytomas, tanycytomas, and 
granular cell tumours. Astrocytomas (pituicytomas and pilocytic 
astrocytomas) and tanycytomas are specific to the neurohypophysis, 
whereas granular cell tumours (GCT) can also be encountered else-
where in the central nervous system.

Pituicytomas, formerly called infundibulomas, are considered 
grade I  glial neoplasms by the 2007 World Health Organization 
(WHO) classification. They are seen in adults with a mean age 
of 50  years old without gender predilection. The main clinical 
signs are visual impairment, headache, hypopituitarism, and fa-
tigue. Paradoxically, diabetes insipidus is an uncommon symptom 
in pituicytomas. On MRI scans, the normal bright spot on T1 of 
the posthypophysis is typically absent. The pituicytoma appears 
as a solid, well- circumscribed mass with a size ranging between 5 
and 30 mm. It can be suprasellar, intra-  and suprasellar, or rarely 
purely intrasellar, occasionally with cavernous invasion. This tu-
mour is hyperintense on T2- W images, iso-  or hypointense to grey 
matter on T1- W images, with typically an intense and homoge-
neous enhancement. Sellar enlargement is uncommon. The final 
diagnosis is made by immunohistochemistry and electron micros-
copy (Figure  2.3.4.21). A  total surgical resection is curative with 
no recurrence or need for adjuvant therapy. Pituitary pilocytic 
astrocytomas are indistinguishable from pituicytomas on imaging. 
The differential diagnosis is made on anatomopathology.

Tanycytomas are hypothalamic– suprasellar tumours, clinically 
aggressive, with high recurrence rates. They are characterized by 
their large size, their encasement of the circle of Willis with possible 
infarction. They appear hyperintense on T2- W images, hypointense 
on T1- W images with cystic and solid components. The latter is in-
tensely enhanced. Prognosis in children is worse than in adults.

GCTs, previously called granular cell myoblastomas or 
choristomas, are rare and benign tumours, considered WHO grade 
I glial neoplasms. They are usually diagnosed in the fifth decade and 
are twice as common in females than in males. In most cases, GCTs 
are asymptomatic. When symptomatic, the signs consist of visual 
disturbances, hypopituitarism, hyperprolactinemia, and headache. 
The appearance of GCT on MRI is non- specific, with an enhancing 

suprasellar or supra and intrasellar mass, which is isointense to grey 
matter on both T2-  and T1- W sequences. Homogeneous or hetero-
geneous but intense enhancement is possible and reflects its high 
vascularity. Absence of the normal pituitary bright spot may be a 
clue for the neurohypophyseal origin, but this finding is not spe-
cific. Treatment for symptomatic GCT is surgical; postoperative ra-
diation is controversial.

Germ cell tumours are discussed earlier [20].

Spindle cell Oncocytomas

Spindle cell oncocytomas arise from the adenohypophysis. Visual 
disturbances, headache, and panhypopituitarism are the most 
common symptoms. Diabetes insipidus has never been reported. 
On MRI, they appear as intra-  and suprasellar masses. It is diffi-
cult to distinguish them from pituitary adenomas or lymphocytic 
hypophysitis based on imaging features alone [20].

Perisellar Pseudotumours

Hamartomas of the tuber cinereum

Hamartomas of the tuber cinereum are not true tumoural lesions, 
but rather congenital malformations formed by the accumula-
tion of normal neurons and glia in an unusual location, the tuber 
cinereum, located between the optic chiasm and the mammillary 
bodies. They are usually revealed by a very early precocious pu-
berty, gelastic seizures; less frequently, the only clinical manifest-
ation is a developmental delay in relation with isolated GH deficit 
or panhypopituitarism. There is no correlation between the clinical 
symptoms and the size of the hamartoma. On MR studies, the hypo-
thalamic hamartoma appears as a round suprasellar mass, sessile or 
pedunculated. The size is variable, from a few millimetres to 5 cm in 
diameter. The signal is similar to that of grey matter on all sequences 
without enhancement after gadolinium injection (Figure 2.3.4.22). 
However, T2 hyperintense foci are occasionally seen in large 
hamartomas [21].

Aneurysms

Cerebral aneurysms are focal outpouchings of the wall of the cerebral 
arteries. They mainly develop close to the circle of Willis around the 

(a) (b)

Figure 2.3.4.21 Pituicytoma. Coronal T2- W image (a) and coronal T1- W image after gadolinium (b). Hyperintense intrasellar mass with suprasellar 
expansion and strong homogeneous enhancement.
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sellar region and can be intra, supra, or laterosellar. They can exert 
mass effect on the pituitary gland, the stalk, or the cranial nerves 
or may be discovered incidentally. On MRI, they appear as well- 
delineated, round, hypointense lesions on all spin- echo sequences 
(Figure 2.3.4.23). They may enhance on gradient- echo sequences. 
Aneurysms may also be partially thrombosed, appearing heteroge-
neous on both T1-  and T2- W images. An aneurysm may coexist 
with a pituitary adenoma incidentally or in a context of acromegaly 
in which the risk to develop an intracranial aneurysm is increased. 
When an aneurysm is suspected, it should be confirmed by mag-
netic resonance angiography before any biopsy or surgery [11].

Secondary Hypophysitis

Secondary hypophysitis can be due to systemic diseases (e.g. sar-
coidosis, Langerhans’ cell histiocytosis, Wegener granulomatosis) 
and systemic inflammatory processes and systemic infections (e.g. 
tuberculosis, syphilis). It can also be associated with a local process 
such as Rathke’s cleft cyst rupture or with an autoimmune process in 
ipilimumab- induced hypophysitis.

Hypophysitis and Main Systemic Diseases

Systemic diseases affect multiple organs and sometimes asso-
ciate sellar region involvement. They are numerous and encom-
pass various autoimmune diseases, connective tissue diseases, 
granulomatosis, and vasculitis. They can be located within the an-
terior pituitary lobe and/ or in the stalk or in the infundibulum or 
in the parasellar meninges, cavernous sinus, skull base, or neigh-
bouring brain. The diagnosis is easy when the systemic disease is al-
ready known. Otherwise, the radiologist has to evoke the diagnosis 
on particular patterns suggestive of each disease. Here, granuloma-
tous hypophysitis such as sarcoidosis, histiocytosis, or Wegener 
granulomatosis are detailed.

Sarcoidosis is a multisystemic granulomatosis, characterized 
by the presence of epithelioid granulomas, without caseous ne-
crosis. Intracranial sarcoidosis lesions develop on the men-
inges, the brain, and the cranial nerves, with a predilection for 
the optic chiasm and hypothalamus- pituitary regions. Diabetes 
insipidus is the most frequent clinical symptom, followed by 
hyperprolactinemia and hypogonadism. On MRI, lesions of 
neurosarcoidosis are often multiple and diffused, affecting the 

(a) (b) (c)

Figure 2.3.4.22 Precocious puberty in a 3- year- old male. Sagittal T1 (a), T2 (b) and T1 after gadolinium (c) W images. Large hamartoma of the tuber 
cinereum (arrow), between the optic chiasm and the mammillary bodies. No enhancement is noted.

(a) (b) (c)

Figure 2.3.4.23 Right intracavernous internal carotid artery aneurysm with intra and suprasellar macroadenoma. Coronal T2 (a) and T1 spin- 
echo after gadolinium (b) W images. 3D volume rendering reformatted MRA(c). The aneurysm appears as a well- demarcated lesion within the right 
cavernous sinus and demonstrates marked hypointensity on T2 and T1 spin- echo after gadolinium W images (arrow). MRA confirms the flow in this 
aneurysm (arrow). Associated intra and suprasellar macroadenoma (thick arrow).
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meninges, the brain, and the cranial nerves at variable degrees. 
In the sellar region they can involve the hypothalamus, the in-
fundibulum, the stalk, the adenohypophysis, the cavernous 
sinus, and the optic chiasm. The micronodular or linear gado-
linium uptake along the surface of the brain, with a predilection 
for the suprasellar area and the base of the brain is highly sug-
gestive (Figure 2.3.4.24). Intracerebral and spinal lesions are also 
frequently observed. All these lesions are presumed to regress 
partially or fully under treatment with corticosteroids or other 
immunosuppressive therapy [22].

Langerhans’ cell histiocytosis. Different types of histiocytosis 
are associated with tissue accumulation of histiocytes: Langerhans 
cell histiocytosis (LCH) and non- Langerhans histiocytosis. LCH 
mainly develops in children aged 1– 5  years. It is a multiorgan 
disease that mostly affects the cranial region, liver, spleen, lymph 
nodes, and bone. It also touches the endocrine system, princi-
pally the hypothalamic- pituitary axis, with a predilection for the 
pituitary stalk, causing anterior or both anterior and posterior 
hypopituitarism:  diabetes insipidus, hyperprolactinemia, hypo-
pituitarism, and hypogonadotropic hypogonadism. The MRI can 
reveal the absence of the posterior pituitary bright spot with or 
without an associated suprasellar abnormality:  stalk enlargement 

(Figure  2.3.4.25a), infundibular thickening (Figure  2.3.4.25b), 
small nodule, or large hypothalamic mass. As in sarcoidosis, such 
lesions exhibit T2 hypointensity, T1 isointensity, and a marked en-
hancement after gadolinium. A peripheral dark rim surrounding 
the adenohypophysis may be observed on T2- W images. This 
sign, described in lymphocytic hypophysitis, may be consistent 
with fibrosis. Specific additional lesions may help to evoke the 
diagnosis:  supratentorial intra- axial masses and cerebellar hemi-
sphere hyperintensity in all histiocytosis, infiltrative lesion in the 
pons and lytic lesions of the vault in LCH and intraorbital enhan-
cing mass lesions and osteosclerosis of the walls of the sinus in 
Erdheim– Chester disease. Radiation therapy, chemotherapy, 
or a combination of both are usually proposed to patients with 
histiocytosis [23].

Wegener granulomatosis is a granulomatosis with polyangiitis 
(GPA) associating necrotizing small vessel vasculitis and giant cell 
necrotizing extravascular granulomas. It is known to involve the re-
spiratory tract, the kidneys, and the ENT area. Pituitary involve-
ment is usually a late manifestation causing diabetes insipidus and 
gonadotropin deficiency. MRI will reveal pituitary enlargement 
mimicking an adenoma, stalk thickening or loss of the posterior 
lobe pituitary bright spot [24].

(a) (b)

Figure 2.3.4.24 Neurosarcoidosis. Sagittal (a) and coronal (b) T1- W images after gadolinium. Typical leptomeningeal micronodular enhancing 
lesions along the hypothalamus- pituitary axis and the surface of the base of the brain.

(a) (b)

Figure 2.3.4.25 Histiocytosis in two different patients with diabetes insipidus. Sagittal T1- W images after gadolinium. Stalk enlargement (a), 
infundibular thickening mass lesion (b) which enhance homogeneously after gadolinium.
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ipilimumab- induced Hypophysitis

Ipilimumab- induced secondary hypophysitis [25] is a newly de-
scribed entity induced by administration of ipilimumab which is 
a human monoclonal antibody blocking cytotoxic T- lymphocyte 
antigen 4 (CTLA- 4). This treatment is efficient in certain types of 
cancer, but with some side effects including enterocolitis, hepatitis, 
uveitis, dermatitis, arthritis, and different endocrinopathies such as 
hypophysitis that can lead to panhypopituitarism. MRI findings are 
not specific, characterized by a diffuse enlargement of the pituitary 
gland with homogeneous or less commonly heterogeneous en-
hancement. Follow- up imaging shows resolution after drug cessa-
tion, steroid therapy, and hormone replacement (Figure 2.3.4.26). 
Endocrinologists, neurooncologists, and neuroradiologists should 
be aware of the potential side effects of ipilimumab to induce 
immune- mediated hypophysitis [25].

Primary Hypophysitis

Primary hypophysitis comprises five histologic forms:  lympho-
cytic, granulomatous, xanthomatous, necrotizing, and IgG4 
plasmacytic. The two main types are lymphocytic and granu-
lomatous hypophysitis. IgG4- related hypophysitis is a newer 
variant [26].

The role of MRI in primary hypophysitis is to eliminate the 
main alternative diagnosis of a pituitary mass, which is adenoma. 
Diffuse and symmetric enlargement of the pituitary gland is seen in 
adenohypophysitis, with frequent superior extension. This tumoural 
syndrome contrasts with a normal- sized pituitary fossa. Moreover, 
the pseudocapsule formed by the compressed normal pituitary gland 
is not seen after gadolinium administration. Signal intensity on T2-  
and T1- weighted images before and after contrast administration is 
usually homogeneous and intense but can be moderate and hetero-
geneous (Figure 2.3.4.27). A non- specific perisellar dural enhance-
ment can be seen. Another more specific but later sign has been 
described in lymphocytic hypophysitis, appearing 2 to 20  months 
after the initial MR exam. It consists of a dark rim around of the 
gland and in the cavernous sinuses on T2- weighted images, due to 
fibrosis (Figure 2.3.4.28). Anterior pituitary atrophy with an empty 
sella is the common final outcome of adenohypophysitis. Thickened 
pituitary stalk and loss of the posterior pituitary bright spot on the 
precontrast images are seen in infundibuloneurohypophysitis. At 
a later stage, pituitary stalk thickening usually resolves and atrophy 
takes place, with slow decrease in size of the anterior lobe. However, 
recurrence of the stalk thickening can be seen. Loss of the posterior 
lobe bright spot is usually permanent. In cases of panhypophysitis, 
signs of both entities will be seen. Exploration of the brain and spinal 
cord is recommended, as it could show other signs that will help 
guide diagnostic orientation. Primary hypophysitis management 

(a) (b)

Figure 2.3.4.26 Immunotherapy induced hypophysitis in the acute phase (a) and one month after replacement therapy (b) on T2- W images. 
Enlargement and T2 hyperintense signal of the pituitary gland resolve quickly.

(a) (b)

Figure 2.3.4.27 Primary adenohypophysitis. Coronal T2 (a) and T1 after gadolinium (b) W images. Diffuse and symmetric enlargement of pituitary 
gland in a normal- sized pituitary fossa with suprasellar extension and optic chiasm compression. The mass is slightly hyperintense on T2 with a 
homogeneous and moderate enhancement. No normal pituitary gland is seen.
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should be done under clinical, biological, and neuroradiological 
supervision. The main differential diagnoses are pituitary adenoma 
and non- adenomatous pituitary masses such as germinomas, 
choristomas, and pituitary metastases and pituitary hyperplasia sec-
ondary to hypothyroidism.

Distinguishing primary hypophysitis from secondary 
hypophysitis is a diagnosis of exclusion. Investigations will have to 
rule out the numerous aetiologies cited earlier.

Pituitary Hyperplasia, Pregnancy, and 
Primary Hypothyroidism

The normal pituitary gland enlarges gradually during pregnancy 
because of oestrogen- stimulated hyperplasia and hypertrophy of 
prolactin cells. Its height increases linearly by 0.08– 0.1  mm/ week 
(i.e. by 3– 4 mm at term) and can reach 10 mm during the last tri-
mester and 12 mm in the immediate postpartum period, and ap-
proach the optic chiasm. At the same time, T1 signal intensity of the 
pituitary gland increases, particularly during the last trimester; this 
is clear when comparing the T1 signal of the anterior pituitary with 
that of the temporal white matter.

Pituitary enlargement in primary hypothyroidism in adults and chil-
dren is rare, and can result from both acquired and congenital hypothy-
roidism. On imaging studies, pituitary hyperplasia is characterized by a 
spherical enlargement of the gland with suprasellar extension. The T2 
signal can be slightly hyperintense; enhancement is homogeneous after 
gadolinium injection. Shrinkage of the mass occurs very quickly, as 
soon as a few weeks after thyroxine hormone replacement therapy [27].

Sheehan Syndrome

Sheehan syndrome corresponds to pituitary necrosis following 
severe postpartum haemorrhage and hypovolemia [28]. It may 

manifest itself very early after delivery, with headache and hypo-
pituitarism responsible for lack of milk production immedi-
ately or some weeks later. More frequently, Sheehan syndrome is 
diagnosed years later. In the following days after the ischaemic 
infarct, MRI typically shows an enlarged, non- haemorrhagic pi-
tuitary gland, hypointense on T1- W images, heterogeneous with 
hyperintense foci on T2- W images and a peripheral enhanced 
rim. Afterwards, the pituitary gland becomes atrophic, making 
the passage of CSF within the sella possible, which leads to the 
so- called empty sella.
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Adrenal Replacement in ActH Deficiency

choice and timing of Glucocorticoid Replacement

Hydrocortisone, the generic pharmaceutical name for cortisol, is 
the standard form of glucocorticoid replacement for ACTH defi-
ciency, and directly replaces the missing active hormone. Cortisone 
acetate was previously widely used, but is metabolized to cortisol 
to achieve its glucocorticoid activity, so that its onset of action is 
slower than hydrocortisone (a slight disadvantage) and biological 
half- life slightly longer (potentially a slight advantage).

The normal pattern of diurnal cortisol secretion is difficult to 
mimic precisely with oral therapy and there is no universal agree-
ment regarding the appropriate dose, timing, and monitoring of 
hydrocortisone replacement, although the need for close attention 
has been highlighted. Cortisol diurnal rhythm in normal individ-
uals is regulated by the suprachiasmatic nucleus in hypothalamus 
(the body clock). Cortisol rises between 03.00 hrs and 04.00 hrs, 
peaks within an hour of waking, falls over the day with a quiet 
period from 19.00 hrs, and nadirs at 00.00 hrs [1] . In addition to 
this diurnal variation, variable peaks of cortisol secretion (ultradian 
rhythm) may occur due to other factors such as in response to stress, 
meal, and exercise. There is currently no ideal glucocorticoid regime 
available to mimic this rhythm. The best approximation to this pat-
tern is with hydrocortisone in three divided doses per day: 10 mg of 
hydrocortisone on awakening, 5 mg at lunch and 5 mg in the early 
evening [2]. This is widely believed to achieve ‘physiological’ plasma 
cortisol levels compared to a traditional twice daily regime, which 
usually results in very low cortisol levels in late afternoon before the 
evening dose.

Patients with ACTH deficiency may still experience symp-
toms of hypoadrenalism on hydrocortisone leading to develop-
ment of two compounds namely, Duocort® or Plenadren® [3]  and 
Chronocort® [4], purported to mimic normal circadian rhythm 
more closely. Plenadren® is a dual- release once daily hydrocor-
tisone formulation (available in 20 mg and 5 mg tablets), cur-
rently available for prescription in the United Kingdom and rest 
of Europe. It has an immediate release coating with an extended 
release core obviating the need for midday dosing when taken first 
thing in the morning. It has been shown to reduce cardiovascular 
risk factors (weight, HbA1c, and blood pressure) and fatigue [5]. 
Its prime advantage, due to 20% lower bioavailability than conven-
tional hydrocortisone, may include reduction in cardiovascular 
risk factors, although dose adjustment may be required. The main 
limitation however is same as that for hydrocortisone as it too can 
only be taken after waking. Chronocort®, on the other hand, with 
its pH- sensitive enteric coated modified- release multiparticulate 
hydrocortisone capsule formulation, is reported to have an edge in 
this regard, it provides an overnight cortisol rise and peak around 
awakening. It is taken twice daily, 20 mg at 23.00 hrs and 10 mg 
07.00 hrs. The potential clinical advantage of this compound may 
be alleviation of early morning fatigue experienced by some of 
these patients.

Another potentially useful route of hydrocortisone adminis-
tration, currently under evaluation, is continuous subcutaneous 
hydrocortisone infusion (CSHI) via a programmable pump [6] . 
This has been used with variable success, and needs more evidence 
and safety data prior to routine clinical use.
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Some groups have advocated the use of low- dose prednis-
olone (3– 4  mg daily) instead of hydrocortisone in patients with 
hypoadrenalism. Prednisolone has a longer half- life, given as a 
once daily preparation, and may have a comparable cardiovas-
cular risk profile to hydrocortisone and provide better patient sat-
isfaction [7] . The lack of widely available prednisolone assays for 
monitoring purposes along with reported adverse cardiovascular 
and bone health outcomes [8], has led to some concerns about the 
use of prednisolone, although this may simply be due to higher 
doses of prednisolone being used in these studies. Currently, it 
may be reasonable to use prednisolone 3– 5  mg/ day in patients 
who have difficulty in adhering to multiple- dose regimen, non- 
availability of hydrocortisone, or in patients who have a poor 
quality of life despite optimization of their hydrocortisone regime 
[9]. Dexamethasone should be avoided as a replacement gluco-
corticoid due to the high incidence of adverse glucocorticoid 
effects.

Assessment of Hydrocortisone Replacement

Conventionally, glucocorticoid replacement with hydrocortisone 
is monitored using plasma cortisol measurements at multiple 
times throughout the day— a hydrocortisone day curve (HCDC). 
Studies using frequent sampling for plasma cortisol have iden-
tified wide interindividual variations in plasma cortisol levels 
obtained after the same dose of hydrocortisone and highlighted 
the need for individual adjustment of hydrocortisone dose, but 
such frequent sampling is rarely possible or necessary in routine 
practice.

One such conventional practice is to monitor hydrocortisone re-
placement with a simple HCDC involving collection of a 24 h urine 
for free cortisol (UFC) on the day prior to the test, and three plasma 
cortisols during a day- case attendance [2] . However, this strategy is 
now not recommended as the practice was based on underpowered 
short term- studies; given lack of objective evidence, guidelines cur-
rently advocate basing hydrocortisone dose adjustments on clinical 
criteria alone [9, 10].

The criteria for deciding optimum hydrocortisone regimes are 
inevitably a compromise between theory, practicality, and patient 
convenience. A  thorough history of patients’ daily habits should 
be accounted for dose adjustments, including sleep timings, shift- 
working nature, dips in energy, daytime somnolence, and general 
well- being. Clinical markers of over- replacement are weight gain, 
insomnia, and peripheral oedema. Markers of insufficient replace-
ment include nausea, lethargy, postural dizziness, weight loss, and 
lack of appetite.

Even thrice daily regimes fail to accurately mimic the normal 
physiological circadian rhythm of cortisol and attention has been 
focused on the differences in circulating cortisol levels overnight in 
patients on hydrocortisone replacement (where levels are low or un-
detectable throughout the night) compared to normal individuals 
(where levels rise substantially during the last hours of sleep). These 
differences would be hard to avoid using standard preparations of 
hydrocortisone, since few patients would be prepared to wake to 
take a tablet during the night, but certainly represent an unphysio-
logical feature of current replacement regimes, may contribute to 
an overnight deficiency of a variety of metabolic fuels and is po-
tentially an area where the newer delayed preparations described 
earlier, particularly Chronocort®, may have a role. For now, in 

practical terms, patients should be advised to take hydrocortisone 
as soon as possible after wakening to avoid prolonged activity with 
low circulating cortisol levels, and those who habitually wake in the 
early hours some time before rising might benefit from taking their 
hydrocortisone dose at that time. Patients with ACTH deficiency 
should not require mineralocorticoid replacement, since the renin- 
angiotensin- aldosterone axis is not disrupted by pituitary disease.

Replacement During Intercurrent Illness

During intercurrent illness, glucocorticoid replacement is manda-
tory, and doses need to be increased for all but the most minor 
illness in order to mimic the normal increase in ACTH and cor-
tisol secretion, which occurs during stress and illness. Appropriate 
patient education on this aspect of replacement is a vital part of 
management of hypoadrenalism. Patients must be advised to 
double their normal oral dose of hydrocortisone during common 
pyrexial illnesses, and understand the need for parenteral gluco-
corticoid replacement if illness, operation, vomiting, or diarrhoea 
prevents the effective administration or absorption of oral gluco-
corticoid. Patients should seek medical advice if symptoms worsen 
in spite of increased oral hydrocortisone, should keep an ‘emer-
gency’ ampoule of hydrocortisone at home, and if possible they or 
their family should be taught to give the injection if medical help 
is unavailable. Some patients also find a symptomatic need for in-
creased glucocorticoid replacement during psychological stress, 
but this is much more difficult to define or regulate. During se-
vere intercurrent illness or major surgery, immediate parenteral in-
jection of hydrocortisone 100 mg (50 mg/ m2 for children) should 
be administered, followed by parenteral hydrocortisone 200  mg/ 
day in divided doses every 6 hourly [9] . This regime is noted to 
provide consistent, high levels of circulating cortisol compar-
able with those found in normal individuals during such stress in 
cases of primary adrenal insufficiency. Some studies indicate lower 
hydrocortisone dose requirements (25– 75 mg/ 24 hrs) in the first 
24 hours after non- pituitary surgery, in secondary adrenal insuf-
ficiency. However, the former regime is recommended based on 
common practice, as it is the safer approach. Intravenous boluses 
of hydrocortisone produce wide swings in cortisol levels and are 
therefore less desirable, but stable, high plasma cortisol levels can 
be achieved by an intravenous infusion of hydrocortisone 5  mg/ 
hr (preceded by a 25 mg intravenous bolus), although this is only 
appropriate in circumstances where an intravenous infusion can be 
reliably maintained and monitored.

Patient support groups have developed clear formatted guid-
ance on replacement for intercurrent illness and during sur-
gery and other procedures, which are readily available on the 
internet and useful for providing advice to patients and surgical 
colleagues [11].

In summary, following should be made mandatory for care pro-
viders in all healthcare settings dealing with steroid dependent patients:

 1. Verbal and written patient education information should be pro-
vided about drug compliance, risk of hypoadrenal crisis, steroid 
sick- day rules, and emergency hydrocortisone injection tech-
nique at each clinical encounter.

 2. Patients should be encouraged to carry an emergency card, wear 
a medical alert bracelet, or pendant, and carry a rescue- pack of 
hydrocortisone at all times.



SectiOn 2 Pituitary and Hypothalamic Diseases186

 3. Patients should be issued an emergency intramuscular hydro-
cortisone kit designed for self- injection; enquired if there is a 
need for reissue in case of expired ampoules; patient confidence 
and satisfaction with their injection technique should be ascer-
tained at each consultation.

Adverse Effects of Hydrocortisone Replacement

It is challenging to balance adverse effects of chronic supra-
physiological glucocorticoid exposure, which are serious and 
well known, against those of deficiency. In theory perfect physio-
logical replacement should lead to no adverse effects, since circu-
lating cortisol levels would be no different from normal subjects, 
but close attention to replacement doses is essential in order to 
achieve this.

Gross Cushingoid side effects and symptoms of severe 
hypoadrenalism are usually clinically obvious and most endo-
crinologists can avoid such extremes of inappropriate replace-
ment. Minor degrees of over-  or under- replacement may be 
clinically undetectable, resulting in morbidity (poor quality of 
life, cardiovascular risks, osteoporosis) or even mortality. Several 
studies support this view: glucose tolerance and insulin secretion 
alter with hydrocortisone replacement, and blood pressure rises 
with replacement therapy. The European Adrenal Insufficiency 
Registry data suggest that the type of glucocorticoid, dose, and 
regimen are very variable. One in eight patients are noted to be 
on hydrocortisone ≥30 mg/ day, a cut- off level that increases the 
risk of endothelial dysfunction, higher arterial stiffness, poor 
quality of life, and dose- related high cardiovascular and metabolic 
consequences [12].

Therefore, if minor over- replacement caused slight worsening 
cardiovascular risk factors such as glucose intolerance, central 
obesity, or blood pressure, then this might be undetectable in an in-
dividual yet have a significant influence on overall cardiovascular 
morbidity. Studies of cortisol production rates using stable nucleo-
tides show daily secretion of 5– 7  mg/ m2, equivalent of 9– 11  mg/ 
day of hydrocortisone [13]. Unlike Addison’s disease, where severe 
cortisol deficiency is noted, hypopituitary individuals often have 
some residual cortisol secretion. Hydrocortisone 10  mg am/ 5  mg 
pm regimen showed improved quality of life, beneficial cardiovas-
cular profile secondary to weight loss (average 7 kg weight loss when 
reduced from higher doses), reduced arterial stiffness, and a more 
physiological nocturnal blood pressure dip. In summary, it appears 
the lower the hydrocortisone dose the better in terms of metabolic 
and cardiovascular risk. It may be appropriate to use doses of hydro-
cortisone as low as 10 mg/ day in patients with partial adrenal in-
sufficiency while monitoring for hypothalamic– pituitary– adrenal 
(HPA) axis recovery.

It is well recognized that bone health is adversely affected with 
overexposure of glucocorticoids. Increased incidence of vertebral 
fractures was noted in hypopituitarism individuals on hydrocor-
tisone 30 mg/ day dose, despite correction of gonadotrophin defi-
ciency. Reduction of hydrocortisone to 15 mg/ day showed increased 
bone formation and better bone remodelling ability [14].

In summary, there is a need to avoid even subclinical gluco-
corticoid over- replacement and aim for the lowest total dose 
of hydrocortisone replacement compatible with good health. 
Conversely avoidance of very low cortisol levels before the next 

dose seems advisable to minimize the risk of hypoadrenalism if 
intercurrent illness or stress occurs at that time.

thyroid Replacement in tSH Deficiency

choice of Replacement therapy

The synthetic version of endogenous human thyroid hormone, 
levothyroxine is the routine replacement used for treatment of 
thyroid- stimulating hormone (TSH) deficiency. Its long plasma 
half- life (6– 10 days) ensures stable levels of thyroid hormones on 
once daily administration, and conversion to T3 in vivo results 
in appropriate blood levels of both T4 and T3. Liothyronine (T3; 
triiodothyronine) can be used, but has no advantage in most cir-
cumstances, and may raise safety concerns due to elevated free T3 
levels indicating supraphysiological T3 exposure. Combined T4 
and T3 replacement and the use of ‘natural’ thyroid extracts has 
been advocated in print and on the internet by a variety groups, 
but clinical trial evidence is limited and where available suggests 
no benefit [15].

commencing Levothyroxine Replacement

The starting dose and regime of levothyroxine replacement de-
pends on the clinical circumstances. Prior to commencing 
levothyroxine, it is essential to know the status of the ACTH- 
adrenal axis since starting levothyroxine without glucocorticoid 
replacement in a patient with severe ACTH deficiency may pre-
cipitate a hypoadrenal crisis. If ACTH deficiency is present, 
hydrocortisone must be started before levothyroxine. Thereafter, 
many patients with TSH deficiency have serum free T4 levels only 
slightly below the reference range, and in patients with such mild 
deficiency and no evidence of cardiovascular disease replacement 
can be simply commenced with a near- full replacement dose of 
levothyroxine 100 µg once daily. This dosage is comparable to the 
study that increased the dose from 1 mcg/ kg/ day to 1.6 mcg/ kg/ 
day, which led to weight loss, alleviation of hypothyroid symp-
toms, reduced body mass index (BMI), low density lipoprotein 
(LDL) cholesterol and serum creatine kinase levels. In patients 
with more profound reductions of serum free T4, a lower starting 
dose of 50 µg daily, increased after a few weeks to 100 µg may be 
better tolerated. In elderly patients, or any patient with known car-
diovascular disease— particularly ischaemic heart disease, more 
caution is required: in most cases a starting dose of 25 mcg will be 
well tolerated, increased slowly in 25 mcg increments over several 
weeks until the target dose is achieved.

Monitoring Levothyroxine Replacement

Defining the optimal replacement dose of levothyroxine in TSH 
deficiency is problematic, and little scientific evidence is available 
to guide the clinician. Unlike primary hypothyroidism, where 
serum TSH is a sensitive marker of under-  or over- replacement, 
there is no biochemical marker to indicate precise physiological 
levels of replacement for an individual patient— indeed serum 
TSH may be low, normal, or even slightly elevated in untreated 
TSH deficiency. Therefore, instead of relying on ‘reflex TSH 
strategy’, adjustment is based on the clinical response and on 
measurement of circulating thyroid hormone levels, which are 
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limited by the very wide reference ranges in the normal popu-
lation [16]. Serum free T4 appears the most appropriate marker 
with which to adjust the levothyroxine dose and the conventional 
recommendation is to maintain free T4 in the middle or upper 
part of the reference range for normal individuals, although this is 
certainly not ‘evidence- based’ and begs the question of the criteria 
used to define TSH deficiency since it implies that patients with 
pituitary disease (and indeed 50% of the normal population!) with 
a free T4 in the lower half of the normal range might benefit from 
levothyroxine replacement therapy. Some workers have advocated 
using a levothyroxine dose based on body weight (1.6 µg/ kg) but 
in doing so increased free T4 levels close to the upper limit of the 
reference range.

On comparison of free T4 levels of secondary hypothyroid pa-
tients to that of patients with primary thyroid disease in our centre, 
it was found that TSH deficiency was substantially underdiagnosed 
and under- treated [17]. The twentieth to eightieth centile range 
for controls on levothyroxine was a free T4 level of 14– 19 pmol/ L 
(normal range 9– 26 pmol/ L) in our laboratory (in general, middle 
third of the range) and we propose to use this as target range for re-
placement levels in TSH deficiency in future.

Ultimately, such controversies regarding appropriate 
levothyroxine replacement dosage and monitoring can only be an-
swered by a controlled trial. In the meantime, a serum free T4 any-
where in the middle centiles of the normal range when the patient 
is asymptomatic is accepted, with an option to move the free T4 
into the upper part of the reference range if the patient experiences 
symptoms suggestive of hypothyroidism.

Adverse effects of Levothyroxine Replacement

Although thyrotoxicosis of the primary gland is a well- documented 
risk factor for osteoporosis, bone density remains normal even 
in patients on deliberate supraphysiological replacement with 
levothyroxine. However, thyrotoxicosis is also a risk factor for car-
diovascular disease and, although there is no direct evidence of such 
adverse effects of levothyroxine replacement, the association of sup-
pressed TSH levels and risk of atrial fibrillation in older patients 
in population- based studies indicates the need for caution to avoid 
unnecessary over- replacement.

Gonadal Steroid and Gonadotrophin 
Replacement in Gonadotrophin Deficiency

In the context of hypogonadism, consideration has to be given to 
both sex- hormone replacement and fertility potential, while ac-
counting for individual’s choice of route of administration, timing, 
social, and cultural beliefs. The beneficial evidence noted for sex- 
hormone replacement therapy in primary hypogonadism is ex-
tended to secondary hypogonadism, as there is a lack of direct 
evidence in the latter group. Unlike adrenal and thyroid replace-
ment, replacement of gonadotrophin deficiency offers an extensive 
choice of gonadal steroid therapy for both sexes, and the choice 
of gonadotrophin or gonadotrophin- releasing hormone (GnRH) 
therapy if and when fertility is desired. In most cases, the choice 
between different treatment modalities is largely a matter of patient 
and physician preference rather than being ‘evidence- based’.

Female: choice of Replacement Regime

All female patients of premenopausal age with gonadotrophin de-
ficiency require oestrogen replacement to maintain bone mass, to 
avoid vasomotor symptoms of oestrogen deficiency (hot flushes and 
night sweats), and to improve vaginal atrophy, urinary frequency 
and dysuria [18]. Cyclical progestogen is also essential in patients 
with an intact uterus to avoid endometrial hyperplasia and neo-
plasia; oestrogen alone suffices in women who have had a previous 
hysterectomy.

Oral

The choice of oral replacement is extensive, including all forms of 
oral oestrogen marketed for postmenopausal oestrogen deficiency 
and all combined oestrogen- progesterone contraceptive pills, 
with little or no objective evidence to choose between regimes. 
In younger women the low dose (20– 35  mcg ethinyloestradiol) 
oestrogen- progesterone pill is often preferred since there are ex-
tensive data on its safety in long- term use in women of this age, 
particularly in context of hypogonadism. It may also be preferred 
due to its lower cost, and acceptability as in some cases taking the 
‘pill’ may feel more ‘normal’ psychologically than taking hormone 
replacement therapy (HRT). 17- β- oestradiol containing prepar-
ations can potentially be monitored by blood oestrogen measure-
ments, but this is unreliable with most preparations, therefore not 
recommended. Most preparations and regimes provide adequate 
levels of oestrogen to avoid effects of deficiency, and in an indi-
vidual patient a regular menstrual withdrawal bleed is considered 
an adequate bioassay of oestrogen effect. When future pregnancy 
is planned it may be appropriate to monitor uterine size and endo-
metrial thickness by ultrasound to ensure that the uterus is ad-
equately oestrogenized.

Transdermal

A variety of transdermal oestradiol delivery systems are available— 
some of which also deliver transdermal progestogen. Gel prepar-
ations are available but have not been widely used.

Such regimen have the advantage of achieving near normal 
physiological levels of natural 17- β- oestradiol with administration 
of lower doses as they bypass the first pass metabolism and directly 
enter the blood stream. Disadvantages include skin reactions, un-
satisfactory skin adherence in some patients, unacceptability due to 
visibility, and of increased cost of some preparations. This form of 
oestrogen replacement has advantages as first line in patients with 
complex pituitary disease since it avoids the effects of oral oestrogen 
on other hormone binding proteins and has less interaction with 
growth hormone replacement. Transdermal oestrogen may also be 
particularly appropriate in patients where direct hepatic effects need 
to be avoided (e.g. in rare patients who develop hepatic adenomas 
on oral oestrogen, or in young patients with known thrombophilia 
or previous thromboembolic disease). However, studies comparing 
the effects of oral combined oestrogen- progestin contraceptive pill 
and transdermal HRT in the context of central hypogonadism are 
lacking.

Risk- Benefit Analysis

In recent years large studies of gonadal hormone replacement 
in postmenopausal women have suggested that, although HRT 
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certainly reduces the risk of osteoporosis and probably bowel 
cancer, the increased risk of thromboembolism and cardiovas-
cular disease at postmenopausal age means that the overall effect 
on health may be trending towards negative [18]. These conclu-
sions do not however apply to younger women with oestrogen de-
ficiency, including those with gonadotrophin deficiency, since the 
risk of osteoporosis is greater and the risk of cardiovascular events 
lower due to younger age. Indeed, it is now noted as previously 
hoped that oestrogen replacement reduces the risk of prema-
ture vascular disease and mortality [19]. Resolution of local and 
systemic symptoms of oestrogen deficiency provides additional 
drivers for routine oestrogen replacement in all gonadotrophin 
deficient women of premenopausal age. Balanced against these 
positive effects is a slight increase in risk of venous thrombo-
embolism compared to the deficient state (which nevertheless re-
mains a very low absolute risk), and mixed evidence on a possible 
slight increase in risk of breast cancer. In addition, some women 
will suffer from unwelcome cyclical changes similar to those that 
may be experienced in the normal cycle.

In the younger women the balance of risks seems overwhelm-
ingly in favour of routine oestrogen replacement. In women of 
postmenopausal age, the choice of whether or not to take oestrogen 
replacement is ultimately no different to that in women without pi-
tuitary disease.

Male

Hypogonadism treatment in men has two goals: elevating testos-
terone levels to physiological levels, and induction of spermatogen-
esis. Androgen replacement therapy is usually aimed at improving 
libido, sexual function, energy levels, sense of well- being, muscle 
mass, reduce fat mass, reversal of anaemia and osteoporosis sec-
ondary to testosterone deficiency [20]. It is also used for inducing 
and maintaining secondary sexual characteristics. Caution needs 
to be exercised if planning for fertility within 6 to 12 months as 
exogenous testosterone suppresses spermatogenesis, which though 
reversible may lead to prolonged recovery of the hypothalamic- 
pituitary- testes axis for men aiming for non- assisted fertility 
success.

choice of Replacement Regime

Intramuscular (IM) Depot Testosterone

Depot Testosterone ester preparations were the traditional form of 
androgen replacement, typically given as testosterone enanthate, 
250  mg IM every 3 weeks (range 2– 4 weeks) or mixed testos-
terone esters (Sustanon) IM every 3 weeks. These regimes are the 
cheapest preparations but do not mimic normal physiology, re-
sulting in high or high normal levels of plasma testosterone in 
the days immediately following injection falling to low normal 
or subnormal levels before the next dose. Most patients will no-
tice some changes in mood, libido, muscle strength or general 
‘drive’ consistent with these hormonal fluctuations, which some 
find troublesome. The need for IM injections also usually neces-
sitates regular visits to the surgery, which may be inconvenient, 
although occasionally patients may self- administer. Newer forms 
of testosterone replacement that have become available in recent 
years have become the preferred methods of replacement in many 
countries.

A depot preparation of testosterone undecanoate 1000  mg ad-
ministered deep IM every 3 months (Nebido®) is a popular alterna-
tive, which gives more stable and physiological testosterone levels, 
achieved more rapidly if the second injection is given after 6 weeks. 
Timing of doses can be adjusted by measuring trough levels of tes-
tosterone prior to injection.

Oral

Testosterone undecanoate, a 17α- hydroxyl ester, is also active or-
ally since its highly polar side chain and oily vehicle allow direct 
absorption into the lymphatic system bypassing hepatic metab-
olism. Its half- life is relatively short, and multiple daily doses are 
necessary— typically 40  mg, 2– 3 times daily— but oral therapy 
is preferred by some patients. This preparation is not currently 
approved for use in the United States given weak efficacy, drug 
interactions, and gynaecomastia, nevertheless is available in some 
countries.

Other oral formulations of testosterone are either ineffective or 
have an unacceptable incidence of hepatic side effects and are no 
longer used.

Implant

Testosterone pellets (Testopel) can be implanted subcutaneously by 
trocar and provide stable testosterone levels, typically using testos-
terone 600 mg every 6 months. The need for repeated surgical pro-
cedures means that long- acting depots now largely supersede this 
form of replacement.

Transdermal

Transdermal gel preparations (typically 50 mg in 5 ml of 1% gel) 
have become increasingly popular in recent years [21]. They are 
available in a variety of formulations including sachet, tube, and 
pump dispenser— all of which have advantages and disadvan-
tages in terms of convenience and ability to adjust doses. In each 
case the patient applies the gel to shoulders, arms, or abdomen 
after bathing or showering, typically first thing in the morning. 
Contact of gel, or gel treated areas, with females or children needs 
to be avoided. This form of treatment is convenient for many pa-
tients but can be problematic for individuals who need to wash or 
shower frequently.

Transdermal patch (Androderm) preparations are discontinued 
in United Kingdom; still available in some countries, but their use 
has been largely overtaken by gel preparations. The patch may cause 
troublesome skin reactions in 5– 10% of patients.

All forms of transdermal therapy achieve physiological peak 
levels of testosterone and can even mimic the normal testosterone 
circadian rhythm and hence preferred by some endocrinologists.

Monitoring Androgen Replacement

Testosterone levels can be measured in blood on all forms of re-
placement and is generally aimed at mid- normal range as that of 
healthy male population. With conventional intramuscular depot, 
the majority advocate measuring levels one week after injec-
tion (which should be in the upper part of the reference range for 
normal individuals) and just prior to injection (which will usually 
be low normal); frankly subnormal levels prior to injection may in-
dicate the need for more frequent injection, while very high peak 
levels may necessitate a reduction in dose. On the 3- monthly depot, 
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a preinjection nadir level is most informative, and should be at the 
lower end of mid- normal reference range. Testosterone levels 2– 8 
hours post- transdermal preparations’ application should be in the 
mid- reference range. Random testosterone measurements are often 
low or low normal on oral testosterone undecanoate, but the short 
half- life makes these measurements less reliable, and dihydrotestos-
terone levels may be preferentially raised.

Sexual Function

Severe androgen deficiency causes a reduction in libido and erectile 
potency, which are normally restored by appropriate replacement 
therapy. In patients who have been hypogonadal for many years 
counselling of the patient and their partner will be necessary before 
starting therapy. However, a proportion of men presenting with 
sexual dysfunction will also be found to have testosterone levels 
in the borderline low range, without elevation of gonadotrophins, 
but with no other evidence of pituitary disease; improvement in 
libido and particularly potency is far less certain with replacement 
in these patients. Testosterone trials have shown that androgen 
replacement in ‘age- related’ hypogonadism may improve sexual 
function, bone density and anaemia but does not improve vitality 
or cognition [22].

Adverse Effects of Androgen Replacement Therapy

Randomized and open- label trials indicate that replacement dose 
testosterone in young men has a low frequency of side effects, but 
common drug- related side effects are acne, oily skin, and breast 
tenderness. Excess androgen replacement may cause polycy-
thaemia, and this can also occur in elderly men, in chronic ob-
structive airways disease and in sleep apnoea with high normal 
replacement doses, so that haemoglobin levels need to be moni-
tored in such patients. The possibility of long- term adverse ef-
fects on the prostate remains controversial. Hypogonadal men 
have lower prostate volume and prostate- specific antigen levels 
than the normal population, and induction of hypogonadism in 
patients with established prostate cancer induces temporary dis-
ease remission and reduction in prostate volume— thus raising 
the possibility that testosterone replacement might increase the 
incidence of prostate cancer and prostatic hypertrophy. While 
it seems likely that replacement will raise the incidence of these 
conditions to those of the normal population there is currently 
no evidence to suggest an absolute increased risk of either condi-
tion with appropriate replacement. In spite of this, and the current 
lack of evidence that screening for prostate cancer is beneficial 
in the normal population, some form of prostate monitoring is 
usually recommended in older men on testosterone replacement. 
One such strategy is to monitor serum prostate- specific antigen 
(PSA), with further necessity of urological evaluation only if PSA 
levels rise above normal, but some recommend repeated rectal 
examination and/ or prostate imaging. Some clinicians advocate 
testosterone treatment in fully resected gland- confined cancer, 
rendered ‘cured’ with or without adjuvant therapy with normal 
PSA level for 2 years post- treatment. Lack of long- term outcome 
data to suggest that this strategy is safe is a limitation to make a 
general recommendation. Hence this warrants close liaison with 
Urologist and discussion with patient regarding benefits and risks 
prior to treatment commencement. The link between testosterone 
and cardiovascular events is controversial. Previous evidence to 

suggest that low testosterone itself may be associated with the 
metabolic syndrome and increased cardiovascular risk and that 
testosterone replacement may therefore be beneficial to cardiovas-
cular health remains to be proven conclusively as to whether the 
low testosterone is an association or cause to effect relationship 
exists. Although number of metanalyses have examined the causal 
relationship between exogenous testosterone and MACE (major 
adverse cardiovascular events) and deaths in RCTs [23], given 
variety of limitations including heterogeneity, lack of CV events 
adjudication, different dosing and formulations, and so on, there 
are insufficient data to establish this causal link. Nevertheless, 
the Food and Drugs Administration (FDA) in United States fol-
lowing a citizen petition has mandated pharmaceutical companies 
to label their products with a warning about potential increased 
risks of CV events associated with androgen replacement whereas 
Medicines and Healthcare products Regulatory Agency (MHRA) 
and European Medicines Agency (EMA) have maintained that the 
evidence is inconclusive to mandate such warning.

Puberty induction

Where gonadotrophin deficiency develops before puberty, special 
care is required to induce pubertal developmental at an appropriate 
speed in both sexes. Simply commencing full adult replacement 
doses will result in inappropriately rapid pubertal development with 
insufficient time for usual psychological adaptation, in less satisfac-
tory secondary sexual development and in possible attenuation of 
the pubertal growth spurt and final height.

Gonadal steroid replacement is commenced in low doses 
in both sexes. In females, low doses of oral oestrogen (e.g. 
ethinyloestradiol 10 mcg daily, or even lower doses where avail-
able) or transdermal oestradiol (e.g. 25 mcg or less, twice weekly) 
is commenced at very low dose, and gradually increased to full 
adult replacement dosage over 2.5 years with eventual addition of 
cyclical progestogen [24]. Males may commence with testosterone 
enanthate 50– 100 mg IM every 3– 4 weeks for many months be-
fore increasing towards adult replacement dosage; similar low- 
dose regimes can be devised using transdermal testosterone or 
oral testosterone undecanoate but have not been widely accepted. 
Other factors sometimes require attention: girls with prepubertal 
panhypopituitarism may fail to develop pubic hair, and use of 
topical testosterone creams has been described if normal hair 
growth is desired; boys may need reassurance that pubertal gy-
naecomastia is common, and that normal adult facial and body 
hair develop slowly over many years once testosterone levels have 
reached the normal adult range.

Growth

Normal individuals show a pubertal growth spurt associated with 
gonadal steroids, particularly in males, yet gonadal steroids are also 
responsible for epiphyseal fusion and the cessation of linear growth. 
Appropriate adjustment of replacement doses of gonadal steroid 
and growth hormone are therefore essential in patients with hypo-
pituitarism during induction of puberty. Overall, studies indicate 
that although early puberty (spontaneous or induced) reduces final 
height, deliberately delaying puberty induction to allow increased 
time for growth probably does not increase final height signifi-
cantly, and may be associated with obvious adverse psychological 
consequences.
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Fertility induction

Gonadal steroid replacement does not induce fertility, but ovulation 
and spermatogenesis can be stimulated by therapy with gonado-
trophin injections (initially human menopausal, now increasingly 
recombinant) or by pulsatile GnRH administered subcutaneously 
by infusion pump.

Female

The use of gonadotrophin therapy and pulsatile GnRH are both 
highly successful, resulting in fertility rates approximating normal 
levels with repeated cycles of treatment in expert hands [25]. 
GnRH therapy is mostly used where the gonadotrophin deficiency 
is considered primarily ‘hypothalamic’, but may also be successful 
in patients considered to have primary pituitary disease. As always, 
such therapy should only be undertaken with close biochemical 
and ultrasound monitoring of the ovarian response, and in centres 
with extensive experience of ovarian stimulation techniques, and 
precise description of treatment regimes is beyond the scope of 
this book.

Male

Gonadotrophin and GnRH therapy can both induce spermatogen-
esis, but induction of adequate spermatogenesis takes a minimum 
of 3 months and may require 1– 2 years. luteinizing hormone (LH) 
therapy is usually used first in the form of human chorionic gonado-
tropin (hCG) typically 1000– 2000 IU, 2– 3 times/ week which should 
result in adequate testosterone levels and may sometimes be suf-
ficient to allow spermatogenesis, but follicle- stimulating hormone 
(FSH) activity is usually required for adequate fertility. A wide var-
iety of regimes have been recommended with successful fertility in 
a majority of patients, which may occur at surprisingly low total 
sperm counts. Coexistent primary testicular defects (e.g. related to 
cryptorchidism) may cause failure of therapy. The need to wear an 
infusion pump or attend for regular intramuscular injections over 
many months may be a disadvantage, but self- administration of low 
doses of gonadotrophins subcutaneously may also be successful in 
both induction of fertility and increase in testicular size [26]. When 
pregnancy is achieved spermatogenesis may occasionally be main-
tained by testosterone replacement alone although usually con-
tinued or repeated gonadotrophin therapy is required. Sperm may 
also be frozen after successful treatment for use in future attempts 
at fertility.

Hypopituitary crisis

Acute Hypopituitarism crisis or Pituitary Apoplexy

An acute hypopituitary crisis or pituitary apoplexy, derived from 
the Greek word apoplēxia meaning ‘striking away’, is a potentially 
life- threatening condition due to acute ischaemic infarction or 
haemorrhage of the pituitary gland characterized by sudden onset 
headache, vomiting, visual impairment, ophthalmoplegia, and al-
tered consciousness. Apoplexy is often the first presentation of a 
pre- existing pituitary tumour resulting in acute hypopituitarism 
causing haemodynamic instability, mainly due to ACTH deficiency. 
Prompt corticosteroid replacement along with intravenous fluids 
is vital to treat haemodynamic instability, followed by hormonal, 

radiological and visual status evaluation [27] as demonstrated in 
Figure 2.3.5.1.

Surgery versus conservative management for treatment of apo-
plexy remains controversial. A pituitary apoplexy scoring system 
using neuro- ophthalmic criteria to assess apoplexy severity to 
guide the management may be useful [28]. The majority of pa-
tients do well with conservative management, but need close 
monitoring of neurological and visual status, and surgical decom-
pression is to be considered if neuro- ophthalmic signs persist or 
worsen.

chronic Hypopituitarism crisis or Pituitary coma

Chronic hypopituitarism or pituitary coma is a rare, but life- 
threatening presentation of severe, long- standing, untreated hypo-
pituitarism, usually precipitated by stress including infection, 
trauma, surgery, or infarction. Treatment is firstly full replace-
ment with parenteral hydrocortisone, as described previously in 
this chapter, followed by correction of other factors which may 
precipitate or worsen coma including hypothermia, salt and 
water depletion due to hypoadrenalism and/ or diabetes insipidus 
(DI), hyponatraemia due to excessive desmopressin or hypothal-
amic dysfunction and gradual replacement of hypothyroidism. 
Radiation- induced hypopituitarism may cause a hypopituitarism 
crisis if patients are suboptimally managed, as the time of onset of 
new pituitary deficiencies varies. In the majority of cases, this takes 
few years to develop, therefore requiring patient education of the 
symptoms to look out for, together with life- long monitoring and 
prompt treatment of deficiencies to avoid hypoadrenal crisis and/ 
or death.

interactions with Other therapies

Steroid Replacement

Adrenal insufficiency can mask the presence of partial DI as 
glucocorticoid deficiency impairs free renal water clearance. 
Therefore, patients should be warned to look out for symptoms of 
polyuria and polydipsia when they are started on steroids. Typical 
examples are dexamethasone commencement following cranial 
radiotherapy for a variety of brain tumours, and hydrocortisone 
commencement for ACTH deficiency from pituitary radiotherapy 
or hypophysitis.

Drugs that induce hepatic CYP450 isoenzyme activity (e.g. many 
anticonvulsants, rifampicin, and so on) may modestly reduce pred-
nisolone concentrations, requiring cautious dose increments in 
such circumstances. This effect is usually clinically insignificant in 
case of hydrocortisone, except in case of oxcarbazepine, which ac-
celerates cortisol elimination via cytochrome CYP450 3A4 induc-
tion. Nevertheless, it is good practice to be vigilant for symptoms of 
under- replacement when such drugs are used.

Growth hormone (GH) suppresses the conversion of cortisone to 
cortisol, and concomitant GH replacement therapy has been shown 
to reduce cortisol levels in patients on a stable dose of hydrocor-
tisone. This effect appears to be mediated by a reduction in levels 
of corticosteroid- binding globulin (CBG) and so it is important to 
look out for symptoms of hypoadrenalism after GH initiation, par-
ticularly in cases of partial ACTH deficiency.
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•  Sudden onset severe headache
•  Nausea and/or vomiting
•  Visual impairment

•  Ensure haemodynamic stability

•  Management of fluid/electrolyte balance

•  Urgent biochemical and hormonal evaluation preferably prior to steroid administration

•  (FBC, U and E, LFT, clotting profile, IGF-1, GH, PrL, TSH, T4, LH, FSH, random cortisol,
    testosterone or oestradiol)

•  Urgent MRI to confirm diagnosis OR dedicated pituitary CT scan if MRI contraindicated

•  Liaise with regional endocrine and neurosurgical team following confirmation of diagnosis

•  Consider hydrocortisone replacement

•  Severely reduced visual acuity

•  Severe and persistent visual field defects

•  Deteriorating level of consciousness

•  Endocrine evaluation and hormone replacement if appropriate

•  Follow-up monitoring of neurological, visual, and endocrine status

•  Radiological surveillance for recurrence of pituitary tumour

•  Postoperative endocrine evaluation and hormone replacement if appropriate

Consider surgical management

Consider surgical management

Suspect Pituitary Apoplexy

Continue conservative management

Yes

Yes No

Patient stable or improving

No

•  Follow-up monitoring of neurological, visual, and endocrine status

•  Radiological surveillance for recurrence of pituitary tumour

•  Conservative management
•  Close monitoring of neurological, visual and endocrime
     Status

•  Altered consciousness

Figure 2.3.5.1 Algorithm for the management of pituitary apoplexy.
Reproduced with permission from Ed Turner HE, Eastell R, Grossman A. Oxford Desk Reference: Endocrinology, 1st edition. Oxford: Oxford University Press; 2018. Copyright 
2018 Oxford University Press.
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Thyroid hormone accelerates endogenous cortisol clearance 
and could unmask adrenal insufficiency, hence HPA axis should 
be assessed prior to commencement of levothyroxine to avert a 
hypoadrenal crisis [16].

thyroxine Replacement

The simultaneous use of proton pump inhibitors or antacids, cal-
cium carbonate, and ferrous sulphate may reduce absorption of 
levothyroxine and result in altered dose requirements. It is there-
fore advised to take levothyroxine on an empty stomach without 
any interference from food, beverages, or any other drugs for at least 
30 minutes.

Administering GH in GH deficient individuals can reduce free 
T4 levels thereby unmasking central hypothyroidism. Therefore, the 
hypothalamic– pituitary– thyroid axis should be tested prior to GH 
initiation. Central hypothyroidism should be fully treated prior to 
diagnosing GH deficiency.

Sex Steroid Replacement

Oral oestrogen increases CBG and in turn elevates total, but not 
free cortisol level but vigilance towards HPA axis re- assessment 
or hydrocortisone dose evaluation would be appropriate. This 
effect does not seem to apply to the transdermal route of oes-
trogen replacement. Similarly, oral oestrogen raises plasma total 
T4 level by increasing thyroid- binding globulin. This does not 
influence active levels of thyroid hormone or change the ne-
cessary dose of replacement, but does make biochemical moni-
toring of thyroid reserve and/ or replacement dose more difficult. 
It is therefore usually best to fully assess both thyroid and ad-
renal axes and/ or optimize replacement levels before starting or 
during oral oestrogen therapy, or to use transdermal oestradiol 
as an alternative.

Oral oestrogen also causes a slight reduction in IGF- 1 and rise 
in GH levels, which may require dose adjustment to concomi-
tant GH replacement therapy in order to maintain IGF1 in the 
target range.

Special circumstances

Management of Hypopituitarism in Pregnancy

Natural pregnancy in the context of hypopituitarism is rare because 
secondary hypogonadism resulting in infertility is quite common. 
Assisted Conception is often necessary, and with appropriate moni-
toring, women with hypopituitarism usually have an uneventful 
pregnancy.

Hydrocortisone is degraded by placental11- β- hydroxy 
steroid dehydrogenase 2, and hence does not cross the placenta, 
making it the preferred glucocorticoid of choice in pregnancy. 
Dexamethasone should not be used, as the placenta does not in-
activate it. HPA axis is activated in pregnancy with a resulting 
twofold increase in total cortisol and eightfold increase in aldos-
terone [29]. Given that total cortisol levels are falsely ‘normal’ due 
to raised CBG, there is a danger of masking of frank adrenal in-
sufficiency in the first trimester when clinical features may be mis-
taken for hyperemesis or that of normal pregnancy. A cortisol of 

<100  nmol/ L with classical symptoms should raise suspicion of 
adrenal insufficiency. The ideal hydrocortisone replacement dose 
in pregnancy is not well defined and dose adjustment is largely 
based on clinical symptoms, but often the dose is increased as 
pregnancy progresses and may require an increase by 20– 40% to-
wards end of third trimester [29]. Parenteral hydrocortisone of 
50 mg or 100 mg during second stage of labour, 100 mg at induc-
tion of anaesthesia, and subsequent 8- hourly 100 mg dosing for 
caesarean section is recommended [9] .

Secondary hypothyroidism may not require levothyroxine dose 
escalation as done routinely for primary hypothyroidism in preg-
nancy. This is due to human chorionic gonadotrophin activating 
the inert thyroid gland, due to common α- subunit similar to TSH, 
to produce thyroid hormones, particularly in first trimester. It is 
advisable to dose adjust based on thyroid hormone levels which 
should be taken at 4 to 6 weekly intervals. Some clinicians ad-
vocate measurement of total T4 as many free T4 assays are found 
to be less precise in pregnancy, and local assay protocols should 
be evaluated to choose the preferred monitoring test. TSH is un-
reliable in secondary hypothyroidism, and is not helpful in this 
context.

Pregnancy may unmask mild DI as vasopressinase enzyme 
produced by the placenta can inactivate endogenous vasopressin 
(antidiuretic hormone, ADH). Hence there may be a need to in-
crease DDAVP (i.e. desmopressin) particularly towards the end 
of pregnancy, and DDAVP is generally safe in pregnancy and for 
the baby even during lactation periods. The majority of guidelines 
advocate discontinuation of GH treatment due to lack of safety 
or efficacy data, but an observational study showed no harm with 
normal pregnancy outcomes on continuing GH in about 100 
pregnancies [30].

cancer immunotherapy- induced Hypopituitarism

A novel class of cancer immunotherapy with monoclonal anti-
bodies targeting both T cell and tumour cells has been found 
effective in wide range of cancers. They enhance antitumour im-
munity by blocking negative regulators (checkpoints) on the T cell, 
and are therefore called immune checkpoint inhibitors (CPIs). 
The main checkpoints targeted are cytotoxic T- lymphocyte- 
associated antigen 4 (CTLA- 4) (ipilimumab and tremelimumab), 
programmed cell death- 1 receptor (PD- 1) (nivolumab and 
pembrolizumab) and its ligand PD- L1 (avelumab), resulting in 
improved survival rates in variety of cancers such as melanoma, 
non- small cell lung cancer, renal cancer, bladder cancer, non- 
Hodgkin’s lymphoma among others [31]. Introduced since 2011, 
this class of immunotherapy has resulted in increasingly recog-
nized autoimmune toxicities of various systems, including that 
of endocrine system. These side effects are called immune related 
adverse events (IRAEs) and the main endocrinopathies described 
are thyroiditis (15%), hypophysitis (9%), adrenalitis (1%) and type 
1 diabetes mellitus (<1%) [32]. Typically, the onset of endocrine 
IRAEs following initiation of CPIs is between 6 to 12 weeks but the 
range can be from 3 weeks to as late as 3 years. Endocrine IRAEs 
have a slight male preponderance; often do not resolve on CPI ces-
sation, particularly hypoadrenalism. The clinical features of CPI- 
induced hypopituitarism are similar to hypophysitis, although 
interestingly DI does not seem to be a feature. Identification and 
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treatment of individual endocrinopathies including hypopituit-
arism secondary to CPIs is the same as any other aetiology that 
causes isolated or combined endocrine pathologies [32], and is 
outlined in Figure 2.3.5.2.

Some clinicians believe CPIs should be discontinued if 
hypophysitis occurs, but current clinical practice is to continue 
with CPIs with the aim of malignancy regression. If there is evi-
dence that vision has been affected by an enlarged inflamed pitu-
itary gland, a pituitary MRI scan should be performed, and steroid 
immunosuppression started. Intravenous methylprednisolone is 
the usual steroid of choice and at the same time any hormonal 
deficits should be replaced. The mechanism by which CPIs induce 
endocrinopathy warrants further research as these new molecular 
targets and pathways may shed light on these old endocrine dis-
eases, resulting in a better understanding of the pathophysiology 
of hypopituitarism.

traumatic Brain injury

Hypopituitarism following traumatic brain injury (TBI) has re-
ceived increasing attention in the past few years. Evidence sug-
gests that this is a significant cause of reversible morbidity in 
patients who may remain symptomatic for many years after the 
injury [33]. One or all of the pituitary axes can be deficient fol-
lowing TBI, and a high index of clinical suspicion is required in 

order to trigger appropriate testing and endocrine replacement. 
A summary of identification, treatment and monitoring of hypo-
pituitary patients resulting from any aetiology including that of 
TBI is depicted in Table 2.3.5.1. It is good practice for endocrin-
ologists to liaise with the specialist looking after patients with TBI 
in order to design simple endocrine screening protocols in this 
group of patients.

Patient education and Participation

Pituitary disease is best managed in specialized centres pos-
sessing dedicated pituitary multidisciplinary team equipped 
with robust patient pathways and protocols. It has become al-
most necessary to mandate this, quite appropriately, given com-
plexity of hypopituitarism, growing pituitary tumours, risk of 
pituitary apoplexy, desire for fertility, multiple comorbidities, 
polypharmacy, poor quality of life, and so on. Optimal manage-
ment is only possible when the patient is fully aware of the nature 
and consequences of the disorder and can participate actively 
in the adjustment of replacement therapy. Patient education is 
therefore an essential part of management, and patients should 
also be encouraged to obtain further information and support 
from groups such as the Pituitary Foundation (UK) (https:// 
www.pituitary.org.uk) or Pituitary Network Association (USA) 
(https:// www.pituitary.org).

Baseline biochemistry prior to commencing
immune checkpoint inhibitors (TSH, fT4,

Cortisol, IGF 1, oestradiol/testosterone, LH,
FSH, prolactin)

Check for clinical features* prior to each
cycle

Screening bloods at 8 weeks (prior to cycle
3) and at 16 weeks, similar to baseline

If no clinical features and no biochemical
abnormality. No further routine testing.

Consider possible endocrine dysfunction
if later symptoms occur

*Clinical features include: fatigue,
tiredness, nausea, HEADACHE, visual
disturbance, dizziness, diarrhoea,
tachycardia, tremors, hypotension,
hypoglycaemia, hyponatraemia

If suspected mass effect—pituitary imaging (MRI) and endocrine blood test

Otherwise—endocrine blood test initially—pituitary imaging if bloods abnormal 

If blood tests are abnormal: pituitary imaging (MRI), endocrine referral for
detailed endocrine work up depending on suspected pathology. Eg: Thyroid

antibodies for thyroiditis, dynamic function tests for pituitary, adrenal disease
with ACTH

If hypophysitis, thyroiditis or adrenalitis is confirmed then grade the severity
Consider hormone replacement (e.g. hydrocortisone and/or levothyroxine)

Continue with
immunotherapy

Hormone
replacement in

physiological doses

Delay further
immunotherapy,

hormone replacement as
indicated, close follow up.

Consider place of high-
dose steroids

Discontinuation of
immunotherapy; high-

dose steroid therapy (i.e.
methylpred) and

endocrine replacement
as indicated.

Mass effect on MRI Grade I or II Grade III

Stop
immunotherapy

High-dose
steroids

Close follow-up

Grade IV

normal

abnormal

clinical features

Figure 2.3.5.2 Algorithm of management of checkpoint inhibitor- induced endocrinopathies.
Reproduced with permission from Joshi MN, Whitelaw BC, Palomar MTP, Wu Y, Carroll PV. Immune checkpoint inhibitor- related hypophysitis and endocrine 
dysfunction: clinical review. Clinical Endocrinology Vol. 85, Issue 3 (2016). Copyright 2016 © John Wiley & Sons Ltd.
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table 2.3.5.1 Management of hypopituitarism

Pituitary axis 
deficiency

Clinical features Diagnosis Treatment Monitoring

GH Fatigue
Reduced exercise capacity
Decreased lean body mass/ increased 

fat mass
Muscle weakness
Osteoporosis
Hypertension
Hyperlipidaemia
Insulin resistance
Impaired cardiac function
Premature atherosclerosis Impaired sleep 

quality
Depression

•  Low IGF- 1
•  >11 score on AGHDA 

(Assessment of GH deficiency 
in adults) symptom 
questionnaire

•  Inadequate GH response 
upon dynamic pituitary 
testing: (a) Insulin tolerance 
test or Glucagon stimulation 
test (expected > 3– 5 mcg/ 
L depending upon BMI); 
(b) GHRH + Arginine test 
(expected > 4 mcg/ L; obesity 
may blunt GH response)

Recombinant human GH •  IGF- 1 in upper third of 
normal range of normal 
healthy population

•  AGHDA symptom 
questionnaire

LH/ FSH Male Fatigue
Reduced exercise capacity
Low libido
Erectile dysfunction
Hot flushes
Infertility
Pallor
Loss of body hair
Muscle weakness
Osteoporosis
Impaired sleep quality
Depression

• Low testosterone
•  Low or inappropriately 

normal LH
•  Low or inappropriately 

normal FSH
•  Low sperm counts, 

morphology, and function

•  Androgen replacement 
therapy

• HCG, gonadotrophin

Fasting 08.00– 09.00 
serum Testosterone, PSA, 
Haemoglobin & haematocrit, 
Lipids, sperm analysis in 
context of infertility treatment

LH/ FSH Female Fatigue
Reduced exercise capacity
Low libido
Hot flushes
Infertility
Vaginal dryness
Pallor
Loss of body hair
Muscle weakness
Osteoporosis
Oligo/ amenorrhoea
Impaired sleep quality
Depression

• Low oestradiol
•  Low or inappropriately 

normal LH
•  Low or inappropriately normal 

FSH

Oestrogen replacement until 
age of 50 years

Cyclical progesterone 
combined with oestrogen 
if uterus intact

Stimulation of ovaries with 
gonadotrophin, GnRH, 
assisted conception 
techniques for infertility 
treatment

Serum oestradiol level 
generally not useful

TSH Fatigue
Weight gain
Cold intolerance
Dry skin
Pallor
Loss of body hair
Muscle weakness
Reduced exercise capacity
Dyspnoea constipation
Oligo/ amenorrhoea
Infertility
Hypertension
Bradycardia
Hyperlipidaemia
Insulin resistance
Impaired cardiac function
Premature atherosclerosis
Cognitive decline
Osteoporosis impaired sleep quality
Depression

Free T4 Levothyroxine Free T4 in mid- range of 
normal healthy population
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introduction

A growth- promoting activity of anterior pituitary extracts was 
discovered a century ago, and growth hormone (GH) was isolated 
in 1944 and tested in human subjects ten years after [1] . The pro-
tein anabolic and lipid catabolic effects of GH were documented 
in both children and adults, and it was hypothesized that GH re-
placement therapy in adults with hypopituitarism could be bene-
ficial [2,  3]. Growth hormone for clinical use originally derived 
from human cadaveric pituitaries and the limited supply was re-
stricted to treat hypopituitary children with severe growth retard-
ation. The introduction of biosynthetic human GH enabled other 
indications such as GH replacement in adult patients with GH de-
ficiency (GHDA).

The first placebo- controlled trial included young adult patients 
with childhood- onset GHDA in whom prior GH treatment dis-
continued several years before [4] . A significant increase in muscle 
mass and reduction in fat mass were recorded together with im-
proved aerobic exercise capacity. The study also revealed a marked 
increase in the circulating and urinary levels of bone remodelling 
biomarkers [5, 6], increased extrathyroidal conversion of T4 to T3 
[7], and increased sweating [8]. The second placebo- controlled trial 
comprised adult patients with adult- onset GHD due to a pituitary 
tumour and its treatment [9]. Lean body mass increased signifi-
cantly after 6 months GH replacement together with a significant 
reduction in fat mass. This was associated with an increase in energy 
expenditure and exercise capacity. These pivotal findings were con-
firmed by numerous groups and led to the approval of GHDA as an 
indication for GH replacement.

Pathophysiology

It is important to emphasize that GHDA as a disease entity only 
exists within a clinical context of overt pituitary pathology. The 
reasons for this are several. First, GH secretion in the general popu-
lation declines gradually as a function of age and adiposity, and the 
symptoms and signs of GHDA are unspecific. Second, even though 
diagnostic biochemical criteria exist, they are not sufficiently specific 
to exclude the diagnosis in elderly individuals with simple obesity. 
Third, a clinical benefit of GH replacement has only been docu-
mented in patients with a clinical history of pituitary disease [10].

One appropriate clinical context is a history of childhood- onset 
GHDA, which accounts for approximately 30% of GHDA. The car-
dinal symptom of GH deficiency (GHD) in childhood is longitu-
dinal growth retardation and the underlying cause in this group is 
frequently idiopathic.

The second clinical context is adult- onset GHDA caused by a pi-
tuitary mass lesion or its treatment, of which pituitary adenomas 
constitute 70% (Box 2.3.6.1).
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GH is typically the first pituitary hormone to become deficient in 
response tumour pressure, pituitary surgery, cranial irradiation, or 
any other trauma [11]. Traumatic brain injury (TBI), which is a very 
frequent occurrence, may cause hypopituitarism, but the prevalence 
of permanent GHD after TBI is only 1% [12]. The annual incidence 
and the prevalence of adult- onset GHDA are approximately 15/ mil-
lion and 300/ million, respectively [13].

clinical Features

The syndrome of GHDA is used as a term to describe the clinical fea-
tures and the effects of GH replacement [14]. The syndrome overlaps 
with the metabolic syndrome as regards visceral obesity, hyperlipid-
aemia, and atherosclerosis (Box 2.3.6.2). Moreover, premature car-
diovascular morbidity and mortality are prevalent in GH- untreated 
hypopituitary adults [15, 16]. Untreated GHDA is accompanied by 
reduced total body water and extracellular fluid volume [17], which 
is reversed by GH replacement [18, 19]. Impaired thermoregulation 
in response to the ambient outside temperature [20] and during 

strenuous exercise [21, 22] are also present and partly attributed to 
reduced sweating capacity [8] .

Insulin resistance, which is a hallmark of the metabolic syn-
drome, is not part of the GHDA syndrome, rather the opposite. GH 
antagonizes the effects of insulin on glucose metabolism in both the 
liver and skeletal muscle, which is causally linked to the lipolytic 
effects of GH [23]. Indeed, increased insulin sensitivity and reactive 
hypoglycaemia is characteristic of children with GHD, whereas the 
opposite is true for active acromegaly. The insulin- antagonistic ef-
fect of GH is rapidly reversible and in normal physiology, it operates 
in the fasting state, where insulin activity is low [24, 25].

Diagnosis of Adult GHD

In the absence of specific clinical indicators to discriminate GHDA 
from the normal population, the diagnosis is based on the results 
of biochemical testing within an appropriate clinical context [10]. 
For childhood- onset GHD, retesting in adulthood is necessary in 
patients with isolated idiopathic GHD, since spontaneous normal-
ization of GH status is recorded in almost 70% [26]. Retesting is not 
required for those with an identified genetic cause and those with 
more than three pituitary hormone deficits.

Since GH is secreted in a pulsatile fashion, a single random GH 
measurement is only informative if a high value is incidentally en-
countered. Therefore, a stimulation test is necessary to perform. 
The insulin tolerance test (ITT) is the ‘gold standard’ but is contra-
indicated in patients with ischaemic heart disease or seizures [10]. 
Alternative tests include the glucagon stimulation test, GH re-
leasing hormone (GHRH) with arginine, and GHRH with growth 
hormone- releasing peptide 6. The diagnostic threshold for the ITT 
and the GST is less than 3 μg/ L. The response to GHRH + arginine 
is reduced in obesity, wherefore threshold levels stratified by body 
mass index (BMI) are recommended (Box 2.3.6.3).

The anabolic effects of GH are mainly mediated by insulin- like 
growth factor I (IGF- I), which is present in the circulation and not 
subject to diurnal fluctuations. In the absence of severe concomitant 
illness, a low serum IGF- I level is a strong predictor of GHD, but 
a normal serum IGF- I level does not rule out the diagnosis. Thus, 

Box 2.3.6.1 Aetiology of GHDA

Cause

Adult- onset disease (70%):
Pituitary adenoma (40%)
Craniopharyngioma (8%)
Non- pituitary intracranial tumours (7%)
Other causesa (15%)
Childhood- onset disease (30%):
Idiopathic (15%)
Craniopharyngioma (7%)
Non- pituitary intracranial tumours (5%)
Congenital (3%)
a Including pituitary apoplexy, empty sella, Sheehan’s syndrome, granulomatous dis-
ease, hypophysitis, irradiation, brain trauma.

Box 2.3.6.2 The clinical features of GHDA

Fatigue and impaired quality of life

Abnormal body composition:
•  Increased fat mass, particularly central and visceral fat deposition
•  Decreased lean body mass
•  Decreased total body water

Reduced bone mineral density

Abnormal lipid profile and increased cardiovascular  
risk profile:
•  Increased levels of total and low- density lipoprotein (LDL) choles-

terol and reduced high- density lipoprotein (HDL) cholesterol
•  Increased carotid intima media thickness
•  Increased C- reactive protein levels

Impaired cardiac function:
• Reduced left ventricular wall mass
• Left ventricular systolic function

Decreased sweating

Reduced muscle strength and aerobic exercise capacity

Box 2.3.6.3 Diagnosis of GHDA

Who to test
• Only patients with a history of hypothalamic- pituitary  

disease:
— Adult- onset evidence of structural lesions and trauma
— Adolescent and adult patients with childhood- onset idiopathic 

GHD

How to test
• A single stimulation test is sufficient:

— Insulin tolerance test (ITT) is gold standard (cut- off: <3 µg/ L)
— Glucagon stimulation test if ITT is contraindicated (cut- off: 3 µg/ L)
— GHRH and arginine stimulation test if ITT is contraindicated  

(cut- off: <11 µg/ L in normal weight patients; reduced cut- off in 
obese patients)

•  Patients with three or more pituitary deficits and a subnormal 
IGF- I level do not need a test
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in patients at high à priori risk of GHD, a subnormal serum IGF- I 
value may substitute for a GH stimulation test [27].

effects of GH Replacement

Several meta- analyses of placebo- controlled trials of GH replace-
ment in GHDA have been published on outcomes such as cardio-
vascular risk factors [28], muscle strength and exercise capacity 
[29, 30], bone mineral density [31, 32], body composition [33], and 
cardiac function [34] (Figure 2.3.6.1).

The studies confirm and substantiate beneficial effects of GH 
replacement on body composition, bone mineral density, cardiac 
function, and exercise capacity, as well as side effects attributable to 
fluid retention and insulin resistance [28, 33].

GHDA patients are highly sensitive to GH in terms of serum IGF- 
I generation and side effects [35], and male patients are more re-
sponsive to GH as compared to females [36, 37].

It remains an open question whether GH replacement therapy 
improves patient- reported outcomes such as quality of life (QoL) or 
cognitive function in the adult patient, since neither original studies 
nor meta- analyses provide unambiguous answers [33, 38– 40]. Most 
QoL studies have utilized generic or disease- specific questionnaires, 
which mainly record and depend on the respondents’ remembrance 
and it is possible that improvements in remembered QoL wane with 
time. It is interesting that the most compelling beneficial effects of 
adult GH replacement on QoL was recorded in a placebo- controlled 
crossover study, in which the spouse of the patient was asked to 
score the patient [41]. The National Institute for Health and Care 
Excellence (NICE) in the United Kingdom requires impaired pre-
treatment QoL in order to initiate adult GH replacement [42].

transition from childhood to Adulthood

Normal puberty marks the transition from childhood to adult-
hood and is dominated by the pubertal growth spurt and the 

development of secondary sexual characteristics and reproductive 
capacity. Muscle and bone mass increase markedly during the tran-
sition and depend in part on a marked physiological increase in GH 
secretion and action resulting in grossly elevated IGF- I levels [43] 
(Figure 2.3.6.2).

Serum IGF- I levels remain elevated 2– 5 years after puberty sug-
gesting additional physiological actions of GH on muscle and bone 
mass accrual.

Previously, GH replacement in childhood patients terminated 
when a target height was reached, but the availability of biosyn-
thetic GH enabled continuation during the entire transition phase. 

Outcomes

Lean B mass 19 473 474 2.82 kg (2.68)

Fat mass 13 352 345 –3.05 kg (3.29)

BMI 8 134 134 –0.12 kg/m2 (1.40)

TG 11 202 203 0.07 mmol/L (0.36)

HDL Chol. 13 267 261 0.06 mmol/L (0.09)

LDL Chol. 13 255 248 –0.53 mmol/L (0.29)

Total Chol. 15 310 306 –0.34 mmol/L (0.31)

DBP 10 200 201 –1.80 mm Hg (3.77)

SBP 9 190 191 2.06 mm Hg (5.34)

Insulin 11 192 194 8.66 pmol/L (6.98)

Glucose 13 254 257 0.22 mmol/L (0.14)

0–0.1–0.2–0.3–0.4 0.1 0.2 0.3 0.4

No. of trials Treatment Weighted mean (SD) change
(GH-placebo)

Global effect size
(95% CI)GH Placebo

Figure 2.3.6.1 Results of meta- analysis of GH effects on cardiovascular risk factors from Maison et al. (28). Abbreviations: Lean B mass, Lean body 
mass; TG, triglycerides; Chol, cholesterol; DBP, diastolic blood pressure; SBP, systolic blood pressure; ns, non- significant.
Reproduced with permission from Maison P, Griffin S, Nicoue- Beglah M, Haddad N, Balkau B, Chanson P. Impact of growth hormone (GH) treatment on cardiovascular risk 
factors in GH- deficient adults: a Metaanalysis of Blinded, Randomized, Placebo- Controlled Trials. J Clin Endocrinol Metab. 2004;89(5):2192– 9. Copyright © 2004, Oxford 
University Press.
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A placebo- controlled study comparing continuation vs. discontinu-
ation of GH in transition patients revealed that GH discontinuation 
result in decreased IGF- I levels and increased body fat, which re-
versed by resumption of GH therapy [44, 45]. Therefore, childhood- 
onset GH replacement should continue during the transition period 
and into adulthood, but it is important to retest GH status in the 
absence of either a genetic cause or additional pituitary deficiencies.

the Senescence

The decline in endogenous GH and IGF- I production with age 
[46] runs in parallel with senescent changes in body composition 
and physical performance (Figure 2.3.6.2). Interestingly, in mid-
life adults, abdominal adiposity is the strongest and negative deter-
minant of endogenous GH secretion [47]. These associations have 
led to speculations about a causal link between reduced GH pro-
duction and the physical frailties of ageing, which has been coined 
‘somatopause’. This concept is dubious and a meta- analysis of GH 
treatment studies in elderly subjects without overt pituitary disease 
record only limited positive effects and a high prevalence of GH- 
related side effects [48].

Despite the age- associated decline GH secretion, GHDA patients 
aged 60– 80 years have reduced GH and IGF- I levels compared to 
age- matched controls [49] and seem to respond to respond to GH 
replacement in the same manner as younger patients [50– 52].

GH Dosing and Side effects

The goal of GH replacement in GHDA is to correct the abnormal-
ities associated with adult GHD with a minimum of side effects 
[27]. The daily starting dose of GH in young men and women 
are 0.2 and 0.3  mg, respectively, and in older patients 0.1  mg 
(Figure 2.3.6.2).

Serum IGF- I is a useful biomarker of GH replacement and the 
aim is to achieve a level within the upper half of the age- related 
normal range. GH is administered as subcutaneous self- injections 
in the evening. Quantification of body composition and bone min-
eral density by dual X- ray absorptiometry (DXA) should be con-
sidered on an individual basis, and body composition can also be 
assessed using anthropometric measures such waist to hip ratio or 
skinfold thickness, and bioelectrical impedance. Regular measure-
ments of cardiovascular risk factors such as plasma lipids are also 
recommended, since they may be abnormal at baseline and modi-
fied favourably by GH replacement. Growth hormone replacement 
is considered life- long, but a trial of withdrawal can be considered 
if a patient perceives no benefit. In the United Kingdom, NICE 
advises that GH replacement should be discontinued in patients 
who fail to demonstrate improvement in QoL the first 9 months of 
therapy [42]. This recommendation, however, is pragmatic rather 
than based on evidence from placebo- controlled trails.

Oral oestrogen treatment suppresses hepatic IGF- I production 
and the GH dose requirement may change accordingly. GH replace-
ment may modify the dose of levothyroxine or unmask incipient 
central hypothyroidism by increasing the peripheral conversion 
of T4 to T3 [7] . Finally, GH reduces the enzymatic conversion of 
cortisone to cortisol, wherefore GH replacement occasionally 

necessitates a dose increase of glucocorticoid replacement in a pa-
tient with concomitant adrenocortical insufficiency.

Reversible fluid retention is a frequent but reversible and dose- 
dependent side effect of GH replacement in GHDA. The mech-
anism involves sodium retention. Of note, this increase in hydration 
accounts for a part of the GH- induced changes in body compos-
ition [53]. The direct insulin- antagonistic effects of GH do not 
compromise glucose tolerance during physiological conditions, 
since endogenous GH levels are suppressed by food intake. Daily 
subcutaneous GH injections in the evening, however, is unable to 
fully imitate the endogenous GH pattern [54], wherefore GH re-
placement therapy may result in moderate elevations in fasting 
levels pf glucose and insulin [25] despite favourable changes in body 
composition [28].

Absolute contraindications for adult GH replacement therapy in-
clude active malignancy and proliferative retinopathy.

Although early pregnancy is not a contraindication, GH replace-
ment is discontinued after the first trimester, where placental GH 
production sets in [27].

GH Replacement and Mortality

Increased mortality in hypopituitary patients due to cardiovascular 
disease is well established and has been attributed to unsubstituted 
GHDA [16, 55]. However, numerous underlying mechanisms may 
be equally— or more— likely, e.g. the underlying disease, treatment 
complications, and suboptimal substitution of additional pituitary 
deficiencies. It is also noteworthy, that mortality and cancer inci-
dence are increased in acromegaly [56,  57], and epidemiological 
human studies suggest a U- shaped association between serum 
IGF- I levels and all- cause mortality in the general population [58]. 
Controlled studies of GH replacement therapy with mortality as an 
endpoint do not exist, but observational studies in GHDA suggest 
that mortality is reduced in GH replaced patients as compared to 
GH- untreated patients [55, 59– 61].

conclusion

Metabolic effects of GH were documented in hypopituitary adult 
patients more than half a century ago, and GH replacement in 
GHDA has been routinely used for 15 years. The change in body 
composition with reduced fat mass and increased lean body mass is 
the most robust effect, together with improved aerobic exercise cap-
acity and cardiac function. Bone turnover is acutely stimulated and 
there is evidence to suggest increased bone mineral density (BMD) 
after prolonged GH replacement therapy. Whether this reduces 
the risk of osteoporotic fractures is uncertain, but observational 
studies suggest a reduced fracture risk [62]. The impact on QoL is 
less certain, since the results from placebo- controlled trials are am-
biguous, and the results from open and observational studies are 
likely biased. Cancer risk is not increased with GH treatment, and 
mortality [63], if anything, is reduced [59, 60]. Side effects in terms 
of fluid retention and impaired insulin sensitivity are recognized, 
but are dose- dependent, rapidly reversible, and probably of limited 
concern. Nevertheless, caution is mandated to avoid overtreatment, 
not least of the elder patient.
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introduction

Among the numerous different pathologies, pituitary tumours 
represent the second most common primary brain tumour found 
in human beings, with an incidence of 10– 15% [1, 2]. More inter-
estingly, there exists an extremely wide variety of tumour types 
deriving from this small organ located in the anterior portion of 
the skull base, near the centre of the brain (Table 2.3.7.1). These 
neoplasms were recently re- classified in the 2017 World Health 
Organization Classification of Tumours of the Endocrine Organs 
[3] . By far the most prevalent type are the pituitary adenomas, a 
neuroendocrine tumour, which occurs with an incidence ranging 
from 14.4– 22.5% [1,  4]. Pituitary adenomas fall into two general 
categories, functional tumours that present from hypersecretion of 
different hormone products and non- functioning tumours that pre-
sent with symptoms caused by mass effect exerted on surrounding 
structures. Similar to non- functioning pituitary adenomas, there 
are a category of non- adenomatous tumours and cysts from and 
within the pituitary gland that present with symptoms of mass effect. 
Among the more common of these include craniopharyngiomas 
and Rathke’s cleft cysts [2, 5– 8]. Lastly, there are a number of rela-
tively less common pituitary lesions that can present with various 
forms of hypopituitarism, such as adrenal insufficiency or diabetes 
insipidus, from destruction of the normal gland, or again from mass 
effect as the tumour grows and compresses the normal surrounding 
anatomy.

Although a few pituitary tumours are managed primarily with 
medical or radiation therapy, for a majority of them, surgical resec-
tion still represents the first- line treatment [9– 11]. The primary role 
of surgical management is for maximal safe resection and decom-
pression of mass effect on the surrounding neurovascular struc-
tures, most importantly, the optic nerves and chiasm that course 
superiorly to the tumours that arise within the sella and extend into 
the suprasellar space. A secondary role for surgical resection is the 
removal of a hyperfunctioning pituitary adenoma. With the excep-
tion of prolactinomas, surgical resection remains the primary treat-
ment modality for functioning tumours, such as suspected growth 
hormone (GH) and adrenocorticotrophic hormone (ACTH) aden-
omas [9, 11, 12]. These subtypes of tumours do not always present 
with symptoms of mass effect secondary to excessive growth, but 
will present secondary to the downstream effects of hypersecretion 
of their respective hormones:  acromegaly and Cushing’s disease, 
respectively. In these cases, to offer patients the best chance of re-
mission from these syndromes caused by hormonal excess, it is im-
perative to attempt to remove the entirety of the tumour, balancing 
the risks of gross total removal with possible complications of an 
aggressive operation. Lastly, surgery of pituitary tumours plays a 
role in diagnosis of some of the less common tumour entities that 
have equivocal clinical and radiographic presentations. In this set-
ting, biopsy and histopathological analysis can help guide clinicians 
to proceed with the most appropriate medical management or 
radiotherapies to achieve optimal patient outcomes.

Multiple different surgical approaches exist for operating upon 
pituitary tumours, often chosen based on individual surgeon pref-
erence, that include transcranial and endonasal approaches. The 
most common procedure for surgery of the pituitary gland is by far 
the endonasal transsphenoidal approach, using either the operative 
microscope or endoscope for visualization. Although some of the 
subtleties of these two techniques differ, both provide entry to the 
sella and the pituitary gland through the sphenoid sinus, minim-
izing retraction of normal brain and providing direct access to the 
pathology.

This chapter will discuss the indications, goals, and outcomes 
of surgical intervention for tumours of the pituitary gland, with 
particular focus on the most common tumour types. The role of 
multiple different surgical approaches in the treatment of pituitary 
tumours will be reviewed to provide both medical and surgical pro-
viders with an overview of how these different techniques play a role 
in delivering safe and efficacious treatment to patients affected with 
these lesions.

clinical Presentation and Surgical indications

Pituitary tumours can manifest in multiple ways, ranging from 
symptoms caused by mass effect on the surrounding, normal 
neurovascular structures and pituitary gland, as well as the plethora 
of symptoms and comorbidities from hormonal hypersecretion. 
For the majority of pituitary tumours, symptomatic lesions war-
rant surgical resection as first- line treatment, with the exception 
of prolactinomas, which are often successfully managed medically 
with dopamine agonists [9– 12]. Given that the vast majority of pi-
tuitary tumours are benign, asymptomatic lesions, especially the pi-
tuitary adenomas and Rathke’s cleft cysts, many can be managed 

table 2.3.7.1 Tumours of the sellar region

Tumours of the sellar region

Neuroendocrine tumours • Pituitary adenoma
— Null cell adenoma
— Gonadotroph adenoma
— Somatotroph adenoma
— Corticotroph adenoma
— Lactotroph adenoma
— Thyrotroph adenoma

• Pituitary carcinoma

Non- neuroendocrine 
tumours

• Pituicytoma
• Granular cell tumour
• Spindle cell oncocytoma
• Gangliocytoma
• Astrocytoma (posterior pituitary)

Tumours of non- pituitary 
origin

• Craniopharyngioma
— Adamantinomatous
— Papillary

• Meningioma
• Chordoma
• Langerhans cell histiocytosis
• Metastatic tumour
• Germinoma
• Schwannoma

Cystic lesions • Rathke’s cleft cyst
• Arachnoid cyst
• Epidermal/ dermoid cyst

Inflammatory lesions • Lymphocytic hypophysitis
• Granulomatous hypophysitis
• Xanthomatous hypophysitis
• Sarcoidosis

Vascular lesions • Cavernous angioma
• Aneurysm
• Pituitary tumour apoplexy
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conservatively with interval neuroimaging studies [13]. Some more 
aggressive lesions, such as craniopharyngiomas, should undergo at-
tempted gross total resection, even if they are asymptomatic; how-
ever, because of the relatively low incidence of these lesions, clinical 
guidelines have not been delineated and are a subject of continuing 
debate [14– 17]. Lastly, any pituitary lesion where the diagnosis is 
unclear and may be amenable to medical management or chemo/ 
radiotherapy may require surgical biopsy for definitive diagnosis.

Mass effect

As lesions gradually grow in size, they can exert effects on the 
normal surrounding structures in the sellar and suprasellar space. 
Initially, as the tumour grows it can begin to stretch the surrounding 
dural layers, in particular, the diaphragma sellae, which can result in 
intractable headaches [18]. The pathophysiological mechanism for 
headaches is based on the fact that the dura has nociceptive fibres 
within its layers transmitting pain through the sensory distribu-
tion of the trigeminal nerve. Although pituitary patients can pre-
sent with almost any type of headache, headaches caused by lesions 
arising from the sella are often referable to the frontal region or be-
hind the eyes, and sometimes to the occipital region. Work up of 
any type of headache, including migrainous or tension- type head-
aches, can uncover a sellar lesion, but often these headache types are 
not believed to be related to these lesions. Headache can be a chief 
complaint of 16.0– 62.1% of patients found to have non- functional 
adenomas [19– 21].

Pituitary tumours can often cause neurological deficit as they exert 
pressure on the surrounding cranial nerves. In particular, the optic 
nerves that travel superiorly to the sella are at risk. Compression of 
the optic nerves classically can result in a bitemporal hemianopsia; 
however, based on the growth patterns of pituitary tumours and 
their relation to the optic nerves and chiasm many different types 
of visual field and optic nerve deficits can be detected. Bitemporal 
hemianopsia is the result of mid- chiasmal compression and classic-
ally progresses from the superior temporal fields into the inferior 
temporal fields as the chiasm becomes thinned and more com-
pressed. Compression of the anterior chiasm can cause junctional 
scotoma and pressure on the posterior chiasm or optic tracts can 
cause an asymmetric homonymous hemianopsia. Of patients with 
non- functioning adenomas, up to 60% present with visual deficits 
[19– 21]. In addition to visual field defects, patients can experience 
decreased visual acuity and loss of red- green distinction when the 
optic nerves are compressed. Pituitary tumours invading the cav-
ernous sinus can compress cranial nerves III through VI which run 
within this venous structure resulting in complete or partial oph-
thalmoplegia or loss of facial sensation, or facial pain. Very large tu-
mours can exert mass effect on the brain stem posteriorly or obstruct 
cerebrospinal fluid (CSF) flow causing obstructive hydrocephalus.

Compression of the normal pituitary gland by enlarging tumours 
can result in signs of hypopituitarism and is found in 30– 40% of 
patients with non- functioning adenomas [19– 21]. In general, 
gonadotroph dysfunction is the first manifestation of hypopituit-
arism causing decreased sexual function or libido in men or amen-
orrhoea in women. As more damage is done to the pituitary gland, 
thyrotrophic, somatotropic, and corticotropic function can be lost. 
It is very uncommon for pituitary adenomas to cause symptom-
atic compression of the posterior pituitary gland, resulting in dia-
betes insipidus (DI). Patients presenting with DI are more likely 

to have lesions originating from the remnant Rathke’s pouch, such 
as craniopharyngiomas or Rathke’s cleft cysts, or invasive pituitary 
tumours that cause destruction of the gland. Of patients found to 
have craniopharyngiomas, 17– 27% can present with DI, which 
is less prevalent with Rathke’s cleft cysts [16, 22, 23]. In contrast, 
one presentation of mass effect on the normal pituitary gland is 
hyperprolactinemia which is caused by interruption of inhibitory 
input from the hypothalamus through distortion or compression of 
the infundibulum as it travels from the hypothalamus to the an-
terior pituitary gland. Hyperprolactinemia often results in galactor-
rhoea and amenorrhoea in women.

Hypersecretion

There exist a number of subtypes of pituitary adenomas that pro-
duce hormone products causing elevated systemic levels of the hor-
mone, most commonly somatotroph, corticotroph, and lactotroph 
adenomas, less commonly thyrotrophs and gonadotrophs. 
Somatotroph adenomas cause excess growth hormone levels and 
acromegaly. Symptoms of acromegaly include coarsening of facial 
features, increased hand or foot size, joint pains, skin tags, snoring, 
diabetes mellitus, hypertension, and cardiomegaly. Patients with 
corticotroph adenomas, or Cushing’s disease, experience elevated 
levels of ACTH and cortisol causing central obesity, moon facies, 
thinning of the skin and easy bruising, joint pains, violaceous striae, 
increased susceptibility to infections, amenorrhoea in women, 
hypertension, osteopaenia, and diabetes mellitus, which can greatly 
affect quality of life and lead to medical morbidity and prema-
ture mortality [24,  25]. Lastly, lactotroph adenomas present with 
hyperprolactinemia, which, as previously mentioned, can induce 
galactorrhoea and breast tenderness in both men and women, amen-
orrhoea in women, and signs of hypogonadism in men. Although 
hyperprolactinemia can be a result of both a hypersecreting tu-
mour and a tumour- causing stalk effect, serum prolactin levels in 
prolactinomas are generally considered to be much higher, with the 
existing literature claiming levels greater than 150 to 250 as pathog-
nomonic [26– 28] of tumour rather than stalk effect. In contrast to 
non- functioning tumours, hypersecretory tumours commonly pre-
sent smaller in size and with fewer symptoms of mass effect. The 
symptoms caused by the clinical syndromes they produce are often 
detected and diagnosed before they grow to such a size.

incidentalomas

With continually increasing utilization of imaging modalities for 
a multitude of symptoms, as well as improved resolution of these 
techniques, the incidence of incidentally discovered pituitary tu-
mours is increasing [13]. Tumours that are small in size, do not 
show signs of imminent compression of the optic chiasm, and are 
determined to not be attributable to the patient’s presenting symp-
toms can be managed conservatively, following them for clinical 
changes and interval neuroimaging studies to ensure that the lesion 
is not enlarging.

Pituitary tumour Apoplexy

Pituitary tumours, in particular pituitary adenomas, as they grow 
can outstrip or compress their blood supply, causing the tumour it-
self to become necrotic and swell in size or to haemorrhage from de-
fective tumour blood vessels. The occurrence of this phenomenon 
can result in a syndrome of acute onset, with severe headache, visual 
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loss, nausea/ vomiting, and altered mental status, known as pituitary 
apoplexy [29, 30].

Although uncommon, this presentation represents a clinical 
emergency, requiring hormone replacement, especially of the ad-
renal axis, and when presenting with neurological deficit, such as 
visual loss or ophthalmoplegia, should be managed with emergent 
surgical decompression and resection of the tumour [31, 32].

clinical evaluation and Preoperative Planning

All patients with pituitary lesions should undergo a full endo-
crine laboratory panel to check for signs of hypopituitarism or for 
the presence of a potential functional pituitary adenoma. Serum 
prolactin levels should be performed with dilution to ensure that 
falsely low levels are not the result of the ‘Hook Effect’, a phenom-
enon caused by flooding of the detection assay with extraordin-
arily high prolactin levels. Patients with signs and symptoms of 
hypopituitarism should be managed appropriately with hormone 
replacement. A particular situation is when hypothyroidism or ad-
renal insufficiency is noted. Rapid thyroid repletion without regard 
to the cortisol status may increase metabolic stress and precipitate 
adrenal insufficiency which must be optimized preoperatively.

When feasible, non- urgent patients with clinical vision loss 
should undergo a full neuro- ophthalmologic evaluation to establish 

a preoperative baseline. Evaluation should include pupillary re-
sponsiveness, range of extraocular muscle movement, Humphrey 
automated perimetric assessment, and optical coherence tomog-
raphy to assess thinning of the retinal nerve fibre layer.

As part of both the diagnostic and preoperative evaluation, all 
patients with suspected pituitary tumours should undergo high- 
resolution imaging. Although computed tomography (CT) can be 
helpful in the initial detection of pituitary tumours, and can be 
helpful in appreciating calcifications within the tumour to help de-
termine whether the lesion may represent a craniopharyngioma, 
pituitary focused magnetic resonance imaging (MRI) is the ideal 
study (Figure 2.3.7.1). MRI of the brain with and without gado-
linium and with high- resolution sequences through the sella 
provides the best anatomic delineation of the lesion and the sur-
rounding normal structures, particularly the carotid arteries ad-
jacent to the sella. This allows for improved surgical planning in 
order to determine the best surgical approach to safely remove 
the lesion in its entirety, as well as allowing surgeons to recognize 
obstacles such as a narrow intercarotid artery distance or the re-
lationship between the tumour and the optic apparatus that could 
make surgery more challenging. Additionally, high- resolution 
sequences can be used with many computerized neuronavigation 
systems which allow surgeons to localize instruments and main-
tain orientation to vital structures in real time throughout the 
operation.

(a) (b) (c)

(d) (e) (f)

Figure 2.3.7.1 Contrast enhanced MRI Brain demonstrating a number of different pituitary tumours. (a) Shows a large homogenously enhancing 
gonadotroph adenoma with a hypointense cystic component representing prior haemorrhage. The lesion encases the carotid artery on the right (white 
arrow) and displaces the optic chiasm superiorly (which is not visible radiographically secondary to severe thinning). (b) Illustrates a somatotroph 
adenoma growing from the pituitary gland, displacing the normal gland to the left (white arrowhead). There is no compression of the optic chiasm 
(White arrow). (c) Reveals a large septated hypointense Rathke’s cleft cyst causing compression of the optic apparatus and bitemporal hemianopsia. 
(d) Demonstrates a heterogeneously enhancing craniopharyngioma. The normal pituitary gland is not visible because it has been engulfed by the 
tumour. (e) Exhibits a heterogeneously enhancing, dermoid cyst in the suprasellar space, surrounding the infundibulum (white arrowhead). (f ) Displays a 
hypointense lesion, expanding the pituitary stalk, with small punctate points of enhancement, consistent with suprasellar germinoma.
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Surgical Approaches

There are two major groups of surgical approaches for lesions of the 
pituitary gland: transcranial and endonasal. Although the endonasal 
transsphenoidal approach is by far the most popular, there still exist 
indications and a role for transcranial surgery of the pituitary gland.

transcranial Surgery

Transcranial surgery for the pituitary gland involves a scalp inci-
sion and creation of a craniotomy to access the pituitary gland in 
the sella. These approaches take advantage of fissures between the 
lobes of the brain and the subarachnoid spaces to avoid transgres-
sion through normal brain parenchyma. A  number of common 
approaches used for transcranial surgery of the pituitary gland in-
clude the pterional craniotomy and its transsylvian approach, the 
cranio- orbitozygomatic approach accessing the pituitary gland 
via the subfrontal or transsylvian route, and bifrontal craniotomy 
via the subfrontal route [33,  34], and the so- called supraorbital 
subfrontal approach through an eyebrow incision. Transcranial sur-
gery for tumours of the pituitary gland is most useful in lesions with 
extensive suprasellar extension. Examples include giant pituitary 
adenomas, craniopharyngiomas with invasion posteriosuperiorly 
within the third ventricle and/ or hypothalamus, biopsy for tumours 
or lesions of the pituitary stalk, and recurrent Rathke’s cleft cysts 
requiring resection of the cyst wall. The advantages of craniotomy 
for pituitary tumours include increased exposure and control of the 
major arteries of the circle of Willis and improved visualization for 
dissecting tumour planes away from major neurovascular struc-
tures that are more poorly visualized from an endonasal approach. 
The unique disadvantages of these approaches include increased 
risk to normal brain from retraction, and the need for a visible inci-
sion on the scalp; however, the overall risk of major neurovascular 
injury or mortality is approximately the same as with the endonasal 
approach.

endonasal transsphenoidal

This surgical approach involves exposing and entering the sphenoid 
sinus, and subsequently the sella through the nasal cavities 
(Figure 2.3.7.2). Enlargement of the opening in the sphenoid sinus 
allows access laterally to tumours that have invaded the cavernous 
sinuses, superiorly for tumours that extend to the tuberculum sellae, 
and inferiorly to the clivus for tumours invading the clival bone or 
with extension to the pons. This approach allows for removal of 
very large lesions given that they tend to arise from within the sella. 
As they grow, they tend to extend superiorly, displacing normal 
anatomy. In particular, pituitary adenomas, as well as Rathke’s cleft 
cysts, have a very soft and sometimes liquid consistency that allows 
relatively easy removal from the smaller cranial opening created by 
transsphenoidal surgery. The tumour can then be separated from 
the normal surrounding gland using a number of blunt curettes, 
minimizing damage to the surrounding normal gland. Further ad-
vances in the transsphenoidal technique have allowed for effective 
resection of the more solid and adherent tumours; however, pre-
operative imaging should be carefully studied for appropriate se-
lection of these cases to ensure that the tumour can be removed 
without significant risk to the surrounding neurovascular struc-
tures, such as the cranial nerves and carotid arteries. For instance, 

retrochiasmatic craniopharyngiomas with suprasellar extension, 
tumours arising superiorly to the chiasm from the infundibulum, 
and giant pituitary adenomas with growth into the temporal lobe, 
should be considered for a transcranial approach to avoid crossing 
these vital structures with instruments, placing the patient at risk 
for a major complication.

The endonasal transsphenoidal operation can be performed 
with the operating microscope or endoscope (2D or 3D) for visu-
alization. Both techniques place the surgeon at the face of the sella, 
operating through the nasal cavities; however, there exist subtleties 
in the steps of the procedure and the visualization offered between 
the two. Performing the procedure with the operating microscope 
involves placement of a nasal speculum along the perichondral 
surface of the septal mucosa. The speculum is placed within the 
sphenoid sinus at the face of the sella, and opened to enter the sinus 
and provide appropriate exposure. With the speculum in place, the 
microscope offers a lighted but necessarily narrowed corridor to the 
sellar opening. Technically, there are a few disadvantages with this 
approach, such as a smaller field of vision, limited illumination, and 
collision of instruments with the microscope in place. When using 
the endoscopic approach, the endoscope is placed through the nasal 
cavity and the posterior bony septum is removed posterior to an-
terior. The sphenoid sinus is opened and then subsequently the sellar 
floor is removed. Disadvantages with the 2D endoscopic approach 
include decreased three- dimensional perspective when operating 
while looking at a two- dimensional monitor; however, this disad-
vantage is mitigated by the use of three- dimensional endoscopes 
[35]. Advantages to the endoscope include improved illumination 
with the light source at the tip of the camera and panoramic visu-
alization with the image coming directly from the operative field. 
Furthermore, advances in technique using the endoscope have al-
lowed for the development of extended endoscopic approaches with 
more access to the anterior and middle skull base, allowing for the 
removal of larger and more extensive and invasive tumours than 
previously.

Both approaches are safe and effective for the resection of ap-
propriately selected pituitary tumours. The use of the operative 
microscope or the endoscope has become largely one of surgeon 
preference, recognizing that there is a lack of Level I  evidence to 
prove the superiority of one technique over another. Studies com-
paring the two techniques in patients with pituitary adenomas have 
shown no statistically significant differences in outcomes, including 
extent of resection, endocrinologic function, visual improvements, 
and postoperative CSF leak rates [35– 38]. Similar results were 
found comparing techniques in patients with secretory tumours, 
such as ACTH adenomas, as well as similar remission and recur-
rence rates [39].

Postoperative care

Patients undergoing surgery for pituitary tumours have a number 
of unique considerations relating to the immediate postoperative 
period. At our institution, patients undergoing transsphenoidal sur-
gery are transferred to the postoperative anaesthesia unit and then 
our neurosurgical floor, while patients undergoing transcranial sur-
gery are monitored in the intensive care unit. Neurological status, 
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in particular visual fields and acuity, is monitored closely for signs 
of changes.

One of the primary concerns following pituitary surgery is the de-
velopment of either DI or the syndrome of inappropriate antidiur-
etic hormone secretion (SIADH). During the initial postoperative 
period, strict fluid intake and output measurements are recorded, 
and patients undergo regular serum sodium evaluations and urin-
alysis for determination of specific gravity. Mild DI is managed con-
servatively with oral fluid replacement, as this is often temporary 
and self- limited. Patients with more severe DI or DI that is signifi-
cantly interrupting sleep are treated with oral or IV desmopressin 
that is titrated to the patient’s symptoms. Signs of SIADH, as in-
dicated by progressive decreases in or less than normal serum so-
dium values are managed with strict fluid restriction. In severe 
cases, hypertonic 3% saline may also be administered. Patients are 
at highest risk for SIADH between postoperative days 2 and 10 [40]. 
Because our patients are normally hospitalized for two to three 
days, we prophylactically discharge patients on a 1 L per day fluid 
restriction, which has brought our hospital readmission rate for 
hyponatraemia to zero [41].

Patients with preoperative laboratory evidence of adrenal in-
sufficiency receive steroid replacement at the time of surgery with 
hydrocortisone. Hydrocortisone is then tapered to physiological 
levels over the next few days. The total duration of hydrocortisone 
replacement is determined based on the clinical and biochem-
ical severity of adrenal insufficiency and need for replacement. 

Conversely, patients not requiring steroid replacement are moni-
tored daily with fasting morning cortisol levels to ensure that hypo-
pituitarism does not develop as a complication of the operation.

After discharge from the hospital, patients return to the office, 
one week after their procedure, for a serum sodium check, as well 
as potentially other short- term laboratory studies that may affect 
clinical management, such as fasting morning cortisol. At 6 weeks 
postoperatively, patients return for follow- up with a full endocrine 
panel and at three months for a postoperative MRI of the brain, to 
assess the extent of tumour resection and to establish a baseline for 
annual routine imaging going forward.

Outcomes

Overall, the surgical management of pituitary adenomas is suc-
cessful in relieving symptoms of mass effect, such as headache and 
visual loss, as well as achieving control of symptoms from functional 
tumours, with acceptable morbidity and mortality. In patients with 
non- functioning adenomas, relief of symptoms caused by mass 
effect are reported as high as 90% [19, 20, 42– 46]. Restoration of 
normal pituitary gland function has been reported as high as 48% 
[31, 47,  48]. Furthermore, one study demonstrated superiority of 
the transsphenoidal approach in improving and preserving pitu-
itary function [49]. Although surgical intervention provides excel-
lent results for symptoms of mass effect, functional adenomas can be 

(a) (b) (c)

(d) (e) (f)

Figure 2.3.7.2 Intraoperative photographs. (a) Demonstrates the operative team at our institution and the set- up of the operating room. With 
an assistant holding the endoscope through a binostral approach, the primary surgeon can use bimanual technique to perform the operation. 
The monitor for the endoscope is positioned directly in front of the surgeons with the neuro- navigation system (orange asterix) to the left and the 
instrument table and nursing team to the right. (b) Exhibits the face of the sella and relevant anatomy. ON, optic nerve; OCR, opticocarotid recess; 
ICA, internal carotid artery. (c) Shows the removal of a gonadotroph macroadenoma. Intracranial pressure aids in tumour removal pushing the 
tumour out of the sella and down from the suprasellar space. (d) Illustrates resection of a right- sided, somatotroph adenoma. Note the classic, white 
appearance of the tissue and the normal pituitary gland (P) on the right. (e) Shows resection of a suprasellar dermoid cyst using blunt curettage. The 
classic fatty, white appearance of the contents is shown, as well as a number of hairs growing within the tumour (white arrows). (f ) Shows the resection 
cavity once the tumour has been removed. Prolapse of the diaphragma sellae (DS) is a good sign that the nerves superiorly have been decompressed. 
Normal pituitary gland (P) can be observed on the right.
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more complex, since relief of symptoms and achievement of lasting 
remission may require removal of every single hyperfunctioning 
cell, which can be extremely difficult for aggressive and invasive tu-
mours. Despite the challenge, surgery is still effective for Cushing’s 
disease, with initial remission rates reported as high as 95% in 
selected cases, and acromegaly, with remission rates as high as 
70% [50– 55]. Recurrence rates can be affected by multiple factors, 
including extent of resection, mitotic index, invasiveness, tumour 
type, and the number of prior procedures; however, for pituitary ad-
enomas, the rate of recurrence is generally accepted to be approxi-
mately 10% at 10  years, with ACTH adenomas being among the 
more challenging, with long- term recurrence rates approximating 
as high as 30% [20, 56– 60].

Outcomes for other common tumour types, such as 
craniopharyngiomas, are more complex. Similar to pituitary aden-
omas, surgery is effective for relief of symptoms caused by mass ef-
fect. Rates of visual improvement have been reported to be as high 
as 69.2% [61, 62]. Because of the tumours’ intimate association with 
the pituitary gland, infundibulum, and hypothalamus, the rates of 
pituitary gland preservation are lower, as evidenced by the rates of 
DI being reported as high as 93% [14, 23, 61, 63]. In some cases, in 
order to achieve definitive resection of the tumour, the infundibulum 
must be sharply divided which can result in panhypopituitarism. 
Dissection of the tumour from the hypothalamus can also result in 
hormonal dysfunction and subsequent obesity, especially in paedi-
atric patients [61, 62, 64]. In addition, the extent of resection greatly 
influences recurrence rates. Following subtotal resection, ultimate 
progression rates can be as high as 90% [61, 65].

complications

Although complications exist in transcranial and endonasal ap-
proaches for pituitary surgery, the notable complications in 
transcranial surgery are neurovascular injury to surrounding 
structures, which is common to many neurosurgical procedures. 
Severe complications associated with endonasal transsphenoidal 
surgery include injury to the major vasculature, most commonly 
the internal carotid arteries that lie laterally to the pituitary tu-
mour. When performing extended approaches for larger pituitary 
tumours, other vessels can be damaged including the basilar artery 
or any of the vessels comprising the circle of Willis; however, this is 
much less common. In addition, damage can occur to the cranial 
nerves that course adjacent to the sella, primarily the optic nerves 
that lie superiorly. Visual loss occurs secondary to a number of 
mechanisms, including direct injury from dissection of the tumour, 
haemorrhage, overpacking of closure material, or devascularization 
of the nerves from the minute vessels originating from the superior 
hypophyseal artery. In addition to visual loss, ophthalmoplegia or 
facial numbness can occur when dissecting tumours from the cav-
ernous sinus. Other complications that can occur include infection/ 
meningitis, epistaxis, and chronic sinusitis. One large series of 506 
patients undergoing transsphenoidal surgery for non- functioning 
adenomas revealed an overall complication rate of 9.1%, with the 
most common complication being CSF leak and severe complica-
tions such as visual loss or vascular injury being less than 1– 2% [66].

In addition to neurovascular injury, the normal pituitary gland 
can be damaged when attempting to remove pituitary tumours. 

Temporary or permanent dysfunction of the anterior and/ or pos-
terior pituitary gland may occur resulting in hypopituitarism, such 
as isolated adrenal insufficiency or DI, or even panhypopituitarism. 
Rates of hypopituitarism after endonasal transsphenoidal surgery 
vary, and can be heavily influenced by the pathology present. For 
instance, invasive or inflammatory pathologies, such as metastatic 
tumours, lymphocytic hypophysitis, or germinomas, cause inherent 
damage to the gland, and therefore, removal of these lesions can 
result in greater levels of hypopituitarism, further influenced by the 
extent of removal.

One complication more uniquely associated with all types of 
endonasal surgery is persistent postoperative CSF leak. As tumours 
from the pituitary gland enlarge, they can stretch the diaphragma 
sellae, causing this normally thickened, protective layer to become 
thinned and fragile, or invasive tumour pathologies can erode the 
membrane or produce holes in it. When the tumour is removed, 
CSF leak can occur either from damage to the diaphragma sellae 
from surgical manipulation or removal of the tumour that was pre-
viously plugging a defect that can now leave a communication. CSF 
leak needs to be managed at the time of surgery to decrease the 
risk of complications such as meningitis, pneumocephalus, or intra-
cranial haemorrhage. There are a number of techniques for sellar 
closure in the event of a leak to prevent persistent fistulization, such 
as autologous abdominal fat or fascia lata, biologic glues, synthetic 
and xenograft dural substitutes, free nasal mucosal flaps, and vascu-
larized nasoseptal flaps [67– 69]. Although a number of factors can 
affect the rate of persistent postoperative CSF leak, the incidence 
of complications can be as high as 17% for pituitary adenomas and 
33% for large lesions that create larger dural defects and high- flow 
spinal fluid leakage [70– 72].

conclusions

Although there are a multitude of different tumours that can 
arise from the pituitary gland and the surrounding structures 
related to the sella, surgery is generally considered the first- line 
treatment for a vast majority of these pathologies. Growing le-
sions can result in headaches, visual loss, and hypopituitarism, 
and hyperfunctioning adenomas can cause symptoms and 
comorbidities from excess circulating hormones. Although there 
are a number of ways to surgically approach these lesions, the 
transsphenoidal approach is the most popular, and use of the 
endoscope is rapidly becoming the standard method for treating 
these tumours. Symptomatic relief via this approach is largely 
successful, with acceptable morbidity and low rates of serious 
complications from neurovascular injury. The most prevalent 
complication is persistent CSF leak; however, advancing tech-
niques have greatly diminished its occurrence. Significant and 
continued surgical experience improves outcomes and decreases 
complication.
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introduction

Pituitary adenomas are the most common pituitary disorder in the 
adult population [1] .

Their progressive growth within and outside the sellar region is 
responsible for the onset of characteristic mass- related symptoms 
(cranial nerve dysfunction and optic pathway compression), while 
a hypersecretory endocrine state is the common modality of disease 
presentation in functioning lesions.

The optimal management of pituitary adenomas involves a multi-
disciplinary collaboration between neurosurgeons, endocrine spe-
cialists and clinical (radiation) oncologists, and often requires a 
combination of treatments.

The main goal of all treatments is to provide long- term tumour 
control and/ or to normalize the hormonal hypersecretion. While 
surgery has been historically considered the first approach in all 
symptomatic pituitary tumours, radiotherapy maintains an im-
portant and long- established role in the management of secreting 
and non- functioning adenomas, with a considerable number of 
patients receiving external beam irradiation in course of their 
disease.

In patients with non- functioning tumours, radiotherapy is with-
held until evidence of further tumour progression after surgery, 
unless significant concerns are raised by new symptoms (visual im-
pairment), or by specific histological features (atypical features, si-
lent corticotroph adenoma). Often a second surgery is considered 
before radiotherapy. In progressive, non- functioning adenomas 
radiotherapy achieves tumour control in over 90% of patients at 
10 years, and in 85– 92% at 20 years [2– 7].

For functioning tumours, radiotherapy is indicated when rapidly 
progressive or recurrent lesions are detected or in those patients 
failing to achieve hormonal normalization after other treatments 
(previous surgeries and medical therapy). Hormone levels decline 
slowly, normalizing in the great majority of patients over months 
or years after radiotherapy, depending on pretreatment hormone 
values [8, 9].

Modern radiotherapy techniques allow the delivery of an effective 
dose of radiation to the treatment target while minimizing the dose 

delivered to surrounding normal tissues thus potentially decreasing 
the long- term risk of normal tissue damage.

Radiotherapy for Pituitary Adenomas: treatment 
Plan and Fractionation

Regardless of the technology used to deliver it, pituitary radio-
therapy aims to:

 • Accurately identify the treatment target within the sella and the 
adjacent structures;

 • Calculate the dose to deliver to the treatment target by using a 
computerized treatment planning system;

 • Accurately deliver the predefined dose of radiation in one or mul-
tiple fractions (radiosurgery or fractionated radiotherapy);

 • Minimize the dose received by the surrounding uninvolved brain 
hence reducing the risk of normal tissue injury.

In general, the treatment target or GTV (gross tumour volume) is 
identified on high resolution imaging (thin cuts MRI sequences 
without contrast) accurately fused with computed tomography 
(CT) imaging acquired for planning purposes. During the planning 
scan the patient head is immobilized in a closely fitting relocatable 
frame (generally used in fractionated radiotherapy) or with the use 
of more invasively fixed frames (mainly employed in single frac-
tionated treatments).

The GTV is manually contoured in three planes to generate a 3D 
volume encompassing the macroscopically visible lesion. An iso-
tropic margin is added to account for areas of uncertainty in volume 
delineation, the trans- sphenoidal surgical route, and any set- up 
variation relative to the single radiotherapy centre. The generated 
volume is defined as the planning target volume (PTV). A careful 
delineation of all the organs surrounding the PTV and at potential 
risk of irradiation (OARs, organs at risk) is mandatory. The entire 
optic pathway, the brainstem, and the hypothalamic structures are 
routinely outlined. All OARs are expanded to create a planning risk 
volume (PRV) which margin, as for the PTV, should reflect the ac-
curacy of daily local set- up (Figure 2.3.8.1).

The treatment dose is calculated with a sophisticated computer-
ized planning system that defines the best arrangement of the radio-
therapy beams to deliver the dose homogenously to the PTV while 
minimizing the dose received by non- target structures.

In conventional radiotherapy, this is achieved by dividing the 
total dose over multiple sessions (fractionated radiotherapy). 
Fractionated pituitary irradiation is given to total dose of 45 
to 50.4 Gy at 1.8 Gy per fraction, once a day, five days per week. 
Fractionation is used for lesions larger than the ones treated with 
single fraction radiotherapy— often referred as radiosurgery— or for 
tumours abutting or compressing the optic apparatus.

Radiotherapy techniques

3D conformal Fractionated Radiotherapy

Conventional radiotherapy for pituitary adenoma is delivered with 
photons using a linear accelerator (LINAC), the most common ma-
chine used to deliver external beam radiotherapy.



 2.3 Aetiology, Pathogenesis, and Management of Disease of the Pituitary 211

Three- dimensional (3D) conformal fractionated radiotherapy 
(CRT) is used to treat functioning and non- functioning adenomas 
of small or large volumes.

To achieve reproducible head position and aid treatment precision, a 
custom- made closely fitting thermoplastic mask is applied and moulded 
directly to the patient’s face in the treatment planning process. The repo-
sitioning accuracy of the mask during treatment is around 3– 5 mm [10], 
and can be improved to 2– 3 mm, by using tighter fitting masks [11].

Imaging for treatment planning is performed with the patient 
lying in supine position with the head in the immobilization device. 
Planning CT and pre-  and postoperative MRI scans are coregistered 
on the planning system for 3D target delineation (GTV) with an 
isotropic margin of 5– 10 mm added to account for uncertainties in 
planning or treatment delivery.

In 3D- CRT, three fixed fields of radiation are commonly used to 
irradiate the PTV: an anterior oblique field directed to the pituitary 
area through the forehead and two lateral opposed beams coming 
from the temporal regions (Figure 2.3.8.2). If a different beam ar-
rangement is adopted, the planning system defines the optimal 
number and orientation of each field to achieve a conformal dose 
distribution within PTV, limiting the dose to the adjacent normal 
OARs. Each beam of radiation is shaped to conform to the profile of 
the PTV with a multileaf collimator (MLC): an array of computer- 
controlled parallel leaves moving in and out to create an adjustable 
aperture through which the beam is delivered. The use of a dynamic 
MLC (with the leaves moving during the gantry rotation) also al-
lows to alter the intensity of the radiation during its path (intensity- 
modulated radiotherapy, IMRT) resulting in a more homogeneous 
dose distribution within targets of any shape. A technique of arcing 

IMRT (described as volumetric modulated arc therapy (VMAT) or 
RapidArc) offers a fast way of delivering complex IMRT treatments 
and is increasingly in use as an alternative to conventional fixed 
field 3D-CRT. Arc techniques are used to minimize the dose bilat-
erally to the temporal lobes with the aim of reducing the impact of 
treatment on patients’ cognitive function.

Stereotactic Radiotherapy

The stereotactic techniques represent an evolution of 3D- CRT 
where the combination of more robust patient immobilization and 
on- treatment imaging (image guidance) guarantee accurate treat-
ment delivery.

Originally, the term ‘stereotactic’ referred to the use of a system 
of external 3D coordinates, generally a neurosurgically fixed head 
frame, adopted to determine the location of a lesion within the 
brain. While in some contexts the stereotactic localization has been 
superseded by the integration of modern imaging within the radio-
therapy planning system, the term ‘stereotactic’ is still widely in use.

With more precise target localization and accurate dose delivery 
compared with 3D- CRT, stereotactic radiotherapy (SRT) results in 
a reduction of the volume of normal brain tissue irradiated to high 
doses of radiation.

SRT can be delivered in daily fractions over few days (3– 5 frac-
tions, hypofractionated radiotherapy— hSRT), or over few weeks 
(up to 25– 28 fractions in pituitary adenoma, conventionally frac-
tionated stereotactic radiotherapy— fSRT), or in a single fraction 
(radiosurgery— RS).

In deciding between these methods, several considerations must 
be taken into account. Large adenomas (3 cm or more in maximum 
diameter) or adenomas close to radiation- sensitive structures (such 
as the optic chiasm) are more safely treated with fractionated ra-
diation (3D- CRT, fSRT, or less commonly hSRT). At the standard 
total doses of 45– 50.4 Gy delivered in fractions of less than 2 Gy, the 

Figure 2.3.8.1 Target delineation of a pituitary adenoma. Gross 
tumour volume/ planning target volume (GTV/ PTV) and organs at risk are 
outlined. GTV (brown)/ PTV (red); left optic nerve (pink); right optic nerve 
(light orange); brainstem (orange). For a colour version of this figure, please 
see colour plate section.

Figure 2.3.8.2 Example of beam arrangement and dose distribution in 
a conventional three fields CRT plan (an anterior oblique and two lateral 
opposed beams).
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risk of radio- induced damage to the optic pathway is around 1%. As 
the risk of optic neuropathy is dose- dependent, a single large dose 
of radiation delivered with RS results in an unacceptable toxicity if 
the adenoma abuts or displaces the surrounding critical structures 
(optic apparatus) [12, 13].

Fractionated Stereotactic Radiotherapy (fSRt)

fSRT is delivered on LINACs with patients immobilized in 
relocatable frames with a reported relocation accuracy of 1– 2 mm 
[14, 15], or in precisely fitting thermoplastic mask systems with an 
accuracy of 2– 3 mm [11].

A smaller PTV margin is used in fSRT (generally 3– 5 mm) as a 
result of the more precise patient immobilization devices adopted 
and the concomitant use of frequent imaging during the course of 
radiation (image guidance). On- treatment imaging (orthogonal 
X- rays or cone beam CT scans) enables instant, real- time correc-
tion for patient positioning deviations with respect to the planning 
scans, thus improving the precision of the daily treatment.

fSRT is delivered using multiple static beams of radiation (usually 
4– 6), each beam conforming to the shape of the PTV using an MLC 
(mini MLCs with a 5 mm width or micro MLCs with 3 mm width). 
As for 3D-CRT, the use of MLC allows to modulate the beam inten-
sity during its delivery (IMRT). VMAT or RapidArc is also possible 
on dedicated LINACs (Figure 2.3.8.3).

Adapted LINACs mounted on a robotic arm capable of move-
ments in six degrees of freedom (Cyberknife) can be used to treat pi-
tuitary adenomas either in a single fraction or by hypofractionating 
the total dose of radiation in three to five fractions.

Single Fraction Stereotactic Radiotherapy 
(Radiosurgery— RS)

Single fraction radiotherapy, usually referred as radiosurgery (RS), 
is a high precision localized technique of irradiation used as a non- 
invasive alternative to surgical excision (hence the misleading term 
of ‘radiosurgery’) in patient with both malignant and benign brain 
conditions.

RS for pituitary adenomas was first delivered on the Gamma 
Knife unit (GK), a multiheaded cobalt device in which multiple 
cobalt- 60 sources (192 in the current version) are arranged in a 

hemispherical distribution. The generated multiple beams of ra-
diation converge with high precision at a single point (isocentre) 
to achieve a circumscribed dose distribution within the PTV. For 
more complex shaped adenomas, a multiple isocentre arrangement 
is often chosen resulting in a combination of several spherical dose 
volumes encompassing the treatment target.

In the planning phase of the procedure, an MRI- compatible 
frame is neurosurgically attached to the skull of the patient in 
four points, under local anaesthesia. A system of fiducial markers 
coupled to the frame during the planning imaging allows a frame- 
based coordinate system, where any point within the brain is lo-
cated with submillimetric precision. The number and the position 
of the isocentres are calculated by the planning system to shape the 
prescription dose to the lesion profile (marginal dose). Due to the 
invasive nature of the frame, the treatment planning and delivery 
procedures necessitate been carrying out and completing within a 
single day.

RS for pituitary adenomas is given to doses of 12– 35 Gy to the 
tumour margin with maximum doses to the optic pathway and the 
cranial nerves in the cavernous sinus limited to 8– 10 Gy and 16– 18 
Gy, respectively (Figure 2.3.8.4).

LINACs initially modified with external mechanical supports to 
deliver RS have been replaced by LINACs with a high level of pre-
cision not requiring adaptation for RS. Non- invasive relocatable 
frames coupled to image- guided techniques can be used in al-
ternative to fixed frames. In this so called ‘frameless RS’, the high 
single dose of radiation is delivered with single or multiple arcs of 
radiation (VMAT) or multiple fixed fields. With Cyberknife (CK) 
LINACs, the freedom in movements of the robotic arm allows the 
delivery of a wide range of single non- coplanar beams intersecting 
one other to create a uniform dose distribution in the target.

Proton Beam Radiotherapy (PBt)

Proton devices are increasingly used to treat brain tumours and the 
renewed interest in proton beam radiotherapy (PBT) is associated 
to the physic properties of these heavy particles. Unlike photons, 
protons are able to deliver most of their energy when they hit the 
target. The very low entry dose and minimal exit dose beyond the 
target boundaries allow to deliver the prescribed treatment also to 

Figure 2.3.8.3 Example of isodose distribution in a VMAT plan. (in red the PTV) For a colour version of this figure, please see colour plate section.



 2.3 Aetiology, Pathogenesis, and Management of Disease of the Pituitary 213

large, irregular volumes with optimal sparing of the surrounding 
healthy tissues [16].

Protons are produced by large particle accelerators (cyclotrons 
or synchrotrons) where the atom is stripped of its electron to pro-
duce heavy positive charged particles. The steps involved in PBT are 
similar to photon- based treatments with relocatable frames com-
monly used for patient immobilization.

Current indications for the use of protons within the UK 
Specialised Commissioning Team include the treatment of pitu-
itary adenomas up to the age of 24 years old based on theoretical 
reduction in the possible late side effects of brain radiation, such 
as second malignancy, neurocognitive deficits and cerebrovascular 
disease (Figure 2.3.8.5) [17].

toxicity of Radiotherapy

Hypopituitarism is the most common consequence of radiation 
treatments for pituitary adenomas, after both fractionated and 
single dose radiation therapy. It is more frequent in patients with 
previous insults to the pituitary gland (post- surgery, from the tu-
mour itself) and its clinical manifestations can gradually develop 
over several years from treatment (the increased risk of hormonal 
deficiency is as high as 80% by 10– 15 years).

Permanent cranial nerve injuries secondary to radiotherapy 
are far less common than hormonal failure in pituitary adenomas 
treated with fractionated irradiation, where the risk of neurotox-
icity increases markedly only at doses >60 Gy at ≥1.8 Gy/ fraction. In 
single fraction RS, the risk of radiation- induced optic neuropathy is 
estimated at 1.7%, 1.8%, 0%, and 6.9% for a Dmax of <8, 8– 10, 10– 
12, and >12 Gy, to the optic apparatus, respectively, so the frequency 
of complications should be low if an appropriate patient selection 
for RS is adopted [12].

Patients with pituitary adenoma treated with radiotherapy also 
seem to have a significantly increased risk of cerebrovascular 

complications (CVAs) compared to the general population [18], al-
though these data are not confirmed in all studies [19, 20].

Radiation is recognized to be a contributing factor in the develop-
ment of second brain tumours and an increased risk of developing 
a radiation- induced malignancy in pituitary adenomas treated with 
fractionated radiotherapy has been reported [21, 22]. The relative 
risk of radiation- induced tumours after RS has not been precisely 
determined and the relatively short follow- up of most published 
series does not allow for meaningful comparison to fractionated 
radiotherapy.

clinical Outcome of Pituitary Radiotherapy

Despite several differences in treatments- related parameters be-
tween LINAC, GK, and CK radiotherapy in pituitary adenomas, 
the published data on the clinical efficacy of the various techniques 
is based on the results of retrospective case studies reporting on a 
single technique and non- randomized comparative studies.

The major limitation of these types of studies is the difficulty in 
understanding the real efficacy of an intervention due to the lack 
of control over factors that influence the outcome being measured, 
making the presumed superiority of one technique against other 
still a matter of debate.

The clinical efficacy of radiotherapy for pituitary adenomas 
should be measured in terms of overall survival, actuarial tumour 
control (progression- free survival, PFS), and quality of life. The 
most frequently reported endpoints of radiation treatment for non- 
functioning pituitary adenomas are local tumour control and long- 
term morbidity.

Hormone normalization following treatment should be described 
in relationship to pretreatment hormone levels and defined as the 
time to reach 50% of pretreatment values.

Furthermore, although the total dose delivered with fraction-
ated meanings of irradiation is largely consistent within different 

Figure 2.3.8.4 Example of Gamma Knife plan for a residual secreting pituitary adenoma within the right cavernous sinus (marginal dose 25 Gy—yellow). 
White line shows the 8 Gy isodose distribution with respect to the optic pathway. For a colour version of this figure, please see colour plate section.
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publications (45– 50.4 Gy), the range of dose prescriptions between 
secretory and non- functioning adenomas treated with RS tends to 
be different (from 12 to 30 Gy). The rationale behind this practice 
is based on the observation that a more rapid hormone normal-
ization was reported in single studies using higher doses to treat 
secreting tumours. In absence of a strong radiobiological model 
and of prospective randomized studies in support, the relationship 
between dose delivered and endocrine remission warrants further 
investigation.

Outcome of 3D- cRt

The long- term outcomes from case series published in the literature 
for 3D- CRT in pituitary adenomas are shown in Table 2.3.8.1. The 
actuarial PFS varies from 87% to 98% at 10 years [3, 23– 25] with the 
majority of the studies providing consistent long- term follow- up 
data and the largest study also reporting figures on PFS at 20 years 
[2] . In secreting tumours, normalization of the pretreatment 
values is achieved at variable times from irradiation. Stabilization 
of growth hormone (GH) hypersecretion mainly depends on pre- 
RT levels, with GH/ IGF- 1 normalization in up to 70% of patients 
10– 15 years after RT. A reduction to 50% of pretreatment levels is 
detected after 2 years from treatment [26, 27]. Biochemical remis-
sion with normalization of cortisol secretion has been reported in 
73%, 78%, and 84% of patients at 3, 5, and 10 years, respectively. 
Urinary free cortisol (UFC) is reduced to 50% of the pretreatment 
levels after an interval of 6– 12  months, and plasma cortisol after 
around 12 months [28]. Large recurrent prolactinomas are reported 
to be less sensitive to radiotherapy but data are scarce because of 
its limited use. The reported 10- year tumour and hormone control 
rates are 90% and 50%, respectively [29– 31].

Data about toxicity of 3D- CRT show low rates of complications 
after treatment. The most common long- term complication is 
hypopituitarism, occurring in 30– 80% of patients at 10 years from 
radiotherapy. The incidence of symptomatic radio- induced optic 
neuropathy following 3D- CRT is 1– 3%, but long- standing com-
pression of the visual pathway in large tumours might contribute 
to these figures.

Cerebrovascular mortality has been found increased in patients 
with pituitary adenomas treated with radiotherapy compared with 

the general population [18, 32]. The metabolic and cardiovascular 
effects of hormone imbalance and the consequences of surgery 
might play a significant role in the long- term occurrence of these 
conditions.

There is a slight but significant 2– 2.7% increased risk of sec-
ondary brain tumours after conventional radiotherapy for pituitary 
adenoma reported in various studies [21, 33, 34].

Outcome of Fractionated Stereotactic 
Radiotherapy (fSRt)

The outcome of 1166 functioning and non- functioning pituitary 
adenomas treated with fSRT is reported in Table 2.3.8.2.

The length of follow- up after fSRT is shorter than reported for 
cohorts of patients treated with 3D- CRT.

At a corrected median follow- up of 58  months (range 9– 
152  months), tumour control was achieved in 96% of patients 
with the largest study reporting a PFS of 99% at 5 years [35]. Few 
studies reported the same data at 10 years with similar results as per 
3D- CRT.

Only limited data are available on the efficacy of fSRT in secreting 
tumours. Normalization of GH levels was reported in 21 (84%) and 
6 (33%) acromegalic patients after a median follow- up of 26 months 
and 39 months, respectively [24, 36]. Data on biochemical remis-
sion in ACTH- secreting lesions are limited but it is unlikely to 
be different from those obtained with CRT using the same dose 
fractionation.

The insufficient number of patients with prolactinoma who 
fail previous medical or surgical treatment does not allow de-
finitive conclusion on the efficacy of fSRT in achieving hormone 
normalization.

The incidence of complications after fSRT is in line with the same 
figures reported for CRT although a 20% mean rate of hypopitu-
itarism might still reflect the short duration of follow- up for this 
group of patients.

Outcome of Single Fraction Stereotactic Radiotherapy 
(Radiosurgery— RS)

The results of GK SRS in non- functioning pituitary adenomas have 
been summarized in Table 2.3.8.3.

Figure 2.3.8.5 Example of two- beam (lateral opposed) and three- beam (superior- oblique and two laterally opposed) arrangement in a recurrent 
pituitary adenoma treated with fractionated PBT (50.4 Gy/ 28#).
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The actuarial 5- year control rate (PFS) following GK is 95%, with 
limited data at 10 years. The reported treatment doses vary from 12 
to 20 Gy (mean dose) [37, 38]. Although outcome results are in line 
with the corresponding figures for 3D- CRT and fSRT, smaller tu-
mours are generally considered for treatment with GK.

Hormonal response following GK RS for GH- secreting tumours 
is shown in Table 2.3.8.4.

Data published up to 2016 on 34 available studies showed that 
41% of patients achieved normalization of serum GH, after a me-
dian follow- up of 46 months. A large study on 136 patients reported 
higher actuarial remission rates (normal age and gender- matched 
serum IGF- 1 level and, in some patients, a GH level less than 1 ng/ ml 
after oral glucose tolerance test (OGTT)) at 2, 4, 6, and 8 years after 
RS of 31.7, 64.5, 73.4, and 82.6%, respectively. The strongest prog-
nostic factor for endocrine remission was a lower pre- RS IGF- 1 [39].

The reported rate of hypopituitarism at 5 years varies from 8% to 
33% in the studies with longer follow- up data.

The outcome of GK RS in patients with Cushing’s disease is re-
ported in Table 2.3.8.5.

Biochemical remission (defined as normalization of plasma cor-
tisol and 24- hour UFC level) was achieved in 52% of patients at a 
corrected median follow- up of 50 months after RS.

In a recent international multi- institutional study on 278 patients 
(mean follow- up 5.3  years), the reported rate of new hypopituit-
arism was 25% [40]. The same study also reported a recurrence rate 
up to 20% after initial disease remission, suggesting the importance 
of a continuous follow- up even in patients with early hormonal 
normalization.

Small prolactinomas in patients resistant or intolerant to dopa-
mine agonist can be considered for RS.

In 24 studies reporting on 692 patients, 33% of them had nor-
malization of serum prolactin concentrations at a corrected median 
follow- up of 43 months (median range 6– 60 months), following RS 
(Table 2.3.8.6). There are insufficient data to assess the rate of de-
cline of prolactin following GK RS in comparison to data following 
3D- CRT or fSRT.

The most commonly reported complication following GK RS is 
hypopituitarism, with a crude incidence ranging from 0% to 66%, 
thus largely comparable to fSRT and 3D- CRT. The incidence of cra-
nial nerve deficits after RS is generally low (in the range of 0– 6%), 
although higher rates of complications are occasionally reported in 
selected studies suggesting a potential inappropriate selection of pa-
tients for treatment (large tumours/ tumours close to the optic ap-
paratus) [41, 42].

table 2.3.8.1 Summary of results of published series on 3D- CRT for pituitary adenomas

Authors Type of adenoma Number of 
patients

Follow- up
(median years)

Actuarial progression- free 
survival (PFS) (%)

Late toxicity (%) |
Visual hypopituitarism

Grigsby at al.,1989 NFA, SA 121 11.7 89.9 at 10 years 1.7 NA

McCollough et al., 1991 NFA, SA 105 7.8 95 at 10 years NA NA

Brada et al., 1993 NFA, SA 411 10.8 94 at 10 years
88 at 20 years

1.5 30 at 10 years

Tsang et al., 1994 NFA, SA 160 8.7 87 at 10 years 0 23**

Zierhut et al., 1995 NFA, SA 138 6.5 95 at 5 years 1.5 27**

Estrada et al., 1997 SA (ACTH) 30 3.5 73 at 2 years* 0 48**

Rush et al., 1997 NFA, SA 70 8 NA NA 42**

Breen et al., 1998 NFA 120 9 87.5 at 10 years 1 NA

Gittoes et al., 1998 NFA 126 7.5 93 at 10 and 15 years NA NA

Barrande et al., 2000 SA (GH) 128 11 53 at 10 years* 0 50 at 10 years

Biermasz et al., 2000 SA (GH) 36 10 60 at 10 years* 0 54 at 10 years

Sasaki et al., 2000 NFA, SA 91 8.2 93 at 10 years 1 NA

Epaminonda et al., 2001 SA (GH) 67 10 65 at 15 years* 0 NA

Minniti et al., 2005 SA (GH) 45 12 52 at 10 years* 0 45 at 10 years

Langsenlehner et al., 2007 NFA, SA 87 15 93 at 15 years 0 88 at 10 years

Jenkins et al., 2006 [63] SA (GH) 656 7 NA 0 18% LH/ FSH, 
15% ACTH, 27% 
TSH at 10 years

Minniti et al., 2007 SA (ACTH) 40 9 78 and 84 at 5 and 
10 years*

0 62 at 10 years

Rim et al., 2011 NFA, SA 60 5.6 96 at 10 years (NFA),
66 at 10 years (SA)

0 76 at 10 years

Kim et al., 2016 NFA, SA 73 8 98 at 10 years 0 NA

Patt et al., 2016 SA (GH) 36 4.9 (mean) 89 at 5 years 0 33

NFA, non- functioning adenoma; SA, secreting adenoma; NA, not assessed, ACTH- Cushing, GH- acromegaly, * hormone concentration normalization, ** no time specified.
Updated with permission from Soldà F, Fersht N. Radiotherapy for Pituitary Tumours. [Updated 2017 Dec 5]. In: De Groot LJ, Chrousos G, Dungan K, et al., editors. Endotext 
[Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000. Available from: https:// www.ncbi.nlm.nih.gov/ books/ NBK278955/  Copyright © 2017, MDText.com, Inc.
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The risk of RS- associated secondary brain tumours has not been 
precisely determined and longer follow- up data are required.

Outcome of LinAc- Based Single Fraction Radiotherapy 
(Radiosurgery— RS)

A limited number of studies reported the results of LINAC- based 
RS for both functioning and non- functioning pituitary aden-
omas (Table 2.3.8.7), with results in terms of tumour control and 
hormone normalization broadly in the range of those achieved 
with GK RS.

Similar considerations are valid for series on robotic RS (CK) 
(Table 2.3.8.8). The main limitation of both groups of data is the 
duration of the follow- up provided that does not allow drawing de-
finitive conclusions on the superiority of these techniques over frac-
tionated approaches.

Outcome of Proton therapy

The use of PBT, both fractionated and single fraction, has been 
described to treat functioning and non- functioning lesions 
[53– 57]. A  recent study on 47 patients treated with fraction-
ated PBT reported a high rate of post- treatment complications 

including a case of temporal lobe necrosis, 3 patients with new 
significant visual deficits, and 11 patients with new hypopituit-
arism. Early data on tumour control rate are not dissimilar from 
those reported with 3DCRT and stereotactic treatments (87% at 
6 months) [56].

The largest study on stereotactic PBT reported on the biochem-
ical response of a population of secreting adenomas (74 ACHT, 50 
GH, 9 PRL, 8 Nelson, 3 TSH). At a median follow- up of 52 months, 
42% of patients did not achieve endocrine control with acromeg-
alic patients having the longer time to biochemical response (49% at 
5 years). The risk of developing hypopituitarism was 62% at 5 years. 
Four patients (3%) experienced post- treatment temporal lobe seiz-
ures, with associated temporal lobe changes on imaging (1 month to 
9 years from proton treatment) [57].

Pituitary Re- irradiation

Re- irradiation of recurrent/ progressive adenomas unsuitable for 
surgical resection should take into careful consideration the pos-
ition of the adenoma with respect to the optic pathway or other 

table 2.3.8.2 Summary of results on published studies on fSRT for pituitary adenomas

Authors Number of 
patients

Follow- up 
median (months)

Tumour growth control 
rate (%)

Late toxicity (%) |
Visual hypopituitarism

Coke et al., 1997 19* 9 100 0 0

Mitsumori et al., 1998 30* 33 86 at 3 years 0 20

Milker- Zabel et al., 2001 68* 38 93 at 5 years 7 5

Paek et al., 2005 68 30 98 at 5 years 3 6

Colin et al., 2005 110* 48 99 at 5 years 2 29 at 4 years

Minniti et al., 2006 92* 32 98 at 5 years 1 22

Selch et al., 2006 39* 60 100 0 15

Kong et al., 2007 64* 37 97 at 4 years 0 11

Snead et al., 2008 100* 6.7 years 98 and 73 at 10 years for 
NFA and SA

1 35

Roug et al., 2010 34* 34 91 (50% hormonal 
normalization)

– – 

Schalin- Jantti et al., 2010 30 5.3 years 100 0 23

Weber et al., 2011 27* 72.4 96 4 8

Wilson et al., 2012 67 5.12 years 88 2 6

Kim et al., 2013 76* 6.8 years 97.1 at 7 years 0 48 (one or more hormone)

Kopp et al., 2013 37 57 91.9 5 43

Liao et al., 2014 34 36.8 (mean) 100 0 NA

Minniti et al., 2015 68 75 97 and 91 at 5 and 
10 years

0 26

Puataweepong et al., 2015 94* 72 95 3 9.6

Diallo et al., 2015 34* 152 (mean) 97 0 39

Barber et al., 2016 75* 47.5 (mean) 100 1.5 28

* Case series includes secreting adenomas.
Updated with permission from Soldà F, Fersht N. Radiotherapy for Pituitary Tumours. [Updated 2017 Dec 5]. In: De Groot LJ, Chrousos G, Dungan K, et al., editors. Endotext 
[Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000. Available from: https:// www.ncbi.nlm.nih.gov/ books/ NBK278955/  Copyright © 2017, MDText.com, Inc.
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cranial nerves, the previous dose of treatment received and the time 
from primary irradiation.

The effects of a previous irradiation might take several years to 
develop (especially in secreting tumours) and a further dose of 
radiation might be associated with an unacceptable increase in 
treatment- related complications. Few retrospective studies on small 
groups of selected patients treated with highly conformal fraction-
ated radiotherapy or RS have been reported [58– 60]. A recent study 
evaluating the outcome and toxicity of re- irradiation in 15 secreting 
and non- secreting adenomas reported an early occurrence of 
radiation- induced neuropathy (13% at 14 months) and a high rate 
of temporal lobe necrosis (13%) [61]. Conversely, no visual sequelae 
or further loss of anterior pituitary function at a median follow- up 
of 33 months were described in another study reporting on 21 pa-
tients retreated with LINAC- based RS [62].

Based on the paucity of available data, a judicious selection of 
patients for pituitary re- irradiation must be considered. The use of 
‘stereotactic’ techniques and fractionation could theoretically re-
duce the incidence of late sequelae.

conclusions

Both fractionated and single fraction treatments achieve excellent 
rates of tumour control with figures as high as 90% at 5 and 10 years 
also reducing hormone hypersecretion in approximately 50% of pa-
tients at 10 years. Normalization of excessive secretion is generally 
variable and might require a long interval after treatment.

Careful selection of patients for RS must be considered in view 
of the potential risks of radiation- induced toxicity following a high 
single dose of radiation on the surrounding sensitive structures, 
with small tumours away from the optic chiasm usually preferred 
for RS.

Despite the large number of reports on the outcome of the dif-
ferent available techniques of irradiation, there are no prospective 
comparative studies supporting the clinical efficacy relative to 
other treatment and mature follow- up data are needed to fully 
evaluate the rate of long- term side effects of stereotactic mean-
ings of treatments in comparison with conventional fractionated 
radiotherapy.

table 2.3.8.3 Summary of results of published series on RS for non- functioning pituitary adenomas

Authors Number of 
patients

Follow- up median 
(months)

Tumour control growth rate (%) Late toxicity (%) |
Visual hypopituitarism

Martinez et al., 1998 14 26– 45 100 0 0

Pan et al., 1998 17 29 95 0 0

Ikeda et al., 1998 13 45 100 0 0

Mokry et al., 1999 31 20 98 NA NA

Sheehan et al., 2002 42 31* 97 2.3 0

Wowra et al., 2002 45 55 93 at 3 years 0 14

Petrovich et al., 2003 56 36 94 at 3 years 4 NA

Pollock et al., 2003 33 43 97 at 5 years 0 28 and 41 at 2 and 
5 years

Losa et al., 2004 56 41* 88 at 5 years 0 24

Iwai et al., 2005 34 60 93 at 5 years 0 6

Mingione et al., 2006 100 45* 92 0 25

Liscak et al., 2007 140 60 100 0 2

Pollock et al., 2008 62 63 95 at 3 and 7 years 0 32 at 5 years

Kobayashi et al., 2009 60 >3 years 97 4.3 8.2 worsening

Gopalan et al., 2011 48 80.5 83 9.4 39

Park et al., 2011 125 62 94 at 5 years and
76 at 10 years

1 24 at 2 years

Wilson et al., 2012 51 4.17 years 100 0 0

Runge et al., 2012 61 83 98 0 9.8

Starke et al., 2012 140 4.2 years 97 at 5 and 87 at 10 years 12.8 30.3

El- Shehaby et al., 2012 38 44* 97 0 0

Sheehan et al., 2013+ 512 36 95 at 5 years 6.6 21

Lee et al., 2014 41 48 94 at 5 and 85 at 10 years 2.4 24.4

Xu et al., 2014 34 56 73 at 3 years 24 29

Hasegawa et al., 2015 16 98 100 0 6

* Mean follow- up; + multicentre study, 34 patients had prior fSRT. NA, not available.

Updated with permission from Soldà F, Fersht N. Radiotherapy for Pituitary Tumours. [Updated 2017 Dec 5]. In: De Groot LJ, Chrousos G, Dungan K, et al., editors. Endotext 
[Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000. Available from: https:// www.ncbi.nlm.nih.gov/ books/ NBK278955/  Copyright © 2017, MDText.com, Inc.
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table 2.3.8.4 Summary of results of published series on RS for GH- secreting pituitary adenomas

Authors Number of 
patients

Follow- up median 
(months)

Hormone normalization* (%) Late toxicity (%) |
Visual hypopituitarism

Thoren et al., 1991 21 64 10 0 15

Martinez et al., 1998 7 26– 45 NA 0 0

Pan et al., 1998 15 29 NA 0 0

Morange- Ramos et al., 1998 15 20 20 6 16

Lim et al., 1998 20 26 30 5 5

Kim et al., 1999 11 27 35 NA NA

Landolt et al., 1998 16 17 50 0 16

Mokry et al., 1999 16 46 31 0 NA

Hayashi et al., 1999 22 >6 41 0 0

Inoue et al., 1999 12 >24 58 0 0

Zhang et al., 2000 68 >12 40 NA NA

Izawa et al., 2000 29 >6 41 0 0

Pollock et al., 2002 26 36 47 4 16

Attanasio et al., 2003 30 46 23 0 6

Choi et al., 2003 12 43 30 0 0

Jane et al., 2003 64 >18 36 0 28

Petrovich et al., 2003 6 36 100 0 NA

Castinetti et al., 2005 82 49.5* 17 0 18

Gutt et al., 2005 44 22 48 NA NA

Kobayashi et al., 2005 67 63 17 0 NA

Jezkova et al., 2006 96 54 50 0 26

Pollock et al., 2007 46 63 11 and 60 at 2 and 5 years 0 33 at 5 years

Jagannathan et al., 2009 95 57 * 53 5~ 34 (new)

Kobayashi, 2009 49 63 17 (normal or nearly normal) 11 15

Wan et al., 2009 103 60 (minimum) 37 0 1.7**

Castinetti et al., 2009 27 60 (minimum) 42 at 50 months 1.3** 23**

Iwai et al., 2010 26 84 38 0 8

Hayashi et al., 2010 25 36* 40 0 0

Erdur et al., 2011 22 60 55 0 29

Sheehan et al., 2011 130 30 53 at 30 months 0 34

Franzin et al., 2012 103 71 56.9 at 5 years 0 7.8 (new)

Liu et al., 2012 40 72 57.5 0 40 (new)

Zeiler et al., 2013 21 33 30 3.9 13.2

Lee et al., 2014 136 61.5 64.5 and 82.6 at 4 and 8 years 3 33.1

* mean follow- up; ~ had previous RT, ** whole series. NA: not assessed.
Updated with permission from Soldà F, Fersht N. Radiotherapy for Pituitary Tumours. [Updated 2017 Dec 5]. In: De Groot LJ, Chrousos G, Dungan K, et al., editors. Endotext 
[Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000. Available from: https:// www.ncbi.nlm.nih.gov/ books/ NBK278955/  Copyright © 2017, MDText.com, Inc.
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table 2.3.8.5 Summary of results of published series on RS for ACTH- secreting pituitary adenomas

Authors Number of 
patients

Follow- up 
median 
(months)

Tumour growth 
control rate (%)

Hormone 
normalization*%

Late toxicity (%) |
Visual hypopituitarism

Degerblad et al., 1986 29 3– 9 years 76 48 NA 55

Ganz et al., 1993 4 18 NA NA 0 NA

Seo et al., 1995 2 24 100 NA 0 NA

Martinez et al., 1998 3 26– 45 100 100 0 0

Pan et al., 1998 4 29 95 NA 0 0

Morange- Ramos et al., 1998 6 20 100 66 0 16

Lim et al., 1998 4 26 NA 25 2 2

Mokry et al., 1999 5 26 93 20 0 2

Kim et al., 1999 8 26 100 60 NA NA

Hayashi et al., 1999 10 >6 100 10 0 5

Inoue et al., 1999 3 >24 100 100 0 0

Izawa et al., 2000 12 >6 100 17 NA 0

Sheehan et al., 2000 43 44 100 63 2 16

Hoybye et al., 2001 18 17 years 100 83 0 66

Kobayashi et al., 2002 20 60 100 35 NA NA

Choi et al., 2003 9 43 100 55 0 0

Jane et al., 2003 45 >18 100 63 1 31

Petrovich et al., 2003 4 36 NA 50 0 NA

Devin et al., 2004 35 35 91 49 0 40

Castinetti et al., 2007 40 54 100 42 0 NA

Jagannathan et al., 2009 90 45 96 54 6 22

Pollock et al., 2009 8 73 100 87 at 4 years 0 26 at 4 years

Kobayashi, 2009 25 64 (mean) 100 35 NA NA

Wan et al., 2009 68 60 (minimum) 90 28 0 1.7

Castinetti et al., 2009 18 60 (minimum) – 50 at 28 months 1.3** 23**

Hayashi et al., 2010 13 36 (mean) 97 38 0 0

Sicignano et al., 2012 15 60 97.7 64 NA 12.3

Zeiler et al., 2013 8 35 100 50 3.9 32

Sheehan et al., 2013 96 48 98 70 4 36

Marek et al., 2015 26 78 90.9 at 5 and 
10 years

80.7 0 23

* time not specified; ** whole series. NA, not assessed.
Updated with permission from Soldà F, Fersht N. Radiotherapy for Pituitary Tumours. [Updated 2017 Dec 5]. In: De Groot LJ, Chrousos G, Dungan K, et al., editors. Endotext 
[Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000. Available from: https:// www.ncbi.nlm.nih.gov/ books/ NBK278955/  Copyright © 2017, MDText.com, Inc.
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table 2.3.8.6 Summary of results of published series on RS for prolactin secreting pituitary adenomas

Authors Number of 
patients

Follow- up median 
(months)

Hormone normalization*% Late toxicity (%) |
Visual hypopituitarism

Ganz et al., 1993 3 18 0 0 NA

Martinez et al., 1998 5 26– 45 0 0 0

Pan et al., 1998 27 29 30 0 0

Morange- Ramos et al., 1998 4 20 0 0 16

Lim et al., 1998 19 26 50 NA NA

Mokry et al., 1999 21 31 57 0 19

Kim et al., 1999 18 27 16 NA NA

Hayashi et al., 1999 13 >6 15 NA 5

Inoue et al., 1999 2 >24 50 0 0

Landolt et al., 2000 20 29 25 0 NA

Pan et al., 2000 128 33 41 0 NA

Izawa et al., 2000 15 >6 16 0 NA

Pollock et al., 2002 7 26 29 0 16**

Choi et al., 2003 21 43 23 0 0

Jane et al., 2003 19 >18 11 0 21

Petrovich et al., 2003 12 36 83 0 NA

Pouratian et al., 2006 23 55 26 7 28

Jezkova et al., 2009 35 96 80 NA NA

Kobayashi, 2009 27 37 (mean) 17 0 0

Wan et al., 2009 176 60 (minimum) 23 0 1.7

Castinetti et al., 2009 15 60 (minimum) 46 at 24 months 1.3** 23**

Tanaka et al., 2010 22 60 18 4 42 at 4 years

Liu et al., 2013 22 36 27 NA 4.5

Cohen- Inbar et al., 2015 38 42.3 50 NA 30.3

** whole series.
Updated with permission from Soldà F, Fersht N. Radiotherapy for Pituitary Tumours. [Updated 2017 Dec 5]. In: De Groot LJ, Chrousos G, Dungan K, et al., editors. Endotext 
[Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000. Available from: https:// www.ncbi.nlm.nih.gov/ books/ NBK278955/  Copyright © 2017, MDText.com, Inc.

table 2.3.8.7 Summary of results of published series on LINAC- based RS for functioning and non- functioning pituitary adenomas

Authors Tumour type Number of 
patients

Follow- up 
mean (months)

Tumour 
control (%)

Hormone normalization 
(%)

Late toxicity (%) |
Visual hypopituitarism

Voges et al., 2006 [43] 37 NFA, 64 GH, 
17 ACTH, 9 
Nelson, 13 PRL, 
2 TSH

142 81.9 96.5 51 at 5 years 1.4 12.3

Sallabanda et al., 2011 [44] 4 NFA, 11 GH, 9 
ACTH, 2 PRL, 4 
mixed

30** 102.6 93 65.4 NA 13.3

Runge et al., 2012 [45] NF 61 83 98 – 0 10

Wilson et al., 2012 [46] NF 51 50 100 – 0 0

Wein et al., 2012 [47] ACTH 17 23 94.1 58.8 0 11.8

Yan et al., 2013 [48] GH 22 98 95 68.2 0 22.7

Wilson et al., 2013 [49] GH 86 66 96 18.6 1.2 19.8

Bostrom et al., 2015 [50] GH 21 96 97.1 23 5 46.4

Wilson et al., 2014 [51] ACTH 36 66 97 25 0 13.9

Puataweepong et al., 2015 
[52]

4 NFA, 17 GH, 2 
ACTH, 1 PRL

21 62 93 at 6 years 30 at 5 years* 4.7 10

* includes pts treated with fSRT; ** includes 6 re- treatments. NFA, non- functioning adenoma; NA, not assessed.
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introduction

Prolactin is a single chain (23 kDa) polypeptide hormone, which 
is secreted by anterior pituitary lactotroph cells [1] . Prolactin se-
cretion is predominantly under tonic inhibition by hypothalamic 
dopamine working through the D2 receptor [2]. In addition, a var-
iety of factors, including thyrotropin- releasing hormone (TRH), 
vasoactive intestinal peptide (VIP), serotonin, and other neuropep-
tides and neurotransmitters influence prolactin secretion to lesser 
degrees. Prolactin secretion is also affected by oestrogen. Prolactin 
exerts its actions by binding to dimerized forms of its cognate re-
ceptor, a member of the cytokine receptor superfamily [3]. Prolactin 
has a central role in reproduction and lactation.

Extrapituitary sources of prolactin have been described, 
including the decidua and other sites [4] . Prolactin synthesis in the 
decidua may promote maternal tolerance to fetus in utero. A host of 
metabolic functions and paracrine effects have been proposed for 
extrapituitary prolactin on the basis of animal studies [5]. However, 
the function of prolactin synthesized outside the pituitary remains 
obscure in humans.

Hyperprolactinemia can be a consequence of increased prolactin 
secretion and/ or decreased prolactin clearance. There are numerous 
causes of hyperprolactinemia as discussed in a separate section [6] . 
Prolactin- secreting pituitary adenomas (prolactinomas) are the 
most frequent functioning pituitary tumours.

Hyperprolactinemia may cause central hypogonadism, infertility, 
and bone loss (in hypogonadal patients). Galactorrhoea may occur 
(especially in women) and gynaecomastia may develop in men. 
However, prolactin excess can also be asymptomatic. Large pitu-
itary tumours associated with hyperprolactinemia may addition-
ally cause mass effect, including headache, vision loss, and anterior 
hypopituitarism.

The diagnosis of hyperprolactinemia is made by measuring serum 
prolactin in specimens optimally obtained in the fasting state while 
minimizing physiologic stress [7] . The hook effect, heterophilic 
antibodies, exogenous biotin, and macroprolactinaemia may con-
found the interpretation of the results of prolactin immunoassays, 
as will be detailed in a separate section. Pituitary imaging is gener-
ally advised in patients with hyperprolactinemia in the absence of a 
clear- cut, alternative explanation (such as pregnancy).

Medical management of hyperprolactinemia with dopamine 
agonists, including bromocriptine and cabergoline, is generally 
first- line therapy for this condition [6, 7]. However, asymptomatic 
patients with hyperprolactinemia who do not have macroadenomas 
can often be carefully monitored without therapy, as will be subse-
quently discussed.

The management of women with hyperprolactinemia and 
prolactinomas during preconception and pregnancy raises special 
concerns regarding the effects of prolactin excess during precon-
ception, the impact of pregnancy on prolactinomas and the safety 
of medical therapy [8, 9].

Pituitary surgery and radiation therapy generally represent 
second-  and third- line therapies, respectively, in patients with 
hyperprolactinemia and prolactinomas, as will be detailed in sep-
arate sections [7] .
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causes and epidemiology of Hyperprolactinemia

Hyperprolactinemia is fairly common in the general popula-
tion, wherein its prevalence is estimated to be approximately 0.4% 
[6,  10]. There is a large number of causes of hyperprolactinemia, 
which can be grouped into physiologic states, medication- related, 
systemic illnesses, and pituitary lesions (please see Box 2.3.9.1). In 
addition, hyperprolactinemia can be idiopathic.

There are diverse physiologic stimuli of prolactin secretion, 
including food consumption, sleep, exercise, nipple stimulation 
and coitus [6] . Serum prolactin levels rise transiently after meals 
or during slow wave sleep. Exercise leads to an acute, albeit tran-
sient, increase in prolactin levels, which is not sustained long- term 

in individuals who exercise frequently. Nevertheless, it is prudent to 
obtain blood specimens intended for prolactin assay after an over-
night fast while minimizing exercise, stress, or other factors that 
might trigger prolactin secretion. Pregnancy and lactation represent 
major physiologic causes of hyperprolactinemia [9]. Stimulated by 
oestrogen of placental origin, pituitary lactotrophs undergo sub-
stantial hyperplasia during pregnancy. As a consequence, serum 
prolactin levels rise progressively during gestation and may reach 
or exceed 200– 300  ng/ ml (8700– 13  000  pmol/ L). Prolactin se-
cretion has a central role in inducing differentiation of the breast 
epithelium, thus preparing the mammary gland for lactation after 
delivery. Prolactin levels remain elevated for several months after 
delivery in women who are nursing. There are also secretory pro-
lactin spikes that occur in response to each suckling episode.

Many medications can cause hyperprolactinemia, including anti-
psychotic agents (both typical and atypical), tricyclic antidepres-
sants, fluoxetine, monoamine oxidase inhibitors, metoclopramide, 
domperidone, opioids, cocaine, alpha methyldopa, and verapamil 
[11]. Among antipsychotic drugs, older agents (such as chlorpro-
mazine and haloperidol) and some of the atypical antipsychotic 
drugs (such as risperidone and paliperidone) may raise serum pro-
lactin levels substantially, sometimes exceeding 100  ng/ ml (4300 
pmol/ L) as a result of dopamine receptor inhibition. In contrast, 
other atypical agents, including aripiprazole and ziprasidone, are 
less likely to cause hyperprolactinemia, in part because of their 
weaker inhibition of dopamine receptors and their partial agonist 
effects. Although some patients can be switched to aripiprazole as 
an antipsychotic medication, add- on aripiprazole therapy may sup-
press hyperprolactinemia due to other neuroleptic agents as a con-
sequence of its partial dopamine agonist effect [12– 14]. Aripiprazole 
has also been used to treat patient with known prolactinomas who 
require antipsychotic therapy in whom dopamine agonists such as 
cabergoline or bromocriptine may be contraindicated.

Several systemic illnesses and conditions, including primary 
hypothyroidism, (rarely) primary adrenal insufficiency, chronic 
renal failure, cirrhosis, polycystic ovary syndrome, spinal cord in-
juries, chest wall lesions (such as zoster or burns) have been asso-
ciated with hyperprolactinemia [6] . In addition, ectopic prolactin 
secretion has been reported in a very small number of patients with 
a variety of tumours (ovarian teratoma, gonadoblastoma, broncho-
genic carcinoma, and others). Germline, heterozygous inactivating 
mutation of the prolactin receptor gene were reported in 3 sisters 
with hyperprolactinemia who had no evidence of a sellar mass; 2 of 
these patients had oligomenorrhea and 1 had infertility [15].

A large number of sellar masses can cause hyperprolactinemia, 
either as a consequence of prolactin secretion by tumorous 
lactotrophs (prolactinomas) or as a result of disinhibition of pro-
lactin secretion by normal lactotrophs, induced by interference 
with dopamine outflow from the hypothalamus to the pituitary 
(‘stalk effect’) [6] . Examples of the latter include clinically non- 
functioning pituitary adenomas, cystic sellar lesions (Rathke’s 
cleft cysts, craniopharyngiomas, and others), meningiomas, 
hypophysitis, sarcoidosis, and Langerhans cell histiocytosis. Stalk 
transection and radiation therapy to the sella are also associated 
with hyperprolactinemia, likely as a consequence of hypothalamic 
dysfunction.

Prolactinomas are the most common type of secretory (func-
tioning) pituitary adenomas. Earlier studies suggested that the 

Box 2.3.9.1 Causes of hyperprolactinemia

Physiologic
Pregnancy
Lactation
Food consumption
Sleep
Exercise
Coitus
Nipple stimulation
Other physiologic stress (seizure, hypoglycaemia, etc.)

Medications
Phenothiazines
Haloperidol
Risperidone, paliperidone
Tricyclic antidepressants
Fluoxetine
Monoamine oxidase inhibitors
Metoclopramide, domperidone
Alpha methyldopa
Verapamil
Opioids
Cocaine

Systemic conditions
End- stage renal disease
Cirrhosis
Primary hypothyroidism
Primary adrenal insufficiency
Polycystic ovary syndrome
Ectopic secretion (rarely)
Genetic (prolactin receptor mutation)
Spinal cord injury
Chest wall lesions (burns, zoster, etc.)

Pituitary lesions
Prolactin- secreting adenomas
Cosecreting tumours (acromegaly; rarely Cushing’s disease or 

thyrotropinoma)
Non- functioning pituitary adenomas
Cystic sellar lesions
Meningiomas
Sarcoidosis
Hypophysitis
Idiopathic
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incidence and prevalence of prolactinomas is about 10 cases per 
million per year and 100 cases per million in the general popula-
tion, respectively [16]. In contrast, several recent reports have found 
that the incidence and prevalence of clinically detected prolactin- 
secreting tumours is about five times higher than previously re-
ported (please see Table 2.3.9.1) [17– 21]. Such differences may be 
partly explained based on improved detection rates in the recent 
past. Autopsy studies have found that clinically unsuspected pitu-
itary adenomas are present in approximately 11% of subjects aut-
opsied, almost all of them (>99%) microadenomas [22]. Of note, 
about 40% of adenomas detected at autopsy stained for prolactin on 
immunohistochemistry; whether these tumours were truly asymp-
tomatic during life is unclear [23].

Most prolactinomas are sporadic. However, the multiple endo-
crine neoplasia 1 (MEN 1)  syndrome, caused by germline inacti-
vating mutations of MENIN (a tumour suppressor gene) accounts 
for a minority of cases [24, 25]. The coexistence of a pituitary ad-
enoma and primary hyperparathyroidism (a constellation that de-
fines an index case for MEN 1)  was reported in 14% of patients 
with prolactinomas who were screened for hypercalcaemia and 
did not have a positive family history for the syndrome. In add-
ition, a small minority of patients with prolactinomas may have a 
familial predisposition as a consequence of germline inactivating 
mutations in the aryl hydrocarbon receptor interacting protein (AIP) 
gene [26, 27]. This is an autosomal dominant trait with incomplete 
penetrance. Patients with AIP mutations have an increased risk of 
developing somatotropinomas, prolactinomas, or cosecreting tu-
mours. Moreover, these patients generally present at a younger age 
and are more likely to harbour locally aggressive macroadenomas 
than patients with sporadic disease.

Microprolactinomas (<10  mm in greatest diameter) predom-
inate at the time of clinical diagnosis. Macroadenomas (≥10 mm in 
greatest diameter) represent a larger proportion of prolactinomas 
in men than in women, as well as in children/ adolescents than in 
adults.

Microprolactinomas have a relatively low growth potential. In 
earlier studies, tumour growth was found in 9 out of 139 women 
(6.5%) followed up to 8 years [28– 31]. Macroprolactinomas have a 
higher growth potential than microadenomas and can be locally ag-
gressive. Rarely, these tumours may evolve into carcinomas, defined 
by the development of metastases within the skull or at distant sites 
(liver, lymph nodes, bone) [32]. A minority of prolactin- secreting 
pituitary adenomas may cosecrete growth hormone or occasionally 
thyrotropin (TSH), corticotropin (ACTH), or follicle- stimulating 
hormone (FSH).

Idiopathic hyperprolactinemia is characterized by the absence 
of a demonstrable cause despite thorough diagnostic evaluation. 
These patients likely represent a diverse group. It is indeed pos-
sible that some patients have very small prolactinomas that are 
below the resolution of magnetic resonance imaging (MRI). Other 
patients may have dysregulated prolactin secretion. Idiopathic 
hyperprolactinemia has been reported to resolve in about one- 
third of patients without treatment. Pituitary microadenomas may 
occasionally develop during follow- up of patients with idiopathic 
hyperprolactinemia (reported in 23 out of 199 patients who were 
followed for 2– 6 years) [28, 33].

clinical Features of Hyperprolactinaemia 
and Prolactinomas

In patients with prolactinomas, the magnitude of prolactin elevation 
is generally proportionate to tumour size [6, 7]. This is an important 
concept because modest degrees of prolactin excess in patients with 
large sellar masses demonstrated on MRI scan may not represent 
prolactinomas, or in some cases a diagnosis other than a pituitary 
adenoma. Patients with hyperprolactinemia can be either asymp-
tomatic or demonstrate clinical manifestations of prolactin excess 
(please see Table 2.3.9.2). Hyperprolactinemia often leads to cen-
tral hypogonadism in patients of both genders, primarily caused 
by suppression of hypothalamic gonadotropin- releasing hormone 
(GnRH) pulsations [34].

In women, hyperprolactinemia is often associated with gal-
actorrhoea, irregular menstrual cycles (oligomenorrhea or sec-
ondary amenorrhea) and infertility [6,  7]. Bone loss may occur 
as a consequence of long- standing hypogonadism. In contrast, 
hyperprolactinaemic women with regular menses are unlikely to 
develop osteoporosis because of an elevated prolactin level unless 
prior amenorrhea had occurred [35,  36]. Women may develop 
hyperandrogenism (hirsutism, acne) as a consequence of stimu-
lation of adrenal androgen secretion by prolactin excess. In men, 
hyperprolactinemia may lead to low libido, erectile dysfunction, 
and infertility [6,  7]. Gynaecomastia may develop in some men; 
however, galactorrhoea is quite uncommon in men. Anaemia and 
bone loss may occur in men with long- standing hypogonadism. 
Children and adolescents of both genders may present with delayed 
puberty, including primary amenorrhea in girls [37].

Patients with large sellar masses (including macroprolactinomas) 
may develop anterior hypopituitarism and require thorough evalu-
ation of anterior pituitary function. However, diabetes insipidus 

table 2.3.9.1 Epidemiology of prolactinomas based on the findings of several recent studies*

Author (year) Country Population size Incidence (per million) Prevalence (per million)

Daly et al., 2006 Belgium 72 000 NR 620

Fernandez et al., 2010 United Kingdom 81 500 NR 444

Raappana et al., 2010 Finland 730 000 22 NR

Tjornstrand et al., 2014 Sweden 1 600 000 16 NR

Agustsson et al., 2015 Iceland 330 000 36 (women); 14 (men) 544

*Data were extracted from references 17– 21; NR, not reported.
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is distinctly rare in patients with pituitary adenomas who did not 
undergo pituitary surgery [38].

Additional evidence of mass effect may occur in patients with 
macroadenomas [6] . Headache may occur as a result of pressure 
exerted on the dura. Patients with pituitary apoplexy typically pre-
sent with severe headache of acute onset as a result of haemorrhage 
within a pituitary adenoma. Patients whose tumours extend into 
the suprasellar cistern may experience visual field deficits as a con-
sequence of compression of the optic apparatus. Central scotomas 
may occur as a result of prechiasmatic optic nerve compression, 
whereas impingement on the optic chiasm may result in bitemporal 
vision loss; compression of one of the optic tracts may lead to hom-
onymous hemianopsia.

Pituitary tumours may also extend laterally into the cavernous 
sinuses where they may impinge upon cranial nerves III, IV, V1, 
V2, VI [6] . However, the vast majority of patients with cavernous 
sinus involvement have no clinical evidence of cranial nerve dys-
function, with the exception of patients with pituitary apoplexy 
or occasional patients with aggressive pituitary adenomas, who 
may experience ophthalmoplegia, facial pain or numbness. Very 
infrequently, large pituitary tumours compressing the temporal 
lobes may cause complex partial seizures. Giant prolactinomas 
that extend into the third ventricle may lead to obstructive hydro-
cephalus [39, 40]. Tumours that extend inferiorly may erode the 
sphenoid and extend into the sphenoid sinus [39, 40]. These pa-
tients may rarely experience rhinorrhoea as a result of cerebro-
spinal fluid (CSF) leak, precipitated by dopamine agonist therapy 
that causes shrinkage of a macroprolactinoma and unmasks rents 
in the dura and bone, and require surgical intervention to correct 
the leak.

A minority of patients have manifestations of associated con-
ditions, including patients with the MEN 1 syndrome, who often 
have primary hyperparathyroidism (90%) or entero- pancreatic 
neuroendocrine tumours (30– 40%). These conditions are dis-
cussed in separate chapters. To identify the possibility of MEN 1 
syndrome in the absence of a pertinent family history, it is prudent 
to measure serum calcium levels in all patients presumed to have 
prolactinomas.

Diagnostic evaluation

The diagnosis of hyperprolactinemia is made by documenting 
elevated serum prolactin levels using a prolactin immunoassay. 

Pituitary imaging is generally advisable in these patients in the ab-
sence of an obvious explanation for hyperprolactinemia (such as 
pregnancy), as will be detailed next.

Laboratory testing

Prolactin secretion is pulsatile; about 14 peaks in prolactin secretion 
occur every 24 hours [41]. The pulse amplitude increases during 
slow wave sleep. In patients with suspected hyperprolactinemia, 
blood specimens are obtained by venipuncture while avoiding 
physiologic stimuli of prolactin secretion (such as recent food con-
sumption or exercise). Borderline prolactin elevations should be 
confirmed by repeat testing.

Prolactin is measured in serum specimens using two- site im-
munoassays, which feature a capture antibody that collects the 
antigen (prolactin) onto a solid surface (such as microbeads or 
coated tubes), and a reporter antibody that binds to the antigen 
(prolactin) at a different site and subsequently yields a detection 
signal by means of a luminescent or radiolabelled tag [42, 43].

Several caveats need to be considered in the interpretation of the 
results of prolactin immunoassays, including the hook effect, arte-
facts related to the presence of heterophilic antibodies, the presence 
of macroprolactin or exogenous biotin (please see Box 2.3.9.2) [44]. 
Immunoassay artefacts should be considered when serum prolactin 
levels do not decrease in a linear manner upon serial serum dilu-
tions or in situations wherein there appears to be a discrepancy be-
tween the clinical picture and serum prolactin levels.

The hook effect is an immunoassay artefact that may lead to 
substantial underreporting of true prolactin values in specimens 
containing very high concentrations of the analyte (prolactin, 
in this case) [45]. This can rarely occur in patients with larger 
macroadenomas, wherein it is a consequence of the presence of 
vast stoichiometric excess of prolactin over the concentration of 
the two antibodies (capture and reporter) used in the immuno-
assay. In these rare cases, the concentration of the two antibody 

table 2.3.9.2 Clinical manifestations of hyperprolactinemia and prolactinomas

System or area Women Men Children/ adolescents

Pituitary gonadal axis Secondary amenorrhea or 
oligomenorrhea, infertility

Erectile dysfunction, low libido, infertility Delayed puberty, primary amenorrhea (in 
girls)

Breast Galactorrhoea Gynaecomastia, galactorrhoea (very 
uncommon)

Galactorrhoea (more common in girls); 
gynaecomastia (in boys)

Adrenals Androgenic manifestations (hirsutism, 
acne)

Skeleton Osteoporosis Osteoporosis Delayed growth

Sella Headache, visual field defects, 
ophthalmoplegia (rare), anterior 
hypopituitarism

Headache, visual field defects, 
ophthalmoplegia (rare), anterior 
hypopituitarism

Headache, visual field defects, anterior 
hypopituitarism

Box 2.3.9.2 Caveats and artefacts that may confound 
the interpretation of prolactin levels

Hook effect
Heterophilic antibodies
Macroprolactin
Exogenous biotin
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molecules is insufficient to allow formation of the heterotrimeric 
complex (consisting of capture antibody— prolactin— reporter 
antibody) that is required for prolactin detection. This artefact 
appears to be uncommon but is clinically significant, since pa-
tients with presumed prolactinomas are typically offered medical 
therapy as a first line intervention, whereas patients with minim-
ally elevated prolactin levels (as a result of stalk effect) are referred 
for surgery. The hook effect can be circumvented by diluting the 
serum specimen (1:10 or 1:100), which helps restore an optimal 
stoichiometric relationship between prolactin and the two anti-
bodies in vitro. Thus, it is advisable to request that the laboratory 
run serum prolactin specimens in dilution, particularly in patients 
with large tumours.

Heterophilic antibodies, such as human antimouse antibodies, 
can be present in human serum and falsely raise the results of pro-
lactin immunoassays [46]. In these cases, the heterophilic antibody 
forms a bridge between capture and reporter antibodies in the ab-
sence of prolactin, generating a false detection signal. To avoid this 
artefact, immunoassays often include ‘blocking’ animal serum or 
heterophilic antibody blocking tubes.

Macroprolactin denotes the presence of prolactin aggregates in 
the serum, consisting of several prolactin monomers, either alone 
or together with immunoglobulin (IgG) [47– 49]. In healthy indi-
viduals, macroprolactin accounts for less than 10% of prolactin in 
the serum, the rest being monomeric prolactin. Macroprolactin 
species can be detected and resolved by gel filtration. Since this is 
a labour- intensive process, it is used in research but very rarely in 
routine clinical laboratories. In daily practice, polyethylene glycol 
(PEG) is added to precipitate macroprolactin in serum specimens 
after centrifugation. Prolactin is then reassayed in the super-
natant; the difference between prolactin concentration in the ori-
ginal serum specimen minus that in the supernatant can then be 
taken to quantify the presence of macroprolactin in the original 
specimen. Of note, hyperprolactinemia can be entirely attrib-
uted to the presence of macroprolactin only if the prolactin level 
is normal in the supernatant after PEG- induced macroprolactin 
precipitation.

Macroprolactin appears to have decreased biologic activity in 
some bioassays [47]. Women with macroprolactinaemia who were 
treated with dopamine agonist therapy did not show clear- cut im-
provement in menstrual patterns [48, 50]. As a corollary, the pres-
ence of macroprolactinaemia should be suspected in patients with 
hyperprolactinemia who have no evident symptoms that are typic-
ally associated with prolactin excess. Macroprolactinaemia has been 
reported in patients with either pituitary tumours or idiopathic 
hyperprolactinemia [51]. Therefore, pituitary imaging should be 
considered in patients with macroprolactinaemia. Overall, the clin-
ical utility of macroprolactin assays is very limited in symptomatic 
patients with hyperprolactinemia.

Biotin ingestion in large doses can introduce artefacts, if the 
two- site immunoassay employs the biotin streptavidin reaction, 
wherein the capture antibody is biotinylated and collects pro-
lactin onto streptavidin- coated microbeads [52, 53]. The presence 
of exogenous biotin in excess can interfere with this assay step, 
thus leading to substantial underreporting of prolactin levels. To 
avoid this artefact, patients can be cautioned to avoid consuming 
biotin for several days before submitting blood specimens for 
testing.

Once hyperprolactinemia is established, additional testing is re-
quired in order to clarify the underlying aetiology and assess other 
aspects of the patient’s pituitary function [6] . It is advisable to con-
sider the possibility of pregnancy in hyperprolactinaemic women 
of reproductive age and obtain a pregnancy test. In addition, la-
boratory evaluation of kidney and thyroid function is advised to ex-
clude renal dysfunction and primary hypothyroidism, respectively, 
as underlying causes of hyperprolactinemia. Laboratory testing for 
hypogonadism is generally advised in hyperprolactinaemic patients 
(with the obvious exception of pregnancy or women who maintain 
menses despite elevated prolactin levels). The possibility of growth 
hormone cosecretion should be considered in hyperprolactinaemic 
patients with a sellar mass and serum IGF- 1 levels be measured. In 
addition, all patients with macroadenomas require evaluation for 
hypopituitarism.

imaging

Pituitary imaging is recommended in hyperprolactinaemic patients 
in order to detect an underlying sellar mass unless another com-
pelling aetiology (such as pregnancy or severe primary hypothy-
roidism) is identified [54]. High resolution pituitary imaging should 
be obtained using a dedicated imaging protocol, preferably using 
MRI. Computed tomography (CT) is usually being advised as an 
alternative in patients who have contraindications to MRI, although 
the resolution of CT is more limited.

Patients taking medications that may raise serum prolactin 
levels cannot be always presumed to have medication- induced 
hyperprolactinemia. In most of these patients, baseline prolactin 
levels (obtained before the initiation of the medication in question) 
are not available. However, if the potentially offending medication 
can be safely discontinued, then prolactin levels should be rechecked 
4 days later [6] . If hyperprolactinemia resolves on follow- up testing, 
then the medication can be reasonably presumed to be the culprit. 
However, it is often inadvisable to discontinue medications sus-
pected to induce hyperprolactinemia (such as antipsychotics) and 
coordination with the prescribing physician is essential. Pituitary 
imaging is advised in these patients to exclude an underlying sellar 
lesion.

A thorough review of imaging data can be very helpful in nar-
rowing down the differential diagnosis in hyperprolactinaemic pa-
tients, besides yielding important information on lesion size and its 
relationship to surrounding structures (please see Figure 2.3.9.1 
and Figure 2.3.9.2) [6, 7].

In patients with prolactinomas, there is a good correlation be-
tween tumour size and the magnitude of prolactin elevation. Patients 
with macroprolactinomas generally have serum prolactin levels that 
exceed 200 ng/ ml (8700 pmol/ L). Prolactin levels may not be pro-
portionate to tumour size in patients with cystic prolactinomas, or 
poorly functioning prolactinomas wherein only a minority of cells 
secrete prolactin. The former can be diagnosed based on MRI scan 
characteristics. In contrast, patients with non- functioning lesions 
that cause stalk effect generally raise prolactin levels rather mod-
estly (usually below 150 ng/ ml [6500 pmol/ L]). As a corollary, pa-
tients with macroadenomas and mildly elevated prolactin levels are 
likely to have a non- functioning lesion provided that the hook effect 
is excluded.
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Follow- up pituitary imaging is helpful in assessing tumour re-
sponse to medical therapy and establishing the underlying aeti-
ology [6, 7]. Prolactinomas generally decrease in size in response to 
dopamine agonist therapy, whereas non- functioning sellar masses 
are unlikely to shrink and may even grow after the institution of 
dopamine agonist therapy.

Management

The goals of therapy include control of hyperprolactinemia and 
amelioration of related symptoms, including resolution of hypo-
gonadism. In addition, tumour control, relief of mass effect and res-
toration of pituitary function are important goals in patients with 
macroprolactinomas [6, 7].

Dopamine agonist therapy is generally first line therapy in pa-
tients who require treatment [6, 7]. Pituitary surgery and radiation 
therapy are second-  and third- line interventions in selected pa-
tients, as will be discussed next.

Asymptomatic patients with microadenomas or no evident sellar 
mass, who are eugonadal and are not actively pursuing pregnancy 
can be followed expectantly without therapy [6, 7]. These patients 
require periodic follow- up, monitoring of prolactin levels, and peri-
odic pituitary imaging to detect any evidence of progression (such 
as the development of symptoms or tumour growth) that would re-
quire the institution of medical therapy.

Medical therapy

Medical therapy with dopamine agonists, including bromocrip-
tine, cabergoline, or quinagolide (the latter being available in some 
countries outside the United States), represents the cornerstone 
of management in hyperprolactinaemic patients. As shown in 
Box 2.3.9.3, indications for dopamine agonist therapy in patients 
with hyperprolactinemia/ prolactinoma include the presence of 
central hypogonadism, current interest in fertility, bothersome gal-
actorrhoea, gynaecomastia, androgenic manifestations in women 
(hirsutism, acne), and tumour control in patients with presumed 
macroprolactinomas (with or without mass effect) [6, 7]. Of note, 
hyperprolactinaemic patients with stable microadenomas whose 
only symptoms are related to central hypogonadism and are not 
pursuing pregnancy can also be treated with sex steroid replace-
ment and forego dopamine agonist therapy [6, 7].

Bromocriptine and cabergoline are both ergot alkaloid deriva-
tives, whereas quinagolide is a non- ergot dopamine agonist [6, 7]. 
Pergolide was previously used off- label in hyperprolactinaemia, but 
was withdrawn from the United States and other countries because 
of the increased risk of cardiac valvulopathy associated with its use 
in high doses among patients with Parkinson’s disease.

Bromocriptine is the first dopamine agonist introduced to treat 
hyperprolactinemia and prolactinomas [6,  7]. Bromocriptine 
therapy leads to prolactin normalization in about 75% of pa-
tients; most treated women resume menstruating regularly [1] . 

Figure 2.3.9.1 Coronal T1— weighted MRI image of the sella of 
a 34- year- old woman with a microadenoma, measuring 5 mm in 
greatest diameter (image obtained after gadolinium administration). 
She presented with secondary amenorrhoea. Her serum prolactin 
level was 82 ng/ ml (3560 pmol/ L) [normal, up to 20 ng/ ml (870 pmol/ 
L)]. Additional tests showed evidence of central hypogonadism. She 
was treated with bromocriptine, leading to restoration of menses and 
prolactin normalization. Tumour size decreased substantially on follow- 
up imaging.

Figure 2.3.9.2 Coronal T1— weighted, gadolinium— enhanced MRI 
image of the sella of a 52- year- old man with a macroprolactinoma, 
measuring 2 cm in greatest diameter. He presented with new onset 
headache, low libido, and erectile dysfunction. His serum prolactin level 
was 302 ng/ ml (13 130 pmol/ L) [normal, up to 15 ng/ ml (650 pmol/ 
L)]. Evidence of central hypogonadism was present. He was treated 
with cabergoline, leading to symptomatic improvement, prolactin 
normalization, resolution of hypogonadism, and decrease in tumour size 
on follow- up imaging.

Box 2.3.9.3 Possible indications for dopamine agonist therapy 
in patients with hyperprolactinemia/ prolactinomas

Central hypogonadism
Infertility
Galactorrhoea (if bothersome)
Gynaecomastia
Hirsutism, acne
Large tumour size (macroprolactinoma)
Mass effect (headache, visual field defects, etc.)
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Cabergoline therapy is a selective D2 receptor agonist and is more 
effective than bromocriptine in inducing prolactin normalization 
and restoring eugonadism. In a randomized clinical trial of 459 
women (most of whom harboured microadenomas), cabergoline 
administration normalized prolactin levels in 83% and restored 
eugonadism in 72% of cases, whereas bromocriptine normalized 
prolactin levels in in 59% and restored gonadal function in 52% 
of cases [55]. Cabergoline was also shown to have a more favour-
able side- effect profile than bromocriptine (as will be detailed 
subsequently).

Dopamine agonists also exert antiproliferative effects on 
prolactin- secreting tumours and cause involution of cellular organ-
elles, accounting for their effects on tumour size (1). Bromocriptine 
therapy leads to a decrease in size of 76% of treated prolactinomas. 
Cabergoline has been reported to decrease tumour size in 96% of 
cases among naïve patients. In addition, cabergoline administra-
tion induces a decrease in tumour size in the majority of patients 
whose tumours are resistant to bromocriptine [56]. The extent 
of tumour shrinkage exceeds 50% in most patients treated with 
cabergoline over a variable time course (typically ranging from a 
few weeks to many months). An example of tumour response to 
cabergoline therapy in a patient with a macroprolactinoma is shown 
in Figure 2.3.9.3. Dopamine agonist therapy can ultimately lead to 
disappearance of visible tumour in some cases over a period of sev-
eral years. Of note, improvement in mass effect can be very rapid in 
patients with macroprolactinomas treated with dopamine agonists, 
who often experience an improvement in visual field deficits within 
1– 3 days from treatment initiation [1] . In addition to gonadal dys-
function, other anterior pituitary hormone deficits may also resolve 
in treated patients as mass effect is relieved.

Bromocriptine has a relatively short half- life. Treatment is usu-
ally started at a dose of 0.625– 1.25 mg daily and is advanced every 

3– 4 days to 2.5 mg daily. It is usually advisable to take the medi-
cation at bedtime with a small snack to minimize intolerance. The 
drug is titrated every 4 weeks towards normal prolactin levels, pro-
vided that it remains well- tolerated. Bromocriptine is generally 
given in divided doses (2– 3 times daily) if a total dose over 2.5 mg 
daily is required.

Cabergoline has a longer half- life, owing to its slow release from 
binding sites and enterohepatic cycling [1] . Cabergoline is usually 
commenced at 0.25– 0.5 mg weekly and is usually titrated every 4– 6 
weeks towards achieving normal prolactin levels, provided that the 
medication remains well- tolerated. It is sometimes advisable to ad-
vance cabergoline dose more quickly, including patients with giant 
macroprolactinomas. The majority of patients receiving cabergoline 
therapy require no more than 3.5 mg per week. However, resistance 
to all dopamine agonists is present in approximately 10% of patients, 
who may then need additional treatments (surgery, radiation therapy, 
or in the case of aggressive prolactinomas, temozolomide) [1, 57].

Dopamine agonists are generally well- tolerated. However, careful 
patient monitoring is advised to detect possible adverse effects 
(please see Box 2.3.9.4). Common adverse effects include nausea, 
dizziness, orthostasis [6, 7]. These adverse effects appear to be less 
frequent or severe with gradual dose titration (especially in the 
case of bromocriptine) and often improve over a period of several 
weeks. Some women may tolerate dopamine agonists better after 
intravaginal, rather than oral, administration although this is typ-
ically limited to short- term use only in patients seeking fertility. 
Less frequent adverse effects include nasal congestion, headache, 
constipation, nightmares, vivid dreams, digital vasospasm (akin to 
Raynaud’s disease). As stated earlier, cabergoline is generally better 
tolerated than bromocriptine and can often be used to successfully 
treat patients who are unable to take bromocriptine because of 
intolerance [56].

(a) (b)

Figure 2.3.9.3 Coronal T1— weighted, gadolinium— enhanced MRI images of the sella of a 38- year- old man with a macroprolactinoma, measuring 
3.5 cm in greatest diameter at presentation. Images were obtained before (a) and 3 weeks after (b) the institution of cabergoline therapy. He had 
presented with frequent headache of new onset, erectile dysfunction and bitemporal visual field deficits. At presentation, his serum prolactin 
level was 9487 ng/ ml (412 475 pmol/ L) [normal, up to 15 ng/ ml (650 pmol/ L)]. Evidence of central hypogonadism was present. He was treated 
with cabergoline, leading to resolution of visual field defects, improvement in prolactin levels, and decrease in tumour size on follow- up imaging. 
Testosterone replacement was ultimately advised since hypogonadism persisted despite prolactin normalization.
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Tumour fibrosis has been reported in patients exposed to bromo-
criptine [58]. Very rarely, mediastinal and retroperitoneal fibrosis 
have been reported. In addition, patients with Parkinson’s disease 
on very high cabergoline or pergolide doses (but not bromocrip-
tine) were found to have a higher risk of cardiac valvulopathy 
[59,  60]. Such fibrotic reactions are thought to be a consequence 
of serotonin (5HT2B) receptor activation. Available data suggest 
that the risk of cardiac valvulopathy is related to the cumulative 
cabergoline dose. In contrast to the worrisome findings in patients 
with Parkinson’s disease, patients with hyperprolactinemia who 
are generally treated with lower cabergoline doses (up to 2.0  mg 
weekly) have not been shown to be at risk for this complication 
[61]. Nevertheless, it is prudent to inform patients of this theoretical 
risk, particularly in patients who are taking high doses of dopamine 
agonists. Echocardiographic monitoring can be considered in such 
patients.

Rare adverse effects include the development of impulsivity (such 
as gambling, compulsive shopping, hypersexuality, and others) or 
psychosis, which can be serious but resolve after the offending drug 
is discontinued [62, 63]. Dopamine agonists should be avoided in 
patients with psychosis. However, some antipsychotics, such as 
aripiprazole, have both dopamine antagonist as well as partial dopa-
mine agonist properties, and could be used in this setting in collab-
oration with the patient’s psychiatrist. Patients with depression or 
anxiety can often be treated with dopamine agonists as long as the 
patient’s psychiatrist has been consulted.

Patients who have shown good responses to dopamine agonist 
therapy can often be gradually downtitrated, as tumours may be-
come more sensitive to the drug’s effects as they get smaller. In 
some cases, the dopamine agonist can be withdrawn entirely after 
2– 3 years of therapy [64– 66]. Good candidates for medication with-
drawal are those who have maintained normal prolactin levels and 
have little or no visible remaining tumour on pituitary imaging. In 
one study of patients with normoprolactinaemia on cabergoline 
therapy, the risk of recurrence of hyperprolactinemia was higher 
in patients with visible tumour on MRI than those who had no 

residual tumour; in addition, patients with macroadenomas were 
at higher risk of recurrence of hyperprolactinemia than those with 
microadenomas [65]. If dopamine agonist therapy is withdrawn, 
patient education and careful monitoring are needed to detect pos-
sible recurrence.

 Pituitary Surgery

Pituitary surgery is generally performed via the transsphenoidal ap-
proach [67]. Among patients with prolactinomas, pituitary surgery 
is generally second- line therapy (please see Box 2.3.9.5). Indications 
for pituitary surgery include lack of response to dopamine agonist 
therapy, including patients with persistent mass effect or tumour 
growth on medical therapy [67]. Cystic prolactinomas that are not 
responsive to dopamine agonists may be amenable to surgical re-
section [68]. Patients with resistance to medical therapy or intoler-
ance to dopamine agonists and patients in whom these medications 
are contraindicated (including patients with psychosis) are also 
considered for surgery. In addition, patients with pituitary apo-
plexy (occurring either de novo or in response to dopamine agonist 
therapy) and those with CSF leak occurring in response to medical 
therapy are surgical candidates [67]. Patient preference should also 
be considered, as some patients with microprolactinomas may wish 
to avoid long- term medical therapy [69]. The role of surgery in the 
preconception setting is discussed in a separate section.

Surgical outcomes depend on tumour size and location [67]. In 
addition, surgical expertise is critical in order to achieve optimal 
outcomes. Published data typically represent the outcomes of ex-
perienced pituitary surgeons with a high procedural volume [70]. 
Surgery is very effective in relieving mass effect, particularly visual 
field deficits, by decompressing the optic apparatus. In aggregated 
case series, normoprolactinaemia was achieved in 75% of 2137 pa-
tients with microprolactinomas but only 34% out of 2226 patients 
with macroprolactinomas who were evaluated early postoperatively 
[1] . On long- term postoperative follow- up, normoprolactinaemia 
was reported in 60% of patients with microprolactinomas and 
25% of patients with macroprolactinomas as a consequence of 
recurrence of hyperprolactinemia, particularly in patients with 
macroadenomas.

Pituitary function may improve in about 35% of patients with 
anterior hypopituitarism, whereas new anterior pituitary function 

Box 2.3.9.5 Indications for pituitary surgery in patients 
with prolactinomas

Persistent mass effect (including visual field defects) despite dopamine 
agonist therapy

Tumour growth despite dopamine agonist therapy
Resistance to dopamine agonist therapy
Intolerance to dopamine agonist therapy
Contraindications to dopamine agonist therapy (including psychosis)
Pituitary apoplexy
Cerebrospinal fluid leak (rhinorrhoea)
Women with macroprolactinomas seeking fertility
Patients’ preference (e.g. those with microprolactinomas who wish to 

avoid medical therapy)

Box 2.3.9.4 Adverse effects associated with dopamine 
agonist therapy

Common
Nausea
Dizziness, orthostasis

Less common
Headache
Nasal congestion
Constipation
Digital vasospasm
Vivid dreams, nightmares

Infrequent
Anxiety, depression, psychosis
Impulsivity— related manifestations

Rare
Fibrotic reactions
Cardiac valvulopathy*

* Reported in patients with Parkinson’s disease on high doses of cabergoline or 
pergolide.
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deficits may occur in up to 20% of cases postoperatively [67]. 
Diabetes insipidus (DI) is often transient; permanent DI is un-
common in patients operated upon by experienced neurosurgeons. 
Other complications include cerebrospinal fluid rhinorrhoea, epi-
staxis, tumour haemorrhage, stroke, and meningitis [67]. Lower 
perioperative morbidity and mortality rates are achieved by expert 
neurosurgeons [71].

 Radiation therapy

Radiation therapy is reserved for patients with macroprolactinomas 
who cannot achieve adequate tumour control with dopamine 
agonist therapy and surgery [72]. Radiation therapy can be admin-
istered either as conventional radiation therapy or via a stereotactic 
approach (including Gamma KnifeTM, Cyber Knife TM, or proton 
beam radiation therapy). Stereotactic radiation therapy can be 
given in a single session (‘radiosurgery’) in patients whose tumours 
are distant from the optic apparatus. Radiation therapy is very ef-
fective for tumour control. However, control of hyperprolactinemia 
is slowly achieved over several years. All patients who have re-
ceived radiation therapy are at lifelong risk of anterior hypopituit-
arism and require long- term follow- up [73]. Uncommonly, vision 
loss, ophthalmoplegia, stroke, temporal lobe necrosis, or sec-
ondary tumour formation may occur; whether stereotactic radi-
ation therapy is safer than conventional radiation therapy has not 
been established.

chemotherapy

Temozolomide is an alkylating agent that is absorbed orally and 
has been used off- label as therapy for locally aggressive pituitary 
adenomas or carcinomas (including prolactin- secreting tumours) 

[74– 76]. It is generally used in patients whose tumours do not 
adequately respond to dopamine agonists, surgery, and radiation 
therapy. Using either tumour size or prolactin levels as treatment 
endpoints, temozolomide appears to benefit up to 73% of patients 
with locally aggressive adenomas. In some studies, tumour ex-
pression of O6- methylguanine- DNA methyltransferase (MGMT), 
a DNA repair enzyme, has been reported to show a negative as-
sociation with response rates to temozolomide therapy [74– 76]. 
Escape from the beneficial effects of temozolomide often occurs 
over time.

Hyperprolactinaemia and Pregnancy

Hyperprolactinemia and prolactinomas raise several concerns in 
women who are planning to conceive or are pregnant. Important 
considerations include subfertility in hyperprolactinemia, the safety 
of dopamine agonist therapy in the preconception setting and the 
effect of pregnancy on prolactinomas.

Hyperprolactinemia often impairs fertility in patients of both 
genders as a consequence of central hypogonadism [8, 9]. In add-
ition to anovulation, the length of the luteal phase of the menstrual 
cycle is shortened, which can decrease the likelihood of implant-
ation after oocyte fertilization. Dopamine agonist therapy which 
results in a normal prolactin level improves fertility in patients of 
both genders [77].

The safety of any medical therapy is of prime importance in the 
preconception setting as well as during pregnancy. Compiled, retro-
spectively collected data on many thousands of pregnancies have 
shown that bromocriptine therapy administered during the precon-
ception period does not raise the risk of adverse maternal or fetal 
outcomes during a subsequent pregnancy (please see Table 2.3.9.3) 
[8, 9,  78]. Data on the safety of cabergoline are also reassuring. 
However, the published experience is substantially larger for 

table 2.3.9.3 Safety of dopamine agonist therapy in the preconception setting*

General population (%) Patients who received bromocriptine [n (%)] Patients who received cabergoline [n (%)]

Pregnancies 6239 789

Miscarriages 10– 15% 620 (9.9%) 60 (7.6%)

Terminations 20% 75 (1.2%) 59 (7.5%)

Preterm deliveries** 12.7% 519 (12.5%) 67 (11.6%)

Congenital malformations*** 3.0% 93 (1.8%) 21 (3.2%)

* Data were extracted from reference 8.
** Data were available on 4139 women who received bromocriptine and 547 women who received cabergoline before pregnancy.
*** Data were available on 5123 women who received bromocriptine and 664 women who received cabergoline before pregnancy.

table 2.3.9.4 Risk of prolactinoma growth during pregnancy*

Tumour size before gestation Number of patients Pituitary surgery and/ or radiation 
therapy before gestation

Patients with symptomatic tumour 
growth during pregnancy [n (%)]

Macroprolactinoma 214 No 49 (22.9%)

Macroprolactinoma 148 Yes 7 (4.8%)

Microprolactinoma 658 No 18 (2.7%)

*Data were extracted from reference 8.
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bromocriptine than cabergoline [8, 9, 79]. As a corollary, bromo-
criptine is the agent of choice in the preconception setting or during 
gestation.

During pregnancy, oestrogen is copiously secreted by the pla-
centa and may potentially promote prolactinoma growth. In aggre-
gate, retrospective data suggest that the risk of microprolactinoma 
growth during pregnancy is low (please see Table 2.3.9.4) [8, 9, 80]. 
In contrast, the risk of tumour growth during gestation is higher in 
women with macroprolactinomas [8,  9]. A  case of a patient with 
a macroprolactinoma that enlarged during pregnancy is shown in 
Figure 2.3.9.4. The risk of tumour growth during gestation is miti-
gated in women whose macroprolactinomas were resected before 
conception.

Hyperprolactinaemic women who are planning to conceive are 
offered bromocriptine therapy; cabergoline can be used in patients 
who are intolerant to bromocriptine. Pituitary surgery is considered 
in women with macroprolactinomas whose tumours do not sub-
stantially shrink in response to medical therapy in order to mitigate 
their risk of tumour growth during a subsequent pregnancy.

In patients with microprolactinomas, it is advisable to discontinue 
dopamine agonist therapy when pregnancy is established. During 
pregnancy, these patients can be followed clinically. Monitoring 
serum prolactin levels is of no diagnostic value during gestation. In 
the unlikely event that mass effect develops (including visual field 
deficits), limited views of the sella are obtained via non- contrast 
MRI and dopamine agonist therapy (preferably bromocriptine) 
is reinstituted. Limited data from case series suggest that bromo-
criptine and cabergoline are often effective in relieving mass effect 
during pregnancy and are not associated with increased risk [8, 9].

Medical management is individualized in patients with 
macroprolactinomas, who are at higher risk for tumour growth 
during gestation. In most cases, dopamine agonist therapy is dis-
continued when pregnancy is established. In some cases, including 
tumours close to the optic apparatus, dopamine agonists are con-
tinued during gestation to minimize the risk of tumour growth 

during that period. All pregnant patients with macroadenomas 
require careful follow- up, including frequent visual field- testing 
during gestation. If evidence of mass effect develops, then dopa-
mine agonist (preferably bromocriptine) therapy is reinstituted and 
can be effective in relieving mass effect [8, 9, 81]. Alternatively, pitu-
itary surgery can be performed to restore vision in patients who are 
unresponsive to dopamine agonist therapy. However, any surgical 
procedure performed during gestation is associated with a risk of 
miscarriage [8, 9].

Asymptomatic women with prolactinomas should be encour-
aged to nurse. Dopamine agonists are avoided in asymptomatic 
women who are nursing, since they suppress milk production and, 
in cases of partial suppression of lactogenesis, may expose the infant 
to dopamine agonists which are present in breast milk. There is no 
evidence that nursing is associated with an increased risk of tumour 
growth postpartum [8, 9].
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Definition

Acromegaly almost always is the result of an anterior pituitary 
tumour and is a consequence of growth hormone (GH) and 
insulin- like growth factor- I (IGF- 1) excess. It is characterized by en-
largement of the hands and feet (Greek: akron, extremities; megas, 
great). Gigantism is the juvenile (prior to epiphyseal fusion) coun-
terpart of acromegaly and results in excessive linear growth.

History

Giants are the material of legend and fairy tale. The earliest plausible 
description of a giant is Goliath (alleged to have been 290 cm tall), 
whose death, while fighting David, has been speculated, to have 
been a result of the disadvantage caused by a temporal field defect as 
a result of his pituitary tumour. The skeleton of Irish giant Charles  
Byrne (234  cm) is exhibited in the Royal College of Surgeons of 
England and has twice provided insight into our understanding of 
the pathophysiology of acromegalic gigantism. Harvey Cushing in 
1910 had the skull opened to confirm an enlarged pituitary fossa, 
and more recently, a tooth was extracted to allow isolation of DNA 
which resulted in a genetic explanation for Byrne’s disease as well as 
for the folklore of the Irish Giants [1] . The tallest man recorded was 
Robert Wadlow (272 cm), an American who died in 1940 at the age 
of 22 years, most likely suffered from X- linked acrogigantism (see 
next). Comprehensive historical and illustrated descriptions of ac-
romegaly and gigantism are available [2].

Although there had been excellent previous descriptions, for ex-
ample, the first description by a Dutch physician Johannes Wier 
in 1567 of a giant female patient, it was Pierre Marie (1886) who 
gave the name to the condition (Figure 2.3.10.1). He did not, at 
the time, appreciate that the pituitary was the cause of the problem. 
The recognition of the link between an enlarged pituitary and ac-
romegaly is attributed to Minkowski (1887). Familial acromegaly 
was depicted by the illustrator John Kay of the Irish giant Charles 
Byrne with his twin giant cousins, the Knipe twins at the end of 
the 18th century [1] . Its clinical description was a century later [3]. 
The first gene identified causing acromegaly was GNAS, both as a 
change in the pituitary only [4] or as an embryonic mutation as part 
of McCune– Albright syndrome [5]. The first MEN1 syndrome pa-
tient had gigantism [6] with the gene responsible identified in 1997 
[7]. Most young- onset acromegaly families have AIP (aryl hydro-
carbon receptor interacting protein gene) mutations [8], while the 
tallest giants have GPR101 duplication as a germline [9] or mosaic 
[10] condition. The first attempt at surgical treatment was by Caton 
and Paul in Liverpool (1893) who attempted to relieve the headache 
by surgical removal of part of the skull vault. Transsphenoidal oper-
ation on a patient with acromegaly was first reported von Eiselsberg 
in Vienna 1908. Harvey Cushing was convinced that acromegaly 
was a form of hyperpituitarism and operated on numerous cases via 
the transsphenoidal route. Béclère (1909) was the first to use pitu-
itary radiation therapy. The modern era of management was marked 
by the development of radioimmunoassays for GH in the 1960s 
which provided the ability to measure disease activity. Landmarks 
in the medical management of acromegaly are represented by the 
introduction of dopamine agonists in 1972 [11], somatostatin ana-
logues in 1985 [12], and the GH receptor antagonist pegvisomant 
in 2000 [13].

Figure 2.3.10.1 Pierre Marie, the describer of acromegaly.
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epidemiology

The prevalence ranges from 28 to 137 per million with an incidence 
between 2 and 11 cases per million [14]. Acromegaly occurs in all 
races with an approximately equal sex incidence. The average age at 
diagnosis is 44 years, but patients with acromegaly can present at 
any age. The mean time between development of symptoms to diag-
nosis is 5 years according to the latest data. Young patients typically 
have larger, more aggressive tumours and grossly elevated serum 
GH levels (see next) while a more subtle phenotype with smaller and 
less aggressive tumours is typically encountered in older patients.

Aetiology

Over 99% of patients with acromegaly have a GH- secreting ad-
enoma, which, in up to a third of cases, may cosecrete prolactin. 
Very rarely GH and thyroid- stimulating hormone (TSH) are 
cosecreted, causing acromegaly and thyrotoxicosis with detectable 
TSH (Box 2.3.10.1).

Less than 1% of patients with acromegaly have a GH- releasing 
hormone (GHRH)- secreting tumour, as a result of a neuroendo-
crine tumour of either the pancreas (often associated with MEN1 
syndrome) or the lung, with extremely rare cases from a phaeo-
chromocytoma. Ectopic GHRH results in a global enlargement 
of the pituitary as a consequence of somatotroph hyperplasia and 
presents a diagnostic challenge. Hypothalamic GHRH- producing 
tumours have been also described, such as a gangliocytoma. 
Pituitary carcinomas represent 0.1% of pituitary tumours, with 
GH- secreting carcinomas being the third most common subtype, 
after prolactinomas and corticotrophinomas [15]. Most often the 
metastases are found in the cerebrospinal axis, but they have been 
described outside the central nervous system.

Acromegaly can occur as part of a genetic condition either as part 
of a syndromic disease (MEN1, MEN4, Carney complex, pituitary 
adenoma associated with paragangliomas or McCune– Albright 
syndrome) or as an isolated condition (familial isolated pituitary 
adenoma, FIPA), as discussed next.

Pathology

Somatotroph cells in the normal pituitary are usually located in the 
lateral region of the pituitary, and at least in rodents this pool of 

somatotrophs expands significantly in puberty, possibly explaining 
the characteristic cavernous sinus invasion of these adenomas. 
Somatotroph adenomas can either be densely granulated with strong 
GH staining and diffuse distribution of cytokeratin or sparsely 
granulated with characteristic dot- like cytokeratin staining [16]. 
The sparsely granulated somatotroph adenomas occur more often 
in young patients, have a greater tendency to tumour invasiveness 
and respond poorly to somatostatin analogue therapy. Expression of 
somatostatin receptors can be assessed by immunohistochemistry, 
with subtype 2 and 5 being the most prominent, and their correl-
ation with response to first-  and second- generation somatostatin 
analogues has been studied [17]. Somatotroph hyperplasia can be 
seen in 25% of patients with X- linked acrogigantism, in 70% of 
patients with Carney complex, in patients with McCune– Albright 
syndrome, if the pituitary area is affected, with or without adenoma 
development and in patients with GHRH- secreting tumours. Silent 
somatotroph tumours (clinically non- functioning pituitary aden-
omas with GH staining on histology) have been observed in 7– 8% 
of somatotroph adenomas [18].

Molecular endocrinology of GH- Secreting 
Pituitary Adenomas

The molecular pathogenesis of sporadic GH- secreting pituitary tu-
mours is best considered by discussing changes which activate factors 
leading to increased tumour formation (e.g. oncogenes) or alterations 
which inactivate cell proliferation controlling genes (e.g. tumour sup-
pressor genes). The GHRH— GHRH receptor— stimulatory G- protein 
α- subunit—cAMP— protein kinase A— CREB—Pit-1 pathway is key 
for somatotroph cell function. Activating genetic alterations include the 
stimulatory guanine nucleotide- binding protein (G- protein) α- subunit 
gene (GNAS), the orphan G- protein associated 7 transmembrane re-
ceptor GPR101, cyclin D (CCDN1), fibroblast growth factor receptor 4 
(FGFR4), and pituitary tumour transforming gene (PTTG).

The stimulatory G protein (Gsα) is involved in the activa-
tion of adenylate cyclase which mediates the regulatory actions 
of GHRH to stimulate GH synthesis and secretion. Missense 
mutations of GNAS at codons 201 and 227 (termed ‘gsp’ muta-
tions) result in inhibition of the intrinsic GTPase activity of the 
α- subunit of the G protein, while its adenyl cyclase activating 
capacity is intact resulting in high intracellular levels of cyclic 
adenosine monophosphate (AMP). The downstream signalling 
pathway includes increased protein kinase A  and cyclic AMP- 
response element binding protein (CREB) activity, increased 
binding, and activation of the POU1F1 promoter resulting in ac-
tivate GH synthesis and release. This results in autonomous GH 
secretion (Figure 2.3.10.2). Somatic GNAS mutations have been 
demonstrated in 40% of human GH- secreting pituitary aden-
omas and are the most commonly described genetic defect. If the 
gsp mutation occurs in embryonic stage and is found in a mo-
saic form in various organs contributing to activation of various 
Gs- coupled receptors, the patient develops McCune– Albright 
syndrome (see next). Patients with GPR101 mutation develop 
infant onset somatotroph or somatomammotroph hyperplasia 
or tumours. The role of GPR101 is unclear in the somatotroph 
adenoma tumorigenesis. This cAMP- coupled receptor is nor-
mally expressed in the hypothalamus and could be upstream of 
GHRH. Embryonic overstimulation of GHRH and therefore GH/ 
PRL- secreting cells may lead to tumorigenesis, a phenomenon 

Box 2.3.10.1 Lesions associated with excessive secretion of GH 
and IGF- 1

 • Pituitary
 — Growth hormone- secreting adenoma

 — Growth hormone and prolactin mixed adenoma
 — Growth hormone and TSH mixed adenoma
 — Plurihormonal adenoma
 — Growth hormone- secreting carcinoma

 — Somatotroph hyperplasia
 • GHRH- producing neuroendocrine tumour (pancreas and lung)
 • GHRH- producing hypothalamic lesions such as gangliocytoma
 • GH- secreting ectopic tumours (only three cases described)
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observed in animal models. Increased PTTG1 mRNA expression 
has been demonstrated in somatotroph adenomas and correlates 
with tumour size. FGFR4 and cyclin D overexpression have been 
described in pituitary tumours; however, this is not specific for 
somatotroph adenomas.

Tumour suppressor genes that may be involved in pituitary 
tumour pathogenesis include the retinoblastoma gene, cyclin- 
dependant kinase inhibitors, such as p27 (CDKN1B) and p16 
(CDKN2A) as well as growth arrest and DNA damage- inducible 
protein (GADD45γ) and maternal imprinting gene 3 (MEG3). 
Some of these proteins are lost in pituitary tumours due to epigen-
etic mechanisms such as hypermethylation. p27 expression is re-
duced in all types of pituitary adenomas including somatotrophs. 
GADD45γ is a pro- apoptotic factor which is lost in GH- secreting 
adenomas. MEG3 is an imprinted gene encoding a non- coding RNA 
that suppresses tumour cell growth; it is lost in non- functioning pi-
tuitary adenomas but not in somatotroph tumours. Germline AIP 
mutations have been described in patients with sporadic or familial 
isolated pituitary adenomas and in vitro studies confirm that loss of 
function of this protein is in the pathogenesis of these adenomas. 
AIP may play a role in the somatostatin induced inhibitory pathway 
regulating the tumor suppressor gene ZAC1 or the inhibitory G 
protein Giα2 [19].

Genetic Alterations Associated with Acromegaly

Mccune– Albright Syndrome

This syndrome is characterized by polyostotic fibrous dysplasia, 
hyperpigmented cutaneous patches, and endocrinological abnor-
malities including precocious puberty, thyrotoxicosis, acromegaly 
or gigantism, and Cushing’s syndrome. The extent of the mosaic 
activating mutations determine the severity of the disease in the 
various organs where Gsα plays an important role. The pituitary and 
the surrounding tissues are affected in 20– 30% of the cases. A third 
of patients present in childhood and may develop gigantism, espe-
cially if there is hypogonadism due to excess prolactin, although the 
combination of early puberty and GH excess may result in a normal 
final height. The pituitary shows hyperplasia in just under half of the 

cases with micro or macroadenomas in the rest [20]. These patients 
present a challenge for treatment as the surrounding fibrous dys-
plasia in the bones renders difficult surgical access. Combination 
treatment with dopamine, somatostatin agonists, and GH- receptor 
antagonist can provide biochemical control.

Multiple endocrine neoplasia type 1 and type 4

MEN1 and MEN4 are an autosomal dominant disorders which are 
described elsewhere (see Section 4, ‘Parathyroid, Calcium and Bone 
Metabolism Disorders’) (see pg. 632). Following prolactinomas and 
clinically non- functioning adenomas, acromegaly is third com-
monest pituitary tumour type to occur in MEN1 syndrome, al-
though plurihormonal adenomas are also characteristic of MEN1. 
In patients with MEN1- related GH excess, especially in childhood, 
GHRH- secreting pancreas neuroendocrine tumours should be con-
sidered. MEN4 has been described in a few patients with an MEN1- 
like phenotype and germline mutations in cell cycle inhibitor genes, 
such as p27 (CDKN1B), p15 (CDKN2B), p18 (CDKN2C), and p21 
(CDKN1A). The most common tumour type is somatotroph aden-
omas, including a case with childhood- onset disease.

carney complex

This is an autosomal dominant condition caused by a loss- of- 
function mutation in the protein kinase A regulatory subunit gene 
(PRKAR1A) in over 70% of the cases, with others mapping to 2p16. 
A single patient with duplication of the activating subunit of pro-
tein kinase A (PRKACB) has also been described. It is characterized 
by spotty cutaneous pigmentation, cardiac and other myxomas, 
and endocrine overactivity, particularly Cushing’s syndrome due 
to nodular adrenal cortical hyperplasia. Abnormal GH dynamics 
can be detected in two third of cases and with 10% of the patients 
developing true adenomas [21].

Familial isolated Pituitary Adenomas

Patients with FIPA usually have no other endocrine abnor-
mality. The genetic background and the clinical characteristics are 
heterogeneous.

X- linked Acrogigantism (XLAG)

Patients with germline or mosaic duplication in the GPR101 gene, 
which is located on the X chromosome, develop infant onset ac-
romegaly diagnosed <5  years of age with symptoms starting < 
2  years [9] . Patients have pituitary hyperplasia or adenoma, se-
creting usually both GH and prolactin. The majority of the pa-
tients are females with a de novo germline mutations, while males 
are either have mosaic mutation or inherited the mutation from 
their mother. Unless treated, these patients develop extreme tall 
stature. As the whole gland is involved, treatment is challenging 
with either total hypophysectomy, combination medical treatment 
or radiotherapy.

Aryl Hydrocarbon Receptor Interacting Protein

Loss- of- function heterozygous germline mutations in the AIP 
gene cause young- onset acromegaly with incomplete (20– 30%) 
penetrance [22]. Most patient have acromegaly manifesting in 
the second decade, with prolactinomas occurring in 10% of the 
cases and other pituitary tumour types rarely. Patients with AIP 
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Figure 2.3.10.2 The G- protein abnormality seen in the pituitary of 
40% of Caucasian patients with acromegaly.
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mutations usually have early- onset, with 50% reporting onset of 
symptoms in the second decade [23]. The invariably sparsely granu-
lated adenomas may show invasive growth and respond poorly to 
somatostatin analogue therapy. Genetic cascade screening can 
identify carrier family members leading to earlier diagnosis and 
better chance of a cure.

FIPA Families Currently Without a Known Mutation

The majority (89%) of the FIPA families do not harbour known 
disease- causing mutations. Patients in these families have an age of 
onset similar to sporadic pituitary adenoma patients and the asso-
ciated tumour types are wider than in AIP or XLAG cases. About 
half of the families are homogenous (i.e. all affected family mem-
bers have the same pituitary adenoma type) with the other half 
presenting with heterogeneous type of adenomas, acromegaly and 
prolactinoma being the most common tumour types [23]. While 
penetrance is 100% in XLAG and 20– 30% in AIP kindreds, it is 
somewhat lower in AIP- negative FIPA families.

Symptoms of Acromegaly

Gross, long- standing acromegaly is easily recognized, the chal-
lenge is recognizing the more subtle phenotype and shortening 

the interval between the onset of disease and diagnosis. The most 
noticeable feature is usually a change in facial appearance. Vague 
symptoms such as fatigue may predominate, while increased 
sweating and sebaceous activity with acne can be problems. 
There is enlargement of the supraorbital ridges, prognathism, and 
macroglossia (see Figures 2.3.10.3 and 4); interdental separation 
occurs. This, together with the obvious changes in the hands and 
feet, often makes the diagnosis easy (see Box 2.3.10.2). Headache 
is a typical symptom, more commonly than other types of pituitary 

Figure 2.3.10.3 Kyphosis in a patient with acromegaly.

Box 2.3.10.2 Clinical features of acromegaly

Acral enlargement
 • Increased hand- , shoe- , and ring size
 • Prominent nasolabial fold
 • Frontal bossing
 • Prominent supraorbital ridge

Skin
 • Increased sweating
 • Oiliness and increased sebaceous activity
 • Hirsutism
 • Hyperpigmentation
 • Thickened skin (detected on the dorsum of the hand)
 • Skin tags
 • Furrowing of the skin on the forehead or back of the head (cutis 

verticis gyrate)

Cardiovascular
 • Hypertension
 • Congestive heart failure
 • Ventricular hypertrophy
 • Cardiomyopathy [25]

Respiratory
 • Sleep apnoea, snoring
 • Enlarged sinuses
 • Deep voice

Musculoskeletal
 • Arthropathy, knee, hip, lumbar spine [26]
 • Kyphosis (Figure 2.3.10.3)
 • Prognathism
 • Dental malocclusion

Figure 2.3.10.4 Macroglossia in a patient with acromegaly. The patient 
had to have surgical tongue reduction.
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adenoma. Patients may present to rheumatologists, orthopaedic 
surgeons (joint pain and abnormalities), dentists (separation of 
the teeth, jaw pain), neurologists (carpal tunnel syndrome), gy-
naecologists (menstrual disturbance), ophthalmologists (visual 
problems), cardiologists (high blood pressure, heart disease) or 
to physicians treating the patient’s sleep apnoea, hypertension, or 
diabetes mellitus [24]. Often the symptoms are present and pro-
gress insidiously over several years. It can be useful to review serial 
old photographs to show the presence and progress of subtle facial 
appearances.

Symptoms of an enlarged pituitary fossa are the same as with 
non- functioning tumours and are discussed elsewhere and include 
visual field defects, headache, and pituitary apoplexy (more often in 
younger patients).

the Phenotypic changes of Acromegaly

Skin on the back of the hand is thickened and excessive sweating 
occurs in 80% with patients looking older than their years.

In the cardiovascular system, hypertension is present in 50% due 
to a direct effect of GH on sodium absorption, and there is also in-
creased left ventricular muscle mass. Ischaemic heart disease is also 

present, possibly exacerbated by insulin resistance and is a major 
cause of morbidity and mortality. Myocardial hypertrophy with fi-
brosis leading to ventricular dilatation and biventricular failure are 
features of an acromegalic cardiomyopathy.

Respiratory symptoms are also common and account for part 
of the increased mortality of the condition. Sleep apnoea may re-
sult from significant airway obstruction caused by prognathism, 
macroglossia, and hypertrophied nasal structures and narco-
lepsy may be a presenting symptom in patients with acromegaly. 
Difficulty in tracheal intubation can be a problem in patients with 
acromegaly undergoing anaesthesia.

In the alimentary tract macroglossia, constipation and 
visceromegaly are common. A high prevalence of colonic polyps 
in acromegaly is reported and these may progress to colonic car-
cinoma. GH and/ or IGF- 1 may possess direct mitogenic effects on 
colonic epithelial cells.

Metabolic consequences of Acromegaly

Increased insulin resistance occurs because of direct anti- insulin 
effects of GH and can result in diabetes mellitus and carbohy-
drate tolerance, which is reversible with successful treatment 
of the GH hypersecretion. Hypercalciuria occurs in 80% of pa-
tients because of GH being facultative in the synthesis of 1,25- 
dihydroxyvitamin D increases calcium absorption from the gut 
and reabsorption in the kidney. Hyperphosphataemia may occur 
due to the direct effect of GH/ IGF- 1 on renal phosphate reabsorp-
tion. If hypercalcaemia is detected, hyperparathyroidism and 
MEN1 syndrome (3%) needs to be investigated. Multinodular 
goitre occurs with increased frequency in acromegaly. IGF- 1 is a 
major determinant of thyroid cell growth. Thyroid dysfunction 
(hyperthyroidism) occurs in acromegaly and is most commonly 
due to a multinodular goitre, but TSH secretion from a mixed 
pituitary tumour should be considered if the TSH is inappro-
priately normal/ elevated in association with thyrotoxicosis. See 
Figure 2.3.10.5.

cardiovascular and Respiratory Risk

This increased risk relates to hypertension and diabetes. There is no 
characteristic lipid disturbance in acromegaly. Before 1966, 50% of 
patients with acromegaly died before the age of 50, cardiovascular 

 • Muscle weakness
 • Increased height

Alimentary
 • Macroglossia (Figure 2.3.10.4)
 • Visceromegaly (liver, spleen, kidney, bowels, salivary glands)
 • Colonic polyps, constipation

Neurological
 • Headache
 • Sudden severe headache often with ptosis (pituitary apoplexy)
 • Carpal tunnel syndrome (Figure 2.3.10.5)
 • Paraesthesia

Reproductive
 • Amenorrhoea
 • Galactorrhoea
 • Impotence
 • Prostatic hypertrophy

Metabolic alterations
 • Increased insulin resistance, diabetes mellitus
 • Hypercalciuria, hypercalcaemia [27]

Endocrine system
 • Cosecretion of prolactin or TSH
 • Galactorrhoea
 • Hypopituitarism
 • Multinodular goitre

Psychological effects
 • Anxiety due to distorted body image
 • Tiredness, fatigue, apathy, depression

Local tumour effects
 • Headache
 • Visual field defects (bitemporal hemianopsia)
 • Cranial nerve palsy

Figure 2.3.10.5 Carpal tunnel syndrome in acromegaly. Thenar 
wasting is clearly seen (arrow).

Box 2.3.10.2 Continued                                                                         
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disease being the commonest cause of death. Cardiovascular dis-
orders accounted for about 25% of deaths, followed by respiratory 
(20%) and cerebrovascular disease (15%). More recent data suggest 
a twofold risk of cardiovascular disease and no increased respira-
tory mortality [17].

Malignancy in Acromegaly

Whether acromegaly increases the risk of malignant disease is a 
controversial issue. The large German registry found no increased 
risk [28], while a Danish study found slightly increased risk [29]. 
A  recent meta- analyses highlighted the contradictory findings of 
the various studies and acknowledged that some may have had posi-
tive bias but equally recognized that as patients with acromegaly live 
longer, the effect of GH/ IGF- 1 excess on cancer risk may become 
more apparent [29– 31].

Mortality

Untreated acromegaly is associated with decreased life expect-
ancy. This was first documented in the 1950s and was attributed 
to increased cardiovascular and respiratory mortality. Overall 
mortality of untreated disease is approximately double of the 
normal rate, while mortality in patients who are well controlled 
is not significantly different from that of the general population 
[32]. More recently the possibility of increased mortality due to 
malignant disease has been raised [31].

Biochemical confirmation of Acromegaly

The greatest challenge in the diagnosis of acromegaly is for the 
disease to be considered; biochemical confirmation is rarely 
a challenge and relies upon a combination of an elevated, age- 
controlled IGF- 1 level and failure of GH to suppress to <0.4 μg/ 
L during an oral glucose tolerance test (OGTT) [33]. In patients 
with acromegaly, there may even be a paradoxical rise in GH in 
response to OGTT, and this have been attributed to increased ex-
pression of the receptor for gastrointestinal inhibitory hormone 
(GIPR) [34]. False positives do occur (Boxes 2.3.10.3 and 4), but 
few conditions apart from adolescence and pregnancy are likely 
to cause diagnostic confusion. In tall adolescents, possibly as a 
consequence of large GH pulses, GH levels may not adequately 
suppress during an OGTT, and during puberty IGF- I levels may 
overlap with those encountered in acromegaly. Careful examin-
ation for phenotypic changes and a pituitary scan should clarify 
the situation.

initial investigations

imaging

MRI of the pituitary is essential and will demonstrate a macro-
adenoma (>1  cm) in approximately 60– 70% of patients. Visual 
fields should be objectively documented if there is any suggestion 
of visual pathway compression. Plasma GHRH should be measured 
if an ectopic source of acromegaly is suspected, or if occasionally, 
pituitary histology reveals hyperplasia. A thyroid ultrasound should 
be done if there are thyroid nodules.

Other Associations

Essential hypertension is common, often associated with an increase 
in intravascular volume and low renin and increased aldosterone 
secretion [27]. Phaeochromocytoma is not normally associated 
with acromegaly, except in exceptional cases (genetic condition 
causing paraganglioma/ phaeochromocytoma and pituitary ad-
enoma, or ectopic GHRH secretion from a phaeochromocytoma 
[35]); however, it is important to exclude a phaeochromocytoma 
in a hypertensive patient with acromegaly, particularly prior to 
surgery.

treatment

ideal treatment

The ideal treatment will render GH secretion normal, completely 
ablate the pituitary tumour mass, while preserving normal pituitary 

Box 2.3.10.3 Conditions associated with a failure 
of suppression after a glucose load

 • Adolescence
 • Diabetes mellitus
 • Liver failure
 • Renal failure
 • Malnutrition
 • Laron dwarfism
 • Anorexia nervosa

Box 2.3.10.4 Investigation of acromegaly

Establish diagnosis
 • 75 g OGTT
 • IGF- 1

Metabolic consequences of high GH
 • OGTT (for glucose)
 • HbA1c
 • 24- h urine calcium

Pituitary function
 • Prolactin
 • LH/ FSH, testosterone/ oestradiol
 • fT4, TSH
 • Cortisol
 • Insulin-tolerance test (short synacthen test of cortisol reserve) 

Pituitary anatomy
 • MRI
 • Visual fields

Other (coexistent) diagnoses
 • Serum calcium (multiple endocrine neoplasia)
 • Plasma metanephrines (phaeochromocytoma)
 • Sleep apnoea
 • Hypertension
 • Spine X- ray

fT4, free thyroxine; LH/ FSH, luteinizing hormone/ follicle- stimulating hor-
mone; OGTT, oral glucose tolerance test; TSH, thyroid- stimulating hormone.
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function and reverse the acral and other systemic complications, 
while ensuring there is no biochemical or tumour recurrence 
[36, 37]. The reality is that some phenotypic changes, such as osteo-
arthritis of the weight- bearing joints or hypopituitarism may be ir-
reversible, and all treatments have limitations and the potential for 
complications. The greatest improvement in outcomes would come 
from earlier diagnosis. Deaths due to mass effects of the pituitary 
tumour are rare in acromegaly, with mortality and morbidity being 
largely a consequence of the metabolic complications of long- term 
elevation of circulating GH and IGF- 1 levels and hypopituitarism. 
Several studies have suggested that lowering IGF- 1 levels into age- 
related reference ranges is associated with restoration of normal life 
expectancy [31, 32, 37].

Modes of treatment

Transsphenoidal surgery, undertaken by a pituitary specialist sur-
geon, is the treatment of choice. In patients not cured by surgery, 
medical treatment can be effective at achieving biochemical dis-
ease control. Modern radiotherapy is extremely effective at con-
trolling tumour growth and will with time control GH secretion 
(Box  2.3.10.5) A  multidisciplinary team, consisting of, at a min-
imum, a pituitary endocrinologist, specialist pituitary surgeon, 
radiotherapy oncologist, neuroradiologist, and histopathologist 
should be involved in all major therapeutic decisions, while clinical 
geneticist, nurse practitioner, pituitary pathologist also contribute 
to patient care.

Defining the Biochemical Goals of treatment

An expert consensus conference defined biochemical diagnosis and 
successful treatment as a nadir GH during an OGTT of <0.4 µg/ L 
and an IGF- 1 within a vigorously established, age- related reference 
range [37]. The adoption of a GH nadir value of <0.4 µg/ L reflects 
an era of ultrasensitive GH assay which for the first time permits 
routine quantification of GH as low as 0.05 µg/ L, which is lower 
than the nadir values encountered after a glucose load in healthy 
subjects [38]. Historical cut- off criteria, such as 1 µg/ L, were not 
underpinned by an evidence base [39], were known to be associ-
ated with significant numbers of patients with discrepant GH and 
IGF- 1 results and in particular resulted in reports of patients with 

unequivocal acromegaly with elevated IGF- 1 values but nadir GH 
values <1 µg/ L [40, 41].

The pulsatile nature of GH secretion, even in acromegaly [42], 
means that it is unwise to rely on a single random measure of GH. 
The nadir GH during an OGTT and the mean of five GH samples 
taken over the course of a single day have both been widely used. 
Both means of assessment are closely correlated to serum IGF- 1 
levels, but recent consensus criteria have predominately relied upon 
the OGTT. IGF- 1 is the preferred measure of disease activity as it 
has dual advantages over GH: (i) convenience of a single, randomly- 
timed sample and (ii) it is a measure of GH action rather than tu-
mour secretion that better correlates to biological end- points such 
as glucose tolerance [43]. That said, it needs to be recognized that 
saturation of IGF- 1 generation occurs at GH levels of approximately 
20 μg/ L [44]. This implies that for example partial surgical resec-
tion of an adenoma may lower circulating GH levels from 100 to 50 
μg/ L, but that change may have little impact on circulating IGF- 1. 
The relationship between mean GH levels and IGF- 1 is also modu-
lated by oestrogen therapy, prior radiotherapy, age, and liver dis-
ease, therefore when possible both GH and IGF- 1 status should be 
assessed.

A major challenge in applying international consensus criteria to 
local practice is bias in assay performance which is an issue with 
both GH & IGF- 1. Endocrinologists need to be aware of the charac-
teristics of the assays used in their laboratories.

transsphenoidal Surgery

Factors Affecting Outcome

Pretreatment GH levels have been shown to affect outcome such 
that high levels are associated with a less successful surgical out-
come [45]. The presence of micro-  or macroadenoma and extent 
of cavernous sinus invasion has a key role affecting success of sur-
gery [46,  47]. As opposed to tumour size and GH levels, the de-
terminant of outcome that an endocrinologist can influence is the 
choice of surgeon. The outcome of surgery is very dependent on 
the skill and experience of the surgeon with significant differences 
being reported both in terms of disease control and complications 
is crucial to outcome [48]. The outcome is less good when large 
numbers of surgeons doing a small number of operations, and sev-
eral centres have reported considerably improved outcomes fol-
lowing transition to having one or two surgeons to do all pituitary 
surgery. Complications are also less common with experienced 
surgeons [47].

Postoperative Assessment

The impact of surgery on GH status can be assessed 3  days 
postoperatively, but it can take three months for IGF- 1 to reaches its 
nadir. The first routine postoperative scan should be undertaken at 
6 months. The available figures in the best surgical hands show that 
between 70% and 90% of microadenomas and between 45% and 
66% of macroadenomas can reach GH and IGF- 1 levels in the safe 
range with surgery [47].

Complications

New hypopituitarism develops in between 12% and 18% of patients 
undergoing transsphenoidal surgery for acromegaly and implies 

Box 2.3.10.5 Modes of treatment of acromegaly

Surgery
 • Transsphenoidal
 • Transfrontal

Medical therapy
 • Dopamine agonists
 • Somatostatin analogues
 — First generation (octreotide or lanreotide)
 — Second generation (pasireotide)
 • Growth hormone receptor antagonist

Stereotactic radiotherapy
 • Multifractional
 • Radiosurgery (single fraction), e.g. Gamma Knife®
 • Proton beam therapy
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the need for lifelong pituitary hormone replacement therapy. 
Occasionally pituitary function may recover [49]. Other compli-
cations include transient or permanent diabetes insipidus, cere-
brospinal fluid leaks, haemorrhage, and meningitis. Recurrence of 
acromegaly occasionally occurs (5.5% at 3 years).

transcranial Surgery

Developments in transsphenoidal techniques, particular the 
endoscope, mean that transcranial surgery is rarely indicated. 
A transcranial approach may be required when there is a very large 
suprasellar extension or a tumour extending out laterally which is 
unreachable transsphenoidally. In these cases, the reduction of GH 
to desired levels is virtually never obtained.

In patients with larger extrasellar tumours, surgical debulking of 
the tumour should take place which will lower GH and IGF- 1 levels 
and improve the efficacy of medical treatment [50].

Medical therapy

For the great majority of patients first line therapy is surgery, and 
medical therapy is reserved for patients with persisting disease ac-
tivity after surgery.

Somatostatin Analogues

For more than 25  years first generation somatostatin analogues 
octreotide and lanreotide have been the mainstay of medical 
therapy for acromegaly. Both are synthetic octapeptide analogues 
of somatostatin but with longer duration of action than the na-
tive peptide with activity only on the type 2 somatostatin receptor 
(SSTR2) (Figure 2.3.10.6). Comparison of octreotide long- acting 
release (LAR) and lanreotide Autogel show similar numbers of pa-
tients obtaining disease control [51]. Recognition that GH secretion 
is regulated by both SSTR2 and 5 resulted in the development of 
second- generation pasireotide, that has high affinity for SSTRs 1, 
2, 3 and, particularly, 5, for patients unresponsive to lanreotide and 
octreotide.

The significant proportion of patients respond to somatostatin ana-
logue therapy to a greater or lesser extent, although controversy per-
sists on the proportion that normalize IGF- 1 and/ or GH levels. The 
lack of clarity in part reflects the evermore stringent definition of dis-
ease control. As discussed earlier, the goal in terms of GH, in response 
to a glucose load, has been lowered from 1 to 0.4 µg/ L, while better 
validated, age- related IGF- 1 reference ranges have resulted in signifi-
cantly lowering of the target range for IGF- 1. In 1998, Newman et al. 

Figure 2.3.10.6 Left panel: receptor- binding profile of somatostatin analogues IC50 (nM) [52, 53]. Right panel: the structure of somatostatin- 14 and 
the three somatostatin analogues currently used for the therapy of acromegaly.
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reported control of IGF- 1 at 3 years in 73% of patients with octreotide 
as primary therapy [54]; however, the target range for IGF- 1 of 0.4 –  
2.2 × 103 U/ L in women and 0.4 –  1.9 × 103 U/ L in men is unrecogniz-
able by modern standards and not age- adjusted. Using strict criteria 
(GH <2.5 μg/ L and normalized age- related IGF- 1) in unselected 
patients, full control is only achieved in 25% [55]. A meta- analysis 
found that approximately 40% of patients achieve IGF- 1 normaliza-
tion with octreotide or lanreotide [56]. A prospective, randomized, 
double- blind, multicentre, 12- month study in a total of 358 patients 
reported control of IGF- 1 in approximately 23% of patients treated 
with octreotide and 38% of patients on pasireotide [57]. Patients on 
somatostatin analogue therapy can be followed by IGF- 1 and prob-
ably mean GH levels rather than the response to OGTT [58]. There 
are several oral somatostatin analogues under development. They are 
unlikely to result in improved disease control but will offer patients an 
alternative to the existing parenteral preparations.

Acromegaly related headache can improve in response to som-
atostatin analogue therapy. Short- acting octreotide injections can 
relieve headache in some patients resistant to other treatment 
modalities [59].

Effect on Carbohydrate Tolerance

The impact of octreotide and lanreotide can be variable and un-
predictable in individual patients [60]. The balance between the 
benefit of lower GH levels against the impact of suppression of in-
sulin secretions means octreotide and lanreotide therapy can result 
in either improved or deterioration of glucose tolerance. In contrast, 
pasireotide results in hyperglycaemia or diabetes mellitus in 70% of 
patients [61].

Side Effects

Diarrhoea and abdominal pain occur in 30% of patients to a mild 
or moderate degree initially but in the vast majority these usu-
ally settle. The most important chronic side effect is gallstones, 
which complicates long- term therapy with octreotide and the 
somatostatin analogues. The rate varies widely between 14% and 
60% and probably depends on the length of treatment. They de-
velop because octreotide decreases gallbladder contractility by 
suppressing cholecystokinin release. Bile also becomes abnormal, 
possibly in relation to prolonged intestinal transit and altered bac-
terial flora. The abrupt withdrawal of octreotide may be associ-
ated with the development of acute pancreatitis or gallstone colic 
[62]. Otherwise, gallstones developing on somatostatin analogues 
very rarely cause symptoms [63]. Antibody formation occurs but 
rarely and is very infrequently significant in terms of altering GH 
levels. Patients with acromegaly related headache using short- 
acting octreotide have been found to develop dependency to  
octreotide [59].

Place of Treatment

Most frequently somatostatin analogues are used postoperatively 
following ‘non- curative’ surgery. There has been interest in the use 
of somatostatin analogues either as an alternative to surgery (pri-
mary medical therapy) or for a limited time preoperatively with the 
desire to reduce morbidity and possibly, by shrinking the tumour, to 
improve the surgical cure rate. The proponents of primary medical 

therapy have pointed to the poor results of surgery undertaken by 
inexperienced surgeons and associated morbidity and subsequent 
need for long- term postoperative somatostatin analogue therapy 
and argued that there is little to be gained if surgery is not cura-
tive. However, with the recognition, as discussed earlier, that only 
a modest proportion of patients achieve biochemical control with 
somatostatin analogue therapy and open- ended, lifelong somato-
statin analogue therapy is extremely expensive, a more appropriate 
solution is to ensure access to surgeons with documented excel-
lent outcomes. Furthermore, there is evidence that the fall in GH 
levels from debulking, non- curative increases the prospect of subse-
quent somatostatin analogue therapy achieving disease control [50, 
64, 65]. Primary therapy should be confined to patients not fit for 
surgery.

Presurgical somatostatin can result in significant reduction in tu-
mour size of at least 20% in 75% of the patients. Although a meta- 
analysis suggest preoperative somatostatin analogue therapy for 
macroadenomas increases the chance of biochemical control of acro-
megaly 3 months after surgery [66], with long- term follow- up there 
is no significant benefit [67, 68]. The apparent explanation is that at 
three months the effect of the prior somatostatin analogue therapy 
has not fully washed- out. Presurgical somatostatin analogue therapy 
can be indicated in patients to reduce peri- operative morbidity and 
reduce soft tissue changes that can make intubation difficult. To date 
no study, however, has shown clear results in these regards.

Dopamine Agonists

Pharmacology

Bromocriptine, cabergoline, and quinagolide are selective agonist 
at the D2 dopamine receptors. Their administration results in the 
paradoxical fall of GH levels in patients with acromegaly [69, 70], 
while in normal subjects they stimulate GH levels. Bromocriptine is 
the only dopamine agonist licensed for the treatment of acromegaly 
but cabergoline is the most potent and best tolerated and probably 
the most widely used in these circumstances.

Effects on Growth Hormone

It is not possible to predict the response to bromocriptine or 
cabergoline. Overall between 10% and 20% of patients have GH 
levels that are safe on treatment with bromocriptine (usually 20– 
40 mg daily) or cabergoline (1– 3 mg weekly). The best responses 
are obtained with patients who before treatment have only marginal 
elevation of GH & IGF1 [70]. Carbohydrate tolerance improves 
because of the lowering of GH levels and prolactin levels are sup-
pressed to below normal.

Side Effects

Acute postural hypotension, nausea, and vomiting. Usually these 
settle with time. Very rarely, particularly on high doses, psych-
osis and digital vasospasm may also develop. Impulse control dis-
orders are a well- recognized but rare complication and can manifest 
as pathological gambling, shopping, eating, and hypersexuality. 
Patients should be warned of the risk. Cardiac fibrosis has been de-
scribed with the high doses of cabergoline used for Parkinson’s dis-
ease and it is recommended that all patients treated with high- dose 
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ergot- derived dopamine agonists (e.g. cabergoline) have an echocar-
diogram. Although patients with acromegaly and prolactinoma are 
routinely given much lower doses, recent recommendations suggest 
pretreatment baseline echocardiography, with a repeat at 5 years if 
cabergoline dose ≤ 2 mg/ week, or yearly if dose is > 2 mg/ week [71].

Place of Treatment

Dopamine agonists are less expensive than somatostatin analogues and 
orally administered. When medical treatment is indicated it should 
theoretically be the case that dopamine agonists are tried first. In prac-
tice, because the response rate is low this does not happen. However, it 
should be noted that occasionally patients who are not responsive to a 
somatostatin analogue may respond to a dopamine agonist.

Growth Hormone Receptor Antagonist (Pegvisomant)

Pegvisomant is a pegylated recombinant growth hormone analogue 
that inhibits GH action by binding the GH receptor without indu-
cing signal transduction and IGF-1 induction [72]. As it does not 
lower circulating GH, serum IGF- 1 is the principal biochemical 
means of monitoring effectiveness of treatment. With appropriate 
dose titration, serum IGF- 1 level can be controlled in over 90% 
of patients [13]. The maximum licensed dose is 30 mg per day, al-
though doses up 60 mg per day have been used. Although marketed 
as a daily injection, the long half- life of pegvisomant means that it 
is effective when administered once or twice weekly, although the 
volume of injection can be a challenge at higher doses [73].

Due to its mode of action the ability of pegvisomant to lower 
IGF- 1 is independent of any tumour characteristics and is effective 
in patients resistant to somatostatin analogues and dopamine agon-
ists. Pegvisomant may also be used in combination with somato-
statin analogues and dopamine agonists [74, 75].

The drug is generally well tolerated, although liver function dis-
turbance, specifically elevation of transaminase shortly after initi-
ation of treatment, has been reported. Lipohypertrophy may occur 
at the site of injection.

When first introduced there was concern that pegvisomant 
therapy would be associated with pituitary tumour expansion but 
close follow- up of patients on long- term therapy has provided re-
assurance, although annual MRI is recommended.

Place of Treatment

Pegvisomant is indicated for patients with persistent disease despite ex-
pert surgery and optimal somatostatin analogue treatments, with the 
choice being whether to add it to ongoing somatostatin analogue treat-
ment or substitute pegvisomant in its place. The decision depends on 
individual patient circumstances (e.g. good tumour shrinkage with a 
somatostatin analogue would be a reason for combination treatment 
while deteriorating glucose tolerance argues for monotherapy) [37].

Radiotherapy

indications

There are two indications for radiotherapy in patients with ac-
romegaly:  either to control tumour growth, and/ or to lower 

GH secretion with the goal of achieving biochemical disease 
control.

Modern radiotherapy is an effective, safe, and appropriate third- 
line treatment in patients with persisting hormonal excess or an 
expanding tumour after surgery and optimized medical therapy. 
The frequently cited papers describing the complications of pitu-
itary radiotherapy largely pertain to conventional radiotherapy de-
livered many years ago using what is now obsolete technology. The 
latency of complications is long and therefore it is difficult to make 
definitive statements, but the combination of MRI and conformal 
radiotherapy allows size, shape and exact location of the tumour to 
be defined and beam shaping to the precise tumour contours which 
greatly reduces normal tissue doses. All modern radiotherapy is 
stereotactic and can be delivered in multiple small doses (fraction-
ated stereotactic radiotherapy) or in a single session (stereotactic 
radiosurgery).

Radiotherapy is extremely effective at controlling tumour growth 
in 91– 100% of patients [76]. ln general terms, radiotherapy can be 
expected to reduce GH levels by 50% in two years and by further 
25% by 5 years [77]. See Figure 2.3.10.7.

Side Effects

As discussed elsewhere (see Chapter 2.3.8), external beam radio-
therapy is well tolerated. Hypopituitarism is common and after 
exclusion of patients with preirradiation hormone deficiency; 
post- radiotherapy, gonadal, adrenal, and thyroid deficiency occur 
in 50, 35, and 35%, respectively, at 10 years. Pituitary function de-
terioration develops gradually so that it is necessary for regular 
(usually annual) assessment. Visual loss and radiation- induced 
late malignancy are discussed elsewhere and there is no specific 
increased risk associated with acromegaly. The effect of external 
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Figure 2.3.10.7 The exponential fall in GH levels after radiotherapy in 
patients with acromegaly studied over 10 years.
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pituitary radiotherapy on memory and mental function requires 
further study.

Acromegaly and Pregnancy

Fertility is impaired in patients with acromegaly, but pregnancy is 
generally safe in terms of hormonal and tumoural stability, although 
there is an increased risk of gestational diabetes and hypertension. 
The hormonal changes of acromegaly, and their assessment, during 
pregnancy are complex [78,  79]. The elevated oestrogen levels of 
pregnancy antagonize GH action, while placental GH secretion, 
GH- V, has similar biological characteristics as 22 kD GH but is vari-
ably detected by routine GH assays. Typically IGF- 1 remains satis-
factory for the duration of pregnancy. The lack of normative data 
for GH and IGF- 1 during pregnancy makes biochemical assessment 
challenging and in most cases is not necessary. Visual fields should 
be monitored in case of tumour enlargement.

Somatostatin analogue exposure may increase the chance of 
low birth weight, so it is recommended that drug treatment is 
ceased during pregnancy and for 2  months prior to a planned 
pregnancy. An exception to this could be the development of se-
vere headache during pregnancy. There are limited data of on the 
safety of pegvisomant, available data did not reveal any apparent 
drug-related complications, but pegvisomant and it should be 
stopped in any patient trying to conceive or on confirmation of 
pregnancy [80].

treatment Paradigms

Optimal outcomes require the input of a multidisciplinary team co-
ordinated by a pituitary endocrinologist and including a specialist 
pituitary surgeon, neuroradiation oncologist, neuro- radiologist, 
and access to adequately validated GH and IGF- 1 assays.

Patients with microadenomas should be ‘cured’ by transsphenoidal 
surgery. The outcome in macroadenomas is dependent on the size 
and invasiveness of the tumour but, in general terms, should be ‘cura-
tive’ in around 55%. Surgery is usually performed for macroadenoma 
even if surgical cure is unlikely, because debulking surgery improves 
the outcome of treatment with somatostatin analogues [50]. As ap-
proximately 60– 70% patients have a macroadenoma, a significant 
number of patients require further therapy with somatostatin ana-
logue or dopamine agonist therapy. Somatostatin analogue therapy 
offers the better prospect of achieving biochemical disease control, 
but occasionally, in non- somatostatin analogue responsive patients, 
dopamine agonists may be effective. In patients with persisting ac-
tive disease the choice lies between pasireotide and pegvisomant, 
with the latter being used either as an alternative to octreotide or 
lanreotide or in combination. Comorbidities should be longitudin-
ally monitored (e.g. blood pressure, carbohydrate tolerance, arthritis, 
and sleep apnoea).

It is important to consider radiotherapy in patients in whom there 
is evidence of tumour expansion or if medical therapy is ineffective. 
Radiotherapy will take several years to adequately control GH and 
IGF- 1 levels but does offer the prospect of patients eventually being 
able to discontinue high- cost medical therapy.

Differential Diagnosis of Acromegaly Phenotype

Acromegaly is a characteristic disease and once the possibility of its 
diagnosis has been suggested, it is relatively easy to make a firm clin-
ical and biochemical diagnosis. There are a few conditions, however, 
when clinical or biochemical features resembling acromegaly are 
present but there is another underlying diagnosis, these conditions 
can be summarized as pseudoacromegaly [81]. Acromegaloidism 
(insulin- mediated pseudoacromegaly) refers to the development of 
acromegaly- like features (e.g. jaw, hand, and feet enlargement) to-
gether with acanthosis nigricans caused by very severe insulin re-
sistance. GH and IGF- 1 values are normal. Pachydermoperiostosis 
(OMIM 1671002), is a familial condition associated with acromegaloid 
facial features and enlarged hands and feet with characteristic club-
bing of the fingers and toes. Cantu syndrome also shares some fa-
cial features with acromegaly. The differential diagnosis of tall stature 
(constitutional or due to another disease) and gigantism can also 
sometimes cause problems, especially as the biochemical diagnosis 
of true abnormal GH excess is challenging in teenagers. Biochemical 
alterations of elevated GH with normal or low IGF- 1 can be seen in 
some conditions, but clinically these do not represent differential 
diagnostic problems (e.g. kidney disease).

A unique, recently identified condition due to IGFS1 mutation 
in some patients, despite the lack of pituitary adenoma, can present 
with elevated GH and IGF- 1, some acromegalic features and some-
what taller stature (therefore not fulfilling the pseudoacromegaly 
criteria) [82]. There is no explanation currently for the abnormal 
GH axis in this condition.
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introduction

Non- functioning pituitary tumours (NFPAs) are pituitary aden-
omas without clinically overt hormone secretion. The vast majority 
of NFPAs (80%) arises from gonadotroph cells and are monoclonal 
expansions. They show positive staining for glycoprotein hormones, 
usually luteinizing hormone (LH) and follicle- stimulating hormone 
(FSH). Only 20% of adenomas have no evidence of any hormone 
staining and this subgroup may be called ‘null- cell tumour’.

In this chapter the term ‘clinically non- functioning pituitary 
adenomas’ is used to describe pituitary tumours, which in most 
instances produce no, or low quantities of hormones causing no 
clinically recognizable symptomatology. In the very few instances, 
in which such tumours produce intact gonadotropins that acti-
vate testicular or ovarian activity, the term ‘gonadotropinomas’ 
is used.

clinical Presentation

The clinical presentation is highly variable, from completely asymp-
tomatic to severe symptoms (see Box 2.3.11.1). Due to the lack 
of hypersecretion of hormones and due to a slow growth pattern, 
non- functioning pituitary adenomas classically present due to mass 
effects and compression of surrounding tissues. Patients typically re-
port that in hindsight, symptoms developed gradually in the years 
prior to diagnosis and a delay in diagnosis is usually at least 1– 2 years.

Hypopituitarism, of the anterior lobe, due to compression may 
give rise to a variety of symptoms (e.g. fatigue, amenorrhea, in-
fertility, hypogonadism). The classical order in which deficiencies 
occur is thought to be GH, LH, FSH, thyroid- stimulating hormone 
(TSH), and ultimately adrenocorticotropic hormone (ACTH). 
However, in individual cases, all axes need to be tested.

Galactorrhoea by hyperprolactinemia can result from mass effects 
of the NFPA with compression of the pituitary stalk and the loss of 
inhibition of the dopaminergic tone. Prolactin values due to stalk 
compression are typically only slightly elevated (2– 5 times ULN), 
in contrast to clearly elevated levels in case of (macro)prolactinoma.

Suprasellar extension may lead to compression of the optic 
chiasm and optic nerves resulting in the classical bitemporal hemi-
anopsia and ultimately decreased visual acuity or blindness.

Headache can be a symptom of pressure, typically midline front-
ally, however, there is an extensive differential diagnosis. Acute onset, 
severe headache can be a presenting symptom of apoplexia, an is-
chaemic or haemorrhagic event, in a pre- existing pituitary adenoma.

Lateral, parasellar extension in the cavernous sinus, may result in 
dysfunction of the third, fourth and sixth cranial nerve resulting in oph-
thalmoplegia (diplopia and ptosis), which is rare outside apoplexia or 
aggressively growing tumours. Trigeminal neuralgia is exceedingly rare.

Inferior extension may result from invasive growth and destruc-
tion of the sellar floor and growth into the sphenoid sinus. An ex-
ceptional complication is liquorrhoea.

Pituitary incidentalomas are pituitary lesions without clinical 
features of pituitary disease, discovered on imaging done for unre-
lated reasons. With the advancing radiological techniques and scan 
indications, they are increasingly found. Incidentalomas can be 
microadenoma, macroadenoma, or invasive macroadenoma. They 
also need diagnostic work- up to exclude hormone overproduction 
and to assess indications for treatment.

Non- functioning adenoma may be ‘giant’ (>4  cm) and sporad-
ically tumours of exceptional size may give rise to neurological 
symptomatology (e.g. temporal lobe epilepsy), obstruction hydro-
cephalus and, for example, hypothalamic dysfunction.

Box 2.3.11.1 Presenting features of clinically non- functioning 
pituitary adenomas

Compression of the optic chiasm (bitemporal hemianopsia, decreased 
visual acuity, nerve palsy— rare)

Hypopituitarism (e.g. fatigue, hypogonadism, Addisonian crisis)
Galactorrhoea
Chronic headache
Liquorrhoea (rare)
Acute headache with neurological symptoms (rare, in case of apoplexia)
Incidental finding
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epidemiology

Non- functioning pituitary adenoma account for 14– 54% of pituitary 
adenoma depending on the population studied. The prevalence is 
7– 41.3/ 100 000 and standardized incidence rate 0.65– 2.34/ 100 000. 
The peak occurrence is in middle age and elderly (40– 80 years) [1] . 
It is the second most prevalent pituitary tumour after prolactinoma. 
However, when macroadenomas are considered there is a prepon-
derance of NFPA over prolactinoma.

Pituitary incidentalomas are quite prevalent, in unselected popu-
lations they are reported to be 10– 38% for microadenoma and 0.16– 
0.3% for macroadenoma on MRI scanning and 11% in autopsy 
series. So, the vast majority of incidentalomas is small, not hormone 
producing, and will not require treatment, however, needs follow- 
up and therefore burden for patients and healthcare system.

A small subset of NFPAs are a manifestation of a hereditary syn-
drome (MEN1, familial isolated pituitary adenoma, SDH). The 
majority of pituitary adenoma of hereditary syndromes are func-
tioning lesions. Systematic screening with pituitary scans of gen-
etic carriers will reveal more non- functioning microadenomas. The 
presence of a hereditary syndrome should be considered in younger 
patients and those with a positive family history. Non- functioning 
pituitary tumours in children are extremely rare.

The growth pattern of NFPA is highly variable and considered non- 
linear. Generally, it can be stated that the majority of macroadenomas will 
show gradual growth in years, resulting in treatment indication to prevent 
symptoms by compression of optic chiasm over time. In contrast, only a 
small minority of microadenomas will show clinically relevant growth.

Pathogenesis and Aetiology

In the late 1970s and early 1980s, much work has been done on 
defining the pathological properties of pituitary tumours. The work 
of Asa and Kovacs is specially known for the accurate description 
of the microscopic findings of non- functioning pituitary adenomas 
[2] . These tumours are morphologically classified into two groups, 
those which have hormone immunoreactivity and ultrastructural 
features of known adenohypophyseal cell types but are clinic-
ally silent, and those composed of cells that do not resemble non- 
tumorous adenohypophyseal cell types (null- cell adenomas). It is 
now known that non- functioning adenomas represent a hetero-
geneous group with staining by immunocytochemistry in the ma-
jority of cases. The pathogenesis is complex and include genetic and 
epigenetic events, hormonal stimulation, growth factor overpro-
duction, pituitary stem cells derangements, microRNA deregula-
tion promoting cell growth and proliferation [3].

Gene mutations involved are MEN1 gene, the tumour suppressor 
gene CDKN1B (MEN4) and the oncogene AIP.

Diagnostic evaluation

Most sellar masses will be pituitary adenomas. However, many other 
neoplastic, inflammatory, infectious, and vascular lesions, may af-
fect the sellar region and mimic pituitary tumours. These lesions 
must be considered in a differential diagnosis of non- functioning 
pituitary adenomas. The diagnosis of such lesions involves a 

multidisciplinary approach, and detailed endocrinological, oph-
thalmological, neuroimaging, neurological, and finally histological 
studies may be required.

Radiological investigations

MRI dedicated to the pituitary region with T1-  and T2- weighted 
images and gadolinium contrast series is the gold standard for 
evaluation and differential diagnosis of sellar and suprasellar 
masses. A  pituitary adenoma usually appears hypo-  or isointense 
compared to pituitary tissue on T1. Acute haemorrhage will appear 
hyperintensive. Cystic lesions can be identified.

The size and extension of the adenoma are evaluated with the 
Hardy- Wilson classification (microadenoma (I), macroadenoma 
(II), invasive adenoma into sellar floor (III/ IV)) and suprasellar 
(A, B, C) and parasellar (D, E) extension. The Knosp classifica-
tion [4]  evaluates the cavernous sinus invasion in relation to the 
carotid artery, which is related to the chance of success of surgical 
resection, particularly relevant for hormone producing tumours. 
The relation of the tumour with and the severity of displacement 
of the optic chiasm are described. An important feature of pituitary 
macroadenoma is an enlarged sella. Radiological differential diag-
nosis of other sellar masses are for example craniopharyngioma, 
meningioma, cysts, hypophysitis, germ cell tumour, aneurysm.

neuro- Ophthalmological investigations

In particular, in NFPA in the vicinity of the optic chiasm or optic 
nerves, careful ophthalmological investigation is warranted [5] . 
Visual symptoms include visual field defects, loss of central vision, 
and motility problems. Evaluation of visual fields by automated 
static perimetry, visual acuity, and assessment by an ophthalmolo-
gist is the cornerstone of evaluation. Usually abnormalities in these 
assessments precede clinical symptoms. Other assessments include 
functional (visual evoked potential (VEP)) and anatomic (disc ap-
pearance and optical coherence tomography (OCT)). The findings 
of these modalities will be concordant in many cases, however, there 
may be disparities due to the innate differences in tests. Large- scale 
data on prediction of visual recovery after chiasm decompression 
by NFPA resection of the newer tests (e.g. OCT), are not yet avail-
able. Postoperatively, tests are repeated to document recovery up 
to stabilization with 3 to 6  monthly intervals and thereafter less 
frequently.

endocrine Diagnosis

The endocrine work- up of NFPA is directed to the exclusion of hor-
mone oversecretion, including a high dose hook effect to exclude 
prolactinoma, on the one hand, and detection of hypopituitarism 
on the other hand.

Initial assessment includes:  IGF- I, cortisol, prolactin, FSH/ LH, 
oestradiol or testosterone, Ft4 and TSH. In emergency clinical prac-
tice, basal evaluation of adrenal and thyroid function may suffice as 
preoperative evaluation, and evaluation of growth hormone defi-
ciency and dynamic corticotrope function is postponed to the post-
operative situation [1] .

Histopathological classification

The World Health Organization (WHO) classification of pituitary 
adenomas was revised in 2017 and a new name of PitNETs (pitu-
itary neuroendocrine tumours) was proposed [6] .



SectiOn 2 Pituitary and Hypothalamic Diseases250

Non- functioning pituitary tumours represent a heterogeneous 
group, and they are being considered as a variant of functioning 
tumours with the exception of the null- cell adenomas without any 
hormone staining.

Based on the expression of anterior pituitary hormones and 
pituitary- specific transcription factors, gonadotroph tumours dom-
inate within the group of clinically non- functioning tumours, fol-
lowed by corticotroph type; however, also other less common types 
of the non- functioning tumours can be identified on the basis of 
staining.

Assessment of mitotic account, proliferative Ki- 67 index, and tu-
mour invasiveness is important to identify potentially aggressive tu-
mours. Application of pituitary- specific transcription factors (Pit-1, 
T- Pit, SF1) plays an important role in recognition of less differen-
tiated tumour types, some of which may demonstrate aggressive 
behaviour.

Predictive markers may be included in the classification (som-
atostatin receptors, dopamine receptors, low MGMT expression), 
particularly when pharmacological therapy is under consideration. 
There are three categories:  typical adenoma (most frequent), high 
risk pituitary adenoma, pituitary carcinoma (exceptional) There are 
eight subtypes based on the immunohistochemical expression and 
pituitary- specific transcription factors.

First Management

The aims of treatment will differ depending on the clinical situation, 
individual patient’s characteristics, preferences, and symptom-
atology on the one hand, and tumour size and extension, compres-
sion of critical structures, and growth rate on the other hand.

Aims for treatment may be symptom reduction:  visual field 
deficits, headache; prevention of symptoms in case of tumour 

growth approaching the visual system, or future pregnancy wish; 
and/ or diagnostic, to obtain histopathological diagnosis.

Therapeutic modalities for non- functioning pituitary adenoma 
include observation (wait and scan), surgery, radiotherapy, and 
medical therapy (see Figure 2.3.11.1).

Observation

It is good to bear in mind the natural course of growth of NFPA. 
Microadenomas (<10  mm) rarely grow (10%) and convert to a 
macroadenoma. Macroadenomas, in contrast, tend to grow and the 
tumour volume of macroadenomas increases gradually in approxi-
mately 25– 50% of patients [7,  8]. Radiological surveillance could 
be performed annually for 3 years and thereafter with longer inter-
vals (2– 5 years). Those larger adenomas (>2 cm) and those abutting 
the chiasm should be followed more closely and also with visual 
field tests. In case of growth or visual field defects surgery should 
be considered.

Surgery

Indications for surgical resection are: mass effect resulting in com-
pression and functional deterioration of the optic nerves, chiasm, 
or other neurological structures, (growing) tumours with anatomic 
relation threatening the optic chiasm, pituitary apoplexia resulting 
in the aforementioned deficits or extreme headache [9– 12]. Relative 
indications include pituitary insufficiency and headache potentially 
caused by the mass effect. In recent years, several guidelines on 
surgical management have been published. Urgent indications are 
severe and progressive visual symptoms and apoplexia with intract-
able headache and compressive symptoms. Major goals of surgery 
are preserving pituitary function.

Pituitary surgery is primarily performed by the transnasal 
transsphenoidal approach (Figure 2.3.11.2) with endoscopic or 

Non-functioning
pituitary adenoma

* Interval dependent
on individual factors.
Surveillance consist of
MRI imaging,
ophthalmological, and
endocrine testing

yes

yes

yes
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(6 m – 1 yr)*
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Figure 2.3.11.1 Treatment and surveillance algorithm for non- functioning pituitary adenoma.
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microscopic visualization. Advantages of endoscopic surgery are a 
wider and closer view of the surgical area, also of the supra-  and 
parasellar regions, with less nasal trauma, and usual no need for 
postoperative nasal packing. During the intervention, the sphenoid 
sinus is entered and subsequently the sellar bone is opened. Also tu-
mours with large suprasellar and parasellar compartments can suc-
cessfully be resected via the transsphenoidal route. Tumours usually 
have a soft consistency and blunt curettes are used for removal of 
those parts. Leakage of cerebral spinal fluid during surgery needs to 
be anticipated. This is depending on the tumour size and invasion; 
however, it may occur in any surgery. There are multiple techniques 
available to treat leaks, including abdominal fat, fascia lata implants, 
and nasal septal flaps.

A transcranial approach via the pterional or subfrontal route is 
needed in exceptional cases with a dominant extrasellar tumour 
compartment and a small sella turcica, a large eccentric tumour 
extension into the middle, anterior, or posterior cranial fossa, 
or a coexisting aneurysm of the carotid artery. Combination of 
transcranial and trans- sphenoidal approach may be indicated for 
giant adenomas (>4 cm diameter).

The trans- sphenoidal surgery is usually very well tolerated, with 
some nasal morbidity in the early postoperative phase. The peri-
operative period is best done by a multidisciplinary team, involving 
both endocrinologist and neurosurgeon. Main complication to 
monitor is disturbance of fluid balance by evaluation of urine output 
and gravity, plasma sodium concentrations, and patient thirst ex-
perience because of transient diabetes insipidus or postoperative 
hyponatraemia that may occur up to 10 days. Adrenal function and 
other pituitary function require careful monitoring. Depending on 
tumour size and preoperative situation the chance for new onset 
hypopituitarism is considered to be about 1– 5%. Length of hos-
pital stay is about 2– 5 days. Severe complications like intratumoral 
bleeding or meningitis are very rare and depend mainly on tumour 
size. Surgical mortality is less than 1% in experienced hands.

After trans- sphenoidal resection, improvement of visual func-
tion is achieved in 60– 90% of patients. The rapidity of visual re-
covery depends in part on the duration of optic nerve compression. 
Recovery of visual function can already be observed in the first days 

postoperatively and can continue up to a year after surgery. In pa-
tients with pre- existing (partial) hypopituitarism, pituitary function 
is not likely to restore after resection of the adenoma, although in 
some patients improvement can be demonstrated, and figures vary 
between 2% and 50%. Headache may improve in 80– 100% of cases 
operated. Still, performing an operation for headache alone is con-
troversial since headache may be unrelated to pituitary adenoma. 
Gross total resection of tumour can be achieved in 50– 70% of pa-
tients, depending on tumour size and extension. Regrowth op tu-
mour remnant is described in up to 20% patients, for which repeat 
surgery can be considered or alternatively radiotherapy.

Radiotherapy

Complete removal of a macroadenoma cannot be achieved in all 
patients and up to 40– 60% of patients will have a small or a clear 
remnant post- surgery. Since the goal of surgery is often to decom-
press vital structures, while preserving the pituitary gland, surgical 
strategy is to avoid risks associated with resection of the most distal 
parasellar tumour parts. In addition, some patients (up to 10– 50%) 
particular those with a remnant in situ will face regrowth of tumour 
in time and will require additional therapy.

External beam radiotherapy has been used for pituitary adenoma 
for 50 years [13]. There is no doubt that excellent tumour volume 
control can be established with irradiation in NFPA. However, tox-
icity of radiotherapy is not negligible and therefore the indications 
to irradiate these benign, usually slow growing remnants, need to be 
carefully weighed against the negative effects.

So, the optimal treatment strategy of patients with a residual tumour 
after trans- sphenoidal surgery (example shown in Figure 2.3.11.2b) 
is still a matter of debate. Based on observational studies on the nat-
ural course of macroadenoma remnants it is clear that tumour rem-
nant growth or recurrence may occur in long- term follow- up, usually 
at a slow growth rate and that there are only some predictive fac-
tors such as parasellar invasion before surgery and (the degree of) 
suprasellar extension of the postoperative remnant adenoma, but that 
we are unable to predict reliably for clinical practice. Unfortunately, 

(a) (b)

Figure 2.3.11.2 A 48- year- old woman with suspicion of a clinically non- functioning pituitary macroadenoma with compression of the optic 
chiasm leading to impaired visual acuity and bitemporal visual field defects. Postoperatively, visual function recovered while anterior pituitary function 
remained intact. (a) Baseline MR image. (b) Following transsphenoidal subtotal resection. Note the tumour remnant encasing the right carotid artery 
(arrow). However, significant tumour reduction has been achieved with complete decompression of the optic chiasm.
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no morphological tumour features or molecular markers of cell pro-
liferation are available that predict tumour growth.

Postoperative external radiotherapy is applied in non- functioning 
pituitary adenoma to achieve long- term tumour control by induc-
tion of tumour shrinkage or stabilization. In patients who receive 
conventional radiotherapy, progression free survival at 10 years is 
more than 90%, significantly higher compared to patients who were 
observed alone. Overall, no randomized trials have been performed 
that compare radiotherapy with a wait and see policy. It is important 
to note that radiotherapy cannot control tumour growth in each pa-
tient. Studies vary with respect to follow- up duration, number of 
invasive tumours, and other aspects, but regrowth of residual ad-
enomas in patients treated with radiotherapy has been observed, 
so radiological surveillance remains to be done also after radio-
therapy. Adjuvant radiotherapy has beneficial effects on tumour 
regrowth but this should be balanced against the complications of 
radiotherapy (i.e. radiation damage to the optic nerves with visual 
impairment, development of (partial) hypopituitarism in up to 50– 
75% of patients, increased risk of cerebrovascular events, and an 
increased risk on secondary brain tumours).

Therefore, the treatment strategy in patients with a residual ad-
enoma after trans- sphenoidal surgery should be individualized and 
factors such as age, comorbidity, remnant tumour size, tumour dis-
tance to the optic chiasm, and status of pituitary function should 
be involved in the decision on adjuvant radiotherapy. Patients not 
treated with radiotherapy should carefully be observed with MRI 
and ophthalmological evaluation. If regrowth occurs, radiotherapy is 
still effective, but repeat surgery can also be considered. Some centres 
generally favour a strategy to irradiate remnants, while others wait 
for progression before radiotherapy is considered. The former has 
the advantage that radiological surveillance will need to be less strin-
gent and critical but that side effects needs to be taken into account. 
The latter requires critical evaluation of future scans in a multidis-
ciplinary team with expert neuroradiological expertise setting to de-
cide on the scan intervals and the best moment to intervene in case 
of significant remnant growth. There is no clear advantage of any 
of the policies with respect to tumour growth control. Reasonable 
candidates for the observational approach are patients that present 
with ‘not too big’ tumours at presentation, small residual lesions, and 
no signs of aggressive growth. In patients with larger remnants, who 
had bigger tumours at presentations, or have suspected faster growth 
rate, it is probably wise to consider earlier radiotherapy.

There are various radiation techniques and innovations in the field, 
such as better imaging, better software for planning of dose delivery, 
probably have an improved balance between efficacy and safety 
because the surrounding tissues get less radiation. 3D conformal 
radiotherapy has evolved to stereotactic radiotherapy. Fractionated 
stereotactic radiotherapy is delivered in many small fractions for 20– 
25 days. Stereotactic radiosurgery with a Cobalt- 60 gamma knife or 
a cyberknife or LINAC (linear accelerator), delivers the full dose in 
a single session. However, long- term results of new techniques need 
to be awaited to draw conclusions on long- term safety. Proton beam 
radiation of pituitary adenomas have been done in some centres, 
showing similar outcomes compared to photon radiotherapy.

Radiosurgery is suitable for small adenomas with sufficient dis-
tance to the optic nerves and optic chiasm, which are radiosensitive 
tissues. Fractionated stereotactic radiotherapy can be applied in 
larger tumours and tumours with a closer proximity to the optic 

chiasm. With both forms of stereotactic radiotherapy tumour con-
trol can be achieved in more than 90%. No data are available yet that 
compare recurrence rates and long- term safety and complications 
of conventional radiotherapy and stereotactic radiotherapy. There 
are no comparative studies between stereotactic fractionated radio-
therapy and radiosurgery.

Medical treatment

In other pituitary adenoma, particular in somatotropinoma and 
prolactinoma, there is a clear role for medical treatment for both tumour 
volume control, if needed, and control of hormone oversecretion. The 
role of medical treatment in NFPA is not established [14]. Potentially 
available drugs are dopamine agonists, somatostatin analogues, and 
temozolomide. When used in NFPA, it is off- label use.

The treatment goal of medical treatment could be tumour growth 
stabilization, or shrinkage, in the presence of few side effects and with 
acceptable costs, since long- term treatment is anticipated. Research 
in this field is difficult because of the variable and slow growth pat-
tern of tumours and remnants requiring long- term studies to draw 
conclusions. Nevertheless, there is a clinical need for medical strat-
egies to control NFPA, because of the limitations of surgery (re-
section of difficult parts of tumour in cavernous sinus and risk of 
complications) and radiotherapy (late toxicity particular induction 
of hypopituitarism and limited dose application once the tumour is 
in the vicinity of the optic nerves). Several different drugs (combin-
ations) have been investigated. In the presence of a new classification 
for pituitary adenomas, in which the majority of NFPA will harbour 
some hormone staining, and receptors for medical treatment (dopa-
mine receptors and somatostatin analogue receptor subtypes can 
be assessed, rationale molecular based medical treatment could be 
anticipated); however, at present no large- scale supporting data are 
available.

Based on the available literature, mainly uncontrolled studies, 
dopamine agonists have the best available evidence that they have a 
positive effect on tumour stabilization and are generally well toler-
ated. Some advocate a role for dopamine agonists (DAs) in patients 
with a postoperative remnant, others consider Das in selected cases 
with observed growth, there is no consensus.

Dopamine Agonists

In physiology, dopamine exerts tonic inhibition on prolactin- 
producing cells via the D2- receptor. Many pituitary adenomas, also 
NFPA express D2 receptors. Both tumour volume and hormone 
oversecretion of prolactinomas is very responsive to DA. It is rea-
sonable to think that also other tumours expressing D2- receptors 
could respond as well to DA. There are several Das; bromocriptine 
and quinagolide, and the more potent specific D2 receptor agonist 
cabergoline.

The largest study to date included 79 patients [15], treated with 
a target dose of 2 mg/ week and two- thirds of patients were treated. 
Tumour control was achieved in 87% (DA) vs. 47% (control), and 
DA decreased the need for additional treatment to 13% (DA) vs. 
42% (control). Less favourable results were obtained in younger and 
male patients and those with a large preoperative tumour. D2R ex-
pression was not associated with responsiveness and so, there are no 
predictors of responsiveness to DA.
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If DA is indicated, a 2 mg/ wk cabergoline dose is most often used, 
aiming at stabilization of tumour size and so avoiding additional 
treatments (e.g. repeat surgery and radiotherapy). Logically, careful 
radiological surveillance is still needed, at an interval of 6 months 
for 2 years or so and thereafter yearly. A higher dose is not reason-
able based on the limited data available. In patients who experience 
side effects, orthostatic hypotension, or psychiatric side effects, al-
ternative treatment options are preferable especially because of the 
lack of firm evidence.

Somatostatin Analogues

Somatostatin analogues have antiproliferative and antisecretory 
effects through binding to one or more of the five subtypes of 
the somatostatin receptor. Lanreotide and octreotide are prepar-
ations that preferentially bind to the SSTR2. Main indication is 
acromegaly, but also TSH adenomas can be treated with somato-
statin analogues. Not all tumours express SSTR2 and a substan-
tial number of patients will be partially or fully resistant to these 
drugs. Pasireotide is a next generation somatostatin analogue that 
binds somatostatin receptor (SSTR) more universally, and espe-
cially the binding to the SSTR5. It has been shown to be effective 
in acromegaly and in Cushing, albeit with the drawback of a high 
incidence of diabetes mellitus.

Somatostatin receptors are expressed in non- functioning pituitary 
adenoma, with a predominance of the somatostatin receptor sub-
type 3 (sst3), followed by sst2 and sst5. Although in vitro there was a 
significant antiproliferative and antisecretory effect of somatostatin 
in NFPA, clinical treatment has not shown to be efficient. Small and 
short- term studies showed a 12% tumour size reduction, 5% growth, 
and an 83% stable tumour mass, which is inconclusive in view of a 
study duration of 6 months on average. Preselection of patients for 
example based on positive octreotide receptor scintigraphy could be 
a strategy to select patients with better response rate; however, larger 
scale, long- term, and well- designed studies are needed to justify this 
form of (expensive) treatment for this indication. There are no clin-
ical studies on pasireotide treatment and the safety profile is not at-
tractive in a long- term treatment setting as for NFPA.

Gonadotropin- Releasing Hormone Agonists 
and Antagonists

The release of gonadotrophins by normal anterior pituitary cells is 
regulated by pulsatile secretion of gonadotropin- releasing hormone 
by the hypothalamus. The chronic administration of gonadotropin- 
releasing hormone to normal individuals produces an initial rise 
in gonadotropin levels, followed by gonadotroph desensitization, 
leading to efficient suppression of gonadotrophin release. Several 
case reports describe the occurrence of pituitary apoplexy after the 
administration of gonadotropin- releasing hormone as a test agent or 
as an agonist for the treatment of prostate cancer. Long- term treat-
ment with gonadotropin- releasing hormone analogues had no ef-
fect on tumour size or visual fields in patients with non- functioning 
pituitary adenoma. This treatment modality is currently not any-
more under clinical investigation.

temozolomide

Temozolomide has been proposed as a treatment option for pitu-
itary carcinomas and aggressive pituitary adenomas. The clinical 
experience is rather limited, but this is the modality of choice in 

exceptional pituitary adenomas with aggressive behaviour. Overall 
response rate is 22– 50%. Non- functioning pituitary tumours tend 
to respond less than prolactinomas and corticotroph tumours [16], 
with partial complete response in 22% (6/ 27 patients), stable disease 
in 48% (13/ 27), and progression in 30% (8/ 27) according to a recent 
review of literature. In a recent survey of the European Society of 
Endocrinology, 47 patients with clinical non- functioning tumours 
were reported: 2% had complete regression, 15% had partial regres-
sion, 49% had stable disease, and 34% progression [17].

Management of Remnants/ Regrowth

Radical removal of NFPA cannot be accomplished in all patients, 
for example because of growth into the cavernous sinus. There 
is a delicate balance between trying to be as radical as possible 
versus sparing normal pituitary gland and complication avoid-
ance in general. In clinical practice, the postoperative situation is 
usually evaluated 3 to 6 months post- surgery. Postoperative rem-
nants are identified, although small remnants may be difficult to 
distinguish from postoperative changes. This initial postoperative 
MRI scan is used as a reference scan. All patients need radiological 
surveillance, since there is a chance for regrowth in the years after 
surgery, especially in non- irradiated patients. In some centres, 
postoperative radiotherapy is applied on remnants, which is ef-
fective in preventing regrowth. However, it has side effects (e.g. 
common hypopituitarism) and rarely cerebrovascular disease, 
secondary brain tumour development, neurocognitive dysfunc-
tion, and so on.

In an off- label setting for medical treatment, primarily Das are 
considered as preventive medication for recurrence; however, these 
strategies are expert- based and not evidence- based.

The postoperative gross total resection rate is about 50%, so 50% 
of patients will have some remnant. Regrowth is observed in 10– 50% 
of patients in long- term follow- up. Predictive factors of regrowth 
are presence of a remnant, young age, initial tumour size, especially 
invasive growth pattern. Tumour growth- free survival is twice as 
low in patients without versus with a remnant. Residual tumour 
doubling time has been investigated to be 3.4 years, confirming the 
need for long- term monitoring. It is important that new scans are 
not only compared with the previous scan but always also with the 
initial postoperative, reference scan. Tumour volume doubles times 
is a measure of growth velocity, the time it takes for a tumour to 
double in volume [18]. Pituitary tumours may show either an expo-
nential growth, or linear or logistic growth. Exponential growth is 
usually more rapidly.

Pathological subtype is also a potential predictive factor to con-
sider. Silent corticotrophtumours are considered to be more aggres-
sive. With respect to the pathological classification the Ki- 67 index 
is most used, with a cut- off of 3% revealing unusually high prolif-
eration index and 10% being suspicious for malignant behaviour. 
Studies on gene expression have not been able to identify a set of 
prognostic markers for NFPA. The oestrogen receptor alpha is of 
potential interest because the suggestion that males with low ex-
pression had higher reintervention rates. In summary, for clinical 
practice these developments have not yet proven their benefit. So, 
patients operated for NFPA, especially those with remnants require 
long- term radiological surveillance [19].
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clinical Outcome of Patients

In general patients with a pituitary condition have significant mor-
bidity, increased mortality, and decreased quality of life [20,  21]. 
Although this may be more pronounced in patients with func-
tioning adenoma, also NFPA will have long- term consequences of 
their disease. From literature it is thought that intervention is able to 
improve quality of life scores, but that impairments persist despite 
optimal treatment including hormone replacement strategies. We 
assume hypopituitarism as important factor determining clinical 
outcome, in particular adrenal insufficiency. However, also visual 
impairments, headache, and psychosocial factors may be of rele-
vance. To ensure optimal outcome a multidisciplinary team is re-
quired to address patient’s issues not only at the medical level but 
also addressing psychosocioeconomical issues.

Gonadotropinomas

Hyperstimulation by excessive FSH secretion of gonadotropinomas 
has been described in only a few patients. An example of this is the 
observation of high serum FSH concentrations, but with normal 
luteinizing hormone and testosterone and large testes in four men 
with pituitary macroadenomas. After pituitary surgery there were 
decreases in serum gonadotropin and testosterone levels, which 
were accompanied by decreases in testicular volume. In females, a 
similar example was the description of a woman whose gonadotroph 
adenoma caused supranormal serum concentrations of FSH, which 
resulted in the development of multiple ovarian cysts, persistent 
elevation of her serum oestradiol concentration, and endometrial 
hyperplasia.

Future Perspective and Research Agenda

The variation in clinical course and presentation of non- functioning 
pituitary adenoma is tremendous (e.g. the new WHO classification 
in which only a small subset of clinically non- functioning pituitary 
adenomas are null- cell adenomas, and most have variable immune 
staining). The association with subtle clinical hormone secretion, 
clinical course, and presentation needs further research. A change 
in policy to be more restrictive in postoperative radiotherapy poses 
challenges to the multidisciplinary team, since careful surveillance 
of non- irradiated remnants is key in the high- quality care of this 
patient group.

New drug options are interesting but require long- term follow- up 
to evaluate added value; and although ideally randomized trials are 
needed, the variable and slow growth pattern will need large and 
long- term studies. In this respect, future registries for example on 
aggressive tumours may help to answer their questions.
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introduction

Thyrotropin (TSH)- secreting pituitary adenomas (also known as 
thyrotropinomas or TSHomas) have traditionally been considered 
rare tumours, sometimes referred to as the ‘one in a million pitu-
itary adenoma’, and accounting for approximately 1% of all pituitary 
tumours in historical surgical and pathological series [1] . However, 
just as the overall prevalence of clinically relevant pituitary aden-
omas has been shown to be higher than previously suspected (be-
tween 1:1000 and 1:1500 of the general population), findings from a 
national Swedish registry covering the interval 1990 to 2010 indicate 
(i) an incidence rate of 0.15 and (ii) a prevalence rate of 2.8 clinically 
overt thyrotropinomas per million population [2]; interestingly, the 
detection rate increased fivefold during the 20 year study interval 
(1991– 2011). Consistent with this, following the first case report in 
1960, fewer than 300 cases had been described by the mid- 1990s; 
however, in the last two decades TSH- secreting pituitary adenomas 
have been recognized and reported with increasing frequency. 
Several factors are likely to account for this, including:  (i) avail-
ability in routine clinical laboratories of ultrasensitive and highly 
specific TSH assays; (ii) increasing use of combined measurement 
of free thyroid hormone and TSH levels to screen for suspected 
thyroid dysfunction; (iii) improvements in (together with more 
widespread use of) pituitary magnetic resonance (MR) imaging 
and (iv) increased awareness of the condition. In parallel, a change 
in the proportion of microadenomas versus macroadenomas has 
emerged. Early case series reported macroadenomas in more than 
80% of patients with TSH- secreting tumours, with up two- thirds 
manifesting extrasellar extension. However, recent studies indicate 
that micro- TSHomas are being increasingly diagnosed [2, 3] and, 
with the advent of more sensitive cross- sectional and alternative 
(e.g. positron emission tomography (PET)) techniques for detecting 
small functioning tumours [4], it seems likely that the balance will 

be even further redressed. The majority of patients are diagnosed 
in middle age (with both genders equally affected), but case series 
involving both paediatric and elderly (>80 years) subjects have been 
described [5].

Increased awareness among clinicians, coupled with improved 
diagnostics, has the potential to reduce the delay between the onset 
of hyperthyroidism and definitive treatment, thus mitigating the 
risk of complications such as atrial fibrillation, osteoporosis, and 
compression of the optic chiasm. At the same time, it increases 
the likelihood that a surgically- resectable adenoma will be iden-
tified. Equally as important however, is the need to reliably dis-
tinguish central hyperthyroidism due to a thyrotropinoma from 
the much more common causes of primary hyperthyroidism (e.g. 
Graves’ disease, toxic nodular goitre, toxic adenoma) in order to 
avoid inappropriate thyroid ablation, and from the numerous other 
conditions that can masquerade as hyperthyroxinaemia with non- 
suppressed TSH [6] .

Central hyperthyroidism caused by a TSH- secreting pituitary 
adenoma is sometimes referred to as neoplastic inappropriate se-
cretion of TSH. This differentiates it from non- neoplastic inappro-
priate TSH secretion, as is seen in the syndrome of resistance to 
thyroid hormone (RTH) caused by mutations in THRB (encoding 
the β isoform of the thyroid hormone receptor). However, the term 
central hyperthyroidism is generally preferred as it more clearly 
identifies the site of the primary abnormality (autonomous pituitary 
TSH secretion in the case of a thyrotropinoma).

The utility of long- acting somatostatin analogues (SSA), both in 
the diagnostic algorithm and as an adjunct to surgery, is gaining 
prominence with several groups reporting examples of complete 
normalization of thyroid function and significant tumour shrinkage 
(even resolution) following SS therapy. Indeed, most patients can 
be managed through a combination of transsphenoidal surgery and 
medical therapy, with radiotherapy increasingly reserved for the 
small proportion of tumours that display aggressive behaviour and/ 
or resistance to SSA treatment.

Aetiopathogenesis and Pathology

Normal thyrotrophs represent less than 5% of all anterior pituitary 
cells [7] , which may explain why thyrotropinomas are so rare. In 
normal physiology, the set- point of the hypothalamic- pituitary- 
thyroid axis is maintained within a tight range, and reflects a 
balance between positive (e.g. hypothalamic thyrotropin- releasing 
hormone [TRH]) and negative (e.g. somatostatin [SA]; triiodothyr-
onine [T3]) regulation (Figure 2.3.12.1). The critical role of thyroid 
hormone in constraining thyrotroph expansion/ growth is empha-
sized by the development of thyrotroph hyperplasia in patients who 
are chronically under- replaced or non- compliant with thyroxine re-
placement therapy.

The aetiopathogenesis of thyrotropinomas remains poorly under-
stood. While the majority arise within the sella, a small number of 
cases of TSH- secreting adenomas located within the nasopharynx 
have been reported [8] . Although they have been observed in the 
context of multiple endocrine neoplasia type I [9] and familial iso-
lated pituitary adenoma (due to mutation in the aryl hydrocarbon 
receptor- interacting protein (AIP)) [10], such cases are rare and 
the majority appear to arise sporadically. Data from analyses of 
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all pituitary tumour subtypes (including a small number of TSH- 
secreting adenomas) point to clonal expansion from a single trans-
formed cell [11]. Evidence for aberrant transcriptional regulation of 
thyrotrophs (with consequent TSH hypersecretion and unrestrained 
growth) has been sought but, to date, most studies have proved 
largely uninformative (including those examining proto- oncogenes 
(e.g. Gsp, ras) and tumour- suppressor genes (e.g. Rb or p53)). The 
pituitary- specific transcription factor Pit- 1 is overexpressed in some 
TSH- secreting pituitary adenomas, and might play a role in cell 
proliferation as well as promoting hormone cosecretion in this sub-
group of adenomas.

The hallmark of TSH- secreting pituitary adenomas is constitutive 
and autonomous secretion of TSH with failure of negative regula-
tion by thyroid hormone. A somatic mutation of THRB (encoding 
TRβ), as well as aberrant expression of a TRβ4 isoform, have been 
proposed as potential mechanisms for the impaired regulation of 
TSH by triiodothyronine (T3) [12, 13]. Thyrotropin- releasing hor-
mone (TRH) receptors are present on most tumour cells. However, 
the attenuated/ absent response of TSH and α- subunit to exogenous 
TRH administration in the majority of patients with TSH- secreting 
pituitary adenomas suggests that the TRH receptor signalling 
pathway is impaired/ non- functional in these tumours. Most 
thyrotropinomas express somatostatin receptor (SSTR) subtypes 1, 

2, 3, and 5, with SSTR2 the predominant isoform. Native somato-
statin negatively regulates TSH secretion and has been implicated 
in cell cycle arrest. Depot somatostatin analogue therapy rapidly 
normalizes thyroid function in most patients with thyrotropinomas 
and can promote tumour shrinkage [14], suggesting that the pri-
mary molecular defect is unlikely to involve this pathway, although 
somatostatin analogue (SSA) resistant tumours are recognized.

Using an alternative approach, a recent study of whole- exome 
sequencing of a small number of thyrotropinomas similarly failed 
to identify a single common driver, suggesting that discrete primary 
events may underlie tumorigenesis in different patients [15].

Normal thyrotrophs share a common lineage with somatotrophs 
and lactotrophs, and are dependent on expression of Pit- 1. It is not 
surprising then that cosecretion of growth hormone (GH) and/ or 
prolactin (PRL) is observed in a significant proportion of cases (up 
to 30%) (Figure 2.3.12.2). Intriguingly, not all patients with bio-
chemical evidence of abnormal GH secretion manifest overt acro-
megaly. In addition, a subgroup of tumours demonstrates positive 
immunohistochemical staining for GH and/ or PRL, but do not ex-
hibit clinical or biochemical acromegaly or hyperprolactinaemia. 
Similarly, so- called silent thyrotropinomas (clinically non- 
functioning pituitary adenomas, but with abundant positive TSH 
staining on immunohistochemistry) are well recognized [16]. TSH- 
secreting macroadenomas are often accompanied by unbalanced 
hypersecretion of α- subunit, and double- immunostaining studies 
have suggested the existence of two different types of cells:  one 
secreting α- subunit alone and another cosecreting α- subunit and 
β- TSH [17].

TSH- secreting pituitary adenomas are almost always benign, 
with only a handful of malignant tumours (with metastases to brain, 
lung, liver, and/ or bone) reported to date [18, 19]. A subgroup of 
thyrotropinomas are more fibrotic than other pituitary tumours, 
which has been linked to local secretion of basic fibroblast growth 
factor by the adenoma cells [20]. In this context, both microscopic 
and macroscopic calcification may be seen and can confound the 
interpretation of MR imaging, and make surgical resection more 
challenging (Figure 2.3.12.2).

Finally, not all TSH- secreting pituitary adenomas are associated 
with overt elevation of serum TSH levels— indeed it has been esti-
mated that between 30% and 40% of cases have a TSH level which 
repeatedly falls within the reference range, but it is inappropriately 
normal for the ambient raised thyroid hormone levels. This may be 
explained, at least in part, by an increased bioactivity of neoplasm 
derived TSH [1] .

clinical Presentation

Clinical manifestations of central hyperthyroidism secondary to a 
TSH- secreting pituitary adenoma resemble those seen in primary 
hyperthyroidism (including palpitations/ arrhythmias, tremor, 
heat intolerance, weight loss, sleep disturbance, etc.) but without 
disease- specific (e.g. Graves’ ophthalmopathy or dermopathy) 
manifestations. Symptoms and signs may be progressive (although 
some patients report little change over intervals as long as a decade). 
However, in a surprisingly large number of patients the clinical fea-
tures are milder, with some individuals appearing relatively asymp-
tomatic (Koulouri, Bashari, and Gurnell, unpublished observation). 
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Figure 2.3.12.1 Schematic representation of the hypothalamic- 
pituitary- thyroid axis and major target organs. Key: α, thyroid hormone 
receptor α; β, thyroid hormone receptor β; ALB, albumin; SA, 
somatostatin; T3, triiodothyronine; T4, thyroxine; TBG, thyroxine- binding 
globulin; TR, thyroid receptor; TRH, thyrotropin- releasing hormone; TSH, 
thyrotropin; TTR, transthyretin.
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Importantly however, following successful treatment many of these 
patients report an improvement in their well- being, coinciding with 
resolution of previously unrecognized clinical symptoms. Estimates 
of the mean latency between onset of hyperthyroidism and estab-
lishment of the diagnosis are typically around 4– 5 years.

Goitre and/ or thyroid nodules may be present and are likely due 
to sustained TSH stimulation of thyroid follicular cells over many 
years. The co- occurrence of differentiated thyroid carcinoma has 

been described in a small number of cases [21]. Autoimmune thy-
roid dysfunction may also coexist and give rise to diagnostic uncer-
tainty [22, 23].

In older case series, compressive symptoms (such as visual 
field defects (80%) and headaches (20%)), prevailed over those 
due to hyperthyroidism. However, this is no longer the case, as 
many patients present at an earlier stage and the proportion of 
microadenomas is increasing. Unilateral exophthalmos due to 

(a)

(b)

Figure 2.3.12.2 Spectrum of histological appearances in thyrotropinomas. (a) pituitary adenoma demonstrating positive immunohistochemical 
staining for growth hormone (GH), TSH and (to a lesser extent) prolactin (PRL). (b) thyrotropinoma with significant fibrosis and calcification— note the 
hypodense areas within the right side of the sella (arrows) on MRI (which may be mistaken for vascular structures, but which are confirmed as foci of 
calcification on CT). For a colour version of this figure, please see colour plate section. 
Histology images provided courtesy of Dr Kieren Allinson, Department of Neuropathology, Addenbrooke’s Hospital, Cambridge.



SectiOn 2 Pituitary and Hypothalamic Diseases258

orbital invasion by the pituitary tumour is very rare, but must be 
distinguished from asymmetric exophthalmos of Graves’ disease. 
In mixed secreting tumours, clinical findings are dependent on the 
nature of the hormone cosecreted (e.g. acromegaly features, amen-
orrhoea, and/ or galactorrhoea). In macroadenomas, concomitant 
hypopituitarism (e.g. hypogonadism, hypoadrenalism) may be 
present. TSH- secreting pituitary adenomas have been reported in 
pregnant women, in patients with multiple endocrine neoplasia 
type I, and in atypical McCune– Albright syndrome [9, 24, 25].

Differential Diagnosis

Since the advent of ultrasensitive TSH assays, the classical biochem-
ical signature of TSH- secreting pituitary adenomas is readily rec-
ognized:  elevated or detectable (i.e. non- suppressed) TSH in the 
face of biochemical hyperthyroidism (with increased free thyroxine 
(fT4) and triiodothyronine (fT3)). However, this laboratory picture 
is not exclusive to thyrotropinomas and it is important to consider 
other possible causes before proceeding to further investigation 
(Box 2.3.12.1).

Elevated total thyroid hormone (TT4, TT3) levels, with inappro-
priately normal or elevated TSH, may be observed when thyroid 
hormone- binding capacity is increased, e.g. during pregnancy 
when thyroxine- binding globulin (TBG) levels are raised, or in 
individuals with familial dysalbuminaemic hyperthyroxinaemia 
(FDH), where point mutations in the ALB gene increase albumin’s 
affinity for thyroid hormone [26]. FDH may also perturb com-
monly used fT4 (± fT3) assays to yield falsely elevated levels. 
Close liaison with the laboratory is therefore required to exclude 
these and other conditions (e.g. heterophilic antibodies or anti- 
iodothyronine antibodies) which are capable of producing false 

positive TSH or fT4 (± fT3) assay readouts. In addition, careful con-
sideration must be given to other conditions and medications (e.g. 
heparin, amiodarone) that may yield a blood profile suggestive of 
central hyperthyroidism [27].

investigation of Hyperthyroxinaemia 
with non- Suppressed tSH

Step 1— clinical Assessment

Even when a patient appears to have been extensively investigated, 
it is always important to revisit the clinical history and examin-
ation findings to: (i) identify potential confounding factors (inter-
current illness; amiodarone, heparin); (ii) determine the thyroid 
status of the patient; and (iii) check for other clues that might 
point to a TSH- secreting adenoma (e.g. coexistent acromegaly or 
hyperprolactinaemia; local compressive features), or indeed sug-
gest the possibility of assay artefact (e.g. dysthyroid eye signs in a 
patient with primary thyroid dysfunction and an unreliable TSH 
readout).

Step 2— exclusion of Laboratory Assay interference

Close liaison with the Clinical Biochemistry laboratory is critical 
to avoid further inappropriate investigation in cases where either 
hyperthyroxinaemia or a non- suppressed TSH is due to assay inter-
ference. Confirmation that free thyroid hormone levels (free T4 
and T3) are genuinely raised may require referral to a reference la-
boratory with the ability to perform a two- step assay or equilibrium 
dialysis to detect conditions such as FDH or anti- iodothyronine 
antibodies. TSH dilution studies, polyethylene glycol (PEG) pre-
cipitation or even gel filtration chromatography may be required to 
exclude interference in the TSH assay [6] .

Step 3— Distinguishing a tSH- Secreting Pituitary 
Adenoma from THRB RtH

Once genuine hyperthyroxinaemia with non- suppressed TSH 
has been confirmed, the key challenge is to distinguish a TSH- 
secreting pituitary adenoma from rare genetic disorders of thyroid 
hormone transport, metabolism, and action (in particular RTHβ 
due to mutations in THRB). The degree of clinical thyrotoxicosis 
and the magnitude of elevation of thyroid hormone and TSH 
levels show considerable overlap when comparing cohorts of pa-
tients with thyrotropinomas and THRB RTH. Accordingly, other 
investigations are required to reliably distinguish between the two 
conditions.

Family History/ Genetic Screening

Although a small number of individuals with thyrotropinomas have 
been found to harbour mutations in genes associated with familial 
pituitary disease (MEN type 1 and familial isolated pituitary ad-
enoma), most TSH- secreting adenomas are sporadic. In contrast, 
THRB RTH is an autosomal dominant disorder and affected family 
members can be readily identified by performing thyroid func-
tion testing, thus guiding subsequent genetic screening. However, 
between 10% and 15% of patients with RTHβ do not have a dem-
onstrable mutation in THRB (see Chapter  3.4.5, ‘Syndromes of 
Resistance to Thyroid Hormone’).

Box 2.3.12.1 Causes of hyperthyroxinaemia with non- 
suppressed TSH

1  Raised thyroid hormone- binding capacity (leading to increased total 
T4 and total T3, but typically normal free hormone levels, e.g. due to 
oral oestrogen therapy)

2 Assay interference
a) Falsely elevated free thyroid hormones

i Heterophilic antibodies
ii Anti- iodothyronine antibodies

iii Familial dysalbuminaemic hyperthyroxinaemia (FDH)*
b) Falsely non- suppressed TSH

i Heterophilic or human antianimal antibodies
ii Macro- TSH

3 Thyroxine replacement therapy (including poor compliance)
4 Medications (e.g. amiodarone, heparin)
5  Non- thyroidal illness (NTI) (including acute psychiatric disorders; 

neonatal period)
6 TSH- secreting pituitary adenoma
7 Resistance to thyroid hormone (RTH)
8 Disorders of thyroid hormone transport or metabolism
Key: *FDH is also associated with a true increase in total thyroid hormone levels as 
the mutant albumin exhibits increased binding capacity; at the same time artefac-
tual elevation in free T4 (and in some instances free T3) may be observed on some 
laboratory platforms.
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Alpha Subunit (ASU) and ASU:TSH Molar Ratio

Classically, an increased plasma ASU level and increased ASU:TSH 
molar ratio were considered important diagnostic markers for 
thyrotropinoma. The ASU:TSH molar ratio has been recommended 
to help avoid misinterpretation due to raised gonadotrophin 
levels (e.g. in postmenopausal women), reflecting the shared 
common alpha subunit with luteinizing hormone (LH) and follicle- 
stimulating hormone (FSH). However, in this context, the popula-
tion reference range for ASU:TSH molar ratio is so wide [28] as to 
render it of limited value for the detection of all but the most obvious 
macroadenoma. As a general rule, a raised ASU (and/ or ASU:TSH 
molar ratio) may help to support suspicions of a thyrotropinoma, 
but a normal result certainly does not exclude the possibility.

Sex Hormone- Binding Globulin (SHBG)

Hepatic production of SHBG is directly regulated by thyroid hor-
mone operating via the TRβ1 isoform of the receptor. In RTHβ the 
liver is therefore resistant and SHBG levels remain within the age-  and 
gender- related reference range. In contrast, in the presence of a TSH- 
secreting tumour, raised thyroid hormone levels cause hepatic thyro-
toxicosis with raised SHBG. Unfortunately, however, normal SHBG 
levels may sometimes be seen, especially when there is cosecretion of 
GH by a thyrotropinoma. Similarly, other factors (e.g. concomitant 
oral oestrogen therapy) may cause an elevated SHBG in RTH.

Dynamic Testing

The use of dynamic testing can be particularly helpful in discrimin-
ating between THRB RTH and a TSH- secreting pituitary adenoma:

 (a) TRH test (200 mcg i.v.):
 •   Thyrotropinoma: attenuated or absent response of TSH fol-

lowing exogenous TRH stimulation
 •  THRB RTH: preserved or exaggerated response

 (b) Depot somatostatin analogue (Lanreotide Autogel® 90– 
120  mg or Sandostatin LAR® 20– 30  mg) every 4 weeks for 
three injections):

 •   Thyrotropinoma: rapid and sustained normalization of free  
 T3, free T4, and TSH levels in more than 90% of patients

 •   THRB RTH: a transient reduction in free thyroid hormone 
levels may be observed, but returns to baseline by the con-
clusion of the test

 (c) Liothyronine (L- T3) suppression test (various protocols exist, 
including progressive dose escalation or fixed dosing over a 
10- day period):

 •   Thyrotropinoma: absent or only slight reduction of TSH
 •   THRB RTH: TSH suppression is marked (although not al-

ways complete)

However, in practice the L- T3 suppression test is often reserved for 
those cases in whom results remain equivocal despite extensive in-
vestigation, or for detecting low level residual or recurrent disease 
following pituitary surgery. It is important to note that patients with 
known or suspected cardiac disease (arrhythmias, ischaemia or 
heart failure) and those with a history of psychiatric disease should 
not be exposed to high doses of thyroid hormone as is required for 
the L- T3 suppression test.

Table 2.3.12.1 summarizes the typical findings in TSH- secreting 
pituitary adenoma and THRB RTH across the various tests.

Step 4— Pituitary imaging

Once the diagnosis of a TSH- secreting pituitary adenoma has 
been confirmed, then attention turns to tumour localization to 
help guide management. It is important however, to bear in mind 
that the presence of a pituitary microadenoma in a patient with 
inappropriate secretion of TSH, although strongly suggestive, is 

table 2.3.12.1 Distinguishing between TSH- secreting pituitary adenoma and TRβ resistance to thyroid hormone (THRB RTH)

TSH- secreting adenomas Resistance to thyroid hormone
(THRB)

Family history Usually absent Possible

Genetic analysis Usually negative Positive in 85– 90% of cases

Increased free thyroid hormones Yes Yes

Normal or high TSH Yes Yes

Circadian TSH secretion Absent Preserved

SHBG Increased
(but may be normal if cosecretion of GH)

Normal

α- subunit level Increased/ normal Normal

α- subunit/ TSH molar ratio Increased/ normal Normal

Response to TRH stimulation test Absent/ attenuated Preserved/ exaggerated

Response to L- T3 suppression test Absent/ markedly attenuated Present, although may not be complete

Response to depot SSA trial Rapid and sustained suppression of TSH in majority 
of cases resulting in restoration of euthyroidism

No effect

GH and or prolactin cosecretion + −

MRI Adenoma
(although some microadenomas may not be 
visualized on standard clinical MR sequences)

Normal
(but incidentalomas in 10– 15%)

Key: GH, growth hormone; L- T3, Lio- thyronine; MRI, magnetic resonance imaging; SHBG, sex hormone- binding globulin; SSA, somatostatin analogue; TRH, 
thyrotropin- releasing hormone; TSH, thyroid- stimulating hormone.
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not diagnostic of a TSH- secreting pituitary tumour given that pi-
tuitary incidentalomas are found on MRI in ~10– 15% of the gen-
eral population. In contrast, incidental macroadenomas are much 
less commonly encountered. In patients with TSH- secreting pi-
tuitary adenomas there is no correlation between serum TSH 
levels and tumour size. In older case series, patients commonly 
presented with macroadenomas with suprasellar and sphen-
oidal extension, whereas in more recent series microadenomas 
feature much more frequently. Indeed, it is now clear that 
thyrotropinomas exhibit a spectrum ranging from large invasive 
(even giant) tumours through to microadenomas that cannot be 
readily visualized using conventional MR sequences (analogous 
to some Cushing’s microadenomas) (Figure 2.3.12.3). For the 
latter, various approaches have been tried to aid localization of 
the tumour (including inferior petrosal sinus sampling with TRH 
stimulation and octreotide scintigraphy). However, the most 
promising approach appears to be functional imaging with 11C- 
methionine PET- CT coregistered with volumetric MRI, which 
may aid precise localization of the tumour (Figure 2.3.12.4), es-
pecially when performed pre- and post- somatostatin analogue 
therapy [4] .

Management

In patients with TSH- secreting pituitary adenomas, the goal of 
therapy is to restore euthyroidism and, in patients with large tu-
mours, to eliminate any symptoms of mass effect. Early diagnosis 
and correct treatment of these rare tumours helps prevent compli-
cations (such as visual failure and hypopituitarism), and may also 
improve surgical cure rates.

The success of treatment depends on the criteria used. It has been 
suggested that an early test of cure might be an undetectable TSH 
concentration seven days after surgery (when the normal thyrotrophs 
remain suppressed as a consequence of prolonged exposure to raised 
circulating thyroid hormone levels) [29]. However, many patients 
are now treated with somatostatin analogues prior to surgery, often 
with rapid normalization of hyperthyroidism, which may there-
fore allow recovery of normal thyrotroph function prior to theatre. 
Normalization of dynamic tests (e.g. TRH test, T3 suppression test) 
might therefore represent a better (later) test of cure. In any case, 
long- term follow- up is necessary to detect relapse and recurrence.

Transsphenoidal surgery remains the treatment of choice in 
many patients with TSH- secreting pituitary adenomas. Historically, 
pituitary surgery alone has been reported to result in normalization 

(a) (b)

(c) (d)

Figure 2.3.12.3 Spectrum of TSH- secreting pituitary adenomas. (a) Macroadenoma with predominant suprasellar extension compressing the optic 
chiasm. (b) Macroadenoma filling the sphenoid sinus— note how the adenoma appears discrete from the normal pituitary gland in the sella, raising 
the possibility of an extrasellar ectopic origin. (c) Left- sided microadenoma. (d) No visualized adenoma.
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of thyroid hormone secretion and resolution of the pituitary mass 
in approximately 50% of patients, achieve normalization of thyroid 
parameters despite incomplete tissue removal in approximately 25% 
of patients, and is unsuccessful in nearly 30% of cases. However, an 
increase in the surgical cure rate has been reported in more recent 
series, probably reflecting improved surgical techniques and earlier 
diagnosis [29].

Medical treatment is an alternative option to pituitary surgery 
in patients with TSH- secreting pituitary tumours. Dopamine 
agonists are an effective treatment in true mixed TSH/ prolactin- 
secreting pituitary adenomas, whereas success is limited when 
bromocriptine is used in patients with pure TSH- secreting pitu-
itary adenomas [30]. In contrast, depot somatostatin analogues 
(octreotide LAR or Lanreotide Autogel®) suppress TSH secretion 
in more than 90% of TSH- secreting pituitary adenomas, and nor-
malize thyroid hormone levels in approximately 75– 90% of pa-
tients. However, significant shrinkage of the adenoma is only 
observed in approximately 50% of cases, and total resolution 
of a macroadenoma with maintenance of long- term cure in re-
sponse to somatostatin analogue therapy has been reported in 
only a single case [31]. As a general rule, the effects of somato-
statin analogues are reversible, with the need for long- term ad-
ministration, with possible tachyphylaxis requiring increasing 
doses of the drug to maintain good control of the disease in up 
to 10% of cases, and with true resistance in a small number of 
patients [32]. The second generation somatostatin receptor ligand 
pasireotide may offer an alternative for treatment resistant cases, 

although experience to date is limited to a single patient in whom 
it was not clear whether there was true resistance to first line SSA 
therapy [33]. Somatostatin analogues remain expensive and may 
be associated with side effects such as cholelithiasis and carbohy-
drate intolerance. Accordingly, although some patients and their 
clinicians might elect to pursue long- term primary SSA therapy, 
for many patients these remain an important bridge to surgery 
(allowing anaesthesia to proceed safely) and as adjunctive therapy 
when surgery is unable to achieve full remission, or while awaiting 
the beneficial effects of radiotherapy.

It is appropriate to briefly mention conventional antithyroid drug 
(ATD) therapy, which may be used for a short duration in prepar-
ation for surgery. However, concerns remain that longer term use 
may predispose to tumour expansion (Nelson’s- like phenomenon) 
[1] , and for that reason permanent thyroid ablation is also generally 
best- avoided, although may occasionally be indicated in those with 
recalcitrant arrhythmias or cardiac failure.

Conventional radiotherapy and stereotactic radiosurgery have 
also been employed in the management of TSH- secreting pitu-
itary tumours, especially when surgery and/ or medical therapy has 
proved unsuccessful [34]. However, the number of reported cases, 
especially using modern radiotherapy techniques, remains rela-
tively small. As with other pituitary tumour subtypes, and allowing 
for the long time period necessary for the full effect to be realized, 
and potential late side effects (e.g. hypopituitarism, second tumour, 
possible increased cerebrovascular disease), radiotherapy is gener-
ally reserved for the small number of cases in whom combination 

(a) (b)

(c) (d)

Figure 2.3.12.4 Confirmation of the site of a microadenoma using volumetric MRI and functional imaging with 11C- methionine PET. (a, b) 
Standard clinical spin echo (SE) MR sequences pre-  and post- gadolinium (Gad) fail to identify a thyrotropinoma. (c) Volumetric (fast spoiled gradient 
recalled acquisition (FSPGR)) MR sequences (1 mm slices) identify a possible left- sided microadenoma adjacent to the cavernous sinus. (d) 11C- 
Methionine PET/ CT coregistered with FSPGR MRI demonstrates avid tracer uptake at the site of the suspected lesion. Transsphenoidal surgery and 
histological analysis confirmed a left- sided TSH- secreting microadenoma. For a colour version of this figure, please see colour plate section.
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surgery and medical therapy is unable to achieve satisfactory bio-
chemical and/ or tumour control.

conclusions

TSH- secreting pituitary adenomas are a rare cause of hyperthy-
roidism. The main prognostic factors of these adenomas are size and 
invasiveness of the tumours, duration of symptoms, and intensity of 
hyperthyroidism. Early recognition of central hyperthyroidism, and 
localization of the causative lesion should now be readily achieved 
in most cases, reflecting the availability of ultrasensitive TSH assays 
and improvements in pituitary imaging. Reflecting this, the spec-
trum of disease and approach to the treatment of these rare pituitary 
tumours has changed significantly during the past decade. Patients 
typically present with mild or moderate symptoms and signs of 
hyperthyroidism, hormonal evaluation shows increased free thy-
roid hormone concentrations with detectable serum TSH levels, 
and MRI increasingly identifies patients with micro-  rather than 
macroadenomas. Trans- sphenoidal surgery remains the treatment 
of choice, although depot somatostatin analogue therapy is now es-
tablished as a key component in the management pathway: either 
pre-  and, in selected cases, post- surgery, or sometimes as long- term 
primary medical therapy.
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Definition and epidemiology

Pituitary carcinomas (PC) are tumours originating from cells of 
the adenohypophysis with evident craniospinal or systemic meta-
static disease [1] . They are rare, accounting for 0.12– 0.2% of all pi-
tuitary tumours with an incidence of 4 per 1 000 000 person years 
[2– 4]. However, the incidence is likely underestimated as frequently 
metastatic deposits are only detected at autopsy [5– 7]. Most com-
monly PC presents in the fourth to sixth decades of life, with a 
mean age at diagnosis of 44 [7– 9]. Paediatric cases are very rare but 
have been described [10, 11]. There is a slight male predominance 
[2, 8]. More than 80% of PC are clinically functioning, the majority 

corticotroph and lactotroph tumours, less commonly somatotroph 
and thyrotroph PC [8]. Notably, 20% of PC evolve from initially 
clinically silent to functional tumours. Silent hormone expressing 
PC are more frequently encountered among the clinically non- 
functioning PC with true gonadotroph and null cell PC comprising 
a small subset [8]. PC has been described in the setting of familial 
cancer syndromes, including patients with germline mutations in 
MEN1, SDHB, and DNA mismatch repair genes (Lynch syndrome) 
[12– 15]. However, there is no evidence that PC are more common 
in patients with familial predisposition to pituitary tumours.

clinical Presentation and Diagnosis

Pituitary tumours destined to become PC almost always begin as 
macroadenomas. However, size at presentation does not correlate 
with potential for malignant behaviour as giant lactotroph tu-
mours can be highly sensitive to dopamine agonist treatment [16]. 
Commonly there is a history of relatively indolent behaviour with 
emergence of aggressive disease years later preceding the identifi-
cation of metastases. There is considerable variability in the latency 
to development of metastatic disease from months to more than 
20 years from diagnosis with a mean of 7 years [9] . Clinically ag-
gressive tumour behaviour may be evident at presentation with ful-
minant progression [17].

Mass effect symptoms, such as visual impairment, headache, and 
cranial nerve palsies, tend to dominate the clinical presentation of 
PC. Unusual neurological signs, such as ataxia or motor weakness, 
should raise concern about the possibility of PC. Diabetes insipidus 
(DI) is rarely encountered in PC, and in general the presence of DI 
should alert to an alternative diagnosis, such as metastasis to the 
sellar arising from a non- pituitary primary [18].

Systemic metastases occur most commonly (47%), are more fre-
quent among lactotroph compared with corticotroph tumours and 
most often involve the liver, lung, and bone, with rare sites of meta-
static disease including the orbit, heart, pancreas, kidney, ovary, 
myometrium, and pelvic lymph nodes [9] . Systemic dissemination 
occurs through haematogenous spread via the cavernous sinuses 
and/ or jugular veins [3]. Metastases to cervical lymph nodes are 
also seen and thought to result from invasion of lymphatics of the 
skull base and soft tissues [3]. Craniospinal metastases also occur 
frequently (40%), spread occurring through cerebrospinal fluid dis-
semination. Both craniospinal and systemic metastases are seen in 
15% of patients [9].

The primary diagnostic modality is structural imaging with mag-
netic resonance imaging (MRI) or computed tomography (CT) 
with attention to site- specific symptoms such as neck or back pain 
that may indicate a site of metastatic disease. Functional imaging 
modalities may be useful in detecting otherwise occult metas-
tases. Ga68 Dotatate and F18 FDG- PET/ CT may identify different 
sites of metastatic disease when used concurrently, with potential 
therapeutic and prognostic implications [19,  20]. According to 
2017 WHO criteria, the following need to be met in order to diag-
nose a PC: (1) the primary lesion must be a histologically proven 
adenohypophyseal tumour; (2) an alternative primary lesion must 
be excluded; (3)  discontinuous spread must be present in the 
craniospinal axis; and (4)  the pathological features of metastases 
should be similar to those of the primary pituitary tumour [21]. 



SectiOn 2 Pituitary and Hypothalamic Diseases264

Thus, while imaging may suggest PC, a surgical biopsy may be re-
quired to confirm the diagnosis. However, fine needle aspiration bi-
opsy of metastases within cervical lymph nodes, liver and lung have 
been successfully performed [22, 23].

Only a minority of aggressive pituitary tumours (APT) ultim-
ately manifest metastases. However, recognition of an APT is vital 
to identify tumours with malignant potential. Furthermore, the 
morbidity and mortality of APT are increased even in patients 
without metastases [24]. An APT demonstrates invasion and dis-
plays an unusually rapid growth rate, or continued growth despite 
multimodal treatment (surgery, radiotherapy, standard medical 
therapy) [24]. Serial MRI imaging is required to determine tu-
mour growth rates, with accurate reporting of tumour dimen-
sions and ideally tumour volume measurements. In a large study 
of 153 pituitary tumours (functioning and non- functioning), the 
mean tumour volume doubling time (TVDT) was 1147 +/ –  870 
(SD) days (range 60– 3478). Tumours with a more rapid growth 
rate (below 1 SD TVDT) had a TVDT under 1 year [25]. Younger 
patients with non- functioning pituitary adenomas (NFPA) and fe-
males with functioning tumours have been found to have faster 
growth rates [25, 26]. The rapid growth of a corticotroph pituitary 
tumour following bilateral adrenalectomy (Nelson’s syndrome) is 
also cause for concern and has been found in 67% of corticotroph 
PC [18]. Metastatic disease should be suspected when there are 
discordant biochemical and radiological findings, for example 
rising prolactin (PRL), adrenocorticotropin hormone (ACTH) or 
growth hormone (GH) levels in the setting of low volume sella- 
based disease [24].

Functioning PC typically exhibit very high hormone levels, 
however there is significant overlap with levels found in pituitary 
adenomas (PA). One hallmark that may indicate malignant trans-
formation of a PA is the emergence of resistance to medical treat-
ment. This is particularly seen with prolactinomas, where resistance 
to dopamine agonist (DA) therapy may be a feature present early in 
the disease course but can also be acquired during treatment [27]. 
Transformation of a PA from silent to functioning may also herald 
malignant progression, well described for silent corticotroph aden-
omas but also reported in silent somatotroph tumours and in one 
case of an initially hormone- immunonegative tumour that subse-
quently transformed into a thyroid stimulating hormone (TSH) 
and PRL- secreting PC with brain metastases [28– 31]. Conversely, 
tumour de- differentiation is thought to account for cases where re-
duced hormone secretion has been observed [18, 32].

Pathological evaluation

There are no histopathological, immunohistochemical, or 
ultrastructural features to reliably differentiate PC from PA. 
Microscopically, PC usually appear as well- differentiated neuro-
endocrine tumours akin to benign PA. While histological features 
of hypercellularity, nuclear pleomorphism, necrosis, haemorrhage, 
or invasion may be present in PC, they are also common in PA. 
Neuronal metaplasia has been reported in PC but is rare. Metastatic 
deposits often have more atypical cytological features compared to 
the primary pituitary tumour [21]. Mitoses are more frequently seen 
in PC compared with PA, although there are cases of PC without 
significant mitoses [7] . In one study, mitoses were present in 3.9% 
of non- invasive PA, 21.4% of invasive PA and 66% of PC, while in 
the large European Society of Endocrinology (ESE) survey cohort 
of APT a raised mitotic count (>2 mitoses/ 10 high powered field 
(HPF)) was found in 90% of PC compared with 63% of APT [8, 33].

The neuroendocrine origin of PC can be confirmed on 
immunohistochemical analysis with expression of markers such 
as chromogranin A  and synaptophysin. Pituitary hormone ex-
pression does not differentiate PC from PA but is important 
to determine tumour subtype. Tumour subclassification, util-
izing immunohistochemical analysis of transcription factors 
and low- molecular- weight cytokeratin, can assist in identifying 
a tumour with an increased potential for more aggressive be-
haviour (Table 2.3.13.1) [34]. Clinically non- functioning but 
immunohistochemically classified Pit-1 positive plurihormonal 
adenomas (previously termed silent subtype 3 PA) are particularly 
recognized for their inherently aggressive behaviour. Cytokeratin 
staining identifies the fibrous bodies of a sparsely granulated 
somatotroph adenoma and also hyaline changes of Crooke’s cell ad-
enomas [34]. Ultrastructural evaluation is no longer necessary in 
the routine classification of pituitary tumours [21].

Measurement of Ki67, using the MIB- 1 antibody, provides an 
assessment of the number of cells in the S- phase of the cell cycle, 
and is an important marker of the rate of cellular proliferation [7] . 
Metastatic deposits frequently exhibit higher Ki67 indices than the 
primary pituitary tumour [21]. Higher Ki67 indices have been cor-
related with invasive adenomas, risk of recurrence and malignant 
behaviour [8, 33, 35, 36]. The mean Ki67 in one series was 1.37% for 
non- invasive PA compared with 4.66% for invasive adenomas and 
11.91% for PC [37]. Similarly, in the ESE survey cohort 46% of APT 

table 2.3.13.1 Pituitary tumour subtypes with potential for aggressive behaviour

Tumour subtype Hormone Cytokeratin Transcription factor

Sparsely granulated somatotroph 
adenoma

GH +/ -  PRL Dot- like (fibrous bodies) Pit-1

Lactotroph macroadenoma  
in men

PRL
+/ –  GH (acidophilic stem cell adenoma)

+/ –  fibrous bodies (acidophilic 
stem cell adenoma)

Pit-1
ER- α (sparsely or densely granulated)

Crooke cell adenoma ACTH Ring- like pattern Tpit

Silent corticotroph adenoma ACTH Diffuse pattern Tpit

Plurihormonal Pit-1- positive adenoma GH, PRL, TSHβ
+/ –  α- subunit

N/ A Pit-1

Modified with permission from Osamura RY, Lopes MBS, Grossman A, Kontogeorgos G, Trouillas J. Pituitary Adenomas. In: Lloyd RV KG, Rosai J, editor. WHO classification of tumours 
of endocrine organs, 4th edn. Lyon: IARC Press; 2017.
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and PC were found to have a Ki67 ≥ 10% [38]. A threshold Ki67 
≥ 3% has commonly been used as a marker associated with an in-
creased risk of tumour recurrence while a Ki67 ≥ 10% is considered 
by some authors to indicate a malignant pituitary tumour [21, 24]. 
However, there is substantial variability in Ki67 reported among PC 
from 0% to 34% [7, 8]. This may result from tumour heterogeneity 
as well as differences in interpretation of Ki67 labelling [9].

Used in isolation, the Ki67 measurement has limited prognostic 
potential [39, 40]. Increased expression of p53 has been reported in 
100% of a cohort of PC compared with 7.1% of PA, while in other 
studies p53 expression has progressively increased during the pro-
gression from adenoma to carcinoma [7, 9]. It has also been found 
to be absent in PC and considerable debate exists over its reliability 
[7, 9, 24,  41]. The combination of Ki67  >3% and extensive p53 
immunoreactivity has been associated with an increased recurrence 
rate of PA in some studies, but not in others [42, 43]. In the 2004 
WHO classification of pituitary tumours, an ‘atypical pituitary ad-
enoma’ was defined by the presence of Ki67 >3%, p53 overexpression, 
and increased mitotic rate, however this category was abandoned in 
the 2017 WHO classification given the lack of clinical validation as 
a prognostic tool [1, 21]. Nevertheless, measurement of Ki67, along 
with p53 immunostaining and evaluation of mitotic count, remain 
recommended in the assessment of an APT [24]. The utility of these 
proliferative markers may be most useful in determining risk of recur-
rence for invasive PA. This formed the basis for a clinicopathological 
grading classification system in which invasive and proliferative PA 
demonstrated a 12- fold increased risk of tumour progression com-
pared with non- invasive, non- proliferative PA [44].

Pathogenesis and Genetics

The exact pathogenesis of PC is uncertain, but progression from 
PA to PC is thought to arise from an accumulation of molecular 
alterations or development of a subclone of tumour cells with crit-
ical genetic and epigenetic change(s) that form metastatic deposits 
[9,  21]. The multistep genetic progression from benign to malig-
nant pituitary tumours has been illustrated in rat studies utilizing 
SMtTW lineages derived from spontaneous PRL tumours [45]. 
The most frequent somatic genetic event affecting PA are chromo-
somal alterations affecting whole chromosome arms [46]. In PC, 
there are an increased number of chromosomal aberrations, par-
ticularly gains, with an average of 8.3 imbalances per tumour [47]. 
Chromosomal gains in 1q, 3p, 5, 8, 14q, and 19p have been reported 
in PC, and loss of chromosome 11 may be important in malignant 
transformation [48]. Pituitary tumour transforming gene (Pttg), is 
a securin protein critical in the spindle checkpoint machinery and 
error- free mitosis. Pttg overexpression results in genetic instability 
by causing DNA breaks and is a key oncogene driving pituitary tu-
mour development and progression [49]. Increased Pttg expression 
correlates with higher levels of Ki67 and is associated with more 
aggressive pituitary tumour behaviour [50]. In a rat model of malig-
nant prolactinoma, markedly elevated nuclear Pttg levels was pos-
tulated to be important in the development of an aggressive tumour 
phenotype [48]. Pttg has been identified as a key gene involved in 
tumour metastasis within solid malignancies [51].

Unlike many solid cancers, PA are not characterized by recur-
rent focal genetic driver mutations. Activation of classic oncogene 

genes, such as Ras, and mutations in tumour suppressor genes, such 
as p53, are not found in PA but have been described in PC [52– 54]. 
In fact, p53 and p21 upregulation are key features of senescence, an 
essential mechanism controlling cellular proliferation in benign PA 
[49]. Reduced expression of important cell cycle inhibitors, such as 
p21 and p27(Kip1), appear to be critical in pituitary tumour pro-
gression, with undetectable levels seen in PC [55,  56]. Similarly, 
reduced expression of other proteins, such as retinoblastoma (Rb) 
gene and nm23, also involved in regulation of cell cycle progres-
sion have been described in PC [7] . Consequent upregulation of cell 
cycle proteins, such as cyclin D1, and increased cellular prolifer-
ation are central events in the malignant transformation of pituitary 
tumours [48]. Increased cyclin D1 levels have also been proposed 
to play a role in stimulating cell migration, angiogenesis, transcrip-
tion factor activation, chromosomal instability, and miRNA expres-
sion [57]. Concurrent with increased cellular proliferation, rates 
of apoptosis are higher among PC compared with PA which have 
been correlated with decreased expression of the antiapoptotic pro-
tein Bcl- 2 [58]. However, increased telomerase activity, responsible 
for cellular immortality, has been described in association with PC 
development [59].

Proteins involved in DNA repair have also been implicated in 
pituitary tumour progression. DNA topoisomerase IIα (Topo IIα) 
plays an important role in DNA replication and mitosis. It is linked 
with cell cycle activity and rates of cellular proliferation [60]. High 
expression of Topo IIα has been found in PC, although its correl-
ation with other measures of cellular proliferation in PA, such as 
Ki67, has been reported in some but not all studies [60, 61]. Low 
expression of a DNA repair protein, 06- methylguanine- DNA 
methyltransferase (MGMT) has been reported more frequently in 
aggressive PA and PC [62, 63]. In a microarray study, low MGMT- 
expressing pituitary tumours were found to have upregulation of 
gene sets involved in DNA repair and transcription [64]. A reduc-
tion in expression of mismatch repair genes, a family of proteins 
that correct DNA replication errors, have been implicated in pitu-
itary tumour proliferation and reduced apoptosis [65]. In particular, 
loss of MSH6 immunoexpression has been described in cases of PC 
[66, 67].

Activation of epidermal growth factor receptor (EGFR) signalling 
is an important feature in APT, with both epidermal growth factor 
(EGF) and EGFR highly expressed in PC [68]. Furthermore, HER- 2/ 
neu (a member of the EGF receptor family) is commonly amplified 
in PC [7] . Increased EGFR signalling results in upregulated expres-
sion of matrix metalloproteinase 9 (MMP- 9), which is critically in-
volved in the degradation of the extracellular matrix and tumour 
cell migration and is upregulated in PCs and recurrent invasive PAs 
[69]. MMP- 9 also plays a role in stimulating angiogenesis, another 
attribute of tumours with malignant potential. Vascular endothelial 
growth factor (VEGF), a potent angiogenic factor involved in endo-
thelial cell proliferation, vascular permeability, and cell mobility, is 
stimulated by MMP- 9 [57, 70]. VEGF expression, and other con-
tributors to tumour angiogenesis including cyclooxygenase- 2 (Cox- 
2) and hypoxia- inducible factor 1- alpha (HIF- 1α) have also found 
to be higher among PC compared with PA [71– 73]. Tumour angio-
genesis is commonly assessed by studying microvascular density, 
and while found to be higher in PC compared to PA, substantial 
overlap exists, so in isolation it may not be a useful prognostic 
marker [7, 74,  75]. Furthermore, measures of cell proliferation, 
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such as Ki67, are not positively correlated with markers of angio-
genesis, suggesting these two processes are not aligned in malignant 
transformation [76].

MicroRNA are also thought to play a role in malignant trans-
formation of pituitary tumours. In one study, increased miR- 20a, 
miR- 106b, and miR- 17- 5p were found in metastatic deposits 
of a PC and six atypical PA and predicted to reduce PTEN and 
TIMP2 expression thereby promoting metastasis [77]. Utilizing 
an integrative genomic approach, down- regulation of miR- 183 
was found in a small cohort of aggressive PA and demonstrated 
to target KIAA0101 resulting in cell cycle activation [78]. The 
overexpression of miR- 122 and miR- 493 have also been found to 
be upregulated in ACTH- PC [79]. In fact, one of the predicted 
targets of miR- 493 is LGALS3 mRNA, which regulates the expres-
sion of galectin- 3 (Gal- 3), a β- galactoside- binding protein widely 
implicated in cancer biology with roles in tumour proliferation, 
adhesion, angiogenesis, apoptosis and metastasis [80, 81]. Gal- 3 is 
thought to have an important role in pituitary tumour progression 
and has been found to be increased in ACTH and PRL- PC com-
pared with PA [82, 83].

Management

The management of PC is challenging requiring a multimodal ap-
proach overseen by an expert multidisciplinary team. Surgery, radio-
therapy, and systemic therapies all have a role in the management 
of PC. Treatment decisions should consider factors such as disease 
burden (single metastatic deposits or widely disseminated disease), 
tumour location, prior therapies, and patient comorbidities.

Surgical treatment

In patients with PC, surgical resection is rarely curative but sub-
stantial tumour debulking can be achieved with significant relief of 
compressive symptoms [9] . In the case of isolated metastatic disease, 
complete surgical excision may result in long- term disease- free pro-
gression particularly when combined with adjuvant radiotherapy 
[84, 85]. This has been reported not only for craniospinal disease 
but also for bone and liver metastatic deposits [85– 87]. In addition, 
repeated surgical resections of recurrent metastases may prolong 
survival [88]. While advances in endoscopic skull base techniques 
may assist in wider control of sellar- based disease, frequently 
transcranial approaches are still required to manage other intracra-
nial disease.

Radiation therapy

Radiation therapy is most often used in a palliative approach as 
there is no evidence that radiotherapy improves survival in PC [9] . 
However, radiotherapy may arrest or slow tumour growth in PC 
and is often used in an adjuvant setting following surgical excision 
or debulking of metastatic sites of disease. Chemotherapy with ad-
juvant radiotherapy is increasingly considered in PC [8]. Not infre-
quently patients with PC have already had at least one radiotherapy 
treatment over the course of their disease and further doses may be 
limited due to the risk of brain necrosis [9]. There has been more 
experience with use of fractionated external beam radiotherapy 
(EBRT) in PC but stereotactic radiosurgery (SRS) has also been 

reported with effect, most commonly with Gamma Knife (GK) [84, 
87– 90]. The choice of radiation technique and modality (linear ac-
celerator, GK) is often based on safety considerations, such as prox-
imity to optic chiasm, volume of disease and local centre availability 
[24, 91].

Medical therapy

Standard medical therapies should be used in conjunction with 
other treatment in PC at maximally tolerated doses [24]. Lactotroph 
PC typically display complete resistance to DA, although there are 
case reports of reduction in prolactin levels and less commonly tu-
mour size [18, 92– 94]. High dose DA should be trialled (3.5– 11 mg 
per week) although side effects including nausea and postural hypo-
tension may limit the dose [9,  24]. Cabergoline is more effective 
compared with bromocriptine, and there is limited experience 
with quinagolide although it does not appear to be superior in PC 
[18, 24]. DA resistance may result from decreased dopamine D2 re-
ceptor expression, although other mechanisms may also exist [24]. 
Use of DA has been associated with a reduction in GH and IGF- 1 
levels and symptomatic improvement in rare cases of somatotroph 
PC but with no effect on overall disease progression, however use 
in corticotroph and thyrotroph PC is ineffective [5, 32, 95,  96]. 
Treatment with tamoxifen has unsuccessful in lactotroph PC [18].

A lack of response to first- generation somatostatin analogue 
(SSA) therapy (octreotide, lanreotide) is typical in PC, although 
temporary benefit in a thyrotroph PC case has been described 
[18, 32]. Resistance to octreotide may correlate in some cases with 
reduced somatostatin receptor (sst) 2 expression [97]. Sparsely 
granulated somatotroph PA, typically more aggressive than their 
densely granulated counterparts, and corticotroph PA more fre-
quently express sst5 and may exhibit better response to second- 
generation SSA (pasireotide) with broader sst action, particularly 
against sst5 [24,  98]. In patients with acromegaly not responding 
to octreotide, a switch to pasireotide, can result in biochemical im-
provement [99]. However, there is no data about its use in malignant 
somatroph tumours. In limited cases of corticotroph PC pasireotide 
has not been effective [24].

In addition to attempts to control tumour growth in PC, medical 
therapy may be required to reduce hormonal hypersecretion. This is 
particularly important in patients with corticotroph carcinomas in 
whom unrestrained hypercortisolism is frequently a direct cause of 
death [9] . Adrenal- directed inhibitors of glucocorticoid synthesis, 
such as ketoconazole and metyrapone, are frequently used in this 
setting.

chemotherapy

When disease burden is unable to be controlled with surgery and/ or 
radiotherapy, chemotherapy should be considered. Almost always 
this requires systemic therapy although hepatic chemoembolization 
afforded temporary local control of liver metastases in a 
corticotroph PC [100]. Aggressive treatment of patients with PC 
with chemotherapy has been associated with improved survival 
[18]. Historically, many different chemotherapy regimens have 
been used with variable responses, most often limited to partial and 
transitory disease control [9] . Commonly employed agents have in-
cluded lomustine (CCNU) in combination with 5- FU or dual cis-
platin (or carboplatin) and etoposide [24].
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However, the last decade has seen a major advance in the 
chemotherapeutic option for PC with the demonstration of re-
sponse to temozolomide (TMZ) in a significant proportion of 
cases (Figure 2.3.13.1) [8, 101– 103]. TMZ is an oral second- 
generation imidotetrazine alkylating agent which forms toxic 
methyl adducts with DNA bases and resulting ineffective DNA 
repair leads to DNA- strand breaks, cell cycle arrest and apop-
tosis [104]. In the largest published cohort of PC, comprising 40 
patients, 43% of patients demonstrated a complete or partial re-
sponse to temozolomide, with an additional 18% exhibiting stable 
disease [8] . Functioning tumours are more likely to respond than 
non- functioning tumours (Table 2.3.13.2) [8]. TMZ is now re-
commended as first- line chemotherapy for patients with PC [24]. 
It is delivered as outpatient oral chemotherapy, most commonly as 
monotherapy however some centres have proposed using TMZ fol-
lowing capecitabine pretreatment (CAPTEM) although evidence 
is lacking regarding superior efficacy with this or other combin-
ation regimes [24, 105]. The most common TMZ dosing regimen 
employed is 150– 200 mg/ m2 for 5 consecutive days every 28 days. 
TMZ in combination with adjuvant radiotherapy may be more ef-
fective when maximal radiotherapy doses have not been reached 

[8, 24]. Response to TMZ therapy, most often concurrent biochem-
ical and radiological improvement, is seen within 3– 6  months. 
The appropriate duration of therapy has not been determined, 
but it is reasonable to continue for 6 months with longer duration 
considered in patients receiving clinical benefit. Generally well- 
tolerated, common side effects include fatigue, nausea/ vomiting, 
and myelosuppression [24]. Sustained responses to TMZ therapy 
are frequent following treatment discontinuation, although subse-
quent tumour regrowth occurs in the majority of patients with a 
median time to progression of 12 months [8]. Low tumour MGMT 
expression may predict a positive response to TMZ, however cases 
with low MGMT expression and lack of response have been de-
scribed [24]. Loss of expression of MSH6 has been reported in such 
a case [67]. Conversely, high MGMT expression is frequently as-
sociated with a poor response to TMZ, but in the absence of other 
effective chemotherapeutic options a trial of TMZ in such cases is 
still currently advocated [24].

Second- line therapy for patients progressing during or fol-
lowing cessation of TMZ, remains a challenge. Second courses of 
TMZ in patients who initially respond is unsuccessful in the ma-
jority of cases [24]. Drugs that inhibit the action of EGF/ EGFR (e.g. 

(a) (b)

Figure 2.3.13.1 Sustained response to temozolomide.

table 2.3.13.2 Response to temozolomide based on subtype

Functional subtype Pathological subtype Complete response Partial response Stable disease Progressive disease

Functioning (n = 33) Corticotroph (n = 18) 2 7 1 8

Lactotroph (n = 14) 1 6 4 3

Gonadotroph (n = 1) 0 0 1 0

Non- functioning
(n = 7)

Corticotroph (n = 1) 0 0 0 1

Lactotroph (n = 1) 0 0 0 1

Somatotroph (n = 2) 1 0 0 1

Immunonegative (n = 3) 0 0 1 2

Adapted with permission from results of ESE survey in McCormack A, Dekkers OM, Petersenn S, Popovic V, Trouillas J, Raverot G, et al. Treatment of aggressive pituitary tumours and 
carcinomas: results of a European Society of Endocrinology (ESE) survey 2016. Eur J Endocrinol. 2018;178(3):265– 76.
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lapatinib, erlotinib) and VEGF/ VEGFR (sunitinib, bevacizumab) 
pathways have encouraging in vitro results and reports of response 
in a few patients with APT [8, 106– 108]. Promising preclinical 
studies in PA using inhibitors of the PI3K/ Akt/ mTOR pathway, 
such as everolimus, have translated into only occasional modest 
benefit when trialled in patients with APT [8, 109– 112]. Finally, im-
munotherapy may prove useful in management of PC with a recent 
report of significant tumour shrinkage in a patient with an ACTH- 
secreting PC [113].

Peptide Receptor Radionuclide therapy (PRRt)

There is good theoretical rationale in the use of PRRT to treat PC 
given sst expression and uptake of 68Ga- DOTATATE within pitu-
itary tumours [20]. 111Indium- DPTA- octreotide, 177Lutetium- 
DOTATATE, 90Yttrium- DOTATOC, and 177Lutetium- DOTATOC 
have all been reported in a limited collective experience with PRRT 
for APT, with tumour regression seen in only a couple of patients 
thus far [24].

Prognosis

Prior to the TMZ era, the mean survival of patients with PC was 
less than 4  years, although there were cases of long- term sur-
vivors [7, 88, 90, 114,  115]. Patients with corticotroph PC and 
those with systemic compared with central nervous system 
(CNS) metastases have poorer survival [7] . In patients treated 
with TMZ, 3– 4- year overall survival is reported between 50% and 
60% [103, 116]. There is a clear survival benefit in patients who 
respond to TMZ therapy with a median survival of 44  months 
among responders compared with 16 months in non- responders 
[116]. The highest mortality is seen among patients progressing 
during TMZ therapy [8].

conclusion

PC are rare and the diagnosis requires the documented presence 
of metastatic disease remote from the pituitary. Typically, PC arise 
many years following the diagnosis of PA. During the course of 
malignant transformation aggressive behaviour is exhibited which 
is important for clinicians to recognize because of the associated 
substantial morbidity and mortality. Unusually rapid tumour 
growth, hormonal hypersecretion in a previously silent PA, resist-
ance to standard medical therapy and markers of increased pro-
liferation such as elevated Ki67 should raise concern for a tumour 
with malignant potential. Management of PC requires multimodal 
therapy, including surgery, radiotherapy, and chemotherapy. 
Prognosis is poor although improved in patients responding to 
TMZ. Identification of other effective therapeutic options in PC 
remains an important area for future research and requires collab-
oration among physicians caring for these rare cancers. The use of 
tyrosine kinase inhibitors, antiangiogenic agents, immunotherapy, 
and PRRT may hold promise in the management of PC. An im-
proved understanding of tumour genetics and biomarkers of re-
sponse may prove essential in patient selection to effective therapy 
modalities.
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Definition

A pituitary incidentaloma is defined strictly as a ‘totally asymptom-
atic non- functional tumour, clinically and biochemically silent, which 
was discovered incidentally in a patient who is asymptomatic’ or, less 
strictly, a pituitary mass discovered in the course of evaluation for an 
unrelated problem [1– 3]. Based on the second definition, the term 
incidentaloma may not be appropriate to many of these lesions, as an 
incidentally detected macroadenoma may still be clinically relevant.
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Frequency of Detection

Autopsy Studies

The mean frequency of adenoma detection in the largest collection of 
autopsy case series, which examined 18 902 pituitaries, was 10.7% (ran-
ging from 1.5% to 31%). All but seven of these lesions had a diameter 
smaller than 10 mm, indicating that almost all of the pituitary adenomas 
found in autopsy series are microadenomas. There was also no age or 
gender preponderance [4] . A detailed analysis of immunohistochemical 
staining of 334 pituitary adenomas in 316 pituitaries out of 3048 aut-
opsy cases revealed 39.5% immunopositivity for prolactin, followed by 
13.8% for ACTH, 6.6% for gonadotropins, 2.1% for growth hormone 
(GH), and 0.6% for thyroid- stimulating hormone (TSH) and α- subunit, 
respectively. Negative immunostaining was reported in 22.5%, while 
plurihormonal adenomas accounted for 2.7% [5].

imaging Studies

The detection of incidental pituitary lesions on imaging depends 
on the modality used, the administration of contrast agents and 

Box 2.3.14.1 Differential diagnosis of pituitary  
incidentalomas

Pituitary adenomas (functioning, non- functioning)
Germ cell tumours (germinoma, dermoid, teratoma)
Gliomas
Craniopharyngioma
Rathke’s cleft cyst
Meningioma
Chordoma
Primary lymphoma
Pituitary carcinoma
Metastasis
Pituitary hyperplasia
Arachnoid cyst
Inflammatory lesions (e.g. sarcoidosis, hypophysitis, histiocytosis X)
Infectious lesions (e.g. abscess, tuberculosis)
Haemorrhage
Aneurysm
Cavernous angioma
Cavernous sinus thrombosis

table 2.3.14.1 Natural history of pituitary incidentalomas

Series Number
of subjects

Size of lesion Follow- up
duration

Outcome

Reincke et al., 1990
[16]

14 ≥1 cm, n = 7
<1 cm, n = 7

Median
22 months

Increase (all with intact visual acuity):
• 14% of those with mass <1 cm
• 29% of those with mass >1 cm
Regression:
• 14% of those with mass <1 cm
• 0% of those with mass >1 cm

Donovan & Corenblum, 1995
[17]

31 >1 cm, n = 16
<1 cm, n = 15

<1 cm
mean 6.7 years
>1 cm
mean 6.1 years

Increase:
• 25% of those with mass >1 cm (one developed visual 

deterioration and was treated surgically)
• 0% of those with mass <1 cm

Nishizawa et al., 1998
[18]

28 >1 cm, n = 28 Mean 5.6 years Increase:
• 7%

Feldkamp et al., 1999
[19]

50 >1 cm, n = 19
<1 cm, n = 31

Mean 2.7 years Increase (none developed visual field defect):
• 3% of those with mass <1 cm
• 26% of those with mass >1 cm
Decrease:
• 3% of those with mass <1 cm
• 5% of those with mass >1 cm

Sanno et al., 2003
[20]

242 – Mean 26.9 months Increase:
• 12.4% (among them, 67% had initial size >1 cm and none had 

shown visual disturbance)
Decrease:
• 12%
No change:
• 74.4%

Day et al., 2005
[21]

46 >1 cm, n = 29
<1 cm, n = 17

Mean 3.2 years Among those not treated surgically or medically at the outset, 
significant tumour growth was seen in:
• 9% of those with mass <1 cm
• 14% of those with mass >1 cm

Arita et al., 2006
[22]

42 <1 cm, n = 5
≥1 cm, n = 37

61.9 months Lesion’s height surpassing 110% of its initial measured height (48% 
had visual deterioration, diplopia, or hypopituitarism):
• 40% of those with mass <1 cm
• 51% of those with mass >1 cm
Apoplexy developed in 9.5% of total group
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the slice thickness used [6] . Pituitary incidentalomas have been 
reported with increasing frequency paralleling the advances in 
imaging techniques and the wider use of brain scans. The preva-
lence of pituitary incidentalomas found by CT ranges from 3.7% 
to 20% and of those found by MRI is 10% [7]. Similar to autopsy 
series, radiological studies on subjects undergoing imaging for 
reasons not related to a pituitary problem have found frequency of 
macroadenomas between 0.16% and 0.20% [2].

Differential Diagnosis

The most common aetiology of pituitary incidentalomas is pitu-
itary adenomas, the majority (>75%) of which are non- functioning 
[8] . Apart from adenomas, the differential diagnosis of pituitary 
incidentaloma is extensive (Box 2.3.14.1).

Diagnostic evaluation

A cost- effective approach is required to exclude potentially harmful 
conditions, as well as to decrease patient anxiety.

Imaging techniques are helpful in the diagnostic evaluation of an 
incidentally found pituitary mass. MRI has been proven to be more 
sensitive than CT for the detection of pituitary adenomas [9] . CT 
is superior in detecting calcifications and is, therefore, helpful for 
the diagnosis of craniopharyngiomas and meningiomas [10]. There 
are no studies providing correlation between MRI and pathological 
features of pituitary masses. Nevertheless, specific MRI features 
of a number of sellar masses (including meningiomas, metastatic 
disease, craniopharyngiomas, Rathke’s cleft cysts, arachnoid cysts, 
hypophysitis, abscess) may be useful in the differentiation from an 
adenoma [11– 13].

Given that the most common lesion in the sellar area is a pitu-
itary adenoma, assessment for hormonal hypersecretion is recom-
mended. This includes clinical evaluation for relevant manifestations 
combined with biochemical screening for hormonal excess:

 a) Prolactin (2– 3 measurements) for prolactinomas.
 b) Insulin- like growth factor- I, which in cases of suspected acro-

megaly could be combined with an oral glucose tolerance test.
 c) 24- hour urine free cortisol and overnight dexamethasone sup-

pression test for Cushing’s disease.
 d) TSH, free T4, and free T3 for TSH- secreting tumour.
 e) FSH, LH, alpha subunit, oestradiol, or testosterone for func-

tioning gonadotroph adenomas.

Smaller incidentalomas (5 mm or less in diameter) do not gener-
ally compromise the pituitary function and routine screening may 
not be necessary; however, evaluation for hypopituitarism is recom-
mended for patients with larger lesions [3] . Assessment for the pres-
ence of diabetes insipidus is suggested particularly when there is 
suspicion of craniopharyngiomas [14] and pituitary metastases [15].

All patients who have a pituitary lesion abutting or compressing 
the optic nerves or chiasm on MRI, should undergo a formal visual 
field (VF) examination [3] .

natural History

The studies on the natural history of pituitary incidentalomas 
are limited. The shortcomings of currently available literature 
include patient heterogeneity, relatively small patient series, and 
lack of prolonged follow- up. Their results including masses of 
various pathologies are summarized in Table 2.3.14.1. Overall, 
the published data suggest that lesions smaller than 1 cm follow 
a benign course. In contrast, masses greater than 1 cm are asso-
ciated with higher risk of enlargement often leading to pressure 
effects and requiring neurosurgical intervention. These data 
are in accord with the reported outcomes of non- operated pre-
sumed non- functioning pituitary adenomas (Table 2.3.14.2 and 
Figure 2.3.14.1). Indeed, a systematic review and meta- analysis 
of 11 cohort studies of significant heterogeneity showed that non- 
functioning pituitary adenomas and incidentalomas which were 
bigger than 1  cm and solid had a greater event rate of tumour 

table 2.3.14.2 Natural history of non- operated presumed non- functioning pituitary adenomas

Series Number
of subjects

Size of lesion Follow- up duration Outcomes

Dekkers et al., 2007 (23) 28 All macroadenomas 85 months Increase: 50% (out of which 64% had worsening visual field defect)
Decrease: 29%
Stable: 21%

Karavitaki et al., 2007 [24] 40 Macroadenoma n = 24
Microadenoma n = 16

Mean 42 months Increase:
• 50% of macroadenomas (67% of them had visual field defects)
• 12.5% of microadenomas
48- month probability of enlargement:
• 44% for macroadenomas
• 19% for microadenomas
Stable:
• 33.3% of macroadenomas
• 81.3% of microadenomas
Decrease:
• 16.7% of macroadenomas
• 6.3% of microadenomas

Lenders et al., 2016 [25] 50 Macroadenoma n = 23
Microadenoma n = 27

Mean 36 months ≥20% increase in volume:
• 39% of macroadenomas
• 7% of microadenomas
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Pituitary mass detected incidentally on imaging

Initial assessment

Clinical evaluation for manifestations of hormonal hypersecretion or of pressure effects (pituitary
hormone deficits, visual deterioration, or other neurological manifestations,

such as headaches, cranial nerve palsies)

Visual perimetry for lesions abutting or compressing optic nerves or optic chiasm

Biochemical assessment for hormonal hyposecretion (hyper-or hyposecretion)

GROUP A

Functioning pituitary adenoma 

Visual fields defects or close proximity to the
optic chiasm or other neurological

manifestations  

Non-adenomatous pituitary mass requiring
intervention (e.g. infections) 

GROUP B

All masses not included in Group A

Treat accordingly

<1 cm >1 cm

MRI at 0.5, 1, 2, 3, 4, 5
years and biochemical
assessment as clinically

indicated 

If enlargement, review
management plan

depending on pressure
effects and proximity to

the optic chiasm 

If became hormonally
active, treat
accordingly 

MRI at 1,2, 5 years and
biochemical assessment
as clinically indicated  

If enlargement, review
management plan

depending on pressure
effects 

If became hormonally
active, treat
accordingly 

Figure 2.3.14.2 Algorithm for the evaluation and management of pituitary incidentalomas.
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Figure 2.3.14.1 Natural history of (a) microadenoma versus (b) macroadenoma.
From Karavitaki N, Collison K, Halliday J, et al. What is the natural history of nonoperated nonfunctioning pituitary adenomas? Endocrinol (Oxf). 2007;  
67:938–943. Reproduced with permission from John Wiley and Sons.
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growth compared to smaller and cystic lesions, albeit the quality 
of evidence was deemed low [26].

It is noteworthy that majority of the reported studies have a 
follow- up period of less than 5 years, a duration which is deemed 
short considering the natural history of pituitary tumours. Hence, 
more studies with longer observation periods are needed to clarify 
the behaviour and outcomes of pituitary incidentalomas.

Despite the rare occurrence of pituitary apoplexy, its risk should 
always be taken into consideration, particularly in patients exposed 
to predisposing factors (e.g. anticoagulation).

The potential of incidentally found adenomas to become hormo-
nally active at a later stage has not been fully elucidated and reliable 
data on the chance of developing relevant endocrinopathy is lacking.

Management

The Endocrine Society Clinical Practice Guideline recommends 
surgery by an experienced pituitary surgeon for patients with 
a pituitary incidentaloma who present with VF deficit or other 
visual abnormalities due to the lesion, lesion abutting, or com-
pressing optic nerves or chiasm on MRI, pituitary apoplexy or 
hypersecreting tumours other than prolactinomas [3] . In cases not 
meeting the aforementioned criteria, conservative management 
with regular follow- up is recommended [3]. As the long- term nat-
ural history of incidentally detected pituitary masses is still unclear, 
the current consensus is largely based on expert opinion [3, 12].

Our proposed algorithm for the initial evaluation and manage-
ment of these lesions is shown in Figure 2.3.14.2. Since the op-
timum duration of imaging surveillance is unknown, decisions on 
monitoring of a mass not showing enlargement 5 years after its de-
tection should be individualized. Finally, cost remains an important 
factor in determining the optimum follow- up strategy of pituitary 
incidentaloma. Randall et al. reported the total cost of endocrine 
tests, imaging, and physician fees incurred during a year of follow- 
up of pituitary incidentaloma to be USD 6215.28 for males and USD 
6061.78 for females. This was expected to account for a conservative 
estimate of nearly USD 7 million on the United States healthcare 
system in year 2005 [27]. It is important to note that this estimate 
does not include expenditure involved during further follow- ups. 
Hence, the cost- effectiveness of the suggested or other approaches 
remains to be elucidated.
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Background

The hypothalamus consists of a dense congregation of nuclei lying 
superior to the pituitary gland and sella turcica, inferior to the thal-
amus, and surrounding the third ventricle, extending from the optic 
chiasm anteriorly to the mammillary bodies posteriorly. Despite its 
small dimensions (approximately the size of an almond in an adult), 
it has numerous axonal projections to the cerebral cortex, brain-
stem, reticular formation, limbic system and autonomic nervous 
system, and is responsible for regulating a wide variety of functions, 
including appetite, metabolism, thirst, circadian rhythms, arousal, 
memory, and behaviour. The ill definition of some of these nuclei, 
and the limited resolution of current neuroradiological techniques, 
means that the circuitry of these various hypothalamic pathways is 
incompletely understood. Hypothalamic gene expression studies 
result in downstream effects on multiple neuronal subtypes, and, 
in some instances, lethality, making it additionally difficult to de-
cipher the role of these various genes in the early development of 
this region [1, 2]. The hypothalamus is the ‘master regulator’ of the 

neuroendocrine system, and damage to or maldevelopment of this 
area can have widespread consequences on a variety of homeostatic 
mechanisms.

Development of the Hypothalamus

Like pituitary development, much of our current understanding of 
hypothalamic development in humans is based on mouse and rat 
models, although they are less well- characterized than that of the 
pituitary (see Chapter 2.3.1) [1, 2]. Additionally, despite several ro-
dent models with hypothalamic gene mutations already described 
in the literature, only two of these genes have thus far been dem-
onstrated to be associated with human hypothalamic disease [3, 4].

The primordium of the hypothalamus and infundibulum originates 
from the ventral diencephalon, and is located posterior to the anterior 
pituitary placode which appears as a localized ectodermal thickening in 
the anterior neural ridge of the developing embryo at mouse embryonic 
day E7.5 [5, 6]. Sonic hedgehog (Shh) signalling has been shown to be 
crucial for the early development of the hypothalamus [7] , and is sub-
sequently downregulated with the concomitant upregulation of bone 
morphogenetic proteins (BMPs) [8], Fgf8, and Fgf10 [1]. The hypothal-
amic primordium itself becomes evident in the rostral part of the neural 
plate at E9.5, and neurogenesis commences at E10, concomitant with 
the expression of the hypothalamic patterning genes Sim1, Arnt2, Otp, 
Nkx2.1, and Nr5a1 which peak at E12– 14 [9]. Neurogenesis is complete 
by E16, but development is only completed in the postnatal period [9].

Sim1 is expressed in the paraventricular (PVN), supraoptic (SON) 
and anterior periventricular nuclei (PeVN) from E10.5 and con-
tinues postnatally. Homozygous mutants demonstrate significant an-
terior hypothalamic hypoplasia and early postnatal death [10]. SIM1 
heterodimerizes with ARNT2, and homozygous Arnt2 knockout 
mice therefore demonstrate a very similar phenotype [11, 12]. Both 
Sim1 and Arnt2 mutants additionally exhibit absent Brn2 expression, 
which encodes a transcription factor required for differentiation of 
corticotrophin- releasing hormone (CRH), arginine vasopressin 
(AVP), and oxytocin (OXT)- producing neurons [1, 2, 11].

The role of other early hypothalamic developmental genes is be-
ginning to be elucidated through other mouse models. Otp null 
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Box 2.4.1.1 Clinical features of the hypothalamic syndrome

Endocrine features
 • Hypopituitarism (especially central diabetes insipidus, central preco-

cious puberty, hypogonadotropic hypogonadism)
 • Hypothalamic obesity
 • Diencephalic syndrome/ hypothalamic anorexia

‘Non- endocrine’ features
 • Temperature dysregulation
 • Sleep dysregulation
 • Behavioural difficulties
 • Memory dysfunction
 • Autonomic dysfunction

mice demonstrate absence of somatostatin, AVP, OXT, CRH, and 
thyrotropin- releasing hormone (TRH), and a failure of Brn2 expres-
sion [13,  14]. Nkx2.1 null mice demonstrate agenesis of Rathke’s 
pouch and the ventromedial (VMN) and arcuate (ARC) nuclei, as 
well as lung and thyroid defects [15]. Nr5a1 null mice demonstrate 
failure of migration of VMN precursors and disorganization of the 
dorsomedial VMN, alongside the well- described defects in pituitary 
gonadotroph development, and agenesis of adrenal and gonadal tissue 
[2, 16, 17]. Double knockout Hmx2– / – / Hmx3– / –  mice demonstrate se-
vere growth hormone- releasing hormone (GHRH) deficiency in the 
ARC and postnatal dwarfism [18]. Sox3, a member of the Sry- related 
high mobility group (HMG) box group of transcription factors, has 
been well- described in association with X- linked congenital hypopitu-
itarism, but is more highly expressed in the developing hypothalamus 
than the anterior pituitary [2] . Changes in SOX3 dosage in humans 
have been described to be associated with not just anterior pituitary 
hypoplasia, but also ectopic posterior pituitary and an absent infun-
dibulum, indicating its role in hypothalamic development [19].

The close association between the developing Rathke’s pouch (the 
prospective anterior pituitary) and the ventral diencephalon (the pro-
spective infundibulum and posterior pituitary) is crucial to the devel-
opment of both the hypothalamus and pituitary gland [1, 20]. As the 
Rathke’s pouch invaginates from the oral ectoderm, the infundibulum 
evaginates from the ventral diencephalon at E10.5 to come into con-
tact with it; this apposition is maintained thereafter throughout de-
velopment [1, 2]. Terminal axonal projections from the prospective 
supraoptic and paraventricular hypothalamic nuclei travel with the 
infundibulum to the developing posterior pituitary, where they ultim-
ately secrete AVP and OXT directly into the peripheral circulation [20]. 
Gonadotrophin- releasing hormone (GnRH) neurons migrate from 
the olfactory placode to the developing hypothalamus, with GnRH 
being expressed in the hypothalamus from E10.5 [1, 2, 21, 22]. This 
is followed by dopamine at E10.5 [23], GHRH at E11 [21, 24], TRH 
at E13 [25, 26], CRH at E13.5 [24, 27], and somatostatin at E17 [28].

Structure of the Mature Human Hypothalamus

The mature adult hypothalamus is a highly neuron- dense area 
measuring about 0.7 cm3 on either side of the third ventricle [29]. 
It is subdivided into the preoptic, anterior, tuberal and mammillary 
regions rostrocaudally, and into the periventricular, medial, and lat-
eral regions mediolaterally [2, 29]. The various nuclei can be struc-
turally classified by their location within the mediolateral divisions 
of the hypothalamus (Table 2.4.1.1).

The hypothalamus is intimately connected to the pituitary gland 
via two routes, both of which are carried by the pituitary stalk (infun-
dibulum). The first of these, the hypothalamo- hypophyseal portal 
vascular system, arising from the superior hypophyseal arteries 
and draining into the vein of Galen, is responsible for transporting 
hypothalamic stimulatory and inhibitory releasing hormones se-
creted by parvocellular neurons to the anterior pituitary where they 
regulate secretion of pituitary hormones into the peripheral circula-
tion. Other parvocellular neurons project to other areas of the brain 
to regulate appetite, metabolism, thirst, circadian rhythms, arousal, 
memory, and behaviour. The second pathway consists of direct 
axonal projections from magnocellular neurons arising from the 
hypothalamic PVN and SON to the posterior pituitary gland, where 

the neurohypophyseal hormones arginine- vasopressin (AVP) and 
oxytocin (OXT) are secreted directly into the peripheral circulation.

clinical Presentations and Management 
of Hypothalamic Dysfunction

See Box 2.4.1.1.

central Diabetes insipidus (cDi)

CDI is the archetypal form of hypothalamo- pituitary endocrine 
dysfunction arising distinctly from the hypothalamus, as a result 

table 2.4.1.1 Hypothalamic nuclei subdivided by their 
mediolateral, rostrocaudal then supero- inferior positions within 
the hypothalamus and their roles in controlling various bodily 
functions

Division Nucleus Role

Periventricular Suprachiasmatic nucleus 
(SCN)

Control of circadian rhythms

Paraventricular nucleus 
(PVN)

Release of TRH, CRH, 
oxytocin, and AVP

Periventricular nucleus 
(PeVN)

Release of somatostatin

Arcuate nucleus (ARC) Release of GHRH and 
dopamine, control of 
appetite

Medial Medial preoptic nucleus 
(MPN)

Release of GnRH, 
thermoregulation

Anterior hypothalamic 
nucleus (AHN)

Thermoregulation

Supraoptic nucleus (SON) Release of AVP and oxytocin

Dorsomedial nucleus 
(DMN)

Control of the autonomic 
system

Ventromedial nucleus 
(VMN)

Control of appetite and 
satiety

Mamillary nucleus Memory

Lateral Preoptic area (POA) Control of thirst

Lateral hypothalamic area 
(LHA)

Control of feeding and 
arousal via release of orexin

Tuberomammillary nucleus 
(TMN)

Control of arousal
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of congenital or acquired AVP neuronal deficiency, dysfunction, or 
damage. The resulting lack of ability to concentrate one’s urine re-
sults in polyuria and polydipsia, which can often lead to patients 
drinking several times their total circulating volume. In most cases, 
where thirst is intact and patients have unrestricted access to fluid, 
plasma sodium concentration and osmolality are normal. True CDI 
must be differentiated from other causes of polyuria and polydipsia, 
such as diabetes mellitus, hypercalcaemia, renal disease, and pri-
mary polydipsia. The latter diagnosis may be difficult to differen-
tiate from partial CDI (where some residual but insufficient AVP 
secretion is retained), and water deprivation tests may not suffi-
ciently dehydrate the baseline hypoosmolar state present in these 
patients to confirm normal urine concentrating ability. Concurrent 
measurement of plasma copeptin, the C- terminal cleavage product 
of AVP secretion, may help with the diagnosis, with concentrations 
of ≥4.9 pmol/ L after water deprivation having a 94% sensitivity and 
96% specificity in determining the diagnosis [30]. In patients with 
multiple pituitary hormone deficiencies, coexistent central adrenal 
insufficiency may mask CDI, as cortisol has a permissive effect on 
free water clearance by suppressing AVP secretion.

Management is by AVP supplementation in the form of 
desmopressin (1- deamino- 8- D- arginine vasopressin, DDAVP), 
which can be administered parenterally, enterally, or intranasally. 
Patients must be allowed free access to water, and careful fluid man-
agement is required whenever this is restricted (e.g. preoperatively). 
Given the distinct hypothalamic locations of AVP neurons (PVN 
and SON) and the thirst centre (POA), the concurrent presence 
of hypothalamic adipsia is rare, and where present, requires that a 
mandatory fluid intake requirement be set. Care is particularly re-
quired when CDI and adrenocorticotrophic hormone (ACTH) defi-
ciency coexist; the management of an adrenal crisis with coexisting 
CDI needs very careful handling of glucocorticoid and DDAVP 
replacement with frequent measurement of electrolytes and other 
biochemical parameters.

Hypogonadotropic Hypogonadism and central 
Precocious Puberty

Unlike other hypothalamic neurons, GnRH- secreting neurons arise 
from outside the hypothalamus in the olfactory placode and mi-
grate along the olfactory nerve, crossing the cribriform plate to 
the olfactory bulbs to settle in their final position in the medial 
preoptic nucleus (MPN) at around the sixth week of gestation [31]. 
Congenital disruption of this process results in hypogonadotropic 
hypogonadism, although the timing of presentation can vary from 
neonatal (micropenis, cryptorchidism) to adulthood (subfertility). 
Some causes of hypothalamo- pituitary endocrine deficits such as 
septo- optic dysplasia and suprasellar tumours can also cause (in 
addition to or in isolation) central precocious puberty (testicular 
volume >4  ml in boys at <9  years of age, breast Tanner stage B2 
in girls at <8 years of age), for reasons that are poorly understood 
[32, 33]. It is worth noting that a history of central precocious pu-
berty in this situation does not preclude the future possibility of 
hypogonadotropic hypogonadism [33]. Treatment for the former 
is by GnRH analogue injections, while the latter is managed with 
gonadal steroid replacement. The use of recombinant β- hCG and/ 
or gonadotrophins, particularly in children, is still untested in high 
quality trials and cannot therefore be currently recommended.

Hypothalamic obesity

Hypothalamic obesity (HyOb) is a syndrome of intractable weight 
gain observed frequently after any hypothalamic damage [34] 
(septo- optic dysplasia, 50%; craniopharyngioma, 77%, low- grade 
glioma, 50%) [33, 35]. Despite having been described over 100 years 
ago, management remains complex and as yet there is no effective 
treatment [36]. Current understanding of the hypothalamic- gut- 
adipose tissue circuitry governing the regulation of appetite and 
metabolism remains incomplete, although with the advent of mo-
lecular genetic techniques and the discovery of leptin in the ob/ ob 
(obese) mouse in 1994 [37] the identification of other peptides in-
volved in this complex network rapidly followed.

Metabolic homeostasis is governed by the balance between 
anorexigens (appetite- suppressing peptides) and orexigens 
(appetite- inducing peptides) which signal to the ARC and VMN 
via afferent pathways [34,  38]. In the fed state, the peripheral 
anorexigenic signals leptin (from adipose tissue) and insulin (from 
pancreatic β cells) signal to these nuclei, alongside the central 
anorexigen brain- derived neurotrophic factor (BDNF) to increase 
the processing of pro- opiomelanocortin (POMC) to α- melanocyte 
stimulating hormone (αMSH) and the synthesis of cocaine-  and 
amphetamine- regulated transcript (CART). αMSH binds to 
melanocortin- 3 (MC3R) and melanocortin- 4 (MC4R) receptors 
in the ARC, VMN, PVN and lateral hypothalamic area (LHA) and 
is modulated by CART. Concurrently, glucagon- like peptide- 1 
(GLP- 1) and peptide YY (PYY) are secreted by the gastrointestinal 
tract and bind to receptors in the PVN and on orexigenic neurons 
to increase the output of the efferent anorexigenic pathway while 
suppressing orexigenic output, respectively. Efferent neurons from 
the PVN and LHA then signal to the locus coeruleus and nucleus 
tractus solitarius via signalling peptides OXT and nesfatin- 1 to in-
crease sympathetic nervous system output and limit meal size (via 
the potentiation of the effect of cholecystokinin) [39– 41]. This then 
leads to increased energy expenditure, including increased lipolysis 
and glucose metabolism, thereby closing the feedback loop.

Conversely, in the fasted state, the key peripheral orexigen 
ghrelin is secreted by the stomach and bind to receptors in the 
ARC and VMN [34,  38]. This leads to increased secretion of the 
central orexigens neuropeptide Y (NPY) and agouti- related peptide 
(AgRP), which in turn inhibit the POMC/ CART pathway. This re-
duces MC3R and MC4R occupancy in the PVN and LHA, which 
project efferent neurons to the dorsal motor nucleus of the vagus 
nerve to increase anabolic processes, including lipogenesis, peri-
stalsis, nutrient absorption, and insulin secretion, once again coun-
terbalancing the effects of starvation.

The complexity and redundancy of the various circuits in this 
network means that the development of targeted treatments for 
HyOb has proven difficult. Patients with HyOb have classically been 
described to be hyperphagic, but food intake diary studies in these 
patients have suggested that the number of calories consumed is 
no different to that of BMI- matched controls [42]. In children with 
HyOb, parents’ perceptions of the degree of hyperphagia are also 
not significantly different from BMI- matched controls (unpublished 
data). In Prader– Willi syndrome, the archetypal genetic HyOb dis-
order, weight gain usually precedes hyperphagia by months to years 
[43]. Taken together, these data suggest that HyOb is not primarily 
driven by an increase in appetite and caloric intake, and instead is 
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a disorder of energy expenditure. Indeed, the basal metabolic rate 
and degree of physical activity is reduced in HyOb [42, 44] but the 
mechanisms behind this are incompletely understood, with one 
study showing reduced urinary catecholamine secretion [45], while 
another showed no significant differences [46].

Thus far, treatments which have been used for HyOb have in-
cluded pancreatic vagotomy [47], dextroamphetamine [48], 
supraphysiological doses of triiodothyronine [49], octreotide 
[50], sibutramine [51], caffeine and ephedrine [52], diazoxide and 
metformin [53], and liraglutide [54]. None of these studies have 
demonstrated long- term sustainability of weight loss or even weight 
maintenance in a large cohort of individuals with HyOb. In some 
cases (sibutramine and triiodothyronine), treatment can be associ-
ated with unwanted side effects. Bariatric surgery has been shown 
to be capable of inducing significant amount of weight loss, poten-
tially by concurrently resetting the hypothalamic- gut axis, but such 
intervention should not be taken lightly in patients with multiple 
comorbidities particularly from hypopituitarism [55].

Syndromes of emaciation

The Diencephalic Syndrome

Hypothalamic dysfunction can conversely present with syndromes 
of emaciation, the most well- described of which is the dienceph-
alic syndrome [56]. This rare syndrome is typically seen in infants 
younger than 2 years of age as a presenting feature of a hypothalamic 
tumour, having been described most commonly in hypothalamic 
low- grade gliomas (<10%) [33,  57], but also high- grade gliomas 
[58], craniopharyngiomas [59], germinomas [60], teratomas [61], 
ependymomas [62], epidermoid cysts [63], and even in tumours 
away from the suprasellar region such as brainstem gliomas [64]. 
The original description of diencephalic syndrome defined four 
‘major’ criteria:  profound emaciation, preserved (or accelerated) 
linear growth, hyperactivity, and euphoria, and three ‘minor’ cri-
teria:  pallor without anaemia, hypoglycaemia, and hypertension 
[56]. Other features include nystagmus, papilloedema, optic at-
rophy, vomiting, ataxia, sweatiness, and tremulousness. Endocrine 
biochemical findings include high random plasma growth hormone 
(GH) concentrations with low- normal IGF- 1 concentrations, the 
former not being suppressed by an oral glucose tolerance test, in-
creased ghrelin, and reduced insulin and leptin [65– 67]. The resting 
energy expenditure is increased [68]. Without treatment, the out-
come is universally fatal, but with modern chemotherapy and mo-
lecular therapy techniques, weight is often regained, with a rapid 
disappearance of presenting clinical features [69]. Patients may 
eventually land up having HyOb [68].

Hypothalamic Anorexia

It is worth noting that anorexia is frequently reported in patients 
with hypothalamic space- occupying lesions, and due to the vague-
ness of the symptom, this may result in a delay in diagnosis by several 
years [70]. Central nervous system tumours outside the suprasellar 
region can also present with anorexia, alluding to our incomplete 
understanding of the neuroendocrine circuitry which governs 
appetite and the role of inflammatory cytokines (e.g. tumour ne-
crosis factor- α (TNFα), interleukin- 1 (IL- 1), interleukin- 6 (IL- 6) 
and interferon- γ (IFNγ)) on these circuits [71– 73]. Differentiating 
hypothalamic anorexia from anorexia nervosa may be difficult, par-
ticularly in the adolescent female patient presenting additionally 

with primary or secondary amenorrhoea which may be the result 
of organic hypogonadotropic hypogonadism [74]. Anorexia due to 
hypothalamic lesions usually resolves with treatment, while true an-
orexia nervosa should fulfil International Classification of Diseases 
criteria for diagnosis [75]. A full auxological, pubertal, and endo-
crine biochemical and radiological assessment should be performed 
to exclude neuroendocrine disease, particularly in male patients.

‘non- endocrine’ clinical Presentations of 
Hypothalamic Dysfunction

‘Non- endocrine’ clinical manifestations of hypothalamic dysfunc-
tion include temperature and sleep dysregulation, behavioural, 
memory and learning difficulties, and autonomic dysfunction. The 
exact prevalence and severity of these disorders as a consequence 
of hypothalamic dysfunction in the paediatric population is un-
known, due to the fact that these clinical conditions are difficult 
to diagnose and grade in childhood. Accurate clinical diagnostic 
tools (e.g. neuroimaging techniques and biomarkers) are lacking 
and young children are mostly unable to accurately self- report 
these symptoms. The management of the ‘non- endocrine’ clinical 
manifestations of hypothalamic dysfunction is difficult and re-
quires multidisciplinary approach. At present, aetiological treat-
ments are lacking for these disorders and the management strategy 
mainly consists of supportive care and symptomatic management 
in specialized centres. A detailed description of these disorders and 
their management is outside the scope of this chapter. The following 
sections contain a summary of the role of the hypothalamus in tem-
perature, sleep, behaviour, memory, and autonomic regulation and 
explains the pathophysiological basis of these disorders.

Temperature Dysregulation

Thermoregulation is an example of integrative functioning of the 
human hypothalamus requiring a combination of autonomic and 
behavioural responses as well as endocrine functions. The MPN of 
the hypothalamus is the key structure for integrating thermal inputs 
from the skin and from thermo- sensitive neurons within the brain, 
such as neurons in the preoptic regions. The spinal cord contains 
warm and cold- sensing neurons projecting to the para- brachial nu-
cleus of the pons, the relay station for transferring visceral sensory 
information from the spinal and cranial nerves to the hypothalamus 
and from the latter to the autonomic reflex and motor cell groups. 
Experimental studies in rabbits have shown reversible temperature 
dysregulation after acute hypothalamic compression and decom-
pression [76]. Clinical observations on patients after operations 
on suprasellar tumours showed similar results, with the degree of 
temperature dysregulation correlating with the degree of hypo-
thalamic compression [76]. In patients with cerebral trauma and 
intracranial haemorrhage, temperature studies showed significant 
differences between surviving and non- surviving patients, and di-
encephalic syndrome seemed relevant to clinical deterioration [76]. 
Hypothalamic dysfunction can be associated both with hyper-  and 
hypothermia, with the first finding being more commonly docu-
mented in children [77].

Sleep Dysregulation

Sleep is one of the most highly conserved physiological pro-
cesses in mammals, but its actual function is as yet incompletely 
understood. Circadian rhythm of sleep- wakefulness is controlled 
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by the master clock located in the SCN. Several hypothalamic 
circuits for sleep and wakefulness have been discovered over 
the last 30 years. In particular, neurons in the posterior part of 
the hypothalamus have been shown to promote wakefulness, 
with different cellular types being extensively connected to the 
cerebral cortex by direct excitatory projections. Additionally, 
arousal- promoting neurons in the brainstem all pass through the 
lateral hypothalamus and project directly to the cerebral cortex. 
Conversely, sleep- promoting neurons have been identified in the 
ventrolateral POA and MPN.

Sleep homeostasis is regulated by a number of neurochemicals, 
with the hypothalamic neuropeptides hypocretin (HCRT, or 
orexin) A and B playing a crucial role [78]. HCRT neurons are 
found exclusively in the posterior lateral hypothalamus. Their 
signalling is strongly associated with wakefulness and it has been 
suggested that HCRT neuronal degeneration may cause narco-
lepsy [78, 79]. In addition to HCRT, melanin concentrating hor-
mone (MCH)- producing neurons in the LHA are also implicated 
in the regulation of sleep/ wakefulness. In contrast to HCRT, 
MCH neurons are active during sleep but become silent during 
wakefulness [79].

Sleep disorders have been associated with damage in the 
hypothalamo- pituitary area in children with brain tumours, regard-
less of the treatment received, with the primary determinant being 
the area of the brain that was damaged [80]. Sleep disruption is as-
sociated with substantial adverse short-  and long- term health con-
sequences, and has been shown to increase the risk of obesity and 
metabolic dysfunction [81, 82]. Hence, in children and adolescents 
with hypothalamic dysfunction, sleep disruption is likely to greatly 
impact on their health- related quality of life and to contribute to 
their increased mortality.

Behavioural Difficulties

The hypothalamic control of behaviour is complex. Specific hypo-
thalamic centres and circuits regulate sexual behaviour, aggressive-
ness, and feeding behaviour [83]. Sexually dimorphic neurons in 
the ventromedial hypothalamus are known to govern mating in 
both sexes and aggression in males [84]. LHA HCRT neurons play 
a role in reward- seeking and addiction [85]. OXT is considered a 
‘social neuropeptide’, as it is involved in bonding, attachment, and 
other complex social behaviours that are essential for effective social 
interactions. The concentration of plasma OXT is abnormal in aut-
istic spectrum disorders (ASD) and this abnormality is linked to 
dysregulation of OXT signalling pathways [86]. Studies have also 
suggested that polymorphisms of the OXT receptor contribute to 
oxytocinergic dysfunction in ASD [87]. Functional and anatomical 
differences in the hypothalamus of ASD patients have been postu-
lated to reflect abnormal oxytocinergic modulatory mechanisms 
[88, 89].

Memory Dysfunction

The hypothalamus is part of the limbic system and, together with 
the hippocampus, the amygdala, and several other brain areas 
nearby, is responsible for the formation of memories. Cellular ac-
tivation of hypothalamic Hcrt neurons facilitates short- term spatial 
memory in mice [90]. Discrete populations of neurons within the 
hypothalamus (as well as the amygdala and the lateral septum) are 

specifically activated by auditory fear conditioning and may be dir-
ectly involved in fear learning and memory [91]. Social memory 
deficits are associated with reduced OXT levels in the hypothalamus 
of mice [92].

Memory and learning difficulties are described in patients 
with hypothalamo- pituitary lesions from various aetiologies. 
Memory deficits and difficulties in the retrieval of learned infor-
mation have been documented in children after surgical treatment 
of craniopharyngioma [93]. Similarly, individuals with a history 
of treated craniopharyngioma self- reported a high prevalence of 
problems in everyday memory and cognition [94]. Finally, patients 
with hypothalamic hamartoma also display deficits in a broad range 
of cognitive functions, including visual and verbal learning and 
memory [95].

Autonomic Dysfunction

The hypothalamus controls the autonomic nervous system via a set 
of neurons that, from the PVN, LHA, and ARC, directly innervate 
both the parasympathetic and sympathetic preganglionic neurons 
and various cell groups in the brainstem. The PVN has emerged 
as one of the most important autonomic control centres in the 
brain and it has been proposed as a potential target for integrative 
treatment of autonomic dysfunction [96]. Disrupted hypothal-
amic functional connectivity has been documented in patients with 
Parkinson’s disease and autonomic dysfunction [97]. Autonomic 
dysregulation is one the clinical features of a syndrome associated 
with hypothalamic dysfunction, so called ROHHAD (rapid- onset 
obesity, hypothalamic dysfunction, hypoventilation, autonomic 
dysregulation). In a case series of 15 patients with ROHHAD syn-
drome, symptoms of autonomic dysregulation were consistently 
identified in all patients, with ophthalmologic manifestations being 
the most frequent (86%), followed by gastrointestinal dysmotility 
(66%) [98].

congenital causes of Hypothalamic Dysfunction

Monogenic ‘non- Syndromic’ Hypothalamic 
obesity Syndromes

The advent of the molecular genetic era has led to the discovery of 
several monogenic obesity syndromes involving mutations in genes 
encoding the various peptides participating in the hypothalamic- 
gut- adipose tissue circuitry regulating appetite and metabolism, 
as well as their receptors. The first of these to be discovered, con-
genital leptin deficiency, confirmed the equivalent phenotype of 
the ob/ ob (obese) mouse in humans [99] with subcutaneous re-
combinant leptin replacement therapy being curative [100]. Since 
then, other monogenic causes of obesity in humans have been de-
scribed (Table  2.4.1.2), all of which are characterized by marked 
hyperphagia. Although these forms of obesity have often been de-
scribed as ‘non- syndromic’, additional phenotypic features are often 
observed.

Syndromic Forms of Hypothalamic obesity

Syndromic obesity is defined as the presence of obesity along with 
characteristic additional pleiotropic clinical features such as devel-
opmental delay, dysmorphism, and other congenital abnormalities. 
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A  recent systematic review by Kaur et  al. (2017) [115] identified 
79 unique obesity syndromes in the published literature, of which 
only 19 had been fully genetically elucidated. In the vast majority 
of these, the biological mechanisms linking the specific mutation 
with obesity remain unknown. In some, contiguous gene deletions 
result in disruption of the hypothalamic- gut appetite- regulating 
circuit due to disruption of anorexigenic signalling (Table 2.4.1.2) 
[112,  114]. Two syndromes where hypothalamic dysfunction 
is known to play a major role in obesity are Prader– Willi syn-
drome and rapid- onset obesity, hypothalamic dysfunction, hypo-
ventilation, autonomic dysregulation, and neural crest tumour 
(ROHHADNET) syndrome.

Prader– Willi Syndrome

Prader– Willi Syndrome is a contiguous gene deletion syndrome 
involving the paternal copies of several imprinted genes within the 
15q11– 13 region (SNRPN, NDN, MAGEL2, MKRN3, SNORD116), 
with a birth incidence of 1 in 30 000 [116, 117]. The deletion can 
either arise directly (75%), via maternal uniparental disomy (25%), 
or through an imprinting defect (<1%). Phenotypically, infants are 
born with profound hypotonia and diminished swallowing and 
sucking reflexes, resulting in the need for nutritional support in 
the first year of life. Dysmorphic features gradually become more 
apparent— a narrow bifrontal diameter, almond- shaped, upslanted 
eyes, strabismus, hypopigmentation, and full cheeks. Hypothalamic 
dysfunction manifests as GH deficiency, hypogonadotropic hypo-
gonadism, central hypoadrenalism, early onset weight gain (from 
a median age of 2 years), and marked hyperphagia (from a median 
age of 4.5 years), the latter leading to parents often needing to lock 

fridges and cupboards at night to prevent nocturnal foraging [43, 
118, 119]. Intellectual impairment and self- mutilation in the form 
of skin picking manifests later in adolescence and adulthood [120]. 
Management includes treatment with GH, not just to improve linear 
growth but also to improve body composition and hypotonia [121].

ROHHADNET

ROHHADNET syndrome was first described by Ize- Ludlow et al. 
(2007) [98]. The genetic cause of this extremely rare disorder re-
mains unknown despite extensive study, and diagnosis remains clin-
ical, with obesity and hypoventilation being the core features. Apart 
from early- onset obesity, all forms of hypopituitarism (particularly 
CDI or the syndrome of inappropriate antidiuretic hormone secre-
tion (SIADH)) have been observed. Hypoventilation is both central 
and peripheral in aetiology and often requires respiratory support. 
Autonomic dysfunction manifests as ophthalmological symp-
toms, temperature dysregulation, gastrointestinal dysmotility, and 
hypoalgesia. A proportion of patients will have tumours of neural 
crest origin such as ganglioneuroblastoma and ganglioneuroma 
[122,  123]. Mortality is high, and usually from cardiorespiratory 
failure, with no cases reported beyond the age of 18 years.

Septo- optic Dysplasia (SoD)

SOD is a rare disorder of development of the forebrain, eye and pi-
tuitary gland occurring in about 1 in every 10 000 births [124]. Its 
aetiology is multifactorial, and although single gene mutations in 
a variety of hypothalamo- pituitary transcription factors have been 
identified (e.g. HESX1, FGF8, TCF7L1, PROKR2) [125– 129] in 
the majority of cases no single causative factor can be found. The 

table 2.4.1.2 Monogenic non- syndromic causes of hypothalamic obesity. αMSH, α- melanocyte stimulating hormone; ACTH, 
adrenocorticotrophic hormone; GH, growth hormone

Gene Inheritance Primary mechanism Other clinical features

SIM1 [101, 102] Dominant/ heterozygous 
de novo

Disrupted hypothalamic 
development

Hypogonadotropic hypogonadism, facial dysmorphisms, 
behavioural difficulties, ‘Prader– Willi syndrome’- like 
phenotype

Leptin (LEP) [99] Recessive Leptin (anorexigen) deficiency Hypogonadotropic hypogonadism

Leptin receptor
(LEPR) [103]

Recessive Leptin resistance GH deficiency, central hypothyroidism, hypogonadotropic 
hypogonadism

Pro- opiomelanocortin 
(POMC) [104, 105]

Recessive POMC (αMSH (anorexigen) 
precursor) deficiency

ACTH deficiency, red hair, pale skin (GH deficiency, central 
hypothyroidism, hypogonadotropic hypogonadism)

Prohormone convertase 1 
(PCSK1) [106, 107]

Recessive Failure of cleavage of POMC to 
αMSH and ACTH (and other 
prohormones)

GH/ ACTH deficiency, hypogonadotropic hypogonadism, 
impaired glucose tolerance/ diabetes mellitus, diabetes 
insipidus, postprandial hypoglycaemia, malabsorptive 
diarrhoea

Melanocortin 4 receptor 
(MC4R) [108, 109]

Dominant/ recessive αMSH resistance

Melanocortin 3 receptor 
(MC3R) [110]

Dominant (heterozygous 
de novo)

αMSH resistance

Cocaine- amphetamine- 
regulated transcript (CARTPT) 
[111]

Dominant CART (anorexigen) deficiency

Brain- derived neurotrophic 
factor (BDNF) [112]

Dominant (heterozygous 
de novo)

BDNF (anorexigen) deficiency Only described as part of 11p13– 14 contiguous gene deletion 
WAGRO syndrome (Wilms’ tumour, aniridia, genitourinary 
abnormalities, cognitive disability, obesity)

Tyrosine receptor kinase B 
(NTRK2) [113]

Dominant (heterozygous 
de novo)

BDNF resistance Developmental delay

SH2B adaptor protein 1 
(SH2B1) [114]

Dominant (heterozygous 
de novo)

Disruption of insulin/ leptin 
(anorexigen) signalling

As part of 16p11.2 contiguous gene deletion syndrome, 
associated with developmental delay
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diagnosis is made in the presence of at least two components of 
the triad of optic nerve hypoplasia, midline forebrain defects (e.g. 
agenesis of the corpus callosum, absent septum pellucidum), and 
hypopituitarism [130]. Although the latter is not always present, 
abnormal pituitary imaging (e.g. anterior pituitary hypoplasia, ec-
topic posterior pituitary, absent infundibulum) is a risk factor [131] 
and endocrinopathies may evolve over time necessitating long- term 
follow- up [130]. GH deficiency is the commonest endocrinopathy 
observed, followed by thyroid- stimulating hormone (TSH) and 
ACTH deficiencies. Gonadotrophin secretion may remain intact, 
or patients may conversely present with central precocious puberty 
suggesting a degree of hypothalamic dysfunction.

Holoprosencephaly

Holoprosencephaly arises due to a developmental defect in the sep-
aration of the forebrain resulting in a spectrum of abnormalities 
from failure of division of the cerebral hemispheres to agenesis of 
the corpus callosum. It has an incidence of 1 in 10 000 to 20 000 

in the general population [132, 133] and is associated with a wide 
variety of genetic mutations (e.g. SHH, PTCH1, GLI2, FGF8) and 
cytogenetic abnormalities [132,  134]. It can be associated with a 
variety of midline facial defects including cyclopia, anophthalmia, 
midfacial hypoplasia, hypotelorism, cleft lip and/ or palate, and a 
single central incisor. Hypothalamic dysfunction most commonly 
manifests as CDI, but anterior hypothalamo- pituitary hormone de-
ficiencies have also been reported [127, 132].

Kallmann Syndrome and congenital 
Hypogonadotropic Hypogonadism

See Table 2.4.1.3. Given their developmental origins, defects in 
GnRH neuron formation or migration can therefore be expected 
to also affect the function of olfactory neurons, leading to the com-
bination of congenital hypogonadotropic hypogonadism and an-
osmia, otherwise known as Kallmann syndrome. Numerous genes 
have been implicated in this condition, including ANOS1 (previ-
ously KAL1, causing the X- linked form), FGFR1, FGF8, PROK2, 

table 2.4.1.3 Genes associated with Kallmann syndrome and hypogonadotropic hypogonadism

Gene Inheritance Clinical features

ANOS1 (previously KAL1) X- linked recessive Kallmann syndrome, unilateral renal agenesis, synkinesis

FGFR1 Autosomal dominant, variable 
penetrance

Kallmann syndrome, normosmic hypogonadotropic hypogonadism, cleft lip/ palate, 
abnormalities of corpus callosum, limb/ digital abnormalities, dental anomalies

FGF8 Autosomal dominant/ recessive Kallmann syndrome, normosmic hypogonadotropic hypogonadism, cleft lip/ palate, 
camptodactyly, holoprosencephaly

FGF17 Haploinsufficiency, possibly digenic Kallmann syndrome, normosmic hypogonadotropic hypogonadism

IL17RD Haploinsufficiency, possibly digenic Kallmann syndrome, hearing loss

DUSP6 Haploinsufficiency, possibly digenic Kallmann syndrome

PROK2 Autosomal dominant/ recessive Kallmann syndrome, obesity, normosmic hypogonadotropic hypogonadism

PROKR2 Autosomal dominant/ recessive Kallmann syndrome, normosmic hypogonadotropic hypogonadism

CHD7 Autosomal dominant Kallmann syndrome, normosmic hypogonadotropic hypogonadism, hearing loss, CHARGE 
association (coloboma, heart defects, atresia choanae, retardation of growth, genitourinary 
abnormalities, ear abnormalities)

HS6ST1 Autosomal dominant/ recessive Kallmann syndrome, normosmic hypogonadotropic hypogonadism

WDR11 Autosomal dominant Kallmann syndrome

SEMA3A Autosomal dominant Kallmann syndrome

SEMA3E Autosomal dominant Kallmann syndrome

SOX10 Autosomal dominant Kallmann syndrome, Waardenburg syndrome (deafness, skin/ hair/ iris hypopigmentation), 
hearing loss, learning difficulties

FEZF1 Autosomal recessive Kallmann syndrome

SPRY4 Haploinsufficiency, possibly digenic Kallmann syndrome

FLRT3 Haploinsufficiency, possibly digenic Kallmann syndrome

NELF Haploinsufficiency, possibly digenic Kallmann syndrome

CCDC141 Biallelic Kallmann syndrome

GNRH1 Autosomal recessive Normosmic hypogonadotropic hypogonadism

GNRHR Autosomal recessive Normosmic hypogonadotropic hypogonadism

KISS1 Autosomal recessive Normosmic hypogonadotropic hypogonadism

KISS1R (previously 
GPR54)

Autosomal recessive Normosmic hypogonadotropic hypogonadism

LEP Autosomal recessive Normosmic hypogonadotropic hypogonadism, obesity

LEPR Autosomal recessive Normosmic hypogonadotropic hypogonadism, obesity

TAC3 Autosomal recessive Normosmic hypogonadotropic hypogonadism

TAC3R Autosomal recessive Normosmic hypogonadotropic hypogonadism



Section 2 Pituitary and Hypothalamic Diseases284

PROKR2, CHD7, HS6ST1, WDR11, SEMA3A, SOX10, and FEZF1 
[135, 136]. A proportion of patients with these mutations will have 
isolated hypogonadotropic hypogonadism without anosmia, al-
though this is more usually associated with a different subset of mu-
tations defining gonadotroph development and function, including 
GNRH1, GNRHR, KISS1, KISS1R, LEP, and LEPR [136].

Patients may present in the neonatal period with micropenis 
and cryptorchidism in males, and delayed or arrested puberty 
and subfertility in adolescence and adulthood. Other features as-
sociated with specific mutations may also be present, including 
synkinesis and renal agenesis (ANOS1), coloboma, heart defects, 
choanal atresia, retardation of growth, genitourinary defects and 
ear abnormalities (the CHARGE association, CHD7) or marked 
obesity (LEP, LEPR, PROK2). A number of other syndromes asso-
ciated with hypothalamic dysfunction may also be associated with 
hypogonadotropic hypogonadism. These include Prader– Willi syn-
drome, Warburg Micro syndrome, and 4H syndrome. Treatment 
involves sex steroid supplementation (not just for puberty but 
also bone mineralization) and induction of fertility (with pulsatile 
GnRH or hCG and FSH) [136].

congenital central Diabetes insipidus (cDi)

Congenital CDI is rare, and is usually found in combination with 
other hypothalamo- pituitary hormone deficits such as SOD or 
holoprosencephaly. Isolated congenital CDI is usually due to muta-
tions in the AVP preprohormone gene, AVP- NPII, and is inherited 
in an autosomal dominant manner [137]. Interestingly, although 
the genetic mutation is present from birth, CDI usually presents 
after the neonatal period, suggesting that it results in progressive 
degeneration of AVP neurons via a dominant negative effect [138]. 
In the Wolfram (DIDMOAD) syndrome, mutations in WFS1 result 
not just in CDI but also diabetes mellitus, optic atrophy, sensori-
neural deafness, and progressive neurodegeneration [139].

other Genetic causes of Hypothalamic Dysfunction

ARNT2

ARNT2 mutations were first described in a highly consanguin-
eous family with six children with postnatal microcephaly, 
frontotemporal lobe hypoplasia, hypopituitarism, central diabetes 
insipidus, seizures, global developmental delay, severe visual im-
pairment, and congenital renal tract abnormalities including 
hydronephrosis, vesicoureteric reflux and neurogenic bladder [3] . 
Homozygosity mapping and whole exome sequencing revealed a 
homozygous frameshift mutation in ARNT2 (c.1373_ 1374dupTC), 
a gene encoding a basic helix- loop- helix transcription factor which 
is expressed in the developing hypothalamus, pituitary, thalamus, 
retina, lung, stomach, and renal tubules in the human embryo. 
Patients with the mutation exhibited markedly reduced ARNT2 
mRNA and ARNT2 protein, confirming the mutation as function-
ally deleterious, and extending the spectrum of ARNT2 mutation- 
related phenotypes from that of the Arnt2 knockout mouse to 
include renal tract and visual anomalies.

Acquired causes of Hypothalamic Dysfunction

Acquired causes of hypothalamic dysfunction are covered exten-
sively in Chapters 2.4.2– 2.4.4. The manifestations of hypothalamic 

dysfunction are similar to that of congenital causes, although the 
resolution of current neuroimaging techniques precludes our 
ability to predict the risk of developing clinically apparent disease 
based on the degree or location of structural damage to the region. 
Certain acquired causes of hypothalamic dysfunction tend to pre-
sent with particular endocrinopathies, for reasons which are not 
completely understood. For instance, germinomas, Langerhans cell 
histiocytosis, granulomatous diseases, and lymphocytic hypophysitis 
all have a predilection for the infundibulum and therefore present 
with CDI. Similarly, hypothalamic hamartomas often present with 
central precocious puberty. Over time, however, multiple pituitary 
hormone deficiencies often ensue, with the concurrent risk of the 
hypothalamic syndrome in many of these patients. Given the lack 
of optimal treatments for many of the ‘non- endocrine’ aspects of the 
hypothalamic syndrome, there is increasing recognition of the need 
to avoid hypothalamic damage in the first instance in the treatment 
of these acquired causes as far as possible, such as by limiting the 
extent of neurosurgical resection of hypothalamic tumours.

conclusion

Hypothalamic dysfunction is rare in childhood, but it is associ-
ated with significant morbidity and mortality. Given the variety of 
neuroendocrine functions displayed by the hypothalamus, it is not 
surprising that hypothalamic dysfunction can present with a wide 
range of clinical manifestations including endocrine disorders, tem-
perature, and sleep dysregulation, behavioural and learning diffi-
culties, memory deficits, and autonomic dysfunction. The diagnosis 
of hypothalamic dysfunction is challenged by the lack of accurate 
diagnostic tools for this condition. Targeted treatment for hypo-
thalamic obesity and the ‘non- endocrine’ clinical manifestations 
of hypothalamic dysfunction has proven difficult and supportive 
care and symptomatic management are the only strategies currently 
available for these patients.
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epidemiology

Craniopharyngiomas are rare tumours with a reported incidence of 
0.13 cases per 100 000 person- years. They account for 2– 5% of all 
the primary intracranial neoplasms and 5.6– 15% of the intracra-
nial tumours in childhood populations, in which they are the com-
monest lesion involving the hypothalamo- pituitary region. They 
may be detected at any age, even in the pre-  and neonatal periods 
and almost half of the total cases have been described in adults. 
They show a bimodal age distribution with peak incidence rates in 
children of 5– 14 and adults of 50– 74 years old [1] .

Pathology and Pathogenesis

Craniopharyngiomas are epithelial tumours arising along the path 
of the craniopharyngeal duct (the canal connecting the stomodeal 
ectoderm with the evaginated Rathke’s pouch). Based on the World 
Health Organization (WHO) classification, they are grade I  tu-
mours. Rare cases of malignant transformation (possibly triggered 
by previous irradiation) have been described. Two main patho-
logical subtypes have been reported:  the adamantinomatous and 
the papillary, but transitional or mixed forms have also been de-
scribed [1, 2].

The adamantinomatous type is the most common subtype and may 
occur at all ages. Macroscopically they have cystic and/ or solid compo-
nents, necrotic debris, fibrous tissue, and calcification. The cysts may 
be multiloculated and contain liquid ranging from ‘machinery oil’ to 
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shimmering cholesterol- laden fluid consisting of desquamated squa-
mous epithelial cells, rich in membrane lipids and cytoskeleton keratin. 
They tend to have sharp and irregular margins, often merging into a 
peripheral zone of dense reactive gliosis, with abundant Rosenthal fibre 
formation (consisting of irregular masses of granular deposits within 
astrocytic processes) in the surrounding brain tissue and the vascular 
structures. The epithelium of the adamantinomatous type is composed 
of three layers of cells: a distinct palisaded basal layer of small cells with 
darkly staining nuclei and little cytoplasm (somewhat resembling the 
basal cells of the epidermis of the skin), an intermediate layer of vari-
able thickness composed of loose aggregates of stellate cells (termed 
stellate reticulum), whose processes traverse empty intercellular spaces 
and a top layer facing into the cyst lumen with abruptly enlarged, flat-
tened and keratinized to flat plate- like squamous cells (Figure 2.4.2.1). 
The flat squames are desquamated singly or in distinctive stacked clus-
ters and form nodules of ‘wet’ keratin, which are often heavily calcified 
and appear grossly as white flecks. The keratinous debris may elicit an 
inflammatory and foreign body giant cell reaction. The presence of the 
typical adamantinomatous epithelium or of the ‘wet’ keratin alone are 
diagnostic, whereas features only suggestive of the diagnosis in small 
or non- representative specimens include fibrohistiocytic reaction, nec-
rotic debris, calcification, and cholesterol clefts [1] .

The papillary variety has been almost exclusively described in 
adult populations (accounts for 14– 50% of the adult cases and for 
up to 2% of the paediatric ones). Calcification is rare and the cyst 
content is usually viscous and yellow. It is generally well circum-
scribed and infiltration of adjacent brain tissue by neoplastic epithe-
lium is less frequent than in the adamantinomatous type. It consists 
of mature squamous epithelium forming pseudopapillae and of an 
anastomosing fibrovascular stroma without the presence of per-
ipheral palisading of cells or stellate reticulin (Figure 2.4.2.2). The 
differential diagnosis between a papillary craniopharyngioma and 
a Rathke’s cleft cyst may be difficult, particularly in small biopsy 
specimens, as the epithelial lining of the Rathke’s cysts may undergo 
squamous differentiation; however, the lack of a solid component 

and the presence of extensive ciliation and/ or mucin production are 
suggestive of Rathke’s [1, 2].

Although the pathogenesis of craniopharyngiomas has not been 
fully elucidated, our understanding on this field has increased sig-
nificantly in the recent years. Β- catenin gene mutations have been 
identified in the adamantinomatous subtype affecting exon 3 which 
encodes the degradation targeting box of β- catenin; the mutant 
form is resistant to degradation leading to accumulation of nuclear 
β- catenin protein (a transcriptional activator of the Wnt signal-
ling pathway). Furthermore, strong β- catenin expression has been 
shown in the adamantinomatous subtype indicating re- activation 
of the Wnt signalling pathway and subsequent de- regulation of 
several downstream pathways [3– 5]. A  number of studies using 
whole exome sequencing, next- generation panel sequencing, 
pyrosequencing and Sanger sequencing have shown the presence 
of activating mutations in BRAF (V600E) in the papillary subtype; 
the prevalence varies according to the sequencing method between 
81% and 100% [4] . It has also been suggested that the two patho-
logical subtypes have different epigenomic and transcriptomic sig-
natures and that the cell clusters in the adamantinomatous subtype 
may have a functional role in the promotion of tumour invasion [4].

Location/ imaging

Most of the craniopharyngiomas are located in the sellar/ parasellar 
region. The majority (94– 95%) has a suprasellar component (purely 
suprasellar 20– 41%/ both supra-  and intrasellar 53– 75%), whereas 
the purely intrasellar ones represent the least common variety (5– 
6%. Other rare locations include the nasopharynx, the paranasal 
area, the sphenoid bone, the ethmoid sinus, the intrachiasmatic 
area, the temporal lobe, the pineal gland, the posterior cranial fossa, 
the cerebellopontine angle, the midportion of the midbrain or com-
pletely within the third ventricle [1, 6].

Figure 2.4.2.1 Adamantinomatous craniopharyngioma. The 
epithelium consists of a palisaded basal layer of cells (arrowhead), an 
intermediate stellate reticulum, and a layer of flattened, keratinized 
squamous cells. Nodules of ‘wet’ keratin (arrow) are also shown.
Reproduced with permission from Karavitaki N, Cudlip S, Adams CBT, Wass JAH. 
Craniopharyngiomas. Endocr Rev. 2006 Jun;27(4):371– 97. Copyright © 2006, Oxford 
University Press.

Figure 2.4.2.2 Papillary craniopharyngioma. The epithelium is mature 
squamous forming pseudopapillae downward into the underlying 
tissues.
Reproduced with permission from Karavitaki N, Cudlip S, Adams CBT, Wass JAH. 
Craniopharyngiomas. Endocr Rev. 2006 Jun;27(4):371– 97. Copyright © 2006, Oxford 
University Press.



Section 2 Pituitary and Hypothalamic Diseases290

Imaging tools for the diagnosis of craniopharyngiomas include 
plain skull X- rays, CT, MRI, and occasionally, cerebral angiography. 
Plain skull X- rays, although seldom used nowadays, may show cal-
cification and abnormal sella [1] . CT is helpful for the evaluation of 
the bony anatomy, the identification of calcifications, and the dis-
crimination of the solid and the cystic components; they are usually 
of mixed attenuation, the cyst fluid has low density and the con-
trast medium enhances any solid portion, as well as the cyst capsule 
[1] (Figure 2.4.2.3). The MRI is particularly useful for the topo-
graphic and structural analysis of the tumour. The appearance of 
the craniopharyngioma depends on the proportion of the solid and 
cystic components, the content of the cyst(s) (cholesterol, keratin, 
haemorrhage) and the amount of calcification present. A solid lesion 
appears as iso-  or hypointense relative to the brain on precontrast 
T1- weighted images, shows enhancement following gadolinium 
administration and is usually of mixed hypo-  or hyperintensity on 
T2- weighted sequences. Large amounts of calcification may be visu-
alized as areas of low signal on both T1-  and T2- weighted images. 
A cystic element is usually hypointense on T1-  and hyperintense on 
T2- weighted sequences. On T1- weighted images a thin peripheral 
contrast- enhancing rim of the cyst is demonstrated. Protein, chol-
esterol, and methaemoglobin may cause high signal on T1- weighted 
images, while very concentrated protein and various blood products 
may be associated with low T2- weighted signal [1] (Figure 2.4.2.4).

The size of craniopharyngiomas has been reported as being larger 
than 4 cm in 14– 20% of the cases, 2– 4 cm in 58– 76%, and smaller 
than 2 cm in 4– 28%. Their consistency is purely or predominantly 
cystic in 46– 64%, purely or predominantly solid in 18– 39%, and 
mixed in 8– 36%. Calcification has been demonstrated in 45– 57% 
and is probably more common in children (78– 100%). The calcifica-
tion patterns vary from solid lumps to popcorn- like foci or less com-
monly, to an eggshell pattern lining the cyst wall. Hydrocephalus has 
been reported in 20– 38% and is probably more frequent in child-
hood diagnosed disease (41– 54%). There is no agreement on the 
radiological features discriminating the two histological subtypes. 
The differential diagnosis includes a number of sellar or parasellar 
lesions, including Rathke’s cleft cyst, dermoid cyst, epidermoid cyst, 
pituitary adenoma, germinoma, hamartoma, suprasellar aneurysm, 
arachnoid cyst, suprasellar abscess, glioma, meningioma, sarcoid-
osis, tuberculosis, and Langerhans cell histiocytosis. Differentiation 

from a Rathke’s cleft cyst (typically small, round, purely cystic lesion 
lacking calcification), or from a pituitary adenoma (in the rare case 
of a homogenously enhancing solid craniopharyngioma) may be 
particularly difficult [1, 6– 9].

Presenting Manifestations

Patients with craniopharyngioma may present with a variety of clin-
ical manifestations attributed to pressure effects on vital structures 
of the brain (visual pathways, brain parenchyma, ventricular system, 
major blood vessels, and hypothalamo- pituitary system). Their se-
verity depends on the location, the size, and the growth potential of 
the tumour. The duration of the symptoms until diagnosis ranges 
between 1 week to 372 months [1] . The presenting clinical mani-
festations (neurological, visual, hypothalamo- pituitary) and the pi-
tuitary function in a large series of cases are shown in Tables 2.4.2.1 
and 2.4.2.2. Headaches, nausea/ vomiting, visual disturbances, 
growth failure (in children) and hypogonadism (in adults) are the 
most frequently reported.

treatment

Surgical Removal combined or not with external 
Beam irradiation

Surgery combined or not with adjuvant external beam irradiation 
is currently one of the most widely used first therapeutic modal-
ities for these tumours. Craniopharyngiomas remain challenging 
tumours, even in the era of modern neurosurgery. This is mainly 
attributed to their sharp, irregular margins and to their tendency to 
adhere to vital neurovascular structures making surgical manipula-
tions potentially hazardous to vital brain areas. The attempted ex-
tent of excision has been a subject of significant debate and depends 

Figure 2.4.2.3 CT head: craniopharyngioma in the suprasellar area 
associated with mass effect on the third ventricle and hypothalamus. The 
lesion shows a multicystic appearance with calcifications and a marked 
inhomogeneous enhancement.

Figure 2.4.2.4 MRI of pituitary: large suprasellar craniopharyngioma 
with complex internal signal. There is cyst formation and enhancement 
after contrast.



 2.4 Aetiology, Pathogenesis, and Management of Diseases of the Hypothalamus 291

on the size (achieved in 0% of lesions >4  cm) and location (par-
ticularly difficult for retrochiasmatic or within the third ventricle) 
of the tumour, the presence of hydrocephalus, of more than 10% 
calcification and of brain invasion, as well as on the experience, the 
individual judgement during the operation and the general treat-
ment policy (aggressive or not) adopted by each neurosurgeon [1, 
8,  9]. Reasons for incomplete removal, as reported in 56 patients 
who underwent primary surgery, include firm adherence to hypo-
thalamus (26.8%), obstructed view (21.4%), major calcifications 
(14.3%), adherence to perforating vessels (10.7%), adherence to 
major vessels (7.1%), severe bradycardia during dissection (5.4%), 
advanced age of the patient (3.6%), high blood loss because of co-
existent aneurysm (1.8%), very thin capsule (1.8%) and impres-
sion of complete removal (7.1%) [8] . The perioperative morbidity 
ranges between 1.7% and 5.4% for primary operations [1, 6, 7, 10]. 
The irradiation of cystic craniopharyngiomas carries the risk of 

enlargement, which may later regress or necessitate further inter-
vention [6, 11].

Recurrent tumours may arise even from small islets of 
craniopharyngioma cells in the gliotic brain adjacent to the tumour, 
which can remain even after gross total resection. The mean interval 
for their diagnosis after various primary treatment approaches 
ranges between 1 and 4.3 years and relapses as late as 36 years after 
initial therapy have been reported. Remote recurrences after ap-
parent successful removal have been described with possible mech-
anisms including transplantation during the surgical procedures 
and dissemination by meningeal seeding or cerebrospinal fluid 
(CSF) spreading [1, 6].

Series with radiological confirmation of the extent of resection 
show that the recurrence rates following gross total removal range 
between 0% and 62% at 10 years follow- up. These are significantly 
lower than those reported after partial or subtotal resection (25– 
100% at 10 years follow- up). In cases of limited surgery, adjuvant 
radiotherapy improves significantly the local control rates (recur-
rence rates 10– 63% at 10  years follow- up). Series with statistical 
comparisons of the recurrences achieved by gross total removal or 
combination of surgery and radiotherapy have not provided con-
sistent results. Finally, radiotherapy alone, which however, can be 
offered to selected tumours, provides 10 years recurrence rates ran-
ging between 0% and 23% [1, 6– 16] (Table 2.4.2.3). Particularly 
focusing on series using proton therapy (aiming to reduce late tox-
icity) postoperatively, 5 years local control rates range between 85% 
and 100% [17].

In cases of predominantly cystic tumours, fluid aspiration pro-
vides relief of the obstructive manifestations and facilitates the re-
moval of the solid tumour portion; the latter should not be delayed 
for more than a few weeks, as there is significant risk of cyst re-
filling (reported in up to 81% of the cases at a median period of 
10 months) [6, 8]. The interpretation of the data on the effectiveness 
of each therapeutic modality has to be done with caution, since the 
published studies are retrospective, non- randomized, and often spe-
cialty biased. Although not widely accepted, it has been suggested 
that the tumour control correlates with the irradiation dose and 
doses below ≤5400 cGy are associated with poorer outcome. The 
growth rate of craniopharyngiomas varies considerably and reliable 
clinical, radiological, and pathological criteria predicting their be-
haviour are lacking. Thus, apart from significant impact of the treat-
ment modality, attempts to identify other prognostic factors (age 

table 2.4.2.1 Presenting clinical features in children and adults 
with craniopharyngioma

Children Adults Total

Headaches 78% 56% 64%

Menstrual disorders (adult women, n = 37) 57%

Visual field defects 46% 60% 55%

Decreased visual acuity 39% 40% 39%

Nausea/ vomiting 54% 26% 35%

Growth failure 32%

Poor energy 22% 32% 29%

Impaired sexual function 28%

Impaired secondary sexual characteristics
(pts aged ≥13 years, n = 91)

24%

Lethargy 17% 26% 23%

Other cranial nerves palsies 27% 9% 15%

Polyuria/ polydipsia 15% 15% 15%

Papilloedema 29% 6% 14%

Cognitive impairment
(memory, concentration, orientation)

10% 17% 14%

Anorexia/ weight loss 20% 8% 12%

Optic atrophy 5% 14% 10%

Hyperphagia/ excessive weight gain 5% 13% 10%

Psychiatric symptoms/ change in behaviour 10% 8% 8%

Somnolence 5% 10% 8%

Galactorrhoea 8%

Decreased consciousness/ coma 10% 4% 6%

Cold intolerance 0% 8% 5%

Unsteadiness/ ataxia 7% 3% 4%

Hemiparesis 7% 1% 3%

Blindness 3% 3% 3%

Meningitis 0% 3% 2%

Adapted with permission from Karavitaki N, Brufani C, Warner JT, et al. (2005). 
Craniopharyngiomas in children and adults: systematic analysis of 121 cases with long- 
term follow- up. Clin Endonol, 62, 97– 409.

table 2.4.2.2 Pituitary function at presentation in children and 
adults with craniopharyngioma

Children Adults Total

GH deficiency 100% 86% 95%

FSH/ LH deficiency 74%

ACTH deficiency 68% 58% 62%

TSH deficiency 25% 42% 36%

Hyperprolactinaemia 55%

Diabetes insipidus 22% 17% 18%

Adapted with permission from Karavitaki N, Brufani C, Warner JT, et al. (2005). 
Craniopharyngiomas in children and adults: systematic analysis of 121 cases with long- 
term follow- up. Clin Endonol, 62, 397– 409.
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group at diagnosis, sex, imaging features, pathological subtypes, 
immunoreactivity of the tumour proliferation marker MIB- 1) have 
not provided consistent data [1] .

The management of recurrent tumours remains difficult, as 
scarring/ adhesions from previous surgeries or irradiation de-
crease the chance of successful excision. In such cases, total re-
moval is achieved in a significantly lower rate when compared 
with primary surgery (0– 25%) and is associated with increased 
perioperative morbidity and mortality (10.5– 24%), suggesting 
that for many recurrent lesions palliative surgery is the most real-
istic target. The beneficial effect of radiotherapy (preceded or not 
by second surgery) in recurrent lesions has been clearly shown 
[1, 6, 15, 16].

other treatment options

Intracavitary irradiation (brachytherapy) is a minimally inva-
sive approach involving stereotactically guided instillation of β- 
emitting isotopes into cystic craniopharyngiomas and delivering 
higher radiation dose to the cyst lining than the one offered by 
external beam radiotherapy. It causes destruction of the secretory 
epithelial lining leading to elimination of the fluid production and 
cyst shrinkage. A number of beta-  and gamma- emitting isotopes 
(mainly 32phosphate, 90yttrium, 186 rhenium, 198gold) have been 
used; as none of them has the ideal physical and biological pro-
file (i.e. pure β emitter with short half- life and with tissue pene-
trance limited to cover only the cyst wall), there is no consensus 
on which is the most suitable therapeutic agent. Based on studies 
with the largest series of patients and with relatively long follow- 
up periods, brachytherapy seems to offer a good prospect for the 
reduction/ stabilization of cystic craniopharyngiomas. This com-
bined with its reported low surgical morbidity and mortality 
render intracavitary irradiation an attractive option for predom-
inantly cystic tumours, and particularly the monocystic ones. Its 
impact on the quality of survival and long- term morbidity (par-
ticularly vision, neuroendocrine and cognitive function) remain 
to be assessed [1, 18, 19].

The intracystic installation of the antineoplasmatic agent bleo-
mycin has been proposed for the management of cystic tumours. 
However, in published reports the tumour control rates range be-
tween 0% and 100%. Direct leakage of the drug to surrounding tis-
sues during the installation procedure, diffusion though the cyst 
wall or high drug dose have been associated with various toxic 
(hypothalamic damage, blindness, hearing loss, ischaemic attacks, 
peritumoral oedema), or even fatal effects. The value of this treat-
ment option in the tumour control or even in the delaying of poten-
tially harmful surgery and/ or radiotherapy, as well as the optimal 

protocol and the clear- cut criteria predicting the long- term out-
come remain to be established in large series with appropriate 
follow- up [1, 20, 21].

Stereotactic radiosurgery delivers a single fraction of high dose 
ionizing radiation on precisely mapped targets keeping the ex-
posure of adjacent structures to a minimum. Tumour volume 
and close attachment to critical structures are limiting factors 
for its application, with 10 and 15 Gy being the maximum tol-
erated doses to the optic apparatus and the other cranial nerves, 
respectively. Published studies suggest that achieves tumour con-
trol in a substantial number of patients with small volume lesions 
(complete/ partial resolution: 67– 90%). Stereotactic radiosurgery 
may be particularly useful for well- defined residual disease fol-
lowing surgery or for the treatment of small solid recurrent tu-
mours, particularly after failure of the conventional radiotherapy. 
In cases of large cystic portions multimodality approaches with 
instillation of radioisotopes or bleomycin may offer further bene-
fits. Studies with long- term follow- up evaluating the optimal 
marginal dose, its role in the prevention of tumour growth and its 
effects on the neurocognitive and neuroendocrine functions are 
required [1, 22– 24].

Systemic chemotherapy has been offered in a limited number of 
patients mainly with aggressive tumours with relative success [1] . 
Its application remains rather experimental and its place, particu-
larly in the treatment of aggressive tumours, remains to be assessed.

The finding that most papillary craniopharyngiomas harbour a 
BRAF (V600E) mutation has opened avenues in using pharmaco-
logical agents specifically targeting and inhibiting mutant BRAF 
in resistant to treatment cases. Recent case reports have shown re-
duction in tumour volume suggesting the promising potential of 
this approach which, however, remains to be validated with clinical 
trials [4] .

Long- term outcome After Surgery ± 
conventional external Beam irradiation

Morbidity

Patients with craniopharyngioma suffer from significant long- term 
morbidity (mainly endocrine, visual, hypothalamic, neurobehavioural, 
and cognitive) attributed to the damage of critical neuronal struc-
tures by the primary or recurrent tumour and/ or to the adverse ef-
fects of the therapeutic interventions (Table 2.4.2.4). Notably, the 
severity of the radiation- induced late toxicity (endocrine, visual, 
hypothalamic, neurocognitive) is associated with the total and per 
fraction doses, the volume of the exposed normal tissue and the 
young age in childhood populations [1] .

In series including subjects with various treatment modalities and 
follow- up periods, the frequency of pituitary hormone deficits ranges 
between 88% and 100% for growth hormone (GH), 80– 95% for FSH/ 
LH, 55– 88% for ACTH, 39– 95% for thyroid- stimulating hormone 
(TSH), and 25– 86% for antidiuretic hormone (ADH). Apart from 
symptomatic diabetes insipidus (DI), which is probably more common 
in surgically treated patients, the long- term endocrine morbidity is 
not affected by the type of tumour therapy. Interestingly, restoration 
of pre- existing hormone deficits after surgical removal, is absent or 
uncommon. The phenomenon of growth without growth hormone 

table 2.4.2.3 Recurrence rates at 10 years follow- up after treatment 
of craniopharyngioma by surgery and/ or radiotherapy

Primary treatment Range of 10- year recurrence rate

Gross total removal 0– 62%

Partial/ subtotal removal 25– 100%

Partial/ subtotal removal + 
Radiotherapy

10– 63%

Radiotherapy 0– 23%
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has been reported in some children with craniopharyngioma, who 
show normal or even accelerated linear growth, despite their untreated 
GH deficiency. The pathophysiological mechanism has not been 
clarified; the obesity- associated hyperinsulinemia or the presence 
of hyperprolactinaemia have been proposed as factors stimulating 
growth by affecting serum concentrations of IGF- I or by binding dir-
ectly to the IGF- I receptor. Finally, a number of studies support the 
view that GH replacement in children and adults does not increase the 
risk of tumour recurrence [1, 6, 25, 26].

Compromised vision has been reported in up to 62.5% of the pa-
tients treated by surgery combined or not with radiotherapy during 
observation period of 10 years. The visual outcome is adversely af-
fected by the presence of visual symptoms at diagnosis and by daily 
irradiation doses above 2 Gy [1] .

Hypothalamic damage may result in hyperphagia and uncontrol-
lable obesity, disorders of thirst and water/ electrolyte balance, be-
havioural, and cognitive impairment, loss of temperature control, 
and disorders in the sleep pattern.

Obesity is the most frequent manifestation affecting 26– 61% 
of the patients treated by surgery combined or not with radio-
therapy. It is a consequence of the disruption of the mechanisms 
controlling satiety, hunger, and energy balance and it often re-
sults in devastating metabolic and psychosocial complications. 
Possible contributing mechanisms include lack of sensitivity to 
endogenous leptin, vagally mediated hyperinsulinaemia, and 
autonomic imbalance, as well as reduced physical activity (ra-
ther than increased energy intake), which is exaggerated by the 
neurological defects, the visual failure, and the somnolence. 
Notably, in adults with craniopharyngioma, the basal meta-
bolic rate adjusted to the total body weight is significantly lower 
compared with controls and children with surgically treated 
craniopharyngioma have decreased aerobic capacity during 
an exercise test related to hypothalamic involvement [27]. 

Hypothalamic obesity often results in devastating metabolic and 
psychosocial complications, necessitating provision of dietary 
and behavioural modifications, encouragement of regular phys-
ical activity and psychological counselling. Bariatric surgery 
is a management option for these patients. In a recent system-
atic review and meta- analysis of 21 cases of bariatric surgery 
for hypothalamic obesity in patients with craniopharyngioma 
(6 with adjustable gastric banding, 8 with sleeve gastrectomy, 6 
with Roux- en- Y gastric bypass, and 1 with biliopancreatic diver-
sion), the maximal mean weight loss was achieved in the gastric 
bypass group after 12 months [28]. Medical therapies including 
dextroamphetamine, combination of diazoxide and metformin 
(aiming to reduce the hyperinsulinaemia), octreotide (aiming to 
reduce hyperinsulinaemia and simultaneously enhance the in-
sulin action) and glucagon- like peptide- 1 analogues have been 
proposed as a medical approach [29]. Studies with large number 
of patients and longer follow- up are needed to establish the bene-
fits and safety of these surgical and medical management options.

Diabetes insipidus with an absent or impaired sense of thirst 
confers a significant risk of serious electrolyte imbalance and is 
one of the most difficult complications to manage. In this group 
of patients, the maintenance of the osmotic balance has been 
shown to be precarious with recurrent episodes of hyper-  or 
hyponatraemia contributing to morbidity and mortality. Careful 
fluid balance in and out and regular weighting are important. 
Factors associated with significant hypothalamic morbidity 
have been proposed to be young age at presentation in children, 
manifestations of hypothalamic disturbance at diagnosis, hypo-
thalamic invasion, tumour height greater than 3.5  cm from the 
midline, attempts to remove adherent tumour from the region of 
hypothalamus (emphasizing the importance of conservative sur-
gical resection when hypothalamic involvement is present), mul-
tiple operations for recurrence and hypothalamic radiation doses 
of more than 51 Gy [1, 6, 7, 9].

The compromised neuropsychological and cognitive function in 
patients with craniopharyngioma contributes significantly to poor 
academic and work performance, disrupted family and social re-
lationships, and impaired quality of life. In a series of 121 patients 
treated by surgery with or without adjuvant radiotherapy and 
followed- up for a mean period of 10 years, 40% had poor outcome 
(the assessment was based on motor and visual deficits, dependence 
for activities of daily living, Karnofsky Performance Scale, school 
and work status, debilitating psychological or emotional problems) 
[7] . It has also been shown that the mean morbidity scores (based 
on endocrine deficiencies, vision, motor disorders and epilepsy, 
learning difficulties, behavioural problems, IQ, hypothalamic dys-
function) of children with additional surgery for recurrence were 
higher than the ones after their initial surgery and higher than 
those of children without recurrence [9]. There is no consensus 
on the therapeutic option with the least adverse impact on the 
neurobehavioural outcome necessitating prospective studies with 
formal neuropsychological testing and specific behavioural assess-
ment prior and after any intervention [1]. These data are particu-
larly important for the young children, in which the uncertainties of 
whether delaying irradiation is a reasonable policy, and whether the 
neurotoxicity of the recurrent disease and the subsequent surgery is 
higher than the one associated with irradiation offered to prevent 
relapse, need to be answered.

table 2.4.2.4 Probability of various morbidities and compromised 
functional outcome at 10- years follow- up in patients with 
craniopharyngioma

Outcome Rate at 10- year follow- up

Major visual filed defects (i.e. at least 
quadrantanopia)

48%

Hyperphagia- excessive weight gain 39%

Hemiparesis or monoparesis 11%

Epilepsy 12%

Complete dependency for basal daily activities 9%

Unable to work in previous occupation 23%

School status behind the expected level 28%

Depression or mood disorders necessitating 
treatment for various periods

15%

GH deficiency 88%

FSH/ LH deficiency 90%

ACTH deficiency 86%

TSH deficiency 80%

Diabetes insipidus 65%

Adapted with permission from Karavitaki N, Brufani C, Warner JT, et al. (2005). 
Craniopharyngiomas in children and adults: systematic analysis of 121 cases with long- 
term follow- up. Clin Endonol, 62, 397– 409.
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Mortality

The overall mortality rates of patients with craniopharyngioma 
have been reported to be 3– 9 times higher than that of the gen-
eral population with survival rates range between 83% and 92.7% 
at 10- years. Apart from the deaths directly attributed to the tumour 
(pressure effects to critical structures) and to the surgical interven-
tions, the risk of cardio- / cerebrovascular and respiratory mortality 
is increased. It has also been suggested that in childhood popula-
tions the hypoadrenalism and the associated hypoglycaemia, as well 
as the metabolic consequences of ADH deficiency and absent thirst 
may contribute to the excessive mortality. The impact of tumour 
recurrence on the long- term mortality is widely accepted and the 
10- year survival rates in such cases range between 29% and 70% 
(depending on the subsequent treatment modalities) [1, 6, 30].

treatment Algorithm

The proposed treatment algorithm which is based on the significant 
available literature is shown in Figure 2.4.2.5 [1] . Surgical removal 
is suggested for all craniopharyngiomas causing compressive signs 
or symptoms (if a predominantly cystic lesion, the resection may 
be facilitated by previous aspiration of the cyst fluid). Gross total 
removal is a reasonable aim provided it is m performed by experi-
enced neurosurgical hands and hazardous manipulations to vital 

brain structures (particularly the hypothalamus) are avoided. If 
residual tumour remains following surgery, adjuvant irradiation is 
recommended; this is because of the high risk of recurrence and its 
adverse impact on morbidity and mortality. Although this strategy 
may be debated for the young children, the radiation toxicity to 
the developing brain needs to be balanced with the consequences 
of relapse and subsequent possible multiple surgical procedures. 
In small tumours not causing pressure effects (visual, neurological, 
hypothalamic), radiotherapy (preceded by biopsy for confirm-
ation of the diagnosis) is an attractive approach avoiding the risks 
of surgery. In predominantly cystic tumours, previous fluid aspir-
ation may reduce the adverse sequelae of possible cyst enlargement 
during irradiation.

The treatment of recurrent disease depends on the previous inter-
ventions and the severity of the clinical manifestations. In recurrent 
lesions not previously irradiated, radiotherapy provides satisfactory 
local control rates. In view of the high morbidity and mortality of a 
second surgery, such an intervention is advocated only in cases of 
acute pressure effects. The treatment of further recurrence(s) should 
be individualized and could include gamma knife radiosurgery, cyst 
controlling procedures, surgical debulking (for significant solid life- 
threatening component) and systemic chemotherapy or for the pap-
illary variant BRAF (V600E) inhibitors [1, 4].

Craniopharyngioma suspected in imaging

Tumour causing compressive signs or symptoms

Predominantly cystic

Aspiration

Surgery

GTR Residual tissue in post-operative imaging

Adjuvant RT

Biopsy and RT

Recurrence

Recurrence

Individualized therapy:

• Gamma-knife radiosurgery

• Cyst-controlling procedures (repeated aspirations,
    intracystic irradiation or bleomycin)
• Surgical debulking if life-threatening solid component
• Combination

Individualized therapy:
• Gamma-knife radiosurgery
• Cyst-controlling procedures (repeated aspirations,
    intracystic irradiation or bleomycin)
• Surgical debulking if life-threatening solid component
• Combination

Recurrence

Recurrence or no control

Systemic chemotherapy ?

Recurrence

Acute pressure effects

Salvage surgery

Salvage surgery and RTRT

Predominantly cystic
Mixed/solid

Mixed/solid

Small tumour not causing compressive signs or symptoms

No acute pressure effects

Biopsy/aspiration and RT

Figure 2.4.2.5 Treatment algorithm for craniopharyngiomas.
Modified with permission from Karavitaki N, Cudlip S, Adams CBT, Wass JAH. Craniopharyngiomas. Endocr Rev. 2006 Jun;27(4):371– 97. Copyright © 2006, Oxford 
University Press.
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introduction

Approximately 80% of symptomatic tumours in the pituitary region are 
pituitary adenomas and further 10% are craniopharyngiomas. Among 
the remaining 10%, a considerable number of rare tumour entities have 
to be considered (Table 2.4.3.1). Endocrinological, neuroradiological, 
and ophthalmological evaluation is the indispensable diagnostic triad 
to identify typical features in non- adenomatous perisellar tumours, 
and to provide diagnostic accuracy.

The typical clinical aspects of non- adenomatous perisellar tu-
mours and the differential- diagnostic value of specific symptoms 
are presented in the following. The current therapeutic strategies 
and outcomes are described.

Rathke’s cleft cysts

It is assumed that Rathke’s cleft cysts (RCC) are related to embry-
onal pituitary development and consist of remnants of Rathke’s 
pouch. Microscopically small RCC are found during autopsies in 
30% of normal pituitary glands. Patients with clinically symptom-
atic RCC usually present during adulthood.

Symptoms and endocrinological findings:  Among the rare 
symptomatic cases, headache and visual loss are the most common 
presenting symptoms [1] . A meta- analysis showed hypopituitarism 
in 46% of the cases [2] (see Figure 2.4.3.1). The reported frequency 
of diabetes insipidus varies between 0% and 21% (Figure 2.4.3.2).

Neuroradiological imaging: The hyperintense appearance of the 
protein- rich cyst contents on T1- weighted MRI is characteristic but 
not obligatory. The two typical localizations are intrasellar with pos-
sible suprasellar extension and above the pituitary gland adjacent to 
the pituitary stalk (Figure 2.4.3.3).

Therapy:  Indication for surgery is given for these benign cysts 
only when there is proof of deficits or a large space- occupying cyst is 
found. The vast majority of RCC can be removed by transsphenoidal 
surgery (TSS). The objective of surgery is drainage of the cyst and 
biopsy or partial excision of the cyst wall. Radical resection of the 
often adherent and thin capsule is usually not performed due to 
the increased morbidity (e.g. nasal cerebrospinal fluid (CSF) fis-
tula, hypopituitarism, or diabetes insipidus). Histologically, the wall 
of the cyst is mainly lined by columnar ciliated and goblet cells as 
well as occasional pituitary hormone- producing cells. Additionally, 
squamous metaplasia may occur.

Outcome:  Headache and visual impairment mostly abate 
postoperatively and hyperprolactinaemia frequently resolves [3, 4]. 
Preoperative hypopituitarism improves in some patients while dia-
betes insipidus usually persists. Recurrence rates of 0%- 33% have 
been reported. RCC with squamous metaplasia are more likely to 
recur. Only a minority of recurrences become symptomatic and re-
quire re- operation [3] .

table 2.4.3.1 Perisellar tumours

Pituitary and hypothalamic
Tumours

Solitary fibrous tumour

Spindle cell oncocytoma

Craniopharyngioma Extradural tumours

Ganglioglioma Bone ‘tumour’
(f.e. Paget’s disease, fibrous dysplasia, 
osteoid osteoma)Germ cell tumour

(f.e. Germinoma)
Chordoma

Granular cell tumour Chondrosarcoma

Haemangiopericytoma/solitary 
fibrous tumour

Chondrosarcoma

Hypothalamic hamartoma Esthesioneuroblastoma

Lipoma, hypothalamic Multiple myeloma

Lymphoma Naso- pharyngeal carcinoma

Meningioma Plasmacytoma

Metastasis Perisellar cysts

Mixed ganglioglioma- adenoma Arachnoid cyst

Neuroblastoma Dermoid cyst

Optico- hypothalamic glioma Epidermoid cyst

Paraganglioma Rathke’s cleft cyst

Pituicytoma Sellar colloid cyst

Pituitary adenoma Vascular ‘tumours’

Pituitary carcinoma Aneurysm

Pituitary blastoma Cavernous sinus haemangioma

Schwannoma Cavernous haemangioma of the optic 
chiasm

Sellar ependymoma

Frequent
Germinoma, suprasellar

Craniopharyngioma

Spindle cell oncocytoma
Pituicytoma
Rathke’s cleft cyst
Metastasis
Granular cell tumour

Aneurysm
Sellar colloid cyst
Arachnoid cyst

Optico-hypothalamic glioma
Meningioma, perisellar

Hamartoma, hypothalamic
Chordoma, chondrosarcoma
Cavernous haemangioma

Not observed

Occurrence of Hypopituitarism

Figure 2.4.3.1 Frequency of hypopituitarism in perisellar tumours.
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Sellar colloid cysts

Sellar colloid cysts (SCC), arise from the intermediate lobe of the 
pituitary gland and must be regarded as ‘pseudocysts’. They are 
relatively frequent sellar lesions and represent a clearly distinct 
clinical entity. It has been suggested that SCC are a result of cel-
lular degeneration [5] . SCC are often misinterpreted as pituitary 
adenomas.

Symptoms and endocrinological findings:  Usually, SCC are 
a chance finding and there are no endocrinological impairments. 

In neurosurgical series, the patients are mostly women with men-
strual period disruption, galactorrhoea, and headache as the main 
clinical complaints. Endocrine deficits are usually mild. Formal 
endocrinological examination revealed hyperprolactinemia and 
hypogonadism in 72% of the symptomatic cases [5] .

Neuroradiological imaging:  The oval configuration (like an 
American football) and localization between the anterior lobe and 
the posterior lobe of the pituitary are characteristic and reliable in 
the differential diagnosis (see online Figure 2.4.3.4). No contrast 
enhancement is found. It should be looked for the characteristic 
dark signal of colloidal cyst content on T2- weighted MRI.

Therapy and outcome: Surgical removal of colloidal cyst content 
is performed in symptomatic SCC by TSS. As they do not exhibit an 
epithelial lining, normal pituitary is usually found in the biopsy of 
the adjacent tissue [5] . Headaches often abate postoperatively. The 
endocrinological deficits mostly regress and normal prolactin levels 
are restored. No recurrence is to be anticipated.

Arachnoid cysts

Arachnoid cysts (AC) constitute a non- proliferative anomaly of 
the arachnoidea. An expansive, ‘tumour- like’ cyst can arise due 
to a circumscribed collection of CSF within reduplication of the 
arachnoidal membrane. Intrasellar AC are relatively uncommon [6] .

Symptoms and endocrinological findings:  Visual impairment 
and headache are predominant presenting symptoms in sellar AC 
[6] . Hypogonadism and growth hormone deficiency were described 
in 50% of previously untreated cases [6] (Figure 2.4.3.1). Diabetes 
insipidus is not mentioned in the relevant literature as a symptom of 
sellar AC (Figure 2.4.3.2).

Neuroradiological imaging: MRI shows the typical findings of 
cystic space- occupying lesion. AC may be localized intrasellar with 
secondary suprasellar arching or in the suprasellar region. In the 
differential diagnosis of pituitary cysts, attention must be paid to the 
signal of the cyst. The signal of the AC contents corresponds to the 
CSF signal (see online Figure 2.4.3.5). Due to the thin arachnoidal 
capsule, no peripheral contrast enhancement is found.

Therapy:  Surgical treatment of sellar AC is challenging. Most 
neurosurgeons prefer TSS despite the high risk of postoperative 
rhinorrhoea. Broad fenestration of the cyst wall toward the 
suprasellar CSF spaces with meticulous sellar floor reconstruction 
has been recommended for communicating AC that refill with CSF 
after cyst evacuation [6] . Alternatively, obliteration of the cyst cavity 
with graft implantation can be performed [7]. Cyst drainage and 
broad fenestration of the cyst wall by a small craniotomy is a good 
alternative to the transsphenoidal evacuation as it avoids the risk 
of nasal CSF leakage and is particularly recommended in large AC.

Outcome:  Visual deficits usually improve postoperatively [6] . 
Partial hypopituitarism often recovers, whereas panhypopituitarism 
frequently persists [6].

Perisellar Meningiomas

Meningiomas are by far the most frequent non- pituitary tumours 
with secondary spread into the pituitary fossa and encroachment 
upon the pituitary gland or stalk. In meningiomas, the ratio of 

Frequent

Germinoma, suprasellar

Not observed

Occurrence of diabetes insipidus

Metastasis

Craniopharyngioma

Rathke’s cleft cyst

Spindle cell oncocytoma
Pituicytoma
Granular cell tumour
Sellar colloid cyst

Optico-hypothalamic glioma
Meningioma, perisellar

Aneurysm
Hamartoma, hypothalamic
Chordoma, chondrosarcoma
Cavernous hemangioma
Arachnoid cyst

Figure 2.4.3.2 Frequency of diabetes insipidus in perisellar tumours.

Figure 2.4.3.3 Suprasellar Rathke’s cleft cyst. The sagittal T1- weighted 
MRI shows the hyperintense signal of the cyst (arrow) above the pituitary 
gland (asterisk).
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women to men is 5:1. Meningiomas arise from arachnoid cover cells 
of the meninges. Benign World Health Organization (WHO) grade 
I meningiomas numerically dominate. Mutations in the TERT pro-
moter [8]  or in the breast cancer (BRCA)1- associated protein- 1 tu-
mour suppressor gene (BAP1) are associated with a worse prognosis.

In addition to the histological classification, meningiomas are 
also subdivided according to their localization. The most common 
meningiomas in the pituitary region are the tuberculum sellae men-
ingiomas (TSM) and the cavernous sinus meningiomas (CSM).

tuberculum Sellae Meningiomas

Symptoms and endocrinological findings: The main symptom of 
TSM is visual loss, whereby the impairment can be one- sided due 
to a prechiasmatic lesion or bilateral due to a chiasmal syndrome. 
Pituitary failure is rare in TSM despite the often considerable size [9] . 
In some cases, hypogonadism is observed, or hyperprolactinemia 
due to displacement of the pituitary stalk.

Neuroradiological imaging:  A frequent differential- diagnostic 
error is misdiagnosing a TSM as a pituitary adenoma. Therefore, 
precise inspection of sagittal MR images is paramount and reveals 
that the meningioma sits broad- based on the tuberculum sellae and 
above the pituitary gland, but does not grow in the confines of the 
pituitary gland (see online Figure 2.4.3.6). In contrast to pituitary 
adenomas, meningiomas often show dural enhancement (so- called 
dural tail) which is explained by tumour spread but also by in-
creased vascularization of the neighbouring meninges.

Therapy: Traditionally, TSM are operated by a transcranial ap-
proach. The extended transsphenoidal approach has become an al-
ternative for removal of TSM [10]. In the majority of cases, TSM can 
be completely resected.

Outcome:  With 10%, the recurrence rate is relatively low [10]. 
High rates of visual improvement have been reported. However, 
postoperative visual decline is observed in 10% of the operated pa-
tients (8). The risk of postoperative pituitary deficits is low [9] .

cavernous Sinus Meningiomas

Symptoms and endocrinological findings:  The main symptom 
of CSM is double vision due to ocular motor nerve palsies. Often 
retroorbital pain is reported due to dural involvement and disten-
sion of the cavernous sinus. Hormone abnormalities occur when 
the direction of growth is medial. The most frequent endocrine ab-
normality is hyperprolactinemia [11].

Neuroradiological findings: Neuroradiologically, the expansive 
tumour within the cavernous sinus shows strong contrast enhance-
ment. The marked dural tail, which extends to the tentorium, is 
characteristic in CSM.

Therapy:  Meningiomas are usually slow- growing tumours and 
two- third of meningiomas remained stable in size during observa-
tion [12]. Therefore, asymptomatic or oligosymptomatic meningi-
omas of the cavernous sinus can initially be managed conservatively 
with regular control MRI. Symptomatic or growing CSM are treated 
these days primarily by radiotherapy. Single- shot radiosurgery is 
particularly suitable for meningiomas confined to the cavernous 
sinus. Hypofractionated radiosurgery or fractionated radiotherapy 
has advantage in large meningiomas with proximity to the optic 
system. The radical cavernous sinus surgery of the 1980s has been 
abandoned due to the high morbidity and tendency to recurrence. 
Surgical debulking is made in cases of exophytic tumour expansion 

and in compression of the optic pathways or growth into the 
optic canal.

Outcome: Tumour control rates of more than 90% can be achieved 
with radiation modalities [13]. In light of the close proximity to the 
hypothalamo- pituitary system, radiation of perisellar meningi-
omas requires close attention to radiation- related endocrinological 
deficits, which may manifest several years after treatment.

Diaphragma Sellae Meningiomas

The rare variant of diaphragm sellae meningioma originates imme-
diately anterior or posterior to the pituitary stalk and grows above 
the diaphragm sellae. Visual symptoms but also endocrine deficits 
prevail at presentation. Due to the location of these meningiomas, 
operative removal which is performed via a craniotomy is challen-
ging and carries a risk of endocrine deficits.

intrasellar Meningiomas

Purely intrasellar meningiomas are rare [11]. It is assumed that this 
entity arises from the lower side of the diaphragma sellae. Thus, 
it is a special variant of diaphragma sellae meningiomas. Most 
intrasellar meningiomas have been treated by TSS [11], but resec-
tion of these often highly vascular tumours is more difficult than 
resection of pituitary adenomas.

Pituitary Metastases

Pituitary metastases are reported in published autopsy series of 
patients with malignant disease with a frequency of 1% to 11.8%. 
By contrast, metastases in the pituitary and hypothalamus are rela-
tively rare in surgical series. Predilection sites of metastasizing are 
the bone, in particular the clivus, with secondary spread to the pi-
tuitary, but also the pituitary itself and the pituitary stalk. Breast 
and lung cancer are predominant among metastases in the pituitary 
region followed by prostate and renal cancer [14].

Symptoms and endocrinological findings: It is important to 
differentiate from pituitary adenomas since metastases require 
rapid therapy. About half of the patients presenting with pitu-
itary metastasis have a history of malignoma. Eye muscle par-
esis up to ophthalmoplegia are characteristic of malignomas in 
the sellar region. Other frequent complaints are retroorbital pain 
and visual impairment. In a literature review, the incidence of 
diabetes insipidus was 33% [14]. Diabetes insipidus is an im-
portant endocrinological hint as it points to a pituitary lesion 
other than a pituitary adenoma. Anterior pituitary insufficiency 
was found in 40% of the patients [14].

Neuroradiological imaging: MRI usually shows strong, homo-
geneous contrast enhancement. Other than in pituitary adenomas, 
pituitary metastases often show tumour expansion along the hypo-
physeal stalk. Parasellar extension into the cavernous sinus is fre-
quently encountered. Osteodestructive growth is an important 
differential- diagnostic criterion indicating a malignant tumour.

Therapy:  The main indications for surgery are relief of visual 
deficits and pain, confirmation of diagnosis, and removal of the 
tumour mass if considered beneficial for the overall outcome. The 
transsphenoidal approach is most often used [15]. Usually, the 
indication is given for adjuvant radiation therapy after surgical 
treatment and confirmation of diagnosis [15]. Administration of 
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chemotherapy or targeted therapy depends on the underlying ma-
lignant disease.

Outcome:  While ophthalmological symptoms are likely to im-
prove after surgical decompression, endocrinological deficits are 
usually not reversible. The overall prognosis for patients with pi-
tuitary metastasis is poor. In the individual case, however, it de-
cisively depends on the origin and type of malignoma and the stage 
of disease.

clivus chordomas

Chordomas arise from persisting remnants of the notochord 
and consist of so- called physaliphorous tumour cells (see online 
Figure 2.4.3.7). They occur along the neuraxis. The clival region 
is the second most frequent location after the sacral region [16]. 
Clivus chordomas (CC) may expand toward the pituitary fossa and 
suprasellar toward the pituitary stalk and hypothalamus.

Symptoms and endocrinological findings:  The patients mean 
age is 40– 50  years [16]. The main symptom of chordoma in the 
upper clivus area is a one-  or two- sided abducens nerve palsy 
as the nerve runs in Dorello’s canal in proximity to the clivus. 
Hypothalamo- hypophyseal endocrinological deficits are relatively 
rare (Figures 2.4.3.1 and 2.4.3.2).

Neuroradiological imaging:  On MRI, CC are commonly 
hyperintense on T2- weighted images and enhance inhomogeneously 
after contrast administration. CC primarily grow in the bone with 
osteodestructive character. Expansive growth with convex arching 
of the clivus dura toward the brain stem and pons cerebri is typical.

Therapy and outcome: The primary treatment is surgical. A meta- 
analysis showed gross total resection (GTR) in 39.9% of CC [16]. In 
CC near the midline, resection is initially by extended, endoscopic, 
or microscopic TSS. CC are often soft tumours facilitating resec-
tion. Depending on the expansion, other skull base approaches or 
combined procedures may be necessary. CC are characterized by a 
high tendency to local recurrence. Metastases are relatively rare, but 
the risk increases with advanced disease. Radiotherapy is effective 
and is used as adjuvant therapy. Radiation with heavy particles, such 
as proton or carbon ion radiation, is preferred [17]. CC are not re-
sponsive to cytotoxic chemotherapy. It has recently been shown that 
patients with advanced CC can benefit from novel targeted therapy. 
These include tyrosine kinase inhibitors or epidermal growth factor 
receptor inhibitors. Five- year progression- free survival (PFS) is ap-
proximately 50% and 5- year overall survival (OS) is 75% [16].

Petroclival chondrosarcomas

Petroclival chondrosarcomas (PCS) arise from primitive mesen-
chymal cells of the chondral matrix originating from the petroclival 
synchondrosis and can extend to the pituitary fossa.

Symptoms: Similar to CC, patients typically present with cranial 
nerve palsies among which diplopia due to abducens nerve palsy 
prevails. Headache is another common symptom.

Therapy: PCS are typically slow- growing with locally invasive be-
haviour. Initial observation is an option for selected patients [18]. 
The mainstay of primary therapy is surgical resection. Because of 
the common eccentric growth, TSS is used less frequently than in 

CC. Various transcranial approaches have been used depending on 
the precise location [18]. A good chance of postoperative recovery of 
abducens nerve palsy exists [18]. Radiation for PCS has been shown 
to be effective and proton or photon beam radiation has commonly 
been used [18]. It can be used as adjuvant therapy following initial 
surgery or can be withheld until recurrence occurs [18].

Outcome: In a large series of skull base chondrosarcomas treated 
by surgery and consecutive fractionated radiation therapy, the 5-  
and 10- year PFS was 99% and 98%, respectively [19].

optico- Hypothalamic Gliomas

Low- grade optic pathway gliomas (OPG) account for approxi-
mately 5% of all brain tumours in children and are frequently 
associated with neurofibromatosis type 1 (NF- 1). Gliomas with pos-
terior extension and hypothalamic involvement are named optico- 
hypothalamic gliomas (OHG).

Symptoms: 20% of children with NF- 1 harbour an OPG which 
is frequently an incidental finding during neuroradiological work- 
up. In sporadic cases, unsystematic visual impairment is in the 
foreground.

Endocrinological findings:  Preoperative differentiation of 
OHG from craniopharyngiomas may be difficult. Contrary to 
craniopharyngiomas, hypopituitarism and diabetes insipidus are 
rarely seen preoperatively [20] (Figures 2.4.3.1 and 2.4.3.2). In 
OHG, hypothalamic syndrome occurs in about 20% of the patients. 
Cachexia prevails among hypothalamic disorders [20].

Neuroradiological imaging:  Intrinsic growth within the optic 
system should be watched for on MRI (Figure 2.4.3.8). Sometimes 
the tumour has already attained gigantic size at the time of diag-
nosis and hydrocephalus secondary to Foramen Monroi occlusion 
may occur. The numerically dominant pilocytic astrocytomas show 
both cystic portions and solid portions with areas of high contrast 
uptake.

Therapy: The attitude is most commonly conservative with ob-
servation and therapy withheld if tumour size and vision are stable. 
Spontaneous remissions have been described.

Chemotherapy is currently the predominant treatment modality 
for OPG [21], and carboplatin and vincristine are mostly used. 
Surgical tumour debulking has to be considered in large and pro-
gressive OPG with exophytic growth.

Radiotherapy is often used as second- line treatment. In very 
young patients, radiotherapy is avoided where possible due to the 
adverse long- term sequelae on the developing brain including 
neuroendocrine deficits, neurodevelopmental delay, and cognitive 
impairment [21].

Outcome:  Sporadic cases of OPG have an inferior prognosis 
compared to OPG in NF- 1. A 10- year OS of patients with OPG of 
94% has been reported [22]. Survival rates are inferior if the optic 
chiasm and the hypothalamus are involved. The rare malignant 
OHG are an entity of adulthood.

Suprasellar (Hypothalamic) Germinomas

Intracranial germinomas arise from extragonadal primordial germ 
cells and account for approximately 70% of central nervous system 
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germ cell tumours (CNS- GCT). While most germinomas are lo-
cated in the pineal region, 10– 20% grow in the suprasellar region.

Symptoms and endocrinological findings: The triad of anterior 
pituitary insufficiency, diabetes insipidus and visual compromise 
is a characteristic finding in suprasellar germinomas [23]. Often, 
panhypopituitarism is present. Diabetes insipidus with no imaging 
proof of a lesion may be evidence of a germinoma in status nascendi 
and requires close- meshed MRI control examinations.

Neuroradiological imaging: MRI reveals a tumour with marked 
contrast uptake in the area of the pituitary stalk and infundibulum. 
In some cases, a second lesion is found in the area of the pineal 
gland and raises strong suspicion for the diagnosis of a germinoma 
(Figure 2.4.3.9).

Further diagnostics: The differential- diagnostic delineation from 
other lesions with contrast uptake in the area of the pituitary stalk, 
such as infundibulo- hypophysitis, Langerhans cell histiocytosis, 
or metastases is often not possible by means of MRI. A subtle CSF 
analysis with examination for tumour cells, inflammatory cells, and 
tumour markers is demanded in such cases. All patients with sus-
pected CNS- GCT should have the tumour markers α- fetoprotein 
(AFP) and ß subunit of human chorionic gonadotropin (ß- HCG) 
measured in CSF and serum [24]. Proof of α- fetoprotein and ß- 
HCG indicates the presence of a non- germinomatous CNS- GCT. 
Further tumour markers including placental alkaline phosphatase 
(PLAP) and soluble c- Kipt can be used to characterize CNS- GCT.

Therapy and outcome:  Histo- pathological confirmation of 
the diagnosis by biopsy is obligatory in patients with suspected 
suprasellar germinoma. Radical operation is not justified in light 
of sensitivity to radiotherapy and chemotherapy. Localized intra-
cranial germinomas are treated with whole- ventricle radiotherapy 
plus a boost to the tumour region [24]. Neoadjuvant chemotherapy 
followed by radiotherapy is another accepted therapeutic concept 
[24,  25] and allows a reduction of the radiation dose. Five- year 

survival rates exceeding 90% have been shown for intracranial 
germinomas.

In contrast, 5- year survival rates of non- germinomatous CNS- 
GCT is only 44%. However, they are extremely rare in the pituitary 
region.

Hypothalamic Hamartomas

Hypothalamic hamartoma (HH) is a non- neoplastic, malformative 
mass which consists of atypically differentiated glial and neural 
tissue.

Symptoms:  HH usually become symptomatic in early child-
hood either because of precocious puberty or because of gelastic 
(‘laughing’) seizures [26]. The laughing seizures constitute a specific 
epileptic disorder (so- called gelastic epilepsy), which is pathog-
nomonic for the presence of a HH. Gelastic epilepsy is pharmaco- 
resistant and leads to secondary epileptogenesis with additional 
types of seizures. In addition, cognitive impairment and behavioural 
disturbances ranging up to serious psychiatric symptoms occur.

Neuroradiological imaging: MRI reveals a lesion without con-
trast uptake in the area of the tuber cinereum or the mamillary 
bodies, which appears isointense to grey matter on T1- weighted 
images. Pediculated and small hamartomas lead more often to pre-
cocious puberty, while broad- based and large hamartomas with 
intrahypothalamic expansion and involvement of the third ventricle 
more often elicit gelastic epilepsy [26].

Therapy of precocious puberty:  Precocious puberty is usually 
treated these days with gonadotropin- releasing hormone (GnRH) 
analogues. The outcome in terms of fertility and final height is 
favourable.

Therapy of epilepsy: Pharmaco- resistant epilepsy can be treated 
surgically by transcranial resection or disconnecting of the HH. 

Figure 2.4.3.8 Optico- hypothalamic glioma. The coronal T1- weighted 
MRI with contrast shows the intrinsic growth of the glioma within the 
optic system and hypothalamus.

Figure 2.4.3.9 Suprasellar germinoma. The sagittal T1- weighted MRI 
with contrast demonstrates the suprasellar germinoma at the pituitary stalk 
(arrow). A second manifestation is shown in the pineal region (asterisk).
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From 15% to 67% of the patients have been reported to be seizure- 
free postoperatively. Postoperative endocrinological and neuro-
logical deficits may occur.

Endoscopic disconnection after insertion of the endoscope via 
the foramen of Monro is used especially for HH with expansion into 
the third ventricle [27]. Rates of seizure freedom of 50% or greater 
have been reported in larger series.

Single- session radiosurgery is especially suited for the treatment 
of small and medium- sized hamartomas. In a prospective trial on 
Gamma Knife radiosurgery in 48 patients, 39.6% became seizure 
free (Engel class  I) and 29.2% experienced worthwhile improve-
ment (Engel class 2) [28].

Further treatment options are interstitial radiotherapy 
(brachytherapy), radiofrequency thermocoagulation, and laser 
thermocoagulation.

Gangliocytomas

Gangliocytomas consist of neural cells. In addition to gangliocytomas 
in the brain, gangliocytomas are also observed in the hypophysis. 
The precise aetiology has not finally been uncovered. 65% of sellar 
gangliocytomas are associated with adjacent pituitary adenomas 
which are mostly hormone- secreting (Figure 2.4.3.10). Associated 
growth hormone- secreting pituitary adenomas, leading to acro-
megaly, prevail [29]. The mainstay of therapy is TSS. A  review 
of the literature found a 63% chance to normalize the associated 
hypersecretory endocrinopathy by surgery [29].

tumours of the Posterior Pituitary

Granular cell tumour of the sellar region, pituicytoma, and spindle 
cell oncocytoma represent a distinct group of low- grade tumours 
(WHO grade I) arising from pituicytes, specialized glial cells in the 
infundibulum and neurohypophysis. Expression of TTF- 1 which 

is also found in non- tumorous pituicytes is a clue to the diagnosis 
of a pituicyte- derived tumour [30] (see online Figure 2.4.3.11). 
Presumably, they represent three morphological variants of a 
single entity [30]. Granular cell tumours are more common than 
pituicytomas. Spindle cell oncocytomas are least frequent [31]. In 
tumours of the posterior pituitary, the preoperative diagnosis of a 
pituitary adenoma is a frequent misinterpretation.

Symptoms and endocrinological findings: Visual disturbances 
are the predominant presenting symptoms for all three types [31]. 
Partial hypopituitarism is present in one- third of patients with 
granular cell tumours and one- half of patients with pituicytomas 
at the time of diagnosis [32]. Panhypopituitarism is particularly 
frequent in spindle cell oncocytomas. Diabetes insipidus is surpris-
ingly rare despite the infundibular or posterior lobe origin.

Neuroradiological imaging:  Strong contrast enhancement is a 
frequent MRI finding. Purely intrasellar location is only found in 
pituicytomas. Intrasellar und suprasellar location can be observed in all 
three entities (Figure 2.4.3.12). Purely suprasellar location is common 
in granular cell tumours and is found in about 40% of pituicytomas 
[31,  33]. Spindle cell oncocytomas tend to show infiltrative growth 
impairing differentiation from the pituitary gland.

Therapy and outcome:  TSS is mostly performed. However, 
transcranial surgery is indicated for purely suprasellar tumours. 
Tumours of the posterior pituitary tend to be highly vascular 
impeding radical removal. Massive intraoperative bleeding has 
been repeatedly reported.

Symptomatic granular cell tumours can progress rapidly and re-
quire timely surgical treatment. Gross total removal of pituicytoma 
has been reported in approximately 50% of the cases and is mostly 
curative [33]. New endocrine deficit is the most frequent inad-
vertent sequela of surgery for pituicytomas [33].

Radiotherapy appears to be beneficial in cases with less than 
total resection [32]. In pituicytomas, the overall outcome is fa-
vourable. The outcome in granular cell tumours is inferior. Death 

Figure 2.4.3.10 Pituitary gangliocytoma and adenoma. Histology 
shows the border zone between distinct parts of two tumours. On 
the right, the tumour consists of mature ganglion cells including 
single binucleated ganglion cell (arrow). On the left, small epithelial 
cells are seen as part of a pituitary adenoma. H&E- staining. Original 
magnification ×200.

Figure 2.4.3.12 Pituicytoma. The sagittal T1- weighted MRI with 
contrast shows the pituicytoma delineated from the pituitary gland 
(asterisk) and the pituitary stalk (arrow).
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related to the tumour has been reported in 9% of cases following 
surgery without radiotherapy and in 16% following surgery with 
radiotherapy [32]. Unfavourable clinical outcome has also been de-
scribed in some spindle cell oncocytomas.

Aneurysms

After passing the skull base, the carotid artery has a close proximity 
to the pituitary over a long distance. Intrasellar (infradiaphragmatic) 
aneurysms usually originate from the clinoid or cavernous segment 
of the carotid artery. Suprasellar aneurysms originate from the 
distal carotid artery after it has entered the intradural space or from 
the anterior communicating artery [34].

Symptoms:  Headache is a frequent complaint of patients with 
unruptured aneurysms of the perisellar region [34]. Visual deficits 
are common in supradiaphragmatic aneurysms. Anterior pituitary 
dysfunction was found in 60% of infradiaphragmatic, intrasellar an-
eurysms [34]. Diabetes insipidus was not observed.

Neuroradiological imaging:  On MRI, aneurysms can be recog-
nized by their direct relationship to the vessels and by their flow signal 
(see online Figure 2.4.3.13). It is extremely important to recognize the 
neuroradiological signs, since aneurysms may imitate pituitary tu-
mours. The transnasal operation of a wrongly interpreted aneurysm 
could have fatal consequences. If an aneurysm is suspected, digital 
subtraction angiography (DSA) is the gold standard to confirm the 
diagnosis (see online Figure 2.4.3.13). CT angiography and MR angi-
ography are increasingly used alternative non- invasive methods.

Therapy and outcome:  Symptomatic or growing extradural, 
infradiaphragmatic aneurysms of the carotid artery are usually 
treated by endovascular coil- embolization (often requiring add-
itional stenting of the parent vessel) or by flow- diversion stents 
[35]. Supradiaphragmatic, intracranial carotid artery aneurysms re-
quire treatment because of the risk of spontaneous aneurysm rup-
ture causing potentially fatal subarachnoid haemorrhage (SAH). 
Occlusion of the intracranial aneurysm is usually performed by 
endovascular coil- embolization or by microsurgical aneurysm clip-
ping. Many patients are only diagnosed when SAH has occurred 
and require emergency treatment.

Beyond the possible deleterious neurological sequelae, SAH 
can cause endocrinological deficits. A review on pituitary func-
tion in the chronic stage after SAH showed a high variability 
of hypopituitarism between 0% and 55% [36]. Single pituitary 
hormone deficiency is more frequent than deficiency of mul-
tiple hormonal axes. The proximity of the ruptured aneurysm 
to the hypothalamus and pituitary region increases the risk for 
developing hypopituitarism.

Haemangiomas

In the perisellar region, there are two rare but well- defined entities 
of haemangiomas, namely cavernous sinus haemangiomas and cav-
ernous haemangiomas of the optic chiasm.

cavernous Sinus Haemangiomas

Cavernous sinus haemangiomas (CSH) are vascular neoplasms that 
account for 2% of cavernous sinus tumours.

Symptoms: Clinically, cranial neuropathies, visual compromise, 
and headaches are in the foreground [32].

Neuroradiological findings: CSH appear strongly hyperintense on 
T2- weighted MRI (Figure 2.4.3.14), and show marked contrast uptake.

Therapy and outcome:  In contemporary surgical series, resec-
tion of CSH was mostly performed by a transcranial, extradural 
approach with total resection in more than 80% of the cases [37]. 
A high blood loss must be anticipated in these highly vascular le-
sions. A high efficacy and safety have recently been shown with pri-
mary radiosurgery or fractionated radiotherapy for CSH. A 100% 
control rate has been reported with frequent postprocedural re-
covery of cranial neuropathy [38]. The recent literature indicates 
that radiotherapy is superior to surgery in the treatment of CSH. 
No valid data on endocrinological outcome with the different treat-
ment modalities exist.

cavernous Haemangiomas of the optic chiasm

Cavernous haemangiomas of the optic chiasm are vascular mal-
formations composed of closely apposed dilated vascular chan-
nels. They are a rare differential diagnosis in suprasellar tumours. 
Clinically, acute or subacute visual impairment due to acute bleeding 
occurred in most of the cases described. MRI may reveal bleeding 
into the optic chiasm, and a berry- shaped ‘tumour’ arising in the 
optic chiasm is found. Therapeutically, evacuation of a haematoma 
and resection of the lesion is performed via a transcranial approach.
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introduction

Inflammatory conditions of the pituitary are far less common 
than pituitary adenomas. However, their incidence may be rising 
due to increased recognition based on symptomatology, labora-
tory tests, better radiology methods and new immune therapies 
for cancer whose immune- related adverse effects (IRAE) include 
hypophysitis.

Although the most common of these, lymphocytic hypophysitis, 
is limited to the pituitary and pituitary stalk, many of the other 
lesions are usually part of a systemic process. Nonetheless, even 
these lesions, such as Langerhans’ cell histiocytosis, sarcoidosis 
and newly recognized immunoglobulin G4- related hypophysitis 
(IgG4- RH) sometimes are limited to the central nervous system 
(CNS) and, rarely, present as isolated lesions of the hypothal-
amic/ pituitary area. When lesions are located in the base of the 
hypothalamus or in the stalk, they commonly present with a 
combination of diabetes insipidus (DI) and hypopituitarism. In 
some cases, hypothalamic infiltration may be more widespread, 
affecting a variety of additional hypothalamic functions, such 
as satiety, sleep, and temperature regulation. These inflamma-
tory lesions tend to be progressively destructive, resulting ul-
timately in fibrosis, but the rate of progression is highly variable. 
When hypopituitarism or DI occur, they rarely recover even if 
the underlying process is directly treated. Thus, these lesions pre-
sent more with endocrine hypofunction than with mass effects, 
although in early stages lymphocytic hypophysitis, may well pre-
sent with mass effects to the point where it can be confused with 
a pituitary adenoma.

Although hypophysitis is usually thought of as a primary process, 
it may occur secondarily in relation to infection (viral, bacterial, 
fungal, tuberculosis, syphilis) or other processes such as Langerhans 
cell histiocytosis, sarcoidosis, Wegener’s granulomatosis, Crohn- 
Takayasu disease and ruptured cysts [1, 2– 4] and increasingly 

recognized since 2004, as a part of immunoglobulin G4- related dis-
ease (IgG4RD).

Lymphocytic Hypophysitis

Lymphocytic hypophysitis is associated with hypopituitarism and 
a sellar mass. It is most commonly seen in the peri-  or postpartum 
period but it has also been reported after menopause [1] . The diag-
nosis may be challenging, as the clinical and radiographic distinc-
tion from pituitary adenomas and other sellar masses is often not 
obvious. The disease is presumably autoimmune in aetiology, al-
though there has never been a specific target antigen identified [1].
Epidemiology

About 500 patients with primary lymphocytic hypophysitis 
have been described in the literature [5] . It affects women more 
frequently than men, with a reported ratio of about 5:1; however, 
the female:male ratio is decreasing in recent years as more men are 
reported. The mean age at diagnosis is approximately 35 years for 
women and 45 years for men [5]. Of the 57% of patients developing 
the disorder in association with pregnancy, most occur during the 
last month of pregnancy or during the first 2 months postpartum 
[1, 2]. It has rarely been described in children [6].

classification and Pathology

Anatomically, the most common form is lymphocytic adeno-
hypophysitis, where anterior pituitary cells and hormones are af-
fected but posterior pituitary involvement is absent or minimal. With 
the much less common lymphocytic infundibuloneurohypophysitis, the 
posterior pituitary is primarily involved, causing DI and anterior pitu-
itary function is usually preserved [1, 3, 4]. Lymphocytic infundibulo- 
panhypophysitis is even more rare, with lymphocytic infiltration and 
destruction present in both the anterior and posterior pituitary. These 
patients present with a combination of DI and anterior pituitary defi-
ciency [1, 3, 4].

Pathologically, primary hypophysitis has been described in 
three forms:  lymphocytic, granulomatous, and xanthomatous. 
Lymphocytic hypophysitis is characterized by a dense lymphocytic 
infiltration of the anterior pituitary with destruction of the normal 
pituitary architecture and replacement with fibrosis [1, 3, 4,  7] 
(Figure 2.4.4.1). The lymphocytes are predominantly cytotoxic T 
lymphocyte (CD8+) cells, suggesting that T- cell- mediated cytotox-
icity is critical in the pathogenesis of the disorder [8] .

Pathogenesis

The aetiology of lymphocytic hypophysitis is unknown but it has 
been speculated to have an autoimmune basis [1, 3, 4,  8]. Nearly 
30% of patients have a history of coexisting autoimmune diseases 
such as Hashimoto’s thyroiditis, Addison’s disease, type 1 diabetes 
and pernicious anaemia [1, 3, 4, 7], and the condition is now con-
sidered a component of the type 1 polyglandular autoimmune syn-
drome [1, 3,  4]. In one recent prospective study antinuclear and 
antiextractable nuclear antigens (Ro, La, Sm, RNP, Scl- 70, and 
Jo1) were detected; thus, perhaps all patients with autoimmune 
hypophysitis should be evaluated for other organ specific and non- 
specific antibodies [9] .

Although antipituitary antibodies have been demonstrated in 
some patients with lymphocytic hypophysitis, their specificity for 
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hypophysitis is poor, as they are also present in patients with non- 
autoimmune pituitary disease, other non- pituitary autoimmune 
disease [10,  11] and in normal postpartum women who do not 

develop hypophysitis. The pathogenic pituitary autoantigen(s) 
remain to be elucidated, although several candidates have been 
proposed [5] .

Presentation

When associated with pregnancy, lymphocytic hypophysitis typic-
ally presents in the third trimester of pregnancy or within 1 year 
postpartum, with symptoms usually related to a pituitary mass 
(headaches or visual symptoms) or hypopituitarism. The disorder 
often comes to attention due to failure of either lactation or menses 
following delivery [1, 2– 4,  12]. Neurohypophyseal involvement, 
manifesting as DI, occurs in 15% of cases [1, 2– 4, 7, 12]. Other rare 
presentations of lymphocytic hypophysitis include meningeal irri-
tation, diplopia due to cavernous sinus involvement and occlusion 
of the internal carotid arteries.

Symptoms resulting from partial or panhypopituitarism occur 
in approximately 80% of cases, and multiple deficiencies are found 
in approximately 75% of cases [1, 2– 4, 8, 12] as illustrated in the 
Table 2.4.4.1.

There is an inexplicable unique predilection for the corticotrophs 
and thyrotrophs to be affected while the gonadotrophs may be 
spared. Prolactin (PRL) levels range from unmeasurable to ele-
vated; low levels are attributable to destruction of the lactotrophs, 
while hyperprolactinaemia is expected during pregnancy and the 
early postpartum period. However, elevated prolactin levels have 
been reported in cases of lymphocytic hypophysitis in men and 
non- pregnant women [7, 13, 14], which is likely secondary to com-
pression of the pituitary stalk.

Radiology

Magnetic resonance imaging (MRI) in hypophysitis commonly 
shows an enlarged pituitary gland, often with suprasellar extension 
and stalk thickening [1, 2– 4] (Figure 2.4.4.2).

The gland is generally symmetrically enlarged and admin-
istration of gadolinium homogeneously enhances the gland. 

(a)

(b)

(c)

Figure 2.4.4.1 Histologic subtypes of primary hypophysitis. 
(a) Lymphocytic hypophysitis. Note massive lymphocytic infiltration of 
pituitary with scattered islands of preserved pituitary cells. (b) Idiopathic 
granulomatous hypophysitis. Characteristic multinucleated giant cells 
and granuloma surrounded by fibrosis, sparse infiltration of plasma cells. 
(c) Xanthomatous hypophysitis. Predominance of foamy macrophages, 
a few lymphocytes, and single plasma cells (haematoxylin and eosin, 
original magnification ×40).
Reproduced with permission from Gutenberg A, Buslei R, Fahlbusch R, Buchfelder 
M, Brück W (2005). Immunopathology of primary hypophysitis. Implications for 
pathogenesis. Am J Surg Pathol, 29(3), 329– 38. Copyright 2005 Lippincott Williams & 
Wilkins, Inc.

table 2.4.4.1 Lymphocytic hypophysitis: clinical presentation

Symptoms Frequency

Mass effects

Headache 60%

Visual disturbance 40%

Bitemporal hemianopsia 32%

Impaired visual acuity 16%

Diplopia <5%

Endocrine dysfunction 80%

Adrenal insufficiency 65%

Hypothyroidism 60%

Growth hormone deficiency 54%

Hypogonadism 40%

Hyperprolactinaemia 30%

Diabetes insipidus 15%

Data abstracted from Beressi et al. [12] based on analysis of 145 cases of clinically 
suspected and biopsy- proven lymphocytic hypophysitis.
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In contrast, in adenomas gadolinium enhances the gland 
more focally as described in the Table 2.4.4.2. In lymphocytic 
hypophysitis, the pituitary displays a relative low signal on T1-  
and a relatively high signal on T2- weighted images. By com-
parison, in macroadenomas a low signal on T1- weighted images 
is uncommon, but a high signal on T2- weighted images is oc-
casionally seen. Often, the dura mater adjacent to the mass in 
lymphocytic hypophysitis shows a unique, marked contrast en-
hancement referred to as a ‘dural tail’. In late stages, these MRI 
findings may be absent due to shrinkage of the mass with reso-
lution of the inflammatory process, and fibrotic changes and an 
empty sella may be seen [14, 15].

Diagnosis

Lymphocytic hypophysitis should be considered in the differential 
diagnosis of pituitary masses and/ or hypopituitarism in females 
who are pregnant or in the early postpartum period. This is espe-
cially true in cases associated with other autoimmune diseases or 
unusual patterns of hormone deficiencies. In the past many indi-
viduals with postpartum hypopituitarism who lacked a history of 
hypovolemic shock were inadvertently labelled as having Sheehan’s 
syndrome when, in fact, they had hypophysitis.

A definitive diagnosis of lymphocytic hypophysitis requires 
tissue biopsy. However, it may be possible to make a presumptive 
clinical diagnosis in patients who meet the following criteria:  (1) 
a history of gestational or postpartum hypopituitarism, especially 
after a delivery uncomplicated by haemorrhage or hypotension; 
(2) a contrast enhancing sellar mass with imaging features charac-
teristic of lymphocytic hypophysitis; (3) a pattern of pituitary hor-
mone deficiency with early loss of adrenocorticotrophic hormone 
(ACTH) and thyroid stimulating hormone (TSH) unlike that typ-
ically found with macroadenomas (i.e. sequential loss of growth 
hormone [GH], luteinizing hormone [LH]/ follicle- stimulating hor-
mone [FSH], ACTH, and TSH); (4) relatively rapid development of 
hypopituitarism in contrast to the expected slow development of 
hypopituitarism that would be expected with an adenoma; and (5) a 
degree of pituitary failure disproportionate to the size of the mass. 
Nevertheless, biopsy may be required in situations in which a dis-
tinction cannot be made between lymphocytic hypophysitis and a 
non- functioning macroadenoma or prolactinoma and when neuro-
logic signs develop.

Lymphocytic infundibuloneurohypophysitis

Lymphocytic hypophysitis and infundibuloneurohypophysitis likely 
represent distinctly separate pathologic entities, as the latter tends to 
occur in older patients and is less likely to be associated with preg-
nancy [1, 2– 4]. Lymphocytic infundibuloneurohypophysitis causes 
central DI and spares the anterior pituitary as a result of an inflam-
matory process confined to the stalk and posterior pituitary [16]. 
The radiologic features are generally more clearly delineated: thick-
ening of the pituitary stalk or neurohypophysis and homogeneous 
enhancement of the pituitary stalk or neurohypophysis after the ad-
ministration of contrast material [17].

Figure 2.4.4.2 Lymphocytic hypophysitis on coronal section in 
T1 phase. The pituitary gland is diffusely and symmetrically enlarged 
extending into the suprasellar region. The floor of the sella is intact.
Reproduced with permission from Lury KM (2005). Inflammatory and infectious 
processes involving the pituitary gland. Top Magn Reson Imaging, 16(4), 301– 6. 
Copyright © 2005, © 2005 Lippincott Williams.

table 2.4.4.2 MRI characteristics of lesions of the hypothalamus/ pituitary

Type of lesion Signal intensity 
on T1

Signal intensity on T2 Contrast 
enhancement

Pattern of 
enhancement

Shape Dural enhancement

Hypophysitis Relatively low High Marked Homogeneous Symmetric Common

Histiocytosis Isointense Hyperintense Moderate Non- specific Stalk thickening Common

Sarcoidosis Isointense Hyperintense Moderate Non- specific Stalk thickening Leptomeningae

Wegener’s
granulomatosis

Isointense Hyperintense Intense Homogenous Superior 
infundibulum
thickening

Common, linear

Immune checkpoint 
related

Isointense to 
hypointense

Hyperintense Marked Non- specific Nodular stalk 
thickening

Common

IgG4 related Iso to hypointense Hyperintense Marked Non- specific Stalk thickening Not reported

Pituitary Adenoma Isointense Usually isointense Moderate Focal Dumbbell Rare

Data abstracted from [3, 15, 16, 31, 39, 42, 43].
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Management

The natural history of lymphocytic hypophysitis is variable and 
unpredictable. Typically, the pituitary initially becomes inflamed, 
oedematous, and enlarged, and the patient develops symptoms sec-
ondary to mass effects. Progressive fibrosis develops, causing de-
struction of the parenchyma leading to hypopituitarism. In some 
cases, the course is aggressive and neurologic and hormonal deficits 
progress rapidly [1, 2– 4,  7]. However, cases of spontaneous par-
tial or full recovery of pituitary function, as well as resolution of 
pituitary masses in the absence of any intervention, have been 
well documented [18– 20]. Because the natural history of lympho-
cytic hypophysitis is so variable, appropriate management remains 
controversial.

Controlled therapeutic trials are not feasible due to the rarity 
of hypophysitis, an inability to make definitive diagnosis without 
histologic proof, and the considerable variability in the natural his-
tory of the disorder. Until recently, preoperative suspicion of the 
diagnosis was rare due to under- recognition, and the traditional 
diagnostic and therapeutic approach involved transsphenoidal bi-
opsy, exploration, and/ or pituitary resection. Consequently, cases 
illustrating only transient compressive effects and endocrine dys-
function support the concept of conservative management. With a 
greater knowledge of the course of lymphocytic hypophysitis and 
the ability to make a presumptive diagnosis in highly suggestive 
cases, it is possible to avoid routine neurosurgical exploration in 
many cases.

Corticosteroid therapy has been advocated as a means of attenu-
ating inflammation and, in some patients, has been associated with 
return of pituitary function and reduction of the mass [21,  22]. 
Conversely, cases have also been reported in which lymphocytic 
hypophysitis failed to improve with glucocorticoid therapy [7, 23]. 
There are also a few documented cases of improvement in symp-
toms with administration of corticosteroids followed by a relapse 
when therapy was discontinued [24]. It is unclear, however, whether 
improvement in the clinical course is directly attributable to cor-
ticosteroid treatment or simply reflects the natural course of the 
disease [18– 20]. Given the uncertainty regarding the efficacy of cor-
ticosteroid treatment and its known adverse effects, such therapy 
does not seem justified for most patients.

Patients with a presumed diagnosis of lymphocytic hypophysitis 
should be observed closely and undergo serial visual field examin-
ations or an MRI if they are managed medically. Surgical decom-
pression of the pituitary mass may be required if the patient fails 
conservative therapy, as demonstrated by progressive radiologic or 
neurologic deterioration or by signs of optic nerve compression. 
However, in this situation, some would argue for a short course of 
steroids [1, 2– 4, 7]. The optimal surgical strategy involves only par-
tial resection of the mass to decompress the surrounding structures 
via a transsphenoidal approach rather than an attempt at complete 
resection, because surgery rarely improves endocrine dysfunction. 
All patients with lymphocytic hypophysitis require appropriate re-
placement therapy for deficient hormones. Long- term follow- up 
is mandatory to monitor for the development of other hormonal 
deficits. Because hypopituitarism is temporary in a subset of pa-
tients, a careful attempt should be made to withdraw hormone re-
placement after resolution of the inflammatory stage if progression 
to fibrosis does not result in irreversible hypopituitarism.

Langerhans cell Histiocytosis

Langerhans cell histiocytosis (LCH) is a rare disorder characterized 
by clonal proliferation of abnormal dendritic antigen- presenting 
histiocytes, known as Langerhans cells, with an accompanying in-
filtrate of lymphocytes, eosinophils, and neutrophils resulting in 
the destruction of a variety of tissues. LCH is also regarded as an 
inflammatory disease because an altered expression of cytokines 
and cellular adhesion molecules important for the migration and 
homing of Langerhans cells has been demonstrated [25, 26].

epidemiology

LCH is usually considered to be a disease of childhood, with a peak 
incidence at the ages of 1 to 3 years [27]. Overall, the incidence is 
3– 5 cases per million per year, with a male to female ratio of 2:1 
[27]. In adults, the mean age at diagnosis is 33 years and it is seen 
even more rarely, the estimated prevalence being 1– 2 cases per 
million [28].

Presentation

 In adults, LCH has a predilection for the hypothalamus and pitu-
itary. When only patients with multisystem disease are included, 
the prevalence of DI can be as high as 40% and DI is considered to 
be the most common endocrine disease- related permanent con-
sequence [29]. DI can also be the presenting feature, predating 
the diagnosis of LCH. Established DI is generally permanent and 
does not respond to any disease- modifying treatment; hence the 
only treatment is desmopressin [30]. DI associated with struc-
tural abnormalities of the hypothalamus and pituitary often her-
alds the development of anterior pituitary hormone deficiencies 
and CNS involvement [31]. Anterior pituitary dysfunction is 
found in up to 20% of patients with LCH, and is almost always as-
sociated with DI [30, 32]. Once established, anterior pituitary de-
ficiencies seem to be permanent and are not affected by any form 
of LCH disease- modifying treatment [31]. The most frequent an-
terior pituitary hormone deficiency is that of growth hormone, 
which is found in up to 42% of patients and generally diagnosed 
with a latency of 1 year from the diagnosis of DI. Deficiencies of 
LH/ FSH are next most common, with a latency of 7 years from 
the diagnosis of DI [32]. Therefore, if a partial pituitary hormone 
deficiency is identified in a patient with LCH, regular monitoring 
for the remaining hormones is advised. In addition to pituitary 
involvement, up to 40% of patients with DI have hypothalamic 
infiltration which results in non- endocrine hypothalamic mani-
festations, including abnormal eating patterns, morbid obesity, 
and disturbances in social behaviour, temperature, sleep pattern, 
and thirst. DI may be particularly difficult to manage in patients 
with impaired memory.

Radiology

Patients with LCH and DI commonly demonstrate a loss of the 
hyperintense signal of the posterior pituitary on T1- weighted im-
ages (‘bright spot’) on MRI [30]. Infundibular enlargement is pre-
sent in up to 71% of patients at the time of diagnosis of DI [33] as 
illustrated in Figure 2.4.4.3 [34].

Hypothalamic mass lesions have been described in 8– 18% of pa-
tients exhibiting one or more pituitary hormone deficiencies [33]. 
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The LCH lesions typically are isointense on T1 images, hyperintense 
on T2 images and enhance with gadolinium [33].

Diagnosis

In order to make the diagnosis of LCH, one must search for extra-
cranial manifestations of LCH with a radiographic skeletal survey, 
skull series, chest X- ray, and bone scan so that these lesions can be 
biopsied. Osteolytic lesions due to LCH may be present in the jaw or 
mastoid, so radiographs of the jaw are a worthwhile part of the diag-
nostic evaluation. When biopsies of other tissues show LCH and 
the MRI and clinical picture are compatible, biopsy of the hypothal-
amic/ stalk lesion is rarely necessary.

To establish a diagnosis according to the published criteria of the 
Histiocytosis Society, a tissue biopsy must either show presence of 
pathognomonic Birbeck granules on electron microscopy or stain 
positive for CD1a [35]. Birbeck granules are pentalaminar cell in-
clusions that sometimes have a ‘tennis racquet’ dilated terminal ap-
pearance [36]. Their exact function is unknown, but some studies 
implicate them in antigen processing.

Management

The course of LCH is often unpredictable, varying from spontan-
eous regression and resolution to rapid progression and death or 
repeated recurrence with a considerable risk of permanent sequelae. 
Patients with disease that is localized to one organ system, usually 
in the bone, skin, or lymph nodes, have a good prognosis, and need 
minimal or even no treatment. In contrast, multiple organ involve-
ment carries a risk of a poor outcome, including 10– 20% mortality 
and a 50% risk of life- impairing morbidity. Therefore, an early diag-
nosis and close follow- up is critical. The mainstays of treatment of 
LCH have been surgery and radiation over the years. However, vin-
blastine in combination with steroids is now the most frequently 
used initial therapy for multisystem disease [32]. Cladribine 

(2- chlorodeoxyadenosine) can be effective for adults with recurrent 
and/ or disseminated disease [37].

Anterior and posterior pituitary hormonal deficits are replaced 
as necessary. As with other infiltrative diseases of the hypothal-
amus, the anterior pituitary hormone deficits may gradually appear. 
Therefore, periodic testing for many years and then treatment of 
new deficits may be necessary.

Sarcoidosis

The prevalence of CNS involvement in sarcoidosis is 5– 15% and most 
of these patients are found to have non- caseating granulomas in the 
hypothalamo– pituitary region in addition to the leptomeninges and 
cranial nerves [38]. The most commonly found hormonal abnor-
mality is DI (17– 90% of patients), followed by hyperprolactinaemia 
(3– 32%) [39]. Hypothalamic involvement may also cause obesity, 
somnolence with disruption of sleep cycle, alteration in the thirst 
centre and loss of short- term memory [40].

MRI usually shows pituitary stalk thickening and enhancement 
as well as pituitary enlargement. Periventricular lesions and lepto-
meningeal enhancement can be seen in sarcoidosis and this can help 
distinguish it from lymphocytic hypophysitis. Significant laboratory 
findings that may aid in diagnosis are elevated levels of serum and 
cerebrospinal fluid angiotensin converting enzyme (ACE). As with 
LCH, a search for other systemic tissue involvement is important, so 
that a biopsy can be obtained.

Management of sarcoidosis frequently involves the use of ster-
oids, but recovery of anterior and posterior pituitary function 
usually does not occur [39]. Recently, cladribine was also found 
to reverse DI caused by sarcoidosis [41]. The hypothalamic/ pitu-
itary involvement may be gradual and progressive, so that periodic 
testing is necessary and hormonal deficits treated as they develop.

Granulomatosis with Polyangiitis (GPA, Formerly 
Known as Wegener’s Granulomatosis)

Wegener’s granulomatosis is a systemic vasculitis affecting small 
and medium sized vessels, most commonly in the respiratory tract 
and kidneys; the pituitary is involved in less than 1% of cases [42]. 
Involvement of the pituitary can occur via direct extension from 
nasal, paranasal, or orbital disease, from remote granulomatous 
involvement, or from vasculitis of the hypothalamus. Patients 
most frequently present with DI but hyperprolactinaemia and 
panhypopituitarism have also been reported [3] .

The finding of high titres of antineutrophil cytoplasmic antibody 
(c- ANCA) can be diagnostic but in some cases biopsy of affected 
tissue is required. When there is hypothalamic/ pituitary involve-
ment, MRI reveals an enlarged pituitary with homogeneous en-
hancement, thickening and enhancement of the pituitary stalk, and 
enhancement of the optic chiasm [3, 43].

Wegener’s granulomatosis is usually treated with glucocortic-
oids and/ or cyclophosphamide. However, such treatment does not 
usually lead to reversal of the hypopituitarism. Similar to other 
infiltrative disease, the destruction may be gradual, necessitating 
repeated testing and treatment of hormonal deficits as they develop.

Figure 2.4.4.3 Thickening of pituitary stalk (arrow) due to biopsy- 
proven Langerhans cell histiocytosis.
Reproduced with permission from Purdy LP, Molitch ME (1998). Sudden onset of 
diabetes insipidus in an adolescent. EndoTrends, 5, 1– 7.
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immune checkpoint therapy- Related 
Hypophysitis

Ipilimumab is a monoclonal IgG1 antibody against CTLA4 (cytotoxic 
T lymphocyte antigen 4), an inhibitory molecule expressed on acti-
vated and regulatory T cells, ultimately dampening T cell activation. 
If CTLA4 is blocked, T cells remain active, and this effect is used in 
cancer destruction. Additionally, there are other immune checkpoint 
inhibitors, monoclonal antibodies antiprogrammed cell death pro-
tein 1 (PD- 1) nivolumab and pembrolizumab and antiprogrammed 
cell death- ligand 1 (PD- L1) atezolizumab, durvalumab, and avelumab, 
which also cause IRAE, but notably less commonly hypophysitis.

IRAE hypophysitis due to ipilimumab given for therapy of meta-
static melanoma was first reported in 2003 [44], and is now observed 
in approximately 10– 15% of patients receiving agents targeting 
CTLA4 [45– 47]. Hypophysitis is significantly less common fol-
lowing use of PD1 antibodies [48]. IRAE hypophysitis seems to 
favour older men; however, this observation is limited by epidemi-
ology of cancers these medications are used to treat. Some reports 
show a higher incidence of hypophysitis in combination PD1 plus 
CTLA4 therapy [47] but others found no difference or a lower rate 
compared to ipilimumab alone [49].

Pathogenesis

The pathogenesis of cancer immune therapy- related hypophysitis 
is unclear. One hypothesis is that CTLA- 4 blocking antibodies bind 
pituitary cells expressing CTLA4 antigen and cause hypophysitis 
through type IV (T- cell dependent) and type II (IgG dependent) im-
mune mechanisms, as evidenced by finding macrophage infiltration, 
complement fixation, and lymphocyte activation [50]. Antibodies 
towards PD1 are from the IgG4 class, which cannot activate com-
plement and are not effective mediators for antibody dependent cell 
mediated cell toxicity [6] . Interestingly, patients treated with PD1 
and/ or PDL1 IgG4 antibodies instead of IgG1 used in ipilimumab 
rarely developed pituitary damage [48]. Also, hypophysitis occurs 
less frequently in patients receiving tremelimumab, an IgG2 anti-
body which blocks CTLA4 [50].

Presentation

The clinical presentation is similar to other forms of hypophysitis, 
with a headache, less commonly with visual disturbances and DI and 
usually presents approximately 2– 3 months after starting therapy.

Radiology

Radiological findings are not specific, and may show mild- to- 
moderate diffuse enlargement of the pituitary gland, with either 
homogeneous or heterogeneous enhancement after contrast ad-
ministration on pituitary MRI [45,  51]. Radiological changes can 
precede the clinical diagnosis by several weeks [45]. Many case 
reports have highlighted the incidental detection of hypophysitis 
when positron emission tomography (PET) is used for surveillance. 
Importantly a normal MRI does not rule out hypophysitis and man-
agement should be based on clinical presentation and evaluation of 
pituitary hormone levels [52].

Management

Corticosteroids have been used for immune therapy- related 
hypophysitis treatment. High- dose steroids do not seem to improve 

outcome [53], but can be considered for critically ill patients, either 
due to hypophysitis or hypopituitarism, significant hyponatraemia, 
severe headache, or pituitary enlargement with mass effect on the 
optic chiasm. Hydrocortisone in doses 15– 25 mg daily [48] can help 
with the headache and fatigue, treat adrenal insufficiency and still 
not prevent the patient from enrolment in a study protocol which 
may exclude patients treated with high- dose steroids due to their 
immunomodulatory effect [54].

The clinical response to cancer immunotherapy has been linked 
with development of IRAEs; in several studies a direct correlation 
was observed between relapse free survival and development of 
IRAEs [44,  45]. However, this observation may be biased against 
patients who don’t survive long enough to be observed. This phe-
nomenon needs further investigation, for its potential benefit in 
prognosis, if any, to be considered.

iGG4- Related Hypophysitis

IgG4- related disease (IgG4RD) is a systemic autoimmune disease 
characterized by inflammatory pseudotumour (IPT) infiltrates con-
taining IgG4 rich- plasma cells, storiform (cartwheel or whirling 
pattern) fibrosis, obliterative vasculitis, and often but not always 
elevated IgG4 serum levels [55]. IgG4 is the least abundant of all 
IgG antibodies and is associated with several autoimmune and al-
lergic diseases such as Mikulicz disease, retroperitoneal fibrosis, 
autoimmune pancreatitis, and Riedel thyroiditis [56, 57]. It is un-
clear what the role is of IgG4, as it is not found in normal pituitaries 
[58] and has a role in immune downregulation [59]. It has been 
postulated to possibly be a by- product of an exaggerated immune 
response [60].

Pathogenesis

Iwata et  al. showed antipituitary antibodies in 5 out of 17 pa-
tients with IgG4- related hypophysitis (IgG4RH) (29%), and in 
none of the pituitaries of healthy controls. Antibodies were of 
the IgG1 subclass rather than IgG4 in all five cases, suggesting 
that IgG4 does not have a direct role in the pathogenesis of the 
hypophysitis [61].

The prevalence of IgG4RHs unknown, and it depends on the 
diagnostic criteria and mostly retrospective analyses. As this condi-
tion was not previously recognized, some cases previously classified 
as lymphocytic hypophysitis may have been IgG4RH. Bernreuther 
et al. used histological and immune staining to retrospectively ana-
lyse cases previously reported as primary hypophysitis and found 
that 12 of 29 (41.4%) fulfilled the criteria for IgG4RH [62].

Presentation

It is most commonly seen in older men, in contrast to lympho-
cytic hypophysitis, which is more common in younger women. 
Presenting symptoms can mimic any sellar mass with compressive 
symptoms: headache, visual disturbances, and hypopituitarism [63].

Diagnosis

In an effort to make a correct diagnosis and avoid an invasive tissue 
biopsy, diagnostic criteria have been proposed that don’t require 
histopathology by Leporati et al. [64] and are as follows: (1) mono-
nuclear cell infiltration of the pituitary gland, rich in lymphocytes 
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and plasma cells, with more than ten IgG4- positive cells per high- 
power field or IgG4- positive/ IgG- positive cells > 40% on pituitary 
histopathology; (2) sellar mass and/ or thickened pituitary stalk on 
MRI; (3) a biopsy proving the involvement in other organs (associ-
ation with IgG4- positive lesions in other organs); (4) an increased 
serum IgG4 level (>140 mg/ dl); and (5) a prompt shrinkage of the 
pituitary mass and symptom improvement with steroids. The diag-
nosis of IgG4- RH is established when any of the following is ful-
filled: (1) or (2) and (3) or (2), (4) and (5). For this reason, these 
criteria have been widely accepted followed by an increase in reports 
of IgG4RH. Caution should be exercised in diagnosing IgG4RH 
solely based on histopathology of IgG4 rich infiltrate because this 
can be present in other inflammatory, autoimmune, infectious, and 
neoplastic conditions. FDG- PET scanning may be useful in charac-
terizing systemic involvement of tissues.

Management

The mainstay in therapy of IgG4RH are glucocorticoids, which re-
place deficient cortisol and lower serum IgG4 levels. There is no 
consensus for the optimum dose and duration, Yuen et al. proposed 
prednisolone at a dose 0.6  mg/ kg for 1 to 2  months and tapered 
at a rate of 5 mg per week. If the disease relapses after gluco-
corticoid therapy discontinuation, it can be resumed and addition 
of rituximab can be considered [58].

other Rare Forms of Hypophysitis

Granulomas and multinucleated giant cells are not found in 
lymphocytic hypophysitis and, if observed, suggest an alternative 
diagnosis of granulomatous hypophysitis. This rare disorder has an 
incidence of 1/ 1  000  000. Granulomatous hypophysitis occurs in 
men and women with equal frequency and is not particularly as-
sociated with pregnancy. It may also present as a mass lesion with 
hypopituitarism and pathologically is characterized by giant cell 
granulomas [1, 2– 4, 7, 8].

Xanthomatous hypophysitis, is exceedingly rare, with only 28 
cases reported to date. The pathology of xanthomatous hypophysitis 
is characterized by a predominance of foamy macrophages, lympho-
cytes, and single plasma cells [1, 8].

Other rarer types of hypophysitis appear to be part of a more 
generalized inflammatory process and include Rosai– Dorfman 
disease and fibrosing inflammatory pseudotumour (also called 
Tolosa– Hunt syndrome and parasellar chronic inflammatory 
disease) [65].
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Box 2.5.1 Classification of pineal tumours

Neuroglial cell tumours (20%)
•  Low- grade astrocytomas ( juvenile pilocytic)
•  Intermediate diffuse and anaplastic astrocytomas
•  High- grade malignant glioblastomas
Parenchymal tumours (15– 30%) (See Table 2.5.1)
Germ cell tumours (80% in Japan, 30– 50% in Western Europe  
and USA)
•  Germinomas

—  Non- germinomatous germ cell tumours
—  Embryonal carcinoma
—  Yolk sac tumour
— Choriocarcinoma
—  Teratomas

•  Benign teratomas
—  Immature
—  Mature

•  Teratoma with malignant transformation
Mixed germ cell tumours
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Pineal Physiology

The pineal gland is innervated mainly by sympathetic nerve fibres 
which inform the gland of the prevailing light- dark cycle and acts 
as a neuroendocrine transducer; it is located behind the third ven-
tricle in the centre of the brain, is a highly vascular organ formed 
by neuroglial cells and parenchymal cells or pinealocytes; the latter 
synthesize melatonin, as well as other indoleamines and peptides.

The main pineal hormone melatonin (N- acetyl 5- methoxy- 
tryptamine) exhibits an endogenous circadian rhythm, reflecting 
signals originating in the suprachiasmatic nucleus; environmental 
lighting entrains the rhythm, by altering its timing. Independently 
of sleep, pineal melatonin is inhibited by light and stimulated during 
darkness, thanks to the neural input by a multisynaptic pathway 
which connects the retina, through the suprachiasmatic nucleus 
of the hypothalamus, preganglionic neurons in the upper thoracic 
spinal cord and postganglionic sympathetic fibres from the superior 
cervical ganglia, with the pineal gland.

Melatonin deficiency may produce sleeping disorders, behav-
ioural problems, or be associated with precocious or delayed pu-
berty in children, while chronically elevated melatonin has been 
observed in some cases of hypogonadotropic hypogonadism [1, 2].

Pineal tumours

The main clinical problem related to the pineal gland is that 
of pineal tumours (Box 2.5.1). They are rare, ten times more 

common in children than in adults and mainly derive from the 
three types of cells:  neuroglial, parenchymal, and germinal cells 
[3– 5]. For the first time, the 2016 WHO classification of central 
nervous system (CNS) tumours uses molecular parameters in 
addition to histology to define tumour entities, formulating a con-
cept for how CNS tumour diagnoses should be structured in the 
molecular era [6] .

 1. Neuroglial cell tumours (20%) may affect children and adults 
of any age. Low- grade, pilocytic astrocytomas usually present 
before the age of 20 years, with no sex predilection, while other 
types are more frequent in adults (intermediate diffuse and 
anaplastic astrocytomas or high- grade malignant glioblastomas; 
Box 2.5.1).

 2. Parenchymal tumours (15– 30%) secrete melatonin and differ 
in their degree of malignancy. The 2016 WHO classification 
grade them from I  (pineocytomas, being mostly benign) to 
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IV (pineoblastomas, being highly malignant) (Table  2.5.1). 
However, most parenchymal tumours are either mixed or 
show intermediate differentiation (WHO grades II and III, 
Table  2.5.1) [7] . Histologically, pineocytomas characteristic-
ally present pineocytomatous rosettes, while pineoblastomas 
are populated by small, highly undifferentiated cells, often pre-
sent with haemorrhagic or necrotic components, but rarely cal-
cifications. The major prognostic factor is the extent of surgery. 
Pineoblastomas are highly malignant, aggressive and of rapid 
growth (similar to other primitive neuroectodermal tumours 
like neuroblastomas or medulloblastomas). Papillary tumours 
of the pineal region (PTPR) were included as a new entity in the 
2007 WHO classification. They are very rare neuroepithelial tu-
mours, macroscopically indistinguishable from pineocytomas, 
combining papillary and solid areas; however, microscopic-
ally, these tumours are easily distinguished. Recently it has 
been shown that PTPR have ependymal differentiation and 
are phenotypically more similar to the circumventricular 
subcommissural organ of the posterior third ventricle than to 
the pineal gland [8]. The biological and clinical behaviour of 
these tumours is variable and may correspond to WHO grades 
II or III, but definite histological grading criteria remain to be 
defined. Intermediate grades II and III represent different de-
grees of differentiation and prognosis (Table 2.5.1).

 3. Germ cell tumours (30– 50%), histologically and biologically 
homologous to gonadal germ cell neoplasms, will character-
istically present positive markers for alpha fetoprotein (AFP) 
and beta human chorionic gonadotrophin (β- hCG), with more 
(teratomas) or less differentiation (germinomas), as well as 
intermediate degrees (yolk sac tumours).

Very rarely, pineal region tumours may derive from meningothelial, 
mesenchymal, ependymal, choroid plexus elements and peripheral 
nerves giving rise to gangliogliomas, melanocytic neoplasms, 
atypical teratoid/ rhabdoid tumours, meningiomas, cavernous 
angiomas, hemangiopericytomas or neurinomas/ neurofibromas, 
apart from lymphomas or metastases.

clinical Presentation

Clinical presentation of pineal tumours depends on age at onset 
and histology [9, 10]. Over 90% present with raised intracranial 
pressure, often with obstructive hydrocephalus; initial symptoms 
are frequently headache, nausea, vomiting and decreased vision; 

50– 70% of patients refer visual signs like diplopia, cranial nerve 
palsies, papilledema and ptosis or Parinaud's syndrome (failure 
of upward gaze, pupillary dilatation and diminution of pupillary 
light reflex) due to pressure on the pretectal region. Compression 
on the brain, cerebellum, hypothalamus, and pituitary may cause 
paralysis of other cranial nerves, ataxia, diabetes insipidus, and 
hypopituitarism. Pineal tumours may interfere with puberty, due 
to either pressure of the tumour on the hypothalamic centres 
which govern gonadotrophin secretion, excessive melatonin se-
cretion by pinealocyte tumours causing delayed puberty in ado-
lescents, or reduction of the potential antigonadotrophic effect 
of melatonin, which, together with β- hCG secretion by destruc-
tive germ cell tumours could explain precocious puberty in pre-
pubertal children.

The 2016 WHO classification of parenchymal tumours (that 
characteristically secrete melatonin) [11– 16] grade them from I to 
IV (Table 2.5.1) [3, 4,  7]. Pineocytomas (grade I) present more 
often in adults with a mean age of 43 years, with a male to female 
ratio of 0.6/ 1, evolve slowly locally (interval between onset of symp-
toms and surgery may be of several years), do not invade con-
tiguous tissue or seed the cerebrospinal fluid (CSF). Non- specific 
presenting manifestations reflect compression of neighbouring 
structures (tectal plate, aqueduct of Sylvius, cerebellum, brain-
stem, hypothalamus, pituitary) like increased intracranial pressure, 
changes in mental status, neuroophthalmologic, brain stem, and/ or 
cerebellum dysfunction, hypopituitarism, and hyperprolactinemia. 
Rarely intratumoural haemorrhage (pineal apoplexy) with sub-
arachnoid extravasation may occur. Concurrent uveoretinitis in oc-
casional patients with pineocytomas probably reflect the common 
photoreceptor activity of pineal and retinal cells. No metastases and 
a 5- year survival > 90% have been reported. The major prognostic 
factor is the extent of surgery.

Pineoblastomas (grade IV) typically appear before the age of 
20  years, most often in young children, but there are reports in 
adults, with a slight male preponderance. Presenting symptoms of 
this least differentiated and most aggressive pineal parenchymal tu-
mour are more rapidly progressive and of shorter duration (interval 
between initial symptoms and surgery may be less than a month). 
Median postsurgical survival varies from 24 to 30  months. They 
are locally invasive and prone to disseminate through the CSF, 
often fatal, but may be controlled in some cases by a multimodality 
combination of aggressive surgery, radiotherapy, and chemo-
therapy. They may occur in familial bilateral retinoblastoma (due 
to a germline retinoblastoma gene mutation) known as a trilateral 

table 2.5.1 Parenchymal pineal tumour classification [3, 4, 7, 8]; the current WHO classification does not provide strict criteria 
to distinguish grade II and III tumours.

WHO grade Histological type Indicators of differentiation (from more to less) Prognosis

I Pineocytoma No mitoses/ very positive NF Good

II

III

Intermediate differentiation (20%) Moderate nuclear atypia/ low to moderate mitotic activity/ <2 mitoses per 
HPFs/ positive NF protein staining / MIB- 1 proliferation indices 3– 10%
>6 mitoses per HPF/ necrosis/ negative NF protein staining ↓ II or III Papillary tumour of the pineal region

IV Pineoblastoma Variable plus positive or negative NF Bad

WHO, World Health Organization; NF, neurofilaments; HPF, high power field.
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retinoblastoma syndrome, with a median survival of only 6 months; 
or in patients with familial adenomatous polyposis. They may also 
present in patients with DICER1 germline mutations [7, 17]. Recent 
studies suggest that in addition to the tumour predisposition syn-
drome DICER1, the appearance of sporadic pinealoblastomas due 
to a somatic mutation leading to the inactivation of DICER1 and 
dysfunction/ dysregulation of one of its precursor RNA strands 
(miRNA) is also possible [18]. Negative prognostic predictors are 
disseminated disease at diagnosis, the patient’s young age and par-
tial surgical resection.

Intermediate grades II and III represent different degrees of dif-
ferentiation and prognosis (Table 2.5.1).

Papillary tumours present with a variable clinical behaviour, me-
dian age at diagnosis of 35 years, but may affect children and adults, 
with no sex predilection [7, 12– 14, 19– 22]. Local recurrences are 
common, especially if resection is incomplete, but spinal dissem-
ination is rare. Gross total resection and younger age are associated 
with overall survival, while radiotherapy and chemotherapy have 
no significant impact. Higher Ki- 67 proliferation index (>10%) or 
more than 3 mitoses per 10 high power fields have shown to be re-
lated with a shorter progression- free survival [7] .

Germ cell tumours arise around the third ventricle, most com-
monly in the pineal region, but may also be seen in the suprasellar, 
hypothalamic compartment; 5– 10% of patients harbour lesions 
in both locations. Ninety per cent (90%) appear under the age of 
20  years and are more frequent in boys than girls (2.5:1), except 
suprasellar lesions more common in girls. An increased risk of intra-
cranial germ cell tumours has been associated with Klinefelter’s syn-
drome, Down’s syndrome, and neurofibromatosis type 1 [23, 24].

Other tumours, like pineal meningiomas, gangliogliomas, 
ependymomas, lipomas, and pineal metastases, most frequently of 
breast or lung origin may occur, often with other brain metastases; 
symptoms and signs reflect the extent of the disease [20, 25].

Diagnosis

An appropriate tissue specimen for accurate histological diagnosis 
and determining tumour type is critical to optimize subsequent 
management. Serum alpha fetoprotein (AFP; synthesized mainly by 
yolk sac tumours, and teratomas) and β- hCG (in choriocarcinomas 
or germinomas) concentrations are of diagnostic utility if markedly 
elevated in serum and/ or CSF. Measurement of these markers in 
CSF for initial staging, and if positive, for follow- up are useful. CSF 
cytological examination should be delayed at least 2 weeks after sur-
gery to increase the chance of reflecting true dissemination of viable 
tumour rather than postoperative tumour spillage. If these markers 
are clearly raised, histological verification may not be required.

Biopsies may be obtained by classical surgical routes (posterior 
interhemispheric transcallosal, suboccipital transtentorial and 
infratentorial- supracerebellar routes) or by microsurgical tech-
niques, with significantly reduced perioperative mortality rates 
(<2%); a neuroendoscopic or stereotactic biopsy are reasonably 
safe and well tolerated [9, 26], in experimented hands, but the diag-
nosis of mixed or intermediate tumours may be difficult without 
extensive tissue sampling, and especially may miss detecting a pos-
sible teratoma component. In any case, operative risk should be 
balanced with the risk of not obtaining an accurate histological 

diagnosis, with prognostic implications. In cases of non- diagnostic 
or equivocal biopsies or indicative of a benign tumour (mature tera-
toma, meningioma), surgery is recommended.

imaging

MRI is the gold standard imaging technique for evaluating pineal 
tumours and detecting intradural extramedullary metastases [27]. 
An MRI will disclose the size and extension of the tumour and 
possible metastases, but cannot accurately identify the histological 
nature, which relies on biopsy or serum/ CSF tumour markers. In 
the more malignant tumours (pineoblastomas, germinomas, tera-
tomas) the spine as well as the brain should be imaged, since spread 
into the subarachnoid space and the spine are frequent.

Neuroimaging of astrocytic tumours can vary; MRI usually 
shows hypodensity on T1- weighted images and hyperintensity on 
T2- weighted images; gadolinium enhancement is uncommon, ex-
cept if active tumour progression occurs.

Among parenchymal tumours, pineocytomas appear as non- 
invasive, solid masses in the posterior third ventricular region, and 
tend to be smaller (<3 cm in general), rounder, hypodense, homoge-
neous masses with dispersed calcifications, particularly peripheral, 
which enhance heterogeneously or diffusely on computed tomog-
raphy (CT) and MRI, and present a lesser degree of hydrocephalus. 
Macrocystic presentation is rare but small cysts may be present. 
T1- weighted images are hypointense while T2 are hyperintense. 
Haemorrhage and necrosis are exceptional.

Pineoblastomas are larger, lobulated, homogeneous tumours, 
rarely calcified and present with a greater degree of hydrocephalus 
and local invasion of contiguous brain or leptomeninges; they may 
exhibit distant subarachnoid and extracranial metastases, more 
frequently in young females; they are hyperdense and enhance 
homogeneously on CT (Figure 2.5.1), while on MRI they appear 
as hypo- to isointense on T1- weighted images and enhance diffuse-  
or heterogeneously with contrast (Figures 2.5.2, 2.5.3, and 2.5.4). 
Haemorrhage and necrosis are common (Figure 2.5.5).

Germ cell tumours (except teratomas) appear as solid masses on 
MRI, iso-  or hyperdense, which enhance after contrast (Figures 2.5.6 
and 2.5.7); small nodular calcifications may be seen on CT scans. 
Teratomas tend to contain intratumoural cysts next to calcifica-
tions and low attenuation signals, typical of fat. Haemorrhages are 
common in choriocarcinomas and mixed neoplasms.

treatment

Surgery, chemotherapy, and radiation are used in the treatment of 
pineal region tumours. Surgery, either open, stereotactic, or endo-
scopic, is used to obtain a biopsy, mandatory in the majority of 
cases to obtain a definite histological diagnosis [9] . Morbidity and 
cure rates have improved over the last years thanks to a greater 
understanding of the nature of the different tumours, more ac-
curate neurosurgical experience, selective use of chemotherapy, and 
the introduction of modern irradiation techniques. However, the 
rarity of pineal tumours, make the obtaining of large prospective 
multicentre international studies to define their optimal manage-
ment, difficult.
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Treatment depends on histology obtained after surgery, which 
apart from the biopsy can resolve intracranial hypertension with 
a ventricular shunt (atrial or peritoneal) and perform partial 
debulking of the tumour if possible; total resection is rarely possible 
(Table 2.5.2).

Astrocytomas:  Treatment for astroglial derived malignant gli-
omas is local radiotherapy to the tumour (54 Gy), either conven-
tional or stereotaxic, while surgery may be curative for the more 
benign pilocytic astrocytomas.

Figure 2.5.3 T1- weighted gadolinium- enhanced MRI of a recurrent 
pineoblastoma showing the ventricular shunt.

Figure 2.5.4 Coronal T1- weighted gadolinium- enhanced MRI of a 
recurrent pineoblastoma.

Figure 2.5.2 T1- weighted MRI of a recurrent pineoblastoma in a 16- 
year- old boy without contrast.

Figure 2.5.1 Contrast- enhanced CT scan of a recurrent pineoblastoma 
in a 16- year- old boy with ventricular shunt.
Courtesy of Dr. E Guardia.
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Pineal parenchymal tumours: Pineocytomas only require local 
radiotherapy to the tumour (54 Gy). In pinealoblastomas, a high 
probability of spinal seedlings should lead to craniospinal radio-
therapy, since they are radiosensitive (25– 30 Gy on the neuroaxis 
with a pineal boost of 40 Gy aimed at more effective local disease 
control). However, routine craniospinal irradiation has been ques-
tioned and may not be necessary in patients with negative staging. 
Stereotaxic radiosurgery may control local progression and minimize 

damage to the surrounding brain, especially important in pre-
pubertal patients, in whom total brain irradiation is associated with 
neurocognitive dysfunction, endocrinopathy, second malignancies, 
vascular complications, and spinal growth impairment. However, it 
may be associated with a high risk of marginal recurrence and dis-
tant metastases, and is not considered the treatment of choice for 
infiltrative but curable tumours. Furthermore, complications such 
as ataxic gait and gaze palsy have been reported after radiosurgery. 
In young children chemotherapy with cisplatinum, etoposide, cyclo-
phosphamide, and vincristine, which alone is not curative, may allow 
a lower dose of radiotherapy to have similar effects. In older children 
with pineoblastoma, craniospinal irradiation is followed by chemo-
therapy (even though its role on final outcome is not fully defined). 
Age at diagnosis ≥4 years and administration of radiotherapy as initial 
therapy are considered favourable prognostic factors for progression- 
free survival [28]. Autologous haematopoietic stem- cell- supported 
high- dose chemotherapy has been proposed with some initial prom-
ising results, although experience is limited [29].

In mixed or intermediate pineal parenchymal cells (Grade II or 
III, Table 2.5.1), apart from local radiotherapy, craniospinal irradi-
ation and chemotherapy should be considered, when increasing 
number of mitoses and less differentiation are observed [9, 11– 16].

In PTPR, the optimal treatment remains controversial, as no 
definitive treatment strategy exists for this lesion. It has been de-
scribed that a minimally invasive strategy (radiotherapy or stereo-
tactic radiosurgery) resulted in a favourable response to treatment, 
avoiding the risks of aggressive surgical removal. However, incom-
plete resection tended to be associated with decreased survival and 

Figure 2.5.5 Coronal slice of the brain corresponding to Figure 2.5.1, 
showing the pineoblastoma and ventricular shunt.
Courtesy of Dr. E Guardia.

Figure 2.5.6 CT scan of a recurrent pineal germinoma in a 57- year- old 
man, with a ventriculoperitoneal shunt.
Courtesy of Dr. E Guardia.

Figure 2.5.7 Contrast- enhanced CT scan of a recurrent pineal 
germinoma in a 57- year- old man.
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with recurrence. In an updated retrospective series of 44 patients, 
only gross total resection and younger patient age were associated 
with overall survival; radiotherapy and chemotherapy had no sig-
nificant impact [7] .

Germ cell tumours. Surgery is not considered curative in 
germinomas, which are radiosensitive and should therefore receive 
local radiotherapy [9, 23, 24]. Unless firmly confident of negative sta-
ging (by negative tumour markers— AFP and β- hCG— in blood and 
CSF, and negative MRI), craniospinal radiotherapy should be offered 
given the high probability of spinal seedlings. Germinomas are also 
highly chemosensitive, and excellent responses to postoperative cis-
platin and cyclophosphamide have been reported. Survival is high 
(>90% at 5 years) in patients with localized pure germinomas, using 
either chemotherapy or focal radiotherapy or craniospinal irradi-
ation, while focal irradiation alone has a worse outcome. In meta-
static germinomas, craniospinal irradiation is the treatment of choice 
(25– 35 Gy to the spine and a local pineal boost of 40 Gy). Lower ir-
radiation doses are currently being considered, especially if adjuvant 
chemotherapy is offered [23]. Bifocal lesions in the pineal and hypo-
thalamus should be considered localized germinomas rather than 
metastatic disease, and receive irradiation to both locations.

Other germ cell tumours are less radiosensitive than germinomas, 
with a poor survival after radiotherapy alone (median survival 
of under 2  years) and require multimodality treatment [23,  24]. 
Surgical resection after tumour reduction with initial chemotherapy 
with cisplatin, etoposide, and ifosfamide is an alternative. Tumour 
markers are useful for follow- up. Combining chemotherapy with 
radiotherapy (local up to 54 Gy or craniospinal up to 36 Gy) may 
increase long- term survival to 80%.

Surgery is the treatment of choice of pineal meningiomas and 
other localized pineal tumours if possible; alternatively, local-
ized stereotactic radiosurgery may be offered with good long- term 
prognosis [9] .

Pineal cysts. Masses in the pineal region are most commonly 
non- neoplastic cysts incidentally discovered at autopsy or on a radio-
graphic work- up for symptoms not reasonably attributed to the cyst. 
Very rarely they act as a mass lesion and produce signs of increased 
intracranial pressure, by compressing the aqueduct (obstructive 
hydrocephalus) or tectal plate (Parinaud’s syndrome). On MRI they 
appear as a 1– 3 cm mass, equally or slightly more dense than CSF 
in T1- weighted image studies and which brightly enhance in T2- 
weighted images, reflecting their fluid nature; evidence of haemor-
rhage and peripheral calcification may be found. If asymptomatic, 
pineal cysts do not generally require treatment; if large enough to 
increase intracranial pressure, resection may be necessary, with an 
excellent long- term outcome [9, 30]. Patients with growing lesions, 
contrast enhancement, and haemorrhage are more likely to develop 
hydrocephalus and should be followed- up with serial MRI. However, 
no specific management guidelines exist regarding follow- up of these 
lesions and whether patients need to be monitored over time [31].
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Introduction

This chapter is a brief summary of the history and art related to 
the thyroid gland. The reader is referred to other sources for an ex-
haustive exposition of these matters [1– 3].

Early Years

Knowledge of goitre (which was not known to be a thyroid  
enlargement until about the sixteenth century) goes back into an-
tiquity. In 1600 BC, burnt sponge and seaweed was used for the 
treatment of goitre in China [2] . In the fourth century BC, the Ayur 
Veda, a Hindu system of medicine in India, contained a discussion 
of goitre [1,  2]. In Greece, in the days of Hippocrates, goitre was 
regarded purely as a deformity, and was attributed to the drinking 
of snow water [2]. In ancient Greece, swellings in the region of the 
thyroid gland (and presumably swellings elsewhere in the neck) 
were referred to as ‘bronchocoele’ or ‘struma’. Galen (AD 130–  
200), considered the greatest medical practitioner in antiquity after 

Hippocrates, regarded the thyroid as a lubricant for the larynx [2]. 
Later, Julius Caesar [2] noted that Gauls had large necks as one of 
their characteristics. Celsus (25 BC to AD 50)  in Rome defined 
bronchocoele (a tumour in the neck, most likely goitre) and he also 
described cystic goitre, as well as surgery for these lesions [2]. At the 
same time, in Egypt, Egyptian coins showed the presence of goitres, 
[4] and an Egyptian relief of Cleopatra likewise depicted her with 
what appears to be a goitre.

Even in these early years several writers [1,  2] referred to epi-
demics of goitre in the Alps, which was a forerunner to a wide lit-
erature from this region regarding goitres and their relationship to 
Alpine culture. The Chinese also were well aware of goitre in those 
early years, and recommended seaweed for the treatment of goitre 
as early as AD 340. Much later, the treatment of goitre with desic-
cated thyroid was advocated as early as AD 1475 by Wang Hei in 
China [2] .

In Switzerland in the sixteenth century, Paracelsus [5]  (1493– 
1541) recognized the connection between cretinism, endemic 
goitre, and congenital idiocy. He attributed goitre to mineral im-
purities in the drinking water. Later in that century and the next 
century, also in Switzerland, many writers described cretins in Swiss 
cantons and related them to the presence of goitre [3]. In 1656 [6] 
at St Thomas’s Hospital, London, Thomas Wharton named the lobes 
of the thyroid, ‘glandulae thyroidiaeae’ because of their anatomical 
proximity to the thyroid cartilage, and not because of their shape. 
He felt that the fact that women generally had larger thyroid glands 
than men was for the purpose of making their necks ‘more even and 
beautiful’.

During the mid and late medieval period in Europe, goitre and 
cretinism played a significant part in the social history of middle 
Europe, particularly in Alpine areas where these conditions were 
quite prevalent. Indeed, there was a connotation that those people 
with goitres were somehow inherently evil, and this was reflected in 
the folk art of the period. Indeed, depictions of goitre and cretinism 
in art and sculpture at that time were commonplace, and form the 
subject of an entire volume [3] .

The discovery of iodine at the beginning of the nineteenth cen-
tury was a landmark event in relation to the thyroid gland. In 1811, 
Bernard Courtois (1777– 1838), a self- taught chemist and dealer 
in chemicals and manufacturer of saltpetre in Paris, was using vit-
riol to clean the vats used for making potash from seaweed, when 
he noted violet fumes. This violet gas condensed into crystals on 
cooling; he called the crystals substance X.  The substance was 
soon identified as a new halogen element by Sir Humphrey Davy † It is with regret that we report the deaths of Dr Robert Volpé and Clark Sawin.
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(1778– 1829) [7] , who happened to be in Paris at the time (despite 
the ongoing Napoleonic War). As just mentioned, seaweed or burnt 
sponge had been employed in the treatment of goitre for centuries 
[2]. However, the credit for using iodine itself in the treatment of 
goitre appears to go to Coindet (1774– 1834) [8] of Geneva in 1820, 
after he had determined that the substance in burnt sponge that 
acted against ‘bronchocoele’ was actually iodine. In his ‘tincture of 
iodine’, he used 48 grains of iodine to one ounce of spirit of wine. 
For adults, he prescribed 10 drops of the tincture in half a tumbler 
of ‘syrup of capillaire’ and water three times a day, the dose being 
increased after a few weeks to 15 or even 20 drops. He noted that 
bronchocoele would usually subside and be destroyed within the 
space of 6– 10 weeks. A few years later, Lugol (1786– 1851) in 1829 
[2] also recommended and used (what we now call) Lugol’s solution 
for the treatment of goitre, with considerable success.

With the spread of iodine usage, toxic effects soon appeared, as 
described by Coindet in 1821, and later by Frederic Rilliet (1814– 
61) [9] . These ill effects of iodine led to a great deal of anxiety about 
its use for goitre under any circumstance; for some, it was com-
pletely proscribed.

Surgical treatment of goitre had been mentioned by Celsus (25 
BC to AD 50) [2] . It was also mentioned in the Turkish manuscript 
of Charaf Eddin in 1465. Johann A.W. Hedenus (1760– 1836) [2] 
reported in 1822 on six cases of successful excision of a goitre for 
impending suffocation. Joseph Henry Green (1791– 1863) reported 
the removal of the right lobe of the thyroid gland in St Thomas’s 
Hospital, London, in 1829, but the patient died of sepsis 2 weeks later.

Structure and Function

In a paper by T.W. King (1809– 47) [10] of Guy’s Hospital,  
London, there is a description of what was thought to be the se-
cretion of the thyroid as passing into its lymphatics and so into the 
great veins. King noted that this had been indirectly surmised by 
Morgagni. He also remarked prophetically that we should be able 
one day to show that a particular material is slowly formed and par-
tially kept in reserve and that this principle is also supplementary, 
when poured into the descending inferior vena cava, to important 
functions in the course of the circulation. Thus, he had a conception 
of the internal secretion by the thyroid. In notes appended to King’s 
paper, Astley Cooper (1768– 1841), a surgeon at the same hospital, 
agreed with King about this idea.

John Simon (1818– 97) [1]  in 1844, while assistant surgeon at 
King’s College Hospital and demonstrator of anatomy at King’s 
College, London, published a paper on the comparative anatomy 
of the thyroid. He stated that in addition to its copious vascular 
supply, it had the structure of a secreting gland. Several decades 
later, based on thyroidectomies performed on monkeys and other 
mammals, Victor Horsley (1857– 1916) [11] in 1885 supported the 
generalization of Felix Semon (1849– 1921) in 1883 that myxoe-
dema, cretinism, and operative cachexia strumipriva were all due 
to thyroid deficiency, and not due to chronic asphyxia (as Theodor 
Kocher, a surgeon in Bern, Switzerland, originally believed) or due 
to injury of the sympathetic or other nervous structures. Horsley 
thought that the thyroid controlled the metabolism of mucus, and 
that the effects of thyroid insufficiency were due to an accumulation 
of mucus. Others thought that the function of the thyroid was to 

neutralize or remove poisons, and so thyroid insufficiency was pre-
sumed to produce toxaemia. Horsley, in his report to the Clinical 
Society’s Committee on Myxoedema (1888) divided the effects of 
complete thyroidectomy on monkeys into (1)  the acute effects, 
which consisted of nervousness, tremor, clonic spasm, contracture, 
paresis, paralysis, and which came on between the second and the 
twelfth day (now in retrospect clearly the result of damage to the 
parathyroid glands); and (2)  chronic experimental myxoedema. 
After Gley’s [12] rediscovery in 1891 of the parathyroid glands, it 
became evident that the effect of complete removal of the thyroid 
resulted in myxoedema, and that removal of the parathyroids was 
responsible for what had previously been called tetania thyreopriva.

The dramatic results of replacement treatment of myxoedema by 
thyroid preparations by George Murray (1865– 1939) [13] (Figure 
3.1.1.1) in the United Kingdom in 1891, and Magnus- Levy’s [14] 
demonstration in France in 1895 that thyroid medication accelerated 
metabolism, led to the conclusion that the thyroid and its internal 
secretion had definite powers other than detoxification.

Theodor Kocher (1841– 1917) [2]  suggested in 1895 that the thy-
roid might contain iodine. In the same year, Tschirch [2] was un-
able to establish this point. However, Eugen Baumann (1846– 96) 
[15] apparently quite independently of Kocher’s suggestion, investi-
gated the chemistry of the thyroid, and was much surprised to find 
iodine. He published his findings in 1896 [15] called the extracted 
compound that contained iodine ‘thyreo- iodin’, and considered it 
to be the active principle of the thyroid. This led to the isolation by 
Kendall [16] in 1914 of an active principle which was initially called 
thyroxyindole and later thyroxin. In 1926, Harington (1897– 1972) 
[17] proved that it was derived from tyrosine and not, as Kendall 
thought, from tryptophane, and was found to be a basic sub-
stance, now called thyroxine. Thyroxine was subsequently shown 
by Harington [2] and Salter [2] to be less powerful than desiccated 
thyroid. It was of interest that Harington was not able to accept the 

Figure 3.1.1.1 Professor George R. Murray (1865– 1939), Newcastle- 
upon- Tyne, England, who first used extracts of sheep thyroid for the 
treatment of myxoedema in 1891.
Reproduced with permission from Rolleston HD. The Endocrine Organs in Health and 
Disease, with a Historical Review. London: Oxford University Press, 1936.
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possibility that a principle other than thyroxine might exist to ex-
plain the metabolic effects of desiccated thyroid. It was not until 
1952 that Gross and Pitt- Rivers [18] discovered triiodothyronine, 
which proved to be that elusive second principle.

cretinism

The term ‘cretin’ is thought by some to derive from Christianus,  
in that the cretinous patients were ‘incapable of sin’ [2] . They were 
considered as simple, innocent creatures, ‘gens du bon Dieu’ [2]. 
Cretinism was one of the diseases first recognized in early life before 
it was realized that adults were also affected. The observation that 
cretinoid conditions occurred in adult life in women occurred much 
later, and was particularly recognized by Sir William Gull (1816– 
90) [19] in 1873. He was instrumental in leading the commission 
(which he initially chaired) to the conclusion that myxoedema was 
actually due to thyroid deficiency. William Ord (1834– 1902) [20] 
gave the name ‘myxoedema’ to the adult form in 1877 and was the 
chairman of the commission at the time of the report (1888).

Significant differences were noticed between the adult and the 
childhood form. In the latter, there was arrest of development in 
growth both in body and brain. Because cretinism was found more 
commonly in the deep mountain valleys, there were many theories 
as to the relationship of air, water, and food, as noted by Hoefer 
(1614– 81), DeSaussure (1740– 99), and Malacarne (1744– 1816) 
[1] . A  Royal Commission in Sardinia (1)  in 1848 found that the 
incidence of cretinism was 28% of the population in the District of 
Aosta but much lower elsewhere.

causes of Hypothyroidism

The causes of the hypothyroidism were not fully understood  
throughout the nineteenth century. W.M. Ord [20, 21] described the 
appearance of the thyroid gland in this condition in 1878, and 13 
cases were examined after death in the Report of the Clinical Society 
of London in 1888. The thyroid showed fibroid atrophy and great 
diminution in size and weight. There was evidence of chronic in-
flammation, lymphocytic infiltration, fibrosis, and disappearance of 
the acini and colloid. However, in 1912, it was Hakaru Hashimoto 
(1888– 1934) [22, 23] a surgeon from Fukuoka, Japan, who described 
four cases of goitre associated with hypothyroidism in which lympho-
cytic infiltration of the thyroid gland was an important feature. The 
most common cause of spontaneous hypothyroidism in areas of the 
world where there is no iodine deficiency is that of (what is now 
termed) Hashimoto’s thyroiditis or autoimmune thyroiditis. Only 
much later, in 1956, was autoimmune thyroiditis produced experi-
mentally by Rose and Witebsky in Buffalo, New York [24] and in that 
same year, thyroid antibodies were found in the circulation of patients 
with Hashimoto’s thyroiditis by Roitt and Doniach [25] in the United 
Kingdom. These findings helped to usher in the era of autoimmunity.

Toxic Goitre

Few diseases can have more synonyms and none more eponyms. 
C.P. Howard [26] collected more than 20 such terms.

Looking back into antiquity, the Persian writer, Sayyid Ismail 
Al- Jurjani in 1136 [1, 2] may have been the first to connect exoph-
thalmos with goitre. Flajani’s (1741– 1808) [27] description in 1802 
in Ascoli, Italy, failed to associate the goitre, exophthalmos, and pal-
pitations as one disease, and his account failed to attract much at-
tention. Indeed, Antonia Testa’s (1756– 1814) [28] reference in 1800 
to the coincidence of prominent eyes and a cardiac disorder likewise 
did not attract much attention. Testa was the professor of medicine 
and surgery at Bologna and was said to be a learned theorist, but 
a mediocre clinician. Caleb Hillier Parry [29,  30] (1755– 1822) of 
Bath, England observed a case in August 1786, but his description 
of eight cases of ‘enlargement of the thyroid gland in connection 
with enlargement or palpitation of the heart’ was not published 
until 1825, 3 years after his death. His second case, seen in 1802, 
was of particular interest as it seemed to be precipitated by an acute 
stress, a factor that still exercises the interest of many observers. He 
considered that the thyroid was acting as a reservoir for the blood 
being pumped out by the hyperactive heart. This posthumous re-
port in 1825 still preceded Graves’ publication by a decade.

Robert J. Graves [31– 33] (1796– 1853) of Dublin, Ireland, gave a 
clinical lecture at the Meath Hospital in Dublin and subsequently 
published a short article on ‘palpitation of the heart with enlarge-
ment of the thyroid gland’ in 1835. He then included these accounts 
in textbooks that he later wrote. These texts drew considerable at-
tention to the disorder. This attention was later amplified in 1840 by 
Karl Adolf von Basedow (1799–  1854) [34] of Merseburg, Germany, 
who described four patients with exophthalmos, goitre, and pal-
pitations; his description eave rise to the phrase ‘the Merseburg 
triad’. William Stokes (1804– 78), a colleague and friend of Graves in 
Dublin, actually described hyperthyroidism much more fully than 
Graves in his text, Diseases of the Heart in 1854 [35].

In France, the first description of the disease was provided in 
1856 by Jean- Martin Charcot (1825– 93) [36]. employing the term 
‘cachexia exophthalmica’ to describe the condition. Charcot’s older 
colleague, Armand Trousseau (1801– 67) mentioned in a lecture at 
the Hotel Dieu in Paris in 1860, that iodine, which had been ‘in-
appropriately’ prescribed for hyperthyroidism had actually caused 
marked amelioration of the disease [37]. Nevertheless, he felt 
that the use of iodine in toxic goitre was dangerous, and warned 
against it.

The credit for the precedence for the description of this disease is 
scarcely resolved to this day. Sir William Osler [38, 39] in his third 
edition of his famous textbook of medicine belatedly gave the credit 
for the first important description of this disease to Parry. However, 
Trousseau [37] had been impressed with the books written by 
Graves (who was highly regarded as an academic physician) and felt 
that Graves should be given the credit. In mid- Europe, many obser-
vers have given that honour to Basedow. Thus, although the term 
Graves’ disease is in common usage in English- speaking countries, 
Basedow’s disease is generally used in Europe. In Italy, the term, 
Flajani’s disease is sometimes heard. At international meetings, the 
term Graves’ disease is most commonly heard.

The cause of Graves’ disease remained unknown, and led to 
many interesting hypotheses, most notably the importance of psy-
chological factors. Rolleston [1]  has summarized the various influ-
ences which were thought to be at work in causing this condition. 
In 1907, Charles Mayo [2] of Rochester, Minnesota, first used the 
term ‘hyperthyroidism’, to conform to the idea we hold today, 
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namely that the disorder represents an excess of thyroid hormone. 
In 1910, Kocher [1, 2] coined the term ‘Jod- Basedow’ to describe 
hyperthyroidism precipitated or aggravated by excess iodine. David 
Marine [2] also suggested that iodine might actually be a treatment 
for Graves’ disease. A  few years later, in 1913, Henry Plummer 
(1874– 1937) [40] was able to separate Graves’ disease from hyper-
thyroidism related to toxic nodular goitre (Plummer’s disease). In 
1924, Plummer and Boothby [41] showed that the preoperative use 
of iodine greatly simplified the operative management of Graves’ 
disease.

Treatment of Graves’ disease remained mainly surgical until 1942, 
when Hertz and Roberts [42, 43] introduced radioactive iodine for 
the diagnosis and treatment of Graves’ disease. The following year, 
Astwood [44] used thiourea and thiouracil in the medical treatment 
of Graves’ disease, thus initiating the era of antithyroid drug therapy. 
In 1956, the year that thyroid autoantibodies were first identified, 
Adams and Purves [45] in New Zealand described the presence of 
an abnormal stimulator of the thyroid in Graves’ disease which later 
proved to be an antibody directed against the thyroid- stimulating 
hormone receptor (thyroid- stimulating antibody). Thus, Graves’ 
disease, as well as Hashimoto’s thyroiditis, proved to be an auto-
immune disorder.

other conditions

In 1896, Riedel [46, 47] described invasive fibrous thyroiditis, a rare 
fibrosing condition of the thyroid gland and de Quervain [48] de-
scribed subacute non- suppurative thyroiditis in 1896.
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Introduction

In healthy humans with a normal iodine intake, the thyroid fol-
licular cells produce predominantly the prohormone thyroxine 
(3,3′,5,5′- tetraiodothyronine; T4), which is converted in periph-
eral tissues to the bioactive hormone 3,3′,5- triiodothyronine (T3) 
or to the inactive metabolite 3,3′,5′- triiodothyronine (reverse T3). 
The bioavailability of thyroid hormone in target tissues depends 

to a large extent on the supply of plasma T4 and T3, the activity 
of transporters mediating the cellular uptake and/ or efflux of 
these hormones, as well as the activity of deiodinases and possibly 
other enzymes catalysing their activation or inactivation. The ac-
tions of thyroid hormone are mediated by binding of T3 to the 
nuclear thyroid hormone (or T3) receptors (TRs). Thyroid func-
tion is regulated most importantly by the hypophyseal glycopro-
tein thyroid- stimulating hormone (TSH), also called thyrotropin. 
In turn, TSH secretion from the anterior pituitary is stimulated by 
the hypothalamic factor thyrotropin- releasing hormone (TRH). 
TSH secretion is downregulated by negative feedback action of thy-
roid hormone on the hypothalamus and the pituitary. The contri-
bution of locally produced T3 versus uptake of plasma T3 is much 
greater for some tissues such as the brain and the pituitary than for 
most other tissues. Plasma TSH is an important parameter for the 
diagnosis of thyroid dysfunction but is not representative for the 
thyroid state of all tissues. In this chapter various aspects will be 
discussed of: (a) the neuroendocrine regulation of thyroid function, 
(b) the biosynthesis of thyroid hormone (i.e. the prohormone T4), 
(c)  the activation and inactivation of thyroid hormone in periph-
eral tissues, (d) cellular transport of thyroid hormone and (e)  the 
mechanism by which T3 exerts it biological activity. A  schematic 
overview of the hypothalamus–  pituitary– thyroid– periphery axis is 
presented in Figure 3.1.2.1.

Regulation of Thyroid Function

Thyrotropin- Releasing Hormone

TRH is a tripeptide with the structure pyroglutamyl- histidyl- 
proline amide (pGlu- His- Pro- NH2) in which the C- terminal carb-
oxyl group is blocked by amidation and the N- terminal α- amino 
group is blocked by cyclization. Beside stimulating TSH secretion, 
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Figure 3.1.2.1 Overview of the regulation of the production and 
metabolism of thyroid hormone in the hypothalamus– pituitary– thyroid– 
periphery axis, showing the liver as a major T3- producing tissue.
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TRH also stimulates prolactin secretion. TRH is not only produced 
in the hypothalamus but is widely distributed through the central 
nervous system where it functions as a neurotransmitter. TRH is 
also detected in the posterior pituitary and in different other tissues, 
but little is known about its role there.

Hypophysiotropic TRH is produced in neurons, the cell bodies 
of which are located in the paraventricular nucleus of the hypo-
thalamus [1] . The biosynthesis of TRH involves the production 
of a large precursor protein (proTRH) which, in humans, con-
sists of a sequence of 242 amino acids. This proTRH contains six 
copies of the TRH progenitor sequence Gln- His- Pro- Gly, flanked 
at both sides by pairs of the basic amino acids Arg and/ or Lys 
(Figure 3.1.2.2). Cleavage of proTRH at the basic amino acids by 
prohormone convertases (e.g. PC1 and PC2) and further removal 
of remaining basic residues by carboxypeptidases results in the lib-
eration of the progenitor sequences. A specific glutaminyl cyclase 
catalyses the formation of the pGlu ring at the N- terminus and 
a so- called peptidylglycine α- amidating mono- oxygenase con-
verts Pro- Gly to ProNH2 at the C- terminus [2]. The processing 
of proTRH takes place in vesicles that transport mature TRH and 
intervening peptides along the axons of the TRH neurons to the 
median eminence, where they are released into the portal vessels of 
the hypophyseal stalk.

TRH is transported over a short distance through the hypo-
physeal stalk to the anterior lobe of the pituitary, where it stimu-
lates the production and secretion of TSH (and prolactin). These 
actions of TRH are initiated by its binding to the type 1 TRH re-
ceptor (TRHR1), which is expressed on both the thyrotrope (TSH- 
producing cell) and the lactotroph (prolactin- producing cell) [3] . 
This receptor belongs to the family of G- protein- coupled recep-
tors, characteristically containing seven transmembrane domains. 
Human TRHR1 is a protein consisting of 398 amino acids, and 
binding of TRH induces a change in its interaction with the tri-
meric G- protein, resulting in the stimulation of phospholipase C 
activity. The activated phospholipase C catalyses the hydrolysis of 
phosphatidylinositol- 4,5- diphosphate to the second messengers 
inositol- 1,4,5- triphosphate and diacylglycerol, which initiate a cas-
cade of reactions, including an increase in cellular Ca2+ levels and 
protein kinase C activity, that ultimately stimulates the release as 
well as the synthesis of TSH (and prolactin) [3]. TRH stimulation 
of TSHβ gene expression is also dependent on the pituitary- specific 
transcription factor 1.

TRH is subject to rapid degradation in the blood as well as in dif-
ferent tissues. Although multiple enzymes are involved, a very im-
portant role is played by the TRH- degrading ectoenzyme TRHDE, 
which catalyses the cleavage of the pGlu- His bond [4] :

 pGlu-His-ProNH pGlu + His-ProNH .2 2→  

This enzyme has been characterized as a zinc- containing 
metalloproteinase, which in humans consists of 1024 amino 
acids. It has a single transmembrane domain and is inserted in the 
plasma membrane such that most of the protein is exposed on the 
cell surface (ectopeptidase), in particular in brain, pituitary, liver, 
and lung. Enzymatic cleavage of the protein close to the cell mem-
brane releases most of the protein in a soluble and enzymatically 
active form into the circulation, representing the origin of plasma 
TRHDE. Plasma TRHDE appears to be derived mostly from the 
liver. In the brain and the pituitary, where the enzyme is probably 
located in close vicinity of the TRH receptor, TRHDE supposedly 
plays an important role in the local regulation of TRH bioavail-
ability. TRHDE activity in the pituitary and in plasma is increased 
in hyperthyroidism and decreased in hypothyroidism, which may 
contribute to the negative feedback control of TSH secretion by thy-
roid hormone [4] .

Thyroid- Stimulating Hormone

TSH is a glycoprotein produced by the thyrotropic cells of the an-
terior pituitary. Like the other hypophyseal hormones luteinizing 
hormone and follicle- stimulating hormone, it is composed of two 
subunits. The α- subunit is identical and the β- subunit is homolo-
gous among the three hormones [5] . Although hormone specificity 
is conveyed by the β- subunit, dimerization with the α- subunit is re-
quired for biological activity. Human TSH consists of 205 amino 
acids; 92 in the α- subunit and 113 in the β- subunit. It has a mo-
lecular weight of 28 kDa, 20% of which is contributed by three 
complex carbohydrate groups: two on the α- subunit and one on the 
β- subunit. The structure of these carbohydrate groups is important 
for the biological activity of TSH and is dependent on the stimula-
tion of the thyrotrope by TRH [5]. Changes in TSH glycosylation 
underlie the altered TSH bioactivity under certain circumstances, 
such as pituitary stalk compression.

In addition to the stimulation by TRH and negative feedback by 
thyroid hormone, TSH production and secretion is also subject to 
negative regulation by hypothalamic somatostatin and dopamine 
and by steroids such as cortisol [6] .

TSH binds to a specific TSH receptor located in the plasma mem-
brane of the follicular cell. The human TSH receptor is a G- protein- 
coupled receptor which, is a protein consisting of 764 amino acids 
with an exceptionally long extracellular N- terminal domain [7] . 
The TSH receptor is preferentially coupled to a Gsα- subunit of the 
trimeric G- protein. Binding of TSH to its receptor induces the dis-
sociation of the G- protein subunits, resulting in the activation of 
the membrane- bound adenylate cyclase and, thus, in the stimu-
lation of cAMP formation as second messenger. The increased 
cAMP levels induce a series of events, including the activation of 
protein kinase A activity, that ultimately results in the stimulation 
of the biosynthesis and secretion of thyroid hormone [8]. In par-
ticular, the expression of genes coding for key proteins for hor-
mone production (e.g. the iodide transporter, thyroglobulin, and 
thyroid peroxidase) is increased through mechanisms that also in-
volve different thyroid- specific transcription factors such as TTF1, 
TTF2, and PAX8.

As discussed elsewhere in this section, hyperthyroidism is 
often caused by an autoimmune process in which TSH receptor- 
stimulating antibodies play an important role. Hyperthyroidism 
may also be caused by a hyperfunctioning adenoma. In most pa-
tients with a toxic adenoma, somatic mutations have been identified 

--Lys-Arg-Gln-His-Pro-Gly-Lys-Arg—
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↓
↓

↓
↓

pGlu-His-ProNH2

Figure 3.1.2.2 Biosynthesis of TRH. The figure shows the several steps 
by which the TRH progenitor sequences in proTRH are processed to 
mature TRH.
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in the TSH receptor, which result in the constitutive activation of 
this receptor [9] . In other patients, somatic mutations have been 
found in the Gsα- subunit that result in the constitutive activation 
of the G- protein in the absence of TSH. Together, mutations in the 
TSH receptor and the Gsα- subunit account for the majority of toxic 
adenomas. Also, germline, gain- of- function mutations have been 
identified in patients with congenital, non- autoimmune hyperthy-
roidism. Conversely, germline, loss- of- function mutations have 
been described in patients with TSH resistance [9]. However, pa-
tients with TSH resistance may be clinically euthyroid because the 
partial defect in TSH receptor function is compensated by increased 
plasma TSH concentrations [9].

Biosynthesis of Thyroid Hormone

The functional unit of the thyroid gland is the follicle, composed 
of a single layer of epithelial cells surrounding a colloidal lumen 
in which thyroid hormone is stored as an integral part of its pre-
cursor protein thyroglobulin. The biosynthesis of thyroid hormone 
comprises the following steps, which are depicted schematically in 
Figure 3.1.2.3 [8, 10]:

 1. Uptake of iodide through the basolateral membrane and export 
through the apical membrane.

 2. Clustering of thyroglobulin, thyroid peroxidase (TPO) and the 
dual oxidase DUOX2 in a ‘thyroxisome’ at the luminal surface of 
the apical membrane [11].

 3. Formation of H2O2 by DUOX2.
 4. H2O2- dependent iodination of tyrosine residues in thyro-

globulin by TPO.
 5. H2O2- dependent coupling of iodotyrosine to iodothyronine res-

idues in thyroglobulin by TPO.
 6. Resorption of thyroglobulin from the lumen and hydrolysis in 

lysosomes.

 7. Deiodination of iodotyrosines and reutilization of iodide.
 8. Secretion of iodothyronines, predominantly T4, into the 

bloodstream.

Iodide Uptake

Iodine is an essential trace element required for the synthesis of 
thyroid hormone. The basolateral membrane of the follicular cell 
requires an active transporter that mediates uptake of I− together 
with Na+. This human sodium- iodide symporter (NIS) consists of 
618 amino acids and 13 transmembrane domains [12]. Supposedly, 
these domains form a channel through which I− and Na+ are trans-
ported in a stoichiometry of 1:2. The surplus of positive charge in-
dicates that I− transport is electrogenic and further driven by the 
Na+ gradient. TSH stimulates the expression of the NIS gene to such 
an extent that the intracellular iodide concentration is about 30– 50 
times higher than its extracellular level. NIS can also bind other an-
ions, some of which are even transported [12].

An important example is perchlorate (ClO4−) which potently in-
hibits iodide uptake by the NIS, an effect utilized in the perchlorate 
discharge test used for the diagnosis of an organification defect (i.e. 
impaired incorporation of iodine in thyroglobulin). Perchlorate 
inhibits the uptake but not the release of iodide from the thyroid. 
Therefore, if perchlorate is administered after a dose of radioactive 
iodide, it will provoke a marked release of radioactivity from the 
thyroid in case of an organification defect but not from a normal 
thyroid gland. Pertechnetate (TcO4−) is another anion transported 
by the NIS, and this observation is utilized in the scanning of the 
thyroid gland using radioactive 99mTcO4−.

Since the iodination of thyroglobulin takes place at the luminal 
surface of the apical membrane, iodide also has to pass this mem-
brane. A  transporter putatively involved in this process has been 
identified and termed pendrin, since the gene coding for this 

Figure 3.1.2.3 Schematic presentation of a thyroid follicular cell and important steps in the synthesis of thyroid hormone. DIT, 3,5- diiodotyrosine; 
MIT, monoiodotyrosine.
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protein is mutated in patients with Pendred’s syndrome [13]. This 
is a congenital condition characterized by deafness due to a coch-
lear defect and hypothyroidism due to an organification defect as 
indicated by a positive perchlorate discharge test. Pendrin is cap-
able of transporting bicarbonate, chloride, and iodide [13], and is 
expressed only in the thyroid and the cochlea. The exact function of 
pendrin in the transport of iodide across the follicular apical mem-
brane is subject to debate. There is likely another protein capable of 
releasing iodide into the follicular lumen of which anoctamin is a 
likely candidate [14]. Efflux of iodide from thyroid follicular cells is 
acutely stimulated by TSH, which may involve recruitment and/ or 
activation of an iodide exporter such as pendrin.

Thyroglobulin, DUoX2, and TPo

Thyroglobulin is an exceptionally large glycoprotein consisting 
of two identical subunits. Each mature subunit in human thyro-
globulin contains 2748 amino acids and has a molecular weight 
of approximately 330 kDa [15]. The TG gene is located on human 
chromosome 8q24.2- q24.3; it covers about 300 kb of genomic DNA 
and consists of 48 exons.

DUOX2 is a large glycoprotein embedded in the apical membrane 
of the thyrocyte. Mature human DUOX2 contains 1527 amino acids 
and has seven putative transmembrane domains, an NADPH- 
binding domain, an FAD- binding domain, a haem- binding do-
main, two calcium- binding EF hands, and a peroxidase domain 
[16]. It catalyses the oxidation of NADPH from the cytoplasm and 
delivers its product H2O2 to the luminal surface of the membrane. 
Functional expression of DUOX2 requires the presence of the mat-
uration factor DUOXA2, a protein consisting of 320 amino acids 
and five putative transmembrane domains [17].

TPO is a glycoprotein consisting of 933 amino acids and fea-
turing a single transmembrane domain. A short C- terminal domain 
is located in the cytoplasm but most of the protein is exposed on 
the luminal surface of the apical membrane, which also contains 
a haem- binding domain, the active centre of the enzyme [18]. The 
human TPO gene covers about 150 kb on chromosome 2p25, dis-
tributed over 17 exons.

Formation of Iodothyronines

Thyroid hormone synthesis takes place at the luminal surface of the 
apical membrane in the scaffold of the thyroglobulin molecule and 
consists of two important reactions that are both catalysed by TPO 
(i.e. the iodination of Tyr residues and the subsequent coupling of 
iodotyrosine to iodothyronine residues) [18]. The structures of these 
compounds are illustrated in Figure 3.1.2.4. The prosthetic haem 
group of TPO undergoes a two- electron oxidation by H2O2 (sup-
plied by DUOX2) to the intermediate compound 1 (Cpd1). Cpd1 
may carry out either a one- electron oxidation reaction, by which it is 
converted to the intermediate Cpd2, or a two- electron oxidation by 
which native TPO is regenerated. TPO- catalysed iodination prob-
ably involves a two- electron oxidation of I− to I+ with subsequent 
electrophilic substitution of Tyr residues in thyroglobulin, produ-
cing 3- iodotyrosine (monoiodotyrosine, MIT). Substitution of MIT 
residues with a second iodine produces 3,5- diiodotyrosine (DIT).

Coupling of two suitably positioned iodotyrosine residues results 
in the formation of an iodothyronine residue at the site of the ac-
ceptor iodotyrosine, leaving a dehydroalanine residue at the site of 
the donor iodotyrosine [18]. Coupling of the diiodophenol moiety 

of one DIT residue to the phenolic oxygen of a second DIT residue 
results in the formation of T4, while coupling of the iodophenol 
moiety of MIT to a DIT residue yields T3. Coupling of DIT and 
MIT to generate reverse T3 or MIT and MIT to form 3,3′- T2 are 
apparently rare events, since thyroidal secretion of reverse T3 and 
3,3′- T2 are negligible.

Although Tyr is the building block of thyroid hormone, the Tyr 
content of thyroglobulin is not greater than that of most other pro-
teins. Each thyroglobulin subunit has only four hormonogenic sites, 
Tyr residues that can ultimately be transformed into iodothyronines. 
At three sites (positions 5, 1290, and 2553 in the mature protein) T4 
can be formed, while at the fourth site (position 2746) T3 is pref-
erentially produced. However, at normal levels of iodination the 
average yield is 1– 1.5 molecules of T4 and approximately 0.1 mol-
ecule of T3 per thyroglobulin subunit. The ratio between T3 and T4 
formation is under control of TSH. At this stage the iodothyronines 
are still in peptide linkage with the thyroglobulin backbone and re-
main stored as such in the lumen until their secretion is required.

Release of Thyroid Hormone

In response to TSH stimulation, thyroglobulin is resorbed from the 
lumen largely by both macro-  and micropinocytosis [8,  10]. The 
former type of endocytosis is associated with the formation of large 
pseudopodia that engulf colloid and the thyroglobulin contained 
therein, resulting in the formation of large cytoplasmic vesicles 
also known as colloid droplets. The second process concerns the 
receptor- mediated endocytosis of thyroglobulin, involving the 
binding of thyroglobulin to apical membrane proteins. Megalin, 
a very large (c.600 kDa) cargo protein located in the apical mem-
brane of different cell types, including thyrocytes, may be involved 
although it appears to function primarily in the transcellular trans-
port of poorly iodinated thyroglobulin [19].

Both types of endosomes fuse with lysosomes, generating 
so- called phagolysosomes. In these vesicles thyroglobulin is 
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hydrolysed by lysosomal proteases, (i.e. cathepsins) [20], resulting 
in the liberation of T4, a small amount of T3, as well as excess MIT 
and DIT molecules. MIT and DIT are probably exported from the 
vesicles via a specific transporter [21]. Thus, they have access to 
the iodotyrosine dehalogenase (DEHAL1), located in the endo-
plasmic reticulum, which catalyses their deiodination by NADH 
[22, 23]. The iodide thereby released is reutilized for iodination of 
thyroglobulin.

Human DEHAL1 is a homodimer of a 289- amino acid protein 
containing an N- terminal membrane anchor and a conserved 
nitroreductase domain with an FMN- binding site [22,  23]. The 
DEHAL1 gene is located on chromosome 6q24- q25 and consists 
of five exons. Since DEHAL1 lacks an NADH- binding sequence, 
iodotyrosine deiodinase activity requires the involvement of a re-
ductase, which has not yet been identified.

The most important mechanism of thyroid hormone secretion 
involves the secretion from the gland through membrane trans-
porters. This requires iodothyronines to be released via transporters 
from the vesicles into the cytoplasm, and subsequently secreted 
through transporters located in the basolateral membrane. In the 
latter route, some T4 may be converted before secretion to T3 by 
iodothyronine deiodinases present in the thyrocyte (see next). The 
thyroid hormone transporter MCT8 (see next) is crucial for the ex-
cretion of the hormones from the gland into the circulation.

In an average human subject, T4 and T3 are secreted in a ratio of 
about 15:1 (i.e. about 100 μg (130 nmol) T4 and 6 μg (9 nmol) T3 
per day). The latter represents approximately 20% of daily total T3 
production [24]. Hence, most T3 is produced by deiodination of T4 
in peripheral tissues.

Inhibitors of Thyroid Hormone Production  
and/ or Secretion

Administration of a large amount of iodide usually results in an 
acute but transient decrease in thyroid hormone secretion [8, 10]. 
The mechanism of this inhibition of thyroid hormone secretion 
by excess iodide is unknown. Excess iodide will also induce an in-
hibition of the synthesis of thyroid hormone; this phenomenon is 
known as the Wolff– Chaikoff effect [8,  10]. The mechanism ap-
pears to involve, among others, the formation of an iodinated lipid 
(iodolactone) that inhibits several steps in thyroid hormone syn-
thesis. This includes the inhibition of iodide uptake by the NIS, 
which results in a decrease in the intracellular iodide concentration 
and, thus, a decrease in iodolactone formation. This relieves the in-
hibited hormone synthesis, known as the escape from the Wolff– 
Chaikoff effect, that occurs despite the continued administration of 
excess iodide.

Thiourea derivatives have been known since long as potent 
inhibitors of thyroid hormone synthesis [25]. Two of these, 
6- propyl- 2- thiouracil and particularly methimazole are widely 
used in the medical treatment of patients with hyperthyroidism  
(Figure 3.1.2.5). Their antithyroid activity is based on the potent  
inhibition of TPO, the mechanism of which depends on the avail-
able iodide concentration [18]. In the presence of iodide, the thio-
urea inhibitors compete with the Tyr residues in thyroglobulin for 
the TPO– I+ iodination complex, preventing the formation of thy-
roid hormone. The thiourea inhibitors are thus converted to the 
sulfenyl iodide derivatives which undergo further oxidation of the 
sulphur ultimately to sulphate.

Methimazole is a more potent inhibitor of TPO than 
propylthiouracil [18], and lower doses of methimazole (or the 
prodrug carbimazole) are required for the treatment of hyperthy-
roidism compared with propylthiouracil. Besides inhibiting thyroid 
hormone (i.e. T4) synthesis by TPO, propylthiouracil also inhibits 
conversion of T4 to T3 by the type 1 iodothyronine deiodinase lo-
cated not only in the thyroid but also in liver and kidney (see next).

Transport of Thyroid Hormone

Plasma Transport

In plasma, thyroid hormone is bound to three proteins, thyroxine- 
binding globulin (TBG), transthyretin (TTR, previously known as 
thyroxine- binding prealbumin (TBPA)), and albumin (Table 3.1.2.1) 
[25, 26]. Human TBG is a 54- kDa glycoprotein produced in the liver 
and consists of 395 amino acids and four carbohydrate residues. The 
TBG gene is located on the human chromosome Xq22.2, spans about 
5.5  kb, and contains five exons [27]. Among the different thyroid 
hormone transport proteins, it shows by far the highest affinity for 
T4, with an equilibrium dissociation constant (Kd) of approximately 
0.1 nM, but also the lowest plasma concentration (c.15 mg/ L) [26].

TTR is composed of four identical subunits, each consisting of 
127 amino acids. The TTR gene is located on human chromosome 
18q11.2- q12.1, covers about 7  kb, and contains four exons [28]. 
TTR can bind two T4 molecules, with a Kd value of approximately 
10  nM of the first T4 molecule, and the plasma concentration of 
TTR amounts to approximately 250 mg/ L [26]. Plasma TTR is pro-
duced in the liver, but the protein is also expressed in the choroid 
plexus where it is probably involved in T4 transfer from plasma to 
the cerebrospinal fluid. Furthermore, TTR is expressed in tropho-
blasts where it may participate in the transplacental transfer of ma-
ternal T4 to the fetus.

Albumin has multiple low- affinity binding sites for thyroid hor-
mone, with Kd values for T4 of 1– 10 μM, but it has by far the highest 
plasma concentration (c.40 g/ L) [26].

The resultant of the concentrations and affinities of the different 
thyroid hormone- binding proteins is that in normal human subjects 
approximately 75% of plasma T4 is bound to TBG, approximately 
15% is bound to albumin, and approximately 10% is bound to TTR 
[26]. The total binding capacity of these proteins is so high that only 
approximately 0.02% of plasma T4 is free (non- protein- bound). The 
affinity of T3 for the different proteins is roughly 10% of that of T4. 
Therefore, plasma T3 shows a similar distribution to T4 over the dif-
ferent proteins, and the free T3 fraction in normal plasma amounts 
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Figure 3.1.2.5 Structures of the TPO inhibitors methimazole and 
propylthiouracil. The thiourea moiety of the drugs is shaded.



SEcTIon 3 Thyroid Disease332

to approximately 0.2%. Thus, while the mean normal plasma total 
T4 (c.100 nmol/ L) and T3 (c.2 nmol/ L) levels differ about 50- fold, 
the difference in the mean normal free T4 (c.20 pmol/ L) and free 
T3 (c.5 pmol/ L) is only about fourfold. Reverse T3 binds with inter-
mediate affinity to the plasma proteins [26].

Since it is the plasma free T4 and free T3 concentrations that deter-
mine the tissue availability of thyroid hormone, they are more im-
portant parameters than the plasma total T4 and T3 concentrations 
in the assessment of thyroid status. Both concentration and thyroid 
hormone- binding affinity of the different plasma proteins are in-
fluenced by a variety of (patho)physiological factors [26]. Beside 
genetic variation resulting in deficiency or excess, TBG levels are 
also influenced by various endogenous and exogenous factors [27]. 
Notably, plasma TBG levels are increased by oestrogens. Different 
endogenous factors, such as free fatty acids, and drugs, such as sali-
cylates, competitively inhibit T4 binding to TBG [26].

A large number of mutations have also been identified in the TTR 
gene, some of which are associated with a decrease in T4 binding 
affinity, whereas others result in an increased affinity for T4 [29]. 
TTR mutations often cause neuropathic or cardiomyopathic amyl-
oidosis, resulting from the deposition of insoluble TTR fibrils in 
nerves or the heart [29]. Finally, binding of thyroid hormone to al-
bumin is subject to genetic variation. In particular, a specific in-
crease in the binding of T4 to albumin is frequently observed in 
otherwise healthy subjects, which may lead to the false diagnosis of 
hyperthyroidism if inadequate methods for analysis of plasma free 
T4 are used [26]. This phenomenon of familial dysalbuminaemic 
hyperthyroxinaemia has been attributed to mutations in the al-
bumin gene (typically R218H mutation), resulting in a marked in-
crease in T4 affinity [30].

Perturbation of plasma iodothyronine binding provokes an adap-
tation of the hypothalamus– pituitary– thyroid axis until normal free 
T4 and free T3 concentrations are again obtained. Therefore, meas-
urement of plasma free T4 rather than total T4 levels is, together 
with analysis of plasma TSH, the cornerstone of the diagnosis of 
thyroid disorders.

Tissue Transport

Because iodothyronines are lipophilic compounds, it was assumed 
for decades that they readily pass the plasma membrane by simple 
diffusion. However, the polar nature of the alanine side chain (‘zwit-
terion’) is a serious obstacle for passage through the lipid bilayer 
of the cell membrane. Studies in recent years have established that 
tissue uptake of thyroid hormone does not take place by diffusion 
but is mediated by specific plasma membrane transporters [31]. 
Most early studies have been carried out in isolated rat hepatocytes, 
but carrier- mediated uptake of iodothyronines has been demon-
strated in a variety of cells [31].

The mechanisms of thyroid hormone uptake appear to differ be-
tween tissues as studies in rat pituitary cells suggest a common 
transporter for T4 and T3, whereas neonatal rat cardiomyocytes 
show preferential uptake of T3 over T4 [31]. In view of the 
iodothyronine structure, it is not surprising that thyroid hormone 
uptake can be mediated by amino acid transporters showing par-
tial (L- type) or complete (T- type) preference for aromatic amino 
acids [32, 33].

Thyroid Hormone Transporters

Since 2000, a number of thyroid hormone transporters have been 
identified at the molecular level. These include the Na- taurocholate 
cotransporting polypeptide (NTCP), different members of the or-
ganic anion transporting polypeptide (OATP) family, the L- type 
amino acid transporters (LATs), members of the monocarboxylate 
transporter (MCT; SLC16) family and SLC17A4 [34, 35].

Of these transporters, only NTCP (SLC10A1) transports its lig-
ands in a Na+- dependent manner [36]. It is exclusively expressed 
in liver and transports primarily bile acids. Human NTCP consists 
of 349 amino acids and has seven transmembrane domains. The 
NTCP gene is located on chromosome 14q24.1 and has five exons. 
There are no other thyroid hormone transporters in the SLC10 
family. NTCP shows a preference for sulphated over non- sulphated 
iodothyronines.

Different human OATP members have been shown to transport 
iodothyronine derivatives [37]. In general, they are multispecific, 
transporting a variety of ligands. OATPs are glycoproteins con-
taining around 700 amino acids and 12 transmembrane domains. 
The human OATP1 subfamily contains four members (OATP1A2, 
1B1, 1B3, 1C1) with interesting properties. They are encoded by 
a gene cluster on chromosome 12p12 containing 14– 15 exons. 
OATP1B1 and 1B3 are expressed only in liver and show preference 
for sulphated over non- sulphated iodothyronines as ligands [38]. 
The latter also holds for OATP1A2, which is expressed in different 
tissues. OATP1C1 is an exceptional transporter in this subfamily, 
showing a high preference for T4 as the ligand and almost exclusive 
expression in the brain, especially in choroid plexus and capillaries 
in mice and in astrocytes in humans [37]. Recently, a young patient 
with progressive neurodegeneration associated with a defective 
OATP1C1 was identified [39].

T4 and T3 are also transported by two members of the 
heterodimeric amino acid transporters LAT1 and LAT2 [40]. 
These transporters are glycoproteins consisting of two subunits, a 
heavy chain and a light chain. The heavy chains contain a single 
transmembrane domain, and the light chains contain 12– 14 trans-
membrane domains. LAT1 is composed of the SLC3A2 (4F2hc 
or CD98hc) heavy chain and the SLC7A5 light chain, and LAT2 
is composed of the same heavy chain and the SLC7A8 light chain. 

Table 3.1.2.1 Characteristics of T4- binding proteins in human plasma

Protein Concentration in 
plasma (mg/ L)

Concentration in 
plasma (μmol/ L)

Dissociation constant  
(Kd) (mol/ L)

T4 distribution 
(%)

TBG c.15 c.0.3 c.10−10 75

TTR c.250 c.5 10−8 10

Albumin c.40 000 c.600 10−6 to 10−5 15

TBG, T4- binding globulin; TTR, transthyretin (formerly known as T4- binding prealbumin, TBPA).
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These transporters are expressed in various tissues and facilitate the 
bidirectional transport of a variety of aliphatic and aromatic amino 
acids as well as iodothyronines over the plasma membrane [40].

Two important thyroid hormone transporters belong to the 
monocarboxylate transporter (MCT) family [41,  42]. MCT8 and 
MCT10 have been identified as important thyroid hormone trans-
porters. Of these, MCT10 also transports the aromatic amino acids 
Trp, Tyr, and Phe, but so far only iodothyronines have been identi-
fied as ligands for MCT8.

Human MCT8 consists of 613 or 539 amino acids, depending 
on which of the two possible translation start sites is used, and 
MCT10 has 515 amino acids. They are homologous proteins with 
about 50% amino acid identity between ‘short’ MCT8 and MCT10 
(Figure 3.1.2.6). Like the other MCTs, both MCT8 and MCT10 
have 12 transmembrane domains. They have identical gene struc-
tures; the MCT8 gene is located on human chromosome Xq13.2, 
and the MCT10 gene is located on chromosome 6q21- q22. Both 
consist of six exons and five introns, with a large approximately 
100  kb first intron. MCT8 and MCT10 show wide but different 
tissue distributions.

MCT8 and MCT10 are the most active and specific thyroid hor-
mone transporters known today [35, 43,  44]. MCT8 is import-
antly expressed in brain, in particular in the endothelial cells of the 
blood- brain barrier, but is also expressed in astrocytes, neurons, 
and in the choroid plexus. MCT8 is essential for thyroid hormone 
uptake in the brain and into neural cells and, thus, for the crucial 
action of thyroid hormone during brain development. Mutations in 
MCT8 have been identified as the cause of Allan– Herndon– Dudley 
syndrome (AHDS). AHDS or MCT8 deficiency occurs in male pa-
tients and comprises a severe intellectual and motor disability and 

a peripheral thyrotoxicosis resulting from highly elevated serum T3 
levels [35, 43, 44] (see Chapter 3.4.5).

SLC17A4 transports T3 and T4 to a similar extent as MCT8 and 
is expressed in the human gastrointestinal tract. Although genetic 
variation is related to fT4 concentrations, the precise function in 
physiology is unknown.

Several compounds may affect thyroid hormone uptake through 
inhibition of transporters (e.g. amiodaron) or changing the expres-
sion (e.g. non- thyroidal illness) and as such affect intracellular thy-
roid hormone bioavailability.

Metabolism of Thyroid Hormone

Deiodination

The thyroid gland of a healthy human adult with an adequate iodine 
intake produces predominantly the prohormone T4 and only a 
small amount of the bioactive hormone T3. It is generally accepted 
that, in humans, approximately 80% of circulating T3 is produced 
by enzymatic outer ring deiodination (ORD) of T4 in periph-
eral tissues [24]. Alternatively, inner ring deiodination (IRD) of 
T4 produces the inactive metabolite reverse T3. Deiodination is 
also an important pathway by which T3 and reverse T3 are further 
metabolized. T3 largely undergoes IRD to the inactive compound 
T2, which is also the main metabolite produced from reverse T3 
by ORD (Figure 3.1.2.7). Thus, the bioactivity of thyroid hor-
mone is determined to an important extent by the enzyme activ-
ities responsible for the ORD (activation) or IRD (inactivation) of 
iodothyronines.

Figure 3.1.2.6 Protein structure of human MCT8 and MCT10.
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Three iodothyronine deiodinases (D1– 3) are involved in the re-
ductive deiodination of thyroid hormone (Figure 3.1.2.8) [45]. 
They are homologous proteins consisting of 249– 278 amino acids, 
with a single transmembrane domain located at the N- terminus. 
The deiodinases are inserted in cellular membranes such that the 
major part of the protein is exposed on the cytoplasmic surface. 
This is consistent with the reductive nature of the cytoplasmic com-
partment required for the deiodination process.

The most remarkable feature of all three deiodinases is the pres-
ence of a selenocysteine (Sec) residue in the centre of the amino acid 
sequence. As in other selenoproteins, this Sec residue is encoded by 
a UGA triplet, which in mRNAs for non- selenoproteins functions as 
a translation stop codon. The translation of the UGA codon into Sec 
requires the presence of a particular stem- loop structure in the 3′- 
untranslated region of the mRNA, termed Sec- insertion sequence 

(SECIS) element, Sec- tRNA, and several cellular proteins, including 
SECIS- binding protein (SBP2). A bona fide SECIS element has been 
identified in the mRNA of all deiodinases [45].

D1 is a membrane- bound enzyme expressed predominantly in 
liver, kidneys, and thyroid [45]. It catalyses the ORD and/ or IRD 
of a variety of iodothyronine derivatives, although it is most ef-
fective in the ORD of reverse T3. In the presence of dithiothreitol 
(DTT) as the cofactor, D1 displays high Km and Vmax values. 
Hepatic D1 is probably a major site for the production of plasma 
T3 and clearance of plasma reverse T3. D1 activity in liver and 
kidney is increased in hyperthyroidism and decreased in hypo-
thyroidism, representing the regulation of D1 activity by T3 at the 
transcriptional level.

The Sec residue is essential for the function of D1 since substi-
tution with Cys reduces enzyme activity to 1%, while substitution 
with Leu yields a completely inactive protein. Rapid inactivation of 
D1 by iodoacetate is probably due to modification of the highly re-
active Sec residue. Thus, Sec is the catalytic centre of D1.

The different deiodinases require thiols as cofactor. Although re-
duced glutathione is the most abundant intracellular thiol, its activity 
is very low compared with the unnatural thiol DTT, which is often 
used in in vitro studies. Alternative endogenous cofactors include 
dihydrolipoamide, glutaredoxin, and thioredoxin. D1 shows ping- 
pong- type kinetics in catalysing the deiodination of iodothyronines 
by DTT. D1 activity is potently inhibited by propylthiouracil, and 
this inhibition is uncompetitive with substrate and competitive with 
cofactor. Together, these findings suggest that the catalytic mech-
anism of D1 involves the transfer of an iodonium ion (I+) from the 
substrate to the selenolate (Se−) group of the enzyme, generating a 
selenenyl iodide intermediate which is reduced back to native en-
zyme by thiols such as DTT or converted into a dead- end complex 
by propylthiouracil.

D2 is expressed primarily in brain, anterior pituitary, brown adi-
pose tissue, thyroid, and to some extent also in skeletal muscle 
[45, 46]. In brain tissue, D2 mRNA has been localized in astrocytes, 
in particular also in tanycytes lining the third ventricle in the arcuate 
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nucleus– median eminence region. D2 is a low- Km, low- capacity en-
zyme possessing only ORD activity, with a preference for T4 over 
reverse T3 as the substrate. The amount of T3 in brain, pituitary, and 
brown adipose tissue is derived to a large extent from local conver-
sion of T4 by D2 and to a minor extent from plasma T3 [24, 45]. The 
enzyme located in the anterior pituitary and the arcuate nucleus of 
the hypothalamus appears very important for the negative feedback 
regulation of TSH and TRH secretion [1] .

In general, D2 activity is increased in hypothyroidism and de-
creased in hyperthyroidism. This is explained in part by substrate- 
induced inactivation of the enzyme by T4 and reverse T3 involving 
the ubiquitin- proteasome system [45]. However, inhibition of D2 
activity and mRNA levels by T3 has also been demonstrated in the 
brain and pituitary. The substrate (T4, reverse T3) and product (T3)- 
dependent downregulation of D2 activity is important to maintain 
brain T3 levels in the face of changing plasma thyroid hormone 
levels.

In mammals, D2 mRNA contains a second UGA codon just up-
stream of a UAA stop codon [45]. It remains to be determined to 
what extent this second TGA codon specifies the incorporation of 
a second Sec residue or acts as a translation stop codon. The amino 
acid sequence downstream of this second Sec is not required for 
enzyme activity.

D3 activity has been detected in different human tissues, brain, 
skin, liver, and intestine, where activities are much higher in the 
fetal stage than in the adult stage [45]. D3 is also abundantly ex-
pressed in placenta and pregnant uterus. D3 has only IRD activity, 
catalysing the inactivation of T4 and T3 with intermediate Km and 
Vmax values. D3 in tissues such as the brain is thought to play a 
role in the regulation of intracellular T3 levels, while its presence 
in placenta, pregnant uterus, and fetal tissues may serve to protect 
developing organs against undue exposure to active thyroid hor-
mone. Indeed, fetal plasma contains low T3 (and high reverse T3) 
concentrations. However, local D2- mediated T3 production from T4 
is crucial for brain development. Also in adult subjects, D3 appears 
to be an important site for clearance of plasma T3 and production 
of plasma reverse T3. In brain, but not in placenta, D3 activity is 
increased in hyperthyroidism and decreased in hypothyroidism, 
which at least in brain is associated with parallel changes in D3 
mRNA levels [24, 45].

In contrast to the marked decrease in hepatic and renal (but not 
thyroidal) D1 activities, there are only minor effects of selenium de-
ficiency on tissue D2 and D3 activities [47]. This may be explained 
by findings that the selenium state of different tissues varies greatly 
in selenium- deficient animals. In addition, the efficiency of the 
SECIS element to facilitate read- through of the UGA codon may 
differ among selenoproteins, which could result in the preferred in-
corporation of Sec into D2 or D3 over other selenoproteins.

The presence of Sec in a strongly conserved region of the proteins 
suggests the same catalytic mechanism for the different deiodinases. 
However, D2 and D3 are much less susceptible than D1 to the 
mechanism- based inhibitors propylthiouracil, iodoacetate, and 
gold thioglucose [45]. This could be explained if the reactivity of the 
selenol group in D2 and D3 is much lower than that in D1. Indeed, 
substitution of Sec in D1 with the much less reactive Cys is associ-
ated with a dramatic decrease in its sensitivity to inhibition by gold 
thioglucose and propylthiouracil. Interestingly, the amino acid two 
positions downstream of the catalytic Sec residue (Ser in D1, Pro in 

D2 and D3) plays an important role in determining the reactivity of 
the catalytic Sec residue [45].

Mutations in SBP2 cause a multisystem disorder including ab-
normalities in deiodinase activity [48]. Patients present growth 
and developmental delay, myopathy, infertility, and metabolic ab-
normalities. Some of these features are caused by increased accu-
mulation of reactive oxygen species as a result from deficiencies of 
antioxidant selenoenzymes such as glutathione peroxidase. Thyroid 
function tests typically show normal TSH concentrations, elevated 
fT4 and rT3, accompanied by decreased T3 concentrations. The 
exact mechanisms underlying the abnormal thyroid parameters are 
not well understood, but the elevated T4 and rT3 levels over T3 levels 
indicate that ORD is predominantly affected.

Alanine Side chain Modification

Intriguing metabolites are generated by side chain metabolism 
of iodothyronines (Figure 3.1.2.9). By action of decarboxylases 
such as ornithine decarboxylase (ODC) iodothyronines can be 
converted into iodothyronamines. In particular two of these, 3- 
iodothyronamine (T1AM) and thyronamine (T0AM), can exert 
acute and dramatic effects on heart rate, body temperature, and 
physical activity, inducing a torpor- like state [49]. Thus, these thy-
roid hormone metabolites appear to have neurotransmitter- like 
properties, adding a novel dimension to the already diverse effects 
of the conventional thyroid hormone structures.

The iodothyroacetic acid metabolites 3,3′,5,5′- tetraiodothyroacetic 
acid (Tetrac) and 3,3′,5- triiodothyroacetic acid (Triac) are gener-
ated from T4 and T3, respectively presumably by further conver-
sion of iodothyronamines by the monoamine oxidases MAO- A or 
MAO- B, the (Figure 3.1.2.9) [50]. An alternative, iodothyronines 
can be converted to their aceto- acidic acid derivatives via an α- 
keto acid intermediate by the α- aminoadipate aminotransferase/ 
kynurenine aminotransferase II (AADT/ KAT II or AADAT), which 
transaminates halogenated tyrosines [51]. Although, in general, 
oxidative deamination is an inactivating pathway for monoamines, 
Triac has significant thyromimetic activity and its affinity for the 
T3 receptor TRα1 is equal to that of T3 and for the TRβ receptor 
it is even higher that of T3 (see next section). Triac has a role in 
selective cases of resistance to thyroid hormone due to mutations 
in TRβ [52]. Preclinical studies suggest the potential of Triac to im-
prove the neurological phenotype in MCT8 deficiency [53]. There 
may be multiple pathways leading from T4 and T3 to T1AM and 
T0AM with different orders for the successive decarboxylation and 
deiodination steps. Iodothyronamines are deiodinated by the dif-
ferent deiodinases [54], but it is unknown which iodothyronines are 
substrates for different decarboxylases or which iodothyronamines 
are converted by MAO- A or MAO- B. Also, the exact biological 
functions of the iodothyronamine and iodothyroacetic acid metab-
olites remain to be established.

Sulphation

In addition to deiodination, iodothyronines are metabolized by 
conjugation of the phenolic hydroxyl group with sulphate or glu-
curonic acid (Figure 3.1.2.9). Sulphation and glucuronidation 
are so- called phase II detoxification reactions, which increase the 
water solubility of substrates and, thus, facilitate their biliary and/ 
or urinary clearance. However, iodothyronine sulphate levels are 
normally very low in plasma, bile, and urine, as these conjugates 
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are rapidly degraded by D1, suggesting that sulphate conjugation 
is a primary step leading to the irreversible inactivation of thyroid 
hormone [55, 56]. Thus, the IRD of T4 sulphate to reverse T3 sul-
phate and of T3 sulphate to T2 sulphate is orders of magnitude faster 
than the IRD of non- sulphated T4 and T3, whereas the ORD of T4 
sulphate to T3 sulphate is completely blocked. Plasma levels (and 
biliary excretion) of iodothyronine sulphates are increased if D1 ac-
tivity is inhibited by drugs such as propylthiouracil, and during fetal 
development, non- thyroidal illness, and fasting. Under these condi-
tions, T3 sulphate may function as a reservoir of inactive hormone 
from which active T3 may be recovered by action of tissue sulfatases 
and bacterial sulfatases in the intestine.

Sulfotransferases represent a family of enzymes with a monomer 
molecular weight of approximately 34 kDa, located in the cytoplasm 
of different tissues, in particular liver, kidney, intestine, and brain. 
They catalyse the transfer of sulphate from 3′- phosphoadenosine- 
5′- phosphosulfate to usually a hydroxyl group of the substrate. 
Different phenol sulfotransferases have been identified with sig-
nificant activity towards iodothyronines. These include human 
SULT1A1, 1A2, 1A3, 1B1, and 1C2 [55]. They have a large substrate 
preference for T2, which is sulphated orders of magnitude faster 
than T3 or reverse T3, whereas sulphation of T4 is hardly detectable.

Surprisingly, human oestrogen sulfotransferase (SULT1E1) is an 
important isoenzyme for sulphation of thyroid hormone. Although 
human SULT1E1 shows much greater affinity for oestrogens (Km 
c.nM) than for iodothyronines (Km c.μM), it sulphates T2 and T3 as 
efficiently as other SULTs, and is much more efficient in sulphating 
reverse T3 and T4 [55]. Human tissues expressing SULT1E1 include 
liver, uterus, and mammary gland [57]. In particular, the enzyme ex-
pressed in the endometrium may be a significant source of the high 
levels of iodothyronine sulphates in human fetal plasma. Different 
human SULTs have also been shown to catalyse the sulphation of 
iodothyronamines [58].

Glucuronidation

In contrast to the sulphates, iodothyronine glucuronides are rap-
idly excreted in the bile. However, this is not an irreversible pathway 
of hormone disposal since, after hydrolysis of the glucuronides by 
bacterial β- glucuronidases in the intestine, part of the liberated 
iodothyronines is reabsorbed, constituting an enterohepatic cycle 
[56, 59]. Nevertheless, about 20% of daily T4 production appears in the 
faeces, probably through biliary excretion of glucuronide conjugates. 
Glucuronidation is catalysed by UDP- glucanosyltransferases (UGTs) 
that utilize UDP- glucuronic acid as cofactor. UGTs are localized in the 
endoplasmic reticulum of predominantly liver, kidney, and intestine. 
Most UGTs are members of the UGT1A and UGT2B families [60].

Glucuronidation of T4 and T3 is catalysed by different members 
of the UGT1A family, 1A1, 1A3, and 1A7– 10. Usually, this in-
volves the glucuronidation of the hydroxyl group (Figure 3.1.2.9), 
but human UGT1A3 also catalyses the glucuronidation of the side 
chain carboxyl group, with formation of so- called acyl glucuronides 
[61]. Interestingly, Tetrac and Triac are much more rapidly 
glucuronidated in human liver than T4 and T3, and this occurs pre-
dominantly by acyl glucuronidation [62].

In rodents, metabolism of thyroid hormone is accelerated 
through induction of T4- glucuronidating UGTs by different classes 
of compounds, including barbiturates, fibrates, and polychlorin-
ated biphenyls [63, 64]. This may result in a hypothyroid state as the 

thyroid gland is not capable of compensating for the increased hor-
mone loss. In humans, thyroid function may be affected by induction 
of T4 glucuronidation by antiepileptics, but overt hypothyroidism is 
rare [65]. Administration of such drugs to T4- replaced hypothyroid 
patients may necessitate an increase in the T4 substitution dose.

Thyroid Hormone Actions

Role of Thyroid Hormone in Thermogenesis

Thyroid hormone is critical for the development of different tis-
sues, in particular the brain, but it is also essential for an optimal 
function of most tissues in adult life [66]. It is probably the most 
important factor regulating thermogenesis, as reflected by the in-
crease in the basal metabolic rate in hyperthyroid subjects and the 
decrease observed in hypothyroid individuals [67– 69]. Thyroid 
hormone increases the synthesis as well the degradation of proteins, 
lipids, and carbohydrates, predominantly by stimulating the expres-
sion of key enzymes involved in these processes. Examples of these 
are the lipogenic enzymes, malic enzyme, fatty acid synthase, and 
glucose- 6- phosphate dehydrogenase, and the gluconeogenic en-
zyme phosphoenolpyruvate carboxykinase.

Special forms of substrate cycling take place between the cyto-
plasm and the mitochondrion, such as the glycerol- 3- phosphate/ 
dihydroxyacetone phosphate shuttle in which cytoplasmic and mito-
chondrial α- glycerophosphate dehydrogenase (αGPD) isoenzymes 
participate [67, 68]. This represents one way to enable oxidation of 
cytoplasmic NADH in the mitochondrion, which is impermeable to 
this cofactor. Thyroid hormone stimulates the expression of mito-
chondrial αGPD, and the increased electron flow via this enzyme is 
associated with an increased heat production relative to adenosine 
triphosphate (ATP) synthesis.

Thyroid hormone also increases the activity of Na+,K+- ATPase, 
an enzyme located in the plasma membrane of all tissues, in par-
ticular kidney, heart, and skeletal muscle, which is responsible for 
the maintenance of the Na+ and K+ gradients across this membrane. 
In myocytes, the increased Na+,K+- ATPase activity accelerates the 
repolarization of the sarcolemma following a depolarization stimulus 
that contributes to the tachycardia induced by thyroid hormone.

Another important target for thyroid hormone action is the Ca2+- 
ATPase located in the sarcoplasmic reticulum of muscle cells [69]. 
Innervation of the myocyte triggers the release of large amounts of 
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Ca2+ from the sarcoplasmic reticulum into the cytoplasm, where it 
binds to the actomyosin complex that initiates contraction. There 
are two Ca2+- ATPase isoenzymes, SERCA1 that is characteristic for 
fast- type skeletal muscle and SERCA2 that is characteristic for slow- 
type skeletal muscle and heart. T3 increases Ca2+- ATPase activity by 
stimulating the transcription of both SERCA1 and SERCA2 genes, 
which explains the increased relaxation rate of the muscle induced 
by T3 [69].

It has been estimated that excess Ca2+ cycling in contracting 
muscle may account for up to 50% of the T3- dependent energy 
expenditure during work or shivering [69]. The remainder of the 
T3- induced energy turnover in contracting muscle is largely ac-
counted for by the change in the expression of two forms of the my-
osin heavy chain which are characterized by high (MHCα) and low 
(MHCβ) ATPase activities and contraction rates. T3 stimulates the 
expression of the MHCα gene, whereas it inhibits the expression of 
the MHCβ gene [69]. A similar T3- induced shift in MHC expression 
is also observed in the heart [70].

In addition, T3 increases the expression of the uncoupling protein 
UCP1 in brown adipose tissue (BAT) [67, 68]. This is an important 
mechanism by which T3 stimulates non- shivering cold- induced 
thermogenesis. UCP1 is an ion transporter located in the inner 
mitochondrial membrane which dissipates the proton gradient 
over this membrane generated by the respiratory chain, producing 
heat instead of ATP. Significant BAT depots have been demon-
strated in the neck and shoulder region of normal adults, especially 
in cold- adapted subjects and more so in younger females than in 
older males [71]. Cold exposure leads to a dramatic stimulation of 
D2 expression in BAT, and the resultant induction of local T3 pro-
duction plays an important role in the stimulation of BAT activity. 
This includes increased mobilization and burning of lipids as well as 
stimulated UCP1 expression, together resulting in a major increase 
in heat production [67, 68].

UCP1 is expressed exclusively in BAT. Other members of the 
UCP family are expressed in other human tissues, including UCP2 
in a variety of tissues including heart and skeletal muscle, UCP3 
in skeletal muscle, and UCP4 and UCP5 in brain. The expression 
of UCP2 and UCP3 is also under positive control of thyroid hor-
mone, but their role in T3- induced thermogenesis has not been 
established [72].

The regulation of the mitochondrial proteins UCP1 and αGPD 
by thyroid hormone is mediated predominantly by interaction of 

the nuclear T3 receptor with the promoters of these genes [67, 72]. 
However, there is also evidence for direct effects of thyroid hor-
mone on the mitochondria, the mechanism of which is incom-
pletely understood but may involve interaction of T3 and other 
iodothyronines such as 3,3’- T2 and 3,5- T2 with cytochrome c oxi-
dase [73]. Many studies have reported effects of thyroid hormone on 
cellular processes that are not mediated by the nuclear T3 receptor, 
including stimulation of transport of glucose, amino acids, and 
ions over the cell membrane, stimulation of actin polymerization 
in neurons, and stimulation of mitogen- activated protein kinase 
activity. The last is mediated by the binding of iodothyronines to 
integrin, a plasma membrane receptor. The interested reader is re-
ferred to an extensive review of these extranuclear actions of thyroid 
hormone [74].

Specific thyroid hormone- binding sites have also been detected 
in the cytoplasm in different tissues. A  notable example is the 
NADPH- dependent cytoplasmic thyroid hormone- binding protein 
present in rat liver, which appears to be important for the trafficking 
of thyroid hormone to the nucleus or mitochondria [75].

Mechanism of T3 Action

Most biological actions of T3 are initiated by its binding to nuclear T3 
receptors [76– 78]. These proteins are members of the superfamily of 
ligand- dependent transcription factors, which also includes the re-
ceptors for steroids (e.g. cortisol, oestradiol, and testosterone), 1,25- 
dihydroxyvitamin D3, retinoic acid, and 9- cis- retinoic acid. The 
last, so- called retinoid X receptor (RXR) is an important member 
of this gene family, because it forms functional heterodimers with a 
number of other nuclear receptors, including T3 receptors. Two T3 
receptor genes have been identified; the THRA gene encoding TRα 
is located on human chromosome 17 and the THRB gene encoding 
TRβ on human chromosome 3.  By alternative exon utilization 
of both genes, four major receptor isoforms, TRα1, TRα2, TRβ1, 
and TRβ2, are generated, which consist of 410– 514 amino acids  
(Figure 3.1.2.10). Although the THRB gene (150 kb) is much larger 
than the THRA gene (c.30  kb), they have similar genomic struc-
tures, comprising 10 (THRB) or 11 (THRA) exons, and their coding 
sequences show a high degree of homology [76– 78].

As in the other members of the nuclear receptor family, func-
tional key domains have been recognized in the T3 receptors, in par-
ticular the DNA- binding domain (DBD), which is approximately 
100 amino acids long, and the ligand- binding domain (LBD), which 
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is approximately 250 amino acids in length [76– 78]. The amino acid 
sequences of the TRα and TRβ subtypes are most homologous in 
their DBD and LBD and least homologous at their N- terminus. The 
latter contains the ligand- independent AF1 transactivation domain, 
while an AF2 domain necessary for homo-  and heterodimerization 
and ligand- dependent activation is located at the C- terminus. The 
short sequence between the DBD and the LBD is usually referred to 
as the hinge region.

The structural difference between TRα1 and TRα2 is located at the 
C- terminus of the proteins, where the sequences of the last 40 amino 
acids in TRα1 and 122 amino acids in TRα2 differ completely due to 
alternative splicing. The alteration in the LBD of TRα2 is associated 
with a complete loss of T3 binding. Therefore, this splice variant is 
not a bona fide T3 receptor, but for convenience it will still be referred 
to here as TRα2. TRα2 has a weak negative effect on the action of T3 
through the other T3 receptors. The N- terminal domains of TRβ1 (106 
amino acids) and TRβ2 (159 amino acids) differ almost completely 
due to utilization of alternative transcription start sites. Apparently, 
this domain provides TRβ2 with specific properties required for T3- 
induced downregulation of TRH and TSH genes [76– 78].

The high homology between the LBDs of TRα1 and TRβ explains 
their very similar ligand specificity, with affinities much higher 
for T3 than for T4. However, the metabolite Triac also binds to the 
T3 receptors with an affinity equal to (TRα1) or even greater than 
(TRβ1) that of T3 [79]. Nevertheless, T3 is the major endogenous 
iodothyronine occupying the nuclear thyroid hormone receptors, 
which are thus true T3 receptors. Several TRβ- specific agonists have 
been developed with pharmacologically interesting and selective ef-
fects on the liver, resulting in lowering of body weight, lipid, and 
cholesterol without detrimental effects on the heart [78, 79]. Most 
likely, the tissue- specific effects of these compounds are not only 
determined by their affinity for the T3 receptor isoforms but also by 
the diverse ligand- preference of thyroid hormone transporters in 
different tissues. Interestingly, non- selective T3 receptor antagonists 
have been developed as well [78, 79].

The different T3 receptor isoforms show distinct tissue distributions 
[76– 78]. The TRα1 is the predominant T3 receptor expressed in brain, 
heart, and bone, whereas TRβ1 is the major receptor in other tissues, 
including liver, skeletal muscle, kidney, and fat. TRβ2 is preferentially 
expressed in the anterior pituitary and the hypothalamic area of the 
brain. These locations suggest the particular involvement of TRβ2 in 
the feedback inhibition of TSH and TRH secretion by thyroid hor-
mone. Exon utilization specifying TRβ2 expression in the anterior 
pituitary is under the control of pituitary- specific transcription factor 
1, response elements for which are located in the TRβ gene promoter 
[80]. Regulation of the expression of T3- responsive genes involves the 
binding of the T3 receptors to so- called T3 response elements (TREs) 
in the promoter region of these genes [76– 78]. TREs usually consist 
of two half- sites arranged as repeats or palindromes. The most preva-
lent TRE half- site sequence is AGGTCA, and the direct repeat of this 
half- site spaced by four nucleotides (DR4) is a particularly powerful 
TRE. However, some TREs show marked deviation from this ‘con-
sensus’ half- site sequence, which, moreover, is also recognized by 
other receptors such as RXR and the retinoic acid receptor. This may 
be the basis for ‘cross- talk’ between different nuclear receptors and 
their target genes. Although T3 receptors may bind as homodimers 
to the TREs, T3 effects on gene expression are usually mediated by T3 
receptor/ RXR heterodimers.

Binding of the T3 receptor/ RXR heterodimer to TRE does not 
require T3 or 9- cis- retinoic acid, the ligand for RXR. The DBDs of 
these (and other) nuclear receptors contain two ‘zinc fingers’ (pep-
tide loops that chelate a zinc atom) that fit in the grooves of the DNA 
and are, thus, very important for the specificity of the receptor- 
promoter interaction [76– 78]. In the absence of T3 and irrespective 
of the presence of 9- cis- retinoic acid, binding of the T3 receptor/ RXR 
heterodimer to the TRE results in suppressed gene transcription me-
diated by the binding of corepressor proteins such as NCoR (nuclear 
corepressor) or SMRT (silencing mediator of retinoid and thyroid 
hormone receptors) to a specific region (CoR box) of the unliganded 
T3 receptor (Figure 3.1.2.11). These corepressors directly or indir-
ectly inhibit the activity of the basal transcription machinery.

Binding of T3 induces a conformational change in the T3 re-
ceptor, which results in the release of the corepressors and the re-
cruitment of coactivator proteins such as SRC1 (steroid receptor 
coactivator- 1) and CBP (cAMP response element- binding pro-
tein (CREB)- binding protein) [76– 78]. The AF2 domain, a highly 
conserved 9- amino acid sequence located at the C- terminus of 
the different nuclear receptors, plays an important role in the 
binding of the coactivators. The latter directly or indirectly stimu-
late the activity of the basal transcription machinery. One mech-
anism by which transcription is stimulated involves the histone 
acetyltransferase activity of the coactivators or of other proteins 
with which they interact. Acetylation of histones loosens the chro-
matin structure and thus facilitates interaction of the transcription 
machinery with the DNA. Conversely, corepressors may recruit 
proteins with deacetylase activity.

T3 Inhibition of TSH and TRH Gene Expression

The earlier discussion of the mechanism of action of T3 concerns 
the expression of genes which are under positive control of thyroid 
hormone. However, a roughly equal number of genes are negatively 
regulated by T3, in particular those involved in the negative feed-
back regulation of the hypothalamus– pituitary– thyroid axis (i.e. the 
TSHβ and the TRH genes). In the promoter regions of these genes 
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negative TREs have been identified that often consist of only one 
half- site. In the TSHβ gene such a negative TRE has been found in 
close proximity to the AP- 1 site which mediates the stimulation of 
TSHβ gene transcription by TRH. As just mentioned, there appears 
to be a specific role for TRβ2 in the regulation of the negative TREs 
in the TSHβ and TRH genes [76– 78]. In contrast to gene regulation 
through positive TREs, binding of TRβ2 to negative TREs in the ab-
sence of T3 probably results in the activation of gene transcription. 
In the presence of T3, transcription is inhibited. The exact mech-
anism of this negative regulation of gene expression by T3 and any 
T3 receptor is still unclear.

TSHβ gene transcription is also strongly inhibited by 9- cis- retinoic 
acid, and this effect is mediated by the pituitary- specific RXRγ1 
subtype, and involves both TRE- dependent and TRE- independent 
interactions with the TSHβ gene promoter. The clinical relevance 
of this effect is underscored by a recent study showing that treat-
ment of patients with T- cell lymphoma with bexarotene, another 
RXR- selective ligand, induces central hypothyroidism [81]. It is 
also interesting to mention that the TRH gene promoter contains 
a glucocorticoid response element. Hypothalamic TRH- producing 
cells also express the glucocorticoid receptor, and the interaction of 
this receptor with its response element appears to mediate the in-
hibition of TRH synthesis by glucocorticoids [82].

In addition to the regulation of TSHβ and α- subunit gene expres-
sion, T3 also acutely inhibits TSH secretion, the exact mechanism 
of which is still unresolved. Although T3 is the active hormone ex-
erting the inhibition of TSH production and secretion, serum T4 
appears to be a major player in the negative feedback regulation of 
the hypothalamus– pituitary– thyroid axis by acting as a precursor 
for local D2- mediated generation of T3 at these central sites [45, 83].

Recent research in two particular areas has led to important ad-
vances in our understanding of the mechanism of action of T3. 
One type of study has utilized T3 receptor knockout and mutant 
mice in which one or more of the different T3 receptor isoforms 
is deleted or mutated [78]. These studies reveal which organ func-
tions critically depend on the type of T3 receptors they express. 
Similarly, mice mutant for NCoR or SMRT have revealed im-
portant insights in the function of corepressors in thyroid hor-
mone signalling [84]. Much knowledge regarding the molecular 
mechanisms of T3 receptor/ T3 action has also been gained from 
studies in patients with thyroid hormone resistance associated 
with mutations in TRβ (resistance to thyroid hormone; RTH). In 
recent years, patients with mutations in TRα have been identified. 
For a thorough discussion of RTHα and RTHβ, the reader is re-
ferred to Chapter 3.4.5.

REFEREncES
 1. Fliers E, Alkemade A, Wiersinga WM, Swaab DF. Hypothalamic 

thyroid hormone feedback in health and disease. Prog Brain Res, 
2006; 153: 189– 207.

 2. Perello M, Nillni EA. The biosynthesis and processing of neuro-
peptides: lessons from prothyrotropin releasing hormone 
(proTRH). Front Biosci, 2007; 12: 3554– 65.

 3. Sun Y, Lu X, Gershengorn MC. Thyrotropin- releasing hormone 
receptors: similarities and differences. J Mol Endocrinol, 2003; 
30: 87– 97.

 4. Heuer H, Schafer MK, Bauer K. The thyrotropin- releasing hormone- 
degrading ectoenzyme: the third element of the thyrotropin- re-
leasing hormone- signaling system. Thyroid, 1998; 8: 915– 20.

 5. Grossmann M, Weintraub BD, Szkudlinski MW. Novel insights 
into the molecular mechanisms of human thyrotropin action: 
structural, physiological, and therapeutic implications for the 
glycoprotein hormone family. Endocr Rev, 1997; 18: 476– 501.

 6. Mariotti S. Normal physiology of the hypothalamic- pituitary- 
thyroidal system and relation to the neural system and other 
endocrine glands. Available at: https:// www.thyroidmanager.
org (accessed: 20 May 2010). South Dartmouth, MA: Endocrine 
Education Inc.

 7. Kleinau G, Krause G. Thyrotropin and homologous glycoprotein 
hormone receptors: structural and functional aspects of extra-
cellular signaling mechanisms. Endocr Rev, 2009; 30: 133– 51.

 8. Dumont JE, Opitz R, Christophe D, Vassart G, Roger PP, 
Maenhaut C. The phylogeny, ontogeny, anatomy and regulation 
of the iodine metabolizing thyroid. Available at: https:// www.
thyroidmanager.org (accessed: 20 May 2010). South Dartmouth, 
MA: Endocrine Education Inc.

 9. Davies TF, Ando T, Lin RY, Tomer Y, Latif R. Thyrotropin re-
ceptor- associated diseases: from adenomata to Graves’ disease. J 
Clin Invest, 2005; 115: 1972– 83.

 10. Kopp P. Thyroid hormone synthesis. In: Braverman LE, 
Utiger RD, eds. Werner & Ingbar’s The Thyroid. Philadelphia., 
PA: Lippincott Williams & Wilkins, 2005: 52– 77.

 11. Song Y, Driessens N, Costa M, et al. Roles of hydrogen peroxide 
in thyroid physiology and disease. J Clin Endocrinol Metab, 2007; 
92: 3764– 73.

 12. Dohan O, De la Vieja A, Paroder V, et al. The sodium/ iodide 
symporter (NIS): characterization, regulation, and medical sig-
nificance. Endocr Rev, 2003; 24: 48– 77.

 13. Kopp P, Pesce L, Solis SJ. Pendred syndrome and iodide  
transport in the thyroid. Trends Endocrinol Metab, 2008; 
19: 260– 8.

 14. Wémeau JL, Kopp P. Pendred syndrome. Best Pract Res Clin 
Endocrinol Metab, 2017; 31: 213– 24.

 15. Rivolta CM, Targovnik HM. Molecular advances in thyro-
globulin disorders. Clin Chim Acta, 2006; 374: 8– 24.

 16. Moreno JC, Visser TJ. New phenotypes in thyroid 
dyshormonogenesis: hypothyroidism due to DUOX2 mutations. 
Endocr Dev, 2007; 10: 99– 117.

 17. Grasberger H, Refetoff S. Identification of the maturation factor 
for dual oxidase. Evolution of an eukaryotic operon equivalent. J 
Biol Chem, 2006; 281: 18269– 72.

 18. Taurog A. Hormone synthesis: thyroid iodine metabolism. 
In: Braverman LE, Utiger RD, eds. Werner & Ingbar’s The 
Thyroid. Philadelphia, PA: Lippincott Williams & Wilkins, 
2000: 61– 85.

 19. Lisi S, Pinchera A, McCluskey RT, et al. Preferential megalin- 
mediated transcytosis of low- hormonogenic thyroglobulin: a 
control mechanism for thyroid hormone release. Proc Natl Acad 
Sci U S A, 2003; 100: 14858– 63.

 20. Friedrichs B, Tepel C, Reinheckel T, et al. Thyroid functions of 
mouse cathepsins B, K, and L. J Clin Invest, 2003; 111: 1733– 45.

 21. Andersson HC, Kohn LD, Bernardini I, Blom HJ, Tietze F, Gahl 
WA. Characterization of lysosomal monoiodotyrosine transport 
in rat thyroid cells. Evidence for transport by system h. J Biol 
Chem, 1990; 265: 10950– 4.

 22. Gnidehou S, Caillou B, Talbot M, et al. Iodotyrosine 
dehalogenase 1 (DEHAL1) is a transmembrane protein involved 



SEcTIon 3 Thyroid Disease340

in the recycling of iodide close to the thyroglobulin iodination 
site. FASEB J, 2004; 18: 1574– 6.

 23. Moreno JC, Klootwijk W, van Toor H, et al. Mutations in the 
iodotyrosine deiodinase gene and hypothyroidism. N Engl J 
Med, 2008; 358: 1811– 18.

 24. Bianco AC, Larsen PR. Intracellular pathways of iodothyronine 
metabolism. In: Braverman LE, Utiger RD, eds. Werner & 
Ingbar’s The Thyroid. Philadelphia, PA: Lippincott Williams & 
Wilkins, 2005: 109– 35.

 25. Astwood EB. Landmark article 8 May (1943): treatment of 
hyperthyroidism with thiourea and thiouracil. JAMA, 1984; 
251: 1743– 6.

 26. Benvenga S. Thyroid hormone transport proteins and the physi-
ology of hormone binding. In: Braverman LE, Utiger RD, eds. 
Werner & Ingbar’s The Thyroid. Philadelphia, PA: Lippincott 
Williams & Wilkins, 2005: 97– 109.

 27. Refetoff S, Murata Y, Mori Y, Janssen OE, Takeda K, Hayashi Y. 
Thyroxine- binding globulin: organization of the gene and vari-
ants. Horm Res, 1996; 45: 128– 38.

 28. Richardson SJ. Cell and molecular biology of transthyretin and 
thyroid hormones. Int Rev Cytol, 2007; 258: 137– 93.

 29. Saraiva MJ. Transthyretin mutations in hyperthyroxinemia and 
amyloid diseases. Hum Mutat, 2001; 17: 493– 503.

 30. Petitpas I, Petersen CE, Ha CE, et al. Structural basis of 
albumin- thyroxine interactions and familial dysalbuminemic 
hyperthyroxinemia. Proc Natl Acad Sci U S A, 2003; 100:   
6440– 5.

 31. Hennemann G, Docter R, Friesema EC, de Jong M, Krenning 
EP, Visser TJ. Plasma membrane transport of thyroid hormones 
and its role in thyroid hormone metabolism and bioavailability. 
Endocr Rev, 2001; 22: 451– 76.

 32. Blondeau JP, Beslin A, Chantoux F, Francon J. Triiodothyronine 
is a high- affinity inhibitor of amino acid transport system L1 in 
cultured astrocytes. J Neurochem, 1993; 60: 1407– 13.

 33. Zhou Y, Samson M, Francon J, Blondeau JP. Thyroid hormone con-
centrative uptake in rat erythrocytes. Involvement of the trypto-
phan transport system T in countertransport of tri- iodothyronine 
and aromatic amino acids. Biochem J, 1992; 281: 81– 6.

 34. Friesema EC, Jansen J, Milici C, Visser TJ. Thyroid hormone 
transporters. Vitam Horm, 2005; 70: 137– 67.

 35. Visser WE, Friesema EC, Jansen J, Visser TJ. Thyroid hormone 
transport in and out of cells. Trends Endocrinol Metab, 2008; 
19: 50– 6.

 36. Geyer J, Wilke T, Petzinger E. The solute carrier family 
SLC10: more than a family of bile acid transporters regarding 
function and phylogenetic relationships. Naunyn Schmiedebergs 
Arch Pharmacol, 2006; 372: 413– 31.

 37. Hagenbuch B. Cellular entry of thyroid hormones by organic 
anion transporting polypeptides. Best Pract Res, 2007; 21: 209– 21.

 38. van der Deure W, Peeters R, Visser T. Molecular aspects of 
thyroid hormone transporters, including MCT8, MCT10 and 
OATPs, and the effects of genetic variation in these transporters. 
J Mol Endocrinol, 2010; 44: 1– 11.

 39. Strømme P, Groeneweg S, de Souza EL, et al. Mutated thyroid 
hormone transporter OATP1C1 associates with severe brain 
hypometabolism and juvenile neurodegeneration. Thyroid, 
2018: DOI: 10.1089/ thy.2018.0595 [Epub ahead of print].

 40. Taylor PM, Ritchie JW. Tissue uptake of thyroid hormone by 
amino acid transporters. Best Pract Res, 2007; 21: 237– 51.

 41. Halestrap AP, Meredith D. The SLC16 gene family- from 
monocarboxylate transporters (MCTs) to aromatic amino acid 
transporters and beyond. Pflugers Arch, 2004; 447: 619– 28.

 42. Meredith D, Christian HC. The SLC16 monocarboxylate trans-
porter family. Xenobiotica, 2008; 38: 1072– 106.

 43. Heuer H, Visser TJ. Minireview: pathophysiological importance of 
thyroid hormone transporters. Endocrinology, 2009; 150: 1078– 83.

 44. Visser WE, Friesema EC, Jansen J, Visser TJ. Thyroid hormone 
transport by monocarboxylate transporters. Best Pract Res, 2007; 
21: 223– 36.

 45. Gereben B, Zavacki AM, Ribich S, et al. Cellular and molecular 
basis of deiodinase- regulated thyroid hormone signaling. Endocr 
Rev, 2008; 29: 898– 938.

 46. Larsen PR. Type 2 iodothyronine deiodinase in human skeletal 
muscle: new insights into its physiological role and regulation.  
J Clin Endocrinol Metab, 2009; 94: 1893– 5.

 47. Kohrle J. Selenium and the control of thyroid hormone metab-
olism. Thyroid, 2005; 15: 841– 53.

 48. Schoenmakers E, Agostini M, Michell C, et al. Mutations in the 
selenocysteine insertion sequence- binding protein 2 gene lead to 
a multisystem selenoprotein deficiency disorder in humans.  
J Clin Invest, 2010; 120: 4220– 35

 49. Scanlan TS. Minireview: 3- iodothyronamine (T1AM): a new 
player on the thyroid endocrine team? Endocrinology, 2009; 
150: 1108– 11.

 50. Wood WJ, Geraci T, Nilsen A, DeBarber AE, Scanlan TS. 
Iodothyronamines are oxidatively deaminated to iodothyroacetic 
acids in vivo. Chembiochem, 2009; 10: 361– 5.

 51. Hallen A, Jamie JF, Cooper AJ. Lysine metabolism in mamma-
lian brain: an update on the importance of recent discoveries. 
Amino Acids, 2013; 45: 1249– 72.

 52. Groeneweg S, Peeters RP, Visser TJ, Visser WE. Therapeutic 
applications of thyroid hormone analogues in resistance to thy-
roid hormone (RTH) syndromes. Mol Cell Endocrinol, 2017; 
458: 82– 90.

 53. Kersseboom S, Horn S, Visser EW, et al. In vitro and mouse 
studies supporting therapeutic utility of triiodothyroacetic acid 
in MCT8 deficiency. Mol Endocrinol, 2014; 28: 1961– 70.

 54. Piehl S, Heberer T, Balizs G, et al. Thyronamines are isozyme- 
specific substrates of deiodinases. Endocrinology, 2008; 
149: 3037– 45.

 55. Kester MHA, Visser TJ. Sulfation of thyroid hormones. 
In: Pacifici GM, Coughtrie MWH, eds. Human Cytosolic 
Sulfotransferases. Boca Raton, FL: CRC Press, 2005: 121– 34.

 56. Wu SY, Green WL, Huang WS, Hays MT, Chopra IJ. Alternate 
pathways of thyroid hormone metabolism. Thyroid, 2005; 
15: 943– 58.

 57. Song WC. Biochemistry and reproductive endocrinology of es-
trogen sulfotransferase. Ann N Y Acad Sci, 2001; 948: 43– 50.

 58. Pietsch CA, Scanlan TS, Anderson RJ. Thyronamines are sub-
strates for human liver sulfotransferases. Endocrinology, 2007; 
148: 1921– 7.

 59. Visser TJ. Hormone metabolism. Available at: https:// www.
thyroidmanager.org (accessed: 20 May 2010). South Dartmouth, 
MA: Endocrine Education Inc.

 60. Mackenzie PI, Bock K, Burchell B, et al. Nomenclature update 
for the mammalian UDP glycosyltransferase (UGT) gene super-
family. Pharmacogenet Genomics, 2005; 15: 677– 85.

 61. Kato Y, Ikushiro S, Emi Y, et al. Hepatic UDP- 
glucuronosyltransferases responsible for glucuronidation of thy-
roxine in humans. Drug Metab Dispos, 2008; 36: 51– 5.

 62. Moreno M, Kaptein E, Goglia F, Visser TJ. Rapid 
glucuronidation of tri-  and tetraiodothyroacetic acid to ester 
glucuronides in human liver and to ether glucuronides in rat 
liver. Endocrinology, 1994; 135: 1004– 9.



3.1.3 Clinical Assessment of the Thyroid Patient 341

 63. Visser TJ, Kaptein E, Gijzel AL, de Herder WW, Ebner T, 
Burchell B. Glucuronidation of thyroid hormone by human bili-
rubin and phenol UDP- glucuronyltransferase isoenzymes. FEBS 
Lett, 1993; 324: 358– 60.

 64. Hood A, Allen ML, Liu Y, Liu J, Klaassen CD. Induction of T(4) 
UDP- GT activity, serum thyroid stimulating hormone, and thy-
roid follicular cell proliferation in mice treated with microsomal 
enzyme inducers. Toxicol Appl Pharmacol, 2003; 188: 6– 13.

 65. Benedetti MS, Whomsley R, Baltes E, Tonner F. Alteration of 
thyroid hormone homeostasis by antiepileptic drugs in hu-
mans: involvement of glucuronosyltransferase induction. Eur J 
Clin Pharmacol, 2005; 61: 863– 72.

 66. Hulbert AJ. Thyroid hormones and their effects: a new perspec-
tive. Biol Rev Camb Philos Soc, 2000; 75: 519– 631.

 67. Silva JE. Thyroid hormone control of thermogenesis and energy 
balance. Thyroid, 1995; 5: 481– 92.

 68. Silva JE. Thermogenic mechanisms and their hormonal regula-
tion. Physiol Rev, 2006; 86: 435– 64.

 69. Simonides WS, van Hardeveld C. Thyroid hormone as a de-
terminant of metabolic and contractile phenotype of skeletal 
muscle. Thyroid, 2008; 18: 205– 16.

 70. Kahaly GJ, Dillmann WH. Thyroid hormone action in the heart. 
Endocr Rev, 2005; 26: 704– 28.

 71. Celi FS. Brown adipose tissue: when it pays to be inefficient.  
New Engl J Med, 2009; 360: 1553– 6.

 72. Lanni A, Moreno M, Lombardi A, Goglia F. Thyroid hormone 
and uncoupling proteins. FEBS Lett, 2003; 543: 5– 10.

 73. Moreno M, de Lange P, Lombardi A, Silvestri E, Lanni A, Goglia 
F. Metabolic effects of thyroid hormone derivatives. Thyroid, 
2008; 18: 239– 53.

 74. Davis PJ, Leonard JL, Davis FB. Mechanisms of nongenomic actions 
of thyroid hormone. Front Neuroendocrinol, 2008; 29: 211– 18.

 75. Suzuki S, Mori J, Hashizume K. mu- crystallin, a NADPH- 
dependent T(3)- binding protein in cytosol. Trends Endocrinol 
Metab, 2007; 18: 286– 9.

 76. Yen PM. Physiological and molecular basis of thyroid hormone 
action. Physiol Rev, 2001; 81: 1097– 142.

 77. Bassett JH, Harvey CB, Williams GR. Mechanisms of thyroid 
hormone receptor- specific nuclear and extra nuclear actions. 
Mol Cell Endocrinol, 2003; 213: 1– 11.

 78. Flamant F, Gauthier K, Samarut J. Thyroid hormones signaling 
is getting more complex: STORMs are coming. Mol Endocrinol, 
2007; 21: 321– 33.

 79. Brenta G, Danzi S, Klein I. Potential therapeutic applications 
of thyroid hormone analogs. Nat Clin Pract Endocrinol Metab, 
2007; 3: 632– 40.

 80. Wood WM, Dowding JM, Bright TM, et al. Thyroid hormone 
receptor beta2 promoter activity in pituitary cells is regulated by 
Pit- 1. J Biol Chem, 1996; 271: 24213– 20.

 81. Sharma V, Hays WR, Wood WM, et al. Effects of rexinoids on 
thyrotrope function and the hypothalamic- pituitary- thyroid 
axis. Endocrinology, 2006; 147: 1438– 51.

 82. Lee GC, Yang IM, Kim BJ, et al. Identification of glucocorticoid 
response element of the rat TRH gene. Korean J Intern Med, 
1996; 11: 138– 44.

 83. Bianco AC, Larsen PR. Intracellular pathways of iodothyronine 
metabolism. In: Braverman LE, Utiger. eds. Werner and Ingbar’s 
The Thyroid. 9th edn. Philadephia, PA: Lippincott Williams & 
Wilkins, 2005: 109– 35.

 84. Vella KR, Hollenberg AN. The actions of thyroid hormone sig-
naling in the nucleus. Mol Cell Endocrinol, 2017; 458: 127– 35.

3.1.3 clinical Assessment of the 
Thyroid Patient
Inge Bülow Pedersen and Stig Andersen

Introduction 341

Physical Examination of the Thyroid Gland 343

References 345

Introduction

Thyroid disorders are common and their occurrence increase with 
age. The number of structural abnormalities rise with age reaching 
20– 40% in women [1, 2] and functional abnormalities are 20– 30% 
in old people [3] . This makes evaluation of thyroid function, size, 
and structure an important part of any complete history taking and 
physical examination of a patient.

Deficient or excessive thyroid hormone secretion affects nearly 
all body systems, and examination of a patient with a proven or sus-
pected thyroid abnormality should include a more general evalu-
ation of the patient. For example, an episode of thyrotoxicosis in an 
old person may provoke atrial fibrillation and impair cardiac func-
tion. The abnormality may persist after treatment of the thyrotoxi-
cosis, and there may be a need for supplementary therapy directed 
against the atrial fibrillation. Similarly, symptoms of arterioscler-
otic heart disease may worsen after initiation of treatment in a pa-
tient with hypothyroidism. Both hypothyroidism and heart disease 
should be diagnosed to make an appropriate plan for therapy.

The three key abnormalities of the thyroid gland are: [1]  thyro-
toxicosis with excessive thyroid hormone that affects the body; 
[2] hypothyroidism with thyroid hormone deficiency; [3] and 
goitre with a general or focal abnormal enlargement of the thyroid 
gland. A  fourth but less common abnormality is the painful thy-
roid. Examination of the thyroid patient should lead to a conclusion 
based on symptoms and signs related to these abnormalities.

Clinical symptoms and signs of hyper-  and hypothyroidism 
are many and they are given and detailed in subsequent chapters. 
However, symptoms and signs of a clinical condition requiring 
more than usual observation or even acute therapy should be iden-
tified during the initial assessment. The risk of thyrotoxic crises 
should be included in the evaluation of a thyrotoxic patient. The risk 
of myxoedema coma is very low in the patient with hypothyroidism. 
Still, the condition certainly should not develop during the period 
of diagnostic work- up. Box 3.1.3.1 lists some symptoms and signs 
that should raise attention to the development of a severe thyroid 
condition, including factors that signify risk of thyroid malignancy 
in a patient with goitre. The presence of these symptoms and signs 
guide the decision to accelerate further diagnostic evaluation.

A number of different thyroid diseases may cause various thy-
roid abnormalities. Any clinical finding that rise the suspicion of a 
thyroid functional or structural abnormality should initiate a sys-
tematic evaluation of the disease underlying the abnormality (noso-
logical diagnosis). For example, if the patient seems to be thyrotoxic 
the examination should lead to a provisional conclusion on the 
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disease causing the thyrotoxicosis. The four most common causes of 
thyrotoxicosis are Graves’ disease, multinodular toxic goitre, toxic 
adenoma, and subacute thyroiditis [4] . The diagnosis should be 
substantiated by further biochemical tests and imaging procedures.

Some of the diseases leading to thyroid abnormalities may 
have other manifestations. It is important to look out for these. 
A common example is the orbitopathy that may present even prior 
to abnormal thyroid function, and some may not develop thyroid 
dysfunction despite manifest orbitopathy. The pretibial myxoedema 
of Graves’ disease is a rare example, as is the retroperitoneal fibrosis 
with ureteral obstruction encountered in some patients with Riedel’s 
thyroiditis.

The history and clinical examination may point directly to a spe-
cific thyroid disorder and the diagnostic sensitivity and specificity 
may be nearly 100% in some cases. However, the symptoms and 
signs of hypo-  or hyperthyroidism overlap considerably with com-
plaints and abnormalities commonly seen in other diseases and in 
apparently healthy people (e.g. fatigue, weight alterations, nervous-
ness, lack of concentration, constipation). Importantly, the diag-
nostic accuracy of symptoms decreases with age and are no longer 
valid past the age of 65  years [5] . Biochemical testing of thyroid 
function is thus essential in the evaluation of the thyroid patient.

Laboratory test results of thyroid function may be influenced by 
a number of clinical conditions and by medication. Interpretation 
of test results depend on information on medication and clinical 
conditions and it is important to obtain this information. One 
important example is pregnancy [6] . Both total and free thyroid 
hormones in serum vary during normal pregnancy, and pregnancy- 
induced modulations of the immune system may modify auto-
immune thyroid abnormalities.

Transient hypo-  or hyperthyroidism are seen in 5– 10 % of women 
3– 10  months after delivery as part of autoimmune postpartum 
thyroiditis. Another example is severe general illness [7] , which may 
be accompanied by various alterations in total and free thyroid hor-
mones and thyroid- stimulation hormone (TSH) in serum even if 
the thyroid gland is not affected.

Medication may alter thyroid function tests [8] . Some important 
examples are oestrogens (high thyroxin- binding globulin with high 
total thyroxine (T4) and triiodothyronine (T3)), carbamazepine, 
and phenytoin (low total and free T4 and T3), and amiodarone 
(high total and free T4, slightly depressed total and free T3, and TSH 
in the upper part for the reference range). These are the variations 
seen in patients without thyroid abnormalities. Amiodarone has 
high iodine content and is also a frequent cause of thyroid disease.

Excess iodine may induce hypo-  or hyperthyroidism in suscep-
tible individuals. The disease is transient in most cases, and the 
sources may be iodine- containing medications, over- the- counter 
‘health products’ with iodine, intake of seaweed, or iodine- 
containing radiocontrast agents. The type of dysfunction depends 
on the general iodine intake of the population. Hypothyroidism 
is the common abnormality induced in geographical areas with a 
high iodine intake, while thyrotoxicosis predominates in areas with 
a low basic iodine intake. This difference in type of abnormality in-
duced be excess iodine intake reflects the underlying difference in 
the epidemiology of thyroid abnormalities in low and high iodine 
intake areas. Low iodine intake areas see frequent non- toxic and 
multinodular toxic goitres, whereas autoimmune diseases with sub-
clinical and clinical hypothyroidism are common in high iodine 
intake areas. Hence, history taking should include information 
on excess iodine intake and additional information on the general 
iodine intake level in the area. This will provide clues to the prob-
ability of the various thyroid abnormalities to look out for.

Thyroid diseases cluster in some families and a family his-
tory is a valuable contribution to the risk estimation for a patient. 
Information on more specific genetic defects such as those leading 
to thyroid hormone resistance syndromes or to alterations of hor-
mone binding proteins in serum is important to avoid diagnostic 
errors. The presence of autoimmune disorders such as vitiligo, 
rheumatoid arthritis, type 1 diabetes, Addison’s disease and per-
nicious anaemia in a patient considerably enhances the risk of an 
autoimmune thyroid disorder in the patient and may guide the 
focus of the diagnostic work- up.

Previous thyroid disease raises the risk of current thyroid ab-
normality. For example, both hyper-  and hypothyroidism may be 
transient if induced by excessive iodine intake (see Chapter 3.2.4). 
However, there may be an underlying subclinical thyroid abnor-
mality such as autonomous thyroid nodules in hyperthyroidism 
or autoimmune thyroiditis in hypothyroidism and re- exposure to 
excess iodine commonly causes relapse. Still, spontaneous develop-
ment of a thyroid function abnormality may also occur.

Patients with postpartum thyroiditis typically harbour an under-
lying autoimmune thyroiditis. Hence, a new episode of thyroiditis 
is common following a subsequent pregnancy, and the risk of a per-
manent thyroid hypofunction increases considerably. The risk of 
relapse is high (in the order of 50%) in a patient in remission after 
previous medical treatment for the hyperthyroidism of Graves’ dis-
ease. Some patients treated with radioiodine or surgery for hyper-
thyroidism develop immediate or early hypothyroidism, though it 
may develop later and occur even after decades in others. Patients 
who have received external radiation of the neck have an increased 
risk of hypothyroidism. Patients treated with radiation to the neck 
or exposed to radioactive fallout during childhood have a markedly 
increased risk of malignant and benign thyroid nodules.

The history of tobacco smoking is pertinent to history taking in 
the patient with thyroid disease because smoking may aggravate the 

Box 3.1.3.1 Warning symptoms and signs in thyroid patients

 • Untreated hyperthyroidisma

Fever
Diarrhoea
Severe tachycardia (resting pulse rate >110 beats/ min)
Complication severe disease
Resting dyspnoea

 • Untreated hypothyroidismb

Somnolence
Hypothermia
Complicating severe disease

 • Goitrec

Hard solitary nodule
Growth of nodule
Stridor or hoarseness
Fixed to surroundings
Enlarged lymph nodes
Radiation to the neck as a child

a In untreated hyperthyroidism imminent thyrotoxic crisis should be looked 
for. Another severe complication is pulmonary embolism, in part due to 
dehydration.
b Somnolence and hypothermia may be warnings of myxoedema coma.
c Symptoms and signs indication a higher risk of malignancy in a goitre.
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orbitopathy of Graves’ disease [9] , and lead to a high frequency of goitre 
by interacting with iodine in the thyroid in iodine deficiency [10].

Physical Examination of the Thyroid Gland

Any complete physical examination of the thyroid gland includes 
inspection and palpation of the anterior region of the neck. 
Auscultation of the thyroid gland can be used to evaluate bold 
flow in a goitre and percussion of the upper part of the sternum 
may be used as an indicator for the presence of a large retro-
sternal goitre.

The normal thyroid is situated with the upper poles of the lobe at 
the level of the cricoid cartilage. The lower poles are 1– 2 cm above 
the sternoclavicular junction in young adults, but the thyroid gland 
tends to be located more caudally on the neck in elderly people.

Inspection of the Thyroid Gland

The patient is examined sitting or standing with light from a 
window or a lamp at an obliquely angle on the anterior of the neck. 

The chin of the patient is raised moderately. Inspection of the skin 
may reveal scars after thyroid surgery and vascular changes sug-
gesting impaired venous flow or pervious radiation of the neck.

Do careful inspection of the thyroid region for signs of thy-
roid enlargement, nodules, and asymmetry (Figure 3.1.3.1a). The 
normal thyroid gland is not or only barely visible in most people. 
The exception is young women with a slender neck, in whom a high 
and medially situated normal thyroid gland may give the clinical 
impression of goitre (‘pseudo- goitre’).

The next step is inspection of the region while the patient is swal-
lowing. In lack of drinking water, the patient may be asked to im-
agine chewing a piece of lemon. This may induce salivation and 
facilitate swallowing. The thyroid gland will normally move up-
wards during swallowing following the trachea (compare the thy-
roid region before swallowing (Figure 3.1.3.1b) with the region 
during swallowing (Figure 3.1.3.1c)). Small thyroid enlargements 
and nodules may be identified in this way. Inspection during swal-
lowing is an important part of characterization of a goitre. If the 
goitre remains fixed to the surroundings and does not move it may 
be a sign of malignancy (Box 3.1.3.1). If still uncertain, inspect the 

(a) (b) (c)

(d) (e) (f)

Figure 3.1.3.1 Clinical examination of the thyroid gland in a young woman with a small goitre. (a) Inspection with oblique light, (b) inspection 
while the patient drinks water before swallowing, and (c) during swallowing. Note the change in position of the small goitre. (d) Palpation of the 
superficial part of the thyroid gland with flat fingertips. (e) Displacement of the thyroid to the left by pressure on the larynx (pressure on the trachea 
is more irritant). (f ) Bidigital palpation of the deep parts of the left thyroid lobe behind the sternocleidomastoid muscle.
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thyroid region while the patient swallows, with light from various 
angels and with the neck of the patient more or less extended.

Palpation of the Thyroid Gland

Palpation can be performed while the examiner and the patient 
are sitting or standing in front of each other or while the examiner 
is standing behind the sitting patient. The patient should hold the 
head upright but the neck should not be hyperextended. Palpation 
involves a superficial and a deep examination of the gland. In add-
ition, thorough palpation for enlarged cervical lymph nodes should 
be performed. The superficial part of the thyroid is examined by 
moving the flat fingertips systematically across the thyroid region 
searching for swellings and nodules (Figure 3.1.3.1d). When special 
care is needed, the examination may be facilitated by using lubri-
cant (e.g. gel for ultrasound examination). It may also be helpful to 
ask the patient to swallow while palpating the gland softly. Nodules 
and enlarged lobes may be identified when they are moving.

Palpation of the thyroid lobes between the fingers is achieved 
by displacing the larynx (and thereby the trachea and the thy-
roid gland) to one side (Figure 3.1.3.1e) and palpating the thy-
roid lobe behind the sternocleidomastoid muscle as illustrated in 
Figure 3.1.3.1f. Nodules in the deeper parts of the thyroid lobes 
can be detected in this way.

If goitre or one or more nodules are found they should be exam-
ined and described with respect to size, hardness, location, mobility, 
and tenderness. Proper description of location is important as it aids 
interpretation of the findings on the scintigrams, particularly for 
support of the suspicion of a cold nodule. Lack of mobility during 
swallowing may be a sign of malignancy but several other possibil-
ities exist. Fixation could be caused by inflammation surrounding 
an acute or subacute thyroiditis. Such lesions tend, however, to be 
painful, which is rare in case of a cancer.

Auscultation of the Thyroid Gland

The goitre of patients with active Graves’ disease may have a very 
high blood flow. The flow can occasionally be heard upon auscul-
tation as a systolic murmur over the gland. When present in the 
medically treated patient it indicates persistent activity of the dis-
ease despite medication, and it is often accompanied by a high T3/ T4 
ratio. If surgery is planned, pretreatment with iodine for 7– 10 days 
prior to surgery is recommended [11].

A similar clinical pattern may occasionally be seen in patients 
with Graves´ disease grossly overtreated with thyroid blocking 
drugs. The treatment causes a lowering of serum T3 and T4 with 
subsequent excessive TSH secretion. Such high TSH can induce a 
‘blocking goitre’ with a high blood flow.

A systolic murmur over the thyroid does not always originate 
from the thyroid gland. Other diagnostic options include referred 
sound from the heart in a patient with aortic stenosis or sclerosis 
and a systolic murmur from an arteriosclerotic carotid artery.

Reliability of clinical Assessment in Thyroid Disease

The typical patient with Graves´ disease is a young or middle- aged 
woman with a family history of thyroid disease, complains of ner-
vousness, heat intolerance, palpitations, weight loss, high pulse 
rate, agility, and a diffuse goitre. The diagnosis based on clinical 
assessment is nearly 100% reliable in this case. The occurrence 
of eye symptoms further supports the diagnosis. However, both 

hyper-  and hypothyroidism may be difficult to diagnose from clin-
ical findings especially in elderly people where the diseases may be 
monosymptomatic with, for example, slow cerebration in hypothy-
roidism and weight loss in thyrotoxicosis. Biochemical evaluation 
of thyroid function is necessary and TSH measurement should be 
a first- line test.

The diagnosis of goitre is a separate challenge. Classically, goitre 
is a thyroid gland, which is palpable or visible due to focal or gen-
eral enlargement. Occasionally the goitre is not visible or palpable 
because the growth and extension of the gland occurred behind the 
sternum causing a retrosternal goitre.

A visible and/ or palpable thyroid gland is not a goitre if there is 
no general or focal enlargement. In young women, this may be seen 
as a ‘pseudo- goitre’. Ultrasound examination of the thyroid gland 
with measurement of volume and identification or exclusion of thy-
roid nodules is an important supplement to the clinical evaluation. 
The interobserver variability of thyroid volume determinations by 
ultrasonography is around 10% and the reproducibility of identi-
fying nodules is high.

The size of the thyroid gland of apparently healthy people is 
highly dependent on the iodine intake level of the geographical area 
of the investigation. Upper normal values of 18 ml for women and 
25 ml for men have been suggested [12].

However, there is a marked discrepancy between the ‘true’ thy-
roid volume determine by ultrasound examination and the finding 
of no goitre or a small goitre by clinical examination. This is illus-
trated in Figure 3.1.3.2, which also shows that clinical goitre may 
not be present despite thyroid volumes several times the upper 
normal. Systematic studies of the clinical assessment of goitre have 
shown that estimation of thyroid size by inspection and palpation 
is imprecise and large intra-  and interobserver variations are pre-
sent [14, 15].

The estimation of thyroid size by clinical examination is impre-
cise. Evaluation of nodularity of the thyroid gland faces similar dif-
ficulties. Solitary thyroid nodules identified by palpation are often 
part of multinodular glands when examined by ultrasonography. 
This is seen in up to 50% of cases [16]. Thyroid nodules are identi-
fied more frequently in patients when using ultrasound compared 
to clinical examination. Only around 50% of nodules larger than 
1.5 cm detected by ultrasonography were identified by palpation in 
a follow- up study of patients who had received neck irradiation as 
children and therefore had a high risk for developing thyroid cancer 
later in life [17].

A clinical investigation of the thyroid and surroundings remains 
first- line investigation of the thyroid gland. Clinical investigation 
is also the initial investigation used for goitre detection. Increased 
volume of the thyroid gland by ultrasound examination is of limited 
clinical importance if thyroid function is normal and the patient has 
no signs or symptoms of goitre.

The situation differs when it is necessary to add test for thyroid 
function abnormalities and/ or investigations for abnormalities of 
thyroid structure and size. The first- line test for thyroid function is 
TSH in serum. This should be performed in many patients presenting 
various complaints of some duration, even with limited clinical sus-
picion of thyroid disease. On the other hand, clinical examination 
of the thyroid gland remains an important first- line evaluation for 
goitre and thyroid nodules. Sensitive imaging procedures including 
ultrasound should be used for patients with abnormal clinical and/ 
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or biochemical findings suggesting thyroid disease, as well as for pa-
tients at increased risk of developing thyroid cancer.
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Introduction

Basal metabolic rate followed by protein- bound iodine were the 
first laboratory tests of thyroid function until the introduction of 
radioimmunoassay methods [1] , which made it possible to quan-
tify both circulating thyroxine (T4), triiodothyronine (T3) and 
thyroid- stimulating hormone (TSH). However, none of the methods 
had sufficient sensitivity and precision for diagnosing hypo-  or 

hyperfunction of the thyroid gland. Development of third gener-
ation immunometric TSH assays with highly improved functional 
sensitivity allowed suppressed serum TSH concentrations to be 
clearly distinguished from normal. Different ingenious techniques 
to estimate the minute free fraction of total serum T4 have been de-
veloped over the years, but even the best free T4 methods offer only 
marginal diagnostic advantage over the measurement of total T4 
when the concentration of thyroxine- binding globulin (TBG) and 
other binding proteins are abnormal. Current enthusiasm for free 
T4 and T3 estimation needs to be tempered by an understanding of 
the method- dependent limitations of these techniques, particularly 
where assessment of thyroid function is most difficult.

While there is little doubt that circulating TSH and T4 should both 
be measured when an abnormality of thyroid function is clinically 
suspected, recent recommendations suggest testing a wide range 
of patient groups with an increased risk of thyroid dysfunction  
(Box 3.1.4.1). Thus, neonatal screening for congenital hypothy-
roidism is firmly established. Routine testing of thyroid function 
with a single measurement of serum TSH in women over 50, a 
group most likely to have significant thyroid dysfunction [2, 3] has 
become widely recommended. The recognition that adequate ma-
ternal T4 in the first trimester of pregnancy is a crucial determinant 
of fetal brain development, has led to increased assessment of thy-
roid function before pregnancy, especially in women with impaired 
fertility or risk factors for thyroid dysfunction. The frequency of 
postpartum thyroid dysfunction places a high priority on assessing 
thyroid function for any suggestive clinical features in the first year 
after childbirth [4] .

There is a trend for peripheral thyroid hormones to be estimated 
in primary care only if TSH is abnormal. In case of uncertainty 
of the diagnosis, other biochemical methods such as circulating 
TBG, thyroid autoantibodies, thyroglobulin as well as genetic 

Box 3.1.4.1 Conditions with an increased likelihood 
of thyroid dysfunction where thyroid function testing should 
be considered

 • Previous thyroid disease or surgery  Drug therapy
 • Goitre      Cytotoxic therapy
 • Non- thyroid autoimmune disease(s)   Contrast agent or other 

iodine exposure
 • Other endocrine deficiencies   Amiodarone
 • Atrial fibrillation     Lithium
 • Down’s syndrome, Turner’s syndrome    Highly active antiretroviral 

therapy
 • Type 1 diabetes     Mitotane
 • Metabolic syndrome, morbid obesity   Sunitinib
 • Irradiation of head and neck    Retinoids
 • Impaired reproductive function   Biological agents (interferon 
  in women    α, interleukin 2, interferon 

—  Polycystic ovarian syndrome;  β 1a or 1b,
 Endometriosis     monoclonal antibody treat-

—  Premature ovarian failure   ment; denileukin diftitox)
—  Recurrent miscarriage

 • Postpartum ill health
 • Preterm infants
 • Pituitary abnormality
 • Severe head injury
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testing and imaging techniques can assist in defining the thyroid 
function disturbance [1] . The value of routine testing needs to be 
compared with sensitivity and accuracy of clinical assessment, 
which was in unselected patients assessed by primary care phy-
sicians and even specialists inferior to laboratory results in up to 
one- third of patients evaluated for suspected thyroid disease [5]. 
Finally, many drugs can influence both thyroid function per se 
while some affect the biochemical thyroid function measurements 
without function disturbance (i.e. spurious and often uninterpret-
able. This chapter is an update from the previous edition written 
by the late Jim Stockigt [5]).

The T4– TSH Relationship

Regardless of the strategy used for first- line testing, serum TSH and 
a valid serum T4 estimate are both necessary for definitive assess-
ment of thyroid status. As shown in Figure 3.1.4.1, the common 
types of thyroid dysfunction can be identified by diagonal devi-
ations from the normal T4– TSH relationship, which depends on the 
negative feedback interaction between target gland secretion and 
trophic hormone. The figure shows primary hypothyroidism due to 
target gland failure (high serum TSH with low free T4: A), failure 
of TSH secretion (both low: B), autonomous or abnormally stimu-
lated target gland function (high serum free T4 with low TSH: C), 
and primary excess of TSH or thyroid hormone resistance (both 

high: D). Abnormal results that fall outside these areas suggest that 
some other factor has disturbed this relationship, or that the sample 
has been collected under non- steady state conditions (e.g. altered 
trophic- target hormone relationship, medications, TSH receptor 
mutations, hormone resistance syndromes, inaccurate estimates of 
active hormone concentrations, inaccurate reference ranges, or low 
assay sensitivity). The figure shows serum free T4 rather than T3 
because T4 is the major circulating determinant of TSH secretion.

The assumption of steady state condition should always be ques-
tioned when associated illness or medications perturb the pituitary– 
thyroid axis. The large difference between the half- lives of TSH (1 
h) and T4 (1 week) accounts for many transient non- diagnostic 
abnormalities in the T4– TSH relationship, such as acute effects of 
medications, early response to therapy, evolution of disease, and di-
urnal variations. Optimal assessment of thyroid function depends 
on collaborative communication across the laboratory– clinical 
interface [1] .

Screening and case- Finding

In the absence of associated disease, where there are no clinical fea-
tures to suggest thyroid dysfunction, a normal serum TSH concen-
tration has over 99% negative predictive value in ruling out primary 
hypothyroidism or thyrotoxicosis [3] . Assessment of untreated 
subjects with no features of thyroid dysfunction and therefore with 
low prediagnostic probability now commonly begins with initial 
measurement of TSH alone, with T4 and/ or T3 assays added only 
if TSH is abnormal, or if an abnormality of TSH secretion is sus-
pected. According to this algorithm, free T4 is measured to distin-
guish between overt and subclinical hypothyroidism when serum 
TSH is elevated, while a suppressed or subnormal TSH level should 
be followed by measuring both free T4 and T3 to distinguish sub-
clinical from overt thyrotoxicosis and to identify T3 toxicosis.

clinical Suspicion of Thyroid Dysfunction

The use of serum TSH as the sole initial test of thyroid function 
may lead to incorrect or incomplete assessment of thyroid status in 
a number of situations [1, 5]. Initial measurement of both T4 and 
TSH is appropriate whenever thyroid dysfunction is clinically sus-
pected, because thyroid dysfunction due to pituitary disease, either 
hypopituitarism, or the less common situation of TSH- dependent 
hyperthyroidism, may be missed if TSH alone is used for initial as-
sessment [6] . The far- reaching consequences of missing these dis-
orders are not reflected by a small percentage deficit in diagnostic 
sensitivity.

Evaluating and Adjusting the Response 
to Treatment

In patients with newly treated thyrotoxicosis, TSH may remain sup-
pressed for months or even longer after normalization of serum T4 
and T3; serious overtreatment may result if TSH alone is used for 
adjustment of antithyroid drug dosage. Further, thyrotoxicosis may 
persist due solely to T3 excess. Therefore, a reassessment of serum 
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Figure 3.1.4.1 The relationship between serum TSH and total free T4 
concentrations is shown in normal subjects (N) and in various typical 
abnormalities of thyroid function: primary hypothyroidism (A); central or 
pituitary- dependent hypothyroidism (B); thyrotoxicosis due to autonomy 
or abnormal thyroid stimulation (C); and TSH- dependent thyrotoxicosis 
or generalized thyroid hormone resistance (D). Note that linear free 
T4 responses correspond to logarithmic TSH changes. Areas A and C 
represent primary thyroid abnormalities, while results that fall in areas 
B and D suggest a primary pituitary abnormality. Abnormal findings 
that fall in the intermediate areas suggest non- steady state sampling 
conditions due to the large difference in half- lives of TSH and T4, an 
assay artefact, an altered T4– TSH relationship, or the presence of another 
agonist (e.g. T3).
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free T4 and free T3 levels is recommended after about 3 weeks of 
antithyroid drug therapy to allow appropriate dose adjustment.

During standard T4 replacement therapy a TSH value in the 
lower normal range usually coincides with an optimal symptom-
atic response. Serum TSH is the best single index of appropriate 
replacement of hypothyroidism during long- term T4- therapy, but 
during the early phase of treatment, free T4 should also be meas-
ured, because TSH may remain inappropriately elevated long after 
normalization of T4. In elderly patients, especially with cardiac is-
chaemia, dose adjustment is a clinical not a laboratory decision. 
During T4 suppressive therapy (e.g. after treatment for thyroid 
cancer), periodic assessment of free T4 (but not T3 [7] ), in addition 
to TSH, is appropriate to identify and avoid thyroid hormone ex-
cess that may have adverse effects on the cardiovascular system or 
bone density.

During treatment of hypothyroidism for hypothalamo- pituitary 
disease, serum TSH is of limited value in assessing T4 dosage, which 
should be based on serum free T4 and clinical response. However, 
serum TSH needs to be suppressed to avoid under- replacement [8] .

Difficult Diagnostic Situations

Interpretation of thyroid function tests may be compromised by 
intercurrent illness and medications. There is a high prevalence 
of abnormal thyroid function tests in patients with acute medical 
[9]  and sometimes acute psychiatric illness [10]. However, when 
TSH and free T4 are considered together, as in Figure 3.1.4.1, 
most of these abnormalities do not indicate true thyroid dysfunc-
tion. However, the consensus has moved away from routine testing 
during critical illness without a strict clinical indication [5]. If not 
due to medications, the combination of low free T4 and TSH indi-
cates a poor prognosis [5], although these findings cannot usefully 
influence individual management decisions.

During any severe illness, one or more of the assumptions of 
hypothalamo– pituitary– thyroid stability may not be valid. Serum 
TSH values are frequently subnormal in the absence of thyrotoxi-
cosis, but the large majority of thyrotoxic subjects have values 
below 0.01 mU/ L, whereas hospitalized patients with non- thyroidal 
illness do not show this degree of TSH suppression [11]; serum free 
T4 estimates during critical illness are prone to multiple method- 
dependent interfering influences, due to heparin and other medica-
tions. Notably, serum total T4 measurements are much less prone to 
such artefacts [12].

In late pregnancy, there are clearly unresolved methodological 
problems in estimating serum free T4, with strong negative bias in 
some methods [4, 13, 14], which has questioned the wisdom of con-
tinuing to rely on free thyroxine estimates during pregnancy [13]. 
In contrast to various free T4 methods [4, 13] total serum T4 and its 
derivative, the free thyroxine index, showed a more robust inverse 
relationship with serum TSH, with consistent results in numerous 
reports [13]. Thus, total T4 measurement may be superior to free T4 
estimates as a guide to therapy during pregnancy, provided modi-
fication of the reference values to the normal oestrogen- induced 
increase in TBG. If free T4 estimates continue to be used in preg-
nancy, clinicians should interpret results according to trimester-  
and method specific reference intervals. Problems inherent in free 
T4 measurement during pregnancy and otherwise can possibly be 

resolved by using isotope dilution liquid chromatography tandem 
mass spectrometry after ultrafiltration [15].

Measurement of Serum TSH concentrations

The secretion of TSH, a 24– 30 kDa glycoprotein composed of two 
subunits, from the anterior pituitary is regulated by negative feed-
back from circulating free T4 and T3 concentrations. In normal 
subjects, serum TSH concentrations show pulsatile and diurnal 
variation, with approximate mean maximum concentrations of 
3  mU/ L at 02.00 with nadir values about 1 mU/ L at about 16.00 
without significant sex difference [16]. This TSH fluctuation with an 
amplitude of 20– 50% makes it difficult to establish the significance 
of serial changes during follow- up of patients with subclinical hypo-
thyroidism, because a 40% change due to pulsatile secretion can be 
misread as progression of disease [17].

TSH is measured by immunometric assays using two antibodies 
against different epitopes on the α-  and β- subunits of TSH [11], 
and serum TSH can be precisely measured at least to 0.03 mU/ L.  
Important factors when clinical decisions are based on values close 
to the detection limit include between- assay reproducibility or pre-
cision profile, composition of assay matrix, possible appearance of 
non- specific interference during sample storage, as well as possible 
carryover from one sample to the next during automated sampling 
[5] . Analytical sensitivity defined as 2 or 3 SD above the zero point is 
often too optimistic. Functional sensitivity defined as 20% between- 
assay coefficient of variation has become accepted [11], but assay 
performance may vary between laboratories despite apparently 
identical technique. Laboratories should therefore establish their 
own detection limit from the between- assay precision profile in the 
subnormal range.

While immunometric TSH assays offer enhanced sensitivity, they 
may be liable to non- specific interference (e.g. in methods that use 
mouse monoclonal antibodies). An antimouse immunoglobulin in 
the test serum allows formation of a false bridge between the solid 
phase and the signal antibody, thus generating a spuriously high 
assay value. Inclusion of mouse immunoglobulin in the assay usu-
ally blocks this effect, although persistent false- positive serum TSH 
values are still found in some samples [18].

Most patients with TSH- secreting pituitary tumours have in-
creased serum α - subunit concentrations [19], but values can also 
be elevated in postmenopausal women and in hypogonadal men.

The TSH Reference Range: current controversies 
and Uncertainties

Between 08.00 and 21.00, reference values for serum TSH are gen-
erally in the range 0.3– 4 mU/ L, following a logarithmic Gaussian 
distribution and with higher values in the immediate postnatal 
period. Median values are generally about 1 mU/ L with a long 
tail to the right, so the upper limit of the reference range is con-
tentious. Widespread application of thyroid function testing has 
identified large numbers of asymptomatic subjects with abnormal 
TSH and with normal serum T4, who may merit the designation 
‘subclinical thyroid dysfunction’ [20]. A  sustained abnormality 
should be demonstrated before definite categorization [21]. The 
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merits and limitations of initiating therapy for these individuals are 
controversial.

These considerations have become complicated because of lack 
of consensus on the limits of the TSH range [20, 22], in particular 
on whether the upper limit of the TSH reference range should be 
reduced from about 4 mU/ L to 3 mU/ L or even lower. Similarly, 
for subclinical hyperthyroidism there is lack of consensus as to 
classification of subnormal TSH values according to the NHANES 
III study [11] (TSH values below 0.1  mU/ L) or to other guide-
lines in favour of using values below the lower normal limit of 
0.45 mU/ L [20]. Since the gradation from normality to severe thy-
roid dysfunction is a continuum, studies of outcomes from inter-
vention will be critically dependent on uniform cut- off points and 
terminology.

Until these uncertainties are resolved, it is likely that most clin-
icians will recommend a period of observation rather than imme-
diate intervention. If a trend towards overt disease is to be the cue to 
intervention, it is critical to establish what constitutes a significant 
change in serum TSH value. From an analysis of serial individual 
variation over 1 year, the difference required for two test results to 
be convincingly different was 40% for TSH and 15% for free T4 and 
free T3 [17].

Indications for TRH Testing

Thyrotropin- releasing hormone (TRH) testing in clinical practice 
has almost been eliminated by the highly sensitive TSH assays. 
However, measurement of serum TSH 20– 30 min after intravenous 
injection of 200– 500 μg TRH is still useful for some purposes: (1) 
when basal serum TSH is out of context (TSH assay artefacts); 
(2)  apparent thyroid hormone resistance or pituitary- dependent 
thyrotoxicosis (patients with TSH- secreting pituitary tumours 
show no TSH increase after TRH [19], while those with thyroid 
hormone resistance usually do); and (3)  central hypothyroidism 
where low serum free T4 may be associated with normal serum 
immunoreactive TSH concentration with impaired biological 
activity [23].

Assays for Serum T4 and T3

Concentrations of total serum T4 and T3 reflect not only hormone 
production, but also the number and affinity of plasma protein 
binding sites. Total concentrations vary in direct relationship 
to protein binding, while serum free T4 and free T3 concentra-
tions should not, if measured by valid methods. Serum total and  
free T3 concentrations are higher in children [24]. In pregnancy, 
reference ranges for free T4 show marked method- dependent 
variation; quoted ranges should be both trimester and method 
specific [25].

Estimation of Serum Free T4 and Free T3

There have been many approaches to assay serum free T4 and T3 
concentrations, with detailed analysis of the validity of various 
methods [1, 11, 15]. Two- step methods that separate a fraction of 

the free T4 pool from the binding proteins before assay are gener-
ally least prone to analytical artefacts. No current method conveni-
ently measures the free T4 concentration in undisturbed, undiluted 
serum similarly to in vivo conditions. Equilibrium dialysis is widely 
considered the reference method for free T4 measurement, but is 
also subject to error. Evaluation of novel serum free T4 methods 
should include testing with various protein binding abnormal-
ities, as well as sera that contain substances competing for serum 
protein binding sites. Unexpected interference may only be noted 
after methods have been used for some time, as, for example, in 
the effect of rheumatoid factor [26], or drug competitors for protein 
binding [27].

Recent reports suggest that methods based on liquid chromatog-
raphy/ tandem mass spectrometry after ultrafiltration, or equilib-
rium dialysis may improve measurement of free T4 [15]. Further 
evaluations, in particular details of long- term reproducibility of 
these techniques, as well as serial dilution studies to evaluate the 
effect of circulating inhibitors of T4 binding are awaited. In many 
countries the price per sample is prohibitive for routine use, even if 
the assay quality appears to be superior in terms of sensitivity, pre-
cision, and accuracy.

Measurement of Serum T3

Assays for total or free T3 have no place in diagnosing hypothy-
roidism, but should be included in the diagnostic protocol in the 
following situations:

1. Suspected thyrotoxicosis when serum T4 is normal and serum 
TSH is suppressed, to distinguish T3 thyrotoxicosis from sub-
clinical thyrotoxicosis

2. Antithyroid drug therapy to identify persistent T3 excess, despite 
normal or subnormal serum T4 values

3. Amiodarone- induced thyrotoxicosis, which should not be based 
on T4 excess alone

4. Early recurrence of thyrotoxicosis with suppressed TSH, after 
cessation of antithyroid drug therapy

5. Establish the extent of hormone excess when an intentional T4 
overdose has been taken

The serum T3 concentration is not useful in assessing T3 replace-
ment (e.g. because of its short plasma half- life).

Variant Binding Proteins and Antireagent 
Antibodies

Molecular changes in TBG, transthyretin (TTR), or albumin may 
result in altered serum concentrations of these binding proteins, 
or may alter their binding affinity for T4 and/ or T3. The X- linked 
structural TBG variants have either normal or reduced affinity 
for T4 and T3. Most X- linked variants cause complete TBG defi-
ciency, while some are associated with subnormal concentrations 
of immunoreactive serum TBG, often with reduced affinity for T4 
[28]. In complete absence of TBG, total serum T4 is reduced to 20– 
40 nmol/ L (normal 50– 140 nmol/ L), whereas in hereditary TBG ex-
cess the concentration may increase up to 250 nmol/ L [28]; free T4 
should remain normal, but some estimated free T4 methods do not 
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correct quantitatively for TBG abnormalities, whether hereditary or 
acquired.

Familial dysalbuminaemic hyperthyroxinaemia (FDH) [29], 
shows a selective increase in binding affinity for T4 resulting in 
total serum T4 in the range 180– 240 nmol/ L. The variant protein 
has increased affinity for some T4- analogue tracers, resulting in 
spuriously high serum free T4 estimates; equilibrium dialysis, two- 
step free T4 methods, and serum TSH and thyroglobulin confirm 
that people with FDH are euthyroid. The diagnosis is verified by 
genetic analysis.

Circulating T3-  or T4- binding autoantibodies can cause 
 methodological artefacts in both total and free measurements of T4 
and T3 [11, 12]. Tracer bound to the endogenous human antibody 
will be falsely classified as ‘bound’ or ‘free’, leading, respectively, to 
spuriously low or high serum values. Assay after ethanol extraction 
establishes the true total hormone concentration.

Interference can also result from antibodies against assay reagents 
(e.g. antiruthenium, antistreptavidin, or antibiotin) [11]. High dose 
biotin ingestion has also been shown to result in serious distortion 
of analyte- specific, platform specific assay results, and is now a fre-
quent cause of false results due to the current popularity of biotin 
ingestion [11].

Euthyroid Hyperthyroxinaemia and 
Hypothyroxinaemia

These terms are used when the total or free T4 concentrations are 
increased or decreased without evidence of thyroid dysfunction. 
The effects of medications and alterations in the T4 binding pro-
teins are the commonest causes. Hypothyroxinaemia is a normal 
response when TSH secretion is inhibited by another thyromimetic 
such as T3 or triiodothyroacetic acid. During critical illness serum 
T4 may be subnormal due to inhibition of TSH secretion [30], de-
creased production of binding proteins, or accelerated T4 clearance. 
Hypothyroxinaemia without increase in TSH is also seen in low 
birthweight premature infants, reflecting hypothalamic– pituitary 
immaturity [31].

Integration of Tests of Thyroid Function with 
other Investigations

When thyroid function is abnormal, additional diagnostic informa-
tion can be gained from the technologies described here next.

Antibody Measurements

In subclinical hypothyroidism, presence of thyroid peroxidase and/ 
or thyroglobulin antibodies indicates a substantial increased risk 
of developing overt hypothyroidism [2] , and also indicates an in-
creased likelihood of postpartum thyroiditis or amiodarone- in-
duced hypothyroidism. Persistently positive thyrotropin receptor 
antibody (TRAb) is useful in indicating that apparent remission of 
Graves’ disease is unlikely to be sustained, while negative TRAb are 
not predictive of permanent remission. TRAb measurement can in-
dicate the possibility of neonatal thyrotoxicosis in the infant of a 
mother with autoimmune thyroid disease and may also define the 
aetiology of atypical eye disease.

Thyroid Imaging

The use of isotope imaging techniques in thyrotoxicosis due to 
Graves’ disease varies widely between different centres. While some 
now regard routine radioisotope imaging as redundant in typical 
Graves’ disease, negligible uptake can be a key feature in confirming 
thyrotoxicosis due to thyroiditis, iodine contamination, and fac-
titious ingestion of thyroid hormone. Imaging also can confirm a 
‘hot’ nodule as the predominant source of thyroid hormone excess. 
Computed tomography (CT) is valuable in identifying retrosternal 
extension, but contrast agents should be avoided. Colour flow 
Doppler has been reported to differentiate between, for example, 
type 1 and type 2 amiodarone- induced thyrotoxicosis [32].

Thyroglobulin

In the follow- up of differentiated thyroid cancer, an undetectable 
serum thyroglobulin concentration (in absence of thyroglobulin 
antibodies), in presence of high serum TSH indicates effective 
ablation and may justify less rigorous T4 suppression of TSH. 
Thyroglobulin is undetectable in thyrotoxicosis factitia, and gener-
ally extremely high in subacute thyroiditis and in amiodarone- in-
duced thyrotoxicosis of the thyroiditis type [5, 11].

Assay of thyroglobulin in the needle wash from suspect neck 
lymph nodes has a higher sensitivity and specificity than cytology 
in diagnosing metastatic thyroid tissue [33].

Indices of Thyroid Hormone Action

While there is no reliable laboratory index of peripheral thyroid 
hormone action, some tests [34], including sex steroid- binding 
globulin, serum ferritin, serum angiotensin- converting enzyme, 
as well as oxygen consumption, systolic time interval, and cardiac 
contractility [35], may be useful in following individual response in 
situations of suspected thyroid hormone resistance or during long- 
term suppressive therapy with T4.

Drug Effects on Serum T4 and TSH

The multiple effects of medications on the pituitary– thyroid axis 
have been reviewed elsewhere [1, 28, 36]. Medications that present 
special problems include amiodarone, heparin, lithium, phenytoin, 
highly active antiretroviral therapy, immune- mediated therapies 
[36], and drugs that displace T4 from TBG. Oestrogen, endogenous 
or exogenous, most commonly affects tests of thyroid function 
by increasing total T4 due to an increase in TBG concentration 
by  increased glycosylation and slower clearance. Free T4 remains 
normal. Transdermal oestrogens do not show this effect [28].

Amiodarone

Amiodarone is the most complex and difficult of drugs affecting 
thyroid status [32]. The clinical entities include two forms of thyro-
toxicosis, one due to iodine excess and one attributed to thyroiditis. 
In iodine- replete regions the predominant amiodarone- induced 
thyroid abnormality is hypothyroidism, especially in those with 
associated autoimmune thyroiditis. The drug also causes be-
nign euthyroid hyperthyroxinaemia in up to 25% of treated pa-
tients. There is often poor correlation between circulating thyroid 
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hormone levels and the clinical manifestations of amiodarone- in-
duced thyroid dysfunction, and criteria such as muscle weakness 
and weight loss are more relevant for severity assessment.

Heparin

In serum obtained from heparin- treated patients, the measured 
concentration of serum free T4 may be higher than the true in vivo 
concentration, due to in vitro generation of non- esterified fatty 
acids as a result of heparin- induced lipase activity during sample 
storage or incubation [27]. Low- molecular- weight heparin prepa-
rations have a similar effect [37].

Lithium

Lithium, used in the management of manic- depressive illness, has 
multiple effects on the pituitary– thyroid axis, the most important 
being inhibition of thyroglobulin hydrolysis and hormone release 
[38]. It can exacerbate or initiate autoimmune thyroid disease with 
development of goitre and hypothyroidism; there are also rare re-
ports of lithium- induced thyrotoxicosis. Serum TSH, T4, and T3 
assays give a true index of thyroid status during lithium treatment.

Phenytoin and carbamazepine

The antiepileptic phenytoin and carbamazepine commonly result 
in subnormal serum total T4, with an apparent lowering of free 
T4, not accompanied by the anticipated increase in TSH [39]. This 
discrepancy, which is not easily distinguishable from central hypo-
thyroidism due to pituitary deficiency, is a methodological artefact 
related to underestimation of true free T4 in diluted serum samples 
that contain inhibitors of T4 protein binding [1, 11, 36, 39].

Antiretroviral Therapy

Infection with human immunodeficiency virus may influence tests 
of thyroid function by various mechanisms, occasionally as result of 
direct infection of the thyroid gland or alteration of immunological 
function, but more frequently from effect of medications that alter 
metabolism of thyroxine or as a non- specific effect of debilitating 
illness. Although some studies [40] show a higher than expected 
prevalence of hypothyroidism, predominantly subclinical, during 
treatment with highly active antiretroviral therapy, a recent study 
indicates that current treatment is associated with normal thyroid 
function measurements. There are reports of reduced effectiveness 
of T4 replacement or transient over- replacement during treatment 
with antiviral drugs [41, 42]. There is no consensus as to whether 
thyroid function should be routinely monitored in infected patients, 
but testing will frequently be required to assess features that could 
be due to thyroid dysfunction.

Effects of Drug competitors for Thyroid Hormone 
Binding to Plasma Proteins

Both TBG and TTR show extensive cross- reactions with a wide 
range of drugs [1, 28, 36]. As reviewed elsewhere [12], the failure 
of current free T4 and T3 methodology to reliably reflect the effect 
of drug competitors that increase free T4 and T3 in vivo by displace-
ment, remains a major limitation in the general applicability of 
free hormone assays. These effects are poorly reflected by standard 
free hormone assays because samples are generally assayed after 

dilution, which underestimates the free hormone concentration in 
the presence of competitors. This discrepancy occurs because of dis-
sociation of bound ligand with progressive sample dilution [12, 39]. 
Important drug competitors have a much smaller proportional 
 reservoir of bound ligand than does T4, so that their free concentra-
tion becomes negligible with progressive dilution while the free T4 
concentration remains unaltered [12]. Since competition is a func-
tion of relative free ligand concentrations, the effect of a competitor 
to increase free T4 is underestimated, the error being greatest in  
assays with the highest sample dilution.

Drug Interactions

Drug effects on thyroid function may be especially potent when sev-
eral agents are given together. For example, infusion of furosemide 
in high dosage lowers serum T4, while concurrent dopamine infu-
sion inhibits TSH secretion; together they can result in profound 
hypothyroxinaemia. Combinations of rifampicin or ritonavir or 
other medications that accelerate T4 clearance, with glucocorticoid- 
induced inhibition of TSH secretion can have a similar effect.

Diagnostic Approach to Anomalous or Discordant 
Laboratory Results

When there is discordance between laboratory results and clinical 
findings, a distinction needs to be made between anomalous assay re-
sults due to assay interference and those that indicate previously un-
suspected or subclinical disease. Consideration of the fundamental 
assumptions that underlie the diagnostic use of the trophic- target hor-
mone relationship may give a clue to the discrepancy. Anomalous or 
unexpected assay results can be approached in the following sequence:

1. Clinical re- evaluation with particular attention to medication 
history and long- term features suggestive of thyroid disease (e.g. 
weight change, goitre).

2. Measurement of serum TSH by alternative method.
3. Estimation of free T4 and T3 by alternative methods with par-

ticular attention to method- dependent artefacts and medications.
4. Follow- up sampling to establish whether the abnormality is 

transient or persistent.
5. Measurement of serum total T4 to establish whether the free T4 

estimate is disproportionately high or low in relation to total 
T4 (e.g. heparin artefact, oestrogen). (Arguably, measurement 
of total T4 with correction for variations in TBG, interpreted 
in conjunction with TSH, could now be regarded as the gold 
standard where free T4 estimates are inconclusive).

6. Search for an unusual binding abnormality or hormone resist-
ance syndrome in the propositus and family members.
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Serum and Tissue Thyroid Hormone 
concentrations in nTI

Within 2 hours after the onset of acute illness (and after 24– 36 hours 
of fasting), T3 levels decrease and rT3 levels rise [1] . The magnitude 
of these changes is related to the severity of the disease. T3 levels 
decrease progressively with increasing severity of disease without 
reaching a nadir, whereas rT3 increases in relation to severity of 
disease, but reaches a plateau. rT3 is not invariably elevated in all 
causes of NTI [2, 3].

In mild illness, total and free T4 (fT4) levels may rise initially after the 
onset of disease but in severely ill patients, T4 levels drop as well. Both 
low T4 and T3, as well as high rT3 are associated with a worse prognosis 
[1, 4]. Thyroid- stimulating hormone (TSH) may rise briefly for ~2 hours 
after the onset of disease, but despite the drop in serum T3 (and even-
tually also in T4), TSH usually remains within the (low) normal range.

Duration of illness is another important determinant of the 
thyrotropic profile in NTI [5, 6]. Patients requiring intensive care 
enter a more chronic phase of NTI, and the low levels of thyroid 
hormone in prolonged illness have a more neuroendocrine origin. 
Pulsatility and circadian variation in TSH secretion is diminished 
in prolonged illness and hypothalamic thyrotropin- releasing hor-
mone (TRH) mRNA expression in patients who died from chronic 
severe illness is low compared to patients who died from an acute 
trauma [7] . Low TSH secretion and TRH expression correlate with 
low serum T3. Reverse T3 levels remain elevated or may return 
back to normal with the decrease in serum T4 (see Figure 12.1.2.2b 
in Chapter  12.1.2 for a simplified overview of the major changes 
occurring within the thyroid axis during the acute and chronic 
phase of critical illness.). Type of illness and feeding status are also 
important [2, 3, 8].

Both low T4, low T3, and high rT3 levels are associated with a 
worse prognosis. A  study in 451 patients who received intensive 
care for at least 5 days, showed that TSH, T4, T3, and the T3/ rT3 ratio 
increased in patients who survived, but not in non- survivors [4]  
(see Figures 3.1.5.1– 3.1.5.3). Patients who died after critical illness 
had lower tissue T3 compared to patients who had died acutely, but 
the severity varies from one organ to another [9]. Low serum T4 
and T3 correlated well with local concentrations in liver and skeletal 
muscle [10].

neuroendocrine changes in nTI

Acute Illness

After the onset of acute disease, TSH levels may rise briefly for 
~2 hours, despite the ongoing decrease in circulating T3 (and T4), 
TSH usually remains within the (low) normal range. It suggests 
an altered feedback at the level of the hypothalamus and/ or pitu-
itary. The physiological nocturnal TSH surge is absent in the acute 
phase of illness [5]  (see Figure 3.1.5.3). These changes cannot 
be attributed to exogenous glucocorticoids or dopamine, since 
serum TSH is also in the low- normal range in patients without  
these drugs.

Different mechanisms have been proposed for this altered feed-
back. Studies in rodents during fasting and after lipopolysac-
charide (LPS) injection, which is a model for acute inflammation, 
show no compensatory rise in TRH in contrast to hypothyroid ani-
mals [11]. Local expression of thyroid hormone- activating type 2 
deiodinase (D2) is increased resulting in higher local concentra-
tions of hypothalamic T3 [12, 13]. Inflammatory mediators are in-
volved in the inflammation- induced rise in D2 expression; RelA 
(the p65 subunit of NF- κB) is able to bind the Dio2 promoter and 
increases D2 expression in primary tanycytes after LPS stimulation 
in vitro [14]. Targeting RelA in tanycytes of mice results in reduced 
hypothalamic Dio2 and TRH mRNA expression after LPS. These 
changes are not required for the downregulation of TSHβ expres-
sion and serum thyroid hormone (TH) [15]. The role of local T3 in 
the hypothalamus is supported by the observation that TRβ0/ 0 mice 
display an impaired illness- induced TRH decrease and TRβ sig-
nalling important for the feedback of T3 on TRH neurons [16, 17], 
and in agreement with a downregulation of TRH in fasting and 
acute illness. Animal data suggest that an altered transmembrane 
transport of thyroid hormone at the pituitary and/ or hypothalamus 
may be involved in the altered setpoint of the HPT- axis as well as 
an enhanced occupancy of nuclear T3 receptors in the pituitary 
thyrotrophs.

In the acute phase of NTI, serum cytokines are usually high. 
Injection of cytokines such as IL- 1, IL- 6, and TNF- α is at least par-
tially able to mimic the thyrotropic alterations of the acute stress 
response. Studies in IL- 12 and IL- 18 knockout mice show that 
these cytokines are also involved. However, cytokine antagonists 
fail to restore thyroid hormones, both in animals (IL- 1, IL- 6, TNF, 
Interferon) and in humans (IL- 1) [18, 19].

High endogenous cortisol may also contribute to the blunted 
TSH response in acute illness.
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chronic Illness

Patients with prolonged NTI have more severe central dysfunction. 
In addition to the absent nocturnal TSH surge, TSH pulsatility di-
minishes dramatically, and hypothalamic TRH expression is re-
duced [5, 6]. Both correlate with low serum T3 [7] . Patients who 
die after severe illness have less than 50% of hypothalamic and 
pituitary T3 content compared to patients who die acutely [9]. 
The positive correlation of TSH secretion and TRH expression 
with serum T3 levels suggests a more central origin of the low T3 
syndrome in prolonged illness. Vice versa, an increase in TSH is 
a marker for recovery, suggesting recovery from the low T3 syn-
drome is also initiated centrally (see Figure 3.1.5.2 in which the 
recovery of TSH precedes the recovery of the T3/ rT3 ratio). In add-
ition, continuous infusion with TRH (especially when combined 
with a growth hormone secretagogue) is able to (partially) restore 
serum TSH, T4, and T3 in prolonged critical illness, both in hu-
mans and in animals [20].

The pathophysiology of the suppressed HPT- axis is incom-
pletely understood. Circulating cytokines are usually low in the 
chronic phase of NTI and other mechanisms must be involved. 
Upregulation of hypothalamic D2, and/ or a downregulation of D3 
could suppress TRH expression via relatively high hypothalamic T3. 
However, hypothalamic and pituitary T3 levels are low in patients 
who die after prolonged illness [9] . This makes an important con-
tribution of hypothalamic and pituitary deiodinases and/ or trans-
porters to central suppression less likely.

Other pathways, such as the melanocortin signalling pathway 
and neuropeptide Y (NPY), might be involved in regulating hypo-
thalamic TRH [6, 21, 22]. However, their exact role is not yet elu-
cidated [22]. Exogenous glucocorticoids and dopamine are known 
to suppress the hypothalamus– pituitary– thyroid axis, and perhaps 
prolonged hypercortisolism and/ or endogenous dopamine in these 
patients may also play a role (see Box 3.1.5.1).

Extrathyroidal (Peripheral) changes in nTI

In the acute phase of critical illness and after starvation, changes in 
thyroid hormone levels are mainly caused by changes in peripheral 
metabolism of thyroid hormones and serum binding proteins [1] . 
In the chronic phase these changes persist but decreased thyroidal 

T4 production is superimposed. The serum T3/ rT3 ratio is the most 
accurate reflection of peripheral metabolism, since this ratio is in-
dependent of variations in binding proteins and independent of de-
creased thyroidal T4 production.

Deiodination of Thyroid Hormones in nTI

The fall in serum T3 and increase in serum rT3 in the acute phase 
of critical illness and in fasting are largely due to a decreased con-
version of T4 to T3 and of rT3 to T2 [1] . Recent data suggest that 
the immediate fall in T3 is related to concomitant fasting rather 
than to illness per se. The randomized controlled trial ‘Early versus 
Late Parenteral Nutrition in Critically Ill Adults (EPaNIC)’ showed 
that not feeding critically ill patients early, (thereby accepting pro-
nounced macronutrient deficit that in these patients), improved 
clinical outcome [23]. Early feeding prevented a large part of the 
early drop in plasma TSH, T4, and T3, and also prevented the rise 
in rT3 [24]. Similar data were obtained in a rabbit model of NTI, 
in which early feeding also reversed the low liver D1 and high liver 
D3 [25]. Fasting- induced NTI may thus be an adaptive beneficial 
response [8].

Liver and skeletal muscle biopsies obtained within minutes after 
death of intensive care unit patients demonstrate low liver D1 ac-
tivity compared to healthy individuals, except for patients who died 
acutely from severe brain damage (Figure 3.1.5.1) [3] . Low D1 ac-
tivity clearly correlated with high rT3 and a low T3/ rT3 ratio, inde-
pendent of duration of illness. D1 activities also correlate with local 
T3 and T3/ rT3 ratios in liver [10].

Altered D2 activity may not play a role in the pathogenesis of the 
low T3 syndrome in prolonged critical illness [26].

Induction of D3 activity was demonstrated in liver and muscle 
samples of NTI patients, whereas these tissues normally do not ex-
press D3 (Figure 3.1.5.1). High liver and high muscle D3 activity 
was associated with high serum and local tissue rT3 levels. D3 in-
duction was independent of duration of illness. Animal studies 
showed that the decrease of serum T3 was independent of D3 ac-
tivity [27]). Thus, a downregulation of D1 (and in the acute phase 
of illness also D2) is the important factor contributing to low levels 
of T3, whereas the high levels of rT3 seem to be due to a combin-
ation of low D1 and high D3. D3 is also expressed in granulocytes 
during infection (see Figure 3.1.5.4) [28– 30]. Bacterial meningitis 
results in a strong increase of T4 and rT3 concentrations in cere-
brospinal fluid (CSF). This altered thyroid hormone profile is con-
sistent with elevated D3 activity in infiltrating neutrophils at the 
site of infection [31].

Tissue deiodinase activities and serum thyroid hormone levels 
are significantly associated with cause of death [3] . A post- mortem 
study in over 60 patients demonstrated that liver D1 activity and 
serum T3/ rT3 were highest in patients who died from severe brain 
damage, intermediate in those who died from sepsis or excessive 
inflammation and were lowest in patients who died from cardio-
vascular collapse (see Figure 3.1.5.5). Liver D3 showed an opposite 
relationship. There was no relation between deiodinase activities 
and a marker of inflammation (C- reactive protein) but patients 
who needed inotropes and/ or those requiring dialysis because of 
acute renal failure had a lower liver D1 activity and higher liver 
and muscle D3 activity. This suggests that poor tissue perfusion 
and cellular hypoxia may be an important determinant regulating 
deiodinase activities in vivo. D3 activity and D3 mRNA are increased 

Box 3.1.5.1 Essential information

 • In critical illness, a decrease in serum T3 and increase in serum rT3 
are the most characteristic and persistent abnormalities.

 • The magnitude of these changes is related to severity of disease and 
associated with a worse prognosis.

 • Feeding status also seems important with regard to the changes in 
peripheral thyroid hormone levels, an altered feedback setting at the 
hypothalamus- pituitary level, a decreased activation, and an in-
creased inactivation of thyroid hormone occur in NTI.

 • The acute and more chronic phase of NTI should be seen as two 
separate entities. An altered peripheral metabolism is the major 
player in the acute situation, whereas central dysfunction is more 
important in the chronic phase of severe illness.

 • There is currently no evidence that NTI (in the acute or in the 
chronic phase) should be treated with thyroid hormone.

 • Possible benefits of treatment with hypothalamic releasing factors 
should be the subject of future studies.
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Figure 3.1.5.1 Relationship between the different iodothyronines and the outer (D1, D2) and inner ring (D3) deiodination by the three deiodinases 
on the left. Like D3, D1 has some inner ring deiodination capacity in vitro, but there is currently no evidence that this is of any significance in vivo (see 
also Chapter 3.1.2). This is therefore omitted from the figure. Observed changes in deiodinase activities and iodothyronine levels during critical illness, 
both in the acute and chronic phase of critical illness on the right.
Reproduced with permission from Peeters RP, Debaveye Y, Fliers E, & Visser TJ 2006 Changes within the thyroid axis during critical illness. Critical Care Clinics. 22: 41– 55. 
Copyright © 2005 Elsevier Inc.
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Figure 3.1.5.2 Serum TSH, T4, and T3 levels and the T3 to rT3 ratio at day 1, 5, 15, and the last day of ICU stay in survivors and non- survivors. From day 
5 onward, serum TSH, T4, and T3 increased in patients who survived, whereas there was no such pattern in patients who died (a– c). The serum T3 to rT3 
ratio increased in survivors from day 5 to the last day, whereas it did not alter or even decreased in non- survivors (d). On the last day of ICU stay, the 
majority of patients had TSH and T4 levels within the normal range, whereas T3 was still low. The blocked line represents the normal values.
Modified with permission from Peeters RP, Wouters PJ, van Toor H, et al. Serum 3,3',5'- triiodothyronine (rT3) and 3,5,3'- triiodothyronine/ rT3 are prognostic markers in critically 
ill patients and are associated with postmortem tissue deiodinase activities. J Clin Endocrinol Metab 2005; 90:4559. Copyright © 2005, Oxford University Press.
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by hypoxia, and hypoxia- inducible factor 1 induces local thyroid 
hormone inactivation [32].

Transmembrane Transport of Thyroid  
Hormones in nTI

Cellular uptake of thyroid hormones is rate limiting for subse-
quent intracellular metabolism and nuclear T3 binding [33]. Kinetic 
studies have shown that fasting and non- thyroidal illness result in 
attenuation of uptake of liver T4 and rT3, probably via decreased 
concentrations of intracellular adenosine triphosphate (ATP). 
Inhibition of thyroid hormone uptake can also be caused by non- 
esterified fatty acids and bilirubin, both elevated in critical illness, 
and certain drugs such as amiodarone.

In critically ill patients, neither liver, nor skeletal muscle MCT8 
expression were related to the ratio of the serum over tissue concen-
tration of T4, T3, or rT3 [10]. This suggests MCT8 is not crucial in 
the transport of these iodothyronines over the plasma membrane 
in liver and skeletal muscle. Liver TH transporter expression dif-
fers between several NTI models; acute illness lowers MCT8 and 
MCT10 expression whereas chronic inflammation decreases MCT8 
mRNA and increases MCT10 mRNA. Lethal bacterial sepsis af-
fects hepatic TH transport marginally without modulating liver TH 

concentrations [34]. However, this does not exclude an important 
role of other transporters.

Thyroid Hormone Receptors in nTI

Little is known about the regulation of thyroid hormone receptors 
(TR) in NTI. In rats, starvation results in a decreased expression 
and occupancy of hepatic TR [35]. In peripheral mononuclear 
cells in humans, an increased expression of both TRα and TRβ has 
been demonstrated in patients with chronic liver and renal disease, 
whereas in patients in the intensive care unit only TRβ mRNA was 
increased [36]. In patients with liver disease, both liver TRα (20- 
fold) and liver TRβ (5- fold) were increased compared to healthy 
liver controls. A post- mortem study in 58 subjects who had died in 
the intensive care unit showed an increased expression of the TRα1/ 
TRα2 ratio (active isoform/ dominant negative isoform), which was 
positively related to severity of disease and age [37]. In this study, 
no relation between severity of disease and TRβ1 expression was 
observed.

The clinical relevance of these changes is not clear. An increase in 
the expression of active receptor isoforms might be an adaptive re-
sponse to decreasing levels of thyroid hormone. On the other hand, 
a higher TR expression with low levels of T3 will lead to an increase 

(a) (b) (c)

Figure 3.1.5.4 An overview of a lung section showing S. pneumoniae induced infiltrate after 48 hours stained both with anti- D3 antibody (a) and 
pre- immune serum (b). Note clearly stained D3- positive granulocytes in the infiltrated area that are shown in more detail (indicated by arrows) (c).
Adapted with permission from Boelen et al. Type 3 deiodinase is highly expressed in infiltrating neutrophilic granulocytes in response to acute bacterial infection. Thyroid 
18:1095– 1103, 2008, Copyright 2008, Mary Ann Liebert Inc.
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in the proportion of unliganded receptors, which would have an op-
posite effect. Interestingly, no relation was demonstrated between 
liver TRβ1 mRNA and serum thyroid hormones in critically ill pa-
tients, although D1 expression is regulated by T3 via TRβ1 [37].

other Metabolic Pathways in nTI

Sulphation mediates the rapid and irreversible degradation of 
iodothyronines by D1. Inner ring deiodination of T4 and T3 by 

D1 is markedly facilitated after sulphation, whereas outer ring 
deiodination of T4 is completely blocked after sulphation.

Elevated levels of T4S and T3S/ T3 ratios have been reported in 
NTI patients, and post- mortal serum T4S in critically ill patients 
are positively correlated with the length of stay in the intensive care 
unit [38, 39]. Low hepatic D1 activity in these patients plays an im-
portant role in the increased levels of T4S.

Glucuronidation in NTI may be important with regard to the use 
of several drugs. Carbamazepine, phenytoin, and rifampicin par-
ticularly induce hepatic glucuronidation. This may lower T4, but T3 
and TSH are usually unaffected.

Ether linked cleavage (ELC) involves the breaking of the ether 
bridge in between the two tyrosines, yielding diiodotyrosine 
(DIT) as a main product, and catalysed by peroxidases such as 
myeloperoxidase (MPO) in leukocytes. Its role is rather limited, but 
DIT increases during sepsis [40] attributing to TH clearance.

Alterations in Thyroid Hormone Binding

Thyroxine binding globulin (TBG), transthyretin (TTR), and al-
bumin are decreased in NTI reflecting the catabolic state of the 
patient. However, increased TBG levels can be present in liver dis-
ease. Various drugs cause alterations in serum binding, either by 
decreasing TBG (e.g. glucocorticoids), or by displacing thyroid hor-
mones from binding proteins (e.g. acetyl salicylic acid, furosemide). 
In heparin- treated patients, the measured concentration of serum 
fT4 can be higher than the true in vivo concentration. This is the 
result of heparin- induced lipase activity during sample storage 
and incubation, resulting in in vitro generation of non- esterified 
fatty acids (NEFA) which displace T4 and T3 from TBG (see also 
Chapter 3.1.3). Low molecular weight heparin preparations have a 
similar effect.

Low serum binding of thyroid hormone in NTI due to the pres-
ence of a circulating binding inhibitor has been proposed in older 
studies [1] . However, exogenous T4 administration can easily re-
plenish the T4 pool in patients with prolonged illness, making it 
unlikely that such a binding inhibitor is an important cause of low 
serum T4 [41].

The Diagnosis of Thyroid Disease in  
critical Illness

Evaluation of thyroid status in NTI can be very difficult, especially 
in patients in the intensive care unit. The value of clinical exam-
ination should not be underestimated. Thus, the presence of eye 
signs (ophthalmic Graves’ disease), goitre, and a family history of 
thyroid disease or autoimmune disease in general, are important 
points that may support the diagnosis of autoimmune thyroid dis-
ease (see Box 3.1.5.2).

Because of the numerous changes in serum thyroid hormones 
in NTI, and because there is currently no evidence that these 
changes should be treated, thyroid function should not be tested 
in critically ill patients, unless there is strong suspicion of thyroid 
disease. In unselected hospitalized patients, TSH was less than 
0.1 mU/ L in 3.1%, whereas TSH was above 20 mU/ L in 1.6% of 
patients [42]. When thyroid function is tested, measurement of 
TSH alone is often not sufficient. Most fT4 assays are unreliable 
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Figure 3.1.5.5 Correlation of liver D1 (a) and liver D3 (b) activities, and 
the T3/ rT3 ratio (c) with cause of death. Patients are divided into four 
different groups based on cause of death. I, Cardiovascular collapse 
(n = 5); II, multiple organ failure with sepsis (n = 21); III, multiple organ 
failure with systemic inflammatory response syndrome (n = 14); IV, 
severe brain damage (n = 4). Liver D1 activity and serum T3/ rT3 ratio 
showed a significant relation with cause of death (P <0.01), whereas liver 
D3 activity showed an opposite trend. **, P <0.01 vs. group I; *, P <0.05 
vs. group I. Data represent means ± SEM and P values were obtained 
with ANOVA and Fisher’s least significant difference for multiple 
comparisons.
Modified with permission from Peeters RP et al. Reduced Activation and Increased 
Inactivation of Thyroid Hormone in Tissues of Critically Ill Patients. J Clin Endocrinol 
Metab 2003 88:3202– 11. Copyright © 2003, Oxford University Press.
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in critical illness, due to alterations in binding proteins, increased 
use of heparin in an ICU setting, and the possible presence of cir-
culating binding inhibitors. Therefore, the total thyroid hormone 
should be measured as well.

Hyperthyroidism

In an NTI patient, suspected of hyperthyroidism, serum TSH is the 
most helpful test. If serum TSH is still within the normal range, 
the presence of thyrotoxicosis is virtually excluded. But when 
serum TSH is low, it could be a consequence of NTI or of hyper-
thyroidism. However, NTI almost never results in TSH less than 
0.01 mU/ L [43,  44]. Nearly all patients with a low but detectable 
TSH, will have normal thyroid function tests after recovery from 
illness. On the other hand, approximately 75% of patients with the 
low T3 syndrome and a TSH less than 0.01 mU/ L have hyperthy-
roidism [45]. Interpretation of serum TSH becomes more difficult 
in patients treated with TSH- suppressing agents such as dopamine 
and corticosteroids. Additional measurement of T4 and T3 levels is 
mandatory, but should be interpreted with care. T4 levels are low in 
approximately 50% of critically ill patients, and T3 levels are low in 
the majority of patients, which could mask active hyperthyroidism. 
However, serum T4 and T3 levels should be high (or high- normal) 
in hyperthyroidism, and low (or low- normal) in NTI.

Hypothyroidism

The diagnosis seems straightforward for a critically ill patient, with 
suspected hypothyroidism if serum TSH is elevated. However, in 
patients recovering from NTI, TSH levels may become tempor-
arily elevated. Even in patients with TSH of more than 20 mU/ L, 

hypothyroidism is permanent in only ~50% of cases [42]. Patients 
with permanent hypothyroidism have significantly lower levels of 
T4 and T3. Most patients with an elevated TSH less than 20 mU/ L 
will have normal thyroid function tests after recovery, especially if 
thyroid peroxidase and thyroglobulin antibodies are negative.

In central hypothyroidism serum TSH is usually low, and dif-
ferentiation from NTI becomes very difficult. Other pituitary de-
ficiencies and related clinical signs are commonly present in these 
patients, but prolonged critical illness often leads to suppression of 
other neuroendocrine axes as well [5] . Serum rT3 may be helpful in 
some cases, but rT3 assays are rarely available. In general, a high T3/ 
T4 ratio and a low rT3 favour the presence of hypothyroidism. If no 
definite diagnosis can be established, thyroid function test should 
be repeated after recovery from illness.

Should Patients with nTI Be Treated with Thyroid 
Hormone?

Both in acute and in prolonged critical illness, low levels of thyroid 
hormone are associated with a higher mortality rate, but it remains 
controversial whether NTI is an adaptation protecting against ca-
tabolism or a maladaptation. It is important to re- emphasize the 
teleological differences between the acute and chronic phase of se-
vere illness (see Figure 12.1.2.2b in Chapter 12.1.2). Acute changes 
within the thyroid axis after the onset of critical illness (low T3 and 
elevated rT3) are similar to the changes observed in starvation. 
These changes have been interpreted as an attempt to save energy 
expenditure and protein wasting which does not need interven-
tion. This is supported by recent studies suggesting that (at least 
part of) the immediate changes in thyroid function tests during 
acute critical illness are related to the concomitant fasting rather 
than the illness per se. Thyroid hormone replacement in fasting 
subjects results in an increased nitrogen excretion and negative ni-
trogen balance, suggesting catabolism. Whether this also applies 
to the changes in the acute, and especially in the more chronic 
phase of critical illness, is controversial. However, the improved 
prognosis of ICU patients that were not fed early suggests that this 
fasting- induced NTI in the acute phase of critical illness may be an 
adaptive beneficial response which should not be corrected [8] . In 
humans, only few studies with T4 treatment have been performed, 
with rather low sample sizes. So far, no clear beneficial effect has 
been demonstrated.

Because of the decreased T4 to T3 conversion in NTI, T3 treat-
ment may be a better choice. However, T3 treatment may be 
harmful as well (see [46]). In the chronic phase of critical illness, 
altered thyroid hormone levels appear to have a more central 
origin, although peripheral metabolism is also altered. Studies 
performed in fasting subjects and in patients with acute critical 
illness should therefore not be extrapolated to the chronic phase 
of severe illness.

Tissue thyroid hormones were measured in patients who stayed 
on the intensive care unit for more than 5 days [10]. Some patients 
were treated with a combination of T4 and T3 if they had a serum T4 
of less than 50 nmol/ L, a normal TBG, and clinical signs of hypo-
thyroidism. Higher serum T3 levels in treated patients were associ-
ated with higher tissue T3 contents. However, the fourfold increase 
in liver T3 in treated patients was disproportional compared to the 

Box 3.1.5.2 The diagnosis of thyroid disease in critical illness

 • In critical illness, thyroid function should only be tested if there is a 
strong suspicion of thyroid disease.

 • A normal TSH virtually excludes thyrotoxicosis or hypothyroidism. 
However, when thyroid function is tested, measurement of TSH 
alone is often not sufficient.

 • Most fT4 assays are unreliable in critical illness.
 • Dopamine and glucocorticoids suppress TSH secretion.
 • Hyperthyroidism:

 —  A low TSH is compatible with both NTI and thyrotoxicosis.
 —  Nearly all patients with a low but detectable TSH will have normal 

thyroid function tests after recovery from illness.
 —  Approximately 75% of patients with NTI and a TSH <0.01 mU/ L 

have hyperthyroidism.
 —  Serum T4 and T3 should be high (or high- normal) in hyperthy-

roidism, and low (or low- normal) in NTI.
 • Hypothyroidism:

 —  In patients recovering from NTI, TSH levels may become tempor-
arily elevated.

 —  Most patients with an elevated TSH <20 mU/ L will have normal 
thyroid function tests after recovery from illness, especially when 
thyroid peroxidase and thyrogobulin antibodies are negative.

 —  In patients with TSH >20 mU/ L, hypothyroidism is permanent in 
only 50%.

 —  Hypothyroid patients have serum T4 and T3 (and a relatively higher 
T3/ T4 ratio) compared to patients recovering from NTI.

 —  Low serum rT3 suggests hypothyroidism, whereas high rT3 sup-
ports of NTI.

 • If no definite diagnosis can be made, thyroid function tests should 
be repeated after recovery from illness.



3.1.5 Non-Thyroidal Illness (NTI) 359

twofold increase in serum and muscle T3. TSH levels were sup-
pressed in treated patients suggesting overtreatment although their 
serum T3 was still in the low or low- normal range. So, if patients are 
substituted with thyroid hormone, should we aim for thyroid hor-
mone levels within or still below the normal range?

Intervention with hypothalamic releasing factors in patients with 
chronic critical illness has the advantage that the negative feed-
back inhibition of thyroid hormone on the pituitary is maintained, 
thereby providing a safer therapy option. It has been shown in pa-
tients with prolonged critical illness and in an animal model, that 
continuous infusing of TRH in combination with a growth hor-
mone secretagogue is able to restore thyroid hormone levels. In 
these patients, therapy resulted in a reduction of catabolic markers. 
Whether this would also result in a beneficial effect on mortality 
remains to be addressed in future studies.
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Introduction

Nuclear medicine techniques, used for many decades in the 
management of thyroid patients, are based on the principle that 
a radionuclide or radiopharmaceutical agent (‘tracer’) is admin-
istered orally or intravenously, and then taken up by the target 
tissue after minutes or hours. By the decay of the isotope, gamma 
rays are emitted, which can be detected by sensitive equipment lo-
cated outside the body, mostly by a gamma camera with a pinhole 
collimator. Detecting sufficient decays (‘counts’) a pixilated image, 
referred to as a scintigram, can be produced. This does not have 
the resolution of images obtained by ultrasonography, computed 
tomography (CT), or magnetic resonance imaging (MRI), and is 
therefore not suitable for detailed morphological evaluation of the 
thyroid. More importantly, nuclear medicine techniques reflect 
the functional status of the thyroid, sometimes in a quantitative 
manner, which none of the other methods are able to. The radi-
ation burden imposed by most nuclear medicine techniques is low, 
and usually less than that imposed by a plain X- ray of the thorax. 
Nevertheless, administration of radioisotopes during pregnancy 
or breastfeeding is contraindicated.



3.1.6 Thyroid Imaging: Nuclear Medicine Techniques 361

Radioactive Tracers

The thyroid is unique in its ability to trap and organify iodine. 
The energy- requiring sodium- iodide symporter (NIS), located in 
the membrane of the thyrocyte, provides the mechanism for trap-
ping, while the intracellular enzyme thyroid peroxidase is central 
in incorporating iodine into thyroglobulin (Tg). NIS does not dif-
ferentiate between various isotopes of iodine, and this enzyme is 
crucial for thyroid scintigraphy and uptake measurements. Besides 
iodine, NIS can also trap technetium (99mTc), as pertechnetate 
(99mTcO4). This isotope can be produced locally using a molyb-
denum generator, and is therefore easier to produce and handle 
than iodine isotopes. However, as 99mTcO4 is not organified it leaks 
out of the thyroid gland. Therefore, the increased concentration gra-
dient of 99mTcO4 across the cellular membrane of the thyrocyte is 
dependent on continuous NIS activity. Consequently, imaging and 
uptake measurements using 99mTcO4 as tracer must take place 10– 
20 min after i.v. injection of this radiopharmaceutical, rather than 
after hours or days, as with radioactive iodine.

The unit of radioactivity is expressed in Becquerel (decay/ s) or 
Curie (3.7 × 1010 decays/ s). Radioactivity of the nuclide should not 
be confused with the dose, measured in Gray (Gy), which is the 
term applied to the absorbed radiation by the exposed tissue. The 
radioactivity administered for clinical purposes is in the order of 
megabecquerels (MBq) or gigabecquerels (GBq). The radioactivity 
used for uptake measurements is up to 100 times lower than that 
used for therapeutic purposes (i.e. 131I therapy).

123I has a half- life of 13 hours and a γ - photon energy of 159 keV, 
which is readily detectable by a gamma camera. Almost similar char-
acteristics apply to 99mTc, which emits γ - photon energy of 140 keV, 
and with a half- life of 6 hours. However, these characteristics make 
99mTc as well as 123I suitable only for diagnostic and not therapeutic 
purposes. 131I is an excellent isotope for therapy because it has a half- 
life of 8 days, and the emitted β - particles act locally due to a path 
length of only 1– 2 mm. These properties are, however, disadvanta-
geous for imaging because the radiation dose is higher while the reso-
lution of the image is poorer. Thus, the γ - photon flux produced by 

3.7 GBq 131I can be obtained by merely 148 MBq of 123I. Table 3.1.6.1 
lists the clinically useful radioisotopes and some of their properties.

Thyroid Iodine Uptake Measurement

This test is based on oral or intravenous administration of a radio-
active iodine isotope to determine the iodine uptake of the thyroid 
tissue. Once in the body, the tracer is gradually taken up by the thy-
roid similar to the endogenous iodine pool. At a given time point, 
the amount of the tracer within the thyroid equilibrates with the 
rate of iodine uptake and thyroid hormone synthesis, and the re-
lease of the isotope into the circulation, incorporated in the thyroid 
hormones. Importantly, the test does not measure thyroid hormone 
synthesis and secretion, but merely the avidity of the thyroid gland 
for iodine, and its clearance rate relative to the renal iodine excre-
tion. Thus, a clear inverse relationship exists between the dietary 
intake of iodine and the thyroid iodine uptake.

Procedure

An uptake measurement is usually performed 24 hours after oral 
administration of 3.7– 7.4 MBq of 123I. The intrathyroidal amount of 
tracer can be measured with a gamma scintillation counter, placed 
at a fixed distance in front of the neck. The number of radioactive 
counts emitted from the thyroid is compared with the radioactivity 
administered to the patient. Mostly, the uptake value at 24  hours 
after radioiodine administration is used for practical reasons, and 
because most thyroid glands have reached the plateau of isotope 
accumulation at this time. A high 24 hour thyroid iodine uptake, 
usually in the range 40– 85%, is observed typically in patients with 
hyperthyroidism, but may be seen after recovery from thyroid 
failure or severe iodine deficiency leading to elevated thyroid- 
stimulating hormone (TSH) serum levels and hypothyroidism. In 
severe hyperthyroidism, seen in some patients with Graves’ disease, 
the thyroid uptake must be measured within 2– 6 hours after the 
radioiodine administration due to a very high iodine turnover rate.  
99mTc instead of iodine isotopes may be used in this situation since 

Table 3.1.6.1 Commonly used radioactive isotopes for thyroid imaging and therapy

Isotope Half- life Administered activity Clinical use Comments

123I 13 h Routine scan:
3.7– 11.1 MBq

Routine thyroid imaging High- quality images
Enables uptake measurements

Whole- body scan:
74– 185 MBq

Imaging residual tumour tissue after thyroidectomy in 
patients with thyroid cancer

High- quality images
Enables dosimetry
Low radiation to patient

124I 4.18 days Whole- body PET/ CT:
148– 185 MBq

Whole- body PET/ CT, mostly in patients with thyroid 
cancer

High resolution PET images
Enables dosimetry

131I 8.1 days Whole- body scan:
74– 148 MBq

Pre-  or post- therapeutic residual tumour tissue imaging 
after thyroidectomy in patients with thyroid cancer

Low- resolution images
Higher radiation, as compared with 123I

For therapy:
185– 7400 MBq

Used for treatment of hyperthyroid diseases, non- toxic 
goitre, and differentiated thyroid cancer

Emits primarily β- particles, which act locally in 
the thyroid tissue

99mTcO4 6 hours 37– 370 MBq (i.v.) Routine thyroid imaging Produced locally by molybdenum generator.
Only evaluates trapping and not organification

FDG 110 min 370– 550 MBq (i.v.) Whole- body PET/ CT in patients with thyroid cancer Most often used for the thyroglobulin- positive 
iodine- negative patient

The iodine isotopes can be administered intravenously, or more commonly orally.  
FDG, 18F-deoxy-glucose.
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the thyroid iodine uptake in the very early period following the nu-
clide administration mainly reflects the NIS activity [1] .

Indication for Thyroid Iodine Uptake Measurement

With accurate thyroid function markers, valid serological tests, and 
widely accessible ultrasound facilities, most thyroid patients can be 
diagnosed correctly. In patients with non- toxic benign goitre, an 
uptake measurement may indicate whether 131I therapy is a thera-
peutic option, since the 24- hour thyroid iodine uptake should be at 
least 20%. In hyperthyroid patients treated with 131I, the 24- hour 
uptake value— and sometimes the 131I half- life— is mandatory for 
calculation of the administered 131I activity at some centres.

Recombinant Human TSH Stimulation

Stimulation with 0.1 mg recombinant human TSH (rhTSH; doses 
of 0.005– 0.9 mg have been used)— given as a single intramuscular 
injection 24 hours before 131I administration— increases the 24- 
hour thyroid iodine uptake by 100% or more, even in iodine- loaded 
subjects [2] . This effect correlates inversely with the baseline thyroid 
iodine uptake [3], with the implication that patients with the lowest 
baseline uptake potentially benefit the most from rhTSH stimula-
tion in relation to 131I therapy (Figure 3.1.6.1). The effect on the 
24- hour thyroid iodine uptake from rhTSH stimulation correlates 
inversely also with serum TSH [3].

Perchlorate Discharge Test

Some ions, like thiocyanate (SCN– ) and perchlorate (ClO4– ), in-
hibit the NIS, resulting in leakage from the thyroid, if the iodine is 
not intracellularly organified. Thus, the iodine loss from the thy-
roid gland following NIS inhibition correlates inversely with the 
thyrocyte’s ability to bind iodine.

The test is performed by administering a tracer dose of 123I, and 
measurement of the thyroid 123I uptake after 4 hours. Thereafter, 
500– 1000 mg of NaClO4 (or KClO4) is administered orally, and the 
uptake measurement is repeated after 1 hour. Perchlorate acutely 
blocks the NIS, allowing non- organified 123I to leak out of the 
thyrocyte. A thyroid organification defect is very likely to be present 

if the 123I uptake after perchlorate administration shows a reduc-
tion of 15% or more. An 123I uptake value in the range 10– 15% is 
considered borderline, and may be due to a partial organification 
defect. An abnormal perchlorate discharge test is seen in inborn de-
fects of iodine organification, for example, human thyroid perox-
idase (TPO) gene mutations or Pendred’s syndrome.

Thyroid Scintigraphy

Thyroid scintigraphy is a rapid and relatively low- cost method. 
A normal thyroid scintigraphy shows a homogeneous isotope dis-
tribution in both lobes. Usually, the isthmus and the pyramidal lobe 
are not visualized well in a euthyroid individual, but these struc-
tures become more apparent in hyperthyroid conditions. A vague 
isotope uptake in the submandibular glands is often seen due to 
ability of these structures to actively concentrate iodine intracellu-
larly. Thyroid scintigraphy gives an overall impression of the thyroid 
volume. However, this technique is inaccurate in comparison with 
ultrasound, CT, and MRI, which should be used instead [4] .

Single Photon Emission computed Tomography

In line with the principle behind a radiological CT, 3D scintigraphic 
images can be constructed, if the gamma camera rotates around the 
region of interest; this technique is termed single photon emission 
computed tomography (SPECT). By SPECT, the resolution can be 
enhanced to 6– 7 mm, and allows identifying small thyroid nodules. 
However, SPECT is more time consuming than planar scintigraphy, 
and the latter method is usually sufficient in a clinical setting. For 
thyroid volume estimation, SPECT performs better than planar 
scintigraphy but is less accurate than thyroid ultrasound [4] .

The clinical application of thyroid scintigraphy and other nuclide 
imaging techniques in various thyroid disorders is described in the 
remaining part of this chapter, and summarized in Table 3.1.6.2.

Thyrotoxicosis

Thyrotoxicosis is defined as elevated serum levels of thyroid hor-
mones, while hyperthyroidism specifically is caused by an active 
hormone synthesis and secretion from the thyroid gland (or ec-
topic thyroid tissue). Thyroid scintigraphy can easily differentiate 
between the two conditions.

In the majority of cases (>90%), the aetiology of hyperthy-
roidism is either Graves’ disease or toxic nodular goitre (solitary or 
multinodular). Both conditions are characterized by high uptake 
and turnover rate of iodine in the actively hormone producing thy-
roid tissue, and the scintigraphic appearance reflects the differences 
in tissue texture and functionality. There is no need to discontinue 
antithyroid drugs prior to 99mTc scintigraphy, as these agents do not 
affect the NIS function.

Graves’ Disease

In Graves’ disease, the entire gland, and the pyramidal lobe if pre-
sent, shows a scintigraphically uniform thyroid isotope uptake. The 
size of the gland may range from normal to grossly enlarged. In 
some cases, superimposed activity in the central part of the thyroid 
lobes due to the greater depth of thyroid tissue may raise suspicion 
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Figure 3.1.6.1 The positive effect of rhTSH stimulation on the thyroid 
131I uptake (RAIU) in patients with multinodular non- toxic goitre is clearly 
inversely related to the initial RAIU.
Reproduced with permission from Fast S, Nielsen VE, Grupe P, et al. Optimizing 
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2009;50:732– 37. Copyright © 2009 the Society of Nuclear Medicine, Inc



3.1.6 Thyroid Imaging: Nuclear Medicine Techniques 363

of thyroid nodules, but this can easily be ruled out by an ultrasound 
examination.

Thyroid scintigraphy can be omitted in patients with a clinical 
presentation typical of Graves’ disease, and in the presence of TSH- 
receptor antibodies in serum. If a measure for the thyroid volume 
is needed, thyroid ultrasound is more accurate than scintigraphy.

Toxic nodular Goitre

In patients with autonomously functioning thyroid nodules, the 
thyroid scintigraphy shows one or more marked areas with high 
isotope uptake. Uptake in the normal paranodular thyroid tissue 

depends on the thyroid status. In patients with moderately hyper-
active ‘warm’ nodules, leading to subnormal serum TSH levels, 
some isotope uptake may be seen in the paranodular thyroid tissue  
(Figure 3.1.6.2a). In very hyperfunctioning ‘hot’ nodules, completely 
suppressing serum TSH, the remaining part of the thyroid may not 
be scintigraphically visualized. Thus, a toxic multinodular goitre 
(Figure 3.1.6.2b), sometimes being disconfigured due to nodular 
degeneration, may harbour coexisting hyperactive (warm/ hot) and 
hypoactive (cold) nodules, as well as hypofunctioning normal thy-
roid tissue. If the patient has been treated with antithyroid drugs for 
some time, achieving a normal serum TSH level, the isotope may be 
more uniformly distributed within the gland.

Since 131I therapy usually is a first line treatment in patients with 
one or more thyrotoxic nodules, scintigraphy is always indicated in 
such cases to confirm the presence of nodular functional autonomy. 
Importantly, Graves’ disease may develop de novo in a patient 
with nodular goitre. In fact, such a coexistence occurs in as many 
as 10– 15% of unselected hyperthyroid patients [5] . Based on thy-
roid ultrasound only, the clinician may get the impression that the 
hyperthyroidism is due to a multinodular goitre rather than Graves’ 
disease (Figure 3.1.6.3). However, the presence of TSH- receptor 
antibodies, and a thyroid scintigraphy showing a more diffuse dis-
tribution of the isotope throughout the thyroid gland, will clarify 
the aetiology of the hyperthyroidism.

other Thyrotoxic conditions

Thyrotoxicosis characterized by a low thyroid isotope uptake is 
most often caused by subacute, silent, or postpartum thyroiditis. 
These conditions are discussed in section 3.3.

Exposure to excess iodine (e.g. X- ray contrast media) or 
amiodarone (an antiarrhythmic drug with high iodine content) 
sometimes leads to thyrotoxicosis. The very high whole- body 
iodine pool and the iodine load of the gland block for further thy-
roid iodine uptake. Therefore, the scintigraphy shows low or no 
thyroid isotope uptake. In fact, knowing that the patient has been 
exposed to iodine- containing agents, there is rarely indication for 
thyroid scintigraphy. The clearance of excess iodine, and especially 
of amiodarone, may take several months, with slow recovery of a 
normal thyroid function. If the thyrotoxicosis persists, thyroid scin-
tigraphy may be indicated, provided the iodine exposure has ceased.

In patients who factitiously ingest thyroid hormones in excessive 
amounts, the thyrotoxic state and a faint thyroid scintigram will 

Table 3.1.6.2 Application of nuclear medicine techniques in the 
most common thyroid diseases

Thyroid diseases Indication for nuclear medicine techniques

Graves’ disease • Scintigraphy is not mandatory if TRAB is positive
• Thyroid volume assessment for prognostication is 

more accurately performed by ultrasound
• Prior to 131I therapy, measurement of the 131I kinetics 

for dose calculation is done at some centres

Toxic nodule(s) • In case of negative TRAB, thyroid scintigraphy 
is indicated in order to confirm the presence of 
autonomously functioning nodule(s) suitable for 131I 
therapy

Non- toxic goitre • Scintigraphy detects whether a nodule is 
hypofunctioning (cold), in which case fine- needle 
aspiration biopsy may be considered

• 24 h thyroid iodine uptake measurement can guide 
whether 131I therapy is a therapeutic option

Thyroiditis
(postpartum or 
subacute)

• Scintigraphically low isotope uptake during 
the thyrotoxic phase supports the presence of 
thyroiditis

• In the hypothyroid patient, whether permanent 
or transient, there is normally no indication for 
scintigraphy

Thyroid cancer • Whole- body 123I or 131I scintigraphy, performed 
pre-  or post- 131I treatment, may detect residual 
differentiated thyroid cancer tissue

• FDG- PET/ CT is indicated on suspicion of residual 
radioiodine non- avid tumour tissue

• In medullary thyroid cancer, 18F- DOPA- PET seems 
the most sensitive method for detection of persistent 
tumour tissue

TRAB, TSH receptor antibody.

(a) (b) (c)

Figure 3.1.6.2 Examples of thyroid scintigrams in various disorders. (a) Solitary warm nodule in the right thyroid lobe. (b) Toxic multinodular goitre with 
several hot nodules and suppression of the paranodular thyroid tissue. (c) Solitary cold nodule in the right thyroid lobe.
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raise suspicion of thyroiditis. However, excess exogenous thyroid 
hormone leads to suppression and inactivation of the thyroid gland, 
reflected by low levels of serum Tg, while this biomarker is usually 
high in conditions with thyroiditis.

Hypothyroidism

Thyroid imaging is not mandatory and often superfluous in the diag-
nostic work- up and during follow- up of hypothyroid patients, inde-
pendent of the aetiology. When goitre is suspected in Hashimoto’s 
thyroiditis, ultrasound examination should be preferred over scin-
tigraphy. In early stages of autoimmune thyroiditis, even with severe 
thyroid failure, thyroid scintigraphy may show some thyroid uptake 
in a diffuse or patchy pattern. This is due to preserved function of 
the NIS, further stimulated by a high serum TSH, whereas the thy-
roid failure primarily results from defects in iodine organification 
and thyroid hormone synthesis.

Thyroiditis

The term thyroiditis covers several conditions, the most common 
being autoimmune (Hashimoto’s) thyroiditis. Thyroid scintig-
raphy is often superfluous in thyroiditis, with a few exceptions as 
discussed next.

Autoimmune Thyroiditis

Autoimmune thyroiditis may give rise to thyrotoxicosis due to ex-
acerbation of the autoimmune inflammation, which may be clin-
ically apparent as silent thyroiditis and postpartum thyroiditis. 
In particular, it is important to differentiate between postpartum 
thyroiditis and Graves’ disease. In postpartum thyroiditis, an in-
flammatory destructive condition with no active thyroid hormone 
synthesis, thyroid scintigraphy shows universally very low or no iso-
tope uptake. However, the distinction between the two conditions 
can often be made without thyroid imaging. Nearly all patients with 
Graves’ disease harbour TSH- receptor antibodies, which are absent 
in typical cases of postpartum thyroiditis. In addition, the dynamics 

of the two diseases are very different, as the thyrotoxic phase in post-
partum thyroiditis is followed by hypothyroidism, before recovery 
of the thyroid function takes place within some months. With such 
a course, the diagnosis is usually settled, and thyroid scintigraphy is 
of no value at this late phase of the disease. Importantly, radioactive 
isotopes should not be administered to a breastfeeding woman. If 
necessary, breast milking in advance (with storage in the refriger-
ator), and no breastfeeding during 24– 48  hours after the scintig-
raphy complies with the safety regulations.

Subacute Thyroiditis (de Quervain’s Thyroiditis)

The course of the thyroid hormone serum levels in subacute 
thyroiditis is similar to that seen in silent or postpartum thyroiditis. 
Accordingly, thyroid scintigraphy initially shows a very low or no 
thyroid uptake. Subacute thyroiditis may affect the gland unilaterally, 
with initially no isotope uptake in a single thyroid lobe, and with 
subsequent progression to the entire gland within weeks.

Occasionally, typical symptoms like neck pain may be absent in 
subacute thyroiditis. In the undiagnosed patient, this may prompt 
an 18F- deoxy- glucose positron emission tomography (FDG- PET). 
If performed in the thyrotoxic phase, an increased FDG uptake in 
the thyroid and skeletal muscle is seen, while the uptake in the liver 
is decreased [6] .

Goitre and Thyroid nodules

Scintigraphy provides a rough estimate of the size and configur-
ation of the gland, and its possible extension into the mediastinum. 
However, its primary role in patients with thyroid nodules is to dis-
criminate hyperactive from hypoactive nodules (Figure 3.1.6.2c). 
Fine- needle aspiration biopsy (FNA) should be considered only in 
cold nodules, since hyperactive nodules with rare exceptions never 
represent a carcinoma.

The fraction of cold nodules constitutes more than 75% of 
nodules in consecutive series of thyroid scintigrams, with an á 
priori risk of 8– 25% for these lesions to harbour malignancy [7] . 
Such risk estimates are most probably influenced by selection bias, 
since cold nodules >10 mm are found in 2– 3% of unselected in-
dividuals residing in regions with borderline iodine deficiency 
[8]. The risk of malignancy in a cold nodule is similar, regard-
less of whether it is solitary or part of a multinodular goitre [7]. 
Importantly, a toxic multinodular goitre does not exclude the 
possibility that cold nodules, located in other parts of the goitre, 
may be malignant. Scintigraphy is of great help in identifying such 
coexisting lesions.

choice of Tracer for Scintigraphy of nodular Goitre

99mTc used as tracer may result in false- positive uptake in 5% of thy-
roid nodules (‘trapping only nodules’), as compared with 123I scin-
tigraphy [9] . However, comparative studies have been unable to 
demonstrate any clinically significant differences between the two 
tracers [7]. In case of substernal goitre, 123I rather than 99mTc scintig-
raphy is recommended, since the background activity in the medi-
astinum attenuates the emission from the isotope (Figure 3.1.6.4).

99mTc- MIBI is a lipophilic radiopharmaceutical that accu-
mulates in the thyroid, independent of iodine trapping and 
organification. 99mTc- MIBI uptake reflects both the number and 

Figure 3.1.6.3 Thyroid scintigraphy in a 57- year- old woman with 
Graves’ disease and coexisting multinodular goitre. From a euthyroid 
state 6 months earlier the woman became severely hyperthyroid 
due to Graves’ disease, which was confirmed by high serum levels 
of TSH- receptor autoantibodies. Thyroid ultrasound showed a 
classical bilateral multinodular configuration. The isotope is irregularly 
distributed as the immune stimulation affects nodular and paranodular 
tissue to a different extent.
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function of mitochondria, and thus the oxidative burden of the 
thyroid nodule [10]. Nodules with increased uptake and late re-
tention of 99mTc- MIBI are suspicious for malignancy, but based 
on a meta- analysis [11]— demonstrating 82% sensitivity and 63% 
specificity for detection of malignancy in hypofunctioning thyroid 
nodules— 99mTc- MIBI scintigraphy as an adjunctive test seems 
unjustified.

Indication for Thyroid Scintigraphy in Patients 
with Goitre

Despite the aforementioned potential advantages, thyroid scintig-
raphy is generally not included in the initial evaluation of goitre 
patients. Hyperthyroidism is a definite indication for scintigraphy 
in the setting of nodular goitre, in order to visualize warm or hot 
nodules if 131I therapy is considered. Even with a normal serum 
TSH, scintigraphy may detect autonomously functioning nodules 
in 50% of patients [12]. Thyroid scintigraphy is recommended in 

cases where FNA has shown follicular neoplasia, particular if serum 
TSH is below normal. Such a lesion is with great certainty benign, 
despite the cytological diagnosis, if scintigraphy confirms that the 
nodule is autonomously functioning.

Positron Emission Tomography

PET scan, combined with CT, has proven very helpful for managing 
a wide variety of cancers. Different kinds of tracers are used for PET 
scans, with FDG as the most widely employed. This agent is taken 
up by the cells, proportional to the rate of glucose metabolism. 
Because malignant tissue generally is metabolically more active, 
FDG uptake is a potential indicator of even small areas with malig-
nant tissue. A hindrance for a widespread use of PET is the need of 
a cyclotron for 18F production, and limitation of transport distances 
due to a half- life of 110 minutes.

Figure 3.1.6.4 A 51- year- old woman with swallowing difficulties due to a large intrathoracic goitre. A large tumour mass in the mediastinum was 
detected by CT scan (middle), but no thyroid tissue could be visualized by conventional 99mTc scintigraphy (top). A 123I SPECT/ CT was performed 
24 hours after i.m. injection of 0.1 mg of recombinant human TSH. A convincing 123I uptake is seen in the right- anterior part of the mediastinum 
(bottom), confirming that the mass represents an intrathoracic goitre. The volume was measured to 193 ml, and the 24- hour 123I uptake was 57%.
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PET in Patients with Thyroid nodules

124I is transported intracellularly by NIS, like other iodine isotopes. 
Its half- life is 4.2 days, and 22% of its emission consists of positrons. 
124I- PET/ CT specifically visualizes the thyroid gland, resulting in 
better thyroid images than provided by conventional nuclear medi-
cine techniques. In patients with benign thyroid disease, 124I- PET/ 
CT detects significantly more nodular lesions, functional as well as 
non- functional, than does 99mTc scintigraphy or 99mTc- SPECT [13]. 
The main indication for PET/ CT, however, is in situations where 
thyroid cancer is suspected, or already diagnosed.

FDG- PET may be useful in the evaluation of scintigraphically 
cold nodules with indeterminate FNA findings. The sensitivity 
and specificity of FDG- PET/ CT for detection of thyroid car-
cinoma are in the ranges 77– 100% and 33– 64%, respectively [10]. 
A meta- analysis found a negative predictive value of 96% in inde-
terminate thyroid nodules larger than 15  mm [14]. Thus, FDG- 
PET/ CT seems to rule- out malignancy in indeterminate nodules, 
except in those smaller than 10– 15 mm, probably due to limited 
spatial resolution. The method also has its limitations in Hürthle 
cell lesions, in which benign as well as malignant lesions can be 
PET positive [15]. With these exceptions, application of FDG- PET 
can potentially decrease the number of unnecessary diagnostic 
hemithyroidectomies, in some studies by 35% [10], and may in 
fact be cost- effective [16].

Contrasting the generally high sensitivity of FDG- PET, the speci-
ficity is consistently poor due to mechanisms not fully understood. 
The maximum standardized uptake value (SUVmax) is significantly 
higher in malignant than in benign thyroid nodules but with huge 
overlap, and therefore not useful in a clinical setting [17]. Moreover, 
SUVmax calculations strongly depend on the type of PET- scanner 
and other external factors.

FDG- PET is currently not routinely recommended in patients 
with FNA indeterminate thyroid nodules.

Thyroid Incidentalomas Detected by PET

Focal thyroid lesions, detected incidentally, are seen in 1– 2% 
of patients undergoing FDG- PET for non- thyroid reasons. 
Approximately 35% of these incidentalomas harbour thyroid cancer 
[17], depending on the selection of patients. The majority of these 
FDG- PET positive lesions are small papillary carcinomas, often re-
sulting in thyroid cancer surgery and year- long monitoring. It re-
mains to be established whether such an active approach is justified 
in terms of increased survival, quality of life, and cost. At present, it 
is recommended that FDG- avid thyroid incidentalomas larger than 
10 mm are evaluated by FNA [18].

If FDG- PET shows diffuse uptake of the thyroid, this typically 
represents an inflammatory condition, like autoimmune thyroiditis, 
and the patient can be reassured about the benign nature.

Thyroid cancer

At diagnosis, and before neck surgery, nuclear medicine techniques 
are not routinely employed. After total thyroidectomy, whole- body 
scan (WBS) after administration of either 123I or 131I might detect 
iodine- avid tissue. NIS expression is decreased in more than 90% 
of thyroid carcinomas due to tumorigenic degeneration, and by as 

much as 1200- fold [19]. However, NIS remains expressed at a level 
that allows imaging as well as therapy by radioactive iodine isotopes. 
Although serum Tg is the primary cancer marker used in the follow- 
up [18], WBS helps in the stratification of the patient [19]. WBS 
can be performed either with (post- treatment WBS) or without 
(diagnostic WBS) prior 131I therapy given for ablative or adjunctive 
purpose. For a diagnostic WBS, a low dose of 123I (or 131I) is used 
(Figure 3.1.6.5). A post- treatment WBS is obtained 5– 10 days after 
the therapeutic 131I is administered.

A diagnostic WBS is used to detect local and distant metastases, 
and to tailor the therapeutic 131I dose as well as excluding patients 
for 131I therapy in case of no uptake suggestive of non- radioiodine 
avid disease. In fact, diagnostic WBS may provide important infor-
mation that leads to change in management strategy in up to 50% 
of cases [20]. Diagnostic WBS is less used at many centres given the 
fact that 131I therapy is administered according to a risk stratifica-
tion strategy, or empirically in case of abnormal serum Tg levels 
during follow- up. According to the American Thyroid Association 
guidelines, postsurgical diagnostic WBS may be beneficial if the 
extent of residual tumour tissue cannot be determined by conven-
tional imaging, or the management of the patient may be altered by 
the additional information [18].

Details of thyroid cancer surveillance and treatment algorithms 
are given in Chapter 3.5.6.

(a) (b)

Figure 3.1.6.5 A 67- year- old man with papillary thyroid cancer. 
(a) Pretreatment whole- body 123I scan shows residual thyroid tissue 
in the neck (arrow), as well as right rib and left hip metastases 
(arrowheads). (b) No abnormal uptake is seen on the 123I scan taken  
at the 1- year follow- up.
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optimizing Radioiodine Uptake

Iodine restriction for 1– 2 weeks increases the radioiodine uptake 
during WBS as well as the efficacy of the 131I therapy, but it is un-
known whether such iodine restriction has impact on the long- term 
recurrence rate [21].

A high serum TSH stimulates the radioiodine uptake of residual 
thyroid cancer tissue. This can be achieved either by thyroid hor-
mone withdrawal— 4 weeks for levothyroxine, and two weeks for 
triiodothyronine— or by the administration of rhTSH. The main 
advantage of rhTSH stimulation is avoidance of a prolonged hypo-
thyroid state and an improvement of the patient’s well- being [22]. 
The two regimens have proved to be equally effective in terms of the 
cancer ablation rate. Importantly, rhTSH stimulation is more cost- 
effective and leads to a lower whole- body irradiation, as compared 
with the withdrawal regimen [2] .

Thyroid Stunning

Thyroid stunning is the phenomenon where the radioiodine up-
take is attenuated due to prior irradiation. Stunning, dose- related 
and detectable even at a very low level of radiation, is associated 
with decreasing levels of NIS- mRNA and signs of cell cycle arrest 
but not cell death [2] . It is unclear whether stunning constitutes 
a significant clinical problem. The discrepancy between a positive 
diagnostic 131I- WBS and a subsequent negative post- treatment 
131I- WBS has been attributed to the impact of stunning. However, 
what seems to be stunning may in fact be a cell killing effect by the 
WBS or the 131I therapy [23]. To minimize stunning, 123I should be 
used for WBS, since the required activity is lower than that needed 
with 131I. However, the clinical relevance of stunning can be ques-
tioned since patients show similar ablation rates, independent of 
the iodine isotope used prior to the 131I therapy [2]. The poten-
tial negative effect of stunning by a diagnostic WBS adds further 
support to a strategy where 131I ablative therapy is given on an 
empiric basis.

Interpretation of the Whole- Body Scan

In patients thyroidectomized and devoid of persistent cancer tissue, 
the 24– 72 hours radioiodine uptake in the thyroid region should 
be no more than 0.2– 0.5% of the administered radioactivity. Most 
iodine is excreted in the urine, and the bladder is easily identified on 
a WBS. There is almost no radioiodine uptake in muscles, skeleton, 
brain, heart, and lungs, unless there are iodine- avid metastases. 123I 
diagnostic and 131I post- treatment WBS concordance rates are ap-
proximately 87% and 72% for a positive and negative WBS, respect-
ively [24]. Post- treatment WBS may visualize additional lesions, 
compared to the diagnostic WBS, in as many as 40% of cases [19]. 
Before the advent of PET techniques, post- treatment 131I- WBS was 
thus considered the definite test to visualize iodine- avid thyroid 
cancer tissue.

A false- positive WBS can result from radioiodine uptake in a 
non- thyroidal organ expressing NIS (i.e. the stomach, the salivary, 
and the mammary glands). Conversely, dedifferentiated cancer cells 
might have lost their ability to trap iodine, resulting in false- nega-
tive WBS. Lack of radioiodine uptake in residual thyroid cancer 
cells may also be due to an erroneous intake of thyroid hormone or 
high dietary iodine content.

PET in Differentiated Thyroid cancer

FDG- PET

In patients with abnormally elevated serum Tg, FDG- PET is su-
perior to both diagnostic and post- treatment 131I- WBS for the 
localization of remnant cancer tissue (Figure 3.1.6.6). Well- differ-
entiated thyroid cancers— with a metabolic rate not significantly 
different from that in normal thyroid tissue— might fail detection 
by FDG- PET/ CT. In contrast, poorly differentiated and more ag-
gressive cancers demonstrate a high uptake of FDG. Indeed, NIS 
expression is decreased while the glucose transporter Glut1 is 
upregulated in poorly differentiated thyroid tumour cells [25]. On 
functional imaging this is called a “Flip- flop” phenomenon, which 
can be reversed by some tyrosine kinase inhibitors, inducing re- ex-
pression of NIS in the tumour cells [25].

The serum Tg cut- off level for the maximum sensitivity and spe-
cificity for FDG- PET/ CT is in the range 12– 32  ng/ ml, but posi-
tive lesions can be detected even with Tg levels below 10  ng/ ml 
[19]. RhTSH stimulation prior to FDG- PET/ CT might improve 
the diagnostic sensitivity, but this rarely leads to change in disease 
management [26].

124I- PET

Results have been variable when 124I- PET is compared to post- treat-
ment 131I- WBS. Differences in the radioactivity and the regimen 
used for enhancing 124I uptake may explain the lack of agreement 
across studies. Nevertheless, 124I- PET/ CT visualizes residual disease 

(a) (b)

Figure 3.1.6.6 A 74- year- old man with papillary thyroid cancer. 
(a) Whole- body 123I scan shows thyroid tissue in the neck (arrowhead). 
(b) FDG- PET/ CT (carried out on the same day) shows extensive 
metastatic disease in cervical and mediastinal lymph nodes (arrows).
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with a very high sensitivity, as well as lesions not detected by post- 
treatment 131I- WBS [27]. The precise role of 124I- PET/ CT in the 
management of patients with differentiated thyroid cancer remains 
to be established. For dosimetry, which relies on quantification and 
estimation of the tracer residence time, 124I- PET/ CT is superior to 
SPECT/ CT [25].

Imaging in Medullary Thyroid cancer

As medullary thyroid cancer (MTC) originates from the iodine- in-
dependent para- follicular C- cells nuclear imaging techniques are 
based on non- iodine isotopes. PET/ CT is probably the technique 
mostly used. 18F- DOPA- PET appears to be a more sensitive method 
than FDG- PET for localizing persistent MTC, but its sensitivity 
varies from 47% to 83%, depending on the calcitonin level [25]. In 
particular, 18F- DOPA- PET/ CT has high sensitivity for detection of 
primary MTC and lymph node metastases, as compared to ultra-
sonography, and lymph node resection during neck surgery may be 
more successful if guided by 18F- DOPA- PET/ CT [28].

MTC expresses one or more types of somatostatin receptors. 
While 68Ga- labelled somatostatin receptor PET/ CT is helpful in the 
management of patients with neuroendocrine tumours, the diag-
nostic performance of this method is lower in MTC [25]. Although 
this method is particularly efficient for detection of bone metastases 
[29], functional imaging seems to be of limited value in the man-
agement of MTC.

new Tracers for cancer Detection

Prostate- specific membrane antigen (PSMA) is expressed on the 
endothelial cells of tumour neo- vasculature, not only in prostate 
tissue but also in many non- prostate cancers. Thus, radioiodine- 
refractory thyroid cancer tissue expresses PSMA, which might be 
visualized with 68Ga- PSMA- PET/ CT [19]. Another new agent is 
18F- tetrafluoroborate that has a bio- distribution characteristic of 
NIS expression, and may hold promise in the treatment guidance of 
differentiated thyroid cancer [27].

Despite the potential benefit from new and often expensive nu-
clear medicine technologies, it remains to be shown that their use 
improves the prognosis in thyroid cancer patients. Most thyroid 
malignancies have a good prognosis, and the increased surveillance 
and application of imaging during the last decades do not seem to 
have influenced the overall survival [30].
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Introduction

Clinical examination and evaluation of thyroid function remain 
fundamental in the evaluation of thyroid disorders, but observer 
variation leads to a considerable heterogeneity in the evaluation of 
patients with suspected thyroid disease [1] . Thus, it is not surprising 
that imaging of the thyroid is often performed. Although it most 
often cannot distinguish between benign and malignant lesions, 
and its clinical value is thought to be limited [2], a recent survey 
confirms the value of ultrasonography (US) in euthyroid patients 
with a solitary thyroid nodule [3].

The thyroid gland can be evaluated by several non- isotopic 
imaging techniques. The most commonly used are US, CT, and 
MRI. Each method has advantages and limitations, and there is no 
absolute clinical indication for performing any of these imaging 
procedures in most patients (see Box 3.1.7.1) [4] .

Thyroid US examination with high- frequency transducers pro-
vides an unmatched spatial and time resolution for the detection 
of focal lesions, the stratification of the risk of malignancy, and the 
assessment of diffuse structural abnormalities [5] . Thyroid radio-
isotope scan is of use for the characterization of the gland’s func-
tional status in clinically and subclinically hyperthyroid patients, 
especially if candidates for radioiodine treatment, and for the de-
tection of hyperfunctioning nodules that do not need fine- needle 
aspiration biopsy (FNA), in toxic nodular goitre [6]. CT and MRI 
offer valuable information in patients with a large goitre or an in-
vasive tumour in the presurgical evaluation of whether eligible or 
not for surgery. These cross- sectional imaging techniques provide 
a detailed definition of the relationship of the thyroid with the ana-
tomical structures located in the neck or the mediastinum.

This chapter will focus on the clinical use of these methods and, as 
far as this is possible, compare their advantages and disadvantages.

Techniques

Ultrasonography

Examination of the neck is performed with high- frequency trans-
ducers (7– 15 MHz), and the patient in the supine position with the 

Box 3.1.7.1 Clinical settings for the use of thyroid imaging

 • Patients with thyroid enlargement or tenderness or with the finding 
of a cervical lump at physical examination

 • Patients with an incidental finding of thyroid nodule(s), e.g. on PET- 
CT, CT, or MRI not performed for thyroid purposes

 • Patients with laboratory abnormalities indicating a thyroid disease
 • Patients at high risk for thyroid malignancy (history of familial thyroid 

carcinoma, previous neck irradiation)
 • Stratification of the risk of malignancy of thyroid nodules
 • Guidance for thyroid nodule fine- needle aspiration (FNA) or for 

minimally invasive procedures
 • Presurgical staging of patients who undergo surgery for thyroid ma-

lignancy or symptomatic goitre
 • Postsurgical surveillance of neck recurrences after resection of thy-

roid carcinoma
 • Detection of developmental abnormalities and ectopia varieties of 

the thyroid gland
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neck hyperextended. The transducer is coupled to the skin with gel 
since ultrasound does not pass through air. The technique can de-
tect thyroid lesions as small as 2 mm and distinguish solid nodules 
from simple and complex cysts. It enables the accurate determin-
ation of thyroid size, gives a rough estimate of echogenicity, visu-
alizes vascular flow and velocity (colour flow Doppler), provides 
information on tissue elasticity of lesions, and aids in the accurate 
placing of needles, be it for diagnostic or therapeutic purposes (see 
Box 3.1.7.2)

The main drawbacks are the high degree of observer depend-
ency and the inability to visualize retroclavicular or intrathoracic 
extension of the thyroid [2, 5]. The average investigation rarely takes 
more than 5– 10 min.

The normal thyroid is a bilobed gland, located in the lower an-
terior neck, with two pear- shaped lobes connected anteriorly by a 
central rim of tissue (the isthmus). The left and right lobes are lo-
cated immediately to the left and right of the trachea, respectively. 
The internal carotid arteries and internal jugular veins are located 
postero- laterally to the thyroid lobes, whereas the strap muscles of 
the neck are located anteriorly. Usually, the thyroid gland size is 
20 mm or less in both the transverse and the anteroposterior diam-
eter with a length of 40– 60 mm.

The normal thyroid parenchyma has a characteristic homoge-
neous medium- level echogenicity (see Figure 3.1.7.1). The sur-
rounding muscles have a lower echogenicity.

A high proportion of people with a normal thyroid gland have 
small (1– 3 mm) cystic or solid lesions, the frequency being higher in 
women, increasing with age, and varying between countries [5, 8]. 
The importance of these abnormalities is unclear, but since inci-
dental sonographic nodules (‘incidentalomas’) are very common, 
whereas thyroid cancer is not, a conservative/ expectant approach is 
generally recommended.

Goitre (i.e. an enlarged thyroid gland), remains a clinical diagnosis. 
But this evaluation carries an inaccuracy of approximately 40% and 
cannot reliably be used for size determination [1] . Thyroid volume may 
be estimated with the ellipsoid formula (length × width × thickness × 
π/ 6 for each lobe) or, more precisely, with a dedicated tridimensional 
software. The normal thyroid size (5– 20 ml in adults) is positively re-
lated to weight and age, increases with decreasing iodine intake, and 
is influenced by a number of physiological as well as environmental 
factors [2, 5]. US is the most sensitive technique for screening popula-
tions for goitre and is widely used for field studies [2, 5, 9].

computed Tomography and Magnetic Resonance

US examination is the primary imaging modality for thyroid dis-
ease, but other cross- sectional techniques used for the evaluation of 
neck or chest disease may commonly reveal thyroid abnormalities. 
The diagnostic accuracy of CT and MRI for thyroid malignancy 
is low, and these imaging methods should not be used in the rou-
tine diagnostic work- up of thyroid nodules, but be reserved for the 
assessment of intrathoracic goitres as well as for evaluation of the 
extension of the disease in patients with aggressive thyroid malig-
nancy [2] . Today, multidetector CT allows multiplanar reconstruc-
tions (axial, sagittal, coronal planes) with slice thickness of 2 mm or 
less. Acquisition should include a volume from the skull base to the 
tracheal bifurcation [2]. At the CT evaluation, when without con-
trast medium, the thyroid appears as a homogeneous and mildly 
hyperattenuating gland when compared to the surrounding neck 
muscles and has an average attenuation of 80– 100 Hounsfield Units. 
After injection of contrast material, the gland shows an intense and 
homogeneous enhancement. For large goitres, a study without con-
trast injection may disclose a relevant intrathoracic growth. For in-
vasive thyroid carcinomas, the use of CT contrast media is usually 
needed to reliably rule out an infiltrative growth or the presence 
of nodal metastases in cervical regions (e.g. the retrotracheal area) 
that cannot be reliably visualized by US [10]. In such patients with 
aggressive disease who are candidates for rapid radioiodine abla-
tion and post- dose whole- body scintigraphy, MRI with gadolinium 
should be used as the first- choice cross- sectional imaging method 
because the iodide load of CT contrast media may interfere with 
thyroid iodide uptake for a few months. MRI examination is com-
monly performed with axial and coronal T1- weighted and with fat- 
saturated T2- weighted images, followed by postcontrast axial and 
coronal T1- weighted images. When compared with the cervical 
muscles, the thyroid gland is faintly hyperintense on T1- weighted 
MR images and iso-  to slightly hyperintense on T2- weighted im-
ages. Analogously to contrast- enhanced CT imaging, gadolinium- 
enhanced MRI shows the thyroid gland characterized by an intense 
and homogeneous enhancement [10]. Both MRI and CT imaging 
provide precise anatomic information regarding the position of 
the thyroid relative to adjacent vascular, respiratory, and muscular 
structures. Still, despite the better contrast resolution of MR imaging 
and the elevated spatial resolution of CT, B- mode US examination 

Figure 3.1.7.1 Transverse sonogram of the normal thyroid gland. AT, 
trachea; CA, common carotid artery; JV, jugular vein; MLC, longus colli 
muscle, MS, sternocleidomastoid muscle; MSH&T, sternohyoid and 
thyrohyoid muscle; T, thyroid.

Box 3.1.7.2 Possible applications of US in thyroid disorders

 • Size determination
 • Morphology (diffuse, uni- , or multinodular, cyst)
 • Echogenicity (hypo- , normo- , or hyperechogenic)
 • Flow determination
 • Determination of tissue elasticity
 • Aid in diagnostic biopsies
 • Aid in minimally invasive procedures (cyst aspiration, ethanol, and 

thermal ablation procedures*) [7] 
 • Evaluation of regional lymph nodes

* Thermal ablation procedures include laser, radiofrequency, high- frequency US, and 
microwave therapy.
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remains the best option for the evaluation of thyroid nodules and 
cervical lesions.

Thyroid Imaging for the Assessment of Diffuse Thyroid 
Disease: Ultrasound

Non- autoimmune non- toxic diffuse goitre appears diffusely en-
larged with a uniform or discretely irregular echo pattern without 
nodules. Various degrees of hypoechogenicity may be evident, 
but, when marked, suggest the presence of autoimmunity. In 
Hashimoto’s thyroiditis, hypoechogenicity is always marked but 
may be inhomogeneous. US cannot reliably differentiate between 
benign autoimmune thyroiditis and lymphoma or carcinoma. 
Therefore, goitre growth, especially in the L- thyroxine- treated pa-
tient, should raise suspicion of lymphoma and lead to biopsy or 
operation. In Graves’ disease, the thyroid is most often enlarged 
and the echo pattern homogeneous. Echogenicity can be normal to 
markedly decreased and the latter suggests a decreased probability 
of achieving remission on antithyroid drugs. Colour flow Doppler 
can demonstrate the rich vascularity and increased flow related to 
the degree of hyperthyroidism. Subacute thyroiditis leads to thy-
roid enlargement and areas of marked hypoechogenicity probably 
related to areas that are affected. Remission leads to normalization 
of size, but areas of hypoechogenicity may remain long after remis-
sion is obtained [11].

computed Tomography and Magnetic Resonance

The normal thyroid gland is easily visualized on CT and its density 
is always higher than surrounding tissues. Differences in density re-
ported from various countries reflect differences in iodine intake. 
Disease in the thyroid usually leads to decreased ability to con-
centrate iodine, therefore, reduced density on CT is the hallmark 
of thyroid disease [2] . The exact density measurements have not 
proved useful in distinguishing between various thyroid disorders. 
Thus, the CT image may be compatible with a certain diagnosis but 
rarely specific for it.

Non- autoimmune non- toxic diffuse goitre appears to be homo-
geneously enlarged with various degrees of hypodensity. Graves’ 

disease is characterized by a 50– 70% decrease in density and may 
be slightly inhomogeneous. Hashimoto’s thyroiditis typically dem-
onstrates an inhomogeneous iodine distribution and a 50% de-
crease in CT density which is lowest in hypothyroid individuals. 
Increasing goitre size is characteristically associated with decreasing 
density. Asymmetrical hypodense areas should raise the suspicion 
of lymphoma or carcinoma.

Subacute thyroiditis is also characterized by hypodensity and is 
focal or diffuse depending on the extent of the disease. In the ini-
tial phases, acute suppurative thyroiditis has no characteristic CT 
image; however, as infection progresses, loculated abscesses with 
hypodensity may appear.

MRI is highly sensitive but just as non- specific as US and CT 
in differentiating benign from malignant lesions [2] . It can distin-
guish solid from simple and complex cysts. It allows thyroid size 
determination and, as with CT and in contrast to US, it can visu-
alize the retrotracheal area and retroclavicular or intrathoracic 
goitre and is less operator dependent [12]. The paramagnetic 
contrast agent gadolinium allows visualization of tumour vas-
cularity. The drawbacks are cost, very limited availability for this 
purpose, length of the investigation, and cooperability (5% of pa-
tients cannot cooperate due to claustrophobia and some, especially 
children, need to be sedated). Patient and tissue movement (e.g. 
swallowing) decreases image quality and calcifications are better 
visualized with CT.

On T1- weighted images the normal thyroid gland is clearly seen 
on MRI and shows a nearly homogeneous signal with an intensity 
as the adjacent neck muscles. On T2- weighted images, the normal 
thyroid has a much greater signal intensity than adjacent muscles. 
Blood vessels, lymph nodes, fat, and muscle are clearly identified 
and distinguished from the thyroid. In Graves’ disease the thy-
roid has slightly heterogeneous diffusely increased signal on both 
T1-  and T2- weighted images. Hashimoto’s thyroiditis causes a het-
erogeneous signal intensity on T1- weighted images and a diffusely 
increased signal on T2- weighted images.

Currently, the only indication for CT or MRI in diffuse, non- 
neoplastic thyroid disease is the presurgical characterization of 

Figure 3.1.7.2 Trans- sectional greyscale US image of the right thyroid lobe showing a cystic– solid nodule with a spongiform appearance.
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large goitres that are associated with local pressure symptoms. 
Large goitres may variably affect the trachea and oesophagus, and 
this may result in stenosis of the upper airway and/ or swallowing 
dysfunction that may be clinically ill- defined unless appropriately 
evaluated [13]. In these patients presurgical cross- sectional imaging 
should be performed for a better definition of the indication and 
timing of surgical resection and for an appropriate planning of the 
surgical approach [13]. Indeed, both CT and MRI may accurately 
define the extent of the intrathoracic growth of the goitre, the dis-
placement of the vascular structures of the neck, and the severity of 
the airway lumen reduction [10, 13].

Thyroid Imaging for the Assessment of nodular Thyroid 
Disease: Ultrasound

In case of detection of thyroid nodule(s), a neck US should be per-
formed with the evaluation of: (a) size and number; (b) texture and 
echogenicity (see Figure 3.1.7.2); (c) shape and margins; (d) pres-
ence and type of calcifications; and (e) vascularization and stiffness 
pattern [2] . Based on this evaluation, a risk stratification rating the 

probability of malignancy of the nodule can be performed [14]. The 
US TIRADS (Thyroid Imaging Reporting and Data System) cat-
egorization of thyroid nodules is based on an analytical and detailed 
categorization of US patterns, organized in different classes and sub-
classes of thyroid nodules [14]. It is recommended that assessment 
in a standardized reporting system is performed (see Box 3.1.7.3)

Enlarged lymph nodes may represent a benign reactive pro-
cess or malignancy. Benign lymph nodes typically are oval, with a 
hyperechoic central stripe and vascular flow being present in the 
centre of the node. Loss of the hilum is felt to represent interrup-
tion of lymphatic flow by tumour invasion. However, the hilum 
may not always be easily defined by US in a benign lymph node, 
and the specificity for lack of a hilum has been reported to be only 
29% for predicting the presence of cancer [15]. Malignant lymph 
nodes tend to become rounded in shape, distinguishing them from 
fusiform benign lymph nodes, but may also become irregular with 
microcalcifications (see Figure 3.1.7.3). Central and lateral neck 
lymph nodes are affected by metastatic papillary thyroid carcinoma 
(PTC) in up to 70% of cases [15]. US is acknowledged to be the 
first- line imaging modality for node assessment. The sensitivity of 
US in detecting abnormal lymph nodes ranges from 25% to 60% for 
the central neck and from 70% to 95% for the lateral neck [15]. US 
features predictive of malignant lymph node involvement are sum-
marized in Table 3.1.7.1 [15].

computed Tomography and Magnetic Resonance

CT and MRI are less accurate than US for the evaluation of risk 
of malignancy in focal thyroid lesions. Small size nodules may 
be undetectable by CT and/ or MRI evaluation, and the presence 
of microcalcifications may easily be overlooked. Thus, after US 
characterization, no further imaging is needed for thyroid lesions 
that are not associated with signs of infiltrative growth of the cer-
vical structures. Primary thyroid lymphoma is usually diagnosed 
in elderly subjects with a long- standing history of nodular goitre 
or Hashimoto’s thyroiditis and often present with compressive 
symptoms of the airways and oesophagus. The disease commonly 

Box 3.1.7.3 Recommended variables to be included in a US 
reporting system

 • Thyroid volume
 • Echogenicity and vascularity of the gland
 • Nodules (above 5 mm unless highly suspect)
 • Location (side, superior, medial, inferior)
 • Size (3 diameters +/ –  volume), and change in size in case of 

follow- up US
 • Shape, margins, echogenicity, composition
 • TIRADS score (see below)
 • Retrosternal extension
 • Tracheal deviation
 • Study of lymph nodes (levels II, III, IV, V, VI)

Based on US features the categorization in five groups correlates to a malignancy 
risk (see Table 3.1.7.2) [14].

Figure 3.1.7.3 Transverse sonogram of a metastatic lymph node. Irregular heterogeneous echo texture with several microcalcifications. IJV, internal 
jugular vein.
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manifests as a spreading mass that is hypoattenuating at CT exam-
ination [2] , and like in anaplastic carcinoma, abnormal regional 
lymph nodes are commonly seen.

Multinodular goitre is often an enlarged asymmetrical gland with 
multiple low- density areas of varying degrees of discreteness (see 
Figure 3.1.7.4). CT density is decreased but in an inhomogeneous 
way. After intravenous contrast, enhancement is obtained except 
for areas containing haemorrhage, necrosis, or cysts. Calcifications 
are seen in up to 50% of goitres. Compression of the trachea, oe-
sophagus, and great vessels is easily ascertained, and CT has found 
use especially in patients with monstrous and partly intrathoracic 
goitres, where it is ideal for the estimation of tracheal compres-
sion and quantitation of the intrathoracic extension of the goitre. 
Anatomical continuity with the cervical thyroid as well as a CT 
density greater than muscle, provides evidence of its thyroidal 
origin. Mediastinal lymphoma, lymphadenopathy, or thymus usu-
ally has markedly lower CT densities.

On CT imaging simple cysts are hypodense lesions, smooth- walled, 
and surrounded by normal thyroid tissue. The density of cyst fluid is 
always less than muscle and contrast injection does not lead to en-
hancement. Complex cysts are easily distinguished from simple cysts.

On MRI, simple cysts have a low- intensity signal on both T1-  
and T2- weighted imaging (see Figure 3.1.7.5). The intensity on T1- 
weighted images increases with increasing protein and lipid content.

As with US, no CT characteristics will accurately separate be-
nign from malignant lesions [2] , although invasive growth into 
surrounding structures and metastases to cervical lymph nodes are 
suggestive of carcinoma. Papillary and follicular carcinomas are 
usually irregular low- density lesions and calcifications are present 
in the majority. There may be slight enhancement after contrast in-
jection. The CT feature of medullary thyroid carcinomas is a single 
or multiple low- density lesions of variable size in one or both lobes. 
Lesions of 1– 2 mm in size can be detected. Calcification is less often 
seen than in papillary carcinoma.

Large irregular masses of low attenuation with central cystic or 
necrotic areas are suggestive of anaplastic carcinoma especially if 
calcification is pronounced. Again, these features may also be seen 
in benign multinodular goitres. Invasion of the trachea, cricoid, 
or thyroid cartilage, and growth into the tracheal lumen is highly 
suggestive of carcinoma. Both Hashimoto’s thyroiditis and thyroid 
lymphoma appear as masses of reduced density with little enhance-
ment after contrast injection, and CT alone cannot make a distinc-
tion between them.

CT is of value in the follow- up of patients with thyroid cancer. 
Recurrence is evident as discrete low- density lesions within or out-
side the thyroid bed. Lymph node metastases typically have a regular 
rim, a core of central lucency, and no enhancement after intravenous 
contrast. CT is highly sensitive in detecting extrathyroidal spread of 
disease and therefore complementary to whole- body scanning with 
radioactive iodine.

Combined CT and positron emission tomography (PET) with 
[18F]2- fluoro- 2- deoxy- D- glucose (FDG) is a novel multimodality 
technology that enables a more precise anatomical localization of 
an area with increased focal uptake (potentially malignant lesion). 

Figure 3.1.7.4 Coronal CT showing a partly intrathoracic multinodular 
goitre on the right side (the thyroid tissue being inhomogeneous with 
varying degrees of density) with slight compression of the trachea.

Table 3.1.7.1 US features predictive of malignant lymph 
node involvement

Criterion Sensitivity Specificity

Size >1 cm 68% 75%

Shape (ratio of long axis to short axis <2.0) 46% 64%

Microcalcifications 46% 100%

Peripheral hypervascularity 86% 82%

Source: Data from Leboulleux S, Girard E, Rose M, Travagli JP, Sabbah N, Caillou B, Hartl 
DM, Lassau N, Baudin E, Schlumberger M. 2007. Ultrasound criteria of malignancy for 
cervical lymph nodes in patients followed up for differentiated thyroid cancer. J Clin 
Endocrinol Metab 92:3590– 4.

Table 3.1.7.2 TIRADS categories and malignancy risk

Category US features Malignancy 
risk, %

EU- TIRADS 1: normal No nodules None

EU- TIRADS 2: benign Pure cyst Entirely spongiform ≅0

EU- TIRADS 3: low risk Ovoid, smooth isoechoic/
hyperechoic No features of 
high suspicion

2– 4

EU- TIRADS 4: intermediate 
risk

Ovoid, smooth, mildly 
hypoechoic No features of high 
suspicion

6– 17

EU- TIRADS 5: high risk At least one of the following 
features of high suspicion:
•  Irregular shape
•  Irregular margins
•  Microcalcifications
•  Marked hypoechogenicity 

(and solid)

26– 87

EU- TIRADS, European Thyroid Imaging Reporting and Data System; US, ultrasound.
Source: Reproduced with permission from Russ G, Bonnema SJ, Erdogan MF, Durante C, 
Ngu R, Leenhardt L. European Thyroid Association Guidelines for Ultrasound Malignancy 
Risk Stratification of Thyroid Nodules in Adults: The EU- TIRADS. Eur Thyroid J, 2017; 
6: 225– 37.
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Its role in the initial evaluation of a thyroid nodule is limited but 
can be of value in case of indeterminate cytology [15]. It is increas-
ingly used where there is suspicion of recurrence or spread of thy-
roid cancer [16].

On MRI follicular adenomas appear round or oval with a het-
erogeneous signal equal to or greater than that of normal tissue [2] . 
On T2- weighted images the nodules have increased signal intensity. 
No MRI characteristics will accurately separate benign from malig-
nant lesions. Thyroid carcinomas appear as focal or non- focal le-
sions of variable size; they are isointense or slightly hyperintense on 
T1- weighted images and hyperintense on T2- weighted images. The 
imaging characteristics of all types of thyroid carcinomas, including 
medullary carcinoma and lymphoma, are similar.

The extent of thyroid carcinoma can be determined preopera-
tively and may be useful in the planning of surgery. Extension into 
adjacent structures is usually evident. Gadolinium may be useful 
since metastatic nodes are enhanced centrally after gadolinium 
injection. Furthermore, in the postoperative follow- up recurrent 
carcinomas enhance with gadolinium, whereas scarring generally 
does not.

Magnetic Resonance Imaging

Please see Figure 3.1.7.5.

conclusions and Recommendations

Thyroid imaging offers a relevant diagnostic and therapeutic contri-
bution to the management of patients with thyroid disease. US is a 
sensitive tool for the evaluation of diffuse and focal thyroid disease 
and cervical masses. Thyroid US characteristics define the risk of 
malignancy in thyroid nodules and aids in making the decision of 
which nodules need FNA. Additionally, US examination confirms 
the presence of size abnormalities and/ or possible changes in thy-
roid morphology in patients with clinical findings suggestive of thy-
roid dysfunction and/ or inflammation. Thus, all patients suspected 
of thyroid disease benefit from a dedicated cervical US.

CT and MRI can provide much of the information that is obtained 
with US [2] . Their greater expense, limited availability, and other 
drawbacks argue against their use most of the time. CT is valuable 
in determining the extent of a substernal goitre or in the evalu-
ation of a mediastinal mass. It can give valuable information in the 

evaluation of thyroid carcinoma and its spread. MRI may be useful 
in the same setting and is generally superior to CT in the evaluation 
of recurrent carcinoma, be it in the thyroid bed or in regional lymph 
nodes [2]. Therefore, a selective use of cross- sectional imaging with 
CT or MRI is recommended and should be based on clinical and 
sonographic indicators of extensive disease.

Preoperative PET- CT is not universally performed in patients 
with thyroid cancer because 18F- FDG uptake depends on the de-
gree of tumour cell differentiation, such that uptake is higher in 
poorly differentiated than in well- differentiated thyroid tumours. 
In addition, well- differentiated thyroid tumours with iodine avidity 
have low glucose metabolism, and therefore PET is more useful for 
detecting recurrent or metastatic differentiated thyroid cancer in 
patients with negative radioiodine scans and elevated thyroglobulin 
levels during follow- up [17, 18].
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Introduction

Thyroid disorders are among the most prevalent of medical con-
ditions. Their manifestations vary considerably from area to area 
and are determined principally by the availability of iodine in the 
diet. The limitations of epidemiological studies of thyroid dis-
orders should therefore be borne in mind when considering the 
purported frequency of thyroid diseases in different communities 
[1, 2].

Iodine is an essential component of the thyroid hormones thy-
roxine (T4) and triiodothyronine (T3) produced by the thyroid 
gland. The ideal dietary allowance of iodine recommended by 
World Health Organization (WHO) in adults is 150 μg of iodine per 
day which increases to 250 µg per day in pregnancy and lactation. 
Iodine deficiency impairs thyroid hormone production and has ad-
verse effects throughout life, particularly early in life as it impairs 
cognition and growth [3] .

Iodine deficiency is a global problem with large populations at 
risk who are living in an environment where the soil has been de-
prived of iodine. The mountainous regions of Europe, the Northern 
Indian Subcontinent, the extensive mountain ranges of China, the 
Andean region in South America and the lesser ranges of Africa are 
all iodine deficient. Iodine deficiency remains a significant problem 
despite major national and international efforts to increase iodine 
intake, primarily through the voluntary or mandatory iodization of 
salt. In 2007, the WHO estimated that two billion people, including 
285 million school- age children, still had iodine deficiency, defined 
as a urinary iodine excretion of less than 100 μg/ L [4] . Iodine de-
ficiency has emerged as issue in industrialized countries, previ-
ously thought of as iodine sufficient. International efforts to control 
iodine deficiency are slowing and reaching those that remains defi-
cient poses major challenges [5].

In areas where the daily iodine intake is less than 50 μg, goitre 
is usually endemic, and when the intake falls below 25 μg per day, 
congenital hypothyroidism is seen. The prevalence of goitre in areas 
of severe iodine deficiency can be as high as 80%. Goitrogens in 
the diet, such as thiocyanate in incompletely cooked Cassava or 
thioglucosides in Brassica vegetables, can explain some of the differ-
ences in prevalence of endemic goitre in areas with similar degrees 
of iodine deficiency. Iodization programmes are of proven value in 
reducing goitre size and in preventing goitre development and cret-
inism in children [3] .

The effects of mild- to- moderate iodine deficiency on cognition 
are less well known than those of moderate- to- severe deficiency but 
there is a continuum of disability with more subtle impairments of 
the intelligence quotient (IQ) and motor ability associated with less 
severe deficiency. A systematic review of available published studies 
from 1980– 2011 found that, regardless of study design, iodine defi-
ciency had a substantial impact on mental development of children 
five years old and under which translated into 6.9 to 10.2 IQ points 
lower in iodine deficient compared with iodine- replete children 
[6] . Autonomy can develop in nodular goitres, occasionally leading 
to thyrotoxicosis, and iodization programmes can also induce 
thyrotoxicosis, especially in those older than age 40 with nodular 
goitres [3].

In iodine- replete areas, most persons with thyroid disorders 
have autoimmune disease, ranging through primary atrophic 
hypothyroidism, Hashimoto’s thyroiditis to hyperthyroidism 
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caused by Graves’ disease. Cross- sectional studies have deter-
mined the prevalence of hyperthyroidism and hypothyroidism and 
the frequency and distribution of thyroid autoantibodies in dif-
ferent, mainly Caucasian, communities [1, 2]. United States (US) 
data revealed differences in the frequency of thyroid dysfunction 
and serum antithyroid antibody concentrations in different ethnic 
groups [7] , whereas European studies revealed the influence of 
dietary iodine intake on the epidemiology of thyroid dysfunction 
[8]. Studies of incidence of autoimmune thyroid disease have only 
been conducted in a small number of developed countries [9]. 
Following a review of the available epidemiological data, the value 
of screening adult populations for autoimmune thyroid disease will 
be considered.

Hyperthyroidism

Hyperthyroidism has a significant short- term morbidity and 
long- term morbidity and mortality [10]. In epidemiological 
studies, the clinical diagnosis of thyrotoxicosis should be sup-
ported by measurements of serum T4 or T3 and thyrotropin 
(TSH) concentrations. Biochemical tests of thyroid function 
may reveal the diagnosis before it is clinically apparent. A  rise 
in serum T3 and fall in serum TSH are the earliest measures of 
thyroid overactivity, followed by a rise in serum T4. The most 
common cause of hyperthyroidism in iodine- replete com-
munities is Graves’ disease, followed by toxic multinodular 
goitre, whereas rarer causes include an autonomously func-
tioning thyroid adenoma, autoimmune or viral thyroiditis, ex-
cessive levothyroxine (L- T4) replacement or drugs including 
amiodarone and lithium carbonate. In epidemiological studies, 
the aetiology is rarely ascertained.

Prevalence of Hyperthyroidism

The prevalence of hyperthyroidism in women is between 0.5 
and 2% and is ten times more common in women than in men 
in iodine- replete communities [1,  2]. In the Whickham survey 
in Northeast England, the prevalence of undiagnosed hyperthy-
roidism was 4.7/ 1000 women [11]. Hyperthyroidism had been 
previously diagnosed and treated in 20/ 1000 women, rising to 27/ 
1000 women when possible but unproven cases were included, 
as compared with 1.6 to 2.3/ 1000 men, in whom no new cases 
were found at the survey. The mean age at diagnosis was 48 years. 
In the US National Health and Nutrition Examination Survey  
(NHANES III), of those subjects who were neither taking thy-
roid medication nor reported a history of thyroid disease, 2/ 
1000 had ‘clinically significant’ hyperthyroidism, defined as a 
serum TSH concentration less than 0.1  mU/ L and serum total 
T4 concentration greater than 170 nmol/ L [7] . A cross- sectional 
survey of 25 682 subjects aged over 18 years attending a Health 
Fair in Colorado, US found that overt hyperthyroidism, defined 
as serum TSH concentration less than 0.01 mU/ L, was present in 
only 1/ 1000 of those not taking thyroid medication [12]. A higher 
prevalence is seen in iodine- deficient areas [8]. Prevalence data 
in elderly persons show a wide range between 0.4 and 2.0%. The 
reported prevalence rates for previously undiagnosed hyperthy-
roidism in hospitalized patients is between 0.3 and 1% and con-
sistent with community surveys [1].

Subclinical Hyperthyroidism

The introduction of assays for serum TSH that were sensitive 
enough to distinguish between normal and low concentrations al-
lowed subjects with subclinical hyperthyroidism to be identified. 
Subclinical hyperthyroidism is defined as a low serum TSH concen-
tration and normal serum T4 and T3 concentrations, in the absence 
of hypothalamic or pituitary disease, non- thyroidal illness, or in-
gestion of drugs that inhibit TSH secretion such as glucocorticoids 
or dopamine [13]. Epidemiological studies differ in the definition of 
a low serum TSH concentration and whether the subjects included 
were receiving L- T4 therapy.

The reported overall prevalence ranges from 0.5 to 6.3%, with 
men and women over 65 years having the highest prevalence and 
approximately half taking L- T4 [1] . The Colorado study of 25 682 
healthy volunteers (of whom 88% were white) found 2% had a 
subnormal serum TSH, with more than half on L- T4 [12]. In the 
NHANES III study the prevalence was highest in those subjects 
aged 20 to 39 years and those aged greater than 79 years [7]. The 
percentage with serum TSH concentrations less than 0.4 mU/ L was 
significantly higher in women than men, and black subjects had a 
higher prevalence (0.4%) than whites (0.1%) or Mexican Americans 
(0.3%). The prevalence is higher in iodine- deficient populations due 
to functional autonomy from nodular goitres [8] (Table 3.1.8.1).

Among subjects with subclinical hyperthyroidism, those with low 
but detectable serum TSH values may recover spontaneously when 
retested [13]. Non- thyroidal illness is an important cause of false- 
positive serum TSH test results. There are limited data on the risk of 
progression of subclinical hyperthyroidism to overt hyperthyroidism. 
Those with an undetectable serum TSH and confirmed aetiology as 
determined by thyroid scintigraphy due to Graves’ disease or nodular 
disease have an annual incidence of approximately 5– 8% [14]. A popu-
lation study in Tayside, United Kingdom (UK) followed 2024 subjects 
with at least two serum TSH measurements below the reference range 
for at least four months for up to seven years [15]. Few subjects de-
veloped hyperthyroidism (0.5– 0.7%) and the percentage of those re-
verting to normal increased with time and was more common if the 
baseline serum TSH was between 0.1 and 0.4 mU/ L.

Incidence of Hyperthyroidism

The incidence data available for overt hyperthyroidism in men and 
women from large population studies are comparable, at 0.4/ 1000 
women and 0.1/ 1000 men, but the age- specific incidence varies 
considerably [1, 2]. The peak age- specific incidence of Graves’ dis-
ease was between 20 and 49 years in two studies but increased with 
age in Iceland and peaked at 60 to 69 years in Malmö, Sweden. The 
peak age- specific incidence of hyperthyroidism caused by toxic 
nodular goitre and autonomously functioning thyroid adenomas 
in the Malmö study was over 80 years. The only available data in a 

Table 3.1.8.1 The effect of environmental iodine intake on the 
prevalence of subclinical thyroid disease

Iodine status Subclinical 
hypothyroidism

Subclinical 
hyperthyroidism

Deficient 1– 4% 6– 10%

Replete 4– 9% 1– 2%

Excess 18– 14% <1%
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black population, from Johannesburg, South Africa, suggest a ten-
fold lower annual incidence of hyperthyroidism (0.09/ 1000 women 
and 0.007/ 1000 men) than in whites [2] .

In the 20- year follow- up of the Whickham cohort, the mean 
annual incidence of hyperthyroidism in women was 0.8/ 1000 sur-
vivors (95% confidence interval (CI), 0.5– 1.4) [16]. The incidence 
rate was similar in the deceased women. No new cases were de-
tected in men. An estimate of the probability of the development of 
hyperthyroidism in women at a particular time averaged 1.4/ 1000 
between the ages of 35 and 60 years (Figure 3.1.8.1) [16]. Serum 
antithyroid antibody status or goitre was not associated with the 
development of hyperthyroidism at follow- up. Other cohort 
studies provide comparable incidence data, which suggests that 
many cases of hyperthyroidism remain undiagnosed in the com-
munity unless routine testing is undertaken [9] . In Tayside, UK, 
620 incident cases of hyperthyroidism were identified from med-
ical records with an incidence rate of 0.77/ 1000 per year (95% CI, 
0.70– 0.84) in women and 0.14/ 1000 per year (95% CI, 0.12– 0.18) 
in men [17]. The incidence increased with age, and women were 
affected two to eight times more than men across the age range. 
The incidence increased in women but not men between 1997 and 
2001 [18].

Hypothyroidism

Hypothyroidism is an insidious condition with a significant mor-
bidity, and the subtle and non- specific symptoms and signs may be 
mistakenly attributed to other illnesses, particularly in postpartum 
women and older people [19]. The earliest biochemical abnor-
mality is an increase in serum TSH concentration associated with 
normal serum free T4 and T3 concentrations (subclinical hypothy-
roidism or mild thyroid failure), followed by a decrease in serum 
free T4 concentration, at which stage, most patients have symptoms 
and benefit from treatment (overt hypothyroidism). In iodine- re-
plete communities, the cause is either chronic autoimmune dis-
ease (atrophic autoimmune thyroiditis or goitrous autoimmune 
thyroiditis (Hashimoto’s thyroiditis)) or destructive treatment for 

hyperthyroidism, which may account for up to one- third of cases of 
hypothyroidism in the community.

congenital Hypothyroidism

Congenital hypothyroidism affects approximately 1 newborn in 
3500 to 4000 births and is the most treatable cause of intellectual 
disability [20]. There is an inverse relationship between age at diag-
nosis and IQ in later life. In iodine- replete areas, 85% of the cases 
are due to sporadic developmental defects of the thyroid gland (thy-
roid dysgenesis), such as the arrested migration of the embryonic 
thyroid (ectopic thyroid) or a complete absence of thyroid tissue 
(athyreosis). The remaining 15% have thyroid dyshormonogenesis 
defects transmitted by an autosomal recessive mode of inheritance. 
Iodine deficiency (less than 25 μg per day), particularly in pre-
term infants, accounts for many cases in Eastern Europe, Asia, and 
Africa. Clinical diagnosis occurs in less than 5% of newborns with 
hypothyroidism because symptoms and signs are often minimal, so 
it is not possible to predict which infants are likely to be affected. 
Without prompt diagnosis and treatment, most affected children 
gradually develop growth failure, irreversible intellectual disability, 
and a variety of neuropsychological deficits. The apparent incidence 
of congenital hypothyroidism has more than doubled due to more 
inclusive diagnostic criteria, shifting demographics, and increasing 
survival of preterm infants [21]. The greatest increase has occurred 
in mildly affected children. Congenital hypothyroidism may be 
transient or persistent, but the natural history cannot be predicted 
by severity at diagnosis. In premature infants, who are especially 
vulnerable to hypothyroidism, the rise in serum TSH may be de-
layed and therefore detected only by routine follow- up screening.

Asymptomatic Autoimmune Thyroiditis

Raised serum concentrations of thyroid antibodies (antithyroid 
peroxidase (microsomal) (TPOAb) and antithyroglobulin (TGAb)) 
correlate with the presence of focal thyroiditis in thyroid tissue 
obtained by biopsy and at autopsy from patients with no evidence 
of hypothyroidism during life. Early post- mortem studies con-
firmed histological evidence of chronic autoimmune thyroiditis in 
27% of adult women, with a rise in frequency over 50 years, and 
7% of adult men, and diffuse changes in 5% of women and 1% 
of men [1] . Patients with hypothyroidism caused by either atro-
phic or goitrous autoimmune thyroiditis usually have high serum 
concentrations of these same antibodies. These antibodies also 
are often detected in serum of patients with Graves’ disease and 
other thyroid diseases, but the concentrations are usually lower. 
There is considerable variation in the frequency and distribution 
of antithyroid antibodies because of variations in techniques of 
detection, definition of abnormal titres, and inherent differences 
in the populations tested.

A significant proportion of subjects in the community have 
asymptomatic chronic autoimmune thyroiditis of whom a substan-
tial proportion have subclinical hypothyroidism (Figure 3.1.8.2) 
[11]. In the NHANES III survey the percentage of subjects with high 
serum thyroid peroxidase (TPO) and TG antibody concentrations 
increased with age in both men and women, and high concentra-
tions were more prevalent in women than in men and less prevalent 
in blacks than in other ethnic groups [7] . Using a competitive im-
munoassay procedure, the reported prevalence of detectable TGAb 
and TPOAb levels were 10% and 12% in the healthy population. 
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Figure 3.1.8.1 Age- specific hazard rates for the development of overt 
hyperthyroidism and hypothyroidism in women at 20- year follow- up of 
the Whickham survey.
Reproduced with permission from Vanderpump MPJ, Tunbridge WMG, French 
JM, Appleton D, Bates D, Clark F, et al. The incidence of thyroid disorders in the 
community: a twenty- year follow- up of the Whickham survey. Clin Endocrinol, 1995; 
43: 60. Copyright © 2008, John Wiley and Sons, Blackwell Science.



SEcTIon 3 Thyroid Disease378

A hypoechoic ultrasound pattern may precede TPOAb positivity in 
autoimmune thyroid disease, and TPOAb may not be detected in 
more than 20% of individuals with ultrasound evidence of thyroid 
autoimmunity [13].

Prevalence of Hypothyroidism

In iodine- replete communities, the prevalence of spontaneous hypo-
thyroidism is between 1% and 2%, and it is more common in older 
women and ten times more common in women than in men [1] . In 
the Whickham survey, the prevalence of previously diagnosed and 
treated hypothyroidism was 14/ 1000 women, increasing to 19/ 1000 
women when possible, but unproven, cases were included [11]. The 
overall prevalence in men was less than 1/ 1000. One- third had been 
previously treated by surgery or radioiodine for thyrotoxicosis. The 
mean age at diagnosis was 57 years. The Whickham data are com-
parable with other studies where the prevalence of newly diagnosed 
hypothyroidism ranged between 0.6 and 12/ 1000 women and be-
tween 1.3 and 4.0/ 1000 in men investigated in Northern Europe, 
Japan, and the United States [1]. In the Colorado and NHANES III 
studies, the prevalence was 4/ 1000 and 3/ 1000, respectively [7, 12]. 
The prevalence is higher in surveys of older people in the commu-
nity [1] and lower in areas of iodine deficiency [8]. The testing of 
hospital inpatients, predominantly elderly women, confirm a preva-
lence of 2% [1].

Subclinical Hypothyroidism

The term subclinical hypothyroidism represents a compensated 
state in which increased TSH output is required to maintain normal 
circulating thyroid hormone levels. An elevated serum TSH is a 
sensitive indicator of some degree of thyroid failure and, in contrast 
to below normal serum TSH levels, a clear inverse relationship is 
found with free T4 levels. It is found either post radioiodine therapy 
or post surgery in up to 50% of apparently euthyroid patients. It 
may be evident for only a few months, but more often it represents a 
stage in the progression towards overt thyroid failure. Less frequent 
causes include external beam irradiation of malignant tumours 
of the head and neck, and drugs including lithium, amiodarone, 

and undiagnosed Addison’s disease. In the community, the most 
common aetiology is chronic autoimmune thyroiditis [1, 13].

With respect to epidemiological studies, the definition of subclin-
ical hypothyroidism varies from any increase in serum TSH to values 
more than 10 mU/ L or, more stringently, a serum TSH value more 
than 10 mU/ L and a positive test for circulating thyroid antibodies 
in serum. The term implies that patients should be asymptomatic, al-
though symptoms are difficult to assess, especially in those in whom 
thyroid function tests have been checked because of non- specific 
complaints such as tiredness. Spontaneous recovery has also been 
described in subjects with subclinical hypothyroidism, although the 
frequency of this phenomenon is unclear. Normalization of serum 
TSH concentrations is more likely to occur in patients with negative 
antithyroid antibodies and serum TSH levels less than 10 mU/ L, and 
within the first 2 years after diagnosis [13].

Controversy exists regarding the upper limit of the reference 
range for serum TSH [22, 23]. Reference ranges are derived from a 
reference population that comprises a large group of subjects who 
do not have thyroid disease and are otherwise well. By convention, 
a reference range usually only comprises 95% of a reference popula-
tion. Thus, 2·5% of ‘normal’ individuals will fall above the reference 
range and 2·5% will fall below the range. For serum TSH, the refer-
ence population shows a log normal distribution and has a diurnal 
variation with the reference range in thyroid disease- free individ-
uals typically cited as between 0.4 and 4.0 mU/ L. The serum TSH 
reference range varies in different ethnic communities, trimesters 
of pregnancy, and progressively shifts towards higher concentration 
with age. Analysis of the NHANES III data suggest that the refer-
ence range for serum TSH rises with age as the 97.5 centile for those 
subjects aged more than 80 years was 7.49 mU/ L and 70% had a 
serum TSH more than the population defined upper limit of the 
reference range of 4.5 mU/ L of whom only 40% were antithyroid 
antibody positive [24].

In the original Whickham survey, 8% of women (10% of women 
over 55 years of age) and 3% of men had subclinical hypothyroidism 
[11]. In the Colorado study, 9.4% of the subjects had a high serum 
TSH concentration, of whom 9.0% had subclinical hypothyroidism 
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[12]. Among those with a high serum TSH concentration, 74% had 
a value of between 5.1 and 10 mU/ L and 26% had a value greater 
than 10 mU/ L. The percentage of subjects with a high serum TSH 
concentration was higher for women than men in each decade of 
age and ranged from 4% to 21% in women and 3% to 16% in men. 
The NHANES III study found that 11% of those aged 20 to 29 had 
a serum TSH greater than 2.5  mU/ L, increasing to 40% in those 
aged 80 and over. Serum TSH concentrations were higher in whites 
than blacks, independent of serum antithyroid antibody concen-
trations [7] . Approximately 2% of adolescents aged 12 to 19 years 
had a serum TSH greater than 4.5  mU/ L. Community studies of 
elderly persons have confirmed approximately 10% of subjects over 
60  years having serum TSH values above the normal range [1]. 
Subclinical hypothyroidism is found at higher frequency in areas 
where iodine intake is high most cases are not of autoimmune 
origin [8] (Table 3.1.8.1). In surveys of hospital inpatients, the 
point prevalence rates were similar being between 3% and 6% with 
most subjects reverting to normal thyroid function three months 
following the acute illness [1].

Incidence of Hypothyroidism

After destructive treatment of hyperthyroidism with either 
radioiodine or surgery, the incidence of overt hypothyroidism 
is greatest in the first year. The incidence of hypothyroidism in 
patients with Graves’ disease was higher than that in patients 
with nodular goitre (55% vs. 32%) and increased in those given 
higher doses of radioiodine [1] . If subclinical hypothyroidism is 
present one year or more after radioiodine or surgical treatment, 
then the annual rate of progression to overt hypothyroidism 
after either treatment is 2– 6%. Treatment of Graves’ disease with 
antithyroid drugs alone is also associated with the eventual devel-
opment of hypothyroidism in 5– 20% of cases from either auto-
immune thyroiditis or the presence of TSH- blocking antibodies. 
The incidence of hypothyroidism after surgery, external radiation 
therapy of the neck, or both, in patients with head and neck cancer 
(including lymphoma) is as high as 50% within the first year after 
treatment, particularly in patients who underwent surgery and re-
ceived high doses of radiation. The effect is dose- dependent, the 
onset is gradual, and subclinical hypothyroidism can be present 
for many years prior to the development of overt disease.

At the 20- year follow- up of the Whickham cohort the mean an-
nual incidence of spontaneous hypothyroidism in the surviving 
women during the 20- year follow- up period was 3.5/ 1000 (95% 
CI, 2.8– 4.5), increasing to 4.1/ 1000 (95% CI, 3.3– 5.0) if all cases 
including those who had received destructive treatment for thyro-
toxicosis were included [16]. The hazard rate increased with age 
to 13.7/ 1000 in women 75 to 80 years of age (Figure 3.1.8.1). The 
mean annual incidence during the 20- year follow- up period in 
men (all spontaneous except for one case of lithium- induced hypo-
thyroidism) was 0.6/ 1000 (95% CI, 0.3– 1.2). The risk of having 
developed hypothyroidism was examined with respect to risk fac-
tors identified in the first survey. Either raised serum TSH or posi-
tive antithyroid antibodies alone or in combination are associated 
with a significantly increased risk of hypothyroidism in surviving 
women (Table 3.1.8.2) [16]. The annual risk of spontaneous overt 
hypothyroidism was 4% in those who had both high serum TSH 

and antithyroid antibody concentrations, 3% if only their serum 
TSH concentrations was high, and 2% if only their serum thyroid 
antibody concentration was high; at the time of follow- up the re-
spective rates of hypothyroidism were 55%, 33%, and 27%. The 
probability of developing hypothyroidism was higher in those 
women who had serum TSH concentrations above 2.0 mU/ L and 
high serum titres of antithyroid microsomal antibodies at the first 
survey (Figure 3.1.8.3) [16]. Neither a positive family history of 
any thyroid disease, nor the presence of a goitre at either the first or 
the follow- up survey, or parity at first survey was associated with 
an increased risk of hypothyroidism.

Other incidence data for hypothyroidism are from short (and 
often small) follow- up studies [9]  and confirm that serum TSH 
concentrations in the upper part of the normal range in this study 
have a predictive value. In Tayside, UK the standardized incidence 
of primary hypothyroidism remained between 3.90 and 4.89/ 1000 
women per year between 1993 and 2001 [17, 18]. The incidence of 
hypothyroidism in men however significantly increased from 0.65 
to 1.01/ 1000 per year (P = 0.0017) and the mean age at diagnosis of 
primary hypothyroidism decreased in women from 1994 to 2001.

Thyroid Disease in Pregnancy

Pregnancy has variable effects on thyroid hormone concentrations 
throughout pregnancy as well as being associated with goitre [25]. 
The latter is largely preventable by ensuring optimal iodine intake 
of at least 200 µg per day. Hypothyroidism in pregnancy usually 
characterized by a high serum TSH value has been found to occur 
in around 2– 3% of otherwise normal pregnancies with the preva-
lence of overt hypothyroidism estimated to be up to 0.5% [26]. On 
a worldwide basis the most important cause of thyroid insufficiency 
remains iodine deficiency, while in iodine- replete communities the 
cause is usually chronic autoimmune thyroiditis. Untreated hypo-
thyroidism may lead to obstetric complications, such as preterm de-
livery and fetal loss. Epidemiological data suggest that the children 
of women with hypothyroxinaemia may have psychoneurological 

Table 3.1.8.2 Development of spontaneous hypothyroidism 
in surviving women and men at 20- year follow- up of Whickham 
survey: odds ratios (with 95% CI)

Women

TSH raised, regardless of thyroid antibody status 14 (9– 24)

Thyroid antibody +, regardless of TSH status 13 (8– 19)

If thyroid antibody - , effect of raised TSH alone 8 (3– 20)

If thyroid antibody +, additional effect of raised TSH 5 (2– 11)

If TSH normal, effect of thyroid antibody + alone 8 (5– 15)

If TSH raised, additional effect of thyroid antibody + 5 (1– 15)

TSH raised and thyroid antibody + combined 38 (22– 65)

Men

TSH raised, regardless of thyroid antibody status 44 (19– 104)

Thyroid antibody +, regardless of TSH status 25 (10– 63)

TSH raised and thyroid antibody + combined 173 (81– 370)
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deficits. In classic areas of iodine deficiency, a similar range of deficits 
in children has been described where maternal hypothyroxinaemia 
rather than high serum TSH is the main biochemical abnormality 
[3] . In these areas, maternal iodine intake is often substantially less 
than the 200 µg per day currently recommended. Even in areas pre-
viously thought to be iodine sufficient, there is now evidence of 
substantial gestational iodine deficiency, which may lead to low ma-
ternal circulating thyroxine concentrations.

Hyperthyroidism is found in 0.1– 0.4% of all pregnancies and is 
usually caused by Graves’ disease characterized by TSH receptor 
(TSHR) antibodies, which usually decrease in titre throughout 
pregnancy. Maternal complications include miscarriage, placenta 
abruption, pre- eclampsia, and preterm delivery. High titres of 
TSHR antibodies predict a high risk of neonatal thyrotoxicosis [25].

Antithyroid antibodies, particularly TPOAb, occur in 10% 
of women at 14 weeks of gestation, which is compatible with the 
prevalence of antithyroid antibodies in community surveys [1, 13]. 
A proportion of these women will have subclinical hypothyroidism 
with a high serum TSH, but most will be euthyroid. However, after 
delivery a transient, destructive autoimmune thyroiditis that occurs 
between the twelfth and sixteenth week postpartum will develop in 
50% of TPOAb positive women, as ascertained in early gestation, 
clinically apparent as postpartum thyroiditis (PPT) [26]. It presents 
as a temporary, usually painless, episode of hypothyroidism, occa-
sionally preceded by a short episode of hyperthyroidism. Up to 25% 
of women progress to permanent hypothyroidism within approxi-
mately five years following an episode of PPT, particularly those 
with high antibody titres.

Goitre and Thyroid nodules

The most common thyroid disease is simple (diffuse) goitre. The 
clinical grading of thyroid size is subjective and imprecise. The 
WHO grading system recognizes that an enlarged thyroid gland may 

be palpably but not visibly enlarged. Interexaminer variation may 
lead to differences in classifying a goitre as diffuse or multinodular. 
There is considerable overlap between the five WHO grades based 
on clinical criteria and thyroid volume estimated by ultrasonog-
raphy. Ultrasonography has been used in epidemiological studies 
to assess thyroid size, resulting in much higher estimates of goitre 
prevalence than in studies in which goitre size was assessed by phys-
ical examination.

In cross- sectional surveys, the prevalence of diffuse goitre de-
clines with age, the greatest prevalence is in premenopausal women, 
and the ratio of women to men is at least 4:1. In the Whickham 
survey, among the women 26% had a goitre; the frequency ranged 
from 31% in those aged less than 45  years (mostly diffuse) to 
12% in those aged over 75 years (who had a higher proportion of 
nodular goitre) [11] (Figure 3.1.8.2). Longitudinal studies confirm 
the decreasing frequency of diffuse goitre with age [16]. This de-
cline in frequency of diffuse goitres with age is in contrast to the 
increase in frequency of thyroid nodules and antithyroid antibodies 
with age. In the Whickham survey, less than 1% of the men but 5% 
of the women had thyroid nodules detected clinically, and the fre-
quency increased to 9% in women more than age 75 [11]. A higher 
prevalence of nodular goitre is found in areas of iodine deficiency 
in Europe, such as Italy, Germany, and Denmark. Longitudinal data 
suggest an annual incidence for nodules of 1/ 1000 and that, once 
formed, they tend to remain present and benign for a long period 
of time [1] .

With the increasing use of sensitive imaging techniques, an 
increasing proportion of thyroid nodules are detected inciden-
tally. Many nodules are detected because of their size or anterior 
position in the neck, or the skill of the physician performing the 
examination but most thyroid nodules will not be clinically recog-
nized. Up to 50% of nodules more than 1 cm detected by ultrasound 
are undetected by clinical examination. The prevalence of thyroid 
incidentaloma as an unexpected, asymptomatic thyroid nodule 
discovered during the investigation of an unrelated condition, is 
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67% with ultrasonography imaging, 15% with computed tomog-
raphy or magnetic resonance imaging of the neck, and 1– 2% with 
fluorodeoxyglucose positron emission tomography [27].

Thyroid cancer

The clinical presentation of thyroid cancer is usually as a solitary 
thyroid nodule or increasing goitre size. Although thyroid nodules 
are common, thyroid cancers are rare. The four major histological 
types are papillary, follicular, medullary, and anaplastic, and each 
displays a different epidemiology. The annual incidence of all thy-
roid cancers ranges between 1 and 10/ 100 000 population in most 
countries and is two to four times more frequent in women than 
men [28, 29]. Papillary and follicular tumours, which comprise 60– 
90% of the total, are rare in children and adolescents but their inci-
dence increases with age in adults.

Papillary thyroid carcinoma (PTC) is the most common thy-
roid malignancy and worldwide constitutes 50– 90% of differen-
tiated follicular cell- derived thyroid cancers. Papillary thyroid 
microcarcinomas (diameter less than 1 cm) are found in 4– 36% of 
adults post- mortem in population- based studies. Most diagnoses 
of PTC occur in patients 30– 50 years old (median age 44 years), 
and the majority (60– 80%) occur in women. The reported increase 
in incidence of these carcinomas in recent years has been attrib-
uted to an improvement in pathological techniques and earlier 
and increased detection of small (subclinical) papillary cancers 
secondary to more widespread use of neck ultrasonography and 
fine- needle aspiration of very small thyroid nodules. However, a 
recent analysis of the National Cancer Institute’s Surveillance, 
Epidemiology, and End Results database found an increase in the 
rates of differentiated thyroid cancer of all sizes, including tumours 
more than 4 cm and an increase in incidence- based mortality be-
tween 1974 and 2013, from 0.40 to 0.46/ 100 000 person- years [30]. 
External radiation exposure, particularly in childhood, is a major 
risk factor for papillary cancer. Four years after the nuclear accident 
at Chernobyl, a significant increase in the incidence of childhood 
thyroid cancer (almost exclusively papillary tumours in which a 
translocation of the RET gene occurs) was recorded in the regions 
most exposed [31]. There is no association between radioiodine 
therapy for thyrotoxicosis and subsequent development of thyroid 
cancer in adults.

Follicular thyroid cancer occurs relatively infrequently compared 
to papillary cancer and accounts for approximately 15% of all thy-
roid cancers. There is an increased frequency of follicular to pap-
illary carcinoma (5:1) in iodine- deficient endemic goitre areas. It 
tends to be a malignancy of older persons, with a peak incidence 
of between ages 40 and 60 years and is approximately three times 
more common in women than in men. Medullary thyroid cancer 
(MTC) occurs in both sporadic and hereditary forms. The highest 
incidence of sporadic disease occurs in the fifth decade. Hereditary 
MTC can be inherited as an autosomal dominant trait with a high 
degree of penetrance associated with multiple endocrine neoplasia 
(MEN) type 2 syndrome or as familial MTC without any other 
endocrinopathies. It can be diagnosed before clinical presentation 
by genetic and biochemical screening. Anaplastic thyroid cancer is 
very rare and is more frequent in populations with endemic goitre. 

Thyroid lymphoma is also uncommon, constituting approximately 
2% of extranodal lymphomas and occurring predominantly in older 
women. Up to one- third of patients have a history of goitre, whereas 
some have established autoimmune thyroiditis and may be taking 
L- T4 therapy [29].

Screening for Thyroid Disorders

In the 1970s, screening programmes for congenital hypothyroidism 
were developed in which TSH was measured in heel- prick blood 
specimens to detect this condition as early as possible. The value 
of screening for congenital hypothyroidism is unquestioned, but 
only done routinely in approximately 30% of the world’s birth 
population [20].

Certain groups within the adult population who should have an 
assessment of thyroid function at least once to detect thyroid dys-
function include those with a goitre or thyroid nodule, atrial fibrilla-
tion, dyslipidaemia, subfertility, osteoporosis, and assessing thyroid 
function in the annual review of people with diabetes mellitus 
appears cost- effective. There is no consensus on whether healthy 
pregnant women should be screened for thyroid disorders or PPT 
although it has been shown to be cost- effective in analytical models 
[32]. Women with type 1 diabetes are three times more likely to 
develop postpartum thyroid dysfunction so should be tested in the 
first trimester for thyroid antibodies.

Any woman with a history of PPT should be offered annual sur-
veillance of thyroid function due to the long- term risk of permanent 
hypothyroidism. Because of the high prevalence of hypothyroidism 
in people with Down’s syndrome and Turner’s syndrome, an an-
nual check of thyroid function is recommended. Thyroid function 
tests are indicated every six months for those receiving amiodarone, 
lithium, within three months of initiation of immune checkpoint 
inhibitor therapy and every 12 months following head and neck ir-
radiation. All patients with hyperthyroidism who receive ablative 
treatment should be followed indefinitely for the development of 
hypothyroidism beginning 4– 8 weeks after treatment, and then at 
three- month intervals for one year and annually thereafter. Among 
patients hospitalized for acute illness, testing should be limited but 
with a high index of clinical suspicion and with an awareness of the 
difficulties in interpreting thyroid function tests in the presence of 
acute illness.

Whether healthy adults living in an area of iodine sufficiency 
benefit from screening for thyroid disease remains controversial. 
The benefit from a screening programme must outweigh the phys-
ical and psychological harm caused by the test, diagnostic proced-
ures, and treatment [33, 34]. The prevalence of unsuspected overt 
thyroid disease is low, but a substantial proportion tested will have 
evidence of thyroid dysfunction, with approximately 10% with sub-
clinical hypothyroidism and 1% with subclinical hyperthyroidism. 
No appropriately powered prospective, randomized, controlled, 
double- blinded interventional trial of either L- T4 therapy for sub-
clinical hypothyroidism or antithyroid therapy for subclinical 
hyperthyroidism exists [13].

Epidemiological studies have shown an association between sub-
clinical hypothyroidism and coronary heart disease in younger 
people (less than 65 years) and those with high serum TSH (more 
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than 10 mU/ L) [35]. In older people, a higher serum TSH and lower 
free T4 concentrations within the euthyroid range are associated 
with lower risk of multiple adverse events including mortality [36]. 
Treatment in those who are symptomatic, pregnant or preconcep-
tion, or aged less than 65 years appears justified [37]. Endogenous 
subclinical hyperthyroidism is associated with increased risk of 
total, coronary heart disease mortality and incident atrial fibrilla-
tion, with the highest risk being with serum TSH less than 0.10 mU/ 
L [38]. Subclinical hyperthyroidism may be associated with an in-
creased risk for hip and non- spine fractures [39]. Treatment may 
be indicated in those older than 65 years with serum TSH less than 
0.1 mU/ L to potentially avoid serious cardiovascular events, frac-
tures, and the risk of progression to overt hyperthyroidism [40]. 
Any potential benefits of therapy in subclinical hyperthyroidism 
must be weighed against the morbidity associated with the treat-
ment of hyperthyroidism.

From the available evidence, the following recommendations are 
suggested for an iodine- replete community:

 • Screening for thyroid dysfunction in women younger than age 
50 and in men is not warranted in view of the relatively low point 
prevalence of unsuspected overt thyroid dysfunction.

 • Case- finding in women during menopause or during visits to a 
primary care physician with non- specific symptoms is justified 
due to the high prevalence of subclinical hypothyroidism.

 • If increased serum TSH is found at screening, then measurement 
should be repeated two months later together with free T4 meas-
urement after excluding non- thyroidal illness, drugs, and so on.

 • Treatment with L- T4 is recommended if the serum TSH is greater 
than 10 mU/ L, irrespective of whether free T4 is low.

 • Subjects with a serum TSH between 5 and 10 mU/ L and normal 
free T4 are at increased risk of developing hypothyroidism, and 
repeat measurement of serum TSH is warranted at least every 
three years if not annually.

 • If a suppressed serum TSH is found at screening, it should be re-
measured two months later, and if it is still suppressed, free T3 
should be measured.

 • After L- T4 replacement is initiated, for whatever indication, long- 
term follow- up with at least an annual measurement of serum 
TSH is required.
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Introduction to Genetics

Genes and Chromosomes

The nucleus of each human cell encodes approximately 30  000 
genes. More than 20% of the genes in each individual exist in a 
form that can vary between individuals. These variable genetic 
forms are termed polymorphisms among normal individuals, and 
they account for much of the normal variation in body traits, such 
as height and hair colour. The genetic information encoded in the 
DNA is stored on the chromosomes and each somatic cell contains 
46 chromosomes (22 autosomes and two sex chromosomes), ar-
ranged in 23 pairs, one of each derived from each parent. Since each 
individual has two copies of each chromosome (for autosomes), 
one from each parent, there are also two copies of each gene; one of 
which is mostly suppressed (inactivated). The chromosomal loca-
tion of a gene is termed the locus of the gene. The gene in a certain 
locus usually exists in two forms and these variants of the gene are 
termed alleles. When an individual’s two alleles at a locus are iden-
tical, that individual is said to be a homozygous at that locus, and 
when the two alleles are different, the individual is a heterozygous.

Female somatic cells contain two X chromosomes, whereas male 
somatic cells contain only one X chromosome. Nevertheless, the 
activity of genes coded for by the X chromosome is not higher in 

females than in males. This is due to inactivation of most of the 
genes on one of the two X chromosomes. Thus, in female som-
atic cells only one X chromosome gene is usually expressed, and 
this process of suppression is called X- chromosome inactivation. 
X- chromosome inactivation occurs early in embryonic life and, 
thereafter, in each cell either the maternal or paternal chromo-
some is inactivated in what is often a random mechanism. This 
results in a tissue mosaic of paternally and maternally expressed 
X- chromosomal alleles, with an average of 1:1 distribution. As a 
result, a female who is heterozygous for an X- linked gene will show 
a mosaic- like distribution of cells expressing either one of the two 
alleles. Recently X- inactivation has been postulated to play a role 
in autoimmune diseases and may help explain their female prepon-
derance (see next).

Inheritance

When genetic information is transmitted from parent to offspring 
the process is called inheritance. Germ cells undergo meiosis, a 
process in which 2 gametes with 23 chromosomes are generated. 
During meiosis paired chromosomes undergo recombination, a 
process in which paired chromosomes break at identical points 
along their length and switch genetic material on opposite sides 
of the breaking point. Recombination results in an exchange of 
matching segments of the chromosome between two homolo-
gous chromosomes (Figure 3.2.1.1). Since recombination is also 
a random event, the farther apart two genes are on the same 
chromosome, the greater the likelihood that a recombination will 
occur in the space between them. When two genes A and B are 
very far apart they are transmitted to the offspring independently, 
as if they were located on different chromosomes (i.e. the prob-
ability that a given parental allele of gene A will be transmitted 
to the offspring with the same parental allele of gene B is 50%, 
as would be expected to occur at random). On the other hand, if 
genes A and B are located close to each other, the probability that a 
given parental allele of gene A will be transmitted to the offspring 
with the same parents allele of gene B is greater than 50%, and 
the genes are said to be linked (Figure 3.2.1.1). In other words, 
if two gene loci are linked there is a greater than 50% probability 
that offspring will inherit the same combination of alleles that are 
present on the parental chromosome. If the genes were right next 
to each other then they would have a very high chance of being 
inherited together. This phenomenon is the basis for the concept 
of linkage analysis (see next).

3.2

Aetiology of Thyroid Disorders
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Understanding Mutations

A mutation is an alteration in chromosomal DNA that is inherited 
from one generation to another. Mutations in genes may be silent 
or if located appropriately can change the structure and/ or function 
of the encoded protein causing differences in enzyme function, re-
ceptor signalling, structural proteins, or regulatory proteins. When 
several mutations in two or more genes produce similar changes 
then genetic heterogeneity is said to exist. For example, in maturity 
onset diabetes of the young (MODY), similar clinical presentations 
(phenotypes) can be caused by mutations in the glucokinase gene 
or the hepatic nuclear factor 1∀ gene. However, in some diseases an 
individual may inherit the mutation but will not develop the dis-
ease phenotype. Such diseases are said to have reduced penetrance. 
The penetrance of the disease is defined as the probability that an 
individual inheriting the mutation will actually develop the dis-
ease phenotype. An example of a disease with reduced penetrance 
is multiple endocrine neoplasia type II (MEN 2) where not every 
individual inheriting the mutation in the RET proto- oncogene will 
develop the full phenotype of the disease.

Categories of Genetic Diseases

Genetic diseases can be caused by a variety of changes in our genetic 
code and for simplicity can be divided into broad categories:

Chromosomal disorders:  In these disorders the number of 
chromosomes in an individual (their karyotype), or their DNA 
structure, is altered producing excessive or deficient genetic ma-
terial. Normally every individual has 22 pairs of autosomes and 
one pair of sex chromosomes (XX in females and XY in males). In 
chromosomal disorders the number of chromosomes may be dif-
ferent (e.g. in Down’s syndrome there are three copies of chromo-
some 21), or large segments of chromosomes may be deleted or 
exchanged with other chromosomes causing a variety of different 
disorders and syndromes. One of the most important of these 
changes is termed copy number variants (CNVs), and they consist 
of deletions or duplications of DNA segments with a size of 1000 
bases to several million bases.

Mendelian disorders: These disorders are caused by a mutation 
in a single gene. They display specific patterns of inheritance that 
can be classified as dominant (inheritance of one mutant gene, 
from either parent, will cause disease), recessive (only inheritance 
of both mutant genes, one from each parent will cause disease), or 
X- linked (see next).

Complex diseases:  These disorders are caused by interactions 
between multiple genes. These interactions may presumably be de-
ficient or excessive or unusual and involve most of the common 
diseases we know so well including autoimmune thyroid disease. 
How multiple gene involvement may produce such similar clinical 
phenotypes is not well understood.

Epigenetics and disease:  One explanation to help understand 
complex genetics has been our increased understanding of epi-
genetic and environmental factors. Gene expression and suppres-
sion is not only controlled by mRNA and its cofactors but by how 
DNAs folds thus opening and closing genes to the polymerases. 
Such acetylation and methylation events on the surface of the 
DNA (epigenetics) may also be influenced by the environment and 
contribute to the activity of multiple genes impacting the clinical 
phenotype.

Inheritance of Mendelian Disorders

Dominant Mendelian disorders: These disorders manifest in het-
erozygotes (i.e. when one mutant allele is present but the second 
allele of the same gene is normal then the mutant is expressed). The 
mutant gene in this case is on one of the 22 autosomes. Examples of 
dominant Mendelian disorders include thyroid hormone resistance 
syndrome, and MEN 2.

Recessive Mendelian disorders:  These disorders are clinically 
apparent only in homozygotes (i.e. when both alleles at a particular 
genetic locus are mutated so there is no normal gene at all). The 
mutation in these disorders is also on one of the 22 autosomes. 
Examples of recessive Mendelian disorders include familial non- 
autoimmune hypothyroidism and Pendred’s syndrome.

X- linked Mendelian disorders: These disorders occur when the 
mutant gene is on the X chromosome. Most X- linked Mendelian 
disorders are recessive rather than dominant. Therefore, females 
can be affected only if they inherit two mutant genes on both of 
their X chromosomes, while males are affected if they inherit only 
one mutant gene on their X chromosome. An endocrine example 
of an X- linked Mendelian disorder is familial thyroxine binding 
globulin (TBG) deficiency.

Inheritance of Complex Diseases

As we discussed earlier, the inheritance of complex diseases, such 
as GD and Hashimoto’s thyroiditis (HT), does not follow a simple 
Mendelian pattern. These diseases are caused, in part, by multiple 
genes with additive and negative effects. Moreover, the penetrance of 
complex diseases tends to be low (i.e. not all the individuals inheriting 
the mutations or polymorphisms will actually develop the clinical 
phenotype). This causes a non- Mendelian pattern of transmission of 
the disease in pedigrees and makes mapping their susceptibility genes 
much more challenging than mapping Mendelian disorder genes. But, 
of course, all individual genes are inherited in a Mendelian pattern.

Chromosomal and Mendelian Disorders Affecting 
the Thyroid

Chromosomal Disorders Associated with 
Thyroid Dysfunction

Several chromosomal disorders are known to be associated with an 
increased incidence of thyroid disease (Table 3.2.1.1). The associ-
ation between Down’s syndrome and autoimmune thyroid diseases 
(AITD) is especially intriguing because of the possibility that a gene 
conferring susceptibility to autoimmune thyroid diseases is located 
on chromosome 21. Although this has been investigated extensively 
there is still no evidence of an AITD susceptibility gene on chromo-
some 21 (see next). Interestingly, on chromosome 21 is the auto-
immune regulator (AIRE) gene and, when it is mutated it causes 
autoimmune polyglandular syndrome type I.

Mendelian Disorders Involving the Thyroid

Many Mendelian disorders of thyroid hormonogenesis and regula-
tion have been described and many of the mutations causing these 
disorders have been revealed. Table 3.2.1.2 summarizes the major 
Mendelian disorders affecting the thyroid, their pathophysiology, 
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clinical characteristics, and their mode of inheritance. These dis-
orders are described in more detail elsewhere in this book.

Genetic Susceptibility to Autoimmune Thyroid 
Disease (AITD)

The AITDs are examples of complex genetic diseases affecting the 
thyroid. Classically, the AITDs encompass a spectrum of related 
disorders varying from hyperthyroid Graves’ disease (GD) to hypo-
thyroid Hashimoto’s thyroiditis (HT) and which are characterized 
by abnormal autoimmune responses to thyroid antigens. Additional 
variants of AITD include postpartum thyroiditis (reviewed in [1] ), 
drug induced thyroiditis, such as interferon induced thyroiditis 
(IIT) [2], thyroiditis associated with polyglandular autoimmune 
syndromes (reviewed in [3]) and just the presence of thyroid anti-
bodies (TAb) with no apparent clinical disease [4] but which simply 
indicates the presence of an intrathyroidal infiltrate but retention 
of normal thyroid function. The AITD are among the commonest 
human autoimmune disorders affecting more than 5% of the gen-
eral population [5, 6]. The AITD, including Graves’ and Hashimoto’s 
diseases, are categorized as complex diseases because they are be-
lieved to be caused by an interaction between several genes and a 
variety of environmental factors. In recent years, sound epidemio-
logic evidence for a genetic susceptibility to AITD has been estab-
lished. Box 3.2.1.1 summarizes these main epidemiological data 
pointing to a genetic susceptibility to AITD.

Geographic and Longitudinal Trends in the Incidence 
of the AITD

The annual incidence of GD in populations of different geographic 
locations, excluding extremes of iodine intake, is similar and ranges 
from 0.22 to 0.27 per 1000 [5, 6]. A similar pattern has been ob-
served for HT. In the UK Whickham survey the prevalence of spon-
taneous hypothyroidism was 15/ 1000 in females compared with less 

than 1/ 1000 in males [6] . The mean annual incidence of spontaneous 
hypothyroidism in women was 3.5/ 1000 and in men was 0.6/ 1000 
[7]. Similar prevalence and incidence data of spontaneous hypothy-
roidism have been reported by others in the United States, Finland, 
Japan, and Sweden. The comparable prevalence and incidence of the 
AITD in geographically different populations has suggested that the 
genetic contribution to the development of the AITD is more im-
portant than the environmental contribution because these popula-
tions are exposed to different environmental factors.

A longitudinal study from the Mayo clinic (1935– 1967) showed 
no significant change in the incidence of GD over the 33 years of the 
study [8] . The stable incidence of GD with time once again points 
to strong genetic effects because the genetic makeup of a popula-
tion did not appear to change over several decades, but environ-
mental factors most probably did. The Mayo clinic observations 
were supported by a more recent study from Sweden [9]. However, 
the Swedish study found an increased incidence of GD in a subset 
of the population, demonstrating that environmental effects may 
still play a crucial role in the aetiology of GD. In the Mayo survey 
(1935– 1967) there was a significant increase in the incidence of HT 
over the 33 years of the survey [8]. This could reflect a stronger en-
vironmental influence on the development of HT rather than GD or 
more likely a change in the diagnostic criteria over time [10].

Familial Clustering

The familial occurrence of the AITD has been recognized by in-
vestigators for many years. More than 50  years ago it was recog-
nized that a familial predisposition can be found in approximately 
50% of cases with GD. Later studies have shown a high frequency of 
thyroid abnormalities in relatives of patients with AITD [11], most 
commonly the presence of thyroid autoantibodies which were re-
ported in up to 50% of the siblings of patients with GD [12]; 36% 
of GD patients with ophthalmopathy had a family history of AITD 
while 32% had a first- degree relative with AITD [13]. Moreover, a 
study from Holland in which 790 healthy female relatives of AITD 
patients were followed for up to 5 years, showed that 7.5% of them 
developed overt hypothyroidism or hyperthyroidism [14].

Such familial clustering of a disease can be due to non- genetic 
factors including the shared environmental exposures (e.g. infec-
tions, diet). Therefore, methods have been developed to determine 
whether familial clustering of a disease is the result of genetic sus-
ceptibility or non- genetic factors. One method is to calculate the sib-
ling risk ratio (λs) which expresses the increased risk of developing 
the disease in an individual who has a sibling with the disease com-
pared to the risk in the general population, and has been claimed 
as a quantitative measure of the genetic contribution to the disease. 
A λs of > 5 has been used to indicate a significant genetic contribu-
tion to the pathogenesis of a disease [15]. We calculated the λs in 
AITD in a cohort of 155 AITD patients. The λs was 16.9 for AITD, 
11.6 for GD, and 28.0 for HT. These high λs values indicate a strong 
familial influence on the development of AITD.

Twins Studies

Twin studies can provide information concerning the inheritance of 
a disease and may yield certain quantitative evaluations on the role 
of heredity in relation to exogenous factors. Twin analysis is based 
upon comparison of the concordance (simultaneous occurrence) 
of a disease among monozygotic (MZ) twins vs. dizygotic (DZ) 

Box 3.2.1.1 Epidemiological evidence for a genetic 
susceptibility to Graves’ disease and Hashimoto’s thyroiditis 
(see text)

I Secular trends in the incidence of AITD:
1)  The incidence of GD/ HT is similar in different ethnic populations
2)  The incidence of GD has not changed over time in the past 

several decades
II  Variations in the incidence of AITD with age:

1)  The incidence of GD/ HT peaks in the fifth decade of life
2)  After peaking the incidence of GD/ HT declines to zero 

(suggesting that all genetically susceptible individuals have 
developed the disease)

III Familial clustering of AITD:
1) AITD develops in 20– 30% of siblings of patients with AITD
2) The sibling risk ratio (8s) for AITD is 16.9
3)  Thyroid antibodies are found in up to 50% of siblings of patients 

with AITD
IV  Twin studies:

1)  Concordance rate in MZ twins for GD is 30– 35% and in DZ 
twins it is 3– 5%

2)  Concordance rate in MZ twins for GD is 55% and in DZ twins it 
is 0%



SeCTIon 3 Thyroid Disease390

twins. MZ twins have similar genetic makeup, whereas DZ twins 
share an average of 50% of their genes (like siblings). Therefore, 
if concordance is higher in the MZ twins when compared to the 
DZ twins it suggests that the disease has an inherited component. 
Any discordance among the MZ twin pairs is usually interpreted to 
mean that the gene or genes concerned show reduced penetrance 
(i.e. certain epigenetic or environmental factors must be present 
before the disease becomes manifest). However, this logic has its 
limits for autoimmune diseases. This is because MZ twins are not 
immunologically identical. Since the T- cell receptor and immuno-
globulin V genes undergo random recombination, twins have dif-
ferent immune repertoires although they may be sculpted by the 
same environment.

Nevertheless, the concordance rate in MZ twins is taken as an es-
timate of the penetrance of the disease but this is only up to the age 
they are examined. For example, if the concordance rate among the 
MZ twins is 50%, this is taken to mean that the penetrance of the 
disease genes is approximately 50%. As discussed, however, it must 
be emphasized again that MZ twins are not identical and their indi-
vidual immune experiences will influence their immune repertoire. 
Therefore, part of the observed discordance between MZ twins may 
also be due to the discordance in their immune repertoire.

The concordance rate for GD in MZ twins was found to be ap-
proximately 30– 35% while the concordance rate in DZ twins was 
reported to be about 3– 5% [16– 18]. These data indicated that there 
is a substantial inherited susceptibility to Graves’ disease, presum-
ably related to both immune and non- immune genes. For HT the 
concordance rates were 55% and 0% for MZ and DZ twins, respect-
ively [19], again pointing to a strong genetic component in the aeti-
ology of the disease. Finally, for thyroid antibodies, MZ twins had 
80% concordance and DZ twins had 40% concordance [19]. Thus, 
the twin data support a substantial inherited susceptibility to AITD. 
Indeed, a recent study estimated that 80% of the liability to develop 
GD was due to genetic factors [17]. A similar strong genetic contri-
bution was estimated for the production of thyroid antibodies.

Thyroid Autoantibodies

Autoantibodies to thyroglobulin (Tg) and thyroid peroxidase 
([TPO] the microsomal antigen) have been widely used to show 
the population at most risk for the development of AITD. An in-
creased prevalence of thyroid autoantibodies has been reported in 
relatives of patients with AITD [20– 30]. Antithyroid autoantibodies 
(antithyroglobulin and antithyroid peroxidase) have been found in 
up to 50% of the siblings of patients with the AITD [12], in con-
trast to a prevalence of 7– 20% in the general population [6] . These 
findings are true in different populations such as the Japanese [20] 
and British populations [11]. In one study, it was found that thy-
roid antibodies were almost always present in one of the parents 
of an affected individual with AITD [11]. These data suggested an 
inherited influence on the production of antithyroid antibodies 
compatible with dominant inheritance. Indeed, segregation ana-
lyses in a panel of families with thyroid antibodies also suggested 
a Mendelian dominant pattern of inheritance for the tendency to 
develop antithyroid antibodies [21]. In keeping with these obser-
vations, it was reported that recognition of particular thyroid per-
oxidase (TPO) epitopes within the autoantibody immunodominant 
region may be transmitted within families [22].

Graves’ orbitopathy

Depending on the definition of Graves’ ophthalmopathy (GO), it 
would appear to affect about 90% of patients with GD and so is 
an intrinsic part of the disorder although rarely it may be found 
without thyroid involvement and also is seen regularly in patients 
with HT who may or may not have experienced GD. However, the 
severe form of ophthalmopathy occurs in less than 10% of GD pa-
tients. Severe GO manifests by proptosis, conjunctival injection, eye 
muscle weakness to paralysis, and sometimes optic nerve damage. 
GO is considered pathognomonic of GD even when the individual 
is not thyrotoxic. It was speculated that the genetic influence on 
the development of Graves ophthalmopathy could be more pro-
nounced because GO represents the most severe form of the disease. 
We, therefore performed a segregation analysis in patients selected 
for severe GO by studying the first- degree relatives of individuals 
with severe GO. If the disease is hereditary the first- degree relatives 
would be expected to be affected by the disease more often than 
individuals randomly selected from the general population. Our 
segregation analysis showed that GO did not have a major genetic 
component [13]. Although a genetic contribution to the suscepti-
bility to develop GO has been claimed [23] such a non- specific gene 
association could simply enhance susceptibility to more severe GD.

Tools to Map Complex Disease Genes

Based on the abundant epidemiologic evidence for a strong gen-
etic effect on the development of AITD, many searches for the sus-
ceptibility genes have been performed. The basic strategies used 
for finding complex disease genes include association and linkage 
studies of candidate genes, and whole genome screening. These 
tools have proven successful in the mapping of many novel com-
plex disease genes such as rheumatoid arthritis but often find genes 
which provide very small contributions to susceptibility.

Association and Linkage

Association analyses: Association analyses are sensitive tests which 
can locate even minor susceptibility genes. Population- based asso-
ciation tests compare marker allele frequencies (such as an HLA 
haplotype) in unrelated patients to a set of unrelated, carefully 
matched, controls. Identification of a significant difference between 
patients and controls suggests that a genetic locus at, or near, the 
marker locus influences disease predisposition due to linkage dis-
equilibrium. Linkage disequilibrium exists when chromosomes with 
the mutant allele at the disease locus carry certain marker alleles 
more often than expected by random chance. It cannot be empha-
sized enough that the control population must be appropriate since 
everything hinges on simple comparisons. Furthermore, the larger 
the control group the less chance of getting this matching wrong.

Association analysis is very sensitive and may detect genes con-
tributing less than 5% of the total genetic contribution to a disease. 
Classically, association studies were used for studying candidate 
genes, and for fine mapping linked loci. However, association studies 
are also utilized to screen the entire human genome (see next).

As discussed earlier, one of the weaknesses of population- based 
methods is that they can produce spurious associations if the pa-
tients and controls are not accurately matched (so- called population 
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stratification). Therefore, family- based association tests have been 
developed which use an internal control group from within each 
family, thus avoiding the necessity to match patients and controls 
for ethnicity. The most widely used family- based association test 
is the transmission disequilibrium test (TDT). The TDT is based 
on the comparison of the parental marker alleles which are trans-
mitted and those which are not transmitted to affected children 
(Figure 3.2.1.2). Assuming two heterozygote parents for a certain 
tested marker, each parent has two sets of chromosomes so there 
are four parental alleles in each family. These are categorized into 
two groups: those transmitted to a child with the disease (T alleles), 
and those not transmitted to any affected child (N alleles). The same 
allele may belong to the T group or the N group in different families. 
The frequency of the T alleles versus the N alleles is then compared 
by a Π2 test. An association between a certain allele and the disease 
exists if there is an excess occurrence of this allele in the T group 
compared to the N group.

Linkage: Genetic linkage techniques are powerful tools for ana-
lysing complex disease- related genes because they detect only 
genes that theoretically have a major effect (>5%) on the aetiology 
of a disease. The consequence is that linkage studies are less sensi-
tive than association studies since they do not detect minor con-
tributing genes. The principle of linkage analysis is based on the 
fact that if two genes are close together on a chromosome they will 
segregate together because the likelihood that a recombination will 
occur between them is low. Therefore, if a tested marker is close 
to a disease susceptibility gene, its alleles will cosegregate with the 
disease in families (Figure 3.2.1.3). The LOD (logarithm of odds) 
score is the statistical measure of the likelihood of linkage between 
a disease and a genetic marker. The LOD score is the base- 10 loga-
rithm of the odds ratio in favour of linkage. Arbitrarily, a LOD 
score of greater than 3 (i.e. odds ratio greater than 1000)  is con-
sidered strong evidence for linkage and a LOD score greater than 2 
is suggestive of linkage.

Linkage at a certain locus is established when at least two or more 
independent datasets give strong evidence for linkage at the same 
locus. Conversely, a LOD score lower than – 2 can be used to exclude 
linkage. The classical linkage tests are model based (i.e. a mode of 
inheritance and penetrance have to be assumed when calculating 
the likelihood of linkage). However, in complex diseases the mode 
of inheritance is often unknown and, therefore, model- independent 
methods are sometimes used. One such method, which became 
very popular, is sib- pair analysis (Figure 3.2.1.4). Here siblings, 
which are both affected by the disease being studied, are tested for 
sharing of alleles at a marker locus. By random chance alone the 
sibs would be expected to share one allele of the marker 50% of 
the time. If affected sib- pairs share a significantly higher than ex-
pected proportion of alleles at the marker locus, this suggests that 
the marker locus is in linkage disequilibrium with the disease gene. 
This observed to expected allele sharing can be converted to a LOD 
score equivalent.

Candidate Gene Analysis

Candidate genes are genes of known sequence and location that 
by virtue of their known functions may be involved in disease 
pathogenesis. For example, one can hypothesize that the TSH re-
ceptor may be a candidate gene for GD because the hallmark of 

the disease is the presence of TSH receptor antibodies. If a can-
didate locus is indeed the cause of a disease, then markers in that 
locus should segregate with the disease within families giving 
high LOD scores. Since the basic abnormality in AITD is an im-
mune response against thyroid antigens, possible candidate genes 
for AITD include genes that control immune responses (e.g. the 
major histocompatibility complex [MHC or HLA] genes, and 
costimulatory molecule genes), and genes encoding the target 
autoantigens in AITD (thyroglobulin, thyroid peroxidase, iodide 
transporter, TSH receptor). Many of these genes have now been 
studied for their possible role in the genetic susceptibility to the 
AITD (see next).

Whole Genome Screening

Another approach is to screen the whole human genome without 
any assumptions on disease pathogenesis. This method is called 
whole genome screening. Whole genome scans can be performed 
using linkage as well as association methods.

Linkage- based genome scans:  The two requirements for per-
forming a linkage- based whole genome screen in a complex 
disease are:

 1. The availability of a sizeable and well validated data set of multi-
plex families (large families with more than one individual 
affected).

 2. The availability of a map of highly polymorphic markers covering 
the whole genome.

Microsatellite markers: The first useful polymorphic markers for 
whole genome screening were discovered in 1989 and were called 
microsatellites. Microsatellites are regions in the genome that are 
composed of short sequence repeats, most commonly two- base CA- 
repeats (Figure 3.2.1.5). Microsatellite loci are highly polymorphic 
(i.e. have many alleles) because the number of repeats in each indi-
vidual is variable. Moreover, they are extremely abundant and uni-
formly distributed throughout the genome at distances of less than 
1  million base pairs. Therefore, microsatellites serve as excellent 
markers in whole genome linkage studies.

Single nucleotide polymorphisms (SNPs): SNPs are single base 
pair positions in genomic DNA at which different sequence alter-
natives (alleles) exist in normal individuals. In humans most SNPs 
have only two alleles. SNPs are very abundant with a frequency of 
about one SNP per <500 bp. Since SNPs have only two alleles they 
are less informative than microsatellites, and a larger number of 
SNPs is required to screen the human genome by linkage. However, 
since SNP’s are much more abundant and closely spaced than 
microsatellites, they are ideal for fine mapping genes, in linked re-
gions, using association studies and for association- based genome 
scans (see next). The importance of SNPs stems from the fact that 
many have the potential to change the amino acid sequence of a 
gene product, or other regulatory sequences (e.g. promoter) and be 
directly involved in the susceptibility to complex diseases because 
they cause changes in gene function. Thus, if a SNP allele inside a 
gene is found to be significantly associated with a disease it may be 
the actual causative allele, increasing susceptibility to the disease.

Using microsatellites or SNPs many linkage- based whole genome 
screens have been now completed for several complex diseases 
including the AITD (see next).
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Genome- wide association studies:  Genome- wide association 
studies have two major requirements:

 1. The availability of a sizeable data set of affected individuals and a 
sizeable ethnically matched control group.

 2. The availability of closely spaced polymorphic markers covering 
the whole genome.

For genome- wide screening by association analysis one would need 
to employ more than 300  000 closely spaced markers. The com-
pletion of the HapMap project made whole genome scanning by 
association studies feasible. The HapMap project genotyped more 
than one million SNPs spanning the entire human genome in 
four ethnically distinct human populations and tested these SNPs 
for linkage disequilibrium (LD). This project discovered that the 
human genome is highly organized into discrete linkage disequi-
librium blocks (LD blocks) which are flanked by recombination 
hot spots, or areas at which recombinations most often occur. This 
enabled the utilization of tagged SNPs (each SNP representing an 
entire LD block) to test the entire human genome for association 
with disease without having to employ all SNPs in the genome. 
Moreover, microarray- based genotyping technology enabled the 
typing of up to 500 000 SNPs in a single experiment. Thus, it became 
possible to scan the entire human genome by association analysis 
using selected SNPs on a chip.

next Generation Sequencing for Rare Variants

Association studies detect common variants with small effect size 
as shown by numerous GWAS studies. In contrast, linkage studies, 
which test cosegregation of variants with disease in families, are 
robust for detecting variants with large effect size as shown by our 
linkage studies in AITD [24]. However, variants with large effect 
size may be rare and can only be identified by sequencing. Rare 
variants are defined as having minor allele frequency of less than 

1%. The recent developments in next generation sequencing have 
made it possible to identify rare variants either by sequencing 
linked loci which are usually 5– 30  Mb in size or by sequencing 
the entire human genome. Sequencing the entire human genome is 
usually limited to exons (exome sequencing) but can also be per-
formed for the entire genome including coding and non- coding 
sequences.

Genetics of Autoimmune Thyroid Disease

The Primary Role of HLA Genes

The MHC region, encoding the HLA glycoproteins, consists of a 
complex of genes located on chromosome 6p21 (Figure 3.2.1.6). 
The MHC region also encodes various additional proteins, most of 
which are associated with immune responsiveness. Since this gene 
region is highly polymorphic and contains many immune response 
genes it was the first candidate genetic region to be studied for asso-
ciation and linkage with AITD.

Association of HLA with GD: GD was initially found to be as-
sociated with HLA- B8 in Caucasians. This finding was then con-
firmed in a wide number of studies, mostly examining populations 
of Caucasian origin (Table 3.2.1.3). In these early studies HLA- B8 
was associated with relative risks for GD ranging from 1.5 to 3.5. 
Subsequently, it was found that GD was more strongly associated 
with HLA- DR3, which is in LD with HLA- B8. The frequency of 
DR3 in GD patients was 40– 55% and in the general population 20– 
30% giving a relative risk for people with HLA- DR3 of 2– 3. Even 
though the frequency of HLA- DR3 was increased in Caucasians 
with GD, there were also HLA- DR3 negative associations with GD, 
and in addition, the HLA associations were found to be different 
in other ethnic groups (Table 3.2.1.4). In the Japanese population 
GD was associated with HLA- B35, and in the Chinese population 
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an increased frequency of HLA- Bw46 was reported. In African 
Americans, no overall susceptibility could be associated with any DR 
allele, although subdivision of the patients revealed that DRw6 was 
associated with thyroid antibody formation. Among Caucasians, 

HLA- DQA1*0501 has also been associated with Graves’ disease 
(Table 3.2.1.3), but it appears that the most common susceptibility 
allele in GD is indeed HLA- DR3 (HLA- DRB1*03) [25].

The exact amino- acid sequence in the DRβ1 chain conferring sus-
ceptibility to GD was determined by sequencing the HLA- DRB1 
locus in a population of GD patients and controls. These studies iden-
tified arginine at position 74 of the HLA- DRβ1 chain (DRβ- Arg74) as 
the most critical DR amino acid conferring susceptibility to GD [25]. 
Further analysis showed that the presence of glutamine at position 
74 was protective for GD. This suggests that position 74 of the DRβ1 
chain is critical for GD development in certain patients but not in 
others. Recent work suggests that certain TSHR and Tg peptides, in 
particular, have higher affinity for these HLA- DR pocket sequences.

Not only has the association with ‘disease’ been explored but the 
role of HLA polymorphisms may be critical for the clinical expres-
sion of the different GD phenotypes. Some groups reported an as-
sociation between the likelihood of relapse of GD with HLA- DR3 
while others were unable to confirm this. Studies of HLA asso-
ciations in GO have also produced conflicting results with some 
workers reporting increased frequency of HLA- DR3 in patients with 
GO, and others reporting no difference in the distribution of HLA- 
DR alleles between GD patients with and without ophthalmopathy. 
Likewise, no difference in the DR3 frequency was found in GD pa-
tients with and without pretibial myxoedema. It appears, therefore, 
that HLA provides a broad degree of susceptibility rather than for 
any particular phenotype.

Association of HLA with Hashimoto’s thyroiditis: Data on HLA 
haplotypes in HT have been much less definitive than in GD (see 
Table 3.2.1.5). Early studies suggested an association of goitrous HT 
with HLA- DR5 (RR = 3.1) and of atrophic HT with DR3 (RR = 5.1) 
in Caucasians. Later studies in Caucasians reported weak associations 
of HT with HLA- DR3 and HLA- DR4. Associations of HT with other 
HLA haplotypes have also been reported in different ethnic popula-
tions (e.g. HLA- DRw53 in Japanese, and HLA- DR9 in Chinese). An 
HLA- DR pocket amino acid signature was found to confer a strong 
risk for HT resulting in an odds ratio of 3.7 [26] from a unique pocket 
structure that could influence the binding of pathogenic peptides to 
the HLA- DR pocket and their presentation to T cells. In addition, 
studies suggest that certain Tg peptides, in particular, have affinity for 
these specific HLA- DR pocket sequences [27].

Table 3.2.1.4 Some of the important HLA association studies 
in Graves’ disease performed in non-  Caucasian populations

Country Ethnic
group

No. of
patients

HLA
allele(s)

RR

Korea Asian 128 B13
DR5
Drw8

3.8
4.4
2.3

India Asian
Indian

57 B8
Dqw2

4.1
5.4

USA Black 73 No
association

South Africa Black 103 DR1
DR3

3.5
2.4

Japan Japanese 30 DR5
Drw8

8.1
3.1

Japan Japanese 76 A2
DPB1*0501

2.9
5.3

Hong Kong Chinese 132 Bw46 4.8

Hong Kong Chinese 67 (children) DQB1
*0303

4.2

Hong Kong Chinese 97 B46
DR9
DQB1*0303

2.3
2.2
3.2

Table 3.2.1.5 Some of the important HLA association studies 
in Hashimoto’s thyroiditis

Country Ethnic
group

No. of
patients

HLA
allele

RR1

Canada+
England

Caucasians 66 DR4
DR5
DQw7

2.9
3.8
4.7

Canada- Newfoundland Caucasians 40 DRw3 3.5

Canada- Newfoundland Caucasians 40 DR5 3.1

England Caucasians 49 DQB1*0301
DQA1*0301/ 2

NR2

England Caucasians 36 DR5
DQ7

3.5

England Caucasians 86 DR3 2.23

Japan Japanese 99 DRw53 3.33

1 RR, relative risk; 2NR, not reported.

Table 3.2.1.3 Some of the important HLA association studies 
in Graves’ disease performed in Caucasians

Country Ethnic
group

No. of
patients

HLA
allele

RR

Canada Caucasians 175 B8
DR3

3.1
5.7

Belgium Caucasians 101 DRB1*0301
DQA1*0501

UK Caucasians 127 B8
DR3

2.8
2.1

France Caucasians 94 B8
DR3

3.4
4.2

Hungary Caucasians 256 B8
DR3

3.5
4.8

Ireland Caucasians 86 B8
DR3

2.5
2.6

Canada Caucasians 133 DR3 4.6

Sweden Caucasians 78 B8
DR3

4.4
3.9

USA Caucasians 65 DR3 3.4

UK Caucasians 120 DQA1
*0501

3.8

UK1 Caucasians 228 DRB1*0304
DQB1*0301
DQA1*
0501

2.7
1.9
3.2

USA Caucasians 94 DQA1
*0501

3.7

1In this study the TDT also showed an association to the extended haplotype 
DRB1*0304- DQB1*02- DQA1*0501.
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non- HLA Genes in AITD

HLA genes most likely account for only part of the genetic suscep-
tibility to AITD. At least five additional non- HLA genes have been 
found to confer risk for AITD although each confers much less risk 
than HLA. Three immunoregulatory genes (CTLA- 4, CD40, and 
PTPN22) and two thyroid- specific genes (thyroglobulin, and the 
TSHR) have been reproducibly associated with these diseases. There 
are multiple other reports in the literature but many of these involve 
low risks and lack confirmation in different study populations. Such 
reproducibility is the hallmark of significance.

Cytotoxic T- lymphocyte antigen- 4 (CTLA- 4): CTLA- 4 is a 
costimulatory molecule that participates in the interaction between 
T cells and antigen presenting cells (APCs). APC’s activate T cells by 
presenting to the T- cell receptor an antigenic peptide bound to an 
HLA class II protein on the cell surface. For this activation to work, 
a second signal is required and these costimulatory signals are pro-
vided by a variety of proteins which are expressed on APCs (e.g. 
B7- 1, B7- 2, B7h, CD- 40) and interact with receptors (CD28, CTLA- 
4, and CD- 40L) on the surface of CD 4+ T- lymphocytes during 
antigen presentation. Whereas, the binding of B7 to CD28 on T cells 
costimulates T- cell activation, the presence of CTLA- 4, which has a 
higher affinity for B7, downregulates T- cell activation by competing 
for the binding of B7 to CD28. The suppressive effects of CTLA- 4 on 
T- cell activation may be altered by polymorphisms reducing CTLA- 4 
expression and/ or function resulting in exaggerated T- cell activation 
which may lead to the development of autoimmunity in susceptible 
individuals. Indeed, CTLA- 4 polymorphisms have been consistently 
shown to be associated with many different autoimmune conditions 
[28] including both GD and HT [29, 30] and this association has been 
consistent across populations of different ethnic backgrounds.

Several CTLA- 4 variants have been reported as associated 
with AITD but three have shown the most consistent association 
including an (AT)n microsatellite within the 3’UTR region of the 
CTLA- 4 gene [29], a SNP at position 49 in the CTLA- 4 leader pep-
tide (designated A/ G49), resulting in an alanine/ threonine sub-
stitution [13,  31], and a SNP (designated CT60) located near the 
3’UTR of the CTLA- 4 gene [30]. Interestingly the CTLA- 4 gene also 
appears to confer susceptibility to the production of thyroid anti-
bodies (TAbs) without clinically significant disease [32,  33], thus 
substantiating its role as a general autoimmunity gene.

CD40: CD40 is a member of the tumour necrosis factor receptor 
(TNFR) family of molecules and is expressed primarily on B cells 
and other APCs including thyroid cells. CD40 plays a fundamental 
role in B- cell activation, inducing B- cell proliferation, immuno-
globulin class switching, and antibody secretion.

Recently, using a combination of linkage and association studies, 
CD40 has been identified as a novel susceptibility gene for GD [34]. 
A C/ T SNP at the 5’UTR of CD40 was associated with GD, with the 
CC genotype conferring the risk [35] an observation replicated in 
several studies [36, 37].

The protein tyrosine phosphatase- 22 (PTPN22) gene:  The 
lymphoid tyrosine phosphatase (LYP), encoded by the protein tyro-
sine phosphatase- 22 (PTPN22) gene, is a 110 kDa protein tyrosine 
phosphatase that, like CTLA- 4, is a powerful inhibitor of T- cell ac-
tivation. A tryptophan/ arginine substitution at codon 620 (R620W) 
of PTPN22 was found to be associated with AITD mostly with GD 
[38], as well as with other autoimmune diseases.

Thyroglobulin:  Thyroglobulin represents one of the major tar-
gets of the immune response in AITD. The Tg gene has been shown 

consistently to also be an important AITD susceptibility gene [39, 40] 
with four Tg SNPs significantly associated with AITD [41]. Moreover, 
three of the associated Tg SNPs were non- synonymous (i.e. they caused 
amino acid changes in the Tg protein). The association between Tg and 
AITD has been well replicated [42, 43] although the associated Tg poly-
morphism has not been consistent in different populations [43, 44].

The thyrotropin receptor (TSHR):  The presence of stimulating 
TSHR autoantibodies is the hallmark of GD indicating that the TSHR 
is a primary antigen. It is not surprising, therefore, that the TSHR 
gene is also reproducibly associated with GD [45] and the most con-
sistent studies have identified non- coding SNPs in intron 1 of the 
TSHR [46– 48].

Whole Genome Screening in AITD

Several early microsatellite and linkage- based whole genome 
screens were performed in AITD with considerable success. In a data 
set of 102 multiplex Caucasian families (540 individuals) [40] whole 
genome screening revealed 7 loci that showed evidence for linkage 
to AITD. Three loci, on chromosomes 6 (named AITD- 1 and ap-
pearing distinct from the HLA region), chromosome 8 (identified as 
the thyroglobulin locus), and chromosome 10, showed evidence for 
linkage with both GD and HT. In contrast, one locus, on chromosome 
12 (called HT- 2), showed evidence for linkage to HT only while three 
loci showed evidence for linkage with GD: GD- 1 on chromosome 14 
(identified as the TSHR locus), GD- 2 on chromosome 20 (identified 
as the CD40 locus), and a locus on 7q. Another whole genome screen 
from Japan identified the same AITD locus on 8q (the thyroglobulin 
gene), as well as a 5q locus [39]. The same 5q locus was also identified 
in a genome scan performed in the Old Order Amish population in 
the United States [49]. A large whole genome scan in 1119 European 
sib- pairs identified three different loci on chromosomes 18p11, 2q36 
(distinct from CTLA- 4), and 11p15 [50]. These studies confirmed 
that the genetic contribution to the development of AITD involves 
multiple genes with mostly low- level effects.

More recent whole genome association studies (GWAS) using 
large numbers of SNPs have dominated recent genetic thinking but 
have added very little to our understanding of AITD genetics. The 
data have shown primarily HLA as the major contributor to genetic 
susceptibility and have confirmed the sites previously identified by 
earlier techniques. Online Table 3.2.1.6 lists the current state of 
associated sites, not all of which have been replicated but continues 
the idea that multiple genes contribute small genetic effects.

A note on Graves’ orbitopathy (Go) and  
the Importance of Phenotype

Although sensational reports of specific genetic associations with 
GO have appeared, they have not been replicated, and there remains 
no conclusive evidence that any of the known AITD susceptibility 
genes are specific for GO [51]. It appears that the GO phenotype is 
simply a more severe form of GD rather than a distinct entity and 
that other factors (such as the environment) may also be important 
in the development of the more malignant GO pathology.

Mechanisms of Disease Induction by 
Susceptibility Genes

Mapping susceptibility genes for complex diseases can better 
our understanding of their pathogenesis. However, even when a 
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complex disease gene is mapped, unravelling the mechanisms 
underlying its association with disease is not straightforward. In 
contrast to classical monogenic diseases where a genetic muta-
tion usually inactivates a gene or causes unchecked activation of 
a gene, in complex diseases such as AITD the associated genetic 
variants may cause subtle changes in the function of one or more 
genes. Therefore, even when a gene associated with a complex dis-
ease is mapped it can be challenging to prove that a certain variant 
changes the function of the gene in a way that will promote the de-
velopment of the disease. However, considerable progress has been 
made in dissecting some of the mechanisms by which AITD asso-
ciated genes predispose to disease.

HLA

The mechanisms by which HLA associations confer disease suscep-
tibility in many autoimmune diseases are now well understood. For 
T cells to recognize and respond to an antigen they require inter-
action with a molecular complex consisting pf an antigenic peptide 
and an HLA class II molecule. It is thought that different HLA alleles 
have different affinities for peptides derived from the processing of 
autoantigens (e.g. such as Tg and the TSHR) and which are then rec-
ognized by T- cell receptors. Thus, certain alleles may have a preferen-
tial affinity for a particular autoantigen because the peptide is able to 
fit in the antigen binding groove inside the HLA molecule allowing 
it to be recognized by the T- cell receptor while other HLA molecules 
may not have the same binding pocket structure. This would deter-
mine if an autoimmune response to that antigen peptide will develop.

Studies have demonstrated that DRβ- Arg74 is a critical HLA- DR 
pocket amino acid associated with GD [52]. Position 74 of the DRβ 
chain is located in pocket 4 (P4) of the DR peptide- binding cleft. 
Structural modelling analysis demonstrated that the change at pos-
ition 74, from the common neutral amino acids (Ala or Gln) to a 
positively charged hydrophilic amino acid (Arg), significantly modi-
fied the three dimensional structure of the P4 peptide- binding pocket 
[52] thus altering the peptide- binding properties of the pocket and 
favouring peptides able to induce GD [52, 53]. A similar pocket HLA- 
DR amino acid signature has been strongly associated with HT [26].

For thyroid autoantigens to be presented by HLA molecules to 
T cells, a mechanism of autoantigen presentation must exist within 
the target tissue. One potential mechanism not utilizing profes-
sional APCs may be through aberrant expression of HLA class  II 
molecules on the target tissue cells. Indeed, thyroid epithelial cells 
from patients with AITD have been shown to express HLA class II 
antigen molecules which are normally expressed only on APCs such 
as macrophages and dendritic cells [54]. This aberrant expression 
of HLA molecules on thyroid cells, could initiate thyroid auto-
immunity via direct thyroid autoantigen presentation [54, 55].

CTLA- 4

CTLA- 4 is a negative regulator of T cells and a polymorphism that de-
creases CTLA- 4 function and/ or cell surface expression would cause 
enhanced T- cell activation potentially contributing to the develop-
ment of an autoimmune condition [45] as seen when treating pa-
tients with anti- CTLA- 4. Several CTLA- 4 variants have been analysed 
in detail for their effect on CTLA- 4 function and/ or expression and a 
comprehensive analysis of the CTLA- 4 gene locus reported that the 
CT60 SNP of CTLA- 4 (rs3087243) showed the strongest association 
with GD, suggesting that it might be the causative SNP [30].

CD40

CD40 is an important costimulator of T- cell activation associated 
with a number of autoimmune diseases. The CC genotype of a 
CD40 5’UTR SNP was shown to be associated with GD. This CD40 
SNP resides in a region which can influence the initiation of trans-
lation and, therefore, the expression of CD40. Indeed, the C- allele 
of the 5’UTR SNP was shown to increase the translation of CD40 
mRNA transcripts, by 20– 30% compared to the T- allele [56, 57]. At 
least two potential mechanisms can explain how the C- allele of the 
CD40 5’UTR SNP increases the risk for GD: (1) The C- allele may in-
crease CD40 expression and function on B cells, thereby potentially 
lowering the threshold of activation of thyroid autoreactive B cells; 
and/ or (2) The C- allele may increase the expression of CD40 in the 
thyroid gland itself [58, 59]. CD40 signalling in thyrocytes can result 
in cytokine secretion (e.g. IL- 6) [58]. Thus, overexpression of CD40 
on thyroid cells may, under certain conditions (e.g. infection), re-
sult in increased secretion of cytokines by thyroid cells causing 
local inflammation and activation of autoreactive T cells that were 
dormant or suppressed by peripheral regulatory mechanisms. This 
mechanism is known as a bystander mechanism of induction of 
autoimmunity and is seen in experimental thyroiditis [60]. Studies 
with transgenic mice overexpressing thyroid CD40 indicate that the 
development of GD after TSHR immunization was more profound 
confirming the potential role of this costimulator [61].

PTPN22

The lymphoid tyrosine phosphatase (LYP) encoded by the PTPN22 
gene belongs to a family of protein tyrosine phosphatases that are 
expressed in both immature and mature B-  and T- lymphocytes. 
LYP is a powerful inhibitor of the T- cell antigen receptor signalling 
pathway. LYP binds to the C terminal of the protein kinase, Csk, 
restricting the response to antigens by disrupting protein tyrosine 
phosphorylation events that control cell activation and differenti-
ation. This negative control mechanism prevents spontaneous T- cell 
activation [62].

The exact mechanism by which the associated R620W variant of 
the PTPN22 gene predisposes to autoimmunity is not known. The 
substitution of arginine with tryptophan at this position interferes 
with the interaction of LYP with Csk. In vitro experiments show that 
only LYP with arginine at position 620 forms a complex with Csk 
whereas LYP with tryptophan at this position binds less efficiently 
[63]. One study suggested that the tryptophan variant is a gain- of- 
function change that makes the protein an even stronger inhibitor of 
T cells [64]. Thus, the disease- associated tryptophan variant would 
be expected to suppress T- cell activation and proliferation. Reduced 
T- cell receptor signalling could lead to a tendency for self- reactive T 
cells to escape thymic deletion and thus remain in the periphery.

Thyroglobulin

Thyroglobulin (Tg) is a 660 kDA homodimeric protein that serves 
as a precursor and storehouse for thyroid hormones. Tg is one of the 
main targets of the immune response in both HT and GD and by im-
munization is able to induce experimental autoimmune thyroiditis 
(EAT) in a variety of animal models, most notably the mouse [65]. 
EAT, like HT is characterized by a diffuse cellular infiltrate of the 
thyroid with anti- Tg T- cell responses as well as high titres of Tg 
autoantibodies. This indicates that Tg is a critical thyroid- specific 
antigen involved in the aetiology of AITD.
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It is not surprising, therefore, that the Tg gene is an AITD suscep-
tibility gene [42, 45]. Three amino acid substitutions in Tg were first 
reported to be significantly associated with AITD [40] and several 
mechanisms have been postulated to explain the association. Clearly 
the presentation of a Tg peptide by APCs to T cells must be involved and 
since peptide antigens are presented within HLA class II molecules, as 
discussed earlier, this mechanism would imply that there exist a more 
potent interaction between certain Tg variant peptides related to the as-
sociated SNPs and certain HLA- DR variants in susceptible patients pre-
disposing them to AITD. This was shown for one such peptide which 
had a strong statistical interaction with the Arg74 polymorphism of 
HLA- DR, resulting in a high odds ratio of 15 for susceptibility to GD 
[66]. Supporting this hypothesis was a study which identified specific 
HLA- DR bound Tg peptides within the thyroid glands from Graves’ 
patients [67]. Moreover, studies in ‘humanized’ mice expressing HLA- 
DR3 have shown that certain Tg peptides can induce EAT in these mice 
[68]. Another variant in the Tg promoter (- 1623A/ G) was also found to 
be associated with AITD. Functional analysis showed that the nucleo-
tide substitution introduced by this Tg promoter SNP created a binding 
site for interferon regulatory factor- 1 (IRF- 1), causing up- regulating Tg 
promoter activity upon IRF- 1 binding [69]. These data suggest an at-
tractive mechanism for environmental– genetic interaction whereby 
during viral infections local production of interferon alpha can lead to 
upregulation of Tg transcription via IRF- 1 in individuals carrying the 
risk (G) allele of the Tg promoter SNP but not in individuals carrying 
the protective (A) allele.

TSH Receptor (TSHR)

All the TSHR SNPs which are consistently associated with GD are in-
tronic [46– 48]. Therefore, the mechanism by which they predispose 
to GD is more challenging to dissect. It has been postulated that these 
intronic SNPs may influence the expression of the TSHR through 
regulatory elements. For example, intrathymic TSHR expression 
was decreased in individuals homozygous for a particular associated 
SNP (rs12101261) compared with carriers of the disease- protective 
allele. Furthermore, such repression was enhanced by interferon 
alpha acting through an epigenetic mechanism [70]. Alternatively, 
SNPs may be associated with changes in the alternative splicing of 
the TSHR although how this alters the immune response is uncertain 
[71] but changes in thymic expression may be involved [72].

The X Chromosome

There are a number of possible mechanisms whereby the X chromo-
some could influence the development of AITD. One mechanism is 
probabilistic. Females have two X chromosomes (one paternal and 
one maternal) while males have only one X chromosome (maternal). 
Therefore, females are twice as likely to inherit an X chromosome 
AITD susceptibility gene as males. Several immune regulatory 
genes are located on the X chromosome including the FOXP3 gene 
which was associated with AITD in Caucasians [73]. FOXP3 is the 
master regulator gene of T regulatory cell differentiation hinting at 
a mechanism for the female preponderance of AITD.

Another possible mechanism involves X- inactivation. X- 
inactivation in females results in the production of two classes of 
cells that differ in the transcription of X- chromosome encoded 
genes including genes coding for self- antigens. If these two cell 
classes extend to the thymic cells responsible for tolerizing T cells 
in embryonic life, some lymphocytes may not be tolerized to one of 

the two self- antigens encoded by the X chromosome. Such lympho-
cytes would be autoreactive to that antigen and could induce an 
autoimmune response. Supporting this hypothesis are data showing 
skewing of X- inactivation in females with AITD [74– 76].

Conclusions

Genetic susceptibility plays an important role in the development of 
AITD. While significant progress has been made in identifying AITD 
susceptibility genes and understanding the mechanisms by which they 
confer risk for disease, their contribution to the genetic susceptibility 
is far from overwhelming suggesting other important genetic mech-
anisms must be involved. Intriguingly, the AITD susceptibility genes 
identified participate in the immunological synapse and/ or the signal-
ling pathways activated by the immunological synapse. The immuno-
logical synapse is the interface between antigen presenting cell and 
T- cell formed during antigen presentation. This finding, alone, sug-
gests that the genetic factors predisposing to AITD may lead to break-
down of tolerance by altering the immunological synapse.

Some of the AITD susceptibility genes identified so far are unique 
for GD or HT, while other are common to both conditions [40] 
and even type 1 diabetes [77] (Figure 3.2.1.7). Mechanistically, 
the AITD susceptibility genes can be divided into immune modu-
lating genes (HLA- DR, CD40, CTLA- 4, and PTPN22), and thyroid- 
specific genes (Tg and TSHR). Interactions between these genes 
may significantly increase the assigned risk [3] , for example with 
Tg and HLA- DR [66]. In addition, some genes, while exerting small 
effects in all patients, have a much stronger effect in subsets of pa-
tients [78]. Most importantly, identifying the AITD susceptibility 
genes and understanding the mechanisms by which they predispose 
to disease gives us a better understanding of the molecular mechan-
isms causing thyroid autoimmunity.
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Introduction

The hypothalamus– , pituitary– , thyroid– periphery (HPTP) axis 
has been known as a vulnerable target for environmental fac-
tors and nutritional agents since centuries. Goitrogenesis, hypo- , 
hyperthyroidism, tumorigenesis and autoimmune diseases of this 
gland have been linked to single or combined deficiencies of sev-
eral essential trace elements. Normal thyroid function depends 
on adequate and balanced availability of the essential trace elem-
ents iodine, selenium, iron, and the mineral zinc in the daily diet. 
Evolution of humankind has been suggested to closely follow coast 
lines and regions with high availability of iodine, the key element 
required for thyroid hormone (TH) synthesis [1– 4]. Involuntary or 
voluntary environmental or nutritive exposure to adverse factors 
and agents impairing TH synthesis, secretion, binding, transport, 
metabolism, and action (‘goitrogens’) contributes to development 
and persistence of thyroid disorders [5] . Especially conditions of 
iodine deficiency, still prevalent in many regions of our world, but 
also iodine excess [6], both of which might occur already during 
embryonal and fetal development, in newborns, adolescents, and 
adults provide the vulnerable platform for action of adverse agents, 
which might be well tolerated by a normally functioning, ‘quies-
cent’ thyroid gland with adequate iodine supply (see Chapters 3.2.3 
and 3.2.4). Compounds adversely affecting the HPTP axis belong 
to several chemical classes of food ingredients and environmental 
contaminants, but might also represent pharmaceutical drugs 
acting either directly on biomolecules comprising the HPTP axis 
or after modification by phase I  and/ or II drug metabolism (see 
Table 3.2.2.1). Apart from ingestion several agents reach their tar-
gets after inhalation (e.g. occupational exposure or smoking) or by 
dermal application (e.g. UV sunscreens).

Environmental factors such as temperature, light, altitude, and 
latitude of living as well as physical, emotional, and acute mental 
stress, diseases and adverse life events impinge on normal HPTP 
function (Box 3.2.2.1) [7] . Very recently, it has been suggested that 
the worldwide pandemic of diseases associated with changes in in-
dustrialized and developing countries, such as obesity, diabetes, 
and metabolic syndrome, is linked to inadequate iodine supply and 
altered TH homeostasis during development by epigenetic mech-
anisms [6– 13]. Current conditions in industrialized westernized  

countries are characterized by the permanent availability and 
overconsumption of energy- rich, fibre- poor, semi- processed, in-
dustrialized, enhanced, fortified, or even ‘novel food’, sedentary life-
style, lack of sufficient mobility and physical activity, all of which 
impinge on hormonal homeostasis that is mainly integrated at the 
hypothalamic level involving thyrotropin- releasing- hormone pro-
ducing neurons. It is becoming apparent that not only starvation, 
fasting, and protein- calorie malnutrition in developing countries 
but also overfeeding with hypercaloric, energy- dense food and 
obesity in Western- style regions can lead to inadequate intake of 
micronutrients (minerals, vitamins, and secondary metabolites of 
plants), so- called hidden hunger. In addition, active and passive 
smoking, wellness- , neuroenhancement- , lifestyle- , fashion- , and 
psychodrugs and narcotics have strong impact on TH synthesis, se-
cretion, and action.

Impaired thyroid function has also been observed after con-
sumption of protein- restricted diets, as recommended for patients 
with phenylketonuria or milder hyperphenylalaninaemias, where 
adequate iodide supply is essential to compensate for possible ad-
verse effects on TH synthesis and metabolism [14]. Various staple 
foods, if inadequately processed or preserved, contain efficient 
goitrogens (e.g. linamarin, goitrin), which release (iso- )thiocyanate, 
potent inhibitors of NIS- mediated iodide uptake by thyrocytes 
and— at higher concentrations— also act as effective blockers of 
thyroperoxidase (TPO), if iodide supply is inadequate.

This chapter will summarize established data for humans, discuss 
recent findings and possible risk factors identified from exposure 
data of human subgroups, epidemiology, and selected findings in 
experimental animal models accepted as relevant for human risk 
analysis. Figure 3.2.2.1 illustrates currently identified targets of 
the HPTP axes for environmental agents. Issues of iodine defi-
ciency and excess, pharmaceutical drugs, and radioactive isotopes 
interfering with the thyroid axis will be discussed elsewhere in this 
volume. It is quite obvious that adverse effects of nutritional and 
environmental agents on the human TH axis can only be deduced 
and extrapolated from occupational exposure data, epidemiological 
observations, mainly retrospective analysis, but not from inter-
ventional studies or very rarely from prospective or blinded trials. 
However, for many of these observational and epidemiological ob-
servations solid interventional studies have been made from appro-
priate validated animal experimental studies, which clearly provide 
mechanistic insight and allow conclusions on cause– effect relation-
ships also for adverse human health effects.

Various mechanisms for interference of environment with the 
HPTP axis have been identified, such as:

 • Reversible or irreversible competition with ligand binding sites of 
the TH axis

 • Interference with or alterations of the feedback setpoints, which 
can already occur in the pre-  and early postnatal phase

 • Classic ‘goitrogenesis’ by impaired hormone synthesis
 • Disturbance of serum hormone binding, tissue distribution, cel-

lular uptake, metabolism, and action

Many of these disturbances may be initially compensated by the 
complex regulatory network of the axis, which is characterized by 
multiply redundant and fail- safe feedback mechanisms and a high 
degree of plasticity and adaptation to the environment. However, 
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Table 3.2.2.1 Agents and compounds interfering with the HPTP axis

Compounds Source and occurrence Mechanism of action Effects Reference(s)

Environmental

Perchlorate Solid rocket and missile fuel; 
air bags

Inhibition of NIS Goitrogenic [16– 27]

Phthalate esters Daily life and medical 
products

? ? [59, 73, 74]

Polychlorinated (PCB) and 
polybrominated
(PBB) biphenyls

Chemicals; daily life products; 
flame retardants; fracking

TH transport, uptake, 
metabolism; T3 receptor 
binding

[7, 48, 49, 51– 58, 72, 109]

Dioxins (TCDD) and furans Unintentionally produced  
by- products, pyrolysis

TH transport, uptake, 
metabolism

[46, 47, 54– 58]

Polycyclic aromatic 
hydrocarbons PAH)

Chemicals [104, 109]

(Poly- )Phenols,
bisphenol A (BPA)

Plasticizer in daily life 
products

Multiple actions [63– 71]

Nitrate;
nitrite

Fertilizers;
food preserver

NIS inhibitors Goitrogenic [22, 25, 28, 29]

UV screens
(4- MBC, BP2– 4)

Sunscreens in cosmetics, daily 
life products

NIS expression
TPO inhibitors

Goitrogenic [5, 29]

Tobacco and cigar smoke Goitrogens Inhibition of TH synthesis, 
metabolism, and action

Goitrogenic,
Strongest risk factor for 
Graves’ disease; might prevent 
Hashimoto’s thyroiditis?
Altered maternal and fetal 
thyroid function

[34– 39]

Nutritive

Various goitrogens Staple food, vegetables, 
inappropriately processed 
food

TPO inhibitor Goitrogenic [31, 32]

Linamarin, goitrin, various 
glycosides

Staple food (Cassava), 
vegetables (Cruciferae)

TPO inhibitor Goitrogenic [31]

Flavonoids (polyphenols),
silychristin

TPO inhibitors
TTR competitors,
MCT8 inhibitors

Goitrogenic [5, 105]

Polyhydroxyphenols and 
phenol derivatives

[59]

Sulphurated organics,
(Iso- )thiocyanate,
cyanide, thio- oxazolidone 
(goitrin)

Nutritive goitrogen
Tobacco smoke

NIS inhibitor
TPO inhibitor at higher 
concentration

Goitrogenic [17, 22, 31, 34, 42]

aliphatic disulphides Onions, garlic;
Water contaminated from 
coal mining

TPO inhibitors Goitrogenic [31]

Humic acids Ground and drinking water Interference with TH synthesis Goitrogenic [44, 45]

Deficiencies in trace elements and minerals

Selenium deficiency Seafood and red meat Essential trace element for TH 
synthesis and metabolism

Goitrogenic [94– 96]

Iron deficiency Protein malnutrition
Genetic predisposition

Essential trace element for 
TH biosynthesis, inadequate 
function of the haemoprotein 
TPO for TH biosynthesis

[96, 106]

Zn deficiency [107]

Pharmaceuticals

Lithium Antidepressant Inhibition of TH secretion Goitrogenic [108]

Iodinated agents Oral bile duct X- ray contrast 
agents (e.g. iopanoate); 
antiarrhythmic drug 
amiodarone

TR antagonist Hypothyroidism [80– 82]
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long- term exposure to low dose or acute challenge by adverse agents 
may overstrain the HPTP axis especially under conditions of inad-
equate iodine supply or during vulnerable phases of the individual’s 
life (development, pregnancy, and lactation, non- thyroidal disease) 
and thus create harm or disease. There are clear ‘windows of suscep-
tibility’ to irreversible disruption of the HPTP axis and its setpoints 
(e.g. during early intrauterine development, adolescence, puberty, 
and adult life) [13, 15].

Adverse effects of Various Agents on HPTP Axis

Perchlorate

Perchlorate, similar to pertechnetate, perrhenate, astatine and 
(iso- )thiocyanate, is a voluminous anion and relevant substrate 
for the sodium- iodide symporter (NIS) [16], which is located in 

the basolateral membrane of thyrocytes but also in the lactating 
mammary gland, salivary gland and several internal epithelial 
structures (gastric mucosa, lung epithelium, etc.). These anions 
effectively compete for the essential iodide uptake (Table 3.2.2.2) 
but are not organified in thyroglobulin (Tg) by the haemoprotein 
thyroperoxidase (TPO). Thus, perchlorate has been even used 
as efficient pharmaceutical to treat hyperthyroidism and to block 
unwanted (radio- )iodide uptake into the gland or for the diag-
nostic perchlorate discharge test, performed to identify iodide 
organification defects. Hypothyroidism can be obtained by regular 
administration of doses of 0.4  mg/ kg body weight per day, while 
reference doses, where no appreciable risk can be observed for 
human populations, are in the range of 0.7 µg/ kg/ day. Thiocyanate 
or nitrate are less potent by a factor of 15 or 240, respectively [17]. 
Recently, reports have been emerging on increasing contamination 
of surface land and water by potassium or ammonium perchlorate 
around areas close to civil or military plants as well as installations 
producing and handling rockets, missiles, ammunitions, and fire-
works. Potassium and ammonium perchlorate are increasingly 
used and widely distributed over our planet as rocket and missile 
fuel waste and are extremely stable and poorly degraded in envir-
onment. Other perchlorate salts are used as oxidizers, electrolytes 
and in various technical processes [18]. Concerns have been raised 
and published whether this increasing contamination of surface soil 
and drinking water might negatively impact on thyroid function of 
exposed populations, especially babies, children and adolescents 
[19– 22], who still have limited capacity and reserve to synthesize 
and store iodinated thyroglobulin. In contrast, adults, whose fol-
licular colloid thyroglobulin stores might last for up to 3 months, 
if adequately supplied with iodide before interference, might be 
less vulnerable except during pregnancy or lactation, where iodine 
demands are increased. This controversial issue is subject of sev-
eral ongoing surveys by environmental and regulatory authorities, 
but for the moment no clear evidence for risk assessment is avail-
able. However, perchlorate concentrations in drinking water of ex-
posed areas have been determined which are in the range or even 
exceed recommendations by regulatory authorities. Observations 
in workers regularly exposed to airborne perchlorate provided no 
evidence for adverse effects, but individuals with inadequate iodide 
intake, exposed to other environmental NIS inhibitors or belonging 
to other susceptible risk groups might experience negative conse-
quences of long- term perchlorate exposure by drinking water with 
perchlorate concentrations in the range of the discussed US refer-
ence doses (US Environmental Protection Agency reference dose 
0.7 µg/ kg body weight per day) [17, 20].

Perchlorate exposure leads to increased urinary iodine excretion 
due to the blocking of thyroidal uptake [23] and perchlorate has 
been found in mothers’ and cows’ milk, generating a risk for babies 
and children with inadequate iodide supply. A  longitudinal study 
in pregnant women exposed to different perchlorate concentra-
tions in drinking water during pregnancy and lactation revealed no 
changes in thyroid status and function or adverse effects in mothers 
and newborns [24], but several recent studies report on changes in 
maternal thyroid status and effects on their offspring [19– 22, 25].

Exposure of tadpoles and adult African clawed frog Xenopus 
laevis to perchlorate impairs amphibian metamorphosis and thy-
roid function of these model organisms, which might serve as a 

Box 3.2.2.1 Environmental agents and factors interfering 
with hypothalamus– pituitary– thyroid– periphery axis

• Light, day– night rhythm (shift workers)
• Latitude of living
• Ambient temperature
• Drinking water, food, nutritional components (voluntarily or 

involuntarily exposure)
• Inappropriately processed food: goitrogens
• Diets (vegetarian, vegan, or macrobiotics with inadequate iodide, 

selenium, iron, zinc and retinol content)
• Diet containing constituents with goitrogenic effects under 

conditions of inadequate iodide intake
• Environmental emissions and exposure: inhalation of aerosol, 

‘particulate matter’ and nanoparticles
• Industrial contaminants
• Agricultural environmental agents
• UV filters and UV screens

Figure 3.2.2.1 Hypothalamus– pituitary– thyroid– periphery (HPTP) axis, 
hormonal feedback regulation, and interference by inhibitors.
PAH, polycyclic aromatic hydrocarbons; PCB, polychlorinated biphenyls; RXR, 
retinoid X receptor.
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very sensitive biomarker for monitoring purposes of several com-
pensatory and also adverse effects caused by environmental ex-
posure to goitrogens such as perchlorate and others; interspecies 
differences for adverse effects in amphibians, rodents and humans 
have not been ruled out [26]. These studies indicate that aquatic 
life forms might already be affected by environmental agents, 
while humans and terrestrial animals might still be able to com-
pensate or adapt to some extent as long as the concentrations of 
goitrogens are not excessive. Issues related to extrapolations of ro-
dent studies with perchlorate for human iodide and TH kinetics 
and possible risk assessments have been extensively studied and 
discussed [27].

nitrate

A continuously increased world population requires enhanced 
efforts for production of sufficient food and this is achieved by 
enhanced use of nitrogen containing fertilizers in agricultural pro-
duction. Nitrate and nitrite contamination of ground, surface, and 
drinking water as well as many food products, especially veget-
ables, is the downside of this development. Nitrite and nitrate are 
also widely used as preservatives for fish and meat. Nitrate effi-
ciently interferes with NIS catalysed iodide uptake and represents 
a relevant goitrogen especially in children exposed to drinking 
water containing 100  mg/ L or more nitrate [28]. In highly con-
taminated or nutritionally exposed areas, the goitrogenic effects 
of nitrate/ nitrite cannot be neglected, but adequate iodide supply 
might prevent such an adverse effect and subchronic exposure 
(15 µg/ kg body weight for 28 d in volunteers) appears to be tol-
erable in humans with respect to thyroid function [29]. Whether 
 nitrate also directly interferes with TPO or thyroid oxidase 
(DUOX) is unclear.

Nitric oxide (NO, identified as prostacyclin and endothelium- 
derived hyperpolarizing factor) is a powerful signalling molecule 
activating guanylate cyclase and cGMP production in the vas-
cular system and thyrocytes and acts as a potent inhibitor of TH 

synthesis and function [30]. Whether pharmaceuticals generating 
NO, which is also endogenously produced in the thyroid by NO 
synthase isoenzymes, have adverse or therapeutic effects on thy-
roid function in hyperthyroidism remains to be analysed [30]. 
Adverse nitrate effects on maternal thyroid function during preg-
nancy as well as on size of newborns has been reported in studies, 
which included relatively limited numbers of pregnant women 
(week 12, n = 284) [22] or mother– child pairs (n = 107) exposed 
to several agents [25].

Goitrin, Thiocyanate, and Smoking

This voluminous anion and its related structural isomer iso-
thiocyanate are both potent iodide competitors for NIS, at 
higher concentrations thiocyanate also inhibits TPO by acting as 
pseudosubstrate. Both agents are formed by metabolic pathways 
from cyanogenic glucosides or thioglucosides from plant origin, 
 respectively. Plant and (bacterial) glucosidases in the gut cleave these 
glucosides, and release cyanide, which is converted to  thiocyanate, 
or isothiocyanate. ‘Goitrin’ (L- 5- vinyl- 2- thio- oxazolidone), iso-
lated from yellow turnips and from Brassica seeds, is a potent 
antithyroid compound and thiocyanate is also endogenously re-
leased from linamarin, a cyanogenic glucoside present particu-
larly in the tuberous roots of the staple food cassava [31]. Goitrin, 
a goitrogen as potent as propylthiouracil (PTU), is not degraded 
like thioglycosides. Relevant sources for such goitrogens are the 
Brassicacea (e.g. cabbage, broccoli, cauliflower, Brussels sprouts), 
Cruciferaceae, Compositae, and Umbelliferae, but food content 
of these adverse metabolites strongly depends on adequate pro-
cessing by cooking, hydrolysis, and preservation. Exposure to these 
goitrogens, monitored by urinary excretion of (iso- ) thiocyanate, is 
a major problem in developing countries, where inadequate eco-
nomic and social life conditions or energy resources prevent cor-
rect processing of these staple foods such as cassava, sweet potatoes, 
lima beans, sorghum, pearl millet, and corn representing the main 
source for carbohydrates. Especially, concomitant iodide deficiency 

Table 3.2.2.2 Synthesis of thyroid hormones by follicular thyrocyte epithelial cells, storage of iodinated thyroglobulin in colloidal space 
and secretion of thyroid hormones is affected by environmental and nutritive agents

Reaction contributing to thyroid hormone biosynthesis Interfering compound

Basolateral iodide uptake by NIS Perchlorate, (iso- ) thiocyanate; 4- MBC

Apical export by pendrin (PDS) ?

Synthesis and apical secretion of Tg ?

Synthesis and apical insertion of TPO and DUOX Iron, ?

NADPH- dependent production of H2O2 by DUOX ?

Iodide oxidation, iodination of Tg- tyrosyl residues Goitrogens, goitrin

Coupling of Tg iodotyrosine residues to iodothyronines is catalyzed by TPO using H2O2 as cosubstrate BP-2–4

Polymerization and deposition of iodinated Tg in colloid ?

Micropinocytosis, reduction, and proteoloysis of Tg in secondary lysosomes ?

Release of thyroid hormones T4 and T3 into the blood by the transporter MCT8 Silychristin

Dehalogenation of DIT and MIT and re- utilization of iodide for thyroid hormone biosynthesis 3- nitro- L- tyrosine (MNT)

Secretion of pGPx (GPx- 3) into the colloidal space for degradation of excess H2O2 Selenium, ?

DIT, diiodotyrosine; DUOX, dual oxidase; MIT, monoiodotyrosine; NIS, sodium- iodide symporter; PDS, pendrin; Tg, thyroglobulin; TPO, thyroid peroxidase.
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and protein malnutrition leading to inadequate iron supply can ex-
aggerate this problem for risk groups such as pregnant and lactating 
women, infants, children, and adolescents. In the thyroid thio-
cyanate is metabolized to sulphate and thus does not accumulate. 
Probably, thiocyanate and goitrin in plant derived nutrients may 
play a minor role in impairing thyroid function in societies with 
adequate iodine intake [32], but overzealous unbalanced human 
vegetarian diets might cause adverse effects well known also from 
life stock production.

Thiocyanate and isothiocyanate exposure is also of relevance 
in western countries as recently documented [33] for nutritional 
sources but especially also for tobacco smokers, which inhale sig-
nificant amounts of these goitrogens together with other adverse 
agents. Up to fourfold increased thiocyanate concentrations were 
determined in breast milk of breast feeding mothers who smoked 
and this was associated with up to two fold decreases in iodide con-
tent, the combination of which amplified the goitrogenic risk for 
the baby [34]. Further adverse constellations might be observed if 
nutritional and environmental exposures to combinations several 
of these goitrogens add to or amplify the risk and potential damage 
to the TH homeostasis. Altered maternal and fetal thyroid function 
has been reported for mothers who smoke [35] and smoking is one 
of the strongest risk factors for progress and severity of Graves’ dis-
ease. Conversely smoking reduces anti- TPO and antithyroglobulin 
antibody titres and might reduce incidence of Hashimoto’s 
thyroiditis by mechanisms not understood so far [36, 37]. Smoking 
is also a risk factor for goitrogenesis, even under improved iodide 
supply [36– 39].

Tolerable exposure limits recommended by environmental and 
health authorities and goitrogen contents of nutrients and foods 
strongly vary even by orders of magnitude in different regions, 
countries, and continents of our globe. As several of these environ-
mental or nutritive exposures cannot be modified by exposed indi-
viduals it is more than necessary to warrant adequate iodide intake 
for the whole population, and especially for risk groups [17, 19, 22, 
32, 40– 42].

Gaitan et al. have reported on the occurrence of small aliphatic 
disulphides (R- S- S- R; R = methyl- , ethyl- , n- propyl, phenyl- ), which 
are goitrogens inhibiting iodide organification catalysed by TPO. 
These compounds occur in some vegetables (onion and garlic), well 
water, sedimentary rocks and as water contaminants in aqueous ef-
fluents from coal- conversion processes [43]. Humic acids, another 
coal or plant origin contaminant of well and drinking water, have 
also been identified as goitrogens, but again their effect is only ob-
served when there is inadequate iodide supply, at least in animal 
experimental models [44]. Iodine may be bound to such humic 
substances in drinking water from natural wells but seems to be 
bioavailable [45].

environmental Chemicals

The remarkable progress of worldwide industrialization, expanded 
and intensified agricultural and (semi- )industrial production of nu-
trients and food, and the tremendous increase in quality of life asso-
ciated with longevity had and continues to have a major impact on 
our environment, which raises several concerns. Especially the syn-
thesis, use, and dissemination of ten- thousands of new chemicals 

and compounds, some of which are produced at high tonnage world-
wide and are persistent chemicals, have introduced new agents into 
our environment some of which interfere with the hormone system, 
including the thyroid. Several candidate agents with relevance to the 
HPTP axis have been identified from effects in wildlife including 
aquatic life forms and for some compounds adverse effects on thy-
roid morphology, structure, function, and TH status have already 
been described. Among those are polychlorinated (polychlorinated 
biphenyls (PCBs), hexachlorobenzene (HCB), organochlorines) 
and polybrominated (polybrominated diphenyl ethers (PBDE)) 
aromatic and phenolic (resorcinol, bisphenol A (BPA)) compounds, 
chlorinated furans such as dioxin derivatives, polyphenolic hydro-
carbons, phthalates, pyridines, and others (see Table 3.2.2.3 for 
selected compounds and their main characteristics).

The Seveso accident in 1976 releasing highly persistent 2,3,7,8- 
tetrachloro- dibenzo- p- dioxin (TCDD) created a first caesura, 
shortly followed by Bhopal, India in 1984, Basel 1986, and several 
other accidents, which raised awareness of the issue of endocrine 
disrupting compounds (EDC) which have not only immediate toxic 
effects but might act in a transgenerational way including epigenetic 
mechanisms of action (Box 3.2.2.2).

Maternal exposure to TCDD and related compounds in the 
Seveso area has been linked to markedly elevated neonatal thyroid- 
stimulating hormone (TSH) blood levels in the inner versus the 
marginally affected and the control area [46] in the affected off-
spring after the accident. This still controversial data, although 
correlated with current plasma concentrations of TCDD and co-
planar dioxin- like compounds, suggests long- lasting impact of 
such contamination both for the immediately exposed population 
and for the subsequent generation. A follow- up analysis of women 
in premenarche at the accident later on observed an inverse asso-
ciation between serum tetrachlorodibenzo- p- dioxin (TCCD) and 
total T4 concentrations measured shortly after the accident but not 
the other TH parameters analysed in 2008 [47]. Elevated neonatal 
TSH is a well- accepted biomarker for fetal hypothyroidism and 
used in the worldwide highly successful screening programmes 
for congenital hypothyroidism. Increased thyroid volume, ele-
vated prevalence of antibodies against TPO and the TSH receptor 
associated with impaired fasting glucose, was also reported for the 
young adult offspring of mothers exposed and living in a highly 
polluted area in eastern Slovakia, where a mix of organochlorines 
(PCBs, dichlorodiphenyldichloroethylene (DDE), HCB) can still 
be detected in the exposed inhabitants, albeit at lower levels in 
the young adults compared to their parents, but still higher than 
in a control region [48, 49]. Again, these data were discussed in 
the context of a transgenerational adverse effect on the HPTP and 
other endocrine feedback circuits, and convincing evidence for an 
altered HPTP axis seems obvious for the total exposed population 
of that region.

A major human biomonitoring programme was initiated in 
2002 in a heavily industrialized and populated area in Flanders, 
Belgium. Results from this carefully conceived analysis, including 
internal exposure to various EDC and agents, revealed among 
other alterations of hormonal parameters, effects on the serum 
TH levels (e.g. lowered TSH, and elevated free triiodothyronine) 
[50]. TH serum profiles were also found to be altered in adolescent 
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from the Akwesasne Mohawk Nation living in a PCB exposed area 
[12]. Different relationships were observed for different PCB con-
geners, HCB, and DDE versus TSH and free thyroxine (T4) levels, 
with breast milk feeding modulating these interactions. Although 

only a small group of adolescents had been analysed, the authors 
interpret their findings as evidence for prenatal impact of ex-
posure to these EDC on long- lasting alterations of the setpoints 
of the HPTP axis, in agreement with several other recent studies 
in exposed regions. Apparently small amounts of selected per-
sisting EDC present during fetal, postnatal, and pubertal develop-
ment might lead to adverse effects on the HPTP axis via epigenetic 
mechanisms. Whether these mechanisms manifest only in certain 
subpopulations, susceptible or genetically predisposed subgroups 
or individuals remain to be studied in more detail. Nevertheless, 
even subtle alterations of the HPTP axis will have major impact on 
brain development, IQ, long- term metabolic and age- related dis-
ease risks during life- course due to the pleiotropic nature of TH 
action and feedback regulation (Box 3.2.2.3) [51– 53].

Recently, first results from the large Hokkaido Birth Cohort Study 
on Environment and Children’s Health revealed complex associations 
of prenatal exposure to PCDD/ PCDFs and PCBs with maternal and 
infant TH concentrations in multiple regression analysis with some 
hints towards elevated neonatal free T4 in boys [54] but no infor-
mation on developmental outcome is yet available. Several of these 
agents are known to activate aryl hydrocarbon receptor- mediated 
gene expression (e.g. of various cytochrome P450 enzymes).

As there are trends for direct relationships between blood, tissue, 
adipose tissue, whole body or breast milk contents for TCDD, 

Table 3.2.2.3 Representative examples of nutritive and environmental agents interfering with the hypothalamus– pituitary– thyroid- periphery 
axis (HPTP axis)

Chemical 
structure

Compound name IUPAC MW Typical use

Goitrin, DL- goitrin 5- ethenyl- 1,3- oxazolidine- 2- thione 129 Contained in food, goitrogen

Arochlor 1254 1,2,3- trichloro- 4- (2,3- dichlorophenyl)benzene 326 Antithyroid agent, pesticide

Tetradioxin; dioxin 2,3,7,8- tetrachlorooxanthrene 322 Insecticide, teratogen

Minocycline (2Z,4S,4aS,5aR,12aS)-   2-   [amino(hydroxy)methylidene]-   4,7-    
bis(dimethylamino)-   10,11,12a-   trihydroxy-   4a,5,5a,6-   tetrahydro-     
4H-   tetracene-   1,3,12-   trione

457 Antibacterial agent

Bisphenol A; 
diphenylolpropane

4- [2- (4- hydroxyphenyl)propan- 2- yl]phenol 228 ‘Free radical scavenger’

Dibutyl phthalate dibutyl benzene- 1,2- dicarboxylate 278 Plasticizer

Benzophenone- 2;   
Uvinul D- 50

bis(2,4- dihydroxyphenyl) methanone 246 UV screen

Enzacamene; Neo 
Heliopan MBC;   
Eusolex 63

(3E)- 1,7,7- trimethyl- 3- [(4- methylphenyl)methylidene]bicyclo[2.2.1]
heptan- 2

254 UV screen

Box 3.2.2.2 Mechanisms of adverse action 
of environmental and nutritive agents interfering 
with hypothalamus– pituitary– thyroid– periphery axis

Thyroid hormone synthesis, secretion, distribution, transport, uptake, 
metabolism, action

Known targets:

Thyroid: TSHr, NIS, TPO, DUOX, dehalogenase
Serum: transthyretin, albumin, TBG, lipoproteins
Target cells: transmembrane transporters, deiodinases, conjugating 

enzymes, T3 receptors
Possible targets: TRH, TRH receptor, TRH degrading 

ectoenzyme, TSH, dehalogenase, cathepsins, cellular uptake 
systems: MCT8, MCT10, OATP14, LAT2

Known mechanisms: direct competition (reversible, irreversible) 
for TH protein binding sites, inactivation of essential protein 
components of the HPTP axis (e.g. heavy metals, toxins)

Probable mechanisms: epigenetic effects

Age-  and life phase- dependent actions: developmental, teratogenic, in 
utero, pregnancy, lactation,
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polychlorinated dibenzofurans (PCDF), PCB congeners, and other 
related EDC to impaired thyroid function especially in babies, chil-
dren and young adults [54– 58], there is not only need for moni-
toring and further research of potential long- term damage, but 
again the urgent necessity to warrant adequate iodide intake in 
these areas. This precaution might reduce the risk for the HPTP axis 
by EDC exposure and contamination. Even under such conditions 
breast feeding should be considered, provided the mother adapts 
her iodine intake not only to pregnancy and lactation but also to her 
elevated EDC contamination, transferred into milk.

PCBs are environmental persistent, some of their more than 200 
congeners show bioaccumulation in adipose tissue and exhibit high 
structural similarity to TH. This is reflected by their strong competi-
tion of TH binding to serum transthyretin but also significant com-
petition for T3 binding to T3 receptors as demonstrated by in vitro, 
cellular, and intact animal experimental models. Whether these 
mechanistically plausible effects, which are however associated with 
divergent findings on serum TH status of affected humans, will also 
have impact on functionally relevant readouts and biomarkers, re-
mains to be analysed in long- term studies in larger cohorts.

Recently several highly sensitive, powerful, and sophisticated 
high- throughput in vitro screening systems have been established, 
validated, and are currently used in research. They are also applied 
for biomonitoring by environmental authorities and allow for de-
tailed analysis of terrestrial and aquatic environment, food com-
ponents, nutrition, and occupational exposure with respect to 
endpoints of interference of EDC with TH synthesis, metabolism 
and action [26, 51, 59– 62].

The ‘xenoestrogen’ BPA, recently receiving much scientific and 
public attention among the most controversial compounds, is a rele-
vant antagonistic ligand for T3 receptor and might affect modulation 
of T3- responsive genes. BPA, an agent used as plasticizer in daily life 
articles from polycarbonate baby bottles, food can inner linings, to 
cosmetic and dental products, is currently intensively analysed as 
a potent EDC not only for the thyroid but also the hypothalamus– 
pituitary– gonadal (HPG) axis [13, 63– 65]. Some companies stopped 
already using the compound in baby products. Animal experimental 
studies suggest immediate and also transgenerational BPA effects 
including interference with sex differentiation. As long as only few 
accepted data exist on critical BPA leakage and human exposure 
levels during various life phases caution should be taken in further 

expanding the use of this compound in human daily life. BPA has 
clear adverse effects on several components of the HPTP axis in 
experimental in vitro and in vivo models and is a powerful EDC 
inhibiting several T3- regulated pathways in vertebrate development 
as analysed in the excellent premetamorphic Xenopus laevis model 
[66]. These observations add complexity to the analysis of adverse 
effects and necessary risk assessment because BPA in the scientific 
and public discussion was mainly considered to be a ‘xenoestrogenic’ 
compound with impact on development, differentiation, and func-
tion of the HPG axis. Findings like this and related observations of 
EDC affecting more than one endocrine axis with rather distinct de-
velopmental windows of susceptibility to even very low doses of the 
compounds led to new initiatives, motions and approaches how to 
analyse such EDC effects that will probably rarely be detected with 
classical approaches of toxicology focusing on serum parameters, 
morphology, linear dose- response relationships and toxicological 
endpoints [63]. It should not be forgotten that relevant species dif-
ferences for the HPG axis require careful analysis of potential human 
impact of findings in non- human in vitro and animal experimental 
models. BPA at human relevant concentrations interferes with TH 
metabolism in pregnant ewes, which represent a valuable model for 
interference of EDC with maternal– fetal TH communication and 
more detailed analysis of mechanism involved [67]. Associations be-
tween BPA exposure and altered TH parameters or tissue structure 
have been reported for Chinese school children [68], adult or preg-
nant women [69– 71] and their offspring in studies analysing EDC 
exposure at single or repeated time points, but mainly single agents 
such as BPA and not complex EDC mixtures have been analysed.

Similar considerations apply for the various phthalates in use 
which have already created a worldwide significant exposure level 
in humans. Here only very few data have been collected for their 
interference with the HPTP axis, but most studies indicate relevant 
interference with TH levels in children, pregnant women, and adult 
individuals [13, 71– 74]. The detailed mode of action remains unclear 
so far as the wide number of phthalate congeners and their metabol-
ites poses major analytical problems for clear cause– effect analysis.

Also, for another group of persistent organohalogen pollutants, 
the perfluorinated compounds, which are markedly enriched in 
aquatic food chain, interference with the HPTP axis has been shown 
in environmental, nutritional, and occupational exposure analysis. 
Perfluorinated compounds are structurally related to free fatty acids 
and thus bind to albumin in the blood, thereby competing with TH 
and interfering with TH bioavailability to target tissues. While at 
high occupational exposures altered TH serum parameters were re-
ported so far no clinical evidence for disturbed TH status in humans 
is evident [53, 75– 77]. However, as exposure to perfluorinated agents 
increases globally this issue will remain on the agenda.

Pharmaceuticals and Drugs

Thyroid is a Sensitive Target of Side effects 
of Various Drugs

Many drugs are known to interact with the thyroid gland or with com-
ponents involved in the function and regulation of the HPTP axis. 
In toxicology departments of pharmaceutical industries, the thyroid 
gland is a well- known problematic target for adverse or toxic side ef-
fects of new pharmaceuticals. It is estimated that up to one- third of 

Box 3.2.2.3 Current research concepts and paradigms 
for analysis of endocrine disruptor- like effects 
of hypothalamus– pituitary– thyroid– periphery axis

• Convergence of EDC effects on neural and endocrine targets in 
hypothalamus

• Neuroendocrine regulation and organizational units of hypothalamus
• Timing of EDC exposure is key to its ultimate effects, windows of 

susceptibility, life- course specific effects
• Transgenerational effects of EDC: both personal and parental 

exposure is relevant
• Analysis of subpopulations with high accidental or occupational 

exposure or (genetically) predisposed vulnerability
• Epidemiological analysis of consumer and occupationally exposed 

groups
• Impact of subtle thyroid axis alterations on pre-  and postnatal 

development and long- term ageing- associated risks
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newly developed compounds, especially aromatic and polycyclic 
compounds, fail the acute or chronic toxicity screening test batteries 
due to their side effects leading to alterations of thyroid morphology, 
goitrogenesis, development of thyroid tumours or merely to changes of 
serum TSH and/ or TH concentrations. The reason for this is not com-
pletely understood, but the permanent, lifelong H2O2 production by 
thyroid follicles catalysed by the NADPH- dependent DUOX, as well 
as peroxide consumption by TPO for iodide oxidation, organification, 
and TH synthesis on the thyroglobulin scaffold might be the major 
cause. Compounds accumulating in the thyroid and its luminal colloid 
might be exposed to H2O2, be chemically modified by oxidative pro-
cesses, and be deposited there or damage the follicles. One illustrative 
example might be the incidentally rare observation of ‘black thyroid’ 
syndrome, which is a tetracycline (especially minocycline)- induced 
asymptomatic discolouration of the thyroid gland probably related to 
TPO- induced oxidation of the tetracycline [78].

Benzofurans

The powerful benzofuran drugs amiodarone and dronedarone are 
widely used for treating resistant tachyarrhythmia. Apart from their 
target molecules in the heart, these drugs, the active metabolite 
desethylamiodarone and other derivatives are potent antagonistic lig-
ands for the T3 receptor and inhibitors for the Dio enzymes (Figure 
3.2.2.2). However, dibutyl- dronedarone acts as a selective T3 receptor 
α1 antagonist (see Chapter 3.3.12). Therefore, chronic administration 
leads to impaired thyroid function with a clear cumulative dose asso-
ciated increase in risk. The drugs are substantially accumulated in the 
thyroid, which in addition to the high iodine content of amiodarone 
(between 3 and 20 mg iodide are released per day into the blood) ex-
plains their prominent disturbance of thyroid function [79, 80]. Not 
only the iodide contamination associated with the administration of 
the drug but also the thyroid accumulation of the drug might lead to 
the severe structural defects of the gland and follicles seen in some 
patients treated with amiodarone [80, 81]. Therefore, the new iodine- 
free alternative dronedarone raises high interest as no comparable 
thyroid- related effects are reported such as inhibition of deiodinase, 
binding to T3 receptor, or thyroid accumulation. The adverse effects 
with respect to iodide contamination of other iodinated drugs such 
as the iodinated oral bile X- ray contrast agents iopanoate and its con-
geners [82], will be discussed elsewhere in this volume.

UV Screens in Cosmetics and Daily Life Products

A further representative example of a group of EDC with relevance 
for the HPTP axis are widely used UV screens, filters, or absorbers. 
These are ubiquitous components of various plastic materials of our 
daily life which have to be protected from UV damage; they are also 
contained in sunscreens and various cosmetics such as lip sticks or 
body lotions. Octyl methoxycinnamate (OMC) is one of the most 
commonly used filters. UV screens may contain up to 10 % (w/ w) of 
typical compounds such as 4- methylbenzylidene camphor (4- MBC) 
and benzophenones 1– 4 and related products. Typical administra-
tion of the UV filters leads to measurable serum concentrations in 
the submicromolar to micromolar range [83]. At these concentra-
tions clear adverse effects have been observed in thyroid- related in 
vitro and in vivo animal models, such as rapid and dose- dependent 
goitrogenesis in rats after 4- MBC administration or efficient inhib-
ition of TPO by benzophenone 2 [5] . Some of these effects might be 
prevented or at least attenuated by adequate iodide supply which still 
is not warranted globally. Considering the increased application of 
these UV screens not only for product protection but also for preven-
tion of human skin cancer due to higher exposure to UV irradiation 
associated with ozone loss in the atmosphere, some of these UV filters 
might impose marked risks for the adequate function of the HPTP 
axis. This might apply especially for babies and children, whose skin 
is more sensitive to UV light, less protected by endogenous melano-
cytes and therefore more frequently treated with these dermal UV 
lotions. Also, these products might be even more easily absorbed by 
young skin. So far no clear evidence for a goitrogenic action of UV 
filter ingredients has been described in humans. Therefore, the ad-
vice might be to guarantee and adequate iodide supply, and to pro-
tect skin from UV irradiation by avoiding too much sun and applying 
UV screens that have less risk for interference with the HPTP axis 
especially in babies, children, and individuals with sensitive skin. 
However, human biomonitoring assessment values, recently updated 
for such compounds [84] and used as references for safety consider-
ations and risk assessment, remain controversial [85, 86].

Heavy Metals and Thyroid

Environmental contamination by heavy metals and their ions has 
raised public concern based on their direct effects on several tis-
sues and organs. Both accidentally and occupationally exposed sub-
groups are affected, and significant adverse effects might result in 
the central nervous system (CNS) during development and with re-
spect to the pathogenesis of neurodegenerative, ageing- associated 
diseases. Whether the TH system, known to have major impact on 
proper brain development and function in children and adults, is 
directly involved in these processes remains unclear. As thyrocytes 
exhibit a highly active redox- regulated cellular metabolism [87], im-
pairment of reactive redox centres of enzymes and other thyrocyte 
proteins such as metallothioneins by heavy metals will create prob-
lems for TH synthesis and secretion. Therefore, environmental or 
occupational exposure to high mercury, lead, and cadmium con-
centrations has been associated with altered thyroid homeostasis. 
For example, a gender- specific effect on increased serum TSH, cor-
related with increased hair and blood mercury concentrations in 
males, has been reported in lakeside communities of Quebec and 
is associated with consumption of contaminated lake fish from 
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exposed environment [88]. Divergent reports have been published 
on the relationship between cadmium exposure and TSH, positively 
associated in several studies, but inversely related in a pilot study in 
cord blood of Japanese newborns [89]. Animal experimental data 
clearly suggest adverse effects of cadmium exposure, which inter-
feres with both TH synthesis and peripheral Dio1 activity.

Adverse effects of lead on the thyroid axis have been reported. 
Previous environmental lead sources were lead- enhanced gasoline 
and lead- based paints, but both of these sources are of decreasing rele-
vance due to bans that have been enforced in most countries, while 
contaminations by cadmium, mercury, and, recently, platinum leaking 
into environment from car exhaust catalytic converters are tending to 
further increase. The evidence that manganese, essential constituent 
of several redox- relevant enzymes such as manganese- superoxide 
dismutase, may directly or indirectly affect thyroid function by 
injuring the thyroid gland or dysregulating dopaminergic modulation 
of TH synthesis and thus contributing to altered TH homeostasis and 
neurodegenerative diseases has recently been reviewed [90].

On the other hand, adequate selenium supply can efficiently 
counteract the adverse effects of several heavy metal cations such 
as cadmium, mercury, lead, and vanadium and thus avoid their age- 
related neurotoxicity [91, 92]. It may be plausible that many adverse 
effects claimed to be caused by heavy metal exposure might be only 
occurring indirectly because most heavy metal ions very efficiently 
inactivate selenocysteine- containing proteins, which are pivotal in 
cellular and systemic redox regulation [93] as well as in TH syn-
thesis and metabolism. Apparently Se leads to their accumulation 
or deposit in a presumably non- toxic complex in the brain, kidney, 
and several other tissues.

Many nutritional or environmental contaminants exhibit their 
goitrogenic potential only under conditions of inadequate ma-
ternal, fetal or neonatal iodide (selenium, and iron) supply [94– 96]. 
Therefore, comprehensive nutritional iodide supplementation is 
one of the most efficient preventive measures to avoid impaired and 
delayed development of humans and other higher life forms.

environmental Temperature

Temperature, light, circadian and circannual rhythms, altitude, latitude, 
and extreme environmental life conditions are well known to influ-
ence TH, energy, thermoregulatory and metabolic homeostasis in free 
living animals (homeotherms, hibernators or aestivators such as bears) 
but also in humans and livestock adapted to modern housing condi-
tions. Nevertheless, there exist clear circadian and circannual rhythms 
for TSH and, delayed in phase, for free T3 in human serum, while T4, 
tightly bound to its four serum distributor proteins (thyroxine- binding 
globulin (TBG), transthyretin, albumin, and lipoproteins) shows no 
significant circadian or circannual variation [97– 99].

Lowest TSH values are observed in spring and summer and in-
creases by 25% are seen in autumn not reflected by T4 variations and 
not related to iodine intake. It has to be kept in mind that the TSH re-
sponse curve is exponentially related to linear changes in TH serum 
concentration. Whether alterations in food intake, enhanced sym-
pathetic tone, and adrenergic stimulation of thermogenesis, altered 
contribution of thermogenesis by uncoupling protein(s) activation 
in skeletal muscles mediated by fatty acids and bile acid metabol-
ites or neuroendocrine hypothalamic adaptations are contributing 
to these changes remains to be studied. During prolonged stay in 

arctic environments enhanced TH secretion by the thyroid has been 
documented, indicated by increased serum thyroglobulin and ele-
vated T3 production and turnover, reflected by decreased total and 
free T3, but accompanied by unchanged total and free T4 and TBG. 
This constellation has been termed ‘polar T3 syndrome’ and related 
constellations can be found under extreme physical exercise, endur-
ance training, etc. Some of the changes might be prevented by in-
creased calorie intake, sleep adaptation or TH treatment [100].

Increased environmental temperature during summertime but 
also elevated body temperature during febrile conditions are associ-
ated with lower TSH and serum T3 levels [101, 102].

Various short-  and long- term adaptations of TH secretion, turn-
over, serum levels and feedback set points have been observed in 
studies examining the HPTP axis in people at high altitude, but re-
sults were controversial and might be confounded by other altered 
factors such as nutritional profiles, physical activity, light, sleep 
rhythm, and altered time zone adaptations. Animal experimental 
simulations could dissociate between distinct effects of high alti-
tude and hypoxia and suggest powerful adaptations of the TH axis, 
characterized by decreased TH synthesis and secretion but elevated 
serum free TH [7] . Recently, the role of deiodinase 2, locally gen-
erating T3 and activating brown adipose tissue or browning ‘beige’ 
fat in humans, has attracted major interest in the context of regu-
lation of body weight by stimulation of expression of uncoupling 
protein(s), thermogenesis and fatty acid oxidation [103].
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Dietary Sources and Metabolism

Iodine (atomic weight 126.9 g/ atom) is an essential component of 
the hormones produced by the thyroid gland. Thyroid hormones, 
and therefore iodine, are essential for mammalian life [1] . The na-
tive iodine content of most foods and beverages is low, and most 
commonly consumed foods provide 3– 80 µg per serving [1]. 
Major dietary sources of iodine in the US and Europe are bread 
and milk [2]. Boiling, baking, and canning of foods containing 
iodized salt cause only small losses (≤10%) of iodine content. 
Iodine content in foods is also influenced by iodine- containing 
compounds used in irrigation, fertilizers, livestock feed, 
dairy industry disinfectants, and bakery dough conditioners. 
Recommendations for iodine intake by age and population group 
[3] are shown in Table 3.2.3.1.
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Iodide is rapidly and nearly completely absorbed (>90%) in the 
stomach and duodenum [4] . Iodate, widely used in salt iodization, 
is reduced in the gut and absorbed as iodide. Thyroid clearance 
of circulating iodine varies with iodine intake:  in conditions of 
adequate iodine supply, ≤10% of absorbed iodine is taken up by 
the thyroid. In chronic iodine deficiency, this fraction can exceed 
80% [1]. Under normal circumstances, plasma iodine has a half- 
life of ≈10 hours, but this is reduced in iodine deficiency. During 
lactation, the mammary gland concentrates iodine and secretes it 
into breast milk to provide for the newborn. The body of a healthy 
adult contains 15– 20 mg of iodine, of which 70– 80% is in the thy-
roid. In chronic iodine deficiency, the iodine content of the thy-
roid may fall to less than 20 μg. In iodine- sufficient areas, the adult 
thyroid traps ≈60 μg of iodine/ day to balance losses and maintain 
thyroid hormone synthesis; the sodium/ iodide symporter (NIS), 
transfers iodide into the thyroid at a concentration gradient 20– 
50 times that of plasma [5]. Iodine comprises 65% and 59% of 
the weights of thyroxine (T4) and triiodothyronine (T3), respect-
ively. Turnover is relatively slow: the half- life of T4 is ≈5 days and 
for T3, 1.5– 3 days. The released iodine enters the plasma iodine 
pool and can be taken up again by the thyroid or excreted by the 
kidney. More than 90% of ingested iodine is ultimately excreted 
in the urine.

Historical Perspective

In 1811, Courtois noted a violet vapour arising from burning sea-
weed ash, and Gay- Lussac subsequently identified the vapour as 
iodine, a new element. The Swiss physician Coindet, in 1813, hy-
pothesized the traditional treatment of goitre with seaweed was 
effective because of its iodine content, and successfully treated 
goitrous patients with iodine [6] . Two decades later, the French 
chemist Boussingault, working in the Andes Mountains, was 
the first to advocate prophylaxis with iodine- rich salt to prevent 
goitre. The French chemist Chatin was the first to publish, in 1851, 
the hypothesis that iodine deficiency was the cause of goitre. In 
1883, Semon suggested myxoedema was due to thyroid insuffi-
ciency, and the link between goitre, myxoedema and iodine was 
established when, in 1896, Baumann and Roos discovered iodine 
in the thyroid. In the first two decades of the twentieth century, pi-
oneering studies by Swiss and American physicians demonstrated 
the efficacy of iodine prophylaxis in the prevention of goitre and 
cretinism [6].

epidemiology

Only a few countries, including Switzerland, some of the 
Scandinavian countries, Australia, the United States, and Canada, 
were completely iodine sufficient before 1990 [3] . Since then, glo-
bally, the number of households using iodized salt has risen from 
<20% to >80%, dramatically reducing iodine deficiency. The Iodine 
Global Network (IGN) Global Scorecard currently tracks global and 
national progress towards iodine sufficiency [7]. In 2020, based on 
recent national or subnational data, only 24 countries remain iodine 
deficient, 115 have optimal iodine intake, and 14 have excessive 
iodine intake [7]. This remarkable progress has been spurred by a 
coalition of international organizations, including the Iodine Global 
Network (formerly ICCIDD), WHO, and UNICEF, working closely 
with national iodine deficiency disorders (IDD) control committees 
and the salt industry; this informal partnership was established after 
the World Summit for Children in 1990.

In the US and the UK, iodine intakes have fallen over the past 2– 3 
decades, likely because of decreased iodine intake from dairy prod-
ucts. Pregnant women in the US are now mildly iodine deficient 
[8] . Other countries, because of over- iodized salt or high iodine 
in groundwater (e.g. Somalia), have excessive iodine  intakes [8]. 
Vietnam, a country in Southeast Asia with a previously  effective iod-
ized salt programme, has experienced backsliding, and has relapsed 
to iodine deficiency [7]. These changes emphasize the  importance 
of regular and systematic monitoring of iodine status in countries, 
to detect both low and excessive intakes of iodine.

Pathogenesis and Pathology

Iodine deficiency has multiple adverse effects on growth and devel-
opment in animals and humans. These are collectively termed the 
IDD (Table 3.2.3.2) and result from inadequate thyroid hormone 
production due to lack of sufficient iodine [1] .

Goitre

Thyroid enlargement (goitre) is the classic sign of iodine deficiency, 
and can occur at any age, even in the newborn. It is a physiologic 
adaptation to chronic iodine deficiency. As iodine intake falls, se-
cretion of thyroid- stimulating hormone (TSH) increases in an effort 
to maximize uptake of available iodine, and TSH stimulates thyroid 
hypertrophy and hyperplasia. Initially, goitres are characterized by 
diffuse, homogeneous enlargement, but over time, nodules often 

Table 3.2.3.1 Recommendations for iodine intake (µg/ day) by age or population group

Age or population groupa U.S. Institute of Medicine [4] Age or population groupc World Health Organization [3] 

Infants 0– 12 monthsb 110– 130 Children 0– 5 years  90

Children 1– 8 years 90 Children 6– 12 years 120

Children 9– 13 years 120

Adults ≥14 years 150 Adults >12 years 150

Pregnancy 220 Pregnancy 250

Lactation 290 Lactation 250

a Recommended daily allowance. b Adequate intake. c Recommended nutrient intake.
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develop (Figure 3.2.3.1). Many thyroid nodules derive from a som-
atic mutation and are of monoclonal origin; the mutations appear to 
be more likely to result in nodules under the influence of a growth 
promoter, such as iodine deficiency. Iodine deficiency is associ-
ated with a high occurrence of multinodular toxic goitre, mainly 
seen in women older than 50 years. Large goitres may be cosmet-
ically unattractive, can obstruct the trachea and oesophagus, and 
may damage the recurrent laryngeal nerves and cause hoarseness. 
Surgery to reduce goitre has significant risks, including bleeding 
and nerve damage, and hypothyroidism may develop after removal 
of thyroid tissue.

Severe Iodine Deficiency in Pregnancy: Cretinism and 
Increased Fetal and Perinatal Mortality

The most serious adverse effect of iodine deficiency is damage to the 
fetus. Maternal thyroxine crosses the placenta before onset of fetal 
thyroid function at 10– 12 weeks and represents up to 20– 40% of 
T4 measured in cord blood at birth. Normal levels of thyroid hor-
mones are required for neuronal migration and myelination of the 
fetal brain, and lack of iodine irreversibly impairs brain develop-
ment [9] . Severe iodine deficiency during pregnancy increases risk 
for stillbirths, abortions, and congenital abnormalities [1]. Iodine 
treatment of pregnant women in areas of severe deficiency reduces 
fetal and perinatal mortality and improves motor and cognitive per-
formance of the offspring [10]. Severe iodine deficiency in utero 
causes a condition characterized by gross intellectual disability along 
with varying degrees of short stature, deaf mutism, and spasticity 
that is termed cretinism [1]. Two distinct types— neurological and 

myxedematous—  have been described, but it may also present as a 
mixed form (Figure 3.2.3.2). The more common type, neurologic 
cretinism, has specific neurologic deficits that include spastic quadri-
plegia with sparing of the distal extremities. The myxedematous 
form is seen most frequently in central Africa, and has the predom-
inant finding of profound hypothyroidism, with thyroid atrophy 
and fibrosis. In areas of severe iodine deficiency, cretinism can affect 
5– 15% of the population. Iodine prophylaxis has completely elimin-
ated the appearance of new cases of cretinism in previously iodine- 
deficient Switzerland and many other  countries; however, new cases 
have been recently reported from Papua New Guinea.

Mild- to- Moderate Deficiency in Pregnancy

The potential adverse effects of mild- to- moderate iodine defi-
ciency during pregnancy are unclear. Maternal subclinical hypothy-
roidism (an increased TSH in the second trimester) and maternal 
hypothyroxinaemia (a free T4 concentration <10 percentile at 12- 
week gestation) are associated with impaired mental and psycho-
motor development of the offspring [11]. However, in these studies, 
the maternal thyroid abnormalities were unlikely due to iodine de-
ficiency. Observational studies have found that mild- to- moderate 
iodine deficiency during pregnancy is associated with impaired cog-
nitive development in the offspring [12]. However, observational 
studies are often confounded by other factors that affect child devel-
opment. In Europe, several randomized controlled trials of iodine 

Table 3.2.3.2 The iodine deficiency disorders, by age group

Physiological 
groups [1] 

Health consequences of iodine deficiency

All ages Goitre, including toxic nodular goitre

Increased occurrence of hypothyroidism in 
moderate- to- severe iodine deficiency; decreased 
occurrence of hypothyroidism in mild- to- moderate 
iodine deficiency

Increased susceptibility of the thyroid gland to nuclear 
radiation

Fetus Abortion

Stillbirth

Congenital anomalies

Perinatal mortality

Neonate Infant mortality

Endemic cretinism

Child and 
adolescent

Impaired mental function

Delayed physical development

Adults Impaired mental function

Iodine- induced hyperthyroidism

Overall, moderate- to- severe iodine deficiency causes 
subtle but widespread adverse effects in a population 
secondary to hypothyroidism, including decreased 
educability, apathy, and reduced work productivity, 
resulting in impaired social and economic 
development

Figure 3.2.3.1 Large nodular goitre in a 14- year- old boy 
photographed in 2004 in an area of severe IDD in northern Morocco, 
with tracheal and oesophageal compression and hoarseness, likely due 
to damage to the recurrent laryngeal nerves.
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supplementation in mild- to- moderately iodine- deficient pregnant 
women have been done [13]. Iodine reduced maternal and new-
born thyroid size, and, in some, decreased maternal TSH. However, 
none of the trials showed an effect on maternal and newborn total 
or free thyroid hormone concentrations, the most important out-
come, and none measured long- term clinical outcomes, such as 
maternal goitre, thyroid autoimmunity, or child development [13]. 
A recent randomized multicentre intervention trial in Thailand and 
India that provided mildly iodine- deficient pregnant women 200 μg 
iodine supplements or placebo from the first trimester to delivery 
did not find benefits on maternal thyroid function, or offspring de-
velopment at age 5– 6 years [14].

Growth and Cognition in Childhood

Although iodine deficiency in utero impairs fetal growth and brain 
development, its postnatal effects on growth and cognition are 
less clear. Cross- sectional studies of moderate- to- severely iodine- 
deficient children have generally reported impaired intellectual 
function and fine motor skills; meta- analyses suggest popula-
tions with chronic iodine deficiency experience a reduction in 
IQ of 12.5– 13.5 points [15]. Two randomized controlled trials in 
mild- to- moderately deficient school- aged children have shown 
clear benefits of iodine on cognitive and motor function [16, 17]. 
Moderately iodine- deficient 10– 12- year- old children (n = 310) in 
Albania were randomized to receive either 400 mg of iodine as oral 
iodized oil or placebo [16]. Compared to placebo, iodine treatment 
significantly improved performance on tests of information pro-
cessing, fine motor skills, and visual problem solving. The second 

placebo- controlled, double- blind trial was conducted in mildly 
iodine- deficient New Zealand children (n  =  184) randomly as-
signed to receive 150 μg I daily or placebo for 28 weeks [17]. The 
overall cognitive score of the iodine- supplemented group was 0.19 
SDs higher than that of the placebo group (P = 0.011) [17]. Thus, in 
children born and raised in areas of iodine deficiency, cognitive im-
pairment is at least partially reversible by iodine repletion.

Data from cross- sectional studies on iodine intake and child 
growth are mixed, with most studies finding modest positive correl-
ations. In iodine- deficient children, impaired thyroid function and 
goitre were inversely correlated with IGF- 1 and IGFBP- 3 concentra-
tions. Iodine repletion in school- age children increased insulin- like 
growth factor (IGF)- 1 and insulin- like growth factor binding pro-
tein (IGFBP)- 3 and improved somatic growth [18]. However, other 
controlled intervention studies of iodized oil alone and iodine given 
with other micronutrients have generally not found effects on child 
growth. In a recent systematic review [19], iodine supplementation 
of severely iodine- deficient pregnant women increased mean birth-
weight (mean difference: 200 g; 95% CI: 183, 217 g) compared to 
controls, but iodine repletion in infants and children showed no ef-
fects on somatic growth.

A recent systematic review by WHO summarized the efficacy of 
iodized salt for preventing IDD [20]. Comparisons were made be-
tween the consumption of iodized salt and a placebo, non- iodized 
salt, or no intervention. The participants included members of 
the general population of any age and sex. The results of this re-
view showed that iodized salt has substantial benefits on cognition 
including reducing the risk of:  cretinism (odds ratio [OR] = 0.13 

(a) (b)

Figure 3.2.3.2 (a) Neurological cretinism. This 2007 photograph of a 9- year- old girl from Western China demonstrates the three characteristic 
features: severe mental deficiency together with squint, deaf mutism, and motor spasticity of the arms and legs. The thyroid is present, and frequency 
of goitre and thyroid dysfunction is similar to that observed in the general population. (b) Myxedematous cretinism. This 2007 photograph of a 
5- year- old boy from Western China demonstrates the characteristic findings: profound hypothyroidism, severe growth retardation, incomplete 
maturation of the features including the naso- orbital configuration, atrophy of the mandible, puffy features, umbilical hernia, myxedematous, 
thickened, dry skin, and dry hair, eyelashes, and eyebrows. The thyroid typically shows atrophic fibrosis.
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(95% CI, 0.08– 0.20)), and low IQ (RR = 0.28 (95% CI, 0.21– 0.36) 
[20]. The International Child Development Steering Group iden-
tified iodine deficiency as one of four key global risk factors for 
impaired child development where the need for intervention is 
urgent [21].

Assessment and Diagnosis

Four methods are generally recommended for assessment of 
iodine nutrition: urinary iodine concentration (UI), the goitre rate, 
serum TSH, and serum thyroglobulin (Tg) [3,  22]. These indica-
tors are complementary, in that UI is a sensitive indicator of recent 
iodine intake (days), Tg shows an intermediate response (weeks to 
months), while changes in the goitre rate reflect long- term iodine 
nutrition (months to years).

Thyroid Size

Two methods are available for measuring goitre:  neck inspection 
and palpation, and thyroid ultrasonography. By palpation, a thyroid 
is considered goitrous when each lateral lobe has a volume greater 
than the terminal phalanx of the thumbs of the subject being exam-
ined [3] . However, palpation of goitre in mild iodine deficiency has 
poor sensitivity and specificity and measurement of thyroid volume 
(Tvol) by ultrasound is preferable [22]. Thyroid ultrasound is non- 
invasive, quickly done (2– 3 minutes per subject) and feasible even 
in remote areas using portable equipment. However, interpret-
ation of Tvol data requires valid reference criteria, and age-  and 

gender- specific references are available for 6– 12- year- old children 
[3], but there are no established reference values for adults. Goitre 
can be classified by thyroid ultrasonography only if Tvol is deter-
mined by a standard method. Thyroid ultrasound is subjective; dif-
ferences in technique can produce interobserver errors in Tvol as 
high as 26% [22].

Urinary Iodine Concentration

Because more than 90% of ingested iodine is excreted in the urine, 
UI is an excellent indicator of recent iodine intake. UI can be ex-
pressed as a concentration (µg/ L), in relationship to creatinine ex-
cretion (µg iodine/ g creatinine), or as 24- hour excretion (µg/ day). 
For populations, because it is impractical to collect 24- hour samples 
in field studies, UI can be measured in spot urine specimens from a 
representative sample of the target group, and expressed as the me-
dian, in µg/ L (3) (Table 3.2.3.3). However, the median UI is often 
misinterpreted. Individual iodine intakes, and, therefore, spot UI 
concentrations are highly variable from day- to- day and a common 
mistake is to assume that all subjects with a spot UI <100 µg/ L are 
iodine deficient. To estimate iodine intakes in individuals, 24- hour 
collections are preferable, but difficult to obtain. An alternative is 
to use the age- and sex- adjusted iodine:creatinine ratio in adults, 
but this also has limitations [22]. Creatinine may be unreliable for 
estimating daily iodine excretion from spot samples, especially 
in malnourished subjects where creatinine concentration is low. 
Daily iodine intake in adults can be extrapolated from the median 
UI in populations using estimates of mean 24- hour urine volume 
and assuming an average iodine bioavailability of 92% using the 

Table 3.2.3.3 Epidemiological criteria for assessing iodine nutrition in a population based on median and/ or range 
of urinary iodine concentrations

Median urinary iodine (μg/ L) [3] Iodine intake Iodine nutrition

School- aged children

<20 Insufficient Severe iodine deficiency

20– 49 Insufficient Moderate iodine deficiency

50– 99 Insufficient Mild iodine deficiency

100– 199 Adequate Optimal

200– 299 More than adequate Risk of iodine- induced hyperthyroidism in susceptible groups

>300 Excessive Risk of adverse health consequences (iodine- induced hyperthyroidism, 
autoimmune thyroid disease)

Pregnant women

<150 Insufficient

150– 249 Adequate

250– 499 More than adequate

≥500 Excessivea

Lactating womenb

<100 Insufficient

≥100 Adequate

Children less than 2 years old

<100 Insufficient

≥100 Adequate

a The term ‘excessive’ means in excess of the amount required to prevent and control iodine deficiency.
b In lactating women, the figures for median urinary iodine are lower than the iodine requirements because of the iodine excreted in breast milk.
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formula: Urinary iodine (µg/ L) × 0.0235 × body weight (kg) = daily 
iodine intake [4] . Using this formula, a median UI of 100 μg/ L in 
adults corresponds roughly to an average daily intake of 150 μg.

Thyroid- Stimulating Hormone

Because serum TSH is determined mainly by the level of circu-
lating thyroid hormone, which in turn reflects iodine intake, TSH 
can be used as an indicator of iodine nutrition. However, in older 
children and adults, although serum TSH may be slightly increased 
by iodine deficiency, values often remain within the normal range. 
TSH is therefore a relatively insensitive indicator of iodine nutri-
tion in adults [3] . In contrast, TSH is a sensitive indicator of iodine 
status in the newborn period. Compared to the adult, the newborn 
thyroid contains less iodine but has higher rates of iodine turnover. 
Particularly when iodine supply is low, maintaining high iodine 
turnover requires increased TSH stimulation. Serum TSH concen-
trations are therefore increased in iodine- deficient infants for the 
first few weeks of life, a condition termed transient newborn hypo-
thyroidism. In areas of iodine deficiency, an increase in transient 
newborn hypothyroidism, indicated by more than 3% of newborn 
TSH values above the threshold of 5 mU/ L whole blood collected 
3 to 4  days after birth, suggests iodine deficiency in the popula-
tion [3]. Newborn TSH is an important measure because it reflects 
iodine status during a period when the developing brain is particu-
larly sensitive to iodine deficiency.

Thyroglobulin

Thyroglobulin (Tg) is synthesized only in the thyroid, and is 
the most abundant intrathyroidal protein. In iodine sufficiency, 
small amounts of Tg are secreted into the circulation, and serum 
Tg is normally less than 10 µg/ L [22]. In iodine deficiency, serum 
Tg increases due to greater thyroid cell mass and TSH stimula-
tion. Serum Tg is well correlated with the severity of iodine defi-
ciency as measured by UI. Tg falls rapidly with iodine repletion, 
and Tg is a more sensitive indicator of iodine repletion than TSH 
or T4 [22].

New assays for Tg have been developed for dried blood spots 
taken by a finger prick, simplifying collection and transport [23]. 
In prospective studies, dried blood spot Tg has been shown to be 
a sensitive measure of iodine status and reflects improved thy-
roid function within several months after iodine repletion [23]. 
International reference ranges for DBS Tg have been proposed for 
school-age children [3, 23] and pregnant women [24].

Thyroid Hormone Concentrations

Thyroid hormone concentrations (T4 and T3) are poor indicators of 
iodine intake. In iodine- deficient individuals, serum T3 increases 
or remains unchanged, and serum T4 usually decreases. However, 
these changes are often within the normal range, and make thyroid 
hormone levels an insensitive measure of iodine nutrition [3] .

Prevention and Treatment

Salt Fortification with Iodine

In nearly all regions affected by iodine deficiency, the most ef-
fective way to control iodine deficiency is through salt iodization 
[3] . Universal salt iodization (USI) is a term used to describe the 

iodization of all salt for human (food industry and household) and 
livestock consumption. Although the ideal, even in countries with 
successful salt iodization programmes, USI is rarely achieved, as 
food industries are often reluctant to use iodized salt, and many 
countries do not iodize salt for livestock.

WHO/ UNICEF/ ICCIDD recommends that iodine is added at a 
level of 20– 40 mg iodine/ kg salt, depending on local salt intake [3] . 
Iodine can be added to salt in the form of potassium iodide (KI) or 
potassium iodate (KIO3). Because KIO3 has higher stability than KI 
in the presence of salt impurities, humidity, and porous packaging, 
it is the recommended form in tropical countries and those with 
low- grade salt. Iodine is usually added after the salt has been dried. 
Two techniques are used: (1) the wet method, where a solution of 
KIO3 is dripped or sprayed at a regular rate on to salt passing by 
on a conveyor belt; (2) the dry method, where KI or KIO3 powder 
is sprinkled over the dry salt. Optimally, packaging should be in 
low- density polyethylene bags, as high humidity combined with 
porous packing may result in up to 90% losses of iodine after 1 year 
of storage in high- density polyethylene bags.

Health Economics of Salt Iodization

Salt iodization remains the most cost- effective way of delivering 
iodine and of improving cognition in iodine- deficient populations 
[25, 26]. Worldwide, the annual costs of salt iodization are estimated 
at 0.02– 0.05 US$ per child covered, and the costs per child death 
averted are US$1000 and per disability- adjusted life year (DALY) 
gained are US$34– 36 US [25]. Looked at in another way, prior to 
widespread salt iodization, the annual potential losses attributable 
to iodine deficiency in the developing world have been estimated to 
be US$35.7 billion as compared with an estimated US$0.5 billion 
annual cost for salt iodization (i.e. a 70:1 benefit:cost ratio) [1] . The 
World Bank [26] strongly recommends that governments invest in 
micronutrient programmes, including salt iodization, to promote 
development, concluding:  ‘Probably no other technology offers as 
large an opportunity to improve lives at such low cost and in such 
a short time.’

Supplementation

In some regions, iodization of salt may not be practical for con-
trol of iodine deficiency, at least in the short term. This may 
occur in remote areas where communications are poor or where 
there are numerous small- scale salt producers. In these areas, 
iodized oil supplements can be used [3] . Iodized oil is prepared 
by esterification of the unsaturated fatty acids in seed or vege-
table oils, and addition of iodine to the double bonds. It can be 
given orally or by intramuscular injection [3]. The intramuscular 
route has a longer duration of action, but oral administration is 
more common because it is simpler. Usual doses are 200– 400 mg 
iodine/ year and it is often targeted to women of childbearing age, 
pregnant women, and children [3] (Table 3.2.3.4). Its disadvan-
tages are an uneven level of iodine in the body over time and the 
need for direct contact with individuals with the accompanying 
increased programme costs.

Iodine can also be given as KI or KIO3 as drops or tablets. Single 
oral doses of potassium iodide monthly (30 mg) or biweekly (8 mg) 
can provide adequate iodine for school- age children [27]. Lugol’s 
iodine, containing ≈6 mg iodine per drop, and similar preparations 
are often available as antiseptics in rural dispensaries in developing 
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countries and offer another simple way to deliver iodine locally. 
In countries or regions where a salt iodization programme covers 
≥90% of households and has been sustained for ≥2  years, and 
the median UI indicates iodine sufficiency (Table 3.2.3.4), preg-
nant and lactating women do not need iodine supplementation 
[3] . In iodine- deficient countries or regions that have weak iod-
ized salt distribution, supplements should be given to pregnant 
women, lactating women, and infants, according to the guidelines 
in Table 3.2.3.4 [3]. In a recent controlled trial, lactating women 
who received one dose of 400 mg iodine as oral iodized oil soon 
after delivery provided adequate iodine to their infants through 
breast milk for at least 6  months, enabling the infants to achieve 
euthyroidism [28].

Clinical nutrition

Preterm Infants

Balance studies in healthy preterm infants have suggested iodine in-
takes of at least 30 µg/ kg body weight/ day are required to maintain 
positive balance, and experts generally recommend iodine intakes 
of 30– 60 µg/ kg/ day for this group [29]. Formula milks for preterm 
infants contain 20– 170 µg iodine/ L, and, depending on the dietary 
iodine intake of the mother, breast milk generally contains 50– 150 
µg/ L. Thus, particularly during the first postnatal weeks when feed 
volumes are often low, enterally fed preterm infants may not achieve 
the recommended intake of iodine [29]. US and European clinical 
nutrition societies recommend parenteral iodine intakes of 1 µg/ kg 
body weight/ day [30], far below fetal accretion rates. This conser-
vative recommendation assumes parenterally fed preterm infants 
will absorb iodine through the skin from topical iodinated disin-
fectants, and also receive small amounts of adventitious iodine in 
other infusions.

Because of concerns over possible iodine excess, use of iodinated 
antiseptics in infants may be decreasing, putting infants at risk of 
iodine deficiency [29]. If parentally fed preterm infants are not ex-
posed to adventitious sources of iodine, they may receive only 1– 3 
µg iodine/ kg body weight/ day, and be in negative iodine balance 
during the first few postnatal weeks [29]. Several authors have ar-
gued that iodine deficiency should be avoided during this period 

because it may transiently lower thyroid hormone levels in the first 
weeks of life, and transient hypothyroxinaemia in preterm infants 
has been linked to impaired neurodevelopment [31].

Children and Adults

A daily dose of 1 µg iodine/ kg body weight is recommended for chil-
dren receiving parenteral nutrition [29]. For adults, commercially 
available products for enteral nutrition generally supply 75– 110 µg 
iodine/ serving. A  technical review recommended iodine intakes 
of 70– 140 µg/ day during parenteral nutrition [32]. Although most 
parenteral nutrition formulations do not contain iodine, deficiency 
is not likely to occur because of cutaneous absorption from iodine- 
containing disinfectants and other adventitious sources of iodine. It 
is likely that thyroidal iodine stores are often adequate to meet the 
needs of patients requiring total parenteral nutrition for less than 
3 months; in iodine- sufficient adults, thyroidal iodine content is 15– 
20 mg [1] . For these reasons, supplemental iodine is not routinely 
recommended for subjects receiving total parenteral nutrition [33].

Correction of Iodine Deficiency and Thyroid 
Disorders in Populations

Several reviews have examined the relationship between correction 
of iodine deficiency and the pattern of thyroid diseases in popu-
lations [34,  35]. In summary, as a population moves from severe 
iodine deficiency to mild iodine deficiency and then to iodine suffi-
ciency, there is a modest shift from excess hypothyroidism to excess 
hyperthyroidism, which is transient, and then a small shift back to-
wards excess mild hypothyroidism. Severe iodine deficiency causes 
more hypothyroidism because, despite an increase in thyroid ac-
tivity to maximize iodine uptake and recycling, there is simply not 
enough iodine to maintain thyroid hormone production. In mild- 
to- moderate iodine deficiency, the thyroid gland is able to com-
pensate for deficient dietary intake by increasing thyroid activity 
and this maintains thyroid hormone production, but at a price: in 
some individuals, chronic stimulation of the thyroid will lead to 
thyroid nodularity and autonomy [34]. This increase in nodularity 

Table 3.2.3.4 Recommendations for iodine supplementation in pregnancy and infancy in areas where <90% of households are using 
iodized salt and the median UI is <100 µg/ L in schoolchildren

Women of 
childbearing age

A single annual oral dose of 400 mg of iodine as iodized oil
OR
A daily oral dose of iodine as potassium iodide should be given so that the total iodine intake meets the reference nutrient intake (RNI) 
of 150 µg/ d of iodine

Women who are 
pregnant or lactating

A single annual oral dose of 400 mg of iodine as iodized oil
OR
A daily oral dose of iodine as potassium iodide should be given so that the total iodine intake meets the RNI of 250 µg/ d iodine.
• Iodine supplements should not be given to a woman who has already been given iodized oil during her current pregnancy or up to 

3 months before her current pregnancy started

Children aged 
0– 6 months

A single oral dose of 100 mg of iodine as iodized oil
OR
A daily oral dose of iodine as potassium iodide should be given so that the total iodine intake meets the of 90 µg/ d of iodine
• Should be given iodine supplements only if the mother was not supplemented during pregnancy or if the child is not being 

breast- fed

Children aged  
7– 24 months old

A single annual oral dose of 200 mg of iodine as iodized oil as soon as possible after reaching 7 months of age
OR
A daily oral dose of iodine as potassium iodide should be given so that the total iodine intake meets the RNI of 90 µg/ d of iodine
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subsequently increases risk of hyperthyroidism if iodine intakes are 
raised by supplementation or fortification. However, this is tran-
sient and since iodine sufficiency normalizes thyroid activity this 
results, in the long- term, in reduced nodularity and autonomy [35]. 
The small increase in mild hypothyroidism that occurs with optimal 
or excessive iodine intakes may be linked to thyroid autoimmunity 
and may also transient, but more long- term studies are needed [35]. 
The overall incidence of thyroid carcinoma in populations does not 
appear to be influenced by iodine intake. The distribution of the 
subtypes of thyroid carcinoma is related to iodine intake [36]; in 
areas of higher iodine intake, there appear to be fewer of the more 
aggressive follicular and anaplastic carcinomas, but more papillary 
carcinomas. When iodine prophylaxis is introduced in populations, 
there may be an increase in the ratio of papillary to follicular car-
cinoma [36], and this shift towards less malignant types of thyroid 
cancer, as well as a lower radiation dose to the thyroid in case of 
nuclear fallout, are benefits of the correction of mild- to- moderate 
iodine deficiency.
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Introduction

Radiation is a mitogen which may cause damage to the cell DNA. 
When sufficiently severe, the damage may result in cell death. When 
the damage is less severe, the consequences to the cell depend upon 
the gene and cell system that are affected. The thyroid gland is par-
ticularly sensitive to the effects of radiation and the evidence that ra-
diation may damage the thyroid gland is overwhelming. Both external 
and internal radiation have been associated with thyroid diseases 
(cancer and hypothyroidism, with or without thyroid autoimmunity) 
both in vitro and in vivo. External radiation to the thyroid was first 
recognized as a cause of thyroid carcinoma in the 1950s, when cases 

were found in individuals who had been given radiotherapy during 
childhood for an enlarged thymus [1] . Since then, numerous studies 
have confirmed and extended this initial observation.

Radioactive isotopes are used in several situations in humans. 
They are given in very large doses in the treatment of thyroid cancer, 
when the dose used is intended to kill all thyroid cancer cells, and 
in smaller doses in the treatment of thyrotoxicosis, with the intent 
to produce hypothyroidism. In these conditions the radiation doses 
are sufficiently high to kill the cells, thus no unwanted secondary 
thyroid disease occurs. Low doses of iodine isotopes are also used 
as tracers for diagnostic evaluation of the thyroid gland. In this situ-
ation, no cell killing is observed and there is the theoretical possi-
bility for thyroid cell damage. However, no convincing evidence of 
subsequent thyroid disorders has so far been provided.

Many animal studies have shown that radioiodine is carcinogenic 
to the thyroid. Some of the earlier data suggested that internal radi-
ation by radioiodine was less effective than external radiation, but 
according to one more recent study in rats [2] , the carcinogenic po-
tential of 131I and X- rays appears to be the same. In both cases, the 
dose– response relationship seems to be linear, indicating that low 
doses also carry a risk. Iodine- 131 is 20– 30% as effective as external 
X-  or χ- rays.

Thyroid Carcinoma After external Irradiation

Methodology in epidemiological Studies

The relationship between radiation and thyroid carcinoma was first 
recognized in 1950 [1] , and thyroid carcinoma was the first solid 
malignant tumour found to be increased among Japanese atomic 
bomb survivors [3]. This relationship was confirmed subsequently 
by many epidemiological studies [4].

Two major limitations should be taken into account in studies 
of the relationship between radiation and thyroid carcinoma. One 
is due to the fact that many patients are unaware of, or uncertain 
about, prior radiation exposure, especially when therapeutic ir-
radiation was administered at a young age (recall bias), taking into 
account that radiation- induced thyroid carcinoma occurs several 
years later. The second and perhaps more relevant limitation is re-
lated to the frequent occurrence of thyroid nodules in the general 
population (4– 7% by palpation and up to 50% by ultrasonography 
in people over 60 years). Moreover, most thyroid tumours are indo-
lent and frequently not recognized clinically. Thus, the diagnosis of 
thyroid tumours depends on the extent of the diagnostic procedures 
used (diagnostic bias).

In case- control studies, the cases are patients with thyroid cancer 
identified by entry into a tumour registry. The controls are matched 
subjects free from thyroid carcinoma. Information on risk factors, 
such as radiation exposure, is obtained and the distribution in the 
two groups is compared. In such studies diagnostic bias is min-
imized, but recall bias may be important. In cohort studies, ex-
posure to radiation is generally well documented, and recall bias is 
minimized. The frequency of thyroid carcinoma in the radiation- 
exposed group is compared with a group of similar subjects not ex-
posed to radiation. In this case, diagnostic bias may be important. 
A final additional caveat is due to the fact that retrospective esti-
mates of doses delivered to the thyroid are necessary to prove the 
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aetiological weight of radiation in thyroid cancer (dose– effect rela-
tionship). These estimates may be difficult to obtain and are subject 
to error.

Most epidemiological studies dealing with the risk of developing 
radiation- induced thyroid cancer use the relative risk (RR) as an 
index, i.e. the ratio between the observed (O) number of cancers 
in the radiation- exposed group and the expected (E) number of 
cancers in the non- exposed group (RR = O/ E). When the expected 
number is obtained from a registry, the RR is called the standard-
ized incidence ratio. The most frequently used indices of risk esti-
mates are reported in Box 3.2.4.1.

Risk estimates for radiation- induced thyroid cancer have been 
calculated in people exposed to external radiation. According to the 
National Council of Radiation Protection (NCRP) [5] , the excess 
absolute risk is 2.5 × 10– 4/ Gy per year for persons exposed under 
the age of 18. For adults, the risk per year is assumed to be half this 
value. Because of their smaller number of years at risk, the lifetime 
risk for adults is about one- quarter the risk for children.

In a pooled analysis [6]  the excess absolute risk was 4.4 × 10– 4/ 
Gy per year for persons exposed before the age of 15, confirming 
that the RR is largely dependent upon age at exposure with young 
children carrying the highest risk. As shown in Tables 3.2.4.1 and 
3.2.4.2, little risk is carried after the age of 20 and almost none after 
the age of 40, as demonstrated in the study of atomic bomb sur-
vivors in Hiroshima and Nagasaki [7].

external Irradiation to the Head and neck 
for Benign Diseases

Irradiation to the head and neck has been performed in children 
since 1920 for the treatment of benign conditions such as enlarge-
ment of the thymus, tonsils, adenoids, or neck lymph nodes, skin 
angioma, acne, otitis, or tinea capitis [4, 8– 10]. This modality of 
treatment was particularly popular in the United States, where 

in 1970 as many as 76% of children with thyroid carcinoma had 
a history of radiation exposure [11]. In Europe, it was less fre-
quently used: in two large referral centres for thyroid cancer, the 
Institut Gustave- Roussy in Villejuif, France, and the Department 
of Endocrinology in Pisa, Italy, the incidence of radiation- induced 
thyroid carcinoma in children or adolescents was 10% and 7%, 
respectively.

Ron and colleagues [6]  reported an analysis of radiation exposure 
and thyroid cancer from seven large studies of a total of 58 000 chil-
dren exposed to external radiation, in whom individual doses to 
the thyroid were known. About 700 thyroid carcinomas were ob-
served. The excess relative risk per gray (ERR/ Gy) was 7.7 (95% CI 
2.1– 28.7). The authors concluded that 88% of thyroid carcinomas 
that were found in children exposed to 1 Gy were attributable to 
radiation. The excess absolute risk was 4.4/ 10 000 population- year- 
gray of exposure (95% CI 1.9– 10.1). The risk of thyroid cancer sig-
nificantly increased after a mean dose as low as 100 mGy to the 
thyroid. There was no evidence for a threshold dose below which 
the effect disappeared. At higher doses (up to 1500 cGy), there was a 
linear relationship between dose and risk of cancer. At doses higher 
than 1500 cGy, the risk per gray decreased, probably because of cell 
killing, but the overall risk remained elevated.

In a study of 2634 patients from the Michael Reese Hospital in 
Chicago [12], whose thyroids received a mean dose of 590 mGy 
for benign disorders during childhood, about 60% developed thy-
roid nodules and 15% developed thyroid carcinoma within 40 years 
after radiation. These studies indicate clearly that the risk of thyroid 
cancer after exposure to external radiation is indeed very high, sug-
gesting that the thyroid gland is very sensitive to radiation, espe-
cially during childhood (Table 3.2.4.2).

In most studies, the latency period between the time of radiation 
exposure and the appearance of the thyroid nodule ranges between 
5 and 15 years. In the pooled analysis of seven studies mentioned 
earlier [6] , only two cases were observed within the first 5 years after 
exposure; the ERR clearly increased between 5 and 9 years after ex-
posure, with a peak at 15– 19  years, an excess risk still being ap-
parent at 40 years [12].

Since 1970, external radiation for benign disorders has been vir-
tually abandoned in most countries.

Table 3.2.4.1 Thyroid cancer excess relative risk (ERR) 
from exposure to external radiation in adults

Study Irradiated 
subjects

Mean does 
(cGy)

ERR/ Gy

Atomic bomb 11 000 26 0.8

Neck cancer therapy 82 816 11 3.1

Tuberculous adenitis 124 820 1.2

Data taken from Shore RE, Radiation Research, 1992; 131: 98– 111.
From Shore RE. Issues and epidemiological evidence regarding radiation- induced 
thyroid cancer. Radiat Res, 1992; 131: 98– 111.

Table 3.2.4.2 Thyroid cancer excess relative risk (ERR) 
from exposure to external radiation before the age of 20 years

Study Irradiated 
subjects

Mean does 
(cGy)

ERR/ Gy

Atomic bomb 13 000 23 4.7

Thymus 2475 136 9.1

Tinea capitis 10 384 9 32.5

Tonsils 2634 59 2.5

Skin haemangioma 14 351 26 4.9

Skin haemangioma 11 807 12 7.5

Lymphoid hyperplasia 1195 24 20

Childhood cancer 9170 1250 1.1

Data taken from Shore RE, Radiation Research, 1992; 131: 98– 111.
From Shore RE. Issues and epidemiological evidence regarding radiation- induced 
thyroid cancer. Radiat Res, 1992; 131: 98– 111.

Box 3.2.4.1 Most common indices of cancer risk 
from radiation exposure

 • RR (relative risk) = O/ E (n observed in radiation- exposed/ n expected 
in non- exposed)

 • SIR (standardized incidence ratio) = O/ E when E is derived from a 
registry

 • ERR (excess relative risk) = O/ E_ 1
 • ERR/ gray = ERR/ mean dose (Gy) in the group
 • EAR (excess absolute risk)/ gray = O_ E/ PYG (person- year- gray of ex-

posure to the risk)
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external Irradiation to the Head and neck 
for Malignant Diseases

In case of external radiation to the head and neck for malignant 
disease, the dose delivered to the thyroid may be very high, and 
usually greater than that delivered for the treatment of benign con-
ditions. Animal experiments have shown that for doses larger than 
15– 20 Gy, the risk of thyroid tumour is increased but the risk per 
gray decreases. This finding has been attributed to cell killing, which 
decreases the number of cells that may become neoplastic, and ex-
plains the high frequency of hypothyroidism observed in those 
animals.

In humans, high- dose radiation therapy to the neck (more 
than 20 Gy), as used for Hodgkin’s disease, results in a high rate 
of hypothyroidism, but also in an increased risk of thyroid cancer 
[13]. The final outcome of the thyroid damage is probably related 
to the distance between the thyroid gland and the radiation field. 
If this is far from the thyroid, as in case of thoracic or abdominal 
radiation fields in children, the thyroid gland may receive radiation 
doses of some hundred milligray, not enough to produce hypothy-
roidism but sufficient to trigger thyroid cancer [14, 15]. Recently, it 
has been reported that all survivors of human cancer treated with 
craniospinal external radiotherapy during childhood require long- 
term observation, up to 25 years after the exposure, since their risk 
of developing thyroid cancer and other thyroid dysfunctions is in-
creased with respect to the general population without a specific 
age- related plateau [16].

Atomic Bombs in Hiroshima and nagasaki

After the atomic bombing in Hiroshima and Nagasaki in 1945, the 
body dose was mainly due to external irradiation (X- rays and neu-
trons). Contamination by radioactive isotopes of iodine is poorly 
known. The health consequences were studied in a cohort of 94 000 
survivors and of 26 000 individuals who resided in Hiroshima and 
Nagasaki shortly after the bombing. A total of 225 thyroid cancers 
were diagnosed between 1958 and 1987 among the 79 972 survivors 
who were alive and free of cancer as of January 1958 and who had 
radiation dose estimates [7] . From a histological point of view, these 
tumours are very similar to conventional sporadic papillary thy-
roid cancer and, at variance with the post- Chernobyl thyroid tu-
mours, the solid variant is very rare among atomic bomb survivors. 
However, molecular oncology analysis of 50 adult- onset papillary 
thyroid cancer exposed to A- bomb radiation showed that the preva-
lence of RET/ PTC rearrangements was significantly correlated with 
the radiation dose and that other unknown gene alterations tended 
to be more frequent with increased radiation dose [17]. These 
findings suggest that radiation- associated gene alterations, mainly 
chromosomal rearrangements, other than RET/ PTC might be in-
volved in the adult- onset thyroid cancer of subjects who were ex-
posed to high radiation dose.

Factors Affecting Sensitivity to Radiation- Induced 
Thyroid Cancer

Age and Sex

A major risk factor is a young age at the time of irradiation. The 
risk of thyroid cancer after external irradiation in children less than 
5 years of age is two times higher than in children treated between 
5 and 9 years and five times higher than in children treated between 

10 and 14 years [6] . From the Lifespan Study of atomic bomb sur-
vivors in Hiroshima and Nagasaki [16], it is known that little risk is 
carried for exposures after the age of 20 and almost none after the 
age of 40. The excess risk of thyroid cancer was 9.5, 3.0, 0.3, and 0.2 
in the age categories 0– 9, 10– 19, 20– 39, and over 40 years, respect-
ively, at the time of bombing. The excess risk was not significant 
for subjects exposed above the age of 15– 20 years. This increased 
risk of very young children to develop thyroid cancer after radiation 
exposure can be explained, at least in part, by the higher prolifera-
tive activity of thyroid cells during intrauterine development and 
childhood [18]. The high susceptibility of young children to radi-
ation has been confirmed in the thyroid cancer studies after the 
Chernobyl nuclear reactor accident (see next), supporting the con-
cept that the radiation effect is maximal during periods of rapid cell 
proliferation, as in the case of the developing thyroid of very young 
children. Data on irradiation in adults are scarce, but estimates of 
the ERR/ Gy are largely below those of individuals exposed during 
childhood, and it is likely the risk is negligible.

Gender does not seem to influence the risk of developing 
radiation- induced thyroid cancer. Although females are 2– 3 times 
more likely to develop both benign and malignant thyroid nodules 
after irradiation, this finding reflects the higher natural incidence of 
thyroid nodules and cancer in the female general population. Very 
recently a new study on the association between radiation dose and 
thyroid cancer incidence among Japanese survivors who were adults 
at the time of the atomic bombings of Hiroshima and Nagasaki has 
shown that the exposure to ionizing radiation in adults was posi-
tively associated with thyroid cancer among women atomic bomb 
survivors. However, this association was lower than that observed 
in those who were exposed during childhood [19].

Fractionation and Dose Rate

External radiation therapy for benign and malignant diseases is 
given at a high dose rate. Lower dose rates or fractionation of the 
dose may theoretically allow radiation- induced DNA lesions to be 
repaired, thus decreasing the carcinogenic effects of radiation. In 
the pooled analysis of seven studies, fractionation of the dose was 
associated with a 30% reduction of the ERR/ Gy [6] . However, in a 
recent update of thyroid cancer after radiation therapy for malig-
nant disorders in childhood, no reduction in ERR/ Gy was observed 
with fractionation.

The importance of the dose rate is suggested by several obser-
vations. In children treated for skin angioma of the neck, a dose– 
effect relationship was observed after external radiation at a high 
dose rate, but no such relation was found after brachytherapy at a 
low dose rate. The incidence of thyroid nodules is similar in two 
regions of China where natural radiation is different (i.e. 140 mGy 
and 50 mGy/ lifetime, respectively) [20]. In contrast, an increased 
RR (1.7) of thyroid cancer was found among 27 000 medical diag-
nostic radiographers in China, who probably received more than 
1 Gy to the thyroid during their working life [21]. No such increase 
was observed in similar workers in industrialized countries.

Genetic Predisposition

Several clinical observations suggest that genetic predisposition, 
such as defects in the DNA repair mechanisms, may affect the risk 
of developing radiation- induced thyroid cancer [22,  23]. Patients 
who experience one radiation- related cancer are more likely to 
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develop a second radiation- related cancer. Sibling pairs, exposed 
to radiation, develop thyroid tumours more often than would be 
expected by chance [22, 23]. The risk of thyroid cancer in patients 
treated with radiotherapy during childhood for a cancer (other than 
neuroblastoma) is 3– 10 times higher than in children treated for 
benign conditions. Those treated for neuroblastoma have a fivefold 
risk of thyroid cancer with respect to patients treated for other can-
cers, suggesting a common predisposition for neuroblastoma and 
thyroid cancer.

The search for the gene(s) predisposing to radiation- induced 
thyroid cancer is currently in progress in pedigrees showing recur-
rence of thyroid cancer. No linkage has been found as yet with genes 
known to be involved in thyroid tumorigenesis, such as ras, p53, 
BRaf, or RET/ PTC. A distinct genome- wide gene expression pro-
filing has been reported in post- Chernobyl papillary thyroid cancer 
when compared with that occurring naturally, suggesting a greater 
susceptibility to thyroid cell radiation damage [24].

Thyroid Carcinoma after exposure to Radioactive 
Iodine, and the Chernobyl experience

Iodine- 131, being physiologically accumulated in the thyroid by an 
active mechanism, has been widely used for several decades in the 
diagnostic evaluation of the thyroid gland and in the treatment of 
patients with hyperthyroidism and differentiated thyroid cancer. 
The radiation dose delivered by 131I to the thyroid is 1000-  to 10 
000- fold higher than that delivered to other tissues. Thus, even a 
relatively low amount of 131I may deliver a significant, potentially 
carcinogenic radiation dose to the thyroid gland. Increasing the ra-
diation dose beyond a few hundred megabecquerels, increases the 
likelihood of obtaining cell killing and decreases the possibility of 
tumoural changes.

The role of radioactive iodine for medical use in the develop-
ment of thyroid cancer has been addressed in several studies, which 
showed no significant risk and led to the conclusion that 131I is suf-
ficiently safe both as a diagnostic and a therapeutic tool. However, 
most patients included in these studies were treated as adults, 
whereas the post- Chernobyl epidemic of thyroid cancer occurred 
mainly in children and adolescents, supporting evidence that the 
young thyroid is particularly sensitive to the effect of radiation. This 
event has renewed concern about the carcinogenic risk of medical 
use of 131I, at least in young patients.

exposure to 131I for Diagnostic Purposes

The most informative analysis in this setting was performed in 
Sweden on 34 104 patients exposed to diagnostic doses of 131I be-
tween 1950 and 1969, for a mean thyroid dose estimate of 110 cGy 
[25]. A small increase in the number of observed thyroid cancers 
(n = 67) was found with respect to the expected number (n = 50). 
However, the increase was confined to patients undergoing thyroid 
scan for suspicion of thyroid cancer. When the analysis was limited 
to patients tested for reasons other than thyroid cancer, no increase 
was observed.

In the same Swedish cohort, the incidence of thyroid nodules was 
compared in a subset of 1005 women and 248 matched controls. 
The average length of follow- up was 26 years and the average age at 

exposure was 26 years. No difference was found in the two groups; 
the incidence of nodules was 10.6 and 11.7, respectively. Similar 
findings have been reported in other surveys in the United States 
and in Germany.

The conclusion drawn from this study is that diagnostic use of 
131I has no untoward health effect on the thyroid. However, a note 
of caution is needed because only a minority of the exposed patients 
were children. The ERR of thyroid cancer after exposure to 131I be-
fore age 20 and in adults is reported in Tables 3.2.4.3 and 3.2.4.4, 
respectively.

exposure to 131I for Therapeutic Purposes

Radioiodine is used widely to treat hyperthyroidism caused either 
by Graves’ disease, toxic nodular goitre, or metastatic thyroid cancer. 
No evidence of an increased risk of thyroid cancer after treatment 
of hyperthyroidism with 131I has been reported. In a Swedish study, 
including 10 552 adult patients (mean age 57 years) followed for a 
mean period of 15 years, the relative risk of thyroid cancer was not 
significantly increased (RR 1.29; 95% CI 0.76– 2.03). The average es-
timated radiation dose to the thyroid was 100 Gy [26].

In a study carried out in the United States [27] in hyperthyroid 
patients, after a mean follow- up of 21 years, 131I treatment was not 
found to be linked to total cancer deaths (standardized mortality 
ratio (SMR) 1.02), or to the development of any cancer other than 
thyroid cancer (SMR 3.94; 95% CI 2.52– 5.86). The SMR was 2.08 in 
patients with Graves’ disease and 6.53 in those with toxic nodular 
goitre. The excess number of deaths was small (observed/ expected 
27/ 10), and the underlying disease, rather than radiation, seemed 
to play the major role. This result is not surprising. The large dose 

Table 3.2.4.3 Thyroid cancer excess relative risk (ERR)/ Gy 
after exposure to 131I before the age of 20 years

Study Irradiated 
subjects

Mean does 
(cGy)

ERR/ Gy

Swedish diagnostic 131I 2408 150 0.25

Food and Drug Administration 
diagnostic 131I

3503 80 0.10

Utah 131I fallout 2473 17 7.9

Marshall islanders 127 1240 0.32

Juvenile hyperthyroidism 602 8800 0.3

Data taken from Shore RE, Radiation Research, 1992; 131: 98– 111.
From Shore RE. Issues and epidemiological evidence regarding radiation- induced 
thyroid cancer. Radiat Res, 1992; 131: 98– 111.

Table 3.2.4.4 Thyroid cancer excess relative risk (ERR)/ Gy 
after exposure to 131I in adult life

Study Irradiated 
subjects

Mean does 
(cGy)

ERR/ Gy

Swedish diagnostic 131I 24 200 42 <0

German diagnostic 131I 13 896 100 0.3

Marshall islanders 126 466 0.5

Data taken from Shore RE, Radiation Research, 1992; 131: 98– 111.
From Shore RE. Issues and epidemiological evidence regarding radiation- induced 
thyroid cancer. Radiat Res, 1992; 131: 98– 111.
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delivered for the treatment of hyperthyroidism is frequently suffi-
cient to produce hypothyroidism, through cell killing. Indeed, the 
risk of hypothyroidism at 2 years increases linearly with the thyroid 
dose, for radioactive concentrations ranging from 0.9 to 8.3 MBq/ g.

As for the diagnostic use of 131I, the hyperthyroid patients treated 
with radioiodine were adults. In a few hundred children treated with 
131I, no significant increase in the incidence of thyroid cancer has 
been observed [26]. However, in view of the high sensitivity of the 
young thyroid gland to radiation, it is probably advisable to avoid 
treating hyperthyroidism in young children and adolescents with 131I.

As far as the treatment of differentiated thyroid cancer with 131I is 
concerned, the only theoretical risk is the possibility that 131I might 
act as an additional mutagen, inducing the progression of thyroid 
cancer to a more aggressive and less well- differentiated phenotype. 
At the present moment, no evidence supports this possibility. The 
other potential hazard of 131I therapy of thyroid cancer is the occur-
rence of secondary effects on other organs when accumulating high 
radiation doses during several courses of treatment. Controversial 
data on this issue have been reported so far [28, 29].

Post- Chernobyl Thyroid Cancer

Circumstances of the Accident

In April 1986, the explosion of one of the reactors at the nuclear 
power plant in Chernobyl, Ukraine released large amounts of 
radioactive particles into the atmosphere, including 131I (32– 46 
MCi), 132I (27 MCi; resulting from the decay of 132Tc), and 133I (68 
MCi). Most likely, radioiodines were released intermittently over a 
period of 10 days or more after the explosion. The time and place 
of deposition varied, depending on the direction of the wind and 
other meteorological conditions. The most contaminated territories 
were southern Belarus, northern Ukraine, and to a lesser extent the 
Bryansk and Kaluga regions of southern Russia.

As a result of the accident, a tremendous increase in the number 
of childhood papillary thyroid cancers occurred in the following 
years [30] (Figure 3.2.4.1). The magnitude of this increase and the 

geographical and temporal distribution of the cases strongly suggest 
that thyroid cancer was due to the reactor explosion and, in par-
ticular, to the huge amount of iodine radioisotopes released. The ini-
tial scepticism, allowing the possibility that the increased incidence 
of thyroid cancer might be due to ascertainment bias following 
intensive screening, has been totally discouraged by subsequent 
compelling evidence. Many of the tumours diagnosed in the first 
years were relatively large, invasive, and associated with lymph node 
metastases, unlike those detected during screening programmes, 
which are minimal, limited to the thyroid, and not aggressive [31]. 
The prevalence of childhood thyroid cancer exceeded that of any 
other country in the world and, very importantly, decreased dra-
matically in children conceived and born after the accident.

Being volatile, radioactive isotopes could be first inhaled and, after 
they were deposited on the ground, ingested. The time at which in-
gestion occurred varied considerably, but the milk chain, particularly 
in children, was the major route of ingestion: at this time, short- lived 
isotopes of iodine were no longer present. Several factors contributed 
to the high radiation exposure of the population. Immediate pro-
tective countermeasures, such as advising and evacuating the people 
at risk and distributing iodine prophylaxis, were not undertaken. 
Furthermore, the most contaminated regions were in a state of mod-
erate iodine deficiency, which is responsible for increased iodine up-
take. All these factors combined give enough explanation of why the 
most serious health consequence of the disaster was thyroid cancer, 
and why mostly children were affected [32].

In the case of radioactive contamination, the thyroid gland is a 
critical organ at risk. Its contamination depends upon the magni-
tude of contamination, the amount of radioactive iodine taken up 
by the gland, and the thyroid mass itself. Whatever the level of con-
tamination, the thyroid dose is always higher in children than in 
adults. The thyroid dose is dependent on the final concentration, 
namely the ratio between radioiodine uptake and thyroid mass. In 
children, the uptake is similar to adults but, the thyroid mass being 
smaller, the dose per gram of tissue is greater, and extremely high in 
newborn and very young children.
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Figure 3.2.4.1 New cases of thyroid carcinoma per year diagnosed in Belarus, Ukraine, and Russia in children and adolescents exposed to radiation 
fallout after the Chernobyl accident.
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In children who remained in the contaminated territories and 
drank locally produced milk, most of the radiation dose to the thy-
roid was due to 131I and only a small amount to short- lived isotopes. 
The thyroid dose in children evacuated soon after the accident was 
lower, and mainly due to short- lived isotopes. Although dosimetric 
data are imprecise, the mean thyroid dose has been estimated to be 
nearly 700 mSv in Belarus. In Ukraine, 79% of the children received 
a thyroid dose below or equal to 300 mSv, 10.5% received from 300 
mSv to 1 Sv, and 10.5% received more than 1 Sv [33]. As a term of 
comparison, in children exposed to external irradiation [6]  the risk 
of thyroid cancer was significant even for thyroid doses as low as 
100 mSv.

In most of the children that developed thyroid cancer the esti-
mated thyroid dose was equal to or less than 300 mGy. An excess 
thyroid cancer incidence has been observed even in areas where the 
mean thyroid dose in children was estimated at 50– 100 mGy.

Clinical Features of Post- Chernobyl Thyroid Cancer

The increase in the number of thyroid carcinomas in children 
and adolescents has been observed since 1990, only 4  years after 
the Chernobyl accident, in southern Belarus [34] and northern 
Ukraine, and from 1994 in southern Russia [35]. In the Gomel re-
gion, the most contaminated area of Belarus, the incidence between 
1986 and 1996 was 13/ 100 000 children/ year, compared to a baseline 
incidence of less than 1 per year. To date, more than 5000 cases of 
thyroid cancer have been reported among those who were children 
or adolescents at the time of the accident and living in the three 
most contaminated countries, Belarus, Ukraine, and Russia [30].

As shown in Figure 3.2.4.2, most of the cases were registered in 
children below age 10 at the time of the accident, and nearly two- 
thirds in those younger than 5 years. Thyroid cancer cases have also 
been registered up to 20 years after the nuclear accident in children 
who were already conceived but still in utero, at that time [36]. With 
respect to the 12 years before the accident, in the 12 years after the 
accident the increase of thyroid cancer in Belarus was 75- fold in 
children aged 3– 14 years at the time of diagnosis, 10.1- fold in ado-
lescents (15– 18  years at diagnosis), 3.7- fold in young adults (19– 
29  years), and 3.4- fold in adults (Table 3.2.4.5). This increase in 
adults is much less important than that observed in children and it 

is likely to be due to greater attention to thyroid diseases after the 
nuclear accident.

Over 90% of the cancers were papillary. In the years following 
the accident most cancers were classified as a solid or follicular 
variant of papillary thyroid cancer (Figure 3.2.4.3), that is, the less 
frequently observed variant among naturally occurring papillary 
carcinomas. The clinical and pathological features were those of an 
aggressive tumour, as demonstrated by the histological appearance, 
the large size, the frequent multifocality and extracapsular invasion, 
and the frequency of node and lung metastases early in the course of 
the disease [31]. However, later studies showed a decline over time 
in the proportion of the solid variant and an increase in the propor-
tion of the classic variant. These changes correlated both with the 
increasing age and increasing latency period and it is not yet clear 
which of these two variables could be mostly responsible for these 
changing patterns, which are also associated with a change in the 
molecular features of these tumours [37].

The comparison between post- Chernobyl thyroid carcinomas 
diagnosed in Belarus and naturally occurring cases diagnosed in 
age- matched patients in Italy and France showed different clinical 
and epidemiological features [38]. Post- Chernobyl tumours were 
much less influenced by gender (female:male ratio 1.6:1 versus 2.5:1 
in Italy and France), were more advanced at presentation, were more 
frequently papillary, and were mainly diagnosed before age 15, while 
in Italy and France the majority were diagnosed after age 14.

As far as treatment and outcome are concerned, the avail-
able follow- up data indicate that post- Chernobyl thyroid car-
cinoma, when appropriately treated with a combination of total 
thyroidectomy, radioiodine, and hormone suppressive therapy, 
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Figure 3.2.4.2 Children and adolescents with post- Chernobyl thyroid cancer in Belarus (1500 cases diagnosed from 1986 to 2002).

Table 3.2.4.5 Thyroid cancer in Belarus before and after the 
Chernobyl accident

Age 1971– 1985 1986– 2000 Fold of increase

0– 14 8 703 87.8

15– 18 21 267 12.7

≥19 1465 6719 4.6

Total 1494 7689 5.1
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has the same favourable outcome as naturally occurring papillary 
cancer. Definitive cure is achieved in many patients, even in those 
with node and lung involvement, the quality of life is good, and 
the death rate does not exceed the usual 1– 2% reported in many 
series of paediatric thyroid cancer [39].

A similar observation has been recently reported in a study fo-
cused on external radiation- induced thyroid carcinoma. Although 
these tumours showed generally more aggressive features, the similar 
prognostic factors for their outcome indicate that they should be 
treated and followed in the same way as naturally occurring thyroid 
cancer [40].

Genetics of Post- Chernobyl Thyroid Cancer

Post- Chernobyl tumours show interesting genetic peculiarities 
when investigated by molecular biology. Molecular studies of 
the early post- Chernobyl thyroid cancer showed that a very high 
proportion harboured a RET/ PTC rearrangement with a higher 
prevalence of RET/ PTC3 [41– 44]. Also the subtype of RET/ PTC re-
arrangement showed a peculiar pattern. Several authors reported 
that RET/ PTC3 (and more rare variants of RET/ PTC3) was the form 
more frequently expressed in radiation- induced tumours, thus sug-
gesting that RET/ PTC3 might represent a marker for these tumours. 
A correlation was also established between the solid variant of pap-
illary tumours and the activation of RET/ PTC3 [43]. Interestingly, 
over the years and with the elongation of the latency period, the 
prevalence of RET/ rearrangements became lower and more similar 
to that of naturally occurring thyroid carcinoma (Table 3.2.4.6). 
Also, the relative prevalence of RET/ PTC1 and 3 subtypes changed 
in favour of RET/ PTC1 [37].

The presence of RET/ PTC rearrangements in radiation- induced 
cancer is in keeping with the in vitro findings that RET/ PTC re-
arrangements can be induced in human thyroid cells after exposure 
to 0.1– 10 Gy γ- radiation [45] and that RET gene fragmentation in-
duced by ionizing radiation exposure is significantly higher than 
fragmentation of any other DNA region [46]. The generation of a 
RET/ PTC3 rearrangement seems to be particularly facilitated by the 
alignment of ELE1 (i.e. the partner of RET/ PTC3 rearrangement) 
and RET introns in opposite orientation [47]. Since RET/ PTC is 

also frequently found in paediatric papillary thyroid cancer without 
known exposure to radiation [43,  48], it is also possible that age 
per se may play an important role. Alternatively, one can speculate 
that virtually all paediatric papillary thyroid cancers are radiation- 
induced cancers, developing in children with an increased suscepti-
bility to spontaneous background radiation.

It has been noted that no point mutations of BRAF oncogene 
have been found in post- Chernobyl childhood thyroid carcinomas 
[49]. BRAF V600E activating mutation is present in about 40% of 
naturally occurring thyroid cancers in adults but is almost absent in 
children. The question of whether the very low frequency of BRAF 
mutations in post- Chernobyl childhood carcinoma is related to the 
young age of patients rather than the inability of ionizing radiation 
to induce oncogene point mutations is still not clarified. However, 
the finding of BRAF rearrangements in radiation- induced but not 
in naturally occurring thyroid cancer suggests that the oncogene 
alterations determined by ionizing radiations are mainly chromo-
somal rearrangements more than single point mutations [50]. In 
recent years, studies on genomic profiling have suggested distinct 
patterns in radiation- induced and sporadic thyroid cancer and in 
particular the expression of seven genes was found to be completely 
different in the two groups [24, 51].

Thyroid Cancer after the Fukushima Nuclear Power 
Plant Accident

Following the Fukushima accident in March 2011, the large- scale 
sophisticated thyroid ultrasound screening under the strict exam-
ination protocol launched from October 2011 in Fukushima 
Prefecture of Japan demonstrated a high detection rate of thyroid 
cancer in young individuals revealing 116 and 71 cases in the first 
and second rounds, respectively, among the same cohort of ap-
proximately 300 000 subjects, aged at the time of accident from 0 to 
18 years old [52]. The postoperative pathological diagnosis revealed 
121 cases (98.6%) of papillary thyroid adenocarcinoma (PTC), 
which included 110 cases of the classical type, 4 cases of the fol-
licular variant, 3 cases of the diffuse sclerosing variant, and 4 cases 
of the cribriform- morular variant [53]. Intrathyroidal spread was 
observed in 61.6%, and calcifications, such as psammoma bodies, 
in 78.4%. The rates of lymph node metastasis and extrathyroidal tu-
mour extension were also high, especially the rate of lymph node 
metastasis, which exceeded 70%. These findings, as well as a high 
rate of intrathyroidal spread and of calcifications, however, are 
common for childhood PTC.

Molecular characteristics of young thyroid cancers in Fukushima 
demonstrated that the frequency of BRAF gene mutations among 
all genetic alterations in cancer tissue is high, nearly the same as in 
adult thyroid cancers, and the frequency of gene rearrangement is 
substantially lower than that in Chernobyl [54].

These findings raise concerns among residents and the public 
that it might be due to putative exposure to radiation from the ac-
cident at Fukushima Daiichi Nuclear Power Plant. However, it is 
now apparent that effective doses to the whole body in the gen-
eral population after the accident have been estimated to be less 
than several mSv for the majority of people, including infants and 
children [55]. No radiation level corresponding to thyroid dose 
exceeding 50 mSv was detected among 1080 children directly exam-
ined with scintillation survey meter at the end of March 2011 [56]. 
Especially in case of low- dose exposures, relevance to confounding 

Table 3.2.4.6 RET activation in spontaneous and post- Chernobyl 
childhood papillary thyroid carcinoma

Spontaneous Post- Chernobyl References

12/ 17 (71%) USA 33/ 38 (87.0%) Belarus [43]

n.d. 4/ 6 (66.6%) Belarus [41]

n.d. 17/ 28 (60.7%) Ukraine Thomas G.A. et al., 1999

n.d. 20/ 39 (51.3%) Belarus Thomas G.A. et al., 1999

n.d. 9/ 15 (60.0%) Belarus [42]

n.d. 25/ 51 (49.0%) Belarus Smida J. et al., 1999

10/ 21 (48.0%) UK n.d. Williams G.H. et al., 1996

6/ 9 (67.0%) Italy n.d. [48]

3/ 10 (30.0%) Japan n.d. Motomura T. et al., 1998

10/ 25 (40%) Italy 19/ 25 (76%) Belarus [44]

41/ 82 (50%) 127/ 202 (63%) Meta- analysis (P = 0.045)

n.d., not determined
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factors, such as hereditary predisposition, iodine- intake condi-
tion, hyperthyrotropinaemia, obesity, smoking, various hormone 
levels, and possible exposure to carcinogenic chemicals need to be 
addressed. So far, the international agencies and scientific experts 
support the notion that in view of low doses to the public, the in-
crease of radiation- related risk for thyroid cancer is highly unlikely. 
The reasons are as follows. Exposure doses in Fukushima are signifi-
cantly lower than those in Chernobyl. There is no apparent regional 
difference in the rate of thyroid cancer cases among the residential 
areas at the time of the earthquake and, hence, exposure status of 
the patients. The mean age of the subjects diagnosed with thyroid 
cancer was 10– 15 at the time of accident, while there were no cases 
in younger children (aged 0– 5 for the first 4 years), who are more 
vulnerable to radiation exposure. Although it is expected that thy-
roid cancer would also be detected at certain frequencies in those 
who were infants at the time of accident after some years, its causes 
need to be specially investigated.

Finally the lessons from Fukushima emphasize the importance 
of correct and sound understanding of radiation risk on the thy-
roid cancers and of difference of Chernobyl [57], and clearly dem-
onstrate the necessity of a special attention on its overdiagnosis 
of PTC in children as well as in adults, following the long- term 
strategies for thyroid health monitoring after nuclear accidents in 
future [58].

Radiation- Induced Thyroid Diseases other Than 
Thyroid Tumours

Thyroid cancer and benign thyroid nodules after thyroid radiation 
exposure occur as stochastic effects. Depending on the radiation 
dose, deterministic effects resulting in hypothyroidism and acute 
thyroiditis may also occur. Another documented consequence of 
radiation is the possibility of developing chronic autoimmune thy-
roid disorders.

Hypothyroidism is caused by radiation doses of the order of more 
than several gray to the thyroid. Such doses are used in the treatment 
of Graves’ disease and toxic nodular goitre, and in these conditions 
hypothyroidism should be considered the aim rather than an un-
toward effect of treatment. Primary ‘spontaneous’ hypothyroidism 
(or subclinical hypothyroidism) was reported in survivors of the 
atomic bomb in Nagasaki [59]. In a study of 2587 survivors, 43 were 
diagnosed with hypothyroidism, 27 of whom were thyroid antibody 
positive and 16 were thyroid antibody negative, with no gender dif-
ferences. Since an association was observed between thyroid dose 
and prevalence of antibody positivity, but not antibody negativity, 
primary hypothyroidism could conceivably have stemmed from an 
underlying autoimmune thyroid disorder. However, more recently, 
the same group reported that 55– 58 years after radiation exposure, 
autoimmune thyroid disorders were not found to be significantly 
associated with radiation exposure while, in the same study, the au-
thors confirmed a significant linear dose– response relationship in 
the prevalence of both thyroid cancer and benign thyroid nodules 
and that the relationship was higher in individuals who were ex-
posed at younger ages [60].

The occurrence of thyroid autoimmunity after external irradi-
ation to the head and neck has been reported in several studies. 

An increased incidence of thyroid antibodies was found by De 
Groot et  al. [61] in individuals who received radiation during 
childhood for benign disorders. Variable degrees of thyroid 
lymphocytic infiltration have been reported in more than two- 
thirds of individuals who received radiation several years before 
thyroidectomy for nodular thyroid lesions. In patients who re-
ceived radiation of the neck for Hodgkin’s disease, 3% or more 
developed Graves’ disease (a 7-  to 20- fold excess risk) and 1% 
thyroiditis.

Hypothyroidism has also been reported after exposure to in-
ternal radiation (radioactive iodine). In the people exposed to the 
fallout of the Marshall Islands accident [62], hypothyroidism was 
noted within 10  years after the accident. On this occasion most 
of the cases were not associated with an autoimmune thyroid 
reaction.

In contrast, an increased prevalence of antithyroid antibodies 
(19.5%), without hypothyroidism, has been reported in chil-
dren living in a Belarus village heavily contaminated by the post- 
Chernobyl radioactive fallout, as opposed to children living in a 
non- contaminated village (3.8% prevalence) [63]. The susceptibility 
to develop thyroid autoimmunity increased with age at the time 
of exposure and, in girls, reached its maximum at puberty, sug-
gesting that puberty (oestrogen) and radiation have a cumulative 
effect in the development of thyroid antibodies in girls. However, 
a more recent study demonstrated that the increased prevalence 
of thyroid antibodies in exposed children was a real but transient 
phenomenon not accompanied by the development of ‘overt’ hypo-
thyroidism or other thyroid dysfunction 13– 15  years after the 
Chernobyl accident [64]. A  relationship between prevalence of 
subclinical hypothyroidism and individual 131I thyroid doses due 
to environmental exposure has been reported in a very large co-
hort of people exposed to the post- Chernobyl radioactive fallout 
during childhood. However, the same authors suggest further pro-
spective studies since the radiation increase in hypothyroidism was 
quite small (10% per gray) [65]. In this regard it is worth noting that 
autoimmune hypothyroidism can naturally take place over decades 
[66] and, consequently, an unexposed age-  and sex- matched con-
trol group should be analysed, especially as the cohort mean age 
increases. Furthermore, it should also be taken into account that 
differences in other environmental factors, such as iodine defi-
ciency, may play some roles in favouring the development of auto-
immune phenomena [67].
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The Spectrum of Thyroid Autoimmunity

This chapter assumes a basic knowledge of immunology; readers 
unfamiliar with this topic can obtain further details about the 
fundamental processes involved in self/ non- self- discrimination 
by the immune system elsewhere [1] . The range of thyroid auto-
immunity is shown in Table 3.2.5.1. The most frequent manifest-
ation is probably the presence of focal thyroiditis, which can be 
found in around 40% of Caucasian women at autopsy, and is half 
as frequent in men [2]. Focal thyroiditis is often accompanied 
by the formation of thyroid antibodies, discussed later, but it is 
presently unclear whether all examples of focal thyroiditis have 
a truly autoimmune basis, especially if negative for thyroid anti-
bodies. Careful longitudinal community studies have shown that 
individuals with positive thyroid antibodies (and presumably an 
underlying focal thyroiditis) have an increased risk of developing 
overt or clinical autoimmune hypothyroidism, which in women 
might be expected to occur in around 2% per year over a 20- 
year follow- up period [3]. In men, the risk is threefold greater. 
Individuals who have a sustained elevated thyroid- stimulating 
hormone (TSH) but normal free thyroxine (fT4) levels, a state 
termed subclinical hypothyroidism, have a similar risk of pro-
gression to clinical hypothyroidism, and it may be assumed that 
these patients initially had focal autoimmune thyroiditis which 
progressed, albeit without the autoimmune response giving rise 
to detectable thyroid antibodies. When individuals have both 
subclinical hypothyroidism and positive thyroid antibodies, the 
relative risk of progression to clinical hypothyroidism is substan-
tially increased, especially for men. Juvenile thyroiditis may be 
self- limiting.

Postpartum thyroiditis, discussed in detail in Chapter  9.5, 
arises from subclinical autoimmune hypothyroidism. The under-
lying autoimmune process is enhanced 3– 6 months postpartum, 
for reasons which remain obscure, and at this point biochem-
ically or clinically evident thyroid dysfunction occurs, only to 
remit months later as the postpartum exacerbation subsides. 
The occurrence of permanent clinical hypothyroidism over sub-
sequent years in 10– 20% of women presumably results from a 
continued and worsening autoimmune injury, as found in any 
type of subclinical hypothyroidism. Like postpartum thyroiditis, 

silent (or painless) thyroiditis causes a transient disturbance of 
thyroid function, most often presenting with mild destructive 
thyrotoxicosis followed by hypothyroidism, and indeed in the 
early literature, postpartum and silent thyroiditis were not dis-
tinguished. Excess iodide is an inciting factor in some cases, and 
others are due to inadvertent exposure to thyroid hormone (e.g. 
thyroid tissue contamination of meat products), but in most 
cases the condition seems to be a spontaneous exacerbation of an 
underlying autoimmune process and goitre, permanent hypothy-
roidism, or thyroid antibodies are present in half of such individ-
uals several years after presentation.

The term ‘Hashimoto’s thyroiditis’ is strictly a histological defin-
ition, with the features as described next. Clinically, patients present 
with a painless, lymphocytic goitre of variable size, with or without 
hypothyroidism, hence the alternative name, goitrous thyroiditis. 
Thyroid antibodies are strongly positive in almost all cases. Primary 
myxoedema, or atrophic thyroiditis, presents with clinical hypothy-
roidism, because the thyroid has usually been severely damaged by 
the autoimmune process, as the name implies. It seems that there 
is usually a continuum from one to the other, with fibrosis and fol-
licular destruction gradually dominating in a previously lympho-
cytic goitre.

At first sight, Graves’ disease appears as a distinct autoimmune 
disorder, characterized by the presence of stimulating antibodies 
against the TSH receptor, but it is now clear that such antibodies 
can also occur in occasional patients with autoimmune hypothy-
roidism, in whom their effects are masked by a more dominant 
autoimmune process leading to hypothyroidism. Moreover, up 
to 20% of Graves’ patients treated successfully with antithyroid 
drugs develop spontaneous hypothyroidism over the subse-
quent 20  years, most likely due to supervening destructive auto-
immunity. In some unusual incidences with patients, fluctuation 
between hyper-  and hypothyroidism occurs over weeks or months, 
and alterations in the relative levels of TSH- receptor antibodies 
with stimulating and blocking capabilities may explain this phe-
nomenon. The term ‘Hashitoxicosis’ is used to describe occasional 
patients with clinical Graves’ disease but a histological picture of 
Hashimoto’s thyroiditis, again demonstrating the close relationship 
between these disorders, and their sharing of common pathogen-
etic features.

Table 3.2.5.1 The range of thyroid autoimmunity

Goitre Thyroid function Features

Focal thyroiditis No Normal or subclinical hypothyroidism 
(elevated TSH; normal free T4)

May progress to overt hypothyroidism; associated with positive 
thyroid antibodies* and with thyroid cancer

Hashimoto’s (or goitrous) 
thyroiditis

Variable size Normal or hypothyroid (clinical or 
subclinical)

Almost always thyroid antibody- positive

Atrophic thyroiditis (or 
primary myxoedema)

No Hypothyroid May evolve from goitrous thyroiditis; usually thyroid 
antibody- positive

Silent thyroiditis Small or absent Transient thyrotoxicosis and/ or 
hypothyroidism

May progress to permanent hypothyroidism; often thyroid 
antibody- positive

Postpartum thyroiditis Small Transient thyrotoxicosis and/ or 
hypothyroidism

Occurs within a year of delivery; thyroid antibody- positive in 
most cases

Graves’ disease Variable size Hyperthyroid Associated with ophthalmopathy; positive for TSH- receptor 
stimulating antibodies and usually for other thyroid antibodies

*Thyroglobulin and/ or thyroid peroxidase antibodies.
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Pathological Features

Autoimmune Thyroiditis

In focal thyroiditis the thyroid is usually normal in size and con-
tains foci of lymphocytes which are predominantly T cells, although 
lymphoid follicles can also occur. Thyroid cells adjacent to these 
foci are usually atrophic and deficient in colloid, but away from the 
foci, thyroid follicular architecture is normal [4] . Focal thyroiditis 
may also be prominent adjacent to a papillary carcinoma or other 
neoplasm. By contrast, the whole thyroid is usually involved  
in Hashimoto’s thyroiditis. The lymphocytic infiltrate is more ex-
tensive, diffuse, and composed mainly of T cells, with prominent 
germinal centres containing B cells scattered through the gland  
(Figure 3.2.5.1). Macrophages, dendritic cells, and sometimes giant 
cells may be prominent. The thyroid follicles suffer variable degrees 
of destruction, depending largely on chronicity, and in the process 
undergo hyperplasia and oxyphil metaplasia, giving rise to so- called Hürthle or Askanazy cells. These cells are generally absent in ju-

venile autoimmune thyroiditis.
However, the relative proportion of lymphocytic infiltrate, thy-

roid follicular cell change, and fibrosis varies greatly, in keeping with 
the suggestion made previously that there is a broad spectrum of 
changes which may ultimately result in atrophic thyroiditis. In this 
condition, the thyroid is small, has extensive fibrosis mixed with a 
scattered lymphocytic infiltrate, and there is a marked reduction in 
thyroid follicular cells. A distinct subset of patients with Hashimoto 
thyroiditis has been delineated recently with high circulating IgG4 
levels and IgG4- positive plasma cells in the thyroid, accompanied 
by extensive fibrosis, and a high frequency of hypothyroidism [5] . 
The pathology in postpartum and silent thyroiditis generally resem-
bles mild to moderate Hashimoto’s thyroiditis, although without the 
oxyphil metaplasia. Germinal centres are usually absent.

Graves’ Disease

It is now unusual to see the full histological picture of Graves’ 
disease as patients are almost all treated with antithyroid drugs 
which diminish the lymphocytic infiltrate.(4) Even after such 
treatment, however, there is often a diffuse or focal lymphocytic 
thyroiditis, predominantly of T cells, sometimes with germinal 
centre formation. As an aside, lymphoid hyperplasia may also 
involve the lymph nodes, thymus, and spleen in Graves’ disease, 
once again being reversed by antithyroid drugs. The thyroid fol-
licles are both hypertrophied and hyperplastic, with scalloping 
and reduction in colloid (Figure 3.2.5.2). The epithelial cells are 
columnar and extend as papillae into the lumen. These changes 
are also attenuated by antithyroid drugs, so that after prolonged 
treatment, the colloid re- accumulates, the papillae regress, and the 
epithelium becomes cuboidal.

Factors Determining Susceptibility

A complex combination of genetic, environmental, and endogenous 
factors determines susceptibility (Figure 3.2.5.3). These factors 
operate differently in individuals, so that the factors leading to 
disease in one patient will differ from the next, which makes ana-
lysis of the importance of each factor difficult with present tools. 
Genetic effects are seen most clearly in children and adolescents, 

(a)

(b)

(c)

Figure 3.2.5.1 Histological features of (a) normal thyroid, (b) atrophic 
thyroiditis, and (c) Hashimoto’s thyroiditis.
Original magnification ×100; photomicrographs courtesy of Dr K. Suvarna.

Figure 3.2.5.2 Histological features of Graves’ disease.
Original magnification ×100; photomicrographs courtesy of Dr K. Suvarna.
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with environmental factors having an increasing chance to operate 
with age.

Genetic Factors

These are dealt with extensively in Chapter 3.2.1. However, a brief 
discussion is given here, in relation to genetic effects on the auto-
immune process. It is obvious clinically that thyroid diseases cluster 
in families more often than expected by chance, although the asso-
ciation of Graves’ disease and autoimmune hypothyroidism in such 
families, and their coassociation with autoimmune polyglandular 
syndrome type 2, indicates that at least some of the susceptibility is 
determined by genes that control a generalized tendency to organ- 
specific autoimmunity. One such determinant in Caucasians is the 
HLA- DR3 specificity, which is associated with all of the major auto-
immune endocrinopathies [6, 7].

The reason why the highly polymorphic alleles of HLA class  II 
genes (also called major histocompatibility complex or MHC class II 
genes) are associated with autoimmunity is that their products are 
expressed by antigen- presenting cells and are crucial in initiating 
any immune response (Figure 3.2.5.4). Autoimmune disease may 
arise because a certain class II allele is able to bind and present a cru-
cial fragment of an autoantigen, called an epitope, to a CD4+ T cell. 
Alternatively, the effect of class  II alleles in determining immune 
responsiveness may be exerted in the thymus during development, 
at which stage future autoreactive T cells may be deleted (negative 
selection) or allowed to develop (positive selection). Finally, some 
class II molecules may determine selection of regulatory T cells, and 
deficiencies in these cells have been postulated as a cause of auto-
immunity. It still remains unclear whether other genes in linkage 
disequilibium with HLA- D region genes confer additional suscepti-
bility and it is possible that class I genes have a role independent of 
those in the class II region.

The existence of non- HLA susceptibility genes is shown by the 
higher frequency of thyroid autoimmunity in monozygotic twins 
than in HLA- identical siblings, which in turn is higher than non- 
HLA- identical siblings. The critical role of CTLA- 4 in costimulation 
of T- cell responses is discussed next and this has made it an excel-
lent candidate to test as a susceptibility gene. It is now clear that 
polymorphisms in this gene have a significant role in autoimmune 
thyroid disease as well as several other autoimmune disorders that 
are associated with thyroid disease clinically. Polymorphisms in 
other T- cell regulatory genes, including PTPN22 and interleukin- 2 
receptor/ CD25, can similarly increase susceptibility to autoimmune 
thyroid disease and related disorders. Overall it is now clear that 
many other genes, including those that encode autoantigens such 
as thyroglobulin and the TSH receptor, exert small effects which 
contribute to these diseases and their influence varies between indi-
viduals, which in turn may explain the diverse clinical presentations 
of thyroid autoimmunity.

environmental Factors

The lack of complete concordance for thyroid autoimmunity in 
monozygotic twins, and the clinically obvious lack of a family 
history in many patients with autoimmune thyroid disease, point 
to a role for environmental factors in determining susceptibility. 
Furthermore, at least part of the family clustering of disease could 
be the result of shared exposure to environmental triggers. Some 
of the best evidence for the involvement of the environmental fac-
tors comes from epidemiological changes [8]  and from animal 
models of experimental autoimmune thyroiditis (Table 3.2.5.2) 
which resemble Hashimoto’s thyroiditis [9]. Excess dietary iodide 
exacerbates the severity of the lymphocytic thyroiditis in rats with 
experimental autoimmune thyroiditis, and leads to enhanced pro-
duction of thyroglobulin antibodies, and similar observations have 

Major histocompatibility genes (HLA)

Immunoregulatory genes

Thyroid-specific genes

Environmental factors

Existential factors

LATENT
FAILURE

AUTOIMMUNE
THYROID
DISEASE

ACTIVE
FAILURE

Figure 3.2.5.3 Interaction of genetic, exogenous, and endogenous or ‘existential’ factors in the pathogenesis of autoimmune thyroid disease. 
Individual factors are frequent in the general population and by themselves do not cause disease; it is their concatenation which creates the necessary 
conditions, as in the Swiss cheese model of accident causation.
Reproduced with permission from Weetman AP. The immunopathogenesis of chronic autoimmune thyroiditis one century after Hashimoto. European Thyroid Journal, 2013; 
1(4): 243– 50. doi: 10.1159/ 000343834. Copyright © 2012 European Thyroid Association. Published by S. Karger AG, Basel.
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been made in the obese strain chicken and non- obese diabetic 
(NOD) mouse which develop spontaneous autoimmune hypothy-
roidism. Excess iodide may act directly on the immune system, 
the formation of an important part of a major T- cell epitope on 
the iodinated thyroid antigen thyroglobulin, or the generation of 
toxic metabolites within the thyroid which damage thyroid cells. 
There is epidemiological evidence to support a similar effect of 
excess iodide on human autoimmune thyroiditis. Selenium defi-
ciency may predispose to thyroid autoimmunity although trials of 

selenium supplementation have little obvious effect on established 
thyroiditis [10].

Infections could precipitate an autoimmune response by target 
cell damage, leading to release of autoantigens, by altering target cell 
expression of autoantigen or immunoregulatory molecules, such 
as HLA, or by molecular mimicry, in which an immune response 
against micro- organism antigens that resemble host autoantigens 
triggers an autoimmune response. Despite the appeal of the notion, 
and the success of animal models, there is surprisingly little evidence 

Table 3.2.5.2 The main experimental models of autoimmune thyroiditis

Model Species Antigen

Immunization Mouse, rat, rabbit, guinea- pig TG, TPO, TSH- R Strain- dependent, transient, and transferable using T cells

Thymectomy- induced Mouse, rat TG May need additional sublethal irradiation

T- cell manipulation Mouse TG Transfer of specific T cells induces thyroiditis

Spontaneous Chicken, dog, rat Mainly TG Thyroiditis occurs in OS chickens, beagles, NOD mice, and BB 
and Buffalo strain rats (NOD and BB animals have autoimmune 
diabetes)

Transplantation Severe combined immunodeficiency 
mouse or nude mouse

TG, TPO, TSH- R Transplanted thyroid tissues from Graves’ and Hashimoto 
patients survive but the animal does not develop disease

cDNA immunization Mouse, hamster TSH- R TSH- R antibodies and altered thyroid function produced; 
some recent models include orbital changes resembling 
ophthalmopathy

Immunization with fibroblasts 
transfected with TSH- R and 
MHC class II

Mouse TSH- R TSH- R antibodies and altered thyroid function produced

MHC, major histocompatibility complex; TG, thyroglobulin; TPO, thyroid peroxidase; TSH- R, thyroid- stimulating hormone receptor.
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linking infection to human autoimmune disease. Autoimmune 
hypothyroidism occurs with increased frequency after congenital 
rubella infection, and some, but not all, epidemiological as well as 
serological studies have suggested a role for Yersinia infection in 
Graves’ disease. On the other hand, studies showing a lower fre-
quency of thyroid and other types of autoimmunity in areas with 
a poor standard of hygiene suggest that in some settings infections 
may enhance immune responses in a way that avoids the emergence 
of autoimmunity, perhaps through skewing of the cytokine secre-
tion of T helper cells, discussed next [11]. Despite many attempts, 
no convincing role for retroviruses in autoimmune thyroid disease 
has been proven. Taking the opposite view, subacute thyroiditis is 
caused by a wide variety of viruses, and gives rise to thyroid destruc-
tion, yet rarely (if ever) triggers autoimmune thyroid disease. Only 
low and infrequent levels of thyroid antibodies occur in the course 
of infection and then disappear, although subacute thyroiditis may 
lead to permanent hypothyroidism in individuals who have coinci-
dental subclinical autoimmune thyroiditis.

Stress appears to be an important precipitant of Graves’ disease, 
possibly mediated via its neuroendocrine effects. The obese strain 
chicken, which develops spontaneous autoimmune thyroiditis, has 
an abnormal corticosteroid secretion profile that may be one of the 
genetic determinants of this disease [9] .

As the therapeutic armamentarium expands, an increasing 
number of iatrogenic factors have been found to precipitate auto-
immune thyroid disease. Mantle irradiation for lymphoma and 
other conditions is associated with an increased frequency of 
Graves’ disease and autoimmune thyroiditis, and rare cases of 
Graves’ disease have been reported following radioiodine treat-
ment of nodular thyroid disease. While these examples could be 
the result of thyroid injury, leading to autoantigen release, the lack 
of a parallel response in the wake of virally induced thyroid damage 
suggests additional mechanisms, such as a differentially suppres-
sive effect of radiation on critical immunoregulatory T cells. An 
increased prevalence of thyroid autoantibodies has also been re-
ported in children exposed to fallout from the Chernobyl nuclear 
reactor explosion [12]. Lithium treatment is also associated with an 
increased prevalence of thyroid autoantibodies, hypothyroidism, 
and probably Graves’ disease.

Therapeutic doses of cytokines precipitate autoimmune hypo-
thyroidism, but rarely Graves’ disease [13]. The major culprit is 
α- interferon, probably because it is the most extensively used, but 
granulocyte– macrophage colony stimulating factor, interleukin- 
2 (IL- 2), and IL- 4 have also been implicated. How these effects 
relate to the role of the same cytokines, at far lower endogenous 
concentrations, in untreated patients is unknown. However, an 
association exists between attacks of allergic rhinitis and the time 
of relapse of Graves’ disease, which may well depend on the non- 
specific enhancing effects of cytokines released during the allergic 
response. A variety of new cancer therapies, in particular kinase in-
hibitors (like sunitinib) and those that modulate CTLA- 4 and the 
programmed death receptor protein PD1, are associated with de-
structive thyroiditis, sometimes with autoimmune features [14].

Environmental pollutants and toxins are theoretically im-
portant factors but remain underinvestigated. Administration of 
anthracene derivatives to genetically predisposed rats can precipi-
tate experimental autoimmune thyroiditis. The potential of pollu-
tants to operate in this way in man is illustrated by the association 

between cigarette smoking and thyroid- associated ophthalmopathy 
(Chapter 3.3.8) as well as, to a lesser extent, Graves’ disease, whereas 
smoking appears to decrease the risk of Hashimoto’s thyroiditis [14]. 
Alcohol has a modest protective effect against the development of 
thyroid autoimmunity [15].

endogenous Factors

The most impressive of these is pregnancy, which can lead to post-
partum thyroiditis in around 5% of ostensibly healthy women 
(Chapter 9.5). However, the frequency of Graves’ disease is also in-
creased in the 2 years postpartum and permanent hypothyroidism 
is frequently encountered after an episode of transient autoimmune 
hypothyroidism, indicating that pregnancy can produce a longer- 
lasting bias of the autoimmune response. Hyperprolactinaemia 
has only been inconsistently associated with an increased fre-
quency of autoimmune thyroiditis, but clear evidence for a role of 
sex hormones has come from work on experimental autoimmune 
thyroiditis. Female animals given testosterone have a reduced fre-
quency of thyroiditis, while castrated males, or those given oes-
trogen, have an increased frequency, which approaches that of 
females [9] . These effects explain in large part the much higher rates 
of autoimmune thyroid disease in women, although it remains to 
be seen whether any other effects are encoded on the sex chromo-
somes to explain this dichotomy. Alterations in T- cell regulation 
during pregnancy, fetal microchimerism or skewed inactivation of 
the X chromosome are alternative possibilities [16]. Ageing is asso-
ciated with an increase in thyroid autoimmunity, although healthy 
centenarians may be relatively protected.

Autoantigens

There are three major autoantigens in autoimmune thyroid dis-
ease, detailed next, but there are also a number of specific and non- 
specific autoantigens whose involvement is suggested by molecular 
cloning of candidates or by the demonstration of antibodies to cyto-
skeletal or nuclear components. Thyroid hormones are occasion-
ally the target of autoantibody formation. These antibodies have 
no physiological consequences but can interfere in some assays for 
thyroid hormones, although this is now less of a problem with im-
proved methods. The significance of autoantibodies against pendrin 
and the sodium iodide symporter, found in up to 10% of patients, is 
not yet known [17].

Thyroglobulin

Thyroglobulin is a homodimeric 660 kDa glycosylated iodoprotein 
which is secreted by thyroid follicular cells and stored in the lu-
minal colloid:  thyroglobulin also circulates. There are around 100 
tyrosine molecules in each molecule and around 25 are normally 
iodinated, but this varies greatly depending on iodine uptake and 
thyroid activity. The iodination reaction depends on thyroid perox-
idase and occurs at the apical border of the thyroid cells. Four thyro-
globulin domains, termed A to D, have been identified from analysis 
of internal homology, and contain between them four to eight 
hormonogenic sites, two of which, at residues 5 and 2746, corres-
pond to sites of preferential T4 and T3 synthesis, respectively. When 
stimulated by TSH or thyroid- stimulating antibodies, thyroglobulin 
is endocytosed and hydrolysed in lysosomes to release T3 and T4.
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Although iodination of thyroglobulin plays a major role in the 
antigenicity of the molecule in animal models of autoimmune 
thyroiditis, the place of iodination in human autoimmune thy-
roid disease is less clear, with continuing uncertainty over whether 
the hormonogenic sites are part of T-  or B- cell epitopes. As the 
immune response diversifies with time, an increasing number 
of epitopes are recognized, especially by sera with high levels of 
thyroglobulin antibodies, but patients with autoimmune thyroid 
disease show greater restriction of epitope recognition by autoanti-
bodies than those who have autoantibodies but remain clinically 
euthyroid. These epitopes are largely conformational, although 
certain Hashimoto sera recognize linear determinants; all thyro-
globulin antibodies cloned from patients so far recognize native 
but not denatured thyroglobulin. The immunopathogenic non- 
dominant nature of thyroid autoantibody epitopes suggests that the 
disease may arise from unmasking of cryptic epitopes which leads 
to a loss of tolerance [17].

The antibody response to thyroglobulin is relatively restricted, with 
a predominance of IgG1 and IgG4 subclasses and over- representation 
of certain immunoglobulin variable (V)  genes. However, thyro-
globulin antibodies, even of the IgG1 subclass, do not fix complement 
due to the wide spacing of epitopes, which prevents cross- linking [18]. 
The potential role of these antibodies in pathogenesis is considered 
next. Less is known about T- cell epitopes on thyroglobulin, infor-
mation about which could lead to important insights regarding mo-
lecular mimicry with other self- determinants or microbial antigens.

Thyroid Peroxidase

Thyroid peroxidase is a glycosylated haemoprotein which exists in 
two alternatively spliced forms of 100 to 105 kDa. The predominant 
form, TPO- 1, is responsible for tyrosine iodination and coupling to 
form thyroid hormones and is predominantly located at the apical 
border of the thyroid cell, anchored by a transmembrane segment 
near the carboxyl terminus, with the catalytic domain facing the fol-
licular lumen. TPO- 2 has no enzymatic activity and is restricted to 
the endoplasmic reticulum: its role in autoimmunity is unknown.

Initial studies of B- cell epitopes on thyroid peroxidase found two 
sequences, C2 (amino acids 590– 622) and C21 (710– 722), which 
are linear epitopes recognized by the majority of Hashimoto sera 
and a smaller proportion of Graves’ sera [19]. It is likely that these 
and other linear determinants identified subsequently are only the 
target of antibodies late in disease when degradation of thyroid 
peroxidase allows spreading of the immune response. In the ini-
tial stages, however, conformational epitopes are probably involved 
in antibody binding, and these have been identified by human 
and mouse monoclonal antibodies. There are two large overlap-
ping domains, A and B, which are the target of more than 80% of 
thyroid peroxidase antibodies in Graves’ disease and Hashimoto’s 
thyroiditis and, in the absence of thyroid peroxidase crystals, mod-
elling has allowed prediction of the structure of these. Furthermore 
the immunoglobulin V gene usage of thyroid peroxidase antibodies 
is remarkably restricted, with domain B- binding antibodies using 
a particular light- chain sequence (Vκ 012), irrespective of heavy 
chain, although heavy chain V gene usage is also relatively re-
stricted. Relative binding of thyroid peroxidase antibodies to the 
individual domains varies little over time, indicating a genetic com-
ponent to the control of thyroid peroxidase antibody formation. 

Thyroid peroxidase antibodies in general show the same type of IgG 
subclass restriction as those against thyroglobulin but are able to fix 
complement.

T- cell epitopes are multiple and individual patients respond to 
different combinations of epitopes without any apparent correlation 
with disease type or chronicity [9] . As the T- cell response is likely to 
have had many months to diversify or ‘spread’ by the time of diag-
nosis, this observation is not surprising, but it does emphasize how 
difficult identification of any dominant epitope (which might cross- 
react with a microbial epitope) will be.

TSH Receptor

The TSH receptor is a typical G- protein- coupled receptor, with an 
extracellular domain of 398 amino acids, a transmembrane region 
of 266 amino acids organized in seven loops, and an intracellular 
domain of 93 amino acids. There are two subunits, A (55 kDa) and 
B (40 kDa), which correspond to the extracellular and transmem-
brane domains and are joined by disulphide bonds. The A- subunit, 
uniquely for this type of receptor, can be shed from the cell surface, 
which may well have immunological consequences by allowing 
greater access of the autoantigen to the immune system [20].

Although clearly highly expressed in the thyroid, where the re-
ceptor is fundamental for cell activation, there is now considerable 
evidence that the TSH receptor is expressed in fat, particularly pre- 
adipocytes, where it may make a contribution to thyroid- associated 
ophthalmopathy (see Chapter 3.3.10). The main physiological regu-
lator of the TSH receptor is obviously TSH, which causes a rise in 
intracellular cyclic adenosine monophosphate (AMP) and these 
actions are mimicked by thyroid- stimulating antibodies in Graves’ 
disease. The interaction of TSH- receptor antibodies with the re-
ceptor is even more complex, with additional antibodies blocking 
the effect of TSH, contributing to hypothyroidism in around 10% 
of patients [21], and others (neutral antibodies) do not stimulate 
function but may induce apoptosis, at least in vitro [22]. The ter-
minology of these antibodies has been obscure, and Table 3.2.5.3 
gives an overview.

As would be predicted from the heterogeneous nature of TSH- 
receptor antibodies, multiple B- cell epitopes have been identified. 
In summary, the majority are conformational and comprise discon-
tinuous sequences. Both stimulating and blocking antibodies bind 
to sites on the receptor which overlap with, but are distinct from, 
the TSH biding site. The greatest separation between the binding 
of these three entities occurs at the N- terminal region of the re-
ceptor. Much is still to be determined, including whether receptor 
desensitization might explain the poor correlation between circu-
lating TSH- receptor- stimulating antibody levels and the degree of 
abnormal thyroid function in patients. TSH- receptor- stimulating 
antibodies show restriction immunoglobulin of heavy and light 
chain usage, implying oligoclonality of the B- cell repertoire.

TSH- receptor T- cell epitopes have been identified and, as with 
thyroid peroxidase, there is considerable heterogeneity both within 
and between patients in the regions recognized, with no clear dom-
inant epitope. Certain TSH- receptor sequences are recognized by 
10– 20% of healthy individuals, but it is not known whether these 
represent potentially pathogenic T cells kept in check by regulatory 
mechanisms or low- affinity, non- specific interactions of unlikely 
relevance to the initiation of Graves’ disease.
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T- cell Function in Autoimmune Thyroid Disease

Animal Models

T cells play a vital role in the pathogenesis of experimental auto-
immune thyroiditis. Disease is easily transferable with T cells, 
whereas attempts to transfer disease using serum or antibodies pro-
duce only weak or inconsistent effects at best. Full- blown disease re-
quires the transfer of both CD4+ and CD8+ cells from an animal with 
experimental autoimmune thyroiditis to a naive recipient (disease 
being established in the donor by immunization with thyroglobulin 
in adjuvant). However, a subpopulation within the CD4+ cells also 
has an important regulatory function, being capable of preventing 
the action of thyroglobulin- specific, disease- inducing T cells [9] . 
In essence, these findings are consistent with a model in which 
autoreactive T cells are largely, but not completely, deleted or ren-
dered anergic in the thymus during development. These T cells are 
normally kept in check, either because they are controlled by a regu-
latory T- cell subset or through clonal ignorance in which the T cells 
fail to react to antigen in the absence of an appropriate costimulatory 
signal (Figure 3.2.5.5). Animal strains particularly prone to ex-
perimental autoimmune thyroiditis have genetic defects either in 

Table 3.2.5.3 Nomenclature and assay of the major types of TSH- 
receptor antibodies

Antibody Assay

Long- acting thyroid 
stimulator (LATS)

The original assay for TSAb which measured 
the effects of TSH- R antibodies on 
radioiodine release in the intact mouse

LATS- protector (LATS- P) Assayed by measuring inhibition 
(protection) of LATS interaction with 
thyroid; now superseded by new assays

Thyroid- stimulating 
antibodies (TSAb)

Usually measurement of cAMP production 
by primary cultures of thyroid cells, thyroid 
cell lines (for example, FRTL- 5) or cells 
transfected with TSH- R. Other functions 
such as iodide uptake can be used as 
endpoints instead

Thyroid- blocking antibodies Measurement of inhibition of cAMP 
production after TSH- mediated stimulation 
of thyroid cells or TSH- R transfected cells

TSH- binding inhibiting 
immunoglobulins (TBII)

Measurement of the inhibition of labelled 
TSH (or a labelled- thyroid- stimulating 
monoclonal antibody) binding to purified 
or recombinant TSH- R by serum antibodies

TSH- R, thyroid- stimulating hormone receptor.

Naive T cells
dependent on
costimulation

T cells initially
activated by
APCs

Proliferation

Autoreactivity

Anergy

No autoreactivity

MHC class II
expression

-IFN

-IFN

Figure 3.2.5.5 Alternative outcomes of major histocompatibility complex (MHC) class II molecule expression by thyroid cells, depending on the 
provision of costimulatory signals from antigen- presenting cells (APCs).
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positive/ negative selection of T cells (which make it more likely that 
the adult animal has sufficient autoreactive T cells to develop dis-
ease), or in the regulatory T- cell subsets, and these defects interact 
with environmental factors to result in disease (Table 3.2.5.4).

An appropriate balance of Th1 and Th2 cells (Table 3.2.5.5) is 
needed for full expression of disease, and the reciprocal inhibition be-
tween these two subsets (Figure 3.2.5.4) may be one of the most im-
portant regulatory pathways controlling the activity of autoreactive 
T cells. For instance, blocking IL- 2 receptor activation or removing 
γ- interferon leads to a granulomatous rather than lymphocytic 
thyroiditis, and the production of high levels of thyroglobulin 

antibodies, due to preferential Th2 activation [23]. Typical experi-
mental autoimmune thyroiditis is most likely Th1- dependent.

Further support for this T- cell- dependent mode of pathogenesis 
comes from the induction of experimental autoimmune thyroiditis 
by modulation of the T- cell repertoire alone, without the need to 
immunize animals with thyroid antigen (Table 3.2.5.2). Certain 
strains of rat or mice develop experimental autoimmune thyroiditis 
after thymectomy, sometimes coupled with sublethal irradiation, 
when performed at a critical stage of postnatal development [9] , 
and T- cell depletion/ reconstitution or cyclosporin A  can have 
similar effects. More recently knockout mouse models have shown 
a crucial role both for Th1 cytokines and for the pro- inflammatory 
Th- 17 pathway in generating thyroiditis [24].

Disease in these models is reversed by a subset of CD4+ T cells 
from untreated donors. One major regulatory CD4+ T- cell popu-
lation can be identified because it expresses CD25 and Foxp3. 
Depletion of this T- cell subset causes severe thyroiditis in certain 
mouse strains and this subset  also appears to be reduced when 
thymectomy is performed; knockout models have also confirmed 
the importance of T- regulatory cells in maintaining freedom from 
thyroiditis [24]. From these studies it is clear that thyroid- reactive T 
cells are present early after birth and that depletion of a critical, regu-
latory subset of CD4+ T cells can induce organ- specific autoimmune 
disease. Transgenic mice have been used to confirm that tolerance, 
imposed in the thymus or periphery, is a major step in the produc-
tion of thyroid reactivity: by contrast, B cells were not tolerized in 
animals overexpressing a membrane- bound antigen specifically on 
thyroid cells, presumably because the antigen is sequestered from B 
but not T cells [25]. These B cells are harmless (or ‘ignorant’) unless 
specific T cells are available in a non- tolerized state, in which case 
help in the form of B- cell stimulation might be provided, leading 
to thyroid antibody formation. The frequency of thyroid antibodies 
(and focal thyroiditis) in the healthy population may be due to the 
existence of such untolerized B cells, which can be partially activated 
if T- cell tolerance is disrupted or bypassed, for example by the provi-
sion of B- cell- stimulatory cytokines by non- thyroid- specific T cells.

Human Studies

The methods used to examine thyroid- reactive T cells in humans are 
shown in Table 3.2.5.6 and, despite their limitations, have provided 
important insights into the pathogenesis of autoimmune thyroid 
disease. A major problem has been the difficulty of access to crit-
ical thyroid- infiltrating T cells in untreated patients: blood- borne 
lymphocytes contain only a small proportion of thyroid- specific T 
cells which happen to be trafficking at the time of sampling, and 
although Graves’ thyroid tissue is often available for study, such 
patients have usually received treatment with antithyroid drugs 
which reduce the severity of the lymphocytic infiltrate, making the 
remaining T cells unrepresentative. Furthermore, it is obvious that 
any immune response, initially directed against a single epitope on 
a single antigen, rapidly diversifies to involve other epitopes and 
antigens, and this phenomenon of determinant spreading makes 
any analysis of T- cell reactivity in autoimmune diseases as chronic 
as those affecting the thyroid very difficult to interpret.

T- cell Phenotypes

Perhaps the simplest type of analysis, but giving easily misunder-
stood information, is the definition of T- cell phenotypes using 

Table 3.2.5.4 Interaction of experimental manipulations in animal 
models of autoimmune thyroiditis

Factor Probable site of action

Genetic background
Thymectomy (irradiation)  
Intrathymic antigen

Thymic selection of T cells

Infection
Sex hormones
Adjuvant

Peripheral autoreactive T cells 
escaping intrathymic tolerance

Genetic background Recognition of autoantigen

Iodide uptake

Genetic background T- cell- mediated regulation

Soluble autoantigen

Thymectomy

T- cell subset depletion

Cytokines

Toxins

Table 3.2.5.5 Features of CD4+ T- cell helper (Th) cell subsets in the 
mouse; similar but not identical profiles are found in humans. 
Further subsets are also recognized, especially Th- 17 cells which 
secrete IL- 17, TNF, and IL- 6, and are highly pro- inflammatory

Th1 Th2

Cytokine profile

IL- 2 ++ – 

IL- 3 ++ ++

IL- 4 – ++

IL- 5 – ++

IL- 6 – ++

IL- 10 – ++

γ- interferon (- IFN) ++ +

Tumour necrosis factor (TNF) ++ – 

Lymphotoxin ++ +

Function

Delayed- type hypersensitivity; host defence 
against intracellular pathogens

++ +

B- cell help (for antibody synthesis) + ++

Eosinophil/ mast cell production; host defence 
against parasites and a pathological role in 
allergy and asthma

– ++
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monoclonal antibodies against an array of surface molecules. From 
such studies on peripheral blood, it is now fairly clear that CD8+ 
T- cell numbers are decreased in Graves’ disease, active Hashimoto’s 
thyroiditis, and postpartum thyroiditis, giving a rise in the ratio of 
CD4 to CD8 cells, and so- called activated T cells, expressing HLA- 
DR and other activation molecules, are also increased. However, the 
cause and meaning of these changes remain unclear, and their ori-
ginal interpretation as showing a defect in so- called T- suppressor 
cells is now regarded as naive. It should also be noted that similar 
changes are found in other autoimmune diseases.

Thyroid- infiltrating T cells are a mix of CD4+ and CD8+ cells, many 
expressing activation markers, and CD4+ cells often predominate in 
Hashimoto’s thyroiditis. Most of the T cells express the αβ T- cell re-
ceptor, but a minor population of uncertain significance expresses 
the γδ receptor. Analysis of clonality within the T- cell population 
expressing the αβ receptor families by the unfractionated thyroid- 
infiltrating T- cell population in Hashimoto’s thyroiditis and Graves’ 
disease shows no evidence of restriction, even in the activated T- cell 
population which might be predicted to contain the most disease- 
specific cells. Although it is likely that the autoimmune response 
begins with a clonally restricted response, this response rapidly di-
versifies, particularly when multiple thyroid autoantigens are known 
to be involved. Detailed analysis of the T- cell infiltrate in auto-
immune thyroiditis shows that there is an influx of recent thymic 
emigrants early on in the disease process, which in turn implies that 
there may be some disturbance of central tolerance, in addition to a 
problem with peripheral tolerance, in these patients [26].

Functional Responses

Thyroglobulin- , thyroid peroxidase- , and TSH- receptor- reactive 
T cells can be identified in the circulating and thyroid lymphocyte 
populations of patients with thyroid autoimmunity but such re-
sponses tend to be weak and epitope mapping studies have generally 
revealed a remarkably heterogeneous response.

Recent work has identified the importance of regulatory T cells, 
now known to have a central role in maintaining tolerance to 
autoantigens [27]. Perhaps the clearest evidence for their importance 

comes from the rare, lethal disorder IPEX (immunodysregulation 
polyendocrinopathy enteropathy X- linked) syndrome in which 
there are mutations in the FOXP3 gene that result in a defect in 
immunoregulatory T cells which express CD25 and Foxp3. Babies 
with this syndrome have very early onset autoimmune disorders 
including thyroid disease. Further possible examples of thyroid 
autoimmunity appearing in the wake of a disturbance of T- cell- 
mediated immunoregulation occur during reconstitution of the im-
mune system after monoclonal antibody treatment directed against 
lymphocytes, or after antiretroviral treatment for HIV [28].

Analysis of cytokine production in thyroid autoimmunity, either 
in situ or by cultured T cells, has shown a complex picture, with both 
Th1 and Th2 cytokines being present [29]. There is also an increase 
in pro- inflammatory Th17 production by intrathyroidal lympho-
cytes [30]. It is likely that a Th1 (and Th17) pattern predominates in 
autoimmune hypothyroidism, but the expected Th2 predominance 
in Graves’ disease, shown by IL- 4 production, is not apparent, ei-
ther because the disease has been studied too late or because other 
cytokines known to be produced in the thyroid, such as IL- 6, IL- 10, 
and IL- 13, are able to sustain antibody production. Besides CD4+ 
T cells, CD8+ T cells, macrophages, and the thyroid follicular cells 
themselves all contribute to the intrathyroidal cytokine profile, and 
the pathogenic implications of such cytokines are discussed next.

Antigen Presentation to T Cells

Antigen presentation is the fundamental first step in any immune 
response (Figure 3.2.5.4) and in most cases is believed to be a func-
tion of specialized antigen- presenting cells, such as dendritic cells, 
macrophages, or B cells. These have the ability to take up antigen, 
process it into the form of epitopes, and present the epitope, bound 
to a MHC class II molecule, to a CD4+ T cell which recognizes this 
bimolecular complex through a specific T- cell receptor. In addition, 
a number of other molecules on the antigen- presenting cell interact 
with the T cell, either to stabilize this interaction or deliver add-
itional or costimulatory signals. T cells vary in their requirement 
for costimulatory signalling to achieve activation; broadly speaking, 
naive T cells depend more on such signals than memory or acti-
vated T cells. Some antigen- presenting cell- derived signals may 
also mediate T- cell inhibition. For instance, the B7 surface proteins, 
CD80 and CD86, cause T- cell activation when they bind to CD28 
on a T cell, but if they bind instead to CTLA- 4, T- cell anergy ensues. 
Moreover, T cells dependent on costimulatory signals are rendered 
anergic if antigen presentation occurs in the absence of the signal. 
This alternative outcome from antigen presentation is an important 
mechanism for determining peripheral tolerance, although much 
remains to be learned about what determines T- cell requirements 
for costimulatory signals.

Against this background, the identification of MHC class  II 
molecule expression by thyroid cells in Hashimoto’s thyroiditis 
and Graves’ disease, but not under normal conditions, was ini-
tially taken as evidence that such expression could initiate or per-
petuate the autoimmune response through the presentation of 
thyroid antigens by thyrocytes which, in effect, had been converted 
to antigen- presenting cells [31]. Such class II expression is not an 
intrinsic property of thyroid cells in the disease state, but depends 
instead on the cytokine γ- interferon released by the infiltrating T 
cells, and therefore cannot be the initiating step in thyroid auto-
immunity:  in experimental autoimmune thyroiditis, when class II 

Table 3.2.5.6 Methods used for examining T- cell responses 
to thyroid antigens

Assay Comment

Phenotypic analysis Measures expression of T- cell surface 
molecules or cytokines but provides only 
indirect evidence of function

Proliferation Measures [3H]thymidine incorporation 
after in vitro stimulation with antigen

Migration inhibition factor 
(MIF) assay

Measures production of MIF, a poorly 
characterized cytokine, in response to 
antigen; no longer in use

ELISpot assay Measures production of cytokines (for 
example, IL- 1, γ- IFN) by individual T cells, 
usually after stimulation in vitro

Flow cytometry after activation 
by antigen in vitro

Measures cell surface expression of 
markers of activation (for example, CD69)

Immunoglobulin or antibody 
production

An indirect assay of Th2- type responses by 
T cells cultured with autologous B cells

Cytotoxicity Measures killing of target cells incubated 
with cytotoxic T cells
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molecules are expressed de novo on thyroid cells in transgenic mice, 
thyroiditis does not appear [32].

Thyroid- specific T cells can be stimulated to proliferate in re-
sponse to antigen presented by class II- positive thyroid cells, but 
using cloned T cells it is apparent that this is not a universal prop-
erty, as T cells requiring B7 costimulation cannot be stimulated 
by thyroid cells, which do not express B7 proteins [33]. Moreover, 
the T cells that fail to respond are rendered anergic, as subsequent 
attempts at stimulation using conventional antigen- presenting 
cells fail, and this is achieved by at least two mechanisms, one 
partially reversible by addition of appropriate cytokines (espe-
cially IL- 2) and the other dependent on Fas- mediated signalling 
(see next). Therefore the peripheral tolerance induced by thy-
roid cells is complex and appears, teleologically, to be an appro-
priate mechanism for inducing peripheral tolerance in potentially 
autoreactive T cells, which could otherwise respond to released 
autoantigen, for instance, after viral thyroiditis (Figure 3.2.5.5). 
The local production of γ- interferon during the infection may 
ensure sufficient MHC class II expression by thyroid cells to en-
sure that autoimmune responses are not initiated, but this back-
fires in the setting of an already ongoing autoimmune response. 
In this case, conventional antigen- presenting cells provide ini-
tial costimulatory signals and the resulting T cells, no longer de-
pendent on costimulatory signals, will be further stimulated by 
class II- positive thyroid cells.

B- cell Function in Autoimmune Thyroid Disease

As already discussed, B cells specific for certain thyroid antigens 
are not deleted during development in transgenic animal models 
[25]. Such ignorant but potentially autoaggressive populations of B 
cells may become activated non- specifically in response to the right 
combination of cytokines, leading to autoantibody production. It 
is unknown in humans which thyroid autoantigens, if any, can ac-
tually induce B- cell tolerance, either through deletion or anergy 
mechanisms. Judging by the frequent appearance of low levels of 
low- affinity IgM class thyroglobulin antibodies in healthy individ-
uals, B cells specific for thyroglobulin are frequently not tolerized, 
but whether such natural autoantibodies have a pathogenic role is 
uncertain. Maturation of the B- cell response, leading to the pro-
duction of high levels of high- affinity, IgG class thyroglobulin anti-
bodies, requires CD4+ T- cell help, and it is these antibodies that 
characterize autoimmune thyroid disease.

TSH receptor and thyroid peroxidase are much more localized 
to the thyroid than thyroglobulin and therefore might be expected 
to impose even less tolerance on B cells than thyroglobulin, which 
circulates at relatively high levels. However, little is known about the 
frequency of B cells with these specificities in normal individuals. 
A priori, it would seem that TSH- receptor- specific B cells are un-
common, particularly those capable of producing thyroid- stimulating 
antibodies, and there is even the possibility that such antibodies are 
the product of only a very small number of B- cell clones.

Circulating B- cell numbers are largely normal in autoimmune 
thyroid disease, although increases in the CD5+ B- cell subset, re-
sponsible for synthesis of polyreactive natural autoantibodies, can 
occur. Such increases in CD5+ B cells occur in other autoimmune 
diseases and have no known pathogenic role in thyroiditis. B cells 

and plasma cells are found in varying numbers in the thyroid, and 
may be organized in germinal follicles, especially in Hashimoto’s 
thyroiditis. Rarely, these follicles can show light- chain restriction, 
from which a single dominant clone may emerge to produce non- 
Hodgkin’s lymphoma, a recognized complication of Hashimoto’s 
thyroiditis.

Although both blood- borne and thyroid lymphocytes can pro-
duce thyroid antibodies in vitro after mitogen stimulation, only the 
thyroid lymphocytes produce antibody spontaneously, so that the 
thyroid seems likely to be a major source of antibodies in vivo. In 
addition, however, the bone marrow and lymph nodes draining the 
thyroid are sites of thyroid antibody production. The decline in thy-
roid antibody production which occurs after thyroid ablation is ex-
plicable as the result of either removal of thyroidal B cells or removal 
of thyroid antigen and thyroid- specific helper T cells [9] . In simple 
terms of B- cell population size, it would seem that the thyroid is 
not the major site of antibody synthesis, but the real importance of 
this compartment may lie in the ability of B cells to take up specific 
autoantigen. B cells are uniquely able to amplify the T- cell response 
to any given autoantigen and may even break T- cell tolerance by 
presentation of cryptic self- epitopes generated by processing within 
the B cell. Thus, within the thyroid, the autoimmune response will 
be sustained and increased by B- cell- mediated presentation of lo-
cally derived thyroglobulin, thyroid peroxidase, and TSH receptor, 
and supported by the intrathyroidal production of cytokines which 
cause B- cell proliferation and differentiation (Figure 3.2.5.6). This 
information has been behind attempts to treat Graves’ disease and 
ophthalmopathy with rituximab, a monoclonal antibody that de-
pletes B cells but not plasma cells, although results so far remain 
rather equivocal [34].

Mechanisms Altering Thyroid Function

It is now clear that TSH- receptor- stimulating antibodies cause 
Graves’ disease, but there is no clear correlation between the circu-
lating level of these antibodies and the severity of hyperthyroidism. 
The most likely reason for this discrepancy is that humoral and 
cellular factors, identical to those operating in autoimmune hypo-
thyroidism, are also active in Graves’ disease, and it is the balance 
between the level of stimulatory antibodies and these conflicting 
processes, including antibodies which block the TSH receptor, that 
determines the degree of hyperthyroidism. As already noted, the 
natural history of Graves’ disease tends to thyroid destruction over 
20 years in a small proportion of patients [9] .

The mechanisms mediating hypothyroidism are less clear, in 
particular with regard to the relative importance of each in the 
pathogenesis of thyroid cell dysfunction and destruction, and these 
processes are considered next.

Humoral Immunity

The role of thyroglobulin antibodies is uncertain, as they do not 
fix complement, but these antibodies may be involved in medi-
ating antibody- dependent cell- mediated cytotoxicity. In this, the 
effector cell is a natural killer cell which binds to the antibody via 
Fc receptors on the natural killer cell surface. This allows the nat-
ural killer cell to destroy a specific target cell, in this case a thyroid 
cell, as otherwise natural killer cell- mediated destruction is not 
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restricted by recognition of specific antigen. Antibody- dependent 
cell- mediated cytotoxicity is demonstrable in vitro with both 
thyroglobulin and thyroid peroxidase antibodies, small numbers of 
natural killer cells appear in the thyroid infiltrate, and monocytes 
may also be involved in this destructive pathway [35]. However, 
transplacental transfer of thyroglobulin antibodies is not accom-
panied by thyroid dysfunction, and similar considerations apply 
to the frequent presence of thyroglobulin antibodies in euthyroid 
individuals. Thyroid peroxidase antibodies can fix complement 
but, for similar reasons, would seem to be of minor importance as 
primary mediators of thyroid cell destruction. Thyroid peroxidase 
may well be sequestered from access by autoantibodies until late in 
the disease process, when cell- mediated injury will permit access 
and antibody binding.

A second reason for the failure of complement- fixing thyroid 
peroxidase antibodies to destroy thyroid cells is that, in common 
with all nucleated cells, thyroid cells express complement regula-
tory proteins which prevent lethal injury by interfering with C3 
convertase activity or by impairing terminal complement compo-
nent formation. The most important of these regulatory proteins 
functionally is CD59, and its expression is upregulated by IL- 1, γ- 
interferon, and tumour necrosis factor, all of which are produced by 
the lymphocytic infiltrate, thus enhancing the ability of thyroid cells 
to defend themselves from complement attack [36]. There is good 
evidence that complement is activated in thyroid autoimmunity, 
with elevated serum levels of terminal complement complexes, and 
local deposition of such complexes around the thyroid follicles in 
both Graves’ disease and Hashimoto’s thyroiditis. Unless formed in 
overwhelming amounts, complement membrane attack complexes 
do not overcome the thyroid cell’s defences, but none the less, sub-
lethal effects of complement attack are demonstrable in vitro, and 
include impaired responses to TSH stimulation and the release of 
cytokines, reactive oxygen metabolites, and prostaglandins, which 
will contribute to the local inflammatory response.(36) Antithyroid 
drugs block this pro- inflammatory response to complement attack, 

which may explain the selective immunomodulatory effects of 
these drugs.

A final mechanism by which antibodies can cause hypothy-
roidism is through their direct effects on cell function, most clearly 
illustrated by TSH- receptor antibodies. Although all patients with 
Graves’ disease must, by definition, have TSH- receptor stimulating 
antibodies, these may be absent in the serum of occasional patients 
[37]. As well as assay insensitivity as an explanation, it is possible 
in these cases that there is exclusively intrathyroidal production of 
autoantibody which is sufficient to sustain disease.

Cell- Mediated Immunity

Cytokines released locally by the infiltrating lymphocytes and 
macrophages may have a number of effects that exacerbate thyroid 
injury. Some of these effects are related to the metabolic activity 
of the thyroid cells, such as decreased synthesis of thyroglobulin 
or thyroid peroxidase, which will ultimately impair thyroid hor-
mone production (Table 3.2.5.7), while others evoke responses by 

Table 3.2.5.7 Functional effects of cytokines on human 
thyroid cells

Cytokine Growth Iodide 
uptake

cAMP 
production

Expression of TG 
or TPO

IL- 1 ↑ but can also  
↑ PGE2, causing ↓ 
growth

↓ ↓ Biphasic: ↑ at low 
concentration 
and ↓ at high 
concentration

IL- 6 ↑ (with TSH) 0 ↓/ 0 ↓/ 0

↓ (with EGF)

γ- IFN ↓ (with TNF)/ 0 ↓ Variable ↓

TNF- α 0 (alone) ↓ ↓/ 0 ↓

↑, increase, ↓, decrease, 0, no effect. TG, thyroglobulin; TPO, thyroid peroxidase; PGE2, 
prostaglandin E2; EGF, epidermal growth factor; γ- IFN: γ- interferon; TNF- α: tumour 
necrosis factor- α.
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Figure 3.2.5.6 Cognate interaction of B cells, capturing specific thyroid antigens by surface autoantibody, and T cells.
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thyroid cells which have direct immunological relevance. One of 
these has already been discussed, namely the expression of MHC 
class II molecules induced by γ- interferon, but many other effects 
are being uncovered. Adhesion molecules allow cytotoxic T cells 
and natural killer cells to bind initially to their targets, and the 
upregulation of thyroid cell adhesion molecule expression by cyto-
kines will enhance the susceptibility of thyroid cells to such attack.(9) 
Nitric oxide and reactive oxygen species may play a key role in thy-
roid injury and their production by thyroid cells is initiated by the 
intrathyroidal pro- inflammatory environment which exists in auto-
immune thyroiditis [9,  38]. Finally, IL- 1, IL- 6, IL- 8, IL- 12, IL- 13, 
IL- 14, IL- 15, and IL- 16 are all produced by thyroid cells themselves 
in response to inflammatory cytokines, especially IL- 1[29], and this 
may set up a mutually reinforcing pathway of cytokine interactions 
which results in escalation and perpetuation of the autoimmune 
process (Figure 3.2.5.7).

As well as thyroid cells, vascular endothelial cells in the thyroid are 
exposed to cytokines which upregulate expression of selectins and 
other molecules essential to the egress of inflammatory cells from 
the blood. Thyroid cells can also produce an array of chemokines, 
molecules which are able to enhance the recruitment of lympho-
cytes to the gland in disease. Chemokine synthesis may also be crit-
ical in the formation of lymphoid germinal centres in chronically 
affected thyroid tissue [39]. The process of adhesion molecule ex-
pression and chemokine synthesis must be essential to the recruit-
ment of lymphocytes to the infiltrate, although it is unknown what 
proportion of these are blood- derived and what proportion result 
from local expansion.

Specific cytotoxic T cells have long been thought to be key me-
diators of thyroid cell destruction in autoimmune thyroiditis, but 

evidence for their existence is surprisingly sparse and best docu-
mented in experimental autoimmune thyroiditis [9] . As well as 
releasing cytokines, cytotoxic T cells kill either by insertion of per-
forin into the target cell membrane, or by interaction of Fas ligand 
on the T- cell surface with the widely expressed Fas molecule on 
the target cell. Perforin- expressing T cells are present in the thy-
roid infiltrate in both Hashimoto’s thyroiditis and Graves’ disease, 
with slightly differing phenotypes in the two conditions [40]. This 
certainly indicates the potential for perforin- mediated cell de-
struction, although attention has also focused on Fas- mediated 
apoptosis as a major mechanism for thyroid cell death [41]. This 
interest has been sparked by the demonstration of Fas ligand ex-
pression by thyroid cells in Hashimoto’s thyroiditis, but not other 
conditions. Fas ligand expression was enhanced in vitro by IL- 1β 
but not by other cytokines, suggesting that, in addition to the clas-
sical pathway of apoptosis mediated by T cells, Fas and Fas ligand 
on thyroid cells could interact and lead to cell suicide. Normally 
Fas ligand expression is limited to sites of immunological privilege, 
such as the trophoblast and Sertoli cells, where it is clear that sui-
cide is not an outcome: instead, Fas ligand expression at these sites 
ensures tolerance by deleting any autoaggressive Fas- expressing 
lymphocytes specific for these tissues. Thus, a major effect of thy-
roid cell Fas ligand expression in vivo may be the evasion of thyroid 
cell recognition by T cells.

In summary, thyroid cell dysfunction and destruction result from 
a wide array of insults (Figure 3.2.5.8) and, in the initial stage at 
least, seem dependent on cell- mediated autoimmune processes. 
It is likely that within the same clinically identified disease there 
are interindividual differences in the relative contributions from 
each type of injury. This variation would account for the diversity 
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of pathological processes previously described, and because of this 
complexity, it is highly improbable that only two types of mech-
anism predominate, one resulting in atrophic thyroiditis and the 
other in goitrous thyroiditis.

Use of Thyroid Autoantibodies in Diagnosis

Although thyroglobulin and thyroid peroxidase antibodies ap-
pear to have a secondary rather than a primary role in disease 
pathogenesis, none the less they are invaluable markers of the 
presence of autoimmune thyroid disease. After considering the 
assays available, this section will review the results from antibody 
testing and then consider the use of TSH- receptor antibodies in 
diagnosis.

Thyroglobulin and Thyroid Peroxidase Antibodies

There are essentially four methods for assaying thyroglobulin and 
thyroid peroxidase antibodies. The two oldest are haemagglutin-
ation and indirect immunofluorescence, which depend on dilution 
of the test serum to determine the level of antibodies. Although 
robust and providing reasonably sensitive and specific results, the 
more modern methods of enzyme- linked immunosorbent assay 
(ELISA) and radioimmunoassay allow truly quantitative deter-
mination of antibodies and, in the case of assays for thyroid per-
oxidase antibodies, can use antigen of high purity, if necessary for 
research purposes. Thyroid peroxidase was previously called the 
microsomal antigen, and assays for these antibodies have relied on 
positive immunofluorescence staining with an appropriate pattern 
or, in the case of haemagglutination, have used an excess of thyro-
globulin to absorb out thyroglobulin antibody activity when testing 
crude microsomal extracts of thyroid homogenate. Comparison of 
assays based on haemagglutination with microsomal antigen and 

more modern methods with purified or even recombinant thy-
roid peroxidase has shown a good correlation between the two, 
although those assays based on thyroid peroxidase are more sen-
sitive. Further improvement in assay standardization has come 
from the use of reference positive serum samples, and increased 
sensitivity has been achieved with the use of immunometric as-
says, which are now automated, utilize chemiluminescence, and 
are widely available. Nonetheless there are still significant differ-
ences in the cut- offs for positivity between assay kits from different 
manufacturers [42].

With the most sensitive assays, up to 20% of healthy women 
have thyroglobulin and/ or thyroid peroxidase antibodies, although 
in the majority the levels are very low. Using more conventional 
assays, 11% of women and 3% of men were positive in a large 
community- based survey in the United Kingdom [3]  and similar 
results have been reported elsewhere. Antibodies are not entirely 
stable, appearing or disappearing in 17% and 2% of women, re-
spectively, over a 20- year period [3]. In healthy individuals, the 
presence of such antibodies is a marker of future thyroid dysfunc-
tion, especially if coupled with subclinical hypothyroidism, and 
all patients with positive thyroid antibodies should be offered an-
nual screening to detect early thyroid failure, while patients with 
subclinical hypothyroidism should have antibodies measured to 
stratify their risk.

Thyroid peroxidase antibodies are found in 80– 90% of Graves’ 
sera and 95– 100% of Hashimoto sera, with thyroglobulin antibodies 
in up to 70% of Graves’ and 90– 100% of Hashimoto sera, using sen-
sitive assays. Occasional patients with Hashimoto’s thyroiditis are 
negative for serum thyroid antibodies, although synthesis can usu-
ally be detected locally within the thyroid, presumably at too low 
a level to be detectable in serum. In most patients, thyroglobulin 
antibodies are accompanied by thyroid peroxidase antibodies, but 
some patients only have one or the other type.
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Thyroglobulin and thyroid peroxidase antibodies are found in a 
variety of other conditions at higher frequency than would be ex-
pected by chance (Box 3.2.5.1).

Antibody testing is certainly useful in patients with Addison’s 
disease, as around 25% may develop thyroid dysfunction due to as-
sociated autoimmune polyglandular syndrome type 2. Similar con-
siderations apply to pernicious anaemia, coeliac disease and, more 
debatably, other autoimmune disorders which are associated with 
a high frequency of thyroid autoimmunity [43]. Another situation 
where prospective thyroid antibody testing is particularly worth-
while is in patients starting amiodarone, as those with antibodies 
are more likely to develop amiodarone- induced hypothyroidism. 
The presence of thyroid antibodies is also useful in predicting the 
risk of thyroid dysfunction after treatment with γ- interferon.

On the other hand, measurement of thyroid antibodies can be 
misleading in goitre, as patients with multinodular goitre can have 
thyroid antibodies in association with focal thyroiditis, although 
the antibodies are usually only at low or moderate levels. Similarly, 
around 25% of patients with papillary or follicular thyroid cancer 
have thyroglobulin and/ or thyroid peroxidase antibodies. There 
does appear to be an association between Hashimoto’s thyroiditis 
and differentiated thyroid cancer, as well as with lymphoma: there 
is controversy regarding the prognostic value of thyroglobulin anti-
bodies in thyroid cancer, possibly related to epitope recognition dif-
ferences and the assays used [44]. Such antibodies can interfere with 
the assay of thyroglobulin in thyroid cancer follow- up.

Thyroid peroxidase antibody positivity is strongly related to 
postpartum thyroiditis, giving rise to the suggestion that it may 
be worthwhile screening all pregnant women antepartum, but the 
positive predictive value of thyroid peroxidase antibodies is quite 
low and some cases have been reported in women who are thyroid 
peroxidase antibody- negative. Universal screening is not currently 
recommended, although the TSH should be checked in all pregnant 
women already known to be thyroid antibody- positive [45]. Because 

of the high frequency of postpartum thyroiditis in type 1 diabetes 
mellitus and other autoimmune disorders, there is a strong case for 
TSH measurement (and thyroid peroxidase antibody screening if 
the TSH exceeds 2.5 mU/ L) in this group of women antepartum. 
Women with positive thyroid antibodies, even without clinical thy-
roid dysfunction, are at risk of recurrent first trimester miscarriage, 
but it seems that early thyroxine treatment may not have the bene-
fits that were originally predicted in this group [46]. There is also 
evidence that the presence of thyroid antibodies, in the absence 
of an elevated TSH, may be associated with a lack of well- being, 
depression, and even rare cases of encephalopathy [47]. Whether 
these associations are due to a direct effect of the antibodies, or the 
underlying effects of an autoimmune response, is not known.

TSH- Receptor Antibodies

The terminology of TSH- receptor antibodies (Table 3.2.5.3) has 
evolved from the methods used for their measurement. In essence 
there are two current methods: the binding assay, which measures 
the capacity of immunoglobulins to inhibit the binding of labelled 
TSH (or a labelled monoclonal TSH- receptor antibody) to puri-
fied or recombinant TSH receptor; and bioassays which measure 
the stimulatory or inhibitory effects of immunoglobulins on some 
aspect of thyroid cell function [48]. Generally, cyclic AMP produc-
tion is used as the endpoint in bioassays, but there has been an irre-
versible move away from using primary cultures of animal or human 
thyroid cells in these assays, with their attendant problems of supply 
and standardization, to using either cell lines, such as rat FRTL- 5 
cells, or Chinese hamster ovary cells transfected with TSH receptor. 
With the most sensitive bioassays for TSH- receptor- stimulating 
antibodies almost all patients with Graves’ disease are positive, but 
these antibodies are rarely found in the absence of Graves’ disease, 
and then are associated with a greatly increased risk of future hyper-
thyroidism. This is shown most clearly by the finding that 30– 50% 
of euthyroid patients with thyroid- associated ophthalmopathy have 
TSH- receptor antibodies, and this proportion increases if the most 
sensitive assays are used; the majority of these patients subsequently 
develop hyperthyroidism.

As would be predicted, there is only a weak correlation between 
levels of TSH- receptor antibodies measured in the binding and 
stimulatory bioassays. Current binding assays have a greater than 
95% sensitivity and specificity for the diagnosis of Graves’ disease 
but these antibodies must be used with knowledge of the clinical 
context. For instance, 10% of patients with autoimmune hypothy-
roidism will have TSH- receptor blocking antibodies that will be 
detected as positive in the binding assay, but the thyroid status 
makes the interpretation of the result clear [21]. Neutral antibodies 
with binding but not biological activity may also be detected. 
Antibodies against the TSH receptor are present at much lower 
concentrations than thyroid peroxidase antibodies and this makes 
the development of robust and simple solid- phase assays very dif-
ficult, compounded by problems in expressing the TSH receptor in 
its native form.

TSH- receptor antibody testing is not necessary for the diagnosis 
of Graves’ disease when this is clinically obvious, for instance be-
cause there is coincident ophthalmopathy, or when such informa-
tion will not influence management, for instance if the decision 
has already been made to proceed with radioiodine treatment. 
However, as the cost and precision of TSH- receptor binding assays 

Box 3.2.5.1 Conditions associated with an increased 
prevalence of thyroglobulin and thyroid peroxidase antibodies

 • Polyglandular disease
 — Insulin- dependent diabetes mellitus
 — Addison’s disease
 — Premature ovarian failure
 — Lymphocytic hypophysitis

 • Conditions associated with autoimmune polyglandular syndromes
 — Vitiligo
 — Pernicious anaemia
 — Alopecia
 — Myasthenia gravis
 — Coeliac disease and dermatitis herpetiformis
 — Autoimmune serositis

 • Rheumatological disorders
 — Rheumatoid arthritis
 — Systemic lupus erythematosus
 — Sjögren’s syndrome
 — Polymyalgia rheumatica/ temporal arteritis
 — Relapsing polychondritis
 — Systemic sclerosis

 • Other disorders
 — Chronic active hepatitis
 — Primary biliary cirrhosis
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are now reasonable, there is an increasing tendency to use these 
assays to diagnose Graves’ disease in cases where determining the 
aetiology of hyperthyroidism is required, and to rule out destructive 
thyroiditis. Other diagnostic tools (such as measurement of thyroid 
peroxidase antibodies or thyroid iodine uptake, or performing a 
thyroid scan) are either less convenient to undertake or less specific 
and sensitive. Prediction of outcome after antithyroid drugs has 
been another frequently suggested use for these assays, but although 
there is no doubt that the presence of high levels of TSH- receptor 
antibodies before treatment, or detectable levels after treatment, is 
associated with a higher rate of relapse, the sensitivity and specifi-
city of these measurements are too poor to be used alone routinely 
in clinical practice [49]. However, when pretreatment serum TSH- 
binding inhibiting immunoglobulins (TBII) is combined with other 
measurements (age, goitre size, and HLA/ PTPN22 genotype), a 
score can be generated which has better predictive value [50].

The one clear situation where measurement of TSH- receptor 
antibodies is definitely indicated is during pregnancy in Graves’ dis-
ease: a high level of maternal antibodies is a strong predictor of neo-
natal thyrotoxicosis, which occurs in 1– 5% of women with Graves’ 
disease who become pregnant. Current recommendations are that 
TSH- receptor antibody measurement should be made in early preg-
nancy in (i) women taking an antithyroid drug for Graves’ disease, 
and (ii) women with a history of Graves’ disease successfully treated 
by radioiodine or surgery. Measurement should be repeated at 18– 
22 weeks in (i) those still requiring an antithyroid drug to maintain 
euthyroidism, and (ii) those who were antibody- positive after sur-
gery or radioiodine on initial screening; further tests in later preg-
nancy as well as fetal monitoring are required in those women who 
are positive for TSH- receptor antibodies at this stage [45].
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Introduction

Thyroiditis comprises a diverse group of disorders that are among 
the most common endocrine abnormalities encountered in clin-
ical practice. These disorders range from the extremely common 
chronic lymphocytic thyroiditis (Hashimoto’s thyroiditis) to the 
extremely rare invasive fibrous thyroiditis (Riedel’s thyroiditis)  
(Box 3.2.6.1). Clinical presentations are also diverse, ranging from 

Box 3.2.6.1 Types of thyroiditis (most common to least 
common)

• Chronic autoimmune thyroiditis (Hashimoto’s thyroiditis)
• Postpartum thyroiditis
• Sporadic silent thyroiditis
• Subacute granulomatous thyroiditis (De Quervain’s thyroiditis)
• Radiation thyroiditis
• Infectious thyroiditis
• Invasive fibrous thyroiditis (Riedel’s thyroiditis)
• Miscellaneous (all are rare apart from drug- associated)

— Sarcoid
— Amyloid
— Drug- associated
— Traumatic
— Palpation- induced
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an incidental finding of a goitre to potentially life- threatening illness, 
from hypothyroidism to thyrotoxicosis. The term ‘thyroiditis’ implies 
that the disorders described in this section are inflammatory processes 
involving the thyroid gland. However, some of the lesions are not in-
flammatory, but are included in the thyroiditis category largely for 
convenience. A rational approach to such patients, including history, 
physical examination, laboratory evaluation, radionuclide or ultra-
sonographic imaging, and fine- needle aspiration biopsy, will allow 
the appropriate diagnosis to be made in the vast majority of cases.

This chapter will review the following forms of thyroiditis: 
Hashimoto’s, subacute, infectious, and Riedel’s. Other forms of 
thyroiditis are discussed within other chapters, as follows:  post-
partum and painless sporadic thyroiditis (Chapter  9.4), radiation 
thyroiditis (Chapter 3.2.4), drug- induced thyroiditis (Chapter 3.1.4), 
thyroiditis associated with neoplasms (Chapter  3.5.5), and focal 
thyroiditis associated with non- toxic nodular goitre (Chapter 3.5.1).

Chronic Autoimmune Thyroiditis (Hashimoto’s)

Chronic autoimmune thyroiditis, also known as chronic lympho-
cytic thyroiditis and Hashimoto’s thyroiditis, was first described 
by Hashimoto in 1912 (Table 3.2.6.1). He described four patients 
with goitre, the thyroid histology of which were all characterized 
by diffuse lymphocytic infiltration, atrophy of parenchymal cells, fi-
brosis, and eosinophilic change in some of the parenchymal cells. 

While this condition is common, there are several variants that 
differ somewhat from the one initially described by Hashimoto [1] . 
Classically, the disorder occurs as a painless diffuse goitre (goitrous 
form) in a young or middle- aged woman, with or without concomi-
tant hypothyroidism. The atrophic form of Hashimoto’s thyroiditis 
is less common and is usually diagnosed by serology in the hypo-
thyroid patient with a normal- sized or atrophic thyroid. The hall-
marks of this disorder are high circulating titres of antibodies to 
thyroid peroxidase (primarily) and thyroglobulin (less often).

In iodine- sufficient countries, the most common cause of goitre, 
hypothyroidism, and elevated thyroid antibody levels is Hashimoto’s 
thyroiditis. The incidence of autoimmune thyroiditis has increased 
over the past three generations, perhaps due to the increase in iodine 
intake that has occurred in many regions globally. Elevated serum thy-
roid antibody concentrations are found in approximately 10% of the 
US population and in up to 25% of US women over the age of 60 [3] . 
About 45% of older women will have lymphocytic infiltration within 
the thyroid gland. Autoimmune thyroiditis has a female predomin-
ance, with reported female to male ratios ranging between 5:1 and 9:1.

Aetiology and Pathogenesis

Hashimoto’s thyroiditis is an autoimmune disease. Thyroid auto-
immunity tends to aggregate in families, suggesting a genetic com-
ponent. This likely results from the interplay of genes which confer 
susceptibility and environmental triggers. Genes regulating the im-
mune system as well as thyroid- specific genes have been implicated 

Table 3.2.6.1 Comparison between the syndromes of thyroiditis

Hashimoto’s thyroiditis Painless sporadic/ postpartum 
thyroiditis

Subacute thyroiditis Infectious thyroiditis Riedel’s thyroiditis

Age of onset (years) All ages, peak 30– 50 Sporadic: all ages, peak 30– 40
Postpartum: childbearing years

Peak onset 40– 50 Children, 20– 40 30– 60

Sex ratio (F:M) 8– 9:1 Sporadic— 2:1 5:1 1:1 3– 4:1

Frequency General population 10%, 
elderly women 25%

Postpartum: 1– 17%
Sporadic: unknown

12.1 cases per 100 000 
person- years

Rare Extremely rare

Aetiology Autoimmune Autoimmune Viral (?) Infectious organisms Unknown

Genetic predisposition Moderate Low Moderate Low Low

Pathology Lymphocytic infiltration, 
germinal centres, fibrosis

Lymphocytic infiltration Giant cells, granulomas Abscess formation Dense fibrosis

Prodrome None Postpartum: pregnancy
Sporadic: none

Viral illness None None

Goitre Usually non- painful, 
persistent

Non- painful, persistent Painful, transient Painful, transient Non- painful, 
persistent

Fever and malaise No No Yes Yes No

Thyroid antibodies High titre, persistent High titre, persistent Low titre/ absent, 
transient

Absent Present in most 
patients

Thyroid function Euthyroid or hypothyroid Thyrotoxicosis followed by 
hypothyroidism

Thyrotoxicosis followed 
by hypothyroidism

Usually euthyroid Usually euthyroid

ESR Normal Normal High High Normal

Radioactive iodine 
uptake (24 h)

Increased, normal, or 
decreased

<5% <5% Normal Low/ normal

Relapse Persistent Postpartum: common with 
subsequent pregnancies
Sporadic: 2% [2] 

1– 4% Common only with 
pyriform sinus fistula

Persistent

Permanent 
hypothyroidism

Frequent Common 5% Rare Occasionally
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[4] . Smoking decreases risk for hypothyroidism and thyroid auto-
immunity [5]. Environmental factors which increase the risk for 
Hashimoto’s thyroiditis include excessive iodine intake, selenium 
deficiency, and exposure to ionizing radiation [6]. It has been specu-
lated that viral infection with human parvovirus B19 or hepatitis C 
virus may serve as a trigger for Hashimoto’s thyroiditis [7].

In Hashimoto’s thyroiditis T cells attack the thyroid gland, leading 
to exposure of thyroid antigens such as thyroid peroxidase (TPO) 
and thyroglobulin, against which antibodies are produced. TPO 
antibodies are detectable in about 90% of patients with Hashimoto’s 
thyroiditis. Thyroglobulin antibodies are in about 35– 60% of pa-
tients with Hashimoto’s thyroiditis [8] . Thyroid- stimulating hor-
mone (TSH) receptor antibodies that block TSH binding but do not 
stimulate thyroid cell function may play a role in the clinical presen-
tation of Hashimoto’s thyroiditis, producing or exacerbating hypo-
thyroidism in the absence of significant thyroid gland destruction 
[9]. Such antibodies have been reported to bind to epitopes near 
the carboxyl end of the TSH receptor extracellular domain, in con-
trast to thyroid- stimulating antibodies, which bind to epitopes near 
the N- terminus [10]. The prevalence of TSH receptor blocking anti-
bodies in adult hypothyroid patients has been reported to be as high 
as 10% [11] and a decrease in the titre of these antibodies is likely 
to be responsible for ‘remission’ of hypothyroidism in occasional 
patients with Hashimoto’s thyroiditis [12]. Antibodies to colloid 
antigen, other thyroid autoantigens, thyroxine (T4), and triiodo-
thyronine (T3), as well as other growth- promoting and inhibiting 
antibodies may also be present.

Pathologically, there is lymphocytic infiltration of equal pro-
portions of T and B cells and the formation of germinal centres  
(Figure 3.2.6.1a). The follicular cells undergo metaplasia into 
larger, eosinophilic cells known as Hürthle or Askanazy cells which 
are packed with mitochondria. These cells exhibit high metabolic 
activity but ineffective hormonogenesis. There is ongoing cellular 
destruction and progressive fibrosis, which may be extensive. The 
quantity of parenchymal tissue left in the thyroid is variable, as the 
pathological involvement ranges from focal regions to an entire 
lobe to the entire gland.

Clinical Features

Hashimoto’s thyroiditis occurs most frequently in middle- aged 
women but can occur at any age. The usual presentation is with 
symptoms of, or biochemical evidence for, hypothyroidism, al-
though patients occasionally present with simple goitre. The usual 
course is for slow enlargement of the thyroid over years; however, the 
thyroid occasionally may enlarge rapidly and can produce compres-
sive symptoms of dyspnoea and/ or dysphagia. Rarely, Hashimoto’s 
thyroiditis may be painful [13] and must be distinguished from sub-
acute thyroiditis (see next). Systemic symptoms of hypothyroidism 
will be present in up to 20% of patients at the time of diagnosis [14], 
although this incidence is a little higher with the atrophic form of 
the disorder.

Physical examination typically reveals a firm bumpy non- tender 
goitre, which is generally symmetrical and often has a palpable pyr-
amidal lobe. Regional lymph node enlargement may be observed. 
While nodular thyroid disease can, and frequently does, occur 
in Hashimoto’s thyroiditis, suspicious nodules should be evalu-
ated with a fine- needle aspiration biopsy to rule out a coexistent 

malignancy [15]. Ophthalmopathy is present in a small subset of 
patients with Hashimoto’s thyroiditis and may be severe [16].

Laboratory evaluation and Diagnosis

The hallmark of Hashimoto’s thyroiditis is elevated TPO antibody 
levels. The majority of individuals with elevated TPO antibody levels 
are biochemically euthyroid. Up to 10% of postmenopausal women 
with an elevated TPO antibody level will have an increased TSH but 
a minority of these (about 0.5%) will have overt hypothyroidism 
[1] . Individuals with elevated TPO antibody levels have been re-
ported to develop overt hypothyroidism at a rate of 2– 4% per year 
[17] (see Chapter 3.1.8). Mild thyrotoxicosis (‘Hashitoxicosis’) has 
rarely been reported to be the initial manifestation in some patients 
with Hashimoto’s thyroiditis [18]. The clinical course in these pa-
tients follows a pattern similar to that observed in sporadic silent or 
postpartum thyroiditis (Chapter 9.4), suggesting that differentiation 
between these disorders may be largely semantic. Finally, while the 
hallmark of the disease is a painless goitre, occasionally Hashimoto’s 
thyroiditis can be quite painful.

Figure 3.2.6.1 Typical pathological changes of Hashimoto’s thyroiditis 
and subacute thyroiditis. (a) Hashimoto’s thyroiditis. A, lymphoid 
follicle with germinal centres; B, small lymphocytes and plasma cells; 
C, thyroid follicles with Hürthle cell metaplasia; D, minimal colloid 
material. (b) Subacute thyroiditis. A, multinucleate giant cell; B, 
mixed inflammatory infiltrate; C, fibrous band; D, residual follicles. 
Haematoxylin and eosin, ×200.
Reproduced with permission from Pearce EN, Farwell AP, Braverman LE. Thyroiditis. 
N Engl J Med, 2003; 348: 2646– 55. The Massachusetts Medical Society © 2003. All 
rights reserved.
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While the diagnosis of Hashimoto’s thyroiditis is confirmed by 
the presence of TPO antibodies, the titre of antibodies does not 
necessarily indicate the severity of the disease or even if hypo-
thyroidism is present. Serum T4 and TSH concentrations depend 
solely on the level of thyroidal dysfunction that is present. Serum 
T3 concentrations are often preserved in all but the most severely 
hypothyroid patients and, thus, are of little clinical value. Similarly, 
the radioactive iodine uptake is usually not helpful, as it may be 
elevated, normal, or depressed. Thyroid isotope scanning usually 
reveals patchy uptake and, in general, provides little useful informa-
tion unless a dominant thyroid nodule is present. Ultrasound exam-
ination of the thyroid frequently reveals marked hypoechogenicity 
with pseudonodules [19].

When imaged, an enlarged thymus gland is frequently found in 
Hashimoto’s thyroiditis and may be important in the pathogenesis 
of the condition. In both affected patients and their relatives, there 
is an association with other autoimmune diseases including type 1 
diabetes mellitus, pernicious anaemia, Addison’s disease, and viti-
ligo. Thyroid lymphoma is rare; however, the risk is increased in 
those individuals with Hashimoto’s thyroiditis by a factor of 67 [20]. 
In patients in whom a fine- needle aspiration biopsy is performed, 
lymphocyte subsets should be determined on the biopsy specimen 
if the more typical pathological features of Hashimoto’s thyroiditis 
are not present.

Treatment

Treatment of Hashimoto’s thyroiditis consists of thyroid hormone 
replacement if hypothyroidism is present. L- thyroxine is the hor-
mone of choice for thyroid hormone replacement therapy be-
cause of its consistent potency and prolonged duration of action. 
The average daily adult replacement dose of L- thyroxine sodium 
is 1.6 µg/ kg body weight. Institution of therapy in healthy younger 
individuals can begin at full replacement doses. Because of the 
prolonged half- life of thyroxine (7 days), new steady- state concen-
trations of the hormone will not be achieved until 4– 6 weeks after 
a change in dose. Thus, re- evaluation with determination of serum 
TSH concentration need not be performed at intervals of less than 
4– 6 weeks. The goal of thyroxine replacement therapy is to achieve 
a TSH value in the normal range, as over- replacement of thyroxine 
suppressing TSH values to the subnormal range may induce osteo-
porosis and cause cardiac dysfunction [21]. In non- compliant 
young patients, the cumulative weekly doses of L- thyroxine may 
be given as a single weekly dose which is safe, effective, and well 
tolerated. In older individuals or those with known cardiovascular 
disease, institution of therapy at a lower daily dose of L- thyroxine 
(25 μg/ day) is indicated to avoid exacerbation of underlying and 
undiagnosed cardiac disease. Daily doses of thyroxine may be 
interrupted periodically because of intercurrent medical or sur-
gical illnesses that prohibit taking medications by mouth. A lapse 
of several days of hormone replacement is unlikely to have any 
significant metabolic consequences. However, if more prolonged 
interruption in oral therapy is necessary, L- thyroxine may be given 
intravenously at a dose 25– 50% less than the patient’s daily oral re-
quirements. Euthyroid asymptomatic patients require monitoring, 
but no treatment. Recommendations for treatment of subclinical 
hypothyroidism (increased TSH without a corresponding low free 
T4 concentration) have varied, but the general consensus is that 

levothyroxine treatment should be initiated when the serum TSH 
is >10 mIU/ L and treatment considered for TSH values 5– 10 mIU/ 
L, particularly in the setting of hypothyroid symptoms or detectable 
TPO antibodies [22].

In addition to replacement therapy, thyroid hormone therapy may 
be considered in patients with a serum TSH in the normal range in 
an attempt to decrease the size of a goitre. While goitre suppression 
with L- thyroxine is frequently not fruitful, in the subset of patients 
with Hashimoto’s thyroiditis early in the course of the disease and 
before fibrosis develops such therapy may be useful. However, goitre 
suppression with L- thyroxine is unlikely to be successful if the ini-
tial TSH is less than 1 mIU/ L. The goal of L- thyroxine suppression 
therapy is to decrease the serum TSH into the subnormal range. 
Patients on L- thyroxine suppression therapy should be re- evaluated 
periodically and the suppressive hormone dose should be reduced 
or discontinued if significant goitre reduction is not achieved. 
Surgery is occasionally indicated for compressive goitres with local 
obstructive symptoms.

Subacute Thyroiditis

Subacute thyroiditis, like painless sporadic and postpartum 
thyroiditis, is a spontaneously remitting inflammatory disorder of 
the thyroid that lasts for weeks to months [1, 23] (Table 3.2.6.1). 
This disorder has a number of eponyms, including De Quervain’s 
thyroiditis, giant cell thyroiditis, pseudogranulomatous thyroiditis, 
subacute painful thyroiditis, and subacute granulomatous 
thyroiditis. Mygind first described subacute thyroiditis in 1895 by 
reporting 18 cases of ‘thyroiditis akuta simplex’ [23]. The pathology 
of subacute thyroiditis was initially described by Fritz De Quervain 
in 1904, when he reported giant cells and granulomatous- type 
changes in the thyroids of affected patients. Subacute thyroiditis is 
the most common cause of a painful thyroid and may account for 
up to 5% of clinical thyroid abnormalities [1, 23, 24]. Women are 
more frequently affected than men. The peak incidence is in the 
fourth and fifth decades [25]. This disorder is rarely observed in 
children and older people. Although ‘subacute thyroiditis’ implies 
a temporal quality that could apply to any inflammation of the thy-
roid, this term is specifically refers to the granulomatous appear-
ance of the thyroid found on pathological examination.

Aetiology and Pathogenesis

Infectious Association

Although there is no clear evidence for a specific aetiology, indirect 
evidence suggests that subacute thyroiditis may be triggered by a 
viral infection [26]. The condition is often preceded by a prodrome 
consisting of myalgias, malaise, low- grade fevers, fatigue, and often 
by an upper respiratory tract infection. It has been found to occur 
seasonally with the highest incidence in the summer months, 
which coincide with the peak incidence of enterovirus (echovirus, 
Coxsackie virus A and B) infection [26]. During mumps epidemics 
the incidence of subacute thyroiditis has reported to increase. 
Interestingly, antibodies to the mumps virus have been detected 
in patients with subacute thyroiditis who do not have clinical evi-
dence of mumps. Subacute thyroiditis has also been associated 
with measles, influenza, the common cold, adenovirus, infectious 
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mononucleosis, Coxsackie virus, myocarditis, cat- scratch fever, 
St Louis encephalitis, hepatitis A, and the parvovirus B19 infec-
tion. Antibodies to Coxsackie virus, adenovirus, influenza, and 
mumps have been detected in the convalescent phase of this disease 
[27]. Coxsackie virus is most commonly associated with subacute 
thyroiditis and, in fact, Coxsackie virus antibody titres have been 
shown to directly follow the course of the thyroid disease [26].

Autoimmune Association

Unlike painless sporadic or postpartum thyroiditis, there is no 
clear association between subacute thyroiditis and thyroid auto-
immunity. Serum thyroid peroxidase and thyroglobulin antibody 
levels are usually normal. When present, antithyroid antibodies are 
thought to represent a transient, non- specific response to the release 
of thyroid antigens rather than being causal [28].

Antibodies to the thyrotropin (TSH) receptor have been de-
tected in some patients during the course of subacute thyroiditis 
[29]. Although most studies have reported no correlation be-
tween the presence of thyrotropin- receptor- binding inhibitory or 
thyrotropin- receptor- stimulating antibodies and the thyrotoxic 
phase of the thyroiditis, thyroid- blocking antibodies may be asso-
ciated with the development of hypothyroidism. It is thought that 
the appearance of the TSH receptor antibodies results from an im-
mune response that occurs after there is damage to the thyrocytes, 
specifically membrane desquamation. Following recovery from the 
inflammatory process of subacute thyroiditis, all immunological 
phenomena disappear [28].

Genetic Association

There is likely a genetic predisposition for subacute thyroiditis, 
an association with HLA- Bw35 having been reported in multiple 
ethnic groups [30, 31]. A case of simultaneous development of sub-
acute thyroiditis in identical twins, both heterozygous for the HLA- 
Bw35 haplotype, has been described [32]. Other genes may also be 
implicated, as for example, in the case of an epidemic of ‘atypical’ 
subacute thyroiditis described in Netherlands in which HLA- B15/ 
62 was found in five of the 11 patients tested, while only one pa-
tient tested positive for HLA- Bw35 [33]. In addition, a weak associ-
ation of subacute thyroiditis with HLA- DRw8 has been reported in 
Japanese patients [34].

Pathology

Destruction of the follicular epithelium and loss of follicular 
integrity are typically seen on pathological examination. The 
histopathological changes differ from those seen in Hashimoto’s 
thyroiditis (Figure 3.2.6.1b). Lesions may be of varying stages of 
development and are patchy in distribution, with infiltration of 
mononuclear cells in affected regions, partial or complete loss 
of colloid, and fragmentation and duplication of the basement 
membrane [35]. Macrophages congregate around masses of col-
loid, both within the follicles and in the interstitial tissues, pro-
ducing so- called giant cells that are the hallmark of subacute 
thyroiditis. True giant cells and granulomas do appear in this dis-
order as well.

During recovery, the inflammation regresses and there is a vari-
able amount of fibrosis and fibrotic band formation. Follicular re-
generation occurs without caseation, haemorrhage, or calcification. 

Recovery is generally complete. Only in very rare instances does 
complete destruction of the thyroid parenchyma lead to permanent 
hypothyroidism. In the few electron microscope studies reported, 
viral inclusion bodies have not been demonstrated [35].

Clinical Features

The manifestations may be preceded by an upper respiratory tract 
infection, or a prodromal phase of malaise, generalized myalgias, 
pharyngitis, and low- grade fevers [36]. Pain or swelling in the 
thyroid region usually develops 2– 4 weeks later, accompanied by 
higher fever; approximately 50% of patients will have symptoms 
of thyrotoxicosis [1] . Pain and tenderness may be moderate or se-
vere (or even exquisite). Involvement may in occur in both lobes 
simultaneously, or may move from one lobe to the other. Pain may 
radiate from the thyroid up to the angle of the jaw, to the ear, or 
to the anterior chest. Pain is often worsened by head movements, 
swallowing, or coughing. Although some patients have no systemic 
symptoms, many complain of myalgias, fatigue, extreme malaise, 
and diffuse arthralgia. The systemic reaction may be minimal or se-
vere, and fever may be as high as 40°C. Rarely, subacute thyroiditis 
presents as a non- tender solitary nodule.

On physical examination, patients appear uncomfortable. The 
thyroid will be exquisitely tender to palpation over one or both 
lobes, will feel firm, and may contain palpable nodules. Overlying 
skin is occasionally warm and erythematous. Cervical lymphaden-
opathy is not typically present. While most patients are only mildly 
to moderately ill, subacute thyroiditis occasionally presents with 
marked fever, severe thyrotoxicosis, and obstructive symptoms due 
to pronounced thyroid inflammation and oedema.

Laboratory evaluation

During the painful phase, the hallmark of subacute thyroiditis is an 
elevated erythrocyte sedimentation rate (ESR), often markedly so. 
In fact, a normal ESR makes the diagnosis of subacute thyroiditis 
unlikely. The white blood cell count is normal or mildly increased. 
There may be a normochromic normocytic anaemia. There are also 
increases in serum ferritin, soluble intercellular adhesion molecule- 
1, selectin, interleukin- 6 levels, and C- reactive protein during the 
inflammatory phase [37– 40]. Alkaline phosphatase and other 
hepatic enzymes may be elevated in the early phase [41]. It has 
been suggested that subacute thyroiditis may actually represent a 
multisystem disease also affecting the thyroid.

The thyrotoxic phase is caused by leakage of preformed thyroid 
hormone from the damaged thyroid gland into the circulation, a 
stage typically lasting from 2 to 4  months. In about one- third of 
patients, the initial phase is followed by a subsequent hypothyroid 
phase during which stored intrathyroidal hormone is depleted, but 
the gland has not recovered sufficiently to resume normal thyroid 
hormone synthesis [36]. In the thyrotoxic phase, the serum T4 con-
centration will be disproportionately elevated relative to the serum 
T3 concentration, with a ratio >20:1, reflecting the intrathyroidal T4 
and T3 stores [42]. The acute illness likely also decreases the per-
ipheral deiodination of T4 to T3, resulting in lower- than- expected 
serum T3 concentrations. Serum TSH concentrations will be low 
to undetectable. Antibodies directed against thyroglobulin and 
TPO are either absent or present at low levels; these develop several 
weeks after disease onset and tend to disappear thereafter.
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The radioactive iodine uptake during the thyrotoxic phase is low, 
usually <2% at 24 h.  A  normal radioactive iodine uptake during 
the thyrotoxic phase of the illness essentially rules out subacute 
thyroiditis as a diagnosis [43]. Ultrasound examination may show 
generalized, multiple, or single regions of hypoechogenicity [44] 
that can masquerade as nodules

Diagnosis

Subacute thyroiditis must be differentiated from the other aeti-
ologies for anterior neck pain, including acute haemorrhage into 
a nodule or cyst, infectious thyroiditis, and rapidly enlarging 
thyroid carcinoma. Painful Hashimoto’s thyroiditis usually in-
volves the entire gland, with high titres of TPO and thyroglobulin 
antibodies. Infectious thyroiditis typically presents with a much 
greater leukocytosis, more inflammation in tissues surrounding 
the thyroid, and often evidence for extrathyroidal systemic infec-
tion. The radioactive iodine uptake is usually normal in infectious 
thyroiditis and the scan will reveal decreased uptake in the region 
of suppuration.

Rarely, rapidly infiltrating cancer of the thyroid can present with 
a clinical and laboratory evidence indistinguishable from subacute 
thyroiditis, requiring fine- needle aspiration biopsy for the diag-
nosis. Amiodarone may cause thyroiditis which is occasionally 
painful. Both sporadic silent and postpartum thyroiditis follow a 
similar clinical course as subacute thyroiditis but lack the clinical 
feature of a painful goitre. In addition, patients with painless or 
postpartum thyroiditis often exhibit high titres of TPO antibodies 
and the ESR is normal to only slightly elevated. Fine- needle aspir-
ation biopsies may occasionally be useful to exclude other diag-
noses; typical findings include follicular epithelial cells showing 
degenerative changes on a background of cellular debris, lympho-
cytes, and large numbers of macrophages [45, 46]. However, cau-
tion is occasionally needed in interpreting cytology, since the 
atypical cells produced by the acute inflammation may be read as 
papillary carcinoma [47]. Since papillary cancer is rarely an emer-
gency, waiting 1– 3 months and repeating an ultrasound may dem-
onstrate regression of the nodule that is consistent with subacute 
thyroiditis rather than papillary cancer.

Course and Management

Despite the differing aetiologies, the clinical course of subacute 
thyroiditis is similar to that of painless sporadic and postpartum 
thyroiditis (see Chapter 9.4). The initial phase is characterized by 
pain and thyrotoxicosis in most patients and may last up to 3– 
4 months. Symptoms of thyrotoxicosis are usually mild, likely due 
to the relatively low levels of serum T3. If thyrotoxic symptoms 
are present, β  - adrenergic blocking drugs such as propranolol or 
atenolol are may be used. Antithyroid drugs are contraindicated in 
the management of subacute thyroiditis because the gland is not 
hyperfunctioning.

Salicylates and non- steroidal anti- inflammatory drugs can be 
used for the management of thyroid pain in mild to moderate cases. 
In more severe cases, oral glucocorticoids provide relief of pain and 
swelling, usually within 24– 48 hours [48]. A starting dose of 40 mg 
of prednisone has typically been recommended, although a recent 
study suggested that doses as low as 15 mg/ day prednisolone may be 
effective for most patients, as long as the dose is tapered slowly [49]. 
In fact, if pain fails to begin to improve after the first 24 hours of 

glucocorticoid therapy, the diagnosis of subacute thyroiditis should 
be questioned. Despite the clinical response to corticosteroids, the 
underlying inflammatory process may persist, and symptoms are 
likely to recur if the dose is tapered too rapidly. Up to one- third of 
patients will have recurrent thyroid pain upon discontinuation of 
prednisone, which responds to restarting the corticosteroid. Full- 
dose corticosteroids are given for a week, followed by tapering of 
the dose over at least 4 weeks.

Determining the radioactive iodine uptake before discontinu-
ation of glucocorticoids may be helpful in identifying patients at 
high risk for relapse. If the radioactive iodine uptake is still low, 
the inflammatory process is ongoing and corticosteroids should 
not be stopped. However, once the radioactive iodine uptake has 
normalized, the corticosteroid can be withdrawn safely. Patients 
with exacerbations of symptoms after withdrawal or tapering of 
corticosteroids usually respond to restarting or increasing the cor-
ticosteroids for an additional few weeks. While subacute thyroiditis 
is a self- limited disease and the vast majority of patients respond to 
the measures just discussed, occasional patients have repeated ex-
acerbations of pain and inflammation.

The acute phase is frequently followed by a period of transient 
(1– 2  months) asymptomatic euthyroidism. Hypothyroidism, 
lasting for up to 6– 9 months, may be the final phase before full 
recovery. Hypothyroidism may be permanent in up to 5% of pa-
tients. Relapse of subacute thyroiditis is rare, occurring in less 
than 1– 4% of patients [50]. However, some patients with a his-
tory of subacute thyroiditis were found to be particularly sensi-
tive to the inhibitory effects of exogenously administered iodides, 
suggesting a persistent thyroid abnormality [51]. Thus, long- term 
follow- up of patients after an episode of subacute thyroiditis is 
recommended.

Infectious Thyroiditis

Infectious thyroiditis is also known as acute thyroiditis, suppura-
tive thyroiditis, bacterial thyroiditis, and pyogenic thyroiditis 
(Table 3.2.6.1). Bacterial infections of the thyroid are rare, with 
only 224 cases having been reported in the literature from 1900 to 
1980 [52] and only 60 cases reported in the paediatric literature 
[53]. Bacterial infections are the aetiology of most cases of infec-
tious thyroiditis and the infections are generally suppurative and 
acute. Infectious thyroiditis caused by fungal and parasitic infec-
tions are more frequently chronic and indolent. In this section, em-
phasis will be placed on bacterial infections.

Aetiology and Pathogenesis

The thyroid gland’s high iodine content, significant vascularity, 
lymphatic drainage, as well as its protective capsule provide the 
thyroid gland with notable resistance to infection [54]. The most 
common predisposing factor to infections of the thyroid appears 
to be pre- existing thyroid disease. Simple goitre, nodular goitre, 
Hashimoto’s thyroiditis, or thyroid carcinoma has been observed 
in up to two- thirds of women and one- half of men with infectious 
thyroiditis [52]. Patients with HIV infection are a population par-
ticularly at risk for bacterial thyroiditis [55]. As with other oppor-
tunistic infections in patients with HIV infection, infections of the 
thyroid gland are often chronic and insidious in onset.
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In the adult, Staphylococcus aureus and Streptococcus pyogenes 
are the offending pathogens in about 40% of patients [54] (Table 
3.2.6.2). In children, α  -  and β  - haemolytic streptococcus and a 
variety of anaerobes account for about 70% of cases, while mixed 
pathogens are identified in over 50% of cases [53]. In comparison 
to an earlier review examining all reported cases of suppurative 
thyroiditis up until 1983 [56], the most recent review [53] reports 
that fungal infections are exceedingly rare and syphilitic infec-
tions have not been recently reported. Cases of thyroidal infec-
tions with methicillin- resistant Staphylococcus aureus (MRSA) 
have been reported [57]. Other thyroidal bacterial pathogens 
that have been shown to cause infectious thyroiditis include 
Salmonella Actinomyces, Actinobacillus actinomycetemcomitans, 
Brucella melitensis, Clostridium septicum, Eikenella corrodens, 
Enterobacter, Escherichia coli, Haemophilus influenzae, Klebsiella, 
Pseudomonas aeruginosa, Serratia marcescens, and Acinetobacter 
baumannii [54].

Infection and suppuration may result from direct spread from a 
nearby infection, or via the bloodstream or lymphatics. The seminal 
observation regarding the pathogenesis of bacterial thyroiditis was 
made in 1979 when Takai et al. reported seven cases of infectious 
thyroiditis due to a fistula originating from the left pyriform sinus 
[58]. Subsequently, multiple case series of patients with infectious 
thyroiditis have described pyriform sinus fistulae, primarily left- 
sided, especially in those with recurrent episodes. Additional re-
ports identified infected embryonic cysts from the third and fourth 
brachial pouches and thyroglossal duct cysts as routes of thyroidal 
infection. On pathological examination, characteristic changes of 
acute bacterial inflammation, including necrosis and abscess forma-
tion, are frequently seen.

Clinical Manifestations

Bacterial thyroiditis is often preceded by an upper respiratory tract 
infection, which may induce inflammation of the fistula and pro-
mote the transmission of pathogens to the thyroid. Consistent with 
these observations, bacterial thyroiditis is more common in the 
late autumn and late spring. Over 90% of patients will present with 
thyroidal pain, tenderness, fever, and local compression resulting 
in dysphagia and dysphonia; the pain is often referred diffusely to 
adjacent structures. Systemic symptoms such as fever, chills, tachy-
cardia, and malaise may be present.

Laboratory and Radiologic Findings

Thyroid function tests are usually normal [59]; however, cases of 
hypothyroidism and thyrotoxicosis have been reported and thyroid 
function should be assessed. A nuclear medicine thyroid scan may 
show the suppurative region as a ‘cold’ area, whereas an ultrasound 

examination may demonstrate a hypoechoic lesion [60]. The poly-
morphonuclear leucocyte count and the sedimentation rate are usu-
ally elevated. The organism frequently can be identified by Gram’s 
stain and culture.

Diagnosis

The diagnosis is made with a fine- needle aspiration, Gram’s stain, 
and culture. Symptomatically, infectious thyroiditis may be diffi-
cult to differentiate from subacute thyroiditis in the early phases, 
although the characteristic thyroid function changes in the latter 
disease should be helpful in discriminating between the two. 
Leucocytosis and an elevated ESR are not discriminatory tests as 
they are commonly observed in both subacute thyroiditis and infec-
tious thyroiditis. In general, patients with bacterial thyroiditis have 
a greater febrile response than those with subacute thyroiditis. Once 
abscess formation has occurred, the local redness, lymphadenop-
athy, hyperpyrexia, and leucocytosis should lead to the correct 
diagnosis. Malignant neoplasms and haemorrhages into cysts may 
sometimes present with manifestations that mimic this disorder.

Course and Management

The prognosis of bacterial thyroiditis is often dependent on the 
prompt recognition and treatment of this disorder, as mortality 
may approach 100% if the diagnosis is delayed and appropriate anti-
microbial therapy is not instituted. Much depends upon the identi-
fication of the microorganism either from needle aspirate, incision, 
and drainage, or occasionally from blood culture. If no organisms 
are seen on the Gram’s stain, nafcillin and gentamicin or a third- 
generation cephalosporin is appropriate initial therapy in adults 
while clindamycin or a penicillin with a β- lactamase inhibitor is 
reasonable in children. If an abscess develops and prompt response 
to antibiotics does not occur, incision and drainage is necessary. 
Sometimes partial lobectomy must be performed, especially if the 
disease is recurrent. Usually the lesions heal with reasonable speed 
after initiation of the correct antimicrobial agent, and recurrences 
are uncommon. Mortality from acute bacterial thyroiditis has 
markedly improved from the 20– 25% reported in the early 1900s, 
with an extensive review by Berger estimating an overall mortality 
of 8.6% [52]. A ten- year review involving over 100 patients failed to 
list mortality as a complication of acute bacterial thyroiditis [61].

Sclerosing Thyroiditis (Riedel’s Thyroiditis)

Sclerosing thyroiditis is also historically known as invasive fibrous 
thyroiditis, Riedel’s thyroiditis, struma fibrosa, and chronic fibrous 
thyroiditis. In 2011 it was linked to the newly- described entity im-
munoglobulin G4 (IgG4)- related disease, a systemic disorder that 
also includes other manifestations such as hypophysitis, parotid and 
lacrimal gland enlargement, interstitial pneumonitis, interstitial 
nephritis, retroperitoneal fibrosis, prostatitis, autoimmune pancrea-
titis, lymphadenopathy, inflammatory aortic aneurysm, and inflam-
matory pseudotumor [62]. Sclerosing thyroiditis is a rare disorder 
of unknown cause, characterized pathologically by dense fibrous 
tissue which replaces the normal thyroid parenchyma and extends 
into adjacent tissues, such as muscles, parathyroid glands, blood 
vessels, and nerves [63] (Table 3.2.6.1). The first report by Riedel 
in 1896 described cases of chronic sclerosing thyroiditis, primarily 

Table 3.2.6.2 Pathogenesis of acute suppurative thyroiditis

Organism Frequency (%)

Prior to 1983 [52] Current [54]

Bacterial 68 76

Parasitic 15 15

Mycobacterial  9  9

Fungal  5 <1

Syphilitic  3  0
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affecting women, which frequently caused pressure symptoms in 
the neck and tended to progress ultimately to complete destruction 
of the thyroid gland. Riedel’s interesting description was that of a 
‘specific inflammation of mysterious nature producing an iron- hard 
tumefaction of the thyroid’ [64].

This condition is quite rare. Among thyroidectomies performed 
for all disorders, an incidence between 0.03 and 0.98% has been re-
ported. At the Mayo Clinic, the operative incidence over 64 years 
was 0.06%, and the incidence in outpatients was 1.06/ 100 000 [65]. 
Because the manifestations frequently lead to surgery, the inci-
dence of invasive fibrous thyroiditis among patients undergoing 
thyroidectomy is much greater than the incidence in patients with 
goitres in general.

Aetiology

The cause of this disorder remains unknown. Thyroid antibodies 
have been reported in 67– 90% of patients [63, 66]. This observation, 
in addition to the presence of both B and T cells in the inflammatory 
infiltrate, suggests a possible autoimmune mechanism, although no 
direct relationship has been shown. Patients with concomitant in-
vasive fibrous thyroiditis and autoimmune diseases such as type 1 
diabetes mellitus, pernicious anaemia, and Addison’s disease have 
been reported [67– 69]. The expression of HLA- DR, heat- shock pro-
tein (HSP72), and soluble intercell adhesion molecule- 1 (ICAM- 1) 
receptor in invasive fibrous thyroiditis tissue suggests a role for an 
active cell- mediated immune response early in the evolution of this 
condition [70].

Marked tissue eosinophilia and eosinophil degranulation have 
been observed in Riedel’s struma [71]. These findings may suggest 
that the release of eosinophil- derived products may play a role in the 
fibrogenic stimulus. The nature of these products is not yet known.

Whatever the ultimate aetiology is, it will have to account for 
the extrathyroidal fibrosclerosis and other manifestations of IgG4- 
related disease as well. Areas of extrathyroidal fibrosclerosis include 
salivary gland fibrosis, sclerosing cholangitis, pseudo tumours of 
the orbits, fibrous mediastinitis, retroperitoneal fibrosis, and lach-
rymal gland fibrosis. Long- term follow- up of patients with invasive 
fibrous thyroiditis has shown that about one- third develop fibrosing 
disorders of the retroperitoneal space (often with ureteral obstruc-
tion), chest, or orbit, almost always with a single extracervical site 
involved [72]. Conversely, less than 1% of patients with retroperi-
toneal fibrosis have invasive fibrous thyroiditis. The association of 
certain drugs with retroperitoneal fibrosis has not been observed 
with invasive fibrous thyroiditis. There does not seem to be a genetic 
predisposition for this condition.

Clinical Features

The age of onset varies between 25 and 81  years, although most 
cases are diagnosed in the fourth to sixth decades. The female to 
male ratio is about 4:1 [72, 73].

The clinical presentation is of a painless goitre that is gradually 
or rapidly enlarging; constitutional symptoms of inflammation are 
rare. The extensive fibrosis is progressive and may eventually cause 
compression of adjacent structures, particularly the trachea and 
oesophagus. Local compressive symptoms include a marked sense 
of pressure or severe dyspnoea, with symptoms out of proportion 
to the size of the goitre. Hoarseness may result if there is involve-
ment of the recurrent laryngeal nerve. In some patients, the fibrotic 

process affects the entire gland causing hypothyroidism; the preva-
lence of hypothyroidism in this population is between 25 and 80% 
[63]. Hypoparathyroidism can develop when parathyroid gland in-
filtration occurs [72].

On examination, the thyroid gland is stony hard, often described 
as ‘woody’ in texture, densely adherent to adjacent cervical struc-
tures (such as muscles, blood vessels, and nerves), and may move 
poorly on swallowing. The lesion may be limited to one lobe. It has 
a harder consistency than a carcinoma and is usually non- tender. 
Although adjacent lymph nodes are only occasionally enlarged, 
when they are present a diagnosis of carcinoma is often suspected.

Laboratory and Radiologic Findings

At presentation, most patients with Riedel’s thyroiditis are eu-
thyroid; however, as noted earlier, some patients do develop hypo-
thyroidism. Thyroid antibodies may be detected in the majority of 
these patients. Calcium and phosphorus levels should be evaluated 
at presentation to identify those patients who also have concurrent 
hypoparathyroidism. Thyroid radionuclide imaging can show either 
a heterogeneous pattern or low isotope uptake; the ‘cold’ areas re-
flect the fibrosis. The extent of the fibrosis can best be determined 
on either CT or MRI; the affected regions appear homogeneous and 
hypointense on T1-  and T2- weighted MRI images [74]. Ultrasound 
examinations can be helpful as the areas affected appear hypoechoic; 
on colour flow Doppler, the fibrotic areas are avascular. 18F- FDG 
PET- CT will show intense uptake in areas of fibrotic inflammation 
and can be used to evaluate for the presence of extrathyroidal dis-
ease manifestations [75]. The white blood cell count and sedimen-
tation rate are usually normal, but can be elevated. In IgG4- related 
disease serum IgG4 levels are typically >135 mg/ dL, and levels cor-
relate with the number of involved organs [62].

Pathology consists of an exuberant fibrosis involving part of or 
the entire thyroid [63]. Fibrotic extension beyond the capsule of 
the thyroid into adjacent structures such as nerves, blood vessels, 
muscles, parathyroid glands, trachea, and oesophagus is charac-
teristic. Pathological diagnostic criteria for this condition includes 
complete destruction of involved thyroid tissue with absence of 
normal lobulation, lack of a granulomatous reaction, and exten-
sion of the fibrosis beyond the thyroid into adjacent muscle, nerves, 
blood vessels, and adipose. Histological examination reveals almost 
no thyroid follicles and few plasma cells, eosinophils, and Hürthle 
cells. Lymphocytes are also sparse, in contrast to the findings in 
Hashimoto’s thyroiditis, although occasionally a few foci of lympho-
cytes may be observed. An associated arteritis and phlebitis with 
intimal proliferation, medial destruction, adventitial inflammation, 
and thrombosis may also occur. Similar features are observed in the 
extracervical fibrosclerotic lesions, retroperitoneal and mediastinal 
regions, orbit, and lachrymal glands, and in sclerosing cholangitis.

Diagnosis and Treatment

The diagnosis is made by biopsy of the goitre in order to differen-
tiate this disorder from carcinoma. However, a fine- needle aspir-
ation biopsy is usually inadequate due to the extreme hardness of 
the gland and, thus, an open biopsy is often required.

Treatment of Riedel’s thyroiditis is surgical to relieve compressive 
symptoms. Extensive resection is often impossible due to fibrosis 
of surrounding structures, but wedge resection, especially over the 
isthmus to relieve tracheal compression, is often extremely effective. 
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Despite its invasive nature, recurrences of obstruction after resec-
tion are rare. Thyroid hormone therapy is indicated only if hypo-
thyroidism is present, as suppression therapy is ineffective. Calcium 
and vitamin D therapy is indicated in those patients with associated 
hypoparathyroidism. There have been several reports of disease im-
provement with glucocorticoid therapy, and relapses have reversed 
with the reinstitution of steroids; however, it has not been helpful 
in all instances [63]. Tamoxifen has been reported to cause disease 
regression in a few case reports. Its mechanism of action is unclear; 
however, it may play a role in fibroblastic proliferation inhibition 
[76]. A  small open- label trial demonstrated that rituximab treat-
ment for patients with IgG4- related disease is associated with clin-
ical improvement in the majority and remission in up to half [77].

Prognosis

Riedel’s thyroiditis is usually slowly progressive; however, it may 
stabilize or remit spontaneously. Mortality rates range from 6% to 
10%, with deaths usually attributed to asphyxia secondary to tra-
cheal compression or laryngospasm [66]. However, these mortality 
rates are derived from older literature, and may not reflect (the pre-
sumably lower) current rates. In many instances, the condition is 
self- limiting, and improvement often persists after isthmic wedge 
resection. Following surgery, the disease can remit or be self- 
limiting. Repeat surgery is only rarely required.
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Introduction

The term thyrotoxicosis refers to the clinical syndrome due to exces-
sive serum concentrations of free thyroxine, free triiodothyronine, 
or both. The term hyperthyroidism is used to mean sustained in-
creases in hormone biosynthesis and secretion by the thyroid gland, 
being Graves’ disease the most common. Other causes responsible 
for thyrotoxicosis are destructive thyroiditis, excessive ingestion 
of thyroid hormones, or secretion of thyroid hormones from ec-
topic sites. The various causes of thyrotoxicosis are discussed in 
Chapter  3.3.5. The clinical features depend on the severity and 

duration of the disease, the age of the patient, the presence or ab-
sence of extrathyroidal manifestations, and the specific thyrotoxic 
disorder. Older patients have fewer symptoms and signs of sympa-
thetic activation and more symptoms and signs of cardiovascular 
dysfunction. Rarely a patient with ‘apathetic’ hyperthyroidism will 
lack almost all usual clinical manifestations of thyrotoxicosis [1] .

All organ systems are affected by thyroid hormone excess 
(Table 3.3.1.1). In Graves’ disease some signs and symptoms are 
due to extrathyroidal immunological processes rather than the 
excessive levels of thyroid hormones (Table 3.3.1.2).

Table 3.3.1.1 Systemic effects of thyrotoxicosis

System Effects

General Heat intolerance, weight loss, fatigue, insomnia, 
nervousness, tremulousness

Skin Fine, warm, and moist, hyperpigmentation, 
hyperhidrosis, onycholysis, fine and often straight hair, 
urticaria, pruritus

Eye Exophthalmos, lid oedema, lid lag, globe lag, chemosis, 
ophthalmoplegia, optic nerve involvement

Mental Irritability, restlessness, anxiety, inability to concentrate, 
lability, depression, psychiatric reactions

Neurological Syncope, delirium, stupor, coma, choreoathetosis

Cardiovascular Tachycardia, widened pulse pressure, and bounding 
pulse. Occasionally cardiomegaly, congestive heart 
failure, angina pectoris, and paroxysmal tachycardia or 
atrial fibrillation

Respiratory Dyspnoea

Gastrointestinal Hyperphagia, increased thirst, diarrhoea, or increased 
frequency of stools, hepatomegaly

Neuromuscular Tremulousness, quickened, and hypermetric reflexes, 
weakness of proximal muscles, muscle atrophy, 
myopathy, periodic paralysis

Metabolic Hypercalcaemia, decreased serum magnesium, 
increased bone alkaline phosphatase, hypercalciuria

Osseous Osteopaenia or osteoporosis

Reproductive Irregular menses or amenorrhoea, gynaecomastia, 
decreased fertility

Haematopoietic Anaemia (usually normochromic, normocytic), 
lymphocytosis, splenomegaly, lymphadenopathy, 
enlarged thymus
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Skin, Hair, and nails

The skin is usually moist and warm because of vasodilatation, which 
represents a homeostatic mechanism for dissipating the increased heat 
generated in the body [2] . The patient may complain of cutaneous 
flushing, resting perspiration, and sweaty palms. Hyperpigmentation 
particularly at the knuckles and skin creases may be present. Vitiligo 
occurs in some patients with Graves’ disease and Hashimoto’s 
thyroiditis [3]. Dermographism, urticaria, purpura, and generalized 
erythematous eruptions may be less frequently observed. Pruritus is 
rare. The skin changes are reversed after restoration of euthyroidism.

The hair may be fine and soft, and hair loss can be excessive. 
Alopecia aerate and loss of axillary, pubic, body, and eyebrow hairs 
are uncommon.

Localizing non- pitting oedema on extensor surfaces, the so- 
called pretibial myxoedema, may be the hallmark to establish the 
diagnosis of Graves’ disease (Figure 3.3.1.1).

The nails become shiny and may be soft and friable. The rate of 
nail growth is increased, and longitudinal striations associated with 
a flattening of the surface contour result in a scoop- shovel appear-
ance. In many patients onycholysis may be present.

eyes

Upper eyelid retraction, evident as the presence of a rim of sclera be-
tween the lid and the limbus, is frequent in all forms of thyrotoxicosis, 
and is responsible for the bright- eyed ‘stare’ or ‘fish eyes’ of the patient 

(Figure 3.3.1.2) [4] . Lid lag may be present because the upper lid lags 
behind the globe when the patient is asked to gaze downward; globe 
lag occurs when the globe lags behind the upper lid when the patient 
gazes slowly upward. In severe cases the movements of the lids are 
jerky and spasmodic, and a fine tremor of the lightly closed lids can 
be observed. It is important to differentiate these manifestations from 
those of Graves’ disease [5] (see Chapters 3.3.9 and 3.3.10).

Thyroid Gland

Thyroid enlargement is usually associated with nodular goitre or 
Graves’ disease (Figure 3.3.1.3a) and may be absent when thyro-
toxicosis is due to excessive ingestion of thyroid hormones, unless 
goitre was present before treatment. An asymmetrical gland is gen-
erally found in patients with toxic adenoma or multinodular goitre 
(Figure 3.3.1.3b), but may occur also in Graves’ disease. The pyram-
idal lobe should always be searched for, since enlargement indicates 
a diffuse involvement of the thyroid. The marked increase in the 
blood flow to the thyroid in Graves’ disease is reflected clinically by 
the presence of a bruit or a thrill. Colour flow Doppler sonography 
shows hypervascularity and increased peak systolic velocity [6] .

Respiratory System

Respiratory features are reported in Box 3.3.1.1. The frequency and 
the relative relevance of these changes is uncertain because available 

Table 3.3.1.2 Clinical findings in patients with Graves’ hyperthyroidism and controlsa

Hyperthyroid Controls

Total Age decades Total Age decades

2nd 3rd to 5th 6th to 8th 2nd 3rd to 5th 6th to 8th

Number 880 74 635 171 880 79 636 165

Symptoms (%)

Palpitations 65 58 57 56 13 6 14 10

Increased perspiration 45 39 49 30 7 1 9 3

Heat intolerance 55 49 60 36 8 6 8 8

Weight loss 61 29 60 74 13 6 13 13

Weight gain 12 29 12 5 21 26 21 16

Increased appetite 42 61 12 5 5 9 21 16

Decreased appetite 11 5 10 16 6 6 7 4

Increased number of bowel movements 22 19 22 21 2 6 2 1

Increased appetite with weight loss 24 19 24 20 0 0 0 0

Tiredness 69 62 70 69 41 32 43 37

Irritability 45 47 35 33 18 16 21 10

Nervousness 69 59 71 64 15 11 17 12

Signs (%)

Fine finger tremor 69 69 70 59 6 5 5 4

Pulse rate 90 beats/ min 80 84 80 78 18 21 18 19

Atrial fibrillationb 3 0 1 9 – – – – 

Thyroid size (× normal) 1.9 ± 0.6 2.4 ± 0.6 2.0 ± 0.6 1.4 ± 0.4 1.3 ± 0.4 1.4 ± 0.6 1.3 ± 0.4 1.3 ± 0.4

a Source data from Nordyke RA, Gilbert FI Jr, Harada AS. Graves' disease. Influence of age on clinical findings. Arch Intern Med. 1988 Mar;148(3):626– 31.
b The presence of atrial fibrillation was not assessed in control subjects.
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data are scarce and often conflicting. The increased metabolic rate 
stresses the lung, requiring a more rapid net rate of gas exchange to 
accommodate the increased oxygen consumption and carbon di-
oxide production [7] . Dyspnoea is present in patients with severe 
thyrotoxicosis [8] and is due to respiratory muscle weakness, re-
duction of vital capacity, decreased pulmonary compliance, and in-
crease in respiratory dead space ventilation.

An atopic background, with elevated serum immuno-
globulin E levels has been found in 30% of patients with Graves’ 
hyperthyroidism [9] .

A decrease of residual volume and vital and total lung capacities 
was early reported in a quarter of patients [8] . More recently, no sig-
nificant differences in the mean baseline vital and total lung capaci-
ties, residual volume, static compliance, or pressure– volume curves 
between patients and controls have been reported [9].

Lung compliance may be altered by changes in the elastic prop-
erties or by vascular engorgement. Manifestations of respiratory 
muscle dysfunction include rapid, shallow respirations, respira-
tory dyskinesia, hypoventilation, respiratory acidosis, and easy 
fatigability [10]. Most patients with overt thyrotoxicosis have di-
minished proximal muscle strength. Chronic thyrotoxic myop-
athy affects the diaphragm and other respiratory muscles in up to 
50% of severely affected patients, causing loss of maximal respira-
tory muscle power.

Thyrotoxicosis may affect the central regulatory response to 
a blood gas perturbation. This abnormality can be revealed by 
evaluating the increase of ventilation while breathing either a 
hyperoxic hypercapnic or a hypoxic isocapnic gas mixture. The 
mechanisms of these changes are not completely understood. 
Thyrotoxicosis, by increasing the ventilatory drive superimposed 
on underlying lung disease, may worsen dyspnoea and cause re-
spiratory failure.

Resting heart rate, cardiac output, respiratory rate, and minute 
ventilation are increased [9] . The amount of oxygen required to per-
form any workload is increased. Pulmonary artery pressures of pa-
tients may rise more than usual with exercise, but this has not been 
evaluated carefully. Exercise normally decreases the mixed venous 
oxygen saturation and the dead space/ tidal volume ratio; the op-
posite occurs in thyrotoxicosis.

Cardiac changes may affect the lungs either by pulmonary ar-
tery dilatation or by high- output cardiac failure [11]. The findings 
of an accentuated pulmonary second heart sound and a right ven-
tricular heave suggest pulmonary hypertension with an increased 
risk of heart failure in 6– 16% of thyrotoxic patients [11]. The exact 
pathogenesis remains unknown. Some patients may have symp-
tomatic pulmonary hypertension that normalizes by restoring 
euthyroidism [11].

Mild increases of resting pulmonary artery pressure are common, 
and the pressure frequently rises significantly during exercise. 
A  physical sign of thyrotoxicosis is the Means– Lerman sign, a 
scratchy coarse systolic ejection rub or murmur that is heard best 
along the left sternal border at the base of the heart.

Renal System

Most of the renal effects of thyrotoxicosis produce no symptoms 
except mild polyuria [12].

Renal plasma flow and glomerular filtration rate (GFR) are in-
creased, probably because of the increase in cardiac output and de-
crease in peripheral resistance [12]. Intrarenal vasodilatation also 
occurs. The 24- h urine creatinine is significantly lower in thyrotoxic 
patients compared to normal subjects, likely because of loss of 
muscle mass and it occurs despite an increase in urea clearance. 
These changes normalized when the euthyroidism is restored.

Renal tubular mass is increased, and the morphological changes 
are accompanied by an increased renal tubular transport capacity. 
An activation of the renin– angiotensin system contributes to car-
diac hypertrophy in these patients [13]. Serum cystatin C (CysC) 
levels are higher despite an increase in GFR. Thyroid hormone 
acting on general metabolism may influence the production rate of 
CysC, therefore thyroid status must be considered in the measure-
ment of renal function using CysC equation [14].

Thyrotoxic patients rarely have abnormalities in water metab-
olism. Serum electrolytes are usually normal. Some patients have 
polydipsia and polyuria (up to 3– 4 litres daily) that revert to normal 
after achieving euthyroidism.

Plasma atrial natriuretic hormone levels and renin activity are 
increased with no clinical consequences except for mild oedema. 
The total amount of exchangeable potassium is decreased, and the 
amount of exchangeable sodium tends to be increased. The level 
of exchangeable magnesium concentration is often decreased, and 
urinary magnesium is increased.

Renal tubular acidosis occasionally occurs and there is a failure to 
achieve maximal urinary acidification. It may occur in Graves’ dis-
ease, also in the absence of nephrocalcinosis, and may persist after 
restoration of the euthyroid state. This condition may have an auto-
immune basis [15].

Pitting oedema, involving legs, hands, ankles, and sacrum, may 
occur in thyrotoxic patients, because of renal salt and water reten-
tion in response to the reduction in effective arterial volume. Renal 
and salt retention contributes to an increase in blood volume and 
venous pressure.

Gastrointestinal System

The classic manifestations are rapid intestinal transit, increased 
frequency of semiformed stools, and weight loss from increased 
caloric requirement or malabsorption [16]. The mechanism under-
lying the gastrointestinal hypermotility has not been elucidated, 
but it disappears when euthyroidism is restored. An increase in ap-
petite is common, but rarely seen in patients with mild disease. In 
severe disease, the increased food intake is usually inadequate to 
meet the increased caloric requirements, and variable weight loss 
occurs. Anorexia may occur in patients with severe thyrotoxicosis, 

Box 3.3.1.1 Respiratory changes in thyrotoxicosis

 • Dyspnoea
 • Respiratory muscle weakness
 • Decreased vital capacity
 • Decreased pulmonary compliance
 • Increased ventilation
 • Increased oxygen uptake
 • Pulmonary artery dilatation and hypertension
 • Increased carbon dioxide production
 • Increased ventilatory response to hypercapnia
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and in about one- third of elderly patients, where it contributes to 
the ‘apathetic’ picture.

Graves’ disease may be associated with other autoimmune dis-
eases, namely coeliac disease, atrophic gastritis, with or without 
pernicious anaemia.

The combination of biochemical thyrotoxicosis and persistent 
vomiting is also common in the context of hyperemesis gravidarum, 
often occurring in the first trimester of pregnancy. This self- limiting 
disorder, termed transient gestational hyperthyroidism, results 
from stimulation of thyroid- stimulating hormone (TSH) receptors 
by high levels of human chorionic gonadotrophin (hCG) produced 
by the placenta. This effect is due to the α- subunit homology be-
tween hCG and TSH [16].

Hepatic function may be altered, particularly when the disease is 
severe [16]; hypoproteinaemia and increased serum alkaline phos-
phatase and transaminase levels may be present.

Hepatic damage is usually self- limiting, but fulminant hepatitis 
has previously been described, precipitated by congestive cardiac 
failure and arrhythmia [16]. Histological hepatic changes are usu-
ally non- specific, but progressive liver damage with centrizonal ne-
crosis and perivenular fibrosis and intrahepatic cholestasis have also 
been described.

In severe cases hepatomegaly and jaundice may occur. Graves’ 
disease and autoimmune hepatitis coexist more often than can be 
expected by chance.

Liver disease is reversible in the vast majority of cases with restor-
ation of euthyroidism [16].

nervous System

Hyperactivity, emotional lability, distractibility, and anxiety may re-
flect changes in the nervous system, but the pathogenic mechanisms 
remain obscure [17]. Examination reveals a fine rhythmic tremor 
of the hands, tongue, and eyelids when slightly closed. Emotional 
lability causes patients to lose their tempers easily and to have epi-
sodes of crying without apparent reason. Rarely mental disturbance 
may be severe. Fatigue is due either to muscle weakness or to in-
somnia, which is frequently present.

Persistent fine tremor is the most prominent finding and may in-
volves the hands, but also the feet, chin, lips, and tongue. Chorea 
seldom appears as a manifestation of thyrotoxicosis. Thyrotoxic 
crisis may rarely lead to coma and status epilepticus.

The electroencephalogram of most patients reveals increased 
fast- wave activity. The basal metabolic rate tends to correlate with 
the frequency of brain waves, but at the extremes of thyroid abnor-
mality the correlation is frequently poor.

Muscle

Muscle weakness and fatigue are frequent [18]. Weakness is 
often most prominent in the proximal muscles of the limbs [18]. 
Occasionally, in severe untreated cases, muscle wasting occurs as a 
predominant feature (thyrotoxic myopathy). In extreme forms, the 
patient may be unable to rise from a sitting or lying position and 
may be unable to walk.

Muscle manifestations affect men more commonly than women. 
The involvement of ocular muscles may mimic myasthenia gravis. 
Graves’ disease occurs in about 3– 5% of patients with myasthenia 
gravis, and about 1% of patients with Graves’ disease develop my-
asthenia gravis [19]. Hypokalaemic periodic paralysis may be asso-
ciated with thyrotoxicosis and is characterized by sporadic attacks, 
most commonly involving flaccidity and paralysis of either legs, 
arms, or trunk, even though any muscle can be involved [19]. 
Hypokalaemic periodic paralysis is most frequent in Asian popula-
tions (see Chapter 3.3.2).

Whether patients with thyrotoxic periodic paralysis have an 
underlying genetic predisposition, compared with patients with 
non- thyrotoxic periodic paralysis is unknown. Familial hypokal-
aemic periodic paralysis has been associated with mutations of 
skeletal muscle calcium channel (CACNA1S), sodium channel 
(SCN4A), and voltage- gated potassium channel (KCNE3) [20]. 
However, such associations have not been found in patients with 
thyrotoxic periodic paralysis, except for one patient harbouring a 
KCNE3 mutation [21].

Skeletal System: Calcium and 
Phosphorus Metabolism

Thyrotoxicosis is associated with an increase of bone turnover and 
eventually bone loss, especially in postmenopausal women [22]. 
Patients with a long- standing history of thyrotoxicosis may have 
overt osteoporosis and an increased risk of fractures [23].

Bone turnover is increased, but the increase in bone resorption is 
relatively greater than that of bone formation; the urinary excretion 
of calcium, phosphorus, and hydroxyproline is increased [22]. Total 
and particularly ionized serum calcium may be slightly increased 
in as many as 27% and 47% of patients. Alkaline phosphatase and 
osteocalcin levels are also frequently increased [24]. Parathyroid 
hormone (PTH) and 1,25 dihydroxyvitamin D levels tend to be low 
as a result of the increased calcium released from bone. The alter-
ations in bone metabolism are reversed when euthyroidism is re-
stored [24, 25].

Thyrotoxicosis is a well- known risk factors for osteoporosis 
[22]. Thyroid hormone action on osteoblasts accounts for the in-
creased circulating levels of alkaline phosphatase and osteocalcin. 
Despite the increased mineralization rate and osteoblastic activity, 
the increased bone formation cannot compensate for increments 
in bone resorption, and bone mass may be decreased. The patho-
logical changes may include osteoporosis, osteomalacia, and osteitis 
fibrosa. A  recent meta- analysis has shown that subclinical hyper-
thyroidism is also associated with femoral neck bone loss and po-
tentially increased fracture risk [26]. Restoration of euthyroidism 
may reverse bone density in premenopausal [27] but not in 
postmenopausal women.

The skeletal effects of thyroid hormone replacement are unclear. 
Recently, some reports suggested that patients receiving chronic 
l- thyroxine treatment, particularly in doses that suppress TSH se-
cretion may have a reduced bone mass [28]. Other studies [29, 30] 
suggested that l- thyroxine suppressive therapy, if carried out care-
fully and monitored, using the smallest suppressive dose, has no 
significant effect on bone mass, at least in premenopausal women 
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and in men, whereas in postmenopausal women some degree of 
bone loss can be observed. A recent cross- sectional study evaluated 
the prevalence and determinants of radiological vertebral fractures 
in women receiving l- thyroxine therapy for differentiated thyroid 
cancer. Vertebral fractures were found in 51 patients (28.5%), with 
significantly higher prevalence in patients with undetectable TSH 
((44.6%) as compared with patients with TSH between 0.5 and 
1.0 mU/ L (24.0%) and >1 mU/ L (4.3%) [31].

Thyroid acropachy, namely clubbing, periostitis, and swelling at 
peripheral sites occurs in approximately 1% of patients with Graves’ 
disease, and is always associated with exophthalmos and pretibial 
myxoedema [32].

Haematopoietic System

In most patients the red blood cell mass is increased either for a 
direct effect of thyroid hormones on the erythroid marrow or an 
increased production of erythropoietin [33]. A parallel increase in 
plasma volume also occurs, and therefore the haematocrit value is 
normal.

Microcytosis may occur in about 37% of patients and usually 
resolves with the restoration of euthyroidism. Patients with severe 
thyrotoxicosis may develop a normocytic anaemia and less fre-
quently iron deficiency anaemia.

Approximately 3% of patients with Graves’ disease have perni-
cious anaemia, and a further 3% have antibodies to intrinsic factor 
but normal absorption of vitamin B12. Autoantibodies against gas-
tric parietal cells are present in about one- third of patients with 
Graves’ disease, and the requirements for vitamin B12 and folic acid 
appear to be increased.

The total white blood cell count is often low because of a decrease 
in the number of neutrophils. The absolute lymphocyte count is 
normal or increased, leading to a relative lymphocytosis. A gener-
alized lymphadenopathy may be present, and the spleen may be en-
larged in 10% of patients with Graves’ disease.

Blood platelets and the intrinsic clotting mechanism are normal. 
However, the concentration of factor VIII is often increased and 
returns to normal when thyrotoxicosis is treated. Furthermore, 
there is an enhanced sensitivity to coumarin anticoagulants be-
cause of an accelerated clearance of vitamin K- dependent clotting 
factors [33].

Cardiovascular System

The cardiovascular manifestations are among the most character-
istic symptoms and signs of the disorder (Box 3.3.1.2) [34]. Tissue 
blood flow is increased in response to accelerated metabolism and 
increased oxygen consumption. Haemodynamic changes are char-
acterized by an elevated cardiac output and a decreased periph-
eral vascular resistance. Thyroid hormone itself may be involved 
directly through its action on the smooth muscle of blood vessels 
[34]. Moreover, the finding in thyrotoxic patients of elevated levels 
of plasma adrenomedullin and proadrenomedullin- N- terminal 20- 
peptide, which have a potent vasodilatory activity, raises the pos-
sibility that both might also decrease the vascular resistance [35].

Nearly all patients have tachycardia and a bounding pulse. The 
common complaint of palpitations usually indicates a resting tachy-
cardia. The heart rate is also elevated during sleep. The heart may 
be enlarged, but echocardiography is usually normal. In elderly pa-
tients the cardiovascular manifestations may be limited to resting 
tachycardia [36]; other classic thyrotoxic symptoms may be absent.

Thyrotoxic patients may have chest pain similar to that angina 
pectoris, probably caused by either relative myocardial ischaemia 
or coronary artery spasm. In elderly patients, however, the in-
creased myocardial oxygen demand due to thyrotoxicosis may un-
mask coronary artery disease. The plasma level of homocysteine in 
thyrotoxic patients did not differ significantly from that of controls 
[34]. Conversely, hyperhomocystinaemia has been found in hypo-
thyroid patients and, combined with lipid abnormalities, may in-
crease the risk of coronary disease [34].

At physical examination tachycardia is the most common find-
ings. Systolic blood pressure is elevated and diastolic blood pres-
sure is decreased [37]; the mean blood pressure is usually normal. 
An exaggerated increase in systolic blood pressure may be present 
in older patients due to the loss of elasticity of the larger arteries. 
Auscultation may reveal a systolic ejection murmur and a gallop 
rhythm caused by rapid flow of blood through the aortic outflow 
tract. Systolic murmurs may arise from valve prolapse, left ven-
tricular dilatation, or dysfunction of the mitral valve. A  systolic 
‘scratch’ is heard in the pulmonary area corresponding to contact 
between the pleural and pericardial surfaces during cardiac con-
traction. Heart failure rarely occurs, unless an underlying cardiac 
disease is also present [34].

Sinus tachycardia is present in the majority of patients. Cardiac 
arrhythmias are almost invariably supraventricular. Approximately 
10% of patients with thyrotoxicosis have atrial fibrillation, and a 
similar percentage of patients with unexplained atrial fibrillation 
are thyrotoxic [34]. Tachycardia may be the presenting symptom of 
thyrotoxicosis, particularly in older people. In elderly patients with 
subclinical thyrotoxicosis the risk of persistent atrial fibrillation is 
approximately three times that of normal subjects [34]. Ventricular 
premature contractions are rare. Angina pectoris and myocardial in-
farction may rarely occur in the absence of coronary artery disease.

Thyrotoxicosis itself may cause heart failure in elderly and, much 
less often, in young patients. Thyrotoxic patients with heart failure 
are generally old and, therefore, at risk of underlying heart disease. 
Elderly patients with rhythm disturbances have the greatest risk of 
heart failure [38]. In young patients, or in the absence of under-
lying heart disease, the heart failure is thought to be ‘high output’ 

Box 3.3.1.2 Cardiovascular symptoms and signs 
of thyrotoxicosis

 • Palpitations
 • Paroxysmal tachycardia
 • Orthopnoea
 • Exercise intolerance
 • Hyperdynamic precordium
 • Third heart sound
 • Atrial fibrillation
 • Widened pulse pressure
 • Cardiac flow murmurs
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likely due to a circulatory congestion caused by fluid retention. In 
thyrotoxicosis, cardiac output is near to maximal at rest and cannot 
increase in response to exercise, stress, surgery, or pregnancy [38]. 
As a consequence, atrial filling pressures rise, leading to pulmonary 
and peripheral oedema. This situation may worsen if atrial fibrilla-
tion is present. Left ventricular function is impaired because by the 
persistent tachyarrhythmia. Sustained tachycardia causes abnormal 
ventricular systolic and diastolic function, which resolves when 
arrhythmia is treated. β- adrenergic receptor blockade- mediated 
slowing of the heart rate can rapidly reverse even severe degrees of 
left ventricular dysfunction in thyrotoxic patients.

endocrine System

Thyrotoxicosis affects the secretion of most pituitary hormones. 
Children with thyrotoxicosis grow more rapidly than normal chil-
dren [39]. The height and bone ages are accelerated, but their rela-
tionship remains normal. Growth acceleration suggests that growth 
hormone (GH) secretion might be greater than normal. Serum 
GH concentrations, however, are lower in thyrotoxic patients than 
normal subjects probably due to the increased metabolic clearance 
rate. Serum IgF1 concentration is higher in thyrotoxic patients and 
returns to normal after restoration of euthyroidism. Basal secretion 
of prolactin (PRL) and its response to thyrotropin- releasing hor-
mone (TRH) may also be decreased. No physiological or clinical 
consequences of these abnormalities are known.

The half- life of cortisol is shortened, but both the number of 
bursts of adrenocorticotrophic hormone (ACTH) and those of cor-
tisol secretion are increased and maintain serum cortisol levels [40]. 
A  subtle impairment of adrenocortical reserve has been reported 
in thyrotoxicosis [40]. The plasma concentration of corticosteroid- 
binding globulin is normal. The urinary excretion of the free cor-
tisol and 17- hydroxycorticosteroids is normal or slightly increased, 
whereas the urinary excretion of 17- ketosteroids may be reduced 
[40]. The turnover rate of aldosterone is increased, but its plasma 
concentration is normal. Plasma renin activity is increased, and 
sensitivity to angiotensin II is reduced.

β- adrenergic receptor blockade ameliorates most of the cardio-
vascular manifestations of thyrotoxicosis suggesting that catechol-
amines play a causative role, but the secretion rate and plasma levels 
of adrenaline and noradrenaline are normal [41]. The sympathetic 
hyperactivity appears to be the consequence of a direct effect of thy-
roid hormones on peripheral tissues. Thyrotoxicosis in early life 
may cause delayed sexual maturation, although physical develop-
ment is normal and skeletal growth may be accelerated.

Thyrotoxicosis, after puberty, influences the reproductive func-
tion [42], especially in women. An increase in libido occurs in both 
genders. The intermenstrual interval may be prolonged or short-
ened, and menstrual flow initially diminishes and ultimately ceases. 
Fertility may be reduced. In some women, menstrual cycles are pre-
dominantly anovulatory with oligomenorrhoea, but in most, ovula-
tion occurs. It is unclear whether these changes are due to a direct 
action of thyroid hormones on either the ovary and uterus or the 
pituitary and hypothalamus, or both. With treatment, menstrual 
cycles return to their regular pattern. Thyrotoxicosis in prepubertal 
girls may result in slightly delayed menarche. In premenopausal 

women, basal plasma concentrations of luteinizing hormone (LH) 
and follicle- stimulating hormone (FSH) are normal but may display 
an enhanced responsiveness to LH [42].

An increase in libido has also been reported in men [43]. An in-
crease in sex hormone- binding globulin is present and because of 
its increase, testosterone levels are elevated, but free testosterone 
levels are normal. The metabolic clearance rates of testosterone 
and, to some extent, of oestradiol are decreased. Conversion rates 
of androstenedione to testosterone, oestrone, and oestradiol, and 
of testosterone to dihydrotestosterone are increased. Extragonadal 
conversion of androgens to oestrogens is increased and this may 
account for finding gynaecomastia in a minority of thyrotoxic men. 
A  reduction of sperm motility (asthenozoospermia) has been re-
ported in about 60% of adult thyrotoxic patients; it normalizes after 
treatment with antithyroid drugs [44]. Other seminal fluid alter-
ations, namely low sperm count and an increased number of sperm-
atozoa with altered morphology, has been found in about 42% and 
40%, respectively. One limit of these studies is that semen param-
eters have been evaluated in infertile couples in whom fertility of the 
partner has not always been studied. Premature ejaculation, erectile 
dysfunction, and hypoactive sexual desire have also been reported.

energy Metabolism: Protein, Carbohydrate, and 
Lipid Metabolism

One of the most prominent symptoms is heat intolerance reflecting 
an increase in the basal metabolism of many substrates [45] leading 
to an increased consumption of adenosine triphosphate (ATP) and 
oxygen. The consequent thermogenesis is responsible for heat in-
tolerance. Despite the increased food intake, a state of chronic cal-
oric inadequacy often ensues, depending on the degree of increased 
metabolism, and becomes more pronounced with age. In addition 
to losing fat stores, there is often a loss of muscle mass, making 
weakness a common complaint. Both synthesis and degradation of 
proteins are increased.

Both glucose absorption and glucose production are increased. 
The oral glucose tolerance test is often abnormal [46]. Pre- existing 
diabetes mellitus is aggravated by thyrotoxicosis, one cause being 
increased degradation of insulin.

Both synthesis and clearance of cholesterol and triglycerides are 
increased, but the latter effect predominates [47]. Plasma phospho-
lipid and low- density lipoprotein (LDL) cholesterol concentra-
tions fall, while high- density lipoprotein (HDL) cholesterol levels 
increase. Thyroid hormones also may influence cholesterol me-
tabolism by increasing its conversion to bile acid and its clearance 
through the membrane surface LDL receptors. In this regard, in 
vitro studies indicate that triiodothyronine increases LDL receptor 
promoter activity and surface LDL receptor protein [48].

Although fatty acid synthesis is increased in both adipose tissue 
and liver, degradation of most lipids appears to be stimulated 
more than synthesis; body lipid deposits consequently become 
depleted and plasma concentrations of various lipid components 
fall. Several studies have investigated the relationship between 
leptin level and thyroid status. Two studies reported a relative 
hypoleptinaemia, but most have found no effect of thyrotoxicosis 
on leptin levels [49].
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Vitamin Metabolism in Thyrotoxicosis

Vitamin A concentrations tend to be low and a minor impairment 
of dark adaptation has been detected in some patients. Serum PTH 
levels are low and the conversion of 25- hydroxyvitamin D to 1,25- 
hydroxyvitamin D is diminished, resulting in lowered serum con-
centrations of the latter [50]. Calcium balance is negative as a result 
of decreased intestinal absorption and increased urinary loss. The 
serum concentration of vitamin E tends to be reduced because 
serum concentrations of HDL and LDL, in which vitamin E is in-
corporated, are decreased.

Differential Diagnosis of Thyrotoxicosis

The condition that most frequently simulates thyrotoxicosis is an 
anxiety state characterized by nervous irritability, fatigue, and in-
somnia. Fatigue is pronounced and differs from that in thyro-
toxicosis because it is not accompanied by a desire to be active. 
Tachycardia is common during examination but, in contrast to 
thyrotoxicosis, the sleeping pulse rate is normal. Hyperreflexia is 
present in both disorders.

Phaeochromocytoma may closely resemble thyrotoxicosis. 
Tachycardia and hypermetabolism are common to both conditions. 
The patient may have weight loss despite a good appetite and hyper-
glycaemia with glycosuria.

Myeloproliferative disorders may mimic thyrotoxicosis because 
of increased sweating, weight loss, and tachycardia, especially if an-
aemia is present. In diabetes mellitus, weight loss despite a good 
appetite, muscle wasting, and occasionally diarrhoea may suggest 
thyrotoxicosis.
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epidemiology

The association of thyrotoxicosis and periodic paralysis was first de-
scribed in 1902 in a Caucasian patient. However, it soon became evident 
that thyrotoxic periodic paralysis (TPP) affects mainly Asian popula-
tions, in particular the Chinese and Japanese, although isolated cases 
have also been reported in other ethnic groups such as Caucasians, 
Hispanics, African Americans, and American Indians. The incidence 
of TPP in non- Asian thyrotoxic patients is around 0.1%, whereas in the 
Chinese and Japanese, TPP affects 1.8% and 1.9% respectively, of the 
thyrotoxic patients [1– 3]. Despite a higher incidence of thyrotoxicosis 
in women, TPP affects mainly men, with a male to female ratio ranging 
from 17: 1 to 70: 1, according to different series. In the Chinese popula-
tion, TPP affects 13% of male and 0.17% of female thyrotoxic patients. 
In the Japanese population, TPP was reported to occur in 8.2% of male 
and 0.4% of female thyrotoxic patients in the 1970s, but in 1991, the re-
ported incidence decreased to 4.3% and 0.04% respectively [4] .

Clinical Features

TPP patients are usually between 20 and 40 years of age, similar to 
the age distribution for thyrotoxicosis. Isolated cases were reported 
in paediatric age group [5] . The paralytic attacks are character-
ized by transient, recurrent episodes of muscle weakness. Attacks 
involve proximal more than the distal muscles, with an initial in-
volvement of the lower limbs and subsequently the truncal muscles, 
and finally all four limbs. The degree of weakness varies from mild 
weakness to total flaccid paralysis and hyporeflexia. Some patients 
may experience prodromal symptoms of aches, cramps, or stiffness 
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in the affected muscles. Weakness usually affects skeletal muscles 
only. However, total paralysis of respiratory, bulbar, and ocular 
muscles has been reported in severe cases [6– 8]. Recovery is usually 
complete, but the duration of paralysis can vary from a few hours 
in a mild attack to 36– 72 h in a severe attack. Electromyographic 
studies have confirmed the myopathic changes with intact periph-
eral nerve function. The presentation of TPP may be confused with 
Guillain- Barre syndrome, acute spinal cord compression, myelitis, 
and hysteria. The attacks of weakness are similar to those of familial 
hypokalaemic periodic paralysis (FHPP) except for the presence of 
hyperthyroidism. While FHPP is an autosomal dominant condi-
tion affecting mainly Caucasians, TPP is a sporadic disease found 
mainly in Asian males, and familial cases of TPP are extremely rare.

High carbohydrate loads and strenuous exercise are well rec-
ognized precipitating factors for TPP [9] . The paralytic attacks 
do not occur during exercise but occur during the resting period 
that follow strenuous exercise, and the attacks may be aborted by 
continuation of exercise. In subtropical cities such as Hong Kong, 
attacks are most common during the seasons of summer and fall. 
This seasonal variation is probably associated with an increased in-
take of sugary drinks as well as outdoor activities and exercise in 
these weather conditions. In tropical cities such as Singapore, sea-
sonal variation is not seen. Attacks usually occur in the middle of 
the night or early morning, which coincides with a period of rest 
following a heavy meal or exercise. Paralysis can be induced in 
these patients with high carbohydrate loads with or without insulin 
infusion, strenuous exercise, or even thyroxine therapy. However, 
attacks cannot be induced once the patient has become euthyroid. 
Although high carbohydrate loads and strenuous exercise are well 
recognized precipitating factors for TPP, they were implicated in 
only 16 and 10 out of 135 cases in a prospective observational study, 
respectively [10]. Other precipitation factors include trauma, stress, 
alcohol consumption (especially binge drinking), acute urinary 
tract infection, and drugs (such as steroids and non- steroidal anti- 
inflammatory drugs) [10].

Hypokalaemia is the hallmark of TPP. Plasma potassium con-
centrations have been reported to be as low as 1.1 mmol/ L. Some 
patients may have a near to normal plasma potassium concentra-
tion if they are admitted during the recovery phase of the attack. 
Mortality due to cardiac arrhythmia associated with the hypokal-
aemia has been reported. The complication of rhabdomyolysis may 
occur in a severe attack. Potassium concentration returns to normal 
when the patient recovers spontaneously from the weakness. The 
degree of hypokalaemia and the severity of weakness have no cor-
relation with the severity of hyperthyroidism and the serum thyroid 
hormone concentration. Indeed, many patients have relatively few 
symptoms of hyperthyroidism and TPP may be their only mani-
festation of thyrotoxicosis. Apart from hypokalaemia, patients may 
also experience mild to moderate hypophosphataemia and hypo-
magnesaemia. These are also a result of intracellular shift as these 
electrolyte abnormalities would return to normal spontaneously 
when the patient recovers from the paralysis.

The underlying cause of hyperthyroidism in the majority of 
TPP patients is Graves’ disease. However, TPP can also be associ-
ated with thyroiditis (either spontaneous or induced by interferon 
therapy), toxic nodular goitre, toxic adenoma, TSH- secreting pi-
tuitary tumour, and even overdosage of thyroid hormone. TPP is 
usually the early presentation of the underlying thyroid disease. In 

the case of Graves’ disease, TPP can also be a presenting feature 
of relapse of the disease. Paralysis only occurs when the patient is 
thyrotoxic but not euthyroid.

Muscle biopsies from patients with TPP have revealed a variety 
of abnormalities. The most consistent finding is proliferation and 
focal dilation of the sarcoplasmic reticulum and transverse tubular 
system, with prominent vacuoles arising from the sarcoplasmic re-
ticulum [11]. It is uncertain whether these vacuoles represent co-
alescence of dilated sarcoplasmic reticulum or sequestrated areas of 
focal myofibrial necrosis.

Genetics

A number of genetic association studies on TPP had been reported. 
Associations with the human leukocyte antigen (HLA) genotypes 
HLA B46, DR9, and DQBl*0303 were reported in Hong Kong 
Chinese, A2 Bw22, AW19, and B17 in Singapore Chinese, and 
DRW8 in Japanese [12]. However, it is uncertain whether these as-
sociations were related to the genetic predisposition to Graves’ dis-
ease rather than to TPP, especially when the majority of these TPP 
patients had an underlying autoimmune thyroid disease.

In view of the similar presentations between TPP and FHPP, the 
role of the voltage- dependent calcium channel or dihydropyridine- 
sensitive L- type calcium channel receptor (Cav1.1), which is asso-
ciated with FHPP- 1, was studied in TPP patients. None of the few 
mutation hot spots associated with FHPP was present in Asian or 
non- Asian patients with TPP [13, 14]. However, certain single nu-
cleotide polymorphisms (SNPs) of Cav1.1, including nucleotide 
(nt)— 476, intron 2 nt 57, and intron 26 nt 67 were associated with 
TPP in southern Chinese [13]. The location of these SNPs lies at 
or close to the TRE of the gene, and it is likely that they affect the 
binding affinity of TRE and modulate the stimulation of thyroid 
hormone on the Cav1.1 gene. Similarly, isolated case reports with 
mutations in other skeletal muscle ionic channels were reported in 
Caucasian subjects but were not identified in other populations.

In view of the insulin resistance and increased Na/ K- ATPase ac-
tivity and increased adrenergic response observed in TPP patients, 
the genes encoding for the 1- , 2- , ß1- , ß2- , and ß4- subunits of Na/ 
K- ATPase and ß- adrenergic receptor were examined. So far, no mu-
tations or polymorphisms in these genes have been identified to be 
associated with TPP.

Since TPP is considered a channelopathy, with hypokalaemic 
being the hallmark of the disease, an international collaborative 
sequencing project of candidate genes of potassium voltage- gated 
channel subfamily J (KCNJ) gene family discovered a novel unre-
ported gene, KCNJ18 that encodes inwardly rectifying potassium 
(Kir) channel 2.6, as a novel susceptibility gene of TPP. Mutations 
in KCNJ18 were found to be highly prevalent in TPP patients 
from Singapore (25.9%), and Brazil, France, and the United States 
(33.3%), but not in patients from Hong Kong (1.2%) or Thailand 
(0%). Subsequently, genome- wide association studies conducted in 
Hong Kong and Thailand found a common variant on chromosome 
17q24.3 near KCNJ2, that encodes Kir2.1, was significantly asso-
ciated with TPP. Notably, mutation in KCNJ2 has been implicated 
in Andersen– Tawil syndrome (ATS), a rare genetic disease that is 
characterized by periodic paralysis and arrhythmia. Thyrotoxicosis 
has been reported to severely exacerbate the periodic paralysis in 
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ATS patients [15]. Altogether, these genetic studies uncovered the 
importance of both common and rare variant in members of KCNJ 
gene family in TPP susceptibility.

Pathogenesis

The pathogenesis of TPP remains unclear. Hypokalaemia is due to a 
rapid and massive shift of plasma potassium from the extracellular 
into the intracellular compartment, mainly into the muscles, and is 
not due to depletion through losses in urine or faeces. This massive 
shift of potassium is believed to be due to increased sodium- potas-
sium adenosine triphosphatase (Na+, K+- ATPase) pump activity in 
these patients. It is known that thyroid hormone can increase Na+, 
K+- ATPase activity in skeletal muscle, liver, and kidney, and also 
induce influx of plasma potassium into the intracellular space [16]. 
Thyroid hormone responsive element has been described in the 
promotor region of the α1 and β1 subunits of the Na+, K+- ATPase 
pump. The action of thyroid hormone on Na+, K+- ATPase activity 
is believed to be mediated through both transcriptional and post- 
transcriptional levels. Thyroid hormone also increases the number 
and sensitivity of β- adrenergic receptors. The increased β- adren-
ergic stimulation further increases Na+, K+- ATPase activity, which 
may explain why non- selective β- blockers can prevent attacks of 
TPP. The finding that selective β1 antagonists do not protect pa-
tients from paralytic attacks is consistent with the specific role of β2 
receptor in mediating the catecholamine- induced increase in Na+, 
K+- ATPase activity in skeletal muscle [17].

As it is difficult to determine potassium transport in intact skel-
etal muscles during TPP and in between attacks, most studies have 
resorted to measurement of the potassium flux and sodium pump 
activity in peripheral tissues such as the red blood cells, leuco-
cytes, and platelets. Various groups have shown that the number 
of Na+, K+- ATPase pumps, as well as Na+, K+- ATPase mediated 
cation influx, were increased in leucocytes [18] and platelets [19] in 
thyrotoxic patients with or without TPP when compared to healthy 
controls. However, TPP patients have significantly higher pump 
capacity and activity than those with plain thyrotoxicosis. When 
thyrotoxicosis is controlled, the Na+, K+- ATPase activity in TPP pa-
tients returns to levels similar to those of healthy subjects.

Insulin stimulates Na+, K+- ATPase and plays a permissive role for the 
potassium shift in TPP. Serum insulin levels vary widely in spontan-
eous attacks or during induction of paralysis, but hyperinsulinaemia 
during the attack or after glucose challenge has been reported in TPP 
[20]. The hyperinsulinaemic response may explain the association of 
the paralysis with heavy meals or sweet snacks. Exercise releases po-
tassium from muscle while rest promotes influx of potassium, which 
may explain why mild exercise may abort an attack. It would thus 
appear that TPP subjects have an underlying predisposition for acti-
vation of Na+, K+- ATPase activity, and that thyroid hormone and in-
sulin enhance the exaggerated response of the pump activity in these 
subjects. It is of interest to note that Na+, K+- ATPase activity is pos-
sibly increased by androgens and inhibited by oestrogens, and this 
may explain the male predilection for TPP [21].

As aforementioned, KCNJ gene family plays an important role 
in TPP susceptibility, thus it is expected that the Kir channels that 
encoded by KCNJs are involved in the pathogenesis of TPP. The 
inward and outward K+ movement is controlled by not only Na+, 

K+- ATPase, but also Kir channels. TPP susceptibility genes KCNJ2 
and KCNJ18 encode Kir2.1 and Kir2.6, which form functional 
homotetramer and heterotetramer in skeletal muscle and regulate 
excitability of muscles. Mutations in Kir2.6 exert dominant nega-
tive effect and reduce the whole cell current [22] predisposing the 
sarcolemma to hypokalaemia- induced depolarization that in turn 
leads to Na+ channel inactivation and inexcitability of muscles. 
Notably, thyroid response element is present in the promoter region 
of KCNJ18 [23], therefore this potentially explains why the attack 
is induced by hyperthyroidism and resolved once euthyroid state 
is achieved. On the other hand, the genetic variant rs312691 is lo-
cated in a long non- coding RNA that regulates KCNJ2 expression 
during hyperthyroid state [24]. This explains the underlying mech-
anism how genetic variation in KCNJ2 and KCNJ18 affect TPP 
susceptibility.

Treatment

Treatment of TPP consists of two components:  the acute man-
agement of the paralytic attack and the definitive treatment of 
hyperthyroidism. During the paralysis associated with marked 
hypokalaemia, treatment with intravenous potassium can hasten 
the recovery of muscle function and prevent cardiac arrhythmia. 
However, the serum potassium level has to be monitored closely, 
as rebound hyperkalaemia may occur when the potassium is being 
shifted back into the extracellular compartment. The use of oral po-
tassium supplements during the early phase of weakness can some-
times help to prevent further progression to complete paralysis. 
Whereas potassium replacement is most effective during paralysis, 
regular potassium supplements are not effective for prophylaxis 
against further paralytic attack. Further attacks of paralysis can be 
prevented by the administration of spironolactone or propranolol. 
The most effective agent is propranolol, a non- selective ß- blocker. 
At a dose of 40 mg four times a day, propranolol can prevent par-
alysis induced by high carbohydrate load in about two- thirds of 
those with a history of TPP [25]. The selective ß1- antagonist, meto-
prolol, does not protect patients from paralytic attacks. Thyroxine 
and acetazolamide have been reported to reduce the frequency of 
attacks in FHPP whereas the reverse is the case with TPP.

Patients should be advised to avoid the factors that may precipi-
tate the attack, including heavy carbohydrate intake, alcohol inges-
tion, and excessive exertion. However, since patients will not have 
further paralytic attacks when they are euthyroid, adequate control 
of hyperthyroidism is necessary. Definitive treatment of the hyper-
thyroidism with radioactive iodine or thyroidectomy is indicated. It 
has to be noted that TPP may occur after radioactive iodine therapy 
when the patient is still toxic, and addition of antithyroid drugs for 
several weeks after radioactive iodine therapy may be necessary 
to establish a euthyroid state. When treatment leads to hypothy-
roidism, careful monitoring of the thyroxine replacement therapy 
is essential to avoid overtreatment, which may lead to a recurrence 
of paralytic attack.
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Introduction

Thyrotoxic storm is arguably the most serious complication of hyper-
thyroidism and occurs in 1– 2% of hospital admissions for thyrotoxi-
cosis with an incidence of 0.2 per 100 000 hospitalized patient per 
year [1]  and mortality rate ranging from 10% to 75% in hospitalized 
patients [2– 4]. It is difficult to distinguish between thyrotoxic storm 
and uncomplicated thyrotoxicosis simply on the basis of routine 
function tests. Rather, the clinical diagnosis is based on the iden-
tification of signs and symptoms typically seen in thyrotoxic storm 
suggesting organ decompensation. Some of these typical manifest-
ations include fever (temperature usually above 38.5°C), tachycardia 
out of proportion to the fever, central nervous system signs varying 
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from confusion to apathy and even coma, and gastrointestinal dys-
function, which can include nausea, vomiting, diarrhoea, and, in se-
vere cases, jaundice. A scale has been developed to aid in diagnosis  
(Table 3.3.3.1) [2]. The earliest possible diagnosis and treatment ini-
tiation are required to avoid a fatal outcome.

Clinical Features

The patient’s history may include hyperthyroidism but decom-
pensation into thyrotoxic crisis usually follows some precipitating 
event, as indicated in Box 3.3.3.1. Most patients will have obvious 
signs and symptoms of thyrotoxicosis, including goitre and perhaps 
Graves’ ophthalmopathy. However, in older patients, particularly 
those who may have an underlying toxic multinodular goitre rather 
than Graves’ disease, the thyrotoxic storm may atypically present as 
masked or apathetic thyrotoxicosis [5] . Even more rarely, thyrotoxic 
storm may occur with subacute thyroiditis or factitious thyrotoxi-
cosis due to thyroxine overdose [6, 7].

In hospitalized patients, infection is the most common precipi-
tating event associated with thyrotoxic storm [1] . The differential 
diagnosis between true storm and uncomplicated infection in a 
thyrotoxic patient may be quite difficult, because of the likely pres-
ence of signs of tachycardia and fever in both. In this regard, very 
high fever seemingly out of proportion to an apparent infection 
along with dramatic diaphoresis could be a strong clinical clue to 
impending thyrotoxic storm. As the storm progresses, symptoms of 
central nervous system dysfunction will appear in various forms as 
increasing agitation, confusion, paranoia, psychosis, and even coma 
[8]. Cases of status epilepticus and stroke have also been reported 

[9]. Less frequent events associated with thyroid storm include preg-
nancy, during labour, placenta praevia, hydatidiform mole [10], 
cytotoxic chemotherapy for acute leukaemia, aspirin overdose [11– 
13], organophosphate intoxication [14], new anticancer medication 
(sorafenib) [15], nivolumab, ipilimumab [16, 17] and thyroid trauma 
such as repetitive examination of a large Graves’ gland and surgery.

Table 3.3.3.1 Diagnostic criteria for thyroid storm

Thermoregulatory dysfunction Score Cardiovascular dysfunction Score

Temperature Tachycardia

99– 99.9 °F (37.2– 37.7°C) 5 90– 109 beats/ min 5

100– 100.9 °F (37.8– 38.2°C) 10 110– 119 beats/ min 10

101– 101.9 °F (38.3– 38.8°C) 15 120– 129 beats/ min 15

102– 102.9 °F (38.9– 39.3°C) 20 130– 139 beats/ min 20

103– 103.9 °F (39.4– 39.9°C) 25 ≥140 beats/ min 25

≥104 °F (40°C) or higher 30 Congestive heart failure

Central nervous system effects Absent 0

Absent 0 Mild (oedema) 5

Mild agitation 10 Moderate (bibasilar rales) 10

Delirium, psychosis, lethargy 20 Severe (pulmonary oedema) 15

Seizure or coma 30 Atrial fibrillation

Gastrointestinal dysfunction Absent 0

Absent 0 Present 10

Diarrhoea, nausea, vomiting, or abdominal pain 10 History of precipitating event (surgery, infection, etc.)

Unexplained jaundice 20 Absent 0

Present 10

Based upon the total score, the likelihood of the diagnosis of thyrotoxic storm is: unlikely <25; impending 25– 44; highly likely >45.

Reproduced with permission from Burch HB, Wartofsky L. Life- threatening thyrotoxicosis. Thyroid storm. Endocrinol Metab Clin North Am, 1993; 22: 263– 77.

Box 3.3.3.1 Events associated with precipitation 
of thyrotoxic storm

• More common:
 — Withdrawal of antithyroid drug treatment
 — Iodine- 131 treatment
 — Sepsis, infection
 — Surgery, trauma
 — Iodinated contrast dyes
 — Parturition
 — Vigorous palpation of thyroid
 — Burn injury
 — Diabetic ketoacidosis
 — Pulmonary thromboembolism

• Less common
 — Hypoglycaemia
 — Emotional stress
 — Subacute thyroiditis
 — Thyroxine overdosage
 — Cytotoxic chemotherapy
 — Aspirin overdosage
 — Organophosphates
 — Seizure disorder
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Treatment delay increases the likelihood of irreversible progres-
sion and ultimate demise. Hence, when the diagnosis is likely but 
indefinite, treatment for thyrotoxic storm should be initiated.

Cardiovascular Manifestations

Cardiovascular manifestations are present due to influence of thy-
roid hormones on the heart, arteries, and veins. Rhythm disturb-
ances commonly seen include sinus tachycardia, atrial fibrillation, 
or other supraventricular tachyarrhythmias. The signs and symp-
toms of congestive heart failure may be present at any age but prevail 
in older people. Most patients will have systolic hypertension with 
widened pulse pressure. Due to high oxygen demand and coronary 
artery spasm, myocardial infarction can be observed, even in young 
patients [18, 19]. A relatively rare complication is pulmonary hyper-
tension, presumed to be on an autoimmune basis when associated 
with Graves’ disease but may also be secondary to an augmented 
blood volume, cardiac output, and sympathetic tone, leading to pul-
monary vasoconstriction and increased pulmonary arterial pres-
sure, a condition usually reversible after treatment with antithyroid 
drugs. The other possible reason for pulmonary hypertension is 
pulmonary embolism due to the thrombotic or hypercoagulable 
state observed in severe hyperthyroidism.

Gastrointestinal Manifestations

The most common symptoms are diffuse abdominal pain, vomiting, 
or diarrhoea which can cause volume depletion, postural hypo-
tension, and shock with vascular collapse. The pathophysiological 
mechanisms are complex, but impaired neurohormonal regula-
tion of gastric myoelectrical activity with delayed gastric emptying 
plays an important role [20]. Other gastrointestinal manifestations 
could include presentation as an acute abdomen [21], intestinal 
obstruction [22], and/ or hepatomegaly, splenomegaly, and various 
abnormalities in liver function tests. The presence of jaundice is 
another poor prognostic sign and warrants immediate and vig-
orous therapy.

Acid– Base Balance and Renal and 
electrolyte Manifestations

Due to augmented lipolysis and ketogenesis, ketoacidosis may 
occur with lactic acidosis due to basal metabolic demands ex-
ceeding oxygen delivery and/ or reduced hepatic clearance of 
lactic acid. Renal failure is not uncommon and can progress due 
to glomerulosclerosis, proteinuria, and oxidative stress. Also, a 
postrenal urinary retention due to dyssynergy of the detrusor 
muscle is possible [23]. Moreover, Graves’ disease can be accom-
panied by autoimmune complex- mediated nephritis [24].

neuropsychiatric Manifestations

Presentation of a wide range of central nervous system signs and 
symptoms in the hyperthyroid patient has been described as a key 

component for the differential diagnosis of thyroid storm to com-
pensated thyrotoxicosis [25]. Moreover, the presence of central 
nervous system derangement was associated with increased risk of 
mortality [26]. In patients with neurological symptoms, a high index 
of suspicion for cerebral thrombosis should be considered [27].

Hyperthermia

Hyperthermia in thyroid crisis can represent both as defective 
thermoregulation by the hypothalamus and/ or increased basal 
metabolic rate. However, sometimes pyrexia is not observed in eld-
erly patients as part of the complex of so- called apathetic thyrotoxi-
cosis with storm [7] .

Haematological Manifestations

Hyperthyroidism may be associated with hypercoagulability due 
to increased concentrations of fibrinogen, factors VIII and IX, 
tissue plasminogen activator inhibitor 1, von Willebrand’s factor, 
and tendency to augmented platelet plug formation [28] and in-
crease erythropoietin secretion. Major thromboembolic complica-
tions can be responsible for 18% of deaths caused by thyrotoxicosis 
[28– 33]. Therapeutic initiatives should be undertaken in thy-
roid storm to prevent thromboembolic complications. Optimal 
treatment requires a balance between anticoagulant dosage and 
the effect of vitamin K antagonists that can be potentiated by 
thyrotoxicosis [32].

Laboratory Findings

Relatively similar estimates of serum total T4 and T3, T3 resin up-
take, and the 24- h radioiodine uptake will be found in thyrotoxic 
storm as in uncomplicated thyrotoxicosis. Indeed, serum total T3 
levels may be within normal or low limits, as in the case of diabetic 
ketoacidosis or underlying systemic illness [34, 35] congruent with 
the ‘euthyroid sick syndrome’. Thus, a low serum T3 may obscure the 
diagnosis of thyrotoxicosis.

Other laboratory abnormalities may include a modest hyper-
glycaemia in the absence of diabetes mellitus, probably as a result 
of augmented glycogenolysis and catecholamines. However, when 
thyrotoxicosis is prolonged, hypoglycaemia may occur, particularly 
in older people [36]. Although most haematology values tend to 
be normal, a moderate leucocytosis with a mild shift to the left is 
common even in the absence of infection. Increased serum calcium 
levels may be seen perhaps due to both haemoconcentration and the 
effects of thyroid hormone on bone resorption, but serum sodium, 
potassium, and chloride are usually normal. Hepatic dysfunction 
will result in elevated levels of serum lactate dehydrogenase, glu-
tamic oxaloacetate transaminase, and bilirubin. Because serum 
cortisol levels should be elevated as in any other acute stressful situ-
ation, a normal value may be interpreted as being inappropriately 
low. In view of the known, albeit rare coincidence of adrenal insuffi-
ciency with Graves’ disease, one should maintain a reasonably high 
index of suspicion for this disorder, particularly if there is hypoten-
sion and suggestive electrolyte abnormalities.
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Pathogenesis

The precise pathogenesis underlying the precipitation of thyroid 
storm remains incompletely understood. The serum hormone levels 
themselves do not appear to be critical. One illustrative model is 
provided by children with extraordinarily high serum T4 and T3 
concentrations after accidental ingestion of T4 in whom storm is not 
seen. However, the dramatic clinical improvement seen in storm 
after an abrupt decrease in serum T4 or T3 by peritoneal dialysis 
or plasmapheresis suggests that hormone elevation does play a role 
[37, 38]. In general, serum total T4 and T3 values do not differ sig-
nificantly from those in uncomplicated thyrotoxicosis, although the 
levels in an affected person could be higher than the values before 
the precipitating event.

We believe that the critical factor relates to the actual ‘free’ con-
centration of thyroid hormone and not the ‘total’ measured hor-
mone in blood. This former concentration is directly associated 
with the relationship of the hormone to its circulating binding pro-
teins. Thus, any perturbation of hormone binding could increase 
the absolute concentration of free hormone. Conditions associated 
with decrease in binding affinity include surgery, anaesthesia, stress, 
infection, burns [39], and ketoacidosis [34, 40]. While this explan-
ation may apply in thyroid storm [41], the pathogenesis may involve 
more than one factor. For example, because older patients with a 
systemic illness would have decreased binding and higher free T4, 
a more cautious approach to radioiodine therapy in such patients is 
recommended to avoid thyrotoxic crisis [42].

A possible interaction between the effects of thyroid hormone 
and catecholamines has been a subject of both research and clinical 
interest for decades. Although normal serum catecholamine levels 
and urinary excretion rates mitigate against the idea of augmented 
adrenergic activity, dramatic clinical improvement follows the use 
of agents that either deplete tissue catecholamines, such as reser-
pine, or block β - adrenergic receptors, such as propranolol.

Treatment of Thyroid Storm

A four- part approach is recommended for the treatment of thyroid 
storm. First, antithyroid drugs are used to reduce the increased thy-
roid hormone production and release of T4 and T3. Second, treat-
ment to block the effects of the remaining but excessive circulating 
concentrations of free T4 and T3. The third arm involves treatments 
against the underlying systemic decompensation (e.g. fever, con-
gestive failure, and shock). The fourth addresses any underlying 
precipitating illness such as infection or ketoacidosis.

Therapy Directed to the Thyroid Gland

Inhibition of new synthesis of the thyroid hormones is achieved by ad-
ministration of thionamide antithyroid drugs, such as carbimazole, 
propylthiouracil, or methimazole (tapazole). These drugs are given 
by mouth or if necessary per rectum. There is an intravenous form 
of thiamazole used in European countries. Propylthiouracil can be 
started at a loading dose of 500– 1000 mg, then 250 mg every 4 h 
[43]. In the case of methimazole, the daily dose is approximately 

one- tenth of that of propylthiouracil or 60– 80  mg/ d [43]. Some 
experienced clinicians believe that propylthiouracil will provide 
more rapid clinical improvement because of the additional advan-
tage of inhibiting conversion of T4 to T3, a property not shared by 
methimazole. However recent studies have not observed significant 
differences in disease severity or mortality between patients with 
thyroid storm treated with methimazole (MMI) or propylthiouracil 
(PTU) [44].

Because thionamides reduce new hormone synthesis but not 
thyroidal secretion of preformed glandular stores of hormone, ei-
ther inorganic iodine or lithium carbonate may be used for this pur-
pose. Iodides may be given either orally as Lugol’s solution or as 
a saturated solution of potassium iodide (5 drops every 6 h) [43]. 
The sequence of administration of iodine and antithyroid drugs to 
thyrotoxic patients is very important. Use of iodine without prior 
thionamide dosage is to be avoided because the iodine will en-
hance thyroid hormone synthesis, enrich hormone stores within 
the gland, and thereby permit further exaggeration of thyrotoxi-
cosis. However, when iodine is administered subsequent to, and in 
conjunction with full doses of antithyroid drugs, dramatic rapid de-
creases in serum T4 are seen, with values approaching the normal 
range within 4 or 5 days [45].

Other agents that may be used in this manner are the radiographic 
contrast dyes ipodate (Oragrafin) and iopanoic acid (Telepaque). 
After a loading dose of 3 g, ipodate may be administered as 1 g or-
ally on a daily basis and, like iodine, should only be employed with 
simultaneous thionamide.

In patients who may be allergic to iodine, lithium carbonate may 
be used [46], although some caution has been raised in regard to 
its use in the setting of storm [47]. Lithium should be administered 
initially as 300 mg every 6 h, with subsequent adjustment of dosage 
as necessary to maintain serum lithium levels at about 1 mmol/ L.

Therapy Directed at the Continuing effects 
of Thyroid Hormone in the Periphery

Therapies to reduce high levels of circulating T4 and T3 should be ap-
plied. Peritoneal dialysis or plasmapheresis [37, 38] have been used, 
as has experimental haemoperfusion through a resin bed [48] or 
charcoal columns [49, 50]. Such aggressive management should be 
considered in a severe case. Oral administration of cholestyramine 
resin [51] provides a less aggressive means of removing T4 and T3, 
by binding thyroid hormone entering the gut via enterohepatic re-
circulation; the resin– hormone complex is then excreted. A highly 
aggressive approach has been employed in which plasmapheresis 
for rapid lowering of serum T3 and T4 was followed by immediate 
total thyroidectomy [52].

Hughes [53] was the first to treat a patient with thyrotoxic storm 
using a β  - adrenergic blocker to ameliorate the manifestations of 
thyroid hormone excess. Propranolol is used at an oral dosage of 
60– 80 mg every 4 h [43]. Indeed, because of the more rapid metab-
olism of the drug in severe thyrotoxicosis, even larger oral doses, or 
preferably intravenous doses, should be given. Initial intravenous 
doses of 0.5– 1 mg should be given cautiously while the patient’s car-
diac rhythm is continuously monitored, with subsequent doses of 
2– 3  mg given intravenously over 10– 15 min every several hours, 
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while awaiting clinical improvement from the effect of orally 
administered drug.

One caution in patients with significant underlying intrinsic 
cardiac disease relates to the adverse effect of adrenergic blockade 
in neutralizing the little remaining sympathetic drive to the 
myocardium. Although use of propranolol might be contraindi-
cated in patients with moderate to severe congestive heart failure, it 
may be used judiciously in patients with minor cardiac compromise 
related to their thyrotoxicosis [54].

Patients with thyrotoxic storm, particularly those with cardiac 
decompensation, should be managed in an intensive care setting. 
Careful monitoring of fluids, volume status, and central haemo-
dynamics is essential in these patients. In patients refractory or 
with contraindications to the use of propranolol, reserpine [55], 
guanethidine, or selective β1- blocking agents can be considered in-
stead. A very short acting β- adrenergic blocker, esmolol, has also 
been used in thyroid storm with success. An initial loading dose of 
0.25– 0.5 mg/ kg is followed by continuous infusion of 0.05– 0.1 mg/ kg 
per min [56, 57].

In spite of a theoretical risk of hypercalcaemia in thyrotoxicosis, 
supplementation with vitamin D3 may actually suppress calcium 
release from bones [58]. In a recent study, the administration of l- 
carnitine 2 g/ day [59] in thyrotoxic storm facilitated a dose reduc-
tion of methimazole. The mechanism appears to be related to an 
inhibition by l- carnitine of T3 and T4 entry into cell nuclei [60, 61] 
however, the utility of this adjunct to therapy requires confirmation.

Therapy Directed at Systemic Decompensation

Fluid depletion caused by the hyperpyrexia and diaphoresis, as 
well as by vomiting or diarrhoea if present, must be vigorously re-
placed to avoid vascular collapse and help correct hypercalcaemia. 
Intravenous fluids containing 10% dextrose in addition to elec-
trolytes will better restore depleted hepatic glycogen. For fever, 
acetaminophen rather than salicylates is the preferred antipyretic, 
because salicylates inhibit thyroid hormone binding and could in-
crease free hormone blood levels. External cooling with alcohol 
sponging, ice packs, or a hypothermia blanket  also may be used. 
Vitamin supplements may be added to the intravenous fluids to 
replace probable coexistent deficiency. When present, congestive 
heart failure should be treated with the usual measures, including 
digoxin and diuretics, although somewhat greater than usual doses 
of digoxin may be required.

Hypotension not readily reversed by adequate hydration may 
temporarily require pressor therapy and glucocorticoids given on 
the basis of both postulated relative adrenal insufficiency and the 
ability to inhibit conversion of T4 to T3. An initial dose of 300 mg 
hydrocortisone followed by 100  mg every 8 h during the first 
24– 36 h should be adequate. Thyroid storm has been reported to 
recur when steroids had been discontinued after initial clinical 
improvement [62].

Therapy Directed at the Precipitating Illness

Thyrotoxicosis may have existed in many patients presenting in thy-
roid storm until some precipitating event, such as infection, led to 

increments in free T4. Thus, therapy is not complete unless a diag-
nosis of the precipitating event is made, and early treatment for the 
underlying illness is implemented. This is not a problem in obvious 
cases, such as trauma, surgery, or labour, however, patients with en-
hanced thyroid secretion caused by withdrawal of thiourea treat-
ment, iodine administration, iodinated contrast dyes, or 131I may 
require some specific attention. Since the premature withdrawal of 
treatment could result in an exacerbation of thyrotoxicosis, an ef-
fective blockade of hormone biosynthesis and release must be con-
tinued beyond the period of immediate improvement.

Conditions such as ketoacidosis, pulmonary thromboembolism, 
or stroke may underlie thyrotoxic crisis and require the same 
vigorous management ordinarily indicated. In the patient with 
thyrotoxic crisis in whom none of the latter precipitating factors is 
apparent, a diligent search for some focus of infection must be car-
ried out. Broad- spectrum antibiotic coverage on an empirical basis 
may be required initially while awaiting results of cultures. In most 
patients who survive thyrotoxic crisis, clinical improvement is dra-
matic within 12 or 24 h. The subsequent 72– 96 h will be marked 
by continued progressive recovery. During this recovery period, 
supportive therapy such as corticosteroids, antipyretics, and intra-
venous fluids, may be tapered and gradually withdrawn on the basis 
of patient status.

After the crisis, attention may be turned to consideration of fu-
ture short-  and long- term management of the patient’s thyrotoxi-
cosis. Radioiodine treatment is often precluded by the recent use of 
inorganic iodine in virtually all cases of storm, but it could be con-
sidered at a later date. Continuing treatment with antithyroid drugs 
alone in the hope of the patient’s sustaining a spontaneous remission 
is also possible. Surgery may be chosen, as many physicians favour 
a more definitive form of therapy. Should thyroidectomy be con-
sidered, thyrotoxicosis must have been adequately treated before-
hand, to obviate any likelihood of another episode of crisis during 
or immediately following the surgery. When a surgical approach is 
selected, a total thyroidectomy is the procedure of choice [63].

ReFeRenCeS
 1. Akamizu T, Satoh T, Isozaki O, et al. Diagnostic criteria, clinical 

features, and incidence of thyroid storm based on nationwide sur-
veys. Thyroid, 2012; 22: 661– 79.

 2. Burch HB, Wartofsky L. Life- threatening thyrotoxicosis. Thyroid 
storm. Endocrinol Metab Clin North Am, 1993; 22: 263– 77.

 3. Dillman WH. Thyroid storm. Curr Ther Endocrinol Metab, 1997; 
6: 81– 5.

 4. Tietgens ST, Leinung MC. Thyroid storm. Med Clin North Am, 
1995; 79: 169– 84.

 5. Feroze M, May H. Apathetic thyrotoxicosis. Int J Clin Pract, 1997; 
51: 332– 3.

 6. Swinburne JL, Kreisman SH. A rare case of subacute thyroiditis 
causing thyroid storm. Thyroid, 2007; 17: 73– 6.

 7. Yoon SJ, Kim DM, Kim JU, et al. A case of thyroid storm due to 
thyrotoxicosis factitia. Yonsei Med J, 2003; 44: 351– 4.

 8. Aiello DP, DuPlessis AJ, Pattishall EG III, Kulin HE. Thyroid 
storm presenting with coma and seizures. Clin Pediatr (Phila), 
1989; 28: 571– 4.

 9. Lee TG, Ha CK, Lim BH. Thyroid storm presenting as status epi-
lepticus and stroke. Postgrad Med J, 1997; 73: 61.



SeCTIon 3 Thyroid Disease470

 10. Chiniwala NU, Woolf PD, Bruno CP, Kaur S, Spector H, Yacono 
K. Thyroid storm caused by a partial hydatidiform mole. 
Thyroid, 2008; 18: 479– 81.

 11. Al- Anazi KA, Inam S, Jeha MT, Judzewitch R. Thyrotoxic crisis 
induced by cytotoxic chemotherapy. Support Care Cancer, 2005; 
13: 196– 8.

 12. Sebe A, Satar S, Sari A. Thyroid storm induced by aspirin intoxi-
cation and the effect of hemodialysis: a case report. Adv Ther, 
2004; 21: 173– 7.

 13. Hirvonen EA, Niskanen LK, Niskanen MM. Thyroid storm prior 
to induction of anaesthesia. Anaesthesia, 2004; 59: 1020– 2.

 14. Yuan YD, Seak CJ, Lin CC, Lin LJ. Thyroid storm precipitated by 
organophosphate intoxication. Am J Emerg Med, 2007; 25: 861.

 15. Haraldsdottir S, Li Q, Villalona- Calero MA, Olencki TE, Kendra 
K, Ing SW. Case of sorafenib- induced thyroid storm. J Clin 
Oncol, 2013; 31: e262– 4.

 16. McMillen B, Dhillon MS, Yong- Yow S. A rare case of thyroid 
storm. BMJ Case Rep, 2016; 10.1136/ bcr- 2016- 214603.

 17. Yu C, Chopra IJ, Ha E. A novel melanoma therapy stirs up a 
storm: ipilimumab- induced thyrotoxicosis. Endocrinol Diabetes 
Metab Case Rep, 2015; 2015: 140092.

 18. Opdahl H, Eritsland J, Sovik E. Acute myocardial infarction and 
thyrotoxic storm— a difficult and dangerous combination. ACTA 
Anaesthesiol Scand, 2005; 49: 707– 11

 19. Lee SM, Jung TS, Hahm JR, et al. Thyrotoxicosis with coronary 
spasm that required coronary artery bypass surgery. Intern Med, 
2007; 46: 1915– 18.

 20. Barczynski M, Thor P. Reversible autonomic dysfunction in 
hyperthyroid patients affects gastric myoelectrical activity and 
emptying. Clin Auton Res, 2001; 114: 243– 9.

 21. Bhattacharyya A, Wiles PG. Thyrotoxic crisis presenting as acute 
abdomen. J R Soc Med, 1997; 90: 681– 2.

 22. Cansler CL, Latham JA, Brown PM Jr, Chapman WH, Magner 
JA. Duodenal obstruction in thyroid storm. South Med J, 1997; 
90: 1143– 6.

 23. Goswami R, Seth A, Goswami AK, Kochupillai N. Prevalence 
of enuresis and other bladder symptoms in patients with active 
Graves’ disease. Br J Urol, 1997; 804: 563– 6.

 24. Kahara T, Yoshizawa M, Nakaya I, et al. Thyroid crisis following 
interstitial nephritis. Intern Med, 2008; 47: 1237– 40.

 25. Angell TE, Lechner MG, Nguyen CT, Salvato VL, Nicoloff JT, 
LoPresti JS. Clinical features and hospital outcomes in thyroid 
storm: a retrospective cohort study. J Clin Endocrinol Metab, 
2015; 100: 451– 9.

 26. Swee du S, Chng CL, Lim A. Clinical characteristics and outcome 
of thyroid storm: a case series and review of neuropsychiatric de-
rangements in thyrotoxicosis. Endocr Pract, 2015; 21: 182– 9.

 27. Dai A, Wasay M, Dubey N, Giglio P, Bakshi R. Superior sa-
gittal sinus thrombosis secondary to hyperthyroidism. J Stroke 
Cerebrovasc Dis, 2000; 9: 89– 90.

 28. Homoncik M, Gessl A, Ferlitsch A, Jilma B, Vierhapper H. 
Altered platelet plug formation in hyperthyroidism and hypo-
thyroidism. J Clin Endocrinol Metab, 2007; 92: 3006– 12.

 29. Romualdi E, Squizzato A, Ageno W. Venous thrombosis: a pos-
sible complication of overt hyperthyroidism. Eur J Intern Med, 
2008; 19: 386– 7.

 30. Pekdemir M, Yilmaz S, Ersel M, Sarisoy HT. A rare cause of 
headache; cerebral venous sinus thrombosis due to hyperthy-
roidism. Am J Emerg Med, 2008; 26: 383.

 31. Osman F, Gamma MD, Sheppard MC, Franklyn JA. Clinical 
review 142: cardiac dysrhythmias and thyroid dysfunction: the 
hidden menace? J Clin Endocrinol Metab, 2002; 87: 963– 7.

 32. Squizzato A, Gerdes VE. Thyroid disease and haemostasis: a 
relationship with clinical implications? Thromb Haemost, 2008; 
100: 727– 8.

 33. Lippi G, Franchini M, Targher G, et al. Hyperthyroidism is as-
sociated with shortened APTT and increased fibrinogen values 
in a general population of unselected outpatients. J Thromb 
Thrombolysis, 2008; 28: 362– 5.

 34. Wartofsky L, Burman KD. Alterations in thyroid function in pa-
tients with systemic illness: the ‘euthyroid sick syndrome’. Endocr 
Rev, 1982; 3: 164– 217.

 35. Wartofsky L. The low T3 or ‘sick euthyroid syndrome’: update 
1994. In: Braverman LE, Refetoff S, eds. Endocrine Reviews 
Monographs. Clinical and Molecular Aspects of Diseases of the 
Thyroid. Bethesda: The Endocrine Society, 1994: 248– 51.

 36. Kobayashi C, Sasaki H, Kosuge K, et al. Severe starvation hypo-
glycemia and congestive heart failure induced by thyroid crisis, 
with accidentally induced severe liver dysfunction and dissemin-
ated intravascular coagulation. Intern Med, 2005; 44: 234– 9.

 37. Ashkar FS, Katims RB, Smoak WM, Gilson AJ. Thyroid storm 
treatment with blood exchange and plasmapheresis. JAMA, 
1970; 214: 1275– 9.

 38. Herrmann J, Hilger P, Kruskemper HL. Plasmapheresis in the 
treatment of thyrotoxic crisis (measurement of half- concentra-
tion tissues for free and total T3 and T4). Acta Endocrinol Suppl 
(Copenh), 1973; 173: 22.

 39. Naito Y, Sone T, Kataoka K, Sawada M, Yamazaki K. Thyroid 
storm due to functioning metastatic thyroid carcinoma in a burn 
patient. Anesthesiology, 1997; 87: 433– 5.

 40. Ahmad N, Conen MP. Thyroid storm with normal serum tri-
iodothyronine level during diabetic ketoacidosis. JAMA, 1981; 
245: 2516– 17.

 41. Brooks MH, Waldstein SS. Free thyroxine concentrations in thy-
roid storm. Ann Intern Med, 1980; 93: 694– 7.

 42. McDermott MT, Kidd GS, Dodson LE, Hofeldt FD. 
Radioiodine- induced thyroid storm. Am J Med, 1983; 75: 353– 9.

 43. Ross DS, Burch HB, Cooper DS, et al. 2016 American Thyroid 
Association Guidelines for Diagnosis and Management of 
Hyperthyroidism and Other Causes of Thyrotoxicosis. Thyroid, 
2016; 26: 1343– 421.

 44. Isozaki O, Satoh T, Wakino S, et al. Treatment and manage-
ment of thyroid storm: analysis of the nationwide surveys. Clin 
Endocrinol (Oxf), 2016; 84: 912– 18.

 45. Wartofsky L, Ransil BJ, Ingbar SH. Inhibition by iodine of the 
release of thyroxine from the thyroid glands of patients with 
thyrotoxicosis. J Clin Invest, 1970; 49: 78– 86.

 46. Boehm TM, Burman KD, Barnes S, Wartofsky L. Lithium and 
iodine combination therapy for thyrotoxicosis. Acta Endocrinol 
(Copenh), 1980; 94: 174– 83.

 47. Reed J, Bradley EL III. Postoperative thyroid storm after lithium 
preparation. Surgery, 1985; 98: 983– 6.

 48. Burman KD, Yeager HC, Briggs WA, Earll JM, Wartofsky L. 
Resin hemoperfusion: a method of removing circulating thyroid 
hormones. J Clin Endocrinol Metab, 1976; 42: 70– 8.

 49. Kreisner E, Lutzky M, Gross JL. Charcoal hemoperfusion in 
the treatment of levothyroxine intoxication. Thyroid, 2010; 
20: 209– 12.

 50. Candrina R, DiStefano O, Spandrio S, Giustina G. Treatment 
of thyrotoxic storm by charcoal plasma perfusion. J Endocrinol 
Invest, 1989; 12: 133– 4.

 51. Solomon BL, Wartofsky L, Burman KD. Adjunctive 
cholestyramine therapy for thyrotoxicosis. Clin Endocrinol 
(Oxf), 1993; 38: 39– 43.



3.3.4 Subclinical Hyperthyroidism 471

 52. Enghofer M, Badenhoop K, Zeuzem S, et al. Fulminant hepatitis 
A in a patient with severe hyperthyroidism; rapid recovery from 
hepatic coma after plasmapheresis and total thyroidectomy. J 
Clin Endocrinol Metab, 2000; 85: 1765– 9.

 53. Hughes G. Management of thyrotoxic crisis with a beta- adrenergic 
blocking agent (pronethalol). Br J Clin Pract, 1966; 20: 579– 81.

 54. Ikram H. Haemodynamic effects of beta- adrenergic blockade in 
hyperthyroid patients with and without heart failure. BMJ, 1977; 
1: 1505– 7.

 55. Anaissie E, Tohme JF. Reserpine in propranolol resistant thyroid 
storm. Arch Intern Med, 1985; 145: 2248– 9.

 56. Knighton JD, Crosse MM. Anaesthetic management of childhood 
thyrotoxicosis and the use of esmolol. Anaesthesia, 1997; 52: 67– 70.

 57. Brunette DD, Rothong C. Emergency department management of 
thyrotoxic crisis with esmolol. Am J Emerg Med, 1991; 9: 232– 4.

 58. Kawakami- Tani T, Fukawa E, Tanaka H, Abe Y, Makino I. Effect 
of alpha- hydroxyvitamin D3 on serum levels of thyroid hor-
mones in hyperthyroid patients with untreated Graves’ disease. 
Metabolism, 1997; 46: 1184– 8.

 59. Kimmoun A, Munagamage G, Dessalles N, Gerard A, Feillet F, 
Levy B. Unexpected awakening from comatose thyroid storm 
after a single intravenous injection of L- carnitine. Intensive Care 
Med, 2011; 37: 1716– 17.

 60. Benvenga S, Lapa D, Cannavo S, Trimarchi F. Successive thyroid 
storms treated with l- carnitine and low doses of methimazole. 
Am J Med, 2003; 115: 417– 18.

 61. Benvenga S, Ruggeri RM, Russo A, Lapa D, Campenni A, 
Trimarchi F. Usefulness of l- carnitine, a naturally occurring 
peripheral antagonist of thyroid hormone action, in iatro-
genic hyperthyroidism: a randomized, double- blind, pla-
cebo- controlled clinical trial. J Clin Endocrinol Metab, 2001; 
86: 3579– 94.

 62. Kidess AJ, Caplan RH, Reynertson MD, Wickus G. Recurrence 
of 131I induced thyroid storm after discontinuing glucocorticoid 
therapy. Wis Med J, 1991; 90: 463– 5.

 63. Leow MK, Loh KC. Fatal thyroid crisis years after two 
thyroidectomies for Graves’ disease: is thyroid tissue auto trans-
plantation for postthyroidectomy hypothyroidism worthwhile? J 
Am Coll Surg, 2002; 195: 434– 5.

3.3.4 Subclinical Hyperthyroidism
Simon H.S. Pearce

Introduction 471

Epidemiology and Biochemical Prognosis 471

Thyroid Function: Physiology and Ageing 472

Medications 472

Aetiology 473

Investigations 473

Prognosis and Complications 473

Management 474

Summary Points 475

References 475

Introduction

Subclinical hyperthyroidism (SH) is characterized by a serum thy-
roid stimulating hormone (TSH, thyrotropin) concentration that 
is below the reference range, with circulating thyroid hormone 
levels (both thyroxine and triiodothyronine) that are within normal 
limits. In a minority of patients SH represents a state of mild thy-
roid autonomy or borderline hyperthyroidism. However, it is 
frequently an asymptomatic state and in many people it is also a 
transient biochemical finding that does not persist. In addition, a 
number of medications can cause SH or a low TSH: most obviously 
levothyroxine, but also glucocorticoids, opiates, and compounds 
containing iodine. The reference range for TSH in young adults is 
generally between 0.4 mU/ L and 4.0 mU/ L. With overt hyperthy-
roidism, the serum TSH concentration becomes undetectable in 
most assays, at levels of 0.05 mU/ L or less, which is often referred 
to as ‘fully suppressed’. This allows SH to be divided into two dif-
ferent grades: those patients with a low but detectable serum TSH 
in the 0.05 to 0.4 mU/ L range (grade 1 SH), and those with a fully 
suppressed TSH <0.05 mU/ L (grade 2 SH) (Table 3.3.4.1) [1] . The 
former, less severe form is more frequently transient and will resolve 
over 1 year in around 70% of cases [2]. The latter, grade 2 SH more 
closely resembles hyperthyroidism with a fully suppressed TSH and 
is more likely to be persistent, and in the absence of external pre-
cipitating factors is still present in 80% or more of patients after one 
year. It is therefore key to distinguish individuals who have mild or 
transient SH, as a consequence of medication, intercurrent illness or 
advanced age who will require no treatment, from those who have 
intrinsic thyroid disease causing mild thyroid autonomy who may 
benefit from specific management of their thyroid condition.

epidemiology and Biochemical Prognosis

SH prevalence increases with advancing age and is more frequent 
in women. Around 1% of a US population up to the age of 80 years 
who had no known thyroid disease and who were free of inter-
fering medications were found to have a serum TSH below 0.4 mU/ 
L [3] . The prevalence increased to 3% in participants over 80 years 
old. As SH is frequently a transient state, information based on a 
single measurement of TSH may overestimate the prevalence. In a 
UK study from Tayside in which TSH was measured twice, SH per-
sisting for more than 4 months was found in 0.6% of adults, with a 
yearly incidence of 30 cases per 100 000 population [4]. The peak 
prevalence of both grades of SH was in subjects between the ages 
of 75 and 85 years, and 77% occurred in women. The severity of SH 
could be divided, with approximately a quarter having grade 2 SH 
(TSH <0.1 mU/ L) and three- quarters with a serum TSH between 0.1 
and 0.4 mU/ L [4]. Despite the careful ascertainment of these cases 
with a persistent abnormality of serum TSH, there was still a signifi-
cant spontaneous remission rate, with 40% of subjects with grade 1 
SH and 30% of grade 2 SH subjects reverting to euthyroidism over 
7  years of follow- up. Conversely, over the first year of follow- up 
progression to overt hyperthyroidism was found in 5% and 10% of 
patients with grades 1 and 2 SH, respectively [4]. The rate of progres-
sion to overt hyperthyroidism is also dependent on aetiology, with 
34% of SH patients who had positive TRAb antibodies diagnostic 
of Graves’ disease developing overt hyperthyroidism over a 3- year 
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follow- up period [5]. Thus, SH has a significant spontaneous remis-
sion rate, even after repeated ‘confirmatory’ measurements. The rate 
of progression to overt hyperthyroidism is low and dependent both 
on the grade of SH and any underlying intrinsic thyroid condition.

Thyroid Function: Physiology and Ageing

Even in healthy people, thyroid function as assessed with serum free 
thyroid hormones and TSH is not static over time. For instance, there 
is a circadian rhythm of TSH secretion, which is greater during the 
hours of darkness, with around a 25% variation in an individual’s 
serum TSH from the nocturnal peak to the midday trough [6] . 
Furthermore, there is a seasonal variation of TSH among the popu-
lation, with higher levels in winter months (7). With rising serum 
chorionic gonadotropin (hCG) levels in early pregnancy, there is 
also a physiological stimulation of the thyroid through the direct 
action of hCG on the TSH receptor. This leads to a low or even fully 
suppressed TSH during the first trimester of many pregnancies. 
The degree of TSH suppression is proportional to hCG concentra-
tion leading to lower serum TSH levels in twin pregnancies [8]. In 
addition, there are complex changes in serum TSH with advancing 
age, such that the reference interval expands both at the upper and 
lower limits. An Italian study of healthy community- dwelling eld-
erly individuals showed that around one- fifth of Centenarians had a 
serum TSH below what would be considered the lower limit of the 
reference range for younger individuals [9]. Thus, many apparently 
healthy older individuals might be considered to have subclinical 
thyroid disease, both SH and subclinical hypothyroidism based on 
TSH reference ranges derived from younger people.

There are several different changes in the thyroid axis with age. 
A conventional analysis is that TSH secretion by the pituitary gland 
is reduced with advancing age [10]. A lower amplitude of nocturnal 
TSH pulses has been observed in healthy elderly volunteers, which 
may be as a result of decreased hypothalamic thyrotropin- releasing 
hormone (TRH) secretion. Indeed, a blunted TSH response to TRH 
stimulation has been demonstrated in elderly subjects [11, 12], sug-
gesting increased pituitary sensitivity to circulating thyroid hormone 
levels. However, in common with hepatic drug clearance, thyroid 
hormone clearance is also known to decrease with increasing age 
[12]. In parallel, thyroxine secretion may also be reduced, resulting 
in unchanged total and fT4 concentrations. In contrast to this, total 
and fT3 levels decrease in older people, which is proposed to be due 
to reduced peripheral conversion of T4 to T3. Thus, either a central 
change in sensitivity to thyroid hormone feedback, reduced pitu-
itary sensitivity to TRH or reduced peripheral hormone clearance 
leading to reduced axis tone and less throughput of thyroid hor-
mone (i.e. less production, less clearance), or a combination of these 

mechanisms, contribute to the changes observed in the hypothal-
amic– pituitary– thyroid (HPT) axis with ageing [10– 13].

Serum thyroid hormones, including TSH also change during 
acute or significant illnesses. In particular, any serious condition 
or one with an inflammatory or infective component can lead to 
the changes known as ‘non- thyroidal illness’ or sick- euthyroid syn-
drome [14] (Table 3.3.4.1). A low serum fT3, or a reduction in fT3 
that remains within the lower limit of the reference range, is the 
typical first change. However, with chronicity there is frequently a 
transient reduction in serum TSH, leading to the pattern of SH. This 
‘non- thyroidal illness’ pattern of blood tests is the likely explanation 
for the significant spontaneous recovery rate seen in epidemio-
logical studies of SH. Lastly, in patients who are hypopituitary, cen-
tral hypothyroidism may be accompanied by a low serum TSH, 
which may precede any drop in serum free thyroxine concentration 
and mimic a state of SH. Thus, an understanding of these normal 
physiological and pathophysiological changes is needed to interpret 
low serum TSH levels, particularly in older people where intercur-
rent illness is common and low TSH is less likely to signify intrinsic 
thyroid disease.

Medications

Several drugs may cause a low serum TSH through different mech-
anisms (Table 3.3.4.2). Minor levothyroxine or liothyronine (T3) 
overtreatment may cause a reduction or complete suppression of 
serum TSH without elevating serum fT4 or fT3. Several other drugs 
directly suppress TSH secretion at the hypothalamo- pituitary level 
including opiates, glucocorticoids, levodopa, and the retinoic acid 
derivative, etretinate. Whether these drugs actually cause a state of 
mild central hypothyroidism is unclear, but on occasions a low fT4 
may be found during high- dose opiate treatment in conjunction 
with hypogonadotropic hypogonadism and/ or secondary adrenal 
insufficiency, suggesting that this might be the case. Metformin 
may also reduce serum TSH in some patient groups such as those 
with an underlying thyroid condition, type 2 diabetes, or polycystic 
ovarian syndrome [15]. This effect is likely to be owing to adenosine 
monophosphate (AMP) kinase activation leading to a central in-
hibition of TSH secretion, but has not been robustly demonstrated 
in otherwise healthy people. Drugs containing iodine, including 
amiodarone and radiographic contrast media (iopaque) may also 
cause a transient reduction in serum TSH, or even frank thyrotoxi-
cosis by augmenting the production of thyroid hormone in patients 
with pre- existing mild thyroid autonomy. This typically resolves 
spontaneously within 12 weeks of a dose of contrast media, but 
amiodarone has a much larger volume of distribution and its effects 
may linger for more than a year.

Table 3.3.4.1 Subclinical hyperthyroidism in comparison to other thyroid states

Test Non- thyroidal 
illness

Euthyroid Subclinical hyperthyroidism 
grade 1

Subclinical hyperthyroidism 
grade 2

T3 thyrotoxicosis Overt 
hyperthyroidism

TSH N or low N 0.05– 0.4 mU/ L ≤0.05 mU/ L ≤0.05 mU/ L ≤0.05 mU/ L

fT3 Low N N N High High

fT4 N N N N N High

N, normal; fT3, serum- free triiodothyronine; fT4, serum- free thyroxine.
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Aetiology

Once medication use and intercurrent illness are excluded, low TSH 
and SH can be the manifestation of mild hyperthyroidism. This is 
most typically due to a single or multiple autonomous follicular thy-
roid adenomas, which when thyrotoxicosis is more severe would 
be known as solitary toxic nodule or toxic multinodular goitre. 
However, in many individuals the degree of autonomy is mild and 
may commonly be fluctuant, with sometimes a serum TSH at the 
lower end of reference range, sometimes reduced but detectable 
(grade 1 SH) and sometimes a fully suppressed TSH (grade 2 SH). 
These fluctuations may depend upon changes in dietary iodine in-
take, and a transient period of grade 2 SH may also be seen in such 
a patient following iodinated radiographic contrast media, which 
later recovers. It is clear though that there is not inevitable progres-
sion to overt hyperthyroidism even in cases of persistent grade 2 
SH. Therefore, it is incorrect to conceptualize SH as an ‘early’ mani-
festation of nodular thyrotoxicosis; even though there will be pro-
gression in a 2– 5% of cases each year, spontaneous remission is 
generally more probable than progression to overt disease [4] . As 
well as autonomous thyroid nodules, SH is less commonly associ-
ated with Graves’ disease, demonstrable by its coexistence with de-
tectable TSH receptor antibodies (TRAbs) [5]. Indeed, SH may be 
discovered when an apparently euthyroid patient is investigated for 
Graves’ orbitopathy. In these circumstances there is a higher risk 
of progression to overt hyperthyroidism, but a decline into overt 
hypothyroidism is also possible in the presence of high TRAb titres. 
As well as these potential thyroid diseases, as mentioned just now, 
other factors related to the fitness, chronological age and the ageing 

status of the patient need to be considered before making a judge-
ment about the aetiology of SH. If the patient is frail, with multiple 
comorbidities or prematurely aged, it is more likely that SH is due to 
their ‘stage of life’ rather than any intrinsic thyroid disease.

Investigations

The most helpful investigation for SH is the passage of time, as 
many cases will resolve and some will worsen, unveiling an under-
lying intrinsic thyroid condition. Unless there are unusual circum-
stances following an initial low TSH measurement, it is satisfactory 
to repeat thyroid function testing including fT3 in 3 and 6 months’ 
time [1] . If grade 2 hyperthyroidism persists, or there are other clues 
to the presence of intrinsic thyroid disease, then it is worth meas-
uring TRAb antibodies and obtaining a 99- Tc nuclide thyroid uptake 
scan to identify any potential ‘hot’ autonomous nodules. Pregnancy 
should be excluded where appropriate and interfering medications 
and coexisting non- thyroidal illnesses should be considered. With 
regards complications of SH, physical examination will reveal the 
presence of atrial fibrillation, but an electrocardiograph (ECG) or 
24- hour Holter monitor record should be obtained if there is doubt 
or a suggestive history of paroxysmal palpitations. Similarly, meas-
urement of bone mineral content by dual X- ray absorptiometry 
(DXA) may be helpful, although densitometry- defined osteopor-
osis is highly prevalent in older individuals rendering this test ra-
ther non- discriminatory.

Prognosis and Complications

Several large epidemiological studies have shown that community- 
dwelling older people who have SH have a higher incidence of atrial 
fibrillation than euthyroid people during 10 or more years of follow- 
up [16, 17]. Furthermore, some but not all epidemiological studies 
have shown an increased mortality in SH people compared to eu-
thyroid individuals [17– 19] (Figure 3.3.4.1). Indeed, meta- analysis 
confirms an increased risk of atrial fibrillation, heart failure, car-
diovascular mortality, and all- cause mortality in populations with 
a TSH <0.1 mU/ L [20, 21]. Pertinently, there are numerous minor 
abnormalities of cardiac function that can be detected in younger 
patients with either SH due to endogenous thyroid autonomy or 
levothyroxine overtreatment [22]. Similarly, bone mineral density, 
fractures, dementia, and cognitive impairment have all also been 
associated with low TSH in large epidemiological studies [23– 26]. 
A plausible case can therefore be made that there are clear adverse 
associations of SH at a population level and thus it should be ag-
gressively treated. However, there are numerous caveats to this 
approach, not least that there is no good quality- controlled trial 
showing clinical benefit from treatment of SH. Therefore, we are a 
long way from being able to causally implicate SH in the adverse pa-
tient outcomes that it is epidemiologically associated with.

One fundamental problem in extrapolating the results of epi-
demiological studies to an individual is that we know SH is com-
monly a transient state, so that after the 10 years of follow- up in an 
observational study, only a minority of people who initially had SH 
are likely to still have a low TSH [2, 4]. Furthermore, the majority of 
people who were categorized as SH in these studies had a low but not 

Table 3.3.4.2 Factors that can cause low serum TSH

Factor Mechanism

Physiological/ Pathological

Pregnancy hCG stimulation of thyroid

Trophoblastic tumours

Germ cell tumours

Ageing Reduced HPT axis activity

Non- thyroidal illness

Pituitary disease

Drugs

Levothyroxine (T4) Central suppression of pituitary 
TSH secretion

Liothyronine (T3)

Opiates

Glucocorticoids

Levodopa

Dopamine

Dobutamine

Octreotide

Etretinate

Metformin

Amiodarone Stimulation of thyroid hormone 
secretion

Iodinated contrast media
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suppressed TSH (grade 1 SH), which is more compatible with a ‘non- 
thyroidal illness’ pattern of thyroid function than with true thyroid 
autonomy. Indeed, while cardiovascular disease and osteoporosis 
could be aetiologically linked to thyroid autonomy, the pathophysio-
logical mechanism for dementia and Alzheimer’s disease is less clear. 
It therefore seems likely that in many patients low serum TSH is a 
marker for advanced biological age. When we compare these low 
TSH people to their euthyroid peers, there is an excess burden of 
many diseases associated with ageing, which include all the afore-
mentioned conditions, and which might wrongly be regarded as the 
direct complications of SH. Nevertheless, some patients with grade 
2 SH will have genuine thyroid autonomy and identifying these in-
dividuals in order to treat their underlying thyroid condition and 
prevent complications is the key to appropriate management.

Management

Most patients with grade 1 SH do not have thyroid autonomy and 
do not require specific treatment. Intermittent follow- up with once-  
or twice- yearly monitoring of serum TSH, fT4 and fT3 is sufficient 
to determine if there is remission of the biochemical abnormalities 
or if there is progression [1] . A key indicator of likely thyroid au-
tonomy in patients with grade 2 SH is the serum fT3 value. There 
is an age- related decline in the serum fT3 reference range, such that 
an fT3 value around 6.0 pmol/ L is at the upper limit of normal for 
an 85- year- old, as compared to 6.5 or 7.0 in younger people [27]. 
In contrast, with frailty and comorbidity fT3 tends to be subnormal 
or at the lower limits of the reference range (≤4.0 pmol/ L). Thus, in 
the presence of persistent grade 2 SH and an fT3 ≥5.5pmol/ L, then 
thyroid autonomy is a serious consideration. The decision about 
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Figure 3.3.4.1 Kaplan– Meier survival curves showing the relation 
between survival from circulatory disease and serum thyrotropin (TSH) 
concentration. The lowest serum TSH group (<0.5 mU/ L) has an excess 
mortality, but many people in this groups will have TSH at the lower 
end of the normal reference range; few will have grade 2 subclinical 
hyperthyroidism.
Reproduced from Parle JV, Maisonneuve P, Sheppard MC, Boyle P, Franklyn JA. 
Prediction of all- cause and cardiovascular mortality in elderly people from one low 
serum thyrotropin result: a 10- year cohort study. Lancet, 2001; 358: 861– 5. Copyright 
© 2001 Elsevier.

Persistent TSH <0.05mU/L for 3 months
Drugs, exogenous causes excluded

FT3 persistently > 5.5mol/L

Goitre
High uptake or hot nodule on nuclide scan

Positive TRAb antibodies

Observe
Repeat TSH in 6 months

Y

N

N

N

Y

Y

*Consider treating if:
Atrial fibrillation
Resting tachycardia
Heart failure
High vascular risk
Established osteoporosis
Age >65yrs

Figure 3.3.4.2 Algorithm for management of subclinical hyperthyroidism.
*First- line treatment should be antithyroid drugs in most cases.
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whether to treat a patient will depend on the patient’s age, the pres-
ence of potential complications (atrial fibrillation in particular) and 
the degree of certainty about the diagnosis of their thyroid condi-
tion (Figure 3.3.4.2). If a decision is to treat, the choice is between 
antithyroid drug therapy (e.g. carbimazole or methimazole) and 131- 

I radioiodine therapy. In addition, β- blockers should be prescribed 
for people with atrial fibrillation or other tachyarrhythmias. If inves-
tigations suggest nodular thyroid disease, then radioiodine should 
be considered as a curative treatment. The downside to radioiodine 
is that it may precipitate a period of overt hyperthyroidism (in 5– 
10%), or occasionally thyroid eye disease; both of which may be 
more troublesome to the patient than their original problem. In add-
ition, 50% of people who receive radioiodine will ultimately become 
hypothyroid and dependent on daily levothyroxine. These are sig-
nificant drawbacks and long- term low dose antithyroid drugs may 
be a superior choice, particularly for older patients. Furthermore, in 
the presence of TRAb antibodies, indicating Graves’ disease, then 
antithyroid drugs are the treatment of choice, as there is an excellent 
chance of long- term remission follow a 12- month course. Decision- 
making concerning the optimal choice of therapy is hindered by 
lack of randomized studies. However, two uncontrolled studies have 
shown improvement in cardiovascular abnormalities [28, 29] and 
two small studies have also shown improvement in bone mineral 
content, both following radioiodine and antithyroid drugs [30, 31].

Summary Points

 • SH is characterized by a low serum TSH with normal circulating 
fT4 and fT3.

 • The commonest causes of SH are medication use and non- 
thyroidal illness.

 • Large population studies of elderly people show that SH is asso-
ciated with several adverse outcomes including atrial fibrillation 
(AF), heart failure, osteoporosis, and death.

 • There is no randomized controlled trial (RCT) evidence that 
demonstrates treatment of low TSH will improve outcome.

 • Treatment should be considered in patients with a fully suppressed 
serum TSH (<0.05  mU/ L), with evidence of thyroid autonomy 
(fT3 >5.5 pmol/ L) and complications that may be attributed to SH.
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Introduction

The term thyrotoxicosis identifies the clinical syndrome caused by 
elevated circulating thyroid hormones of all sources, while hyper-
thyroidism includes only the disorders due to an increased secretion 

of hormones by the thyroid gland. Hyperthyroidism is the most fre-
quent cause of thyrotoxicosis. Unregulated discharge of preformed 
thyroid hormones due to destructive processes of the gland (de-
structive thyrotoxicosis) and exogenous ingestion or extrathyroidal 
production of thyroid hormones (thyrotoxicosis of non- thyroidal 
origin) are less common causes of thyrotoxicosis. Although careful 
history taking and physical examination often direct towards the 
diagnosis of thyrotoxicosis, laboratory confirmation by measure-
ment of thyroid- stimulating hormone (TSH) and thyroid hormones 
is always needed. Once thyrotoxicosis is confirmed, laboratory 
testing and thyroid imaging are required to identify the cause of 
thyrotoxicosis.

Causes of Thyrotoxicosis

Classification

From a clinical standpoint it is useful to classify the different causes 
of thyrotoxicosis according to their pathogenic mechanisms. 
A practical classification distinguishes the forms of thyrotoxicosis 
into the two broad syndromes of thyroidal and non- thyroidal origin 
(Table 3.3.5.1). The first group can be further divided in forms as-
sociated with thyroid hormone hypersecretion (hyperthyroidism) 
and in forms induced by the release of preformed hormones, as 
consequence of destructive processes (destructive thyrotoxicosis). 
The second group includes a heterogeneous group of disorders, in 
which the thyroid is not the source of thyroid hormone. The most 
useful test in differentiating hyperthyroidism from the other causes 
of thyrotoxicosis is thyroidal radioiodine uptake (RAIU), which is 
high or high– normal in hyperthyroidism and low in destructive 
thyrotoxicosis and in thyrotoxicosis of non- thyroidal origin.

Causes of Hyperthyroidism

Graves’ Disease

Graves’ disease is the most frequent cause of hyperthyroidism, 
accounting for more than 70% of cases in iodine- sufficient areas, 
where its prevalence may be as high as 2% in women [1] . In Graves’ 
disease, hyperthyroidism is caused by an autoimmune reaction to 
the thyroid, leading to the production of autoantibodies to the TSH 
receptor (TSHR autoantibodies) [2]. These antibodies mimic the 
action of TSH in stimulating the TSH receptor on thyroid follicular 
cells (TSHR- S autoantibodies).

As the effect of TSHR- S autoantibodies is exerted on all follicular 
cells, a diffusely enlarged thyroid is the hallmark of the disease, but 
in some cases thyroid nodules can develop. Graves’ ophthalmopathy 
and, rarely, pretibial myxoedema are other typical physical findings. 
On careful physical exam, 30– 45% of patients with Graves’ disease 
have some signs of Graves’ ophthalmopathy. When obviously pre-
sent, Graves’ ophthalmopathy is extremely useful in supporting 
Graves’ disease as the cause of thyrotoxicosis. Pretibial myxoedema 
is only rarely observed in Graves’ disease, but almost never observed 
without it.

Toxic Adenoma and Multinodular Toxic Goitre

Toxic adenoma and multinodular toxic goitre are frequent 
causes of hyperthyroidism, especially in iodine- deficient areas. 
Toxic adenomas are monoclonal benign encapsulated tumours 
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that synthesize thyroid hormones independently of TSH stimu-
lation. They are characterized by heterozygous gain- of- function 
mutations involving the TSHR or the Gsα protein genes which 
induce a permanent and TSH- independent activation of the ad-
enylate- cyclase pathway. Somatic mutations of the TSHR gene, 
which cause amino acid changes leading to constitutive activa-
tion of the TSHR, are the cause of 20– 80% of toxic adenomas, 
while the rate of mutations of the Gsα protein range from 8% 
to 75% [3] . The natural history of toxic adenoma is character-
ized by one autonomous adenoma developing in an otherwise 
normal thyroid, slowly growing over many years. The coexist-
ence or two or more toxic adenomas (multiple adenomatosis) is 
uncommon. In the early phases, the amount of secreted thyroid 
hormones is not sufficient to completely suppress TSH secretion 
(partial autonomy) and the function of the extranodular tissue. 
With further growth of the nodule, TSH suppression becomes 
complete, while circulating thyroid hormones are in the upper 
range of normal values (complete autonomy). Eventually, overt 
thyrotoxicosis ensues, with frankly elevated thyroid hormone 
levels (hyperthyroidism). The rate of progression is quite slow. 

The risk of overt hyperthyroidism is higher for adenomas greater 
than 3 cm in size.

Multinodular toxic goitre is also often detected in iodine- 
 deficient countries, in which accounts for up to 60% of cases of 
thyrotoxicosis. The prevalence of multinodular toxic goitre in these 
iodine- deficient areas has been reduced by iodine prophylaxis [4] . 
The same somatic activating mutations of the TSHR demonstrated 
in toxic adenoma have been observed in toxic multinodular goitre 
as well [5]. However, in many nodules neither TSHR nor Gsα pro-
tein mutations have been observed [3]. The clonal development of 
follicles with high replicative capacity will induce the onset of non- 
functioning (cold) or hyperfunctioning (hot) nodules, in which the 
uptake and thyroid hormone synthesis is independent from TSH 
stimulation. The natural history of multinodular toxic goitre is 
similar to that of toxic adenoma, with the slow formation of mul-
tiple autonomously functioning nodular areas in the setting of an 
overall nodular goitre. The only known mechanism inducing sub-
clinical hyperthyroidism and overt thyrotoxicosis is the administra-
tion of excessive amount of iodine. Because of the slow progression 
through several degrees of thyrotoxicosis and of their advanced age, 
patients with multinodular toxic goitre may report few symptoms.

Table 3.3.5.1 Classification of known causes of thyrotoxicosis, with their distinctive diagnostic features and radioiodine uptake 
(RAIU) findings

Disease Distinctive features Neck RAIU

Thyrotoxicosis of thyroidal origin associated with hyperthyroidism

Graves’ disease Diffuse goitre
Ophthalmopathy
Positive TSHR autoantibodies

High

Toxic adenoma Single ‘hot’ nodule at thyroid scan High

Multinodular toxic goitre Multiple ‘hot’ nodules at thyroid scan High

Iodine- induced thyrotoxicosis High urinary iodine Low to high

TSH- secreting adenomas Inappropriately high TSH level High

Familial gestational hyperthyroidism Pregnancy- associated
DNA analysis

Presumably high

Trophoblastic tumours High chorionic gonadotropin High

Neonatal transfer thyrotoxicosis Positive TSHR autoantibodies High

Non- autoimmune congenital and familial hyperthyroidism TSH receptor gene mutations by DNA analysis High

Type I amiodarone- induced
thyrotoxicosis

High urinary iodine Normal, high, low

Other drugs- induced
hyperthyroidism

Positive TSHR autoantibodies High

Thyrotoxicosis of thyroidal origin associated with thyroid destruction

Subacute thyroiditis Neck pain
High ESR

Low

Silent thyroiditis Positive thyroid autoantibodies Low

Type II amiodarone- induced thyrotoxicosis High urinary iodine Low

Other drugs- induced
thyrotoxicosis

Negative TSHR autoantibodies Low

Thyrotoxicosis of non- thyroidal origin

Factitious thyrotoxicosis History
Low serum thyroglobulin

Low

Dermoid tumours (struma ovarii) Abdominal RAIU Low

Metastatic differentiated thyroid cancer Bone RAIU Low
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Thyroid- Stimulating Hormone- Secreting Adenoma

TSH secretion by a benign pituitary adenoma, which is charac-
terized by a partial or complete loss of the feedback regulation by 
thyroid hormones (central hyperthyroidism), causes a sustained 
stimulation of the thyroid gland, with the subsequent development 
of goitre and hyperthyroidism (see Chapter 3.3.11). An increased 
prevalence has been reported, probably as a consequence of the 
introduction of ultra- sensitive assays for TSH measurement, that 
enables an earlier detection of an inappropriate secretion of TSH.

hCG- Dependent Hyperthyroidism

Due to its partial homology with TSH, hCG can act as a weak 
(about 1/ 10 00th less potent) TSH agonist. When present in large 
amounts in the bloodstream, it can overstimulate the thyroid gland, 
inducing hyperthyroidism. Human chorionic gonadotropin (hCG) 
is secreted in large amounts by placental tissue in normal pregnancy 
and also by trophoblastic tumours.

Trophoblastic Tumours

Hyperthyroidism may ensue in patients with a hydatidiform mola 
or a choriocarcinoma as well as with chorionic tumour of the 
testes, as a consequence of the large quantities of hCG produced 
by the tumour. Thyrotoxicosis is common in trophoblastic tumours 
and 200– 400 IU/ ml of hCG are associated with high fT4 and fT3. 
However, clinical overt thyrotoxicosis is observed in a minority 
(10%) of patients, when hCG is extraordinarily high (>3000  IU/ 
ml). The routine use of ultrasonography during pregnancy has led 
to earlier diagnosis of hydatidiform mola, when the tumour mass is 
smaller and the thyrotoxicosis less likely.

Hyperemesis Gravidarum

Hyperemesis gravidarum is characterized by prominent nausea and 
vomiting, weight loss, ketosis, and electrolyte abnormalities. It oc-
curs in 1.5% of pregnancy and is more common in twin pregnancies 
because of the higher serum hCG concentrations. In 25% to 75% of 
cases have been reported increased levels of fT4 and fT3, which cor-
relates with serum hCG concentrations. A minority of women with 
hyperemesis gravidarum experience a clinically evident thyrotoxi-
cosis (gestational hyperthyroidism) [6] . It resolves spontaneously 
within the first 3 to 4 months of gestation.

Familial Gestational Hyperthyroidism

Two families with recurrent hyperemesis gravidarum and ges-
tational hyperthyroidism due to a mutation in the TSHR gene 
causing increased responsiveness to hCG have been reported [7, 8]. 
Hyperthyroidism only manifests during pregnancy and recurs 
every time an affected woman becomes pregnant.

Fetal and Neonatal Autoimmune Hyperthyroidism

TSHR- S autoantibodies in the serum of mothers with Graves’ dis-
ease can cross the placenta and cause fetal and neonatal hyperthy-
roidism, through direct stimulation of the fetal and neonatal thyroid. 
Usually the mother is affected by Graves’ disease, in the majority of 
cases presenting with hyperthyroidism, but sometimes with hypo-
thyroidism after thyroidectomy or 131I treatment. Transplacental 
passage of TSHR- S autoantibodies from maternal to fetal circula-
tion increases from low levels at 15 weeks to reach maternal levels 

by 30 weeks of gestation. Hyperthyroid fetus presents with tachy-
cardia, hyperactivity, poor growth, and occasionally acceleration of 
skeletal maturation. Fetal goitre may occur. In severe and untreated 
hyperthyroidism intrauterine death has been reported.

Neonatal hyperthyroidism can be very severe and is character-
ized by tachycardia, jaundice, heart failure, failure to thrive. A goitre 
is usually present. The disease is transient and resolves within 3 to 
12 weeks after birth, when TSHR- S autoantibodies disappear.

Non- Autoimmune Congenital and Familial Hyperthyroidism

After the first report of congenital hyperthyroidism caused by a 
germline activating mutation of the TSHR gene [9] , only few cases 
of non- autoimmune neonatal hyperthyroidism have been de-
scribed. The diagnosis should be suspected when a neonate presents 
with severe hyperthyroidism and goitre and the mother has no his-
tory of Graves’ disease.

Familial hyperthyroidism due to autosomal dominant acti-
vating germline mutations of the TSHR has been described 
[10]. In the few cases reported, hyperthyroidism and goitre de-
veloped in adulthood because the effect of the mutation is mild. 
Germline mutations of the TSHR gene are uncommon in juvenile 
thyrotoxicosis.

Cases of congenital hyperthyroidism from mutations of the Gsα 
protein have been also reported, associated with McCune– Albright 
syndrome.

Causes of Destructive (Low RAIU) Thyrotoxicosis

Subacute Thyroiditis

Subacute thyroiditis (or granulomatous or giant cells or de 
Quervain’s thyroiditis) is reported in Chapter 3.2.6.

Painless Thyroiditis

Painless thyroiditis (or sporadic or silent thyroiditis) is an auto-
immune thyroid disorder, characterized by a transient phase of 
thyrotoxicosis, similar to subacute thyroiditis, in absence of neck 
pain and general symptoms (see Chapter 3.2.5).

Postpartum Thyroiditis

Postpartum thyroiditis (PPT) is the painless thyroiditis that oc-
curs in susceptible women within 12  months after delivery (see 
Chapter 9.4).

Other Forms of Destructive Thyrotoxicosis

Rarely, destructive thyrotoxicosis can be precipitated by anterior 
neck injuries. Thyrotoxic crises following thyroid surgery have now 
become extremely rare with the optimal use of antithyroid drugs 
and with the refinement of surgical procedures. Thyrotoxicosis 
may transiently worsen or recur in patients with Graves’ disease, 
toxic adenomas, and multinodular toxic goitre who are treated with 
radioiodine. Two mechanisms are responsible for this phenom-
enon: ongoing thyroid hyperfunction before radioiodine fully takes 
effect and radiation- induced thyroid destruction.

Iodine- Induced Thyrotoxicosis

Iodine deficiency increases thyrocyte proliferation and mutation 
rates, inducing the development of multifocal autonomous growth 
and of cell clones harbouring activating mutations of the TSHR. 
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Some of these nodules maintain the ability to store iodine and can 
become autonomous causing thyrotoxicosis after iodine load or 
even iodine supplementation. Iodine- induced thyrotoxicosis is by 
far more prevalent in aged patients and in areas of iodine deficiency 
(Table 3.3.5.2). Another predisposing condition is euthyroid or la-
tent Graves’ disease or Graves’ disease in remission. In individual 
thyrotoxic patients, iodine contamination may be caused by a var-
iety of medications and diagnostics, including lipid- soluble contrast 
media, disinfectants and drugs and some foods containing large 
amounts of iodine (Table 3.3.5.3).

Drugs

Amiodarone

The antiarrhythmic amiodarone, which contains a large amount 
of iodine, can cause thyrotoxicosis by two mechanisms. In iodine- 
deficient regions, where several elder people have nodular thy-
roid autonomy, and in patients with euthyroid Graves’ disease,  
it can precipitate hyperthyroidism (type I  amiodarone- induced 
thyrotoxicosis) [11]. In patients with no underlying thyroid dis-
ease, it can cause a thyroiditis with the release of preformed hor-
mones (type II amiodarone- induced thyrotoxicosis). Distinction 
between the two forms is useful for the appropriate treatment but 
some patients present with a mixed form.

Lithium

Treatment with lithium is more frequently associated with hypo-
thyroidism than thyrotoxicosis. Thyrotoxicosis due to destructive 
thyroiditis is more commonly reported.

Interferon

For a long period, the mainstay in the treatment of hepatitis C 
(HCV) has been the combination of IFN- α with ribavirin (RBV). 
Monotherapy with IFN- α has been shown to induce the develop-
ment of thyroid autoantibodies in 20.6% and thyroid dysfunction in 
2.7% of patients, while the combined treatment (IFN- α plus RBV) 
caused development of thyroid autoantibodies in 5.0% and thyroid 
dysfunction in 12.8% of patients [12]. Fifty per cent (50%) of pa-
tients with positive TPOAb before treatment developed thyroid 
dysfunction in comparison with 5.4% of autoantibody- negative 
patients. Thyrotoxicosis is usually a destructive process, presents 
with a mild or subclinical course, is transient, lasting just a few 
weeks or months while Graves’ disease is uncommon. Destructive 
thyroiditis occurs in 5% of patients treated with IFN- α, and can lead 
to permanent hypothyroidism. Serum TSH should be measured 
every 2– 3 months during IFN- α treatment, and 6 months after its 
discontinuation.

Highly Active Antiretroviral Therapy (HAART)

Patients infected with HIV have a higher prevalence of thyroid dys-
function when compared with the general population, euthyroid 
sick syndrome, Graves’ disease and subclinical hypothyroidism 
being the most frequently reported [13].

Interleukin- 2

Thyroid diseases have been reported in 10– 50% of patients 
treated with interleukin- 2, alone or in combination with other 
immunotherapies [14]. Hypothyroidism, thyrotoxicosis, and 

hypothyroidism after a phase of thyrotoxicosis have been 
reported.

Denileukin Diftitox

It can induce thyrotoxicosis by destructive thyroiditis or triggering 
of autoimmunity in predisposed individuals [15].

Thalidomide and Lenalidomide

Both hypothyroidism and thyrotoxicosis have been reported [16]. 
Interference with thyroid hormone secretion, reduction of iodine 
uptake, destructive thyroiditis by ischaemia, or immune- mediated 
mechanisms have been proposed as the potential causes of thyroid 
dysfunction.

Alemtuzumab

Alemtuzumab causes thyroid dysfunction in 30% of patients, with 
onset ranging from 6 to 61 month [17]. About half of the cases have 
been Graves’ disease with or without ophthalmopathy.

Immune Checkpoint Inhibitors

Blocking of immune checkpoints, such as cytotoxic T- lympho-
cyte antigen- 4 (CTLA4) and programmed death- 1 (PD1), two 
coinhibitor receptors that are expressed on activated T cells, has 
emerged as an option for treatment of cancer.

Anti- CTLA4 Monoclonal Antibodies

Ipilimumab and tremelimumab are mAbs directed against CTLA4. 
Hypophysitis, which can cause central hypothyroidism, is the most 
severe and dose- limiting endocrine adverse effect. Thyroid disorders 
have been reported in 0– 7.4% of patients treated with ipilimumab, 
with an incidence of hyperthyroidism of 0– 2.8% [18]. Thyroid dis-
orders occur in 0.5– 5.2% of patients treated with tremelimumab

Anti- PD- 1 Monoclonal Antibodies

PD- 1 is a negative regulatory receptor expressed on T and B 
lymphocytes and natural killer cells which limits their response. 
Nivolumab and pembrolizumab are anti- PD- 1 mAb approved for 
treatment of advanced malignant tumours. Thyroid dysfunction 
has been observed in 9% of treated patients, with 3% developing 
hyperthyroidism [19].

Thyrotoxicosis of extrathyroidal origin

Thyrotoxicosis Factitia

The term thyrotoxicosis factitia describes the voluntary excessive in-
gestion of thyroid hormone preparations with the purpose of mim-
icking thyrotoxicosis (from the Latin factitius = fake). However, the 
term has been widely applied to all forms of thyrotoxicosis due to 
the ingestion of thyroid hormones. True thyrotoxicosis factitia is 
most often observed in women with psychiatric disturbances, with 
access to the thyroid medication. Very often thyroid hormone is 
taken for weight reduction or to receive medical attention. The diag-
nosis is rarely obtained at history taking and denial of thyroid hor-
mone assumption may be extreme. Accidental or suicidal ingestion 
of large amounts of thyroid hormone has been also described, but 
this can usually be diagnosed by history alone. Sometimes, thyroid 
hormone is inadvertently taken as a component of ‘herbal’ or ‘alter-
native’ medications, usually for weight reduction. Finally, accidental 



SeCTIon 3 Thyroid Disease480

grinding of cattle thyroids in hamburger meat has been reported as 
the cause of an outbreak of thyrotoxicosis among hamburger con-
sumers in the US [20].

Struma Ovarii

Struma ovarii is a on ovarian tumour, usually a teratoma com-
posed of at least 50% thyroid cells. It comprises about 3% of 
ovarian teratomas, is bilateral in 10% and malignant in 5% of cases. 
Thyrotoxicosis occurs in 10% of cases.

Functional Metastatic Thyroid Carcinoma

Differentiated thyroid carcinoma, even when metastatic and with 
large tumour burdens, does not usually produce relevant amounts 
of thyroid hormones. Very rarely however, thyroid carcinomas of 
the follicular histotype, extensively metastatic to the bone may 
cause thyrotoxicosis. Coexistent TSHR- S autoantibodies are an ex-
tremely rare cause of thyrotoxicosis in patients with metastatic thy-
roid cancer.

Laboratory Diagnosis of Thyrotoxicosis

Thyroid- Stimulating Hormone

The mainstay of the diagnosis of thyrotoxicosis is measurement 
of serum TSH and thyroid hormones. In fact, many laboratories 
measure only TSH in the initial assessment and measurement of 
thyroid hormones is automatically added only if TSH is abnormal 
(‘TSH reflex’). Indeed, TSH concentration is inversely log- linearly 
proportional to fT4 level [21]. The current immunoassays are very 
sensitive and can measure TSH levels well below the normal range, 
with a functional sensitivity of less than 0.02 mU/ L. Since pituitary 
TSH secretion is tightly downregulated by thyroid hormone level, 
TSH is undetectable in most cases of thyrotoxicosis. The only re-
markable exception are TSH- secreting adenomas, in which a high 
or inappropriately normal TSH level is found in spite of overt 
thyrotoxicosis. Because of the sensitivity of the assay, low (less than 
0.4 mU/ L) but detectable TSH levels can be found. These levels are 
encountered in subclinical thyrotoxicosis and in other conditions, 
such as non- thyroidal illnesses, endogenous or exogenous cortico-
steroid excess. TSH is a heterogeneous molecule and different TSH 
isoforms circulate in the blood and are present in pituitary extracts 
used for assay standardization [22]. Although current methods have 
eliminated cross- reactivity with other glycoprotein hormones, they 
may detect different epitopes of abnormal TSH isoforms, secreted 
by some euthyroid individuals and some patients with pituitary 
diseases. Rarely, the presence in the serum of antimouse immuno-
globulin antibodies may interfere in the TSH assay, causing falsely 
elevated TSH levels.

Thyroid Hormone

Measurement of serum thyroid hormone levels is mandatory in all 
patients with suspected thyrotoxicosis, for a proper evaluation of 
a low TSH level and for an estimation of the severity of the dis-
ease. The active form of the hormones in serum is the very small 
amount of freely circulating T4 (free T4– fT4) and T3 (free T3– 
fT4), which can enter cells, interacting with the specific receptors. 
Total T4 (tT4) and total T3 (tT3) can be easily and inexpensively 

measured by radioimmunoassay, but their levels are influenced by 
the levels of binding protein, which vary in healthy subjects and 
may change in several conditions [23]. Thus, total thyroid hormone 
levels may not parallel those of free thyroid hormones, and their 
measurement is nowadays considered less useful in the evaluation 
of thyrotoxicosis. Free thyroid hormone levels measurements, al-
though not completely exempt from flaws, are therefore more sat-
isfactory, since they provide a more accurate measurement of the 
active hormone [24].

In iodine- sufficient countries a single measurement of fT4 is 
sufficient to confirm or reject the suspicion of thyrotoxicosis and, 
after TSH measurement, this is the test most often used in North 
America for thyroid function screening [25]. In contrast, in iodine- 
deficient countries, a significant proportion of hyperthyroid pa-
tients (up to 12%) may have elevated fT3 and normal fT4 levels 
(T3- toxicosis). Conversely, fT4 can be falsely elevated in conditions 
causing reduced peripheral conversion of T4 to T3. In our practice, 
when thyrotoxicosis is suspected, we initially assess both fT4 and 
fT3 levels along with TSH with little additional expense in order to 
obtain a complete assessment of the thyroid function status.

Laboratory Investigations in the Differential 
Diagnosis of Thyrotoxicosis

In many cases, history and physical examination can readily iden-
tify the cause of thyrotoxicosis. However, in many other situations, 
a careful differential diagnosis is needed in order to establish an 
etiological diagnosis. Classically, RAIU has represented a main-
stay of the differential diagnosis of thyrotoxicosis. RAIU is easily 
performed by administering a minimal (tracer) dose of radioactive 
iodine and then measuring the percent of administered radio-
activity accumulated in the neck. In iodine- sufficient countries 
the upper limit of RAIU, 24 hours after the administration of the 
tracer, is around 25%, while it may reach 40% in areas with mild 
to moderate iodine deficiency. Whenever excessive active forma-
tion of thyroid hormone takes place in the thyroid gland, RAIU is 
increased, since the thyroidal machinery for iodine trapping and 
organification is activated. Therefore, a high RAIU readily identifies 
true hyperthyroidism (e.g. with thyroid hyperfunction). In contrast, 
thyrotoxicosis with a low RAIU indicates either thyroidal destruc-
tion, with release of preformed hormone, or an extrathyroidal 
source of thyroid hormone. In thyroid destruction, the damaged 
follicular cells transiently lose their capability of iodine trapping, 
while when exogenous hormones are administered in excess, the 
suppression of the pituitary secretion of TSH causes shutting- off of 
the trapping capacity of follicular cells. The only exception to this 
rule is iodine- induced thyrotoxicosis, in which a low RAIU can be 
observed because of dilution of the tracer dose in the large body 
pool of iodine, in spite of true hyperthyroidism.

Nowadays, RAIU is not performed in the initial assessment of a 
thyrotoxic patient and a vast array of laboratory and imaging tech-
niques have provided excellent tools for accurately identifying the 
cause of thyrotoxicosis without the information provided by RAIU. 
RAIU is still useful in difficult cases, to broadly define forms of 
thyrotoxicosis according to their pathogenesis and orderly proceed 
with adjunctive diagnostic tools.
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Graves’ Disease

TSH Receptor Autoantibodies

Since the cause of Graves’ disease hyperthyroidism is uncontrolled 
thyroid gland stimulation by circulating TSHR autoantibodies, their 
detection in the serum of thyrotoxic patients is particularly useful 
in establishing the diagnosis of Graves’ disease. Serum TSHR- S 
autoantibodies can be measured by different methods [2, 26]. They 
were originally detected with in vivo bioassays, and thereafter by in 
vitro systems. The most common tests assess the displacement of 
labelled TSH or TSHR autoantibodies from the TSHR by the im-
munoglobulin fraction of patients’ sera. These methods are termed 
TSH binding- inhibition (TBI) tests and do not distinguish between 
TSHR- S autoantibodies and TSHR blocking (TSHR- B) autoanti-
bodies, which can be also detected in thyroid autoimmune dis-
orders [2] . TSHR- S autoantibodies can be tested in cellular systems 
carrying a functional TSH receptor, detecting the release of cAMP 
in the culture medium upon challenge with serum or purified im-
munoglobulins (TSHR- S autoantibodies assay) [2]. In a modifica-
tion of the assay, TSHR- B autoantibodies can be detected as well. 
Since TSHR- S autoantibodies are properly the cause of hyperthy-
roidism in Graves’ disease, their assay should be considered the gold 
standard in the diagnosis of Graves’ disease. Unfortunately, the assay 
is quite expensive and requires cell- culture capabilities, making it 
available only to research centres. For clinical purposes, the TBI 
assays are most often used. By last generation assays, positive TBI 
tests are found in 75– 95% of patients, with a high specificity (99%) 
[27]. TSHR autoantibodies showing inhibition of TSH binding to 
TSHR but not TSHR stimulating activity have been demonstrated 
in serum of subjects with no evidence of autoimmune thyroid dis-
eases [28]. A TBI test is strictly needed in the minority of cases of 
Graves’ disease, in which the clinical picture is unclear, for example 
in the differential diagnosis of hyperemesis gravidarum, in the 
nodular variants of Graves’ disease that must be differentiated from 
toxic nodular goitre, in patients with exophthalmos without thyro-
toxicosis (euthyroid Graves’ disease). The presence of high levels of 
TSHR autoantibodies at the end of antithyroid drug therapy has a 
high positive predictive value and specificity for relapse of hyper-
thyroidism but a low negative predictive value and sensitivity [29].

Whereas TSHR- S autoantibodies interact mainly with the N- 
terminal components of the ectodomain, TSHR- B autoantibodies 
interact to a greater extent with the C terminus and to a lower de-
gree with the N terminus and the mid- region of the TSHR [2, 30]. 
An assay based on a chimeric receptor in which residues 261– 370 
of TSHR have been substituted by the homologous portion of the 
LH/ hCG receptor (Mc4) has been proposed to be more accurate in 
the detection of TSAb as well as in detecting both TSAb and TBAb 
autoantibodies [31, 32].

Thyroid Peroxidase (TPO) and Thyroglobulin 
(Tg) Autoantibodies

TPO autoantibodies can be found by commercial assays in up to 
90% of patients with untreated Graves’ disease, while Tg auto-
antibodies are less frequently positive, in 50– 80% of cases. Both 
autoantibodies however are also present in other forms of thyroid 
autoimmune disorders, some of which may cause thyrotoxicosis, 
such as postpartum thyroiditis and silent thyroiditis. A  relatively 
high percentage (up to 25%) of positive thyroid autoantibodies tests 

is also found in normal subjects, especially women [33]. Thus, TPO 
and Tg autoantibodies tests do not establish the diagnosis of Graves’ 
disease as the cause of thyrotoxicosis, but may be useful as comple-
mentary tests in confirming the presence of thyroid autoimmunity.

The finding of autoantibodies cross- reacting with Tg and TPO 
(TgPO Ab) in patients with autoimmune thyroid diseases, which 
suggested a role for cross- reactivity of B cell response to Tg and 
TPO, has not been confirmed [34].

Total thyroid ablation (thyroidectomy plus 131- I) induces the 
disappearance of thyroid autoantibodies [35].

Other Thyroid Autoantibodies

Autoantibodies to megalin were detected in 50% of patients with 
chronic autoimmune thyroiditis and in some patients with Graves’ 
disease and thyroid carcinoma [36]. A  role of Na/ I symporter as 
autoantigen in thyroid autoimmunity has been proposed by some 
authors but excluded by others. Neither megalin nor Na/ I symporter 
autoantibodies are routinely used for diagnosing autoimmune thy-
roid diseases.

Thyroid RAIU and Scan

In untreated hyperthyroid Graves’ disease patients, a high value of 
RAIU at the 24th hour is always found. As a distinctive feature, in 
some cases the 3rd or 6th hour value can be even higher than at the 
24th hour, as an expression of an extremely high iodine turnover. 
The test is very useful to rule out transient thyrotoxicosis due to 
Hashitoxicosis or painless or subacute thyroiditis, factitious thyro-
toxicosis, and type II amiodarone- induced thyrotoxicosis [11].

Thyroid imaging with radioisotopes can be performed with 
radioiodine at the time RAIU is done or using 99mpertechnetate. 
Thyroid scanning in Graves’ disease is useful only when coexisting 
nodules are detected and their functional status needs to be 
evaluated.

Thyroid Ultrasound

The ultrasound appearance of the thyroid gland undergoes typ-
ical changes during Graves’ disease hyperthyroidism. Because of 
the reduction in the colloid content and of the lymphocytic infil-
trate, the gland becomes diffusely hypoechoic. A  similar pattern 
is also observed in chronic goitrous thyroiditis and, when diffuse, 
indicates the presence of thyroid autoimmunity. Therefore, thy-
roid ultrasound can be useful in confirming the suspicion of thy-
roid autoimmunity, during the evaluation of thyrotoxicosis. Marked 
hypoechogenicity at the end of antithyroid drug therapy may pre-
dict recurrence of thyrotoxicosis [37]. As an adjunctive value, thy-
roid ultrasound scanning also allows an accurate measurement of 
the goitre size, an information that is important in the choice of the 
most appropriate treatment. Thyroid ultrasound accurately distin-
guishes true thyroid nodules from the lobulations that can be occa-
sionally felt at palpation in Graves’ disease glands.

The measurement of blood flow to the thyroid gland by colour 
Doppler ultrasonography has been also used in Graves’ disease pa-
tients. In untreated Graves’ disease the colour Doppler pattern is 
characterized by markedly increased signals with a patchy distribu-
tion [38]. Colour Doppler studies of the thyroid gland can therefore 
be used similarly to RAIU in distinguishing Graves’ disease from 
other forms of thyrotoxicosis, for example, amiodarone- induced 
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destructive thyrotoxicosis [39] or subacute thyroiditis and, possibly, 
painless thyroiditis.

Toxic Adenoma

When a single nodule is palpated in the thyroid of a patient being 
evaluated for thyrotoxicosis, the presence of a toxic adenoma must 
be always suspected. In confirming the diagnosis of thyrotoxicosis, 
it is important to measure both fT4 and fT3 levels, since T3- toxicosis 
is distinctly frequent in toxic adenomas.

99mTechnetium or radioiodine thyroid scanning are extremely 
helpful in confirming the diagnosis, yielding typical findings (Figure 
3.3.5.1). The nodule will appear ‘warm’, with the extranodular thy-
roid tissue clearly visible, when partial autonomy is present. In this 
case, parallel thyroid function tests will show a low but detectable 
TSH, and thyroid hormone levels in the upper part of normal range. 
Only the nodule is visible on the scan when TSH is completely sup-
pressed (e.g. in case of complete autonomy or overt thyrotoxicosis).

Ultrasound scanning of the neck provides no direct diagnostic in-
formation on the functional property of the nodule, but it is useful 
in detecting coexisting cold nodules and accurately defines the size 
of the nodule. Preliminary reports have shown a distinctive colour 
Doppler pattern in autonomously functioning thyroid nodules, 
characterized by an increased blood flow in the nodular tissue, in 
good correlation with radionuclide scans. However, the technique is 
not able to distinguish benign from malignant nodules and is there-
fore of limited value.

Ultrasound elastography has showed high sensitivity and specifi-
city in differentiating benign from malignant thyroid nodules [40]. 
The risk of malignancy in hot nodules is extremely low, although 
occasionally reported. Therefore, in presence of a low TSH, fine 
needle aspiration is only needed when coexisting nodules detected 
by palpation or ultrasound are cold at radionuclide scanning.

Toxic Multinodular Goitre

The same range of thyroid function test alterations described in 
toxic adenomas can be observed in toxic multinodular goitre, from a 
subnormal TSH level to an undetectable TSH level with frankly ele-
vated thyroid hormone levels. The diagnosis of toxic multinodular 
goitre can often be suspected on history and physical findings.

Thyroid radionuclide scanning is quite useful in identifying 
and mapping autonomous nodules and distinguishing them from 
other coexistent, cold nodules. Scanning is also useful in adjunct 
to TSHR autoantibodies measurement in distinguishing true toxic 
multinodular goitre from Graves’ hyperthyroidism which develops 
on a pre- existing non- toxic multinodular goitre. RAIU is always 
elevated, unless iodine overload is present.

Thyroid ultrasonography is also useful to measure goitre size and, 
in association with radionuclide scanning images, to identify cold 
nodules, amenable to fine needle aspiration biopsy.

TSH- Secreting Adenomas

The presence of a TSH- secreting adenoma should be suspected 
when a detectable TSH level in presence of clearly elevated cir-
culating thyroid hormone levels (inappropriate secretion of TSH) 
is found. The first step in the evaluation of inappropriate secre-
tion of TSH is making sure that artefacts in the measurement of 
TSH or thyroid hormone levels are not the cause of the laboratory 
findings. Falsely elevated TSH levels can be observed occasionally 

when heterophilic antibodies are present in the patient’s serum. 
These antibodies are antimouse immunoglobulins that bind both 
the solid- phase and the labelled mouse antibodies employed in 
most TSH immunoradiometric assays, causing bridging between 
the two and therefore mimicking the presence of TSH [22]. The 
problem can be overcome by incubating the patient’s serum with 
mouse immunoglobulins prior to TSH testing, thus precipitating 
the heterophilic antibody [41]. The most recent TSH commer-
cial assays contain these antibodies in their incubation buffers, 
making this problem quite rare nowadays. Macro TSH is com-
posed by anti- TSH autoantibodies which complex monomeric 
TSH. It is considered to be inactive and therefore a cause of falsely 
high TSH value. Falsely elevated fT4 and fT3 levels must also be 
excluded in the preliminary evaluation of suspected inappropriate 
secretion of TSH.

Mild spurious elevations of fT4 and fT3 can occasionally be found 
in presence of thyroid hormone autoantibodies, genetic or drug- 
induced alterations of thyroxine- binding globulin and in non- 
thyroidal illnesses [24]. The two- step methods for measurement of 
free thyroid hormones may be useful to rule out these conditions. 
About 50% of immunoassays use the biotin- streptavidin interaction 
as an immobilizing system and can be influenced by the ingestion 
of biotin (vitamin B7). A low to medium dose of biotin is commonly 
present in multivitamin preparations while patients with progres-
sive multiple sclerosis are treated with high doses of biotin (10 000 
times the recommended daily intake of approximately 30  μg). In 
some assays, serum biotin can induce both falsely low TSH and 
falsely high fT4 and fT3 levels. A  washout period ranging from 
8 hours to more than 3 days has been suggested to eliminate biotin 
interference [42].

Once these artefacts have been excluded, extensive laboratory 
testing is required to clarify the cause of inappropriate secretion of 
TSH. True inappropriate secretion of TSH is observed in two con-
ditions: TSH- secreting pituitary adenoma and resistance to thyroid 
hormone. In theory, only TSH- secreting adenomas cause true and 
symptomatic hyperthyroidism (see next).

The syndrome of resistance to thyroid hormone is caused by a 
relative insensitivity of the thyroid hormone receptor to the action 
of its ligand. Therefore, higher thyroid hormone concentrations are 
needed to down regulate TSH secretion. In the majority of patients, 
the defect is due to mutations of thyroid hormone β- receptor gene 
[43]. As a consequence of the defect, the pituitary set- point for TSH 
suppression is set at a higher level of circulating thyroid hormone 
(i.e. a higher level of thyroid hormone is required for TSH suppres-
sion). After its first identification [44] a few cases of mutations of 
TRα  have been reported. In these patients TSH is normal, fT4 low/ 
low- normal and T3 high/ high- normal.

Differential Diagnosis

When the suspicion of inappropriate secretion of TSH is confirmed, 
the presence of a TSH- secreting adenoma must be differentiated 
from resistance to thyroid hormone. Because of the overlapping clin-
ical presentation and because no single test accurately allows clear- 
cut differentiation between the two conditions, extensive baseline 
and dynamic laboratory testing is usually required (Table 3.3.5.4).

A number of tests have been used to confirm the presence of thyro-
toxicosis at the tissue level, including measurement of biochemical 
markers of thyrotoxicosis such as sex hormone binding globulin, 
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alkaline phosphatase, cholesterol, and creatine phosphokinase. 
Unfortunately, these parameters are quite non- specific and may be 
elevated (or reduced) in a number of other conditions. At variance 
with normal pituitary, TSH- secreting adenomas secrete the α- sub-
unit of TSH in molar excess with respect to TSH. A serum α- sub-
unit/ TSH ratio higher than 1 is observed in approximately 90% 
of patients with TSH- secreting adenoma. High ratios can be also 
observed in postmenopausal women and even in normal subjects, 
making this test alone unable to establish the diagnosis. Growth 
hormone (GH), IGF- I, and prolactin serum measurements are 
useful, since about 30% of TSH- secreting adenomas cosecrete GH 
and prolactin.

Dynamic testing aims at demonstrating the unresponsiveness of 
TSH- secreting adenomas to normal stimuli. In most (92%) TSH- 
secreting tumours the TSH level fails to increase in response to a 
standard thyrotropin- releasing hormone (TRH) stimulation test, 
while a normal or increased response is observed in resistance to 
thyroid hormone [45]. Diagnostic protocols to test the response 
of pituitary TSH to exogenous triiodothyronine are also used. 
Triiodothyronine is administered orally and the dose is increased 
every three days, starting from 50 up to 200 mcg/ daily. Before every 
increase basal and TRH- stimulated TSH is measured, together with 
peripheral markers of thyroid hormone action [46]. In TSH- se-
creting adenomas, only partial or no suppression of TSH secretion 
is observed, while complete or partial suppression is observed in 
resistance to thyroid hormone. Alternatively, 80– 100 μg triiodo-
thyronine can be administered for 8– 10 days. Using this protocol, 
complete TSH suppression is obtained in normal subjects, while no 
changes or slight reduction in TSH levels are observed in all pa-
tients with TSH- secreting adenomas. On the other hand, clear- cut 
reductions of TSH levels are observed in patients with resistance to 
thyroid hormone [45]. The test is contraindicated in elderly patients 
and in patients with arrhythmias and/ or coronary artery disease. 
The demonstration of a mutation of TRβ gene is sufficient to estab-
lish the diagnosis of syndrome of resistance to thyroid hormone.

Pituitary imaging is very important in confirming the diagnosis 
of TSH- secreting adenomas. Ninety per cent (90%) of TSH- se-
creting adenomas are larger than 1 cm at diagnosis and therefore 
easily detected at pituitary MRI scanning. As a complement, radio- 
labelled octreotide pituitary scintigraphy can be useful in detecting 
small tumours, although it can be positive in other types of pituitary 
tumours.

hCG- Dependent Thyrotoxicosis

The presence of a trophoblastic tumour should be suspected when 
thyrotoxicosis is found in an amenorrhoeic woman, especially 

when a palpable abdominal mass is found. The diagnosis is readily 
confirmed by the finding of extremely high circulating hCG  
levels and of a pelvic mass at ultrasonography. In trophoblastic 
tumours serum hCG levels usually exceed 200  IU/ ml, whereas 
the peak concentration of normal pregnant women is 100 IU/ ml.

The diagnosis of thyrotoxicosis during hyperemesis gravidarum 
can be particularly challenging and it is one of exclusion. Because 
of weight loss and malnutrition, fT3 levels may be dispropor-
tionately low or even normal in comparison with fT4 levels, 
due to a reduced peripheral conversion of T4 to T3. The TSH 
level is often low during early normal pregnancy, but seldom  
undetectable, as it is in true thyrotoxicosis. The only distinctive 
laboratory feature is an inappropriately high hCG level, but large 
overlap with normal pregnancies exists. Therefore, the diagnosis 
of thyrotoxicosis in hyperemesis gravidarum relies mainly on 
the clinical picture and on appropriate exclusion of other more 
common forms of hyperthyroidism by appropriate testing. RAIU, 
as any other in vivo radioisotopic procedure, is contraindicated in 
pregnancy.

Fetal and neonatal Hyperthyroidism

Women with a past or present history of Graves’ disease should 
be carefully monitored throughout pregnancy. Fetuses and neo-
nates of pregnant women who have been previously treated with 
radioiodine or surgery are at high risk because they lack protective 
effect of antithyroid drugs administered to the mother. The pres-
ence of a fetal heart rate over 160 bpm, in the absence of other fetal 
abnormalities is suggestive of fetal hyperthyroidism. TSHR auto-
antibodies should be measured starting at 22 weeks of gestation in 
mother with Graves’ disease; only high levels can cause fetal or neo-
natal autoimmune hyperthyroidism.

The persistence of high levels of TSHR autoantibodies in the 
maternal serum by the end of pregnancy, when the transplacental 
passage is maximal, is a predictor of hyperthyroidism in the neo-
nate. Fetal cord blood sampling is a risky procedure, and it is not 
generally recommended. Conversely, it is very useful to test neo-
natal cord blood at the time of delivery for thyroid function tests 
and TSHR autoantibodies. When the mother has been treated 
with high- dose antithyroid drugs, the neonate should be re- tested 
10 days after birth, since transplacental passage of methimazole or 
propylthiouracil may initially mask hyperthyroidism.

Neonatal hyperthyroidism in the absence of a maternal history 
of Graves’ disease and with negative TSHR autoantibodies should 
raise the suspicion of non- autoimmune congenital hyperthy-
roidism. Familiar hyperthyroidism should be suspected when re-
latives are affected and serum TSHR autoantibodies are absent. In 

Table 3.3.5.4 Laboratory investigations in the differential diagnosis of the syndrome of inappropriate secretion of TSH

Test TSH- secreting adenomas RTH Comment

Peripheral markers of thyroid 
hormone action

High Normal- high Non- specific

α- subunit/ TSH molar ratio >1 1 High in menopause

TSH after T3- suppression test Unchanged or slightly reduced Frankly reduced or suppressed Hazardous in elderly and cardiopathic patient

TSH after TRH Unchanged Increased

Pituitary imaging Positive Negative Confirmatory
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both types of hyperthyroidism sequencing of the TSHR gene is re-
quired to confirm the diagnosis.

Iodine- Induced Thyrotoxicosis

Excessive iodine assumption should be always suspected when 
hyperthyroidism abruptly appears in a patient with a history of 
nodular thyroid disease. A careful history taking often identifies the 
source of iodine and all patients should be asked about recent as-
sumption of any of the compounds listed in Table 3.3.5.3 (online). 
With the exception of type II amiodarone- induced thyrotoxicosis, 
RAIU is usually low in thyrotoxic patients with heavy iodine con-
tamination, but it is almost never suppressed, a feature that allows 
distinction from subacute and painless thyroiditis. The iodine/ cre-
atinine urinary ratio is the gold standard in confirming iodine con-
tamination and is high in all cases.

Amiodarone- Induced Thyrotoxicosis

When a history of amiodarone assumption is elicited in a thyrotoxic 
patient, further testing is required to distinguish between type 
I  and type II forms of amiodarone- induced thyrotoxicosis [11]. 
Type I  (non- destructive) amiodarone- induced thyrotoxicosis dif-
fers little from other forms of iodine- induced thyrotoxicosis and 
an underlying thyroid disease such as Graves’ disease or nodular 
thyroid disease is usually detected with the appropriate diagnostic 
tools. Accordingly, RAIU is usually low, but not suppressed and 
may be normal or increased. In contrast, in type II (destructive) 
amiodarone- induced thyrotoxicosis, RAIU is always low or sup-
pressed and often no clear underlying thyroid disorder can be 
identified. Flow by colour Doppler sonography is a useful tool in 
differentiating the two forms of amiodarone- induced thyrotoxi-
cosis, vascularity being increased in type I and absent in type II [39].

Drug- Induced Thyrotoxicosis

As just reported, destructive thyroiditis or triggering of auto-
immunity in predisposed individuals are the mechanisms of 
drug- induced thyrotoxicosis. Evaluation to differentiate Graves’ 
hyperthyroidism from low RAIU thyrotoxicosis is recommended, 
in order to advice the proper treatment.

Subacute, Painless, and Postpartum Thyroiditis

Classically, subacute, painless, and postpartum thyroiditis are char-
acterized by a low (<1%) RAIU during the thyrotoxic phase. This 
test alone, in the presence of a suggestive clinical presentation al-
lows the diagnosis in almost all cases. Serum T4 concentration is 
disproportionately elevated compared with T3 concentration, re-
flecting the preferential release of T4 from the injured thyroid. In 
subacute thyroiditis, a very high (always >50 and often >100 mm/ 
hr) erythrocyte sedimentation rate (ESR) is a distinctive diagnostic 
feature. C- reactive protein is also elevated and a mild leukocytosis 
is often observed.

High levels of TPO and Tg autoantibodies are usually found in 
postpartum and painless thyroiditis, as a marker of prominent thy-
roid autoimmunity, while only weakly and transiently positive tests 
are occasionally found in subacute thyroiditis. Ultrasound findings 
are generally characterized by patchy areas of hypoechogenicity 
in subacute thyroiditis, while a more diffuse hypoechoic pattern, 
closely resembling Hashimoto’s thyroiditis is found in postpartum 
and painless thyroiditis. The colour Doppler pattern shows reduced 

vascularity in the three disorders. Occasionally, and especially when 
patients are first seen in the recovery or hypothyroid phase, a more 
subtle picture can emerge from testing with a low but not nil RAIU, 
and with only mild elevations of ESR, making the differential diag-
nosis more difficult.

Thyrotoxicosis of extrathyroidal origin

An extrathyroidal source of thyroid hormone should be suspected 
when the other, more frequent causes of low RAIU thyrotoxicosis 
have been ruled out. When thyrotoxicosis factitia is suspected, a 
serum Tg measurement can be extremely useful in confirming the 
diagnosis, since this disorder represents the only condition in which 
thyrotoxicosis is associated with an undetectable Tg level [47]. At 
the time of Tg measurement, however, it is important to test the 
patient’s serum for Tg autoantibodies, since these may cause falsely 
low Tg levels [48]. Colour Doppler shows hypovascularity in thyro-
toxicosis factitia.

The suspicion of struma ovarii can be confirmed at the time of 
RAIU, simply by scanning the pelvic area with the probe. The pres-
ence of functional thyroid tissue is demonstrated by a significantly 
increased uptake of iodine in the ovarian region. Further imaging 
(CT or ultrasound scan) will confirm the presence of an ovarian 
mass. The levels of CA 125 are elevated in both malignant and be-
nign tumours.

When the source of thyroid hormone is metastatic thyroid fol-
licular cancer, the presence of the latter is usually evident from the 
history. Since all patients with differentiated thyroid cancer after 
thyroidectomy take levothyroxine, thyroid function tests should be 
repeated after withdrawal of the medication, in order to rule out iat-
rogenic thyrotoxicosis. Whole body radioiodine scanning will show 
multiple foci of uptake in several skeletal regions.
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ATDs belong to the family of thionamides and include pro-
pylthiouracil (PTU), carbimazole (CBZ), and its active metabolite, 
methimazole (MMI). Carbimazole is mainly used in the United 
Kingdom, MMI in the other European countries and Asia, while 
PTU has traditionally been the most commonly used ATD in North 
and Latin America [1] . However, recent data suggest that MMI has 
become the more common ATD in North America as well [6, 7].

Pharmacological Characteristics

ATDs are oral drugs completely absorbed from the gastrointestinal 
tract. Because of its longer half- life, MMI is given as a single daily 
dose, whereas PTU often requires fractionated doses. CBZ is rap-
idly converted to MMI. Therapeutic potency of MMI is 10– 50- fold 
higher than that of PTU [2]  (Table 3.3.6.1). PTU is not available in 
several countries.
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Figure 3.3.6.1 First- line treatment for newly diagnosed 
hyperthyroidism due to Graves’ disease in different continents. Data are 
derived from Burch et al. [3]  and Bartalena et al. [4].

Table 3.3.6.1 Pharmacological features of methimazole (MMI) and 
propylthiouracil (PTU)

MMI PTU*

Relative potency 10– 50 1

Route of administration oral oral

Absorption from 
gastrointestinal (GI) tract

complete complete

Half- life in serum (h) 6– 8 1– 2

Duration of action (h) >24 8– 12

Transplacental transfer yes yes

Passage into milk yes yes

Excretion renal renal

Administration schedule once daily 2– 3 times daily

Cost low moderate

Mechanism of action TPO inhibition TPO inhibition

Type 1 deiodinase inhibition

*not available in several countries; TPO, thyroid peroxidase.

Additional material is provided in the online version at  
oxfordmedicine.com/otendocrinology3
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Introduction

Hyperthyroidism due to Graves’ disease can be treated either con-
servatively (antithyroid drugs, ATDs) or by reduction/ ablation of 
thyroid tissue by radioiodine (RAI) or thyroidectomy [1, 2]. ATDs 
are the first- line treatment for newly diagnosed Graves’ hyperthy-
roidism in Europe, Latin America, Asia, and Oceania, whereas 
RAI is preferred in North America [1, 3, 4] (Figure 3.3.6.1). When 
hyperthyroidism is caused by toxic adenoma or multinodular 
goitre, ATDs are only a tool to control hyperthyroidism prior to 
definitive treatment, because ATD discontinuation is inevitably 
followed by a recurrence of hyperthyroidism [5] .
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ATDs mainly act by blocking thyroid hormone synthesis through 
inhibition of thyroid peroxidase (Figure 3.3.6.2). In addition, PTU 
inhibits type 1 deiodinase, the enzyme that peripherally converts 
thyroxine (T4) to the metabolically active hormone, triiodothyr-
onine (T3). ATDs also exerts some immunosuppressive effects that 
may contribute to their therapeutic action in Graves’ hyperthy-
roidism [8] . Whether the latter are direct or mainly indirect (i.e. 
bound to normalization of thyroid status) is still unsettled.

Adverse events

In general, ATD treatments is safe. Side effects of thionamides are 
usually mild and self- limiting; major adverse events occur in less 
than 5% of cases, more frequently, particularly with MMI, during 
the initial phases of treatment, when high doses are often employed 
[9]  (Table 3.3.6.2). If one thionamide causes an adverse event, the 
other thionamide can substitute, but cross- reactivity is frequent 
(about 50%) [10]. Accordingly, this strategy should not in principle 
be recommended.

Frequent side effects, such as itching or skin reactions, do not 
need ATD withdrawal, are usually transient, and can be controlled 
by antihistamines.

Agranulocytosis (neutrophil count <500 per mm3) is one of the 
most feared adverse events of thionamides, with a reported inci-
dence of about 0.3– 0.6% [9] , although a recent report suggested 
it may be as high as 1.2% [11]. Immediate drug discontinuation, 
prompt antibacterial treatment, and supportive measures are im-
perative; the efficacy of granulocyte colony- stimulating factor in ac-
celerating recovery has recently been questioned [11]. There seems 

to be a dose- dependency of this serious complication in the case of 
MMI [12], which usually occurs within the first 3 months of treat-
ment, while this relation is lacking for PTU [12]. Agranulocytosis 
seems to be more common in older people [13]. Recent studies 
have shown that genetic variants of NOX3 [14], HLA- B*27:05 [15], 
HLA- B*38:02, and HLA- DRB1*08:02 [16] confer increased sus-
ceptibility to ATD- induced agranulocytosis. Onset of agranulo-
cytosis is generally abrupt. Accordingly, the usefulness of regular 
monitoring of white blood cell count is questionable, but patients 
should be advised that in case of fever, sore throat, or other signs 
of infections, a leukocyte count should be promptly obtained [17].

Aplasia cutis, the congenital (localized or disseminated) ab-
sence of skin, has been rarely reported in infants born to hyper-
thyroid mothers receiving MMI during pregnancy, but not in those 
treated with PTU [9] . Very rare cases of embryopathy (particularly, 

Figure 3.3.6.2 Mechanism of action of thionamides. The main action 
(1) is inhibition of thyroid peroxidase, leading to inhibition of thyroid 
hormone synthesis. In addition, propylthiouracil (PTU) (2) inhibits type 
1 deiodinase activity, causing a decrease in the peripheral conversion 
of thyroxine (T4) to the metabolically active hormone, triiodothyronine 
(T3). Finally, thionamides exert some immunosuppressive actions (3) that 
might be relevant.

Table 3.3.6.2 Adverse events of antithyroid drugs

Adverse event Frequency

Blood

Mild leucopoenia Relatively frequent*

Agranulocytosis Uncommon (0.3– 0.6%)

Aplastic anaemia Very rare

Thrombocytopenia Very rare

Pancytopenia Very rare

Skin

Skin rash Very common*

Urticaria Very common*

Itching Very common*

Generalized dermatitis Very rare

Alopecia Very rare

Liver

Hepatocellular necrosis Rare (PTU)

Cholestasis Very rare (MMI)

Collagen

Arthralgias Common

SLE- like syndrome Very rare (PTU>MMI)

Vasculitis Very rare (PTU)

Embryopathy

Choanal atresia, oesophageal 
atresia, aplasia cutis

Very rare (MMI)

Situs inversus + dextrocardia, 
unilateral kidney a/ dysgenesis, 
cardiac outflow tract defect

Very rare (PTU)

Unilateral kidney a/ dysgenesis, 
cardiac outflow tract defect

Very rare (PTU)

Miscellaneous

Loss of taste or smell Rare (MMI)

Hypothrombinaemia Rare (PTU)

Insulin autoantibodies Very rare

Pancreatitis Very rare
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choanal, and oesophageal atresia) were reported in infants whose 
mothers were given CBZ/ MMI in early pregnancy [18]. It should be 
noted that although usually rarer and usually milder, cases of mal-
formations, involving face and neck and urinary tract, have been 
observed also in the offspring of mothers treated with PTU [19] (see 
later section in this chapter on pregnancy and lactation).

Because PTU can be associated, although rarely, with severe 
hepatoxicity potentially lethal or requiring liver transplant, 
MMI rather than PTU should be prescribed as first- line ATD 
both in adults and children [8, 17,  20]. Hepatic abnormalities, 
with cholestatic features (but occasionally with necrotic fea-
tures as well), may rarely occur also in patients treated with 
MMI [21], but they are usually milder and reversible after MMI 
withdrawal [21].

A rare but severe adverse event of ATDs is vasculitis, more 
common in PTU- treated patients [21]. Antineutrophil cytoplasmic 
antibodies (ANCA) are more frequently found in treated Graves’ 
patients than in untreated patients or controls [22]. Vasculitis 
may manifest with arthritis, vasculitic rash, respiratory symp-
toms, or acute renal dysfunction. This rare complication develops 
early during MMI treatment, while the risk of vasculitis increases 
with time in PTU- treated patients [23]. Vasculitis requires prompt 
thionamide withdrawal; treatment with glucocorticoids or other 
immunosuppressive drugs may be necessary.

Because of potential thionamide adverse events, patients should 
be carefully informed and advised to get in touch promptly with 
their caregiver [17].

Dose Regimens

ATDs can be administered with two different regimens:  the 
Titration method, in which the lowest thionamide dose maintaining 
euthyroidism is used, and the Block- and- Replace method, in 
which high doses of thionamides are persistently given combined 
with levothyroxine replacement to avoid hypothyroidism [24].

In the Titration method, treatment is usually initiated with 
15– 40 mg/ day of MMI (in a single dose or divided doses) or 300– 
400 mg of PTU (always in divided doses). The choice of the initial 
daily dose depends on the severity of hyperthyroidism [17]. Thyroid 
function should be periodically assessed by measuring serum- free 
T4 and T3 concentrations, while serum thyroid- stimulating hor-
mone (TSH) remains suppressed for several weeks after restoration 
of euthyroidism. The daily thionamide dose is tapered down to the 
lowest effective dose, generally 2.5– 5 mg of MMI or 50– 100 mg of 
PTU. Normalization of thyroid function usually occurs within 4– 12 
weeks. Evaluation of thyroid status should be made every 4– 6 weeks 
for the first 4– 6 months, and then every 3– 4 months.

In the Block- and- Replace method, high doses of thionamides are 
administered (with no adjustment) together with levothyroxine. The 
rationale is that high doses of ATDs might have a greater immuno-
suppressive effect abating the autoimmune process and leading to 
permanent remission, but this putative effect remains to be dem-
onstrated. With the Block- and- Replace method avoidance of hypo-
thyroidism seems easier than with the Titration method, and the 
number of visits lower [24]. On the other hand, the prolonged use 
of higher doses of thionamides (e.g. 30– 40 mg/ day of MMI) might 
expose the patient to a potentially higher risk of adverse events [24]. 

This conclusion might not be tenable any longer in view of the lower 
than in the past doses of ATDs used also in the Block- and- Replace 
method [25]. The high number of daily tablets (unless high- dose 
tablets are available) may, however, decrease compliance with 
therapy. The Block- and- Replace regimen does not offer any advan-
tage in terms of permanent remission of hyperthyroidism, while it 
may bear a slightly higher risk of side effects [24].

Duration of Treatment

Using the Titration method, a 18- month treatment is associated 
with a significantly lower relapse rate than a 6- month treatment 
[24]. There seems to be little advantage to prolong treatment up to 
24 or 42 months [24], although the use of high doses of thionamides 
may result in a longer relapse- free period following thionamide 
withdrawal [26]. Using the Block- and- Replace regimen, extension 
of ATD treatment from 6 months to 12 months does not enhance 
the chance of a permanent remission of hyperthyroidism [27]. This 
view is not shared by some authors who have advocated the efficacy 
of very long treatment with low doses of thionamides [28].

outcome of Treatment

The major limitation of ATD treatment is the high relapse rate after 
drug withdrawal. As many as 30– 70% of patients experience a re-
lapse of hyperthyroidism [9] , in the majority of cases within one 
year after ATD discontinuation [29]. Hyperthyroidism may how-
ever relapse even years after ATD withdrawal [25]. A  substantial 
proportion of thionamide- treated patients become spontaneously 
hypothyroid with time [30], indicating that a lifelong follow- up is 
needed after ATD treatment.

There is no reliable single predictor of ATD treatment outcome. 
However, patients with large goitres that do not shrink, severe hyper-
thyroidism difficult to control even with high ATD doses, detectable 
TRAb levels at the end of the treatment course, are indeed very good 
candidates to have a relapse of hyperthyroidism [31] (Table 3.3.6.3). 
Failure of TRAb to become undetectable almost invariably pre-
dicts relapse of hyperthyroidism following thionamide withdrawal, 
but also patients whose TRAb levels become undetectable during 

Table 3.3.6.3 Risk factors for relapse of hyperthyroidism 
after antithyroid drug treatment

Factor Impact on relapse

Large goitre Strong

Age <40 years Likely (controversial)

Male gender Uncertain

Difficult control of hyperthyroidism with high  
ATD doses

Strong

Smoking Strong

Detectable TRAb at the end of the ATD course* Strong

Postpartum period Strong

TRAb, TSH- receptor antibody. *Relapses are frequent also in patients whose TRAb tests 
are negative at the end of ATD treatment.
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treatment have a relatively high chance of experiencing a relapse 
of Graves’ hyperthyroidism [31]. Persistence of high TRAb levels 
during ATD treatment might represent an indication to switch to 
a definitive treatment of hyperthyroidism by RAI or thyroidectomy 
even before completion of the ATD course [32].

Men have a lower remission rate than women, while young age 
(less than 40 years) seems to be associated with a higher relapse rate 
[31], possibly because hyperthyroidism tends to be less severe in 
older people. Smoking might reduce the likelihood of a permanent 
remission after ATD treatment [33] (Table 3.3.6.3).

Recently, a predictive score (GREAT, Graves’ Recurrent Events 
After Therapy), calculated as the sum of scores given to four clin-
ical markers (age, serum- free thyroxine levels, serum TRAb levels, 
goitre size by palpation) assessed at diagnosis, has been developed 
[34] and has received an initial external validation as a good pre-
dictor of relapse after a course of ATDs [35– 37]. Another (clinical 
severity score, CSS), based on the Merseburg triad (hyperthy-
roidism, goitre, and orbitopathy) has been shown to predict con-
trol of hyperthyroidism at 6 and 12 months of ATD treatment, but 
no information is insofar available on its predictivity of recurrences 
after ATD withdrawal. Predictive scores, by grouping single risk 
factors at diagnosis, might contribute to selecting the most appro-
priate treatment (conservative vs. ablative) in an individual patient 
at diagnosis

While in children and adolescents a second course of ATD treat-
ment may be proposed if hyperthyroidism recurs, in adults relapse 
of hyperthyroidism after ATD therapy commonly is an indication 
to switch to definitive therapy (RAI or thyroidectomy), although a 
shared decision- making process is advised, keeping patient choice 
in due consideration.

ATD Treatment During Pregnancy and Lactation

Untreated hyperthyroidism is risky for the mother (pre- eclampsia, 
congestive heart failure), the fetus (accelerated bone maturation, 
growth retardation, prematurity, stillbirth, small risk of malforma-
tions), and pregnancy outcome (miscarriage, preterm delivery) [38]. 
Thus, restoration and stable maintenance of euthyroidism are war-
ranted, although, in general, Graves’ hyperthyroidism tends spon-
taneously to improve during pregnancy [39]. Conversely, Graves’ 
hyperthyroidism may develop or be exacerbated in the postpartum 
period [40], although the relapse associated with the postpartum 
period appears to be more prone to undergo permanent remis-
sion and should probably be treated conservatively [41]. ATDs are 
the treatment of choice for Graves’ pregnant women, because RAI 
therapy is contraindicated in pregnancy (as well as during lacta-
tion), and surgery is only exceptionally indicated, in this case in the 
second trimester [9, 17]. As mentioned in the paragraph on adverse 
events of thionamides, rare cases of aplasia cutis and ‘CBZ/ MMI 
embryopathy’ have been reported in the offspring of mothers given 
MMI [18]. However, milder and less frequent malformations were 
also associated with prenatal exposure to PTU [19]. Thus, if PTU 
may still be preferred, for its lower risk, during the first trimester 
of pregnancy when organogenesis occurs, the current recommen-
dation, in view of the possible severe PTU- related hepatoxicity, is 
that the pregnant woman be switched to MMI after the sixteenth 
week of pregnancy [17,  42]. In women whose preconception 

hyperthyroidism is controlled with very low doses of thionamides, 
an attempt might be made to stop treatment during pregnancy [19]. 
The goal of ATD treatment during pregnancy is to use the lowest 
dose of thionamides sufficient to maintain free thyroid hormones 
in the high- normal range, avoiding the risk of fetal hypothyroidism 
and goitre on one hand, and the risk that even mild maternal hypo-
thyroidism may affect subsequent neuropsychological development 
in the offspring [17].

The use of thionamides during lactation appears to be safe, and 
doses of MMI up to 10  mg/ day do not affect newborns’ thyroid 
function. PTU is also safe for breastfeeding. In view of thionamide 
pharmacokinetics, it seems wise to suggest taking thionamide pill 
shortly after breastfeeding.

ATD Treatment of Hyperthyroidism in Children 
and Adolescents

Graves’ disease is the most common cause of hyperthyroidism also 
in children and adolescents, and ATD treatment is the first- line 
treatment in the majority of them [20]. Remission rate after ATD 
treatment is lower in children than in adults. Thus, many if not 
most children/ adolescents eventually require either RAI therapy or 
thyroidectomy [20]. Sometimes switching to definitive treatments is 
mandatory because of thionamide adverse events, which are more 
common in young patients. Although MMI may be associated also 
in children with a low but real risk of side effects, the risk is much 
higher using PTU [20]. In particular, PTU- induced liver failure 
may develop in 1:2000– 1:4000 children treated with this drug [43], 
and reversible hepatotoxicity is likely much more frequent [43]. For 
these reasons, only MMI should be used in children/ adolescents.

neonatal Hyperthyroidism

Neonatal hyperthyroidism is due to the transplacental passage of 
maternal TSH- receptor autoantibodies. It is therefore a transient 
condition, which however requires a vigorous, although short- term, 
treatment with thionamides, in association with propranolol (or 
other β- blockers) and iodine [44].

ATD Treatment Before, During,  
and After RAI Therapy

Whether ATD pretreatment may decrease the effectiveness of sub-
sequent RAI therapy has been long discussed. Two prospective, 
randomized studies demonstrated that MMI pretreatment does not 
decrease the effectiveness of RAI [45]. On the other hand, PTU pre-
treatment can cause a reduced cure rate [46]. Thus, it seems that 
only PTU pretreatment may cause a decrease in the efficacy of RAI, 
probably due to its longer radioprotective effect. This problem can 
however be overcome using higher therapeutic doses of RAI [47]. 
Thionamide pretreatment has the obvious beneficial effect of con-
trolling hyperthyroidism: this is warranted in older people and in 
patients with relevant comorbidities [48]. ATDs should be with-
drawn 5– 7 days prior to RAI therapy. A short course of lithium car-
bonate for 2 weeks after RAI administration prevents effectively any 
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increase in serum thyroid hormone levels due either to ATD dis-
continuation or RAI cytotoxicity and is associated with a prompter 
control of hyperthyroidism and goitre shrinkage after RAI therapy 
[49]. There is convincing evidence that continuation of ATD treat-
ment during RAI therapy or its reinstitution shortly after [50] is 
bound to a higher rate of treatment failure. Thus, ATD treatment 
should be restarted only in at- risk patients (old patients with associ-
ated comorbidities) and at least 7– 10 days after RAI therapy.

ATD Treatment Before Thyroidectomy

Control of hyperthyroidism prior to thyroidectomy is mandatory. 
ATDs must be administered until euthyroidism is restored, and 
iodide (Lugol’s solution or saturated solution of potassium iodide) 
or inorganic iodine should be added for 1– 2 weeks prior to thyroid 
surgery. In case of urgent and emergent surgery that cannot be post-
poned, a combination of radiographic contrast agents, β- blockers 
and glucocorticoids should be added, because of the delayed effect 
of thionamides [51].
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Introduction

For more than 70 years radioactive iodine has been used successfully 
in the treatment of thyroid diseases in millions of patients. After the 
first therapy took place at the Massachusetts General Hospital in 
Boston in 1941 it was however, not until after the Second World War 
that I- 131 became generally available for clinical applications [1] .

The radioactive iodine isotope is chemically identical to ‘stable’ 
iodine (I- 127) and thus becomes a part of the intrathyroidal 
organification and metabolism. Its principle of action is based 
on the emission of β- rays with a range of 0.5– 2 mm in the tissue 
leading to high local radiation absorbed doses while sparing sur-
rounding structures. The additional gamma- ray component of I- 
131 allows for scintigraphic imaging of the distribution in the gland 
and can also be used for pre-  and post- therapeutic individual dos-
imetry (see next).

Several therapeutic options are available for the treatment of be-
nign thyroid disorders, namely hyperthyroidism: surgical resection 
(hemithyroidectomy, near- total or total thyroidectomy), long- term 
antithyroid drug medication (ATD), radioiodine therapy (RAIT) 
[2– 4] and more recently locally ablative procedures [5] . These 
different treatment modalities are used in varying frequencies 
depending on geographical location (e.g. iodine supply, availability 
and logistics, ‘cultural’ background, local experience), and patient 
specific features like goitre size, presence of local symptoms, age, 
and hormonal status.
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The diversity of approaches on an international scale still remains 
impressive and is reflected by a great heterogeneity throughout 
Europe and also as compared to the United States where RAIT is 
still being applied more frequently than in most European countries 
[4, 6– 9].

Radioiodine therapy was originally aimed at eliminating hyper-
thyroidism and thus leaving the patient euthyroid. Current 
strategies however established postradioiodine induction of hypo-
thyroidism as treatment objective, thus included in the category of 
‘cure’. This definition holds especially true for the management of 
Graves’ disease (GD) when long- term hypothyroidism was the rule 
and stabilization of euthyroidism failed in the majority of cases. In 
fact, the term ‘ablation’, meaning removal or destruction, has been 
increasingly used to characterize the outcome of RAIT and admin-
istration of larger amounts of radioiodine have tended to make this 
a self- fulfilling prophecy. Although many clinicians prefer that the 
end result of treatment should be the more easily managed hypo-
thyroidism, others are still reluctant to give up the therapeutic ideal 
of euthyroidism as the preferred result of radioiodine therapy and 
continue their efforts to solve the enigma of thyroid radiosensitivity.

Indications

The causes of hyperthyroidism include the following:  (a) auto-
immune hyperthyroidism called previously toxic diffuse goitre 
(GD); (b) toxic adenoma; (c) toxic multinodular goitre (Plummer’s 
disease); (d) silent thyroiditis; and (e) painful subacute thyroiditis. 
The first three entities constitute a clear indication for radioiodine 
treatment, while silent thyroiditis and subacute thyroiditis for 
reasons of the underlying pathophysiology are not treated with 
radioiodine.

Recently, there has been an emerging role for I- 131 in the treat-
ment of subclinical hyperthyroidism caused by any of the three 
first thyroid dysfunctions. Another category that is frequently re-
garded as a suitable entity for this kind of treatment is non- toxic 
goitre (NTG) which encompass a group of patients who are eu-
thyroid but may clinically benefit from a reduction of the organ 
volume [10– 12]. The available treatment options in NTG patients 
in whom the risk of malignancy is considered low (i.e. was ruled out 
by fine needle aspiration cytology are ‘wait and see’ policy, surgery, 
thyroid hormone/ iodine therapy, and radioiodine treatment). The 
main indications for radioiodine treatment of NTG are to reduce 
the size of goitre to relieve compressive signs or symptoms and sec-
ondly alleviate potential cosmetic problems for the patient. Surgery 
remains the fastest and most effective way to reduce goitre size and 
relieve any acute compressive symptoms and is mandatory if there 
are any doubts about malignancy, but in elderly, frail, and patients 
with comorbidities RAIT represents a feasible alternative [13]. 
Preparation with recombinant human thyroid- stimulating hor-
mone (rhTSH) for the augmentation of the radioiodine uptake in 
hypofunctional areas of goitre was evaluated in prospective studies 
but is not formally approved for this setting [14– 16].

Radioiodine is in most cases the first line treatment for GD and 
toxic adenoma, or it can be administered if hyperthyroidism is not 
controlled or recurs after antithyroid drug treatment [17]. Surgery 
needs to be considered if there are contraindications to radioiodine 
therapy.

Contraindications

Pregnancy and breast feeding are absolute contraindications to 
radioiodine treatment; all females of reproductive age should have 
a pregnancy test immediately before administration. It is recom-
mended that women not attempt conception for 6– 12 months after 
radioiodine treatment. I- 131 is generally not indicated for patients 
who are incontinent of urine, whereas concomitant haemodialysis 
for renal failure represents no exclusion criterion and is routinely 
performed in experienced centres.

Technical Aspects and Response to Radioiodine

The effect of radioiodine therapy is gradual and varies substan-
tially among individuals resulting in the necessity for repeated 
testing after the treatment to rule out persistent hyperthyroidism 
or short- term development of a hypothyroid state. After 4 to 6 
weeks a follow- up visit may be sensible to evaluate the effect of 
the procedure. In case of pre- existing marked hyperthyroidism 
symptom relief should be achieved peritherapeutically by the ad-
ministration of β- blocking agents and resumption of antithyroid 
drugs should be considered when tachycardia and/ or palpitations 
are present. The potential influence of ATD on radioiodine kinetics 
and on the therapeutic outcome has led to the recommendation, 
that coadministration of methimazole and propylthiouracil should 
be avoided [18– 22]. If tolerated restarting ATD should preferably 
be initiated approximately 1 week after the radioiodine has been 
administered.

Potential Side effects

Acute Side effects

Clinical exacerbation of hyperthyroidism after radioiodine treat-
ment appears to be relatively uncommon and is usually of minor 
clinical significance. It presumably is related to radiation thyroiditis, 
with destruction of thyroid follicles and release of thyroglobulin 
and stored hormone into the circulation. There may be a transient 
rise in fT4 and fT3 levels several days following administration, 
and patients suffering from poorly controlled symptoms before 
radioiodine therapy may encounter an exacerbation of cardiac ar-
rhythmia and heart failure. In some patients a ‘thyroid storm’ may 
develop. Intravenous infusion of antithyroid drugs, corticosteroids 
and β- blockers is the treatment of choice, but prophylactic meas-
ures and thorough initial work- up are crucial.

Patients with large goitres may notice transient swelling and dys-
pnoea in some cases and some discomfort may be associated with 
it. Slight irritation of the salivary gland function may be noted, 
but in contrast to thyroid cancer, the risk of permanent injury is 
negligible due to the much lower activities applied for therapy of 
thyrotoxicosis [4] .

Hypothyroidism

The main (side- )effect of radioiodine treatment is permanent hypo-
thyroidism. Its rates vary and incidence continues to increase over 
time, so that lifelong follow- up is essential. Pretreatment prediction 
is hardly possible using current variables; however, the appearance 
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is higher in GD than in toxic goitre and relatively uncommon in 
solitary hyperfunctioning nodules.

The most prominent radiobiological factor for the determination 
of overall outcome besides radiation sensitivity of the thyroid fol-
licular cells remains to be the radiation absorbed dose to the thyroid 
tissue, its exact calculation however being one of the obstacles in 
therapeutic nuclear medicine.

ophthalmopathy

GD is frequently accompanied by ophthalmopathy; the reported 
incidences largely depending on the diagnostic criteria employed 
[23– 26]. Prospective, randomized, controlled trials have shown that 
radioiodine treatment is associated with a greater risk of the ap-
pearance or worsening of ophthalmopathy in Graves’ patients than 
antithyroid treatment. The risk is especially increased in patients 
who smoke cigarettes in keeping with the importance of smoking 
as a susceptibility factor in the development of ophthalmopathy, 
thus patients should be strongly advised to quit smoking. Oral or 
intravenous administration of steroids helps preventing exacer-
bation of thyroid eye disease, and this approach has to be con-
sidered the standard of care in patients who have clinically active 
ophthalmopathy at the time of treatment [22– 24, 26, 27]. A radi-
ation absorbed dose below 200 Gy, a thyroid volume of more than 
60– 80 ml and use of radioiodine without steroid medication have 
been shown to be associated with a higher risk of worsening of eye 
symptoms. Despite the controversy regarding adequate manage-
ment of patients with Graves’ hyperthyroidism and thyroid eye dis-
ease, most authors agree that in the presence of predisposing risk 
factors such as large goitres or heavy smoking, ablative therapy 
should be recommended [27– 33].

Radiation- Induced Cancers

A small excess of mortality from malignancy was reported in one 
investigation but the study was biased by the increased surveil-
lance. In other large series, no effects of radioiodine therapy on 
survival have been observed, whereas some reports suggested 
an increased relative risk for the development of certain types of 
cancer (thyroid, stomach, bladder, kidney, and haematological 
malignancies). However, these observations still remain to be con-
firmed by monitoring larger patient samples, so that currently no 
definite conclusion with respect to risk for subsequent malignan-
cies can be drawn [34– 36].

Dosimetry

For the treatment of GD or Plummer’s disease (toxic nodular goitre) 
I- 131 is normally administered orally using activities between 100 
MBq and 1500 MBq.

The rationale behind dosimetry for this kind of treatment is that 
the incidence of long- term hypothyroidism is higher with an earlier 
onset for patients treated with higher activities [37] resulting in an 
attempt to individualize and thus optimize therapy. A  large vari-
ation exists in the literature on the value of target absorbed dose to 
be delivered to the hyperthyroid tissue to become euthyroid. Most 
authors indicate 70 Gy but absorbed doses as high as 200 Gy are 
reported [37].

For a pretherapeutic dosimetric assessment of the activity needed 
to achieve a certain prescribed absorbed dose to the target volume 
the formalism described in the EANM SOP on dosimetry prior to 
radioiodine therapy of benign thyroid diseases is recommended for 
use [38]:
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Constant (valid for a thyroid with M = 20 g) which will typically 
introduce ≤5% error for masses M ≤90 g and produce results with 
adequate accuracy for most patients [38]. A simple mass- dependent 
expression for the factor 1/ Ē is provided in the supplement of the 
EANM SOP and may be used for an improved estimate in large 
goitres [38].

Guidance to the assessment and details of the calculation pro-
cedures can be found in the EANM SOP [38]. In short, a determin-
ation of the mass of the target volume and of the pretherapeutic 
iodine biokinetics are needed. For measuring the biokinetics either 
repeated scans of the neck or probe measurements of the patient’s 
thyroid are needed [39]. Care of the appropriate calibration of the 
measuring system should be taken.

The thyroid or the target volume mass is generally determined by 
ultrasound [40], by pretherapeutic scintigraphy [41], by computed 
tomography [42], by magnetic resonance imaging [43], or by I- 124 
PET [44– 46].

This dosimetric approach assumes that the iodine kinetics of 
a tracer and of a therapeutic amount of administered activity are 
similar. For a confirmation of the absorbed dose achieved after 
therapy a post- therapeutic dose assessment is recommended as, ac-
cording to some authors, a pretherapeutic tracer ‘dose’ may induce 
‘stunning’. This effect might limit the uptake of the therapeutic ac-
tivity in the thyroid gland [47].

Due to the uncertainties related to all of these procedures de-
scribed here, an overall systematic uncertainty of the dose assess-
ment process of 30– 50% must be assumed [48].

Special Considerations in Children

Hyperthyroidism in children is mostly caused by GD and the risk 
of relapse in this age group is much higher than in adults. There is 
good evidence that the fetal and young thyroid is particularly sen-
sitive to radiation and it is therefore appropriate to avoid treating 
hyperthyroid children with radioiodine if reasonable and safe alter-
natives are available. This can be a challenging decision since sur-
gical thyroidectomy in young children has been accompanied by a 
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relatively high morbidity and antithyroid drugs have a certain in-
cidence of compliance problems and drug complications [49– 51]. 
At the very least, an extended trial of antithyroid drugs is advisable, 
although occasionally drug toxicity makes this strategy impractical.

However, reports of radioiodine therapy in young children have 
shown that it is effective and late follow- up has shown no dele-
terious effects [52].
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Introduction

Thyrotoxicosis, or the constellation of symptoms resulting from 
hyperthyroidism, is most often due to a single hyperfunctioning 
nodule (toxic adenoma), toxic multinodular goitre (Plummer’s dis-
ease), or diffuse toxic goitre (Graves’ disease). Symptoms may include 
anxiety, fatigue, palpitations, weight loss, heat intolerance, diarrhoea, 
and/ or menstrual irregularities (in women), and patients may pre-
sent with tremor, tachycardia or atrial fibrillation (particularly in 
older patients), thyromegaly with an audible bruit, and/ or proptosis 
(Graves’ orbitopathy or thyroid eye disease (TED)). Thyrotoxicosis 
is managed in one of three ways:  use of antithyroid medications 
(ATDs) to decrease thyroid hormone production, destruction of 
thyroid tissue with radioactive iodine (RAI), or surgical resection of 
the thyroid (thyroidectomy). Of the three, surgery is the most inva-
sive but also the most definitive, and may be favoured over medical 
management or RAI depending on specific clinical factors, patient 
preferences, and healthcare infrastructure (Table 3.3.8.1 [1– 3]).

Definitive indications for thyroidectomy in the setting of thyrotoxi-
cosis include symptomatic compression, concomitant documented 
or suspected malignancy (including thyroid nodule(s) suspicious 
for malignancy or greater than 3– 4 cm in size), or coexisting hyper-
parathyroidism requiring surgical intervention. Surgery may be the 
most timely and definitive therapy for women who are pregnant or 
lactating, or who are planning pregnancy (ideally upon return to 
normal thyroid levels), and is favoured for patients with moderate 
to severe TED. Surgery is also appropriate in situations in which 
immediate control of symptoms is necessary (concomitant cardiac 
comorbidities with exacerbation) or in thyroid storm refractory to 
medical therapy. Other considerations for surgery include medica-
tion intolerance or non- adherence, failure to achieve a euthyroid 
state with medication, and/ or patient preference to avoid exposure 
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to radioactivity or prolonged medication use. Contraindications to 
thyroidectomy include severe medical comorbidity precluding op-
eration or presence of terminal disease states substantially limiting 
life expectancy. Relative contraindications to thyroidectomy include 
previously operated or irradiated necks or concurrent pregnancy in 
the first or third trimesters due to the increased risk of fetal loss or 
the risk of preterm labour, respectively [1, 2].

The decision to proceed with thyroidectomy for thyrotoxicosis 
also depends on the pathogenesis of the disease. Patients with toxic 
adenomas or Plummer’s disease are less likely to gain long- term 
control of hyperthyroidism with ATDs, and as such either RAI 
or thyroidectomy is favoured over medication. For patients with 
Plummer’s disease, thyroidectomy offers near immediate resolution 
of hyperthyroidism with a low risk (<1%) of disease recurrence, as 
compared to 20% risk with RAI; treatment failure rates may be even 
higher in patients with very large goitres undergoing RAI. These 
benefits associated with surgery are balanced by the risk of hypo-
thyroidism— 100% post- thyroidectomy as compared to 3% at 1 year 
after RAI, and increasing thereafter [2] . As with all aetiologies for 
thyrotoxicosis, symptomatic compression, or concern for concur-
rent malignancy favours thyroidectomy.

Choices of Thyroid Surgery

Thyroid lobectomy, while inappropriate for patients with global 
glandular dysfunction as in Graves’ or Plummer’s disease, is advan-
tageous for the patient with a toxic adenoma. In this setting the re-
mainder of the gland is functionally suppressed but physiologically 
capable of normal function. Thyroid lobectomy for toxic adenoma 
is associated with a faster return to the euthyroid state (2– 3 days 

versus 75% response rate at 3 months) and a lower risk of disease 
recurrence (<1% vs. 3– 5.5%) as compared to RAI. Additionally, 
although rates of hypothyroidism after lobectomy for non- toxic 
nodules are as high as 20%, hypothyroidism after lobectomy for 
toxic adenoma is uncommon (2– 3%) [2] .

For the patient with global glandular dysfunction, a sub-
total or total thyroidectomy is appropriate. Historically subtotal 
thyroidectomy (thyroidectomy leaving approximately 2.5 gm of 
tissue) was utilized to avoid postoperative hypothyroidism, and re-
mains particularly useful in geographic areas in which hormone re-
placement is not readily available. The Hartley- Dunhill procedure, 
which also attempts to preserve thyroid function by performing a 
thyroid lobectomy with a subtotal lobectomy on the contralateral 
side, has the theoretical advantages of making it easier to tailor the 
size of the remnant and limiting reoperative dissection to one side in 
the case of disease recurrence, thus decreasing the risk of recurrent 
laryngeal nerve injury. In reality there are no observed differences 
in the rates of recurrent laryngeal nerve injury, permanent hypocal-
caemia, wound complications, operative mortality, or disease recur-
rence between the two subtotal approaches [4, 5]. When choosing 
a subtotal approach, the size of the remnant can be tailored to the 
exact patient situation. Younger patients, those with TED, and those 
with high thyroid- stimulating immunoglobulin titres are at higher 
risk for disease recurrence and thus may benefit from a smaller 
remnant, whereas patients with concurrent Hashimoto’s disease or 
toxic multinodular goitre may have a lower risk of recurrence and 
can be left with a larger functional thyroid remnant.

With the availability of synthetic hormone replacement, total or 
near- total thyroidectomy is now the favoured operative approach 
as compared to subtotal thyroidectomy, with a lower risk of dis-
ease recurrence (0% vs. 7.6% in one study of 346 patients; 0% vs. 

Table 3.3.8.1 Comparison of thyroidectomy, radioactive iodine ablation, and medical therapy for thyrotoxicosis

Thyroidectomy Radioactive iodine ablation (RAI) Medical therapy

Time of onset • Immediate • 4– 6 months • 4– 6 weeks

Advantages • Immediately curative with quick onset
• May be beneficial for patients with 

limited access to care
• Cost- effective

• Less invasive than surgery
• May be more cost- effective for patients above 

age 60

• Noninvasive
• Non- ablative (retain native thyroid 

function)
• Achieves remission in 40– 50% of 

patients after 12– 18 months

Disadvantages • Typically requires medical therapy 
preoperatively

• Invasive— risk of surgical injury
• Results in iatrogenic hypothyroidism

• Requires medical therapy preprocedure in 
selected patients due to the risk of transient 
worsening of thyrotoxicosis

• ~80% become hypothyroid within 2– 
3 months of treatment

• 5– 15% require repeat treatment
• Requires isolation
• Avoid radioactivity in women who are 

pregnant or lactating
• 15– 20% risk of inducing/ aggravating Graves’ 

orbitopathy*

• Medication non- adherence
• Side effects
Rare but serious:
• Agranulocytosis
• Hepatotoxicity
• Birth defects (methimazole)
• Vasculitis
More common but less serious:
• Rash
• Arthralgias

Patient 
preferences2

Patients choosing surgery likely place 
a higher relative value on prompt and 
definitive control of symptoms and 
avoidance of radioactivity and/ or side 
effects from medications, with less relative 
concern for potential surgical risks and 
need for lifelong hormone replacement

Patients choosing RAI likely place a higher relative 
value on definitive control of symptoms with 
avoidance of surgery and/ or side effects from 
medications, with less relative concern for the 
rapid resolution of symptoms, need for lifelong 
hormone replacement, and worsening of Graves’ 
orbitopathy

Patients choosing medication likely place 
a higher relative value on the possibility 
of remission and avoidance of lifelong 
hormone replacement, and avoidance 
of surgery or radioactive exposure, with 
less relative concern for medication side 
effects and/ or disease recurrence

*Exacerbation of orbitopathy may be ameliorated by concomitant steroid use.
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30% in another study of 136 patients) and no major differences in 
the rates of permanent hypoparathyroidism, recurrent laryngeal 
nerve injury, or postoperative hematoma formation [6– 9]. Total 
thyroidectomy carries a higher rate of temporary postoperative 
hypocalcaemia (20– 30% vs. 4– 13%) as compared to subtotal ap-
proaches, and it is important to counsel the patient preoperatively 
about this risk.

Preoperative evaluation

Patients who present with dysphonia, change in vocal perception, 
or with a history of previous neck operation should undergo evalu-
ation of the vocal cords preoperatively (most often with direct laryn-
goscopy or videostroboscopy). Once a decision has been made to 
pursue thyroidectomy patients should be rendered euthyroid with 
ATDs, β- blockade, and/ or iodinated solutions such as Lugol’s so-
lution (LS) [2] . Antithyroid drugs (methimazole, propylthiouracil) 
inhibit thyroid hormone synthesis (with propylthiouracil also 
inhibiting T4 to T3 conversion), with onset of action over a 2-  to 
6- week period. Propylthiouracil is considered second line except in 
patients who are allergic or intolerant to methimazole. Adverse ef-
fects are rare but can be serious, with agranulocytosis occurring in 
1 in 500 patients and most often presenting with fever and pharyn-
gitis, usually within the first 90 days of drug use. Hepatoxicity oc-
curs between 0.3 to 0.7 per 1000 patients and is usually manifested 
by cholestatic injury with methimazole and hepatocellular injury 
and/ or fulminant liver failure with propylthiouracil; hepatotoxicity 
from both drugs typically presents within the first three months 
of use [2]. Skin rashes with pruritis can also occur. Β- blockade is 
particularly useful in controlling symptoms during the initiation of 
ATDs, with relief of tachycardia, palpitations, tremors, anxiety, and 
heat sensitivity. Additionally, at high doses, some β- blockers may 
also inhibit peripheral conversion of T4 to T3 (propranolol, atenolol, 
and metoprolol) [1].

LS, a combination of elemental iodine and potassium iodide in 
distilled water, or its equivalents (saturated solution of potassium 
iodide— SSKI, or potassium iodide— KI, hereafter used inter-
changeably for the purposes of this chapter) are often used either 
alone or as adjuncts to β- blockade and/ or ATDs in the preoperative 
setting. Currently the American Thyroid Association recommends 
preoperative treatment with LS in most patients with Graves’ dis-
ease to decrease thyroid blood flow, vascularity, and intraoperative 
blood loss during thyroidectomy [2] . Although initially used as 
preoperative therapy prior to thyroidectomy in 1929, and recom-
mended by the ATA [10], controversy remains regarding the utility 
of preoperative treatment with LS [11].

The strongest data supporting the use of LS prior to thyroidectomy 
comes from several small randomized trials. Erbil and colleagues 
[12] demonstrated decreased thyroid blood flow on Doppler ultra-
sound, decreased microvessel density on pathologic examination, 
and lower operative blood loss (54.4  ml vs. 108.7  ml, P <0.001) 
in 17 patients with Graves’ disease treated preoperatively with 
LS versus 19 patients treated without. Similarly, Yilmaz and col-
leagues [13] randomized 40 patients with either Graves’ disease 
or toxic multinodular goitre to preoperative treatment with LS 
versus without; the patients treated with LS had lower mean thyroid 
blood flow as measured on Doppler ultrasound and experienced 

significantly less intraoperative blood loss than those not treated 
(76  ml vs. 172  ml, P  =  0.0001). Another group randomized pa-
tients with euthyroid Graves’ disease undergoing thyroidectomy to 
pretreatment with SSKI versus none and demonstrated a trend to-
wards less blood loss in the SSKI treated group (61.7 vs. 161.7 ml, 
P = 0.054) [14]. None of these studies included data on differences 
in postoperative complication rates between the groups, and some 
critics have questioned whether the observed differences translate 
to a clinically meaningful difference [15].

In a retrospective study of 162 patients with Graves’ disease 
undergoing thyroidectomy without preoperative KI, Shinall and 
colleagues [15] demonstrated similar outcomes (operative blood 
loss, duration of operation, and rates of complications including 
nerve injury, permanent hypocalcaemia, and hematoma forma-
tion) as compared to 102 patients with toxic multinodular goitre 
undergoing thyroidectomy in whom preoperative KI is not indi-
cated. They concluded that the equivalent results between the two 
groups suggests that medical therapy exclusive of iodinated solu-
tions combined with expert surgical technique renders the utility 
of iodinated solutions obsolete. Another retrospective study con-
cluded that postoperative morbidity rates among 382 patients with 
Graves’ disease undergoing thyroidectomy without preoperative 
LS were similar to that of historical controls, with 1.1% (n = 4) re-
quiring reoperation for haematoma, 3.7% (n = 14) developing per-
manent hypocalcaemia, and 2.4% (n  =  9) sustaining permanent 
nerve injury [16].

While meaningful for the patient who experiences them, the rate 
of complications after thyroidectomy is generally low, and as such 
using complications as a measure of the success or failure of therapy 
with iodinated solutions such as Lugol’s may not be realistic. The 
side effects incurred from a short course of LS or other iodinated 
solution are rare and generally well tolerated, and it is the authors’ 
practice to use this adjunct therapy.

In patients in whom the need for thyroidectomy is urgent, or in 
whom ATDs fail to render a euthyroid state, cholestyramine and/ 
or glucocorticoids (hydrocortisone 100 mg every 8 hours) may be 
considered as adjuncts in the perioperative period [2] . Additionally, 
iodinated contrast dyes such as iopanoat can be effective, and in the 
event of thyroid storm can be administered via a nasogastric tube. 
Iodinated preparations can be halted after the patient is rendered 
afebrile and the cardiac and neurologic status improve. These pa-
tients are at high risk of thyroid storm and the care team should pre-
pare for the possibility with adequate IV access, vasoactive drugs, 
and appropriate preoperative counselling.

Surgical Procedure

The patient is positioned with the neck hyperextended and a rolled 
drape placed along the patient’s spine to assist in opening the sur-
gical field. A  horizontal incision is made in a natural skin crease 
approximately 1 cm below the cricoid cartilage. The platysma is div-
ided and superior and inferior subplatysmal skin flaps may be ele-
vated. The midline raphe is separated longitudinally and the strap 
muscles are dissected laterally taking care to avoid or ligate anterior 
jugular veins. The plane between the sternothyroid and sternohyoid 
muscle is separated gently to the ansa cervicalis. The middle thyroid 
veins are divided close to the gland to allow for additional lateral 
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retraction of the carotid sheath. As the thyroid is freed from sur-
rounding tissues and rotated medially, careful dissection along the 
capsule of the gland should allow for identification of the recur-
rent laryngeal nerve (Figure 3.3.8.1). The superior thyroid artery 
and vein should be ligated as close to the thyroid as possible. Care 
should be taken to avoid injury to the external branch of the re-
current laryngeal nerve (just lateral to the cricothyroid muscle) and 
the superior parathyroid gland (typically at the level of the cricoid 
cartilage). The inferior thyroid artery and vein are approached simi-
larly, with ligation close to the gland to avoid compromise of the 
parathyroid vascular supply. In the case of uncertainty regarding 
parathyroid location, frozen section of a portion of the suspected 
gland can be useful for parathyroid identification. Parathyroid auto-
transplantation should be considered for devascularized glands. 
Berry’s ligament is encountered as the thyroid is separated from 
the anterior surface of the trachea, and represents a common site 
of nerve injury as small vessels in this area may bleed and obscure 
visualization. After completion of the initial side the procedure is 
repeated on the contralateral side, with the understanding that if the 
function of the recurrent laryngeal nerve is in question it is better to 
defer additional operation until postoperative vocal cord function 
is assessed.

Complications

Thyroidectomy can be performed safely with very low rates of mor-
bidity and mortality. The most common serious complications fol-
lowing thyroidectomy are hypocalcaemia (transient or permanent), 
recurrent or superior laryngeal nerve injury (temporary or per-
manent), and postoperative hematoma. Surgeon experience (as 
measured by case volume) is well correlated with outcome [17, 18] 
and patients who undergo surgery by low- volume surgeons (<25 
cases/ year) are at an increased risk for any complication (odds ratio 
1.51, P = 0.002). Among high volume thyroid surgeons the rates of 
permanent hypocalcaemia are <2%, permanent recurrent laryngeal 
nerve injury <1%, reoperation for hematoma 0.3– 0.7%, and mor-
tality less than 1 in 10  000 [2] . Transient hypocalcaemia is more 

common, with variable rates depending on study definition and 
ranging between 6 and 72% [19], and a median incidence of 27% in 
one meta- analysis [20].

When compared to patients undergoing total thyroidectomy 
for other indications, patients with Graves’ disease have a higher 
rate of symptomatic postoperative hypocalcaemia [19, 21,  22] 
(OR 1.75, 95% CI 1.34– 2.28 in one large meta- analysis [20]). 
Most often transient, the presumed mechanisms for the increased 
risk of hypocalcaemia are multifactorial and include parathy-
roid damage as well as other non- parathyroid mediated causes. 
From a technical perspective, the increased vascularity and fri-
ability of the gland makes visualization more difficult, and may 
place the parathyroid glands at a higher risk of inadvertent injury 
during operation. Additionally, the hyperthyroid biochemical 
profile may increase release of calcitonin during gland manipu-
lation. The hyperthyroid state preoperatively stimulates bone 
turnover (thyrotoxic osteodystrophy) and urinary calcium loss 
resulting in depletion of whole body stores of calcium, with post-
operative bone hunger noted after the hyperthyroid stimulus is 
effectively treated [19,  23] Technical factors, such as identifying 
and protecting all four parathyroid glands and leaving them on a 
well vascularized lateral pedicle during the operation is critical. 
Selective calcium and vitamin D supplementation both preopera-
tively and postoperatively have been proposed to decrease the rate 
of postoperative hypocalcaemia. One prospective study of 45 pa-
tients with Graves’ disease treated with oral calcium supplemen-
tation for two weeks preoperatively demonstrated a lower rate of 
symptomatic hypocalcaemia (9% vs. 26%, P <0.05) and a higher 
average postoperative calcium level (8.6  mg/ dl vs. 8.3  mg/ dl  
or 2.15 vs. 2.08 mmol/ L, P = 0.05) as compared to patients with 
Graves’ disease who did not receive preoperative supplementation 
[19]. It is the authors practice to correct vitamin D deficiency pre-
operatively, to selectively give preoperative calcium supplementa-
tion to patients with laboratory studies consistent with high bone 
turnover (elevated alkaline phosphatase and/ or osteocalcin), and 
to monitor postoperative parathyroid hormone (PTH) levels [24] 
combined with serum calcium values and the presence or absence 
of symptoms to guide postoperative calcium supplementation. 

(a) (b)

Figure 3.3.8.1 (a) The right recurrent laryngeal nerve; when dissecting around the nerve care is taken to avoid thermal injury from electrocautery, 
as demonstrated by the silk ligatures around small vascular bundles on either side of the nerve. (b) The noticeably enlarged thyroid gland after 
thyroidectomy in a symptomatic male.
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Criteria to initiate supplementation include serum calcium 
<7.2 mg/ dl, tingling or numbness in the postoperative period or 
serum PTH level <3.0 pg/ ml on lab draws on the evening of the op-
eration or on the morning prior to discharge after thyroidectomy.

Special Situations

Pregnancy

Pregnancy results in substantial physiologic changes in thyroid 
hormone production, which is often well tolerated in the healthy 
individual, but leads to unique considerations in the setting of 
thyroid dysfunction. Graves’ disease is the most common cause 
of hyperthyroidism in pregnancy, occurring in 0.2% of women 
during pregnancy [25]. Graves’ disease should be differentiated 
from gestational transient thyrotoxicosis, which is mediated by 
human chorionic gonadotropin (hCG) stimulation of the thyroid 
stimulating hormone (TSH) receptor, typically occurs in the first 
trimester, often is associated with hyperemesis, and is self- limited 
with typically milder symptoms. Pregnancy loss or stillbirth, 
prematurity, low birth weight, intrauterine growth restriction, 
thyroid storm, pregnancy induced hypertension, and maternal 
congestive heart failure are associated with poor control of ma-
ternal hyperthyroidism [26].

Treatment of thyrotoxicosis during pregnancy and after preg-
nancy/ during lactation has unique considerations. Antithyroid 
drugs have been associated with birth defects (3– 4% with 
methimazole, 2– 3% with propylthiouracil) and their use should 
be avoided in the first trimester when possible, or used at the 
lowest necessary dose [25]. Radioactive iodine is contraindicated 
during pregnancy or lactation, and, when given to a woman of 
childbearing age, pregnancy should be avoided within 6  months 
[1] . Thyroidectomy can be considered for pregnant women with 
Graves’ disease. If surgery is pursued and disease stability allows 
elective scheduling, thyroidectomy should be performed during 
the second trimester when the risk of preterm labour or pregnancy 
loss is lowest.

Paediatrics

Hyperthyroidism in childhood is rare, with only 1– 5% of all Graves’ 
disease presenting during this time, although Graves’ disease re-
mains the most common cause [27]. Antithyroid drugs are often the 
first line of therapy, but the rate of remission is lower than that seen 
in adults (20– 30% after 2 years of therapy) [28]. Ablation therapy 
with RAI is acceptable in the paediatric population, and data sug-
gest that paediatric glands may be more sensitive to RAI than 
adults, although there are similar limitations in efficacy for patients 
with large glands (>80 gm). In contrast to external radiation, which 
has a dose- dependent association with risk of thyroid cancer most 
pronounced at younger ages (<5 years), RAI has not been associ-
ated with later development of thyroid cancer. The effects of RAI on 
very young patients (<5 years) are not well described and as such 
thyroidectomy is generally favoured in this group. Thyroidectomy 
should be performed by an experienced endocrine surgeon [29]. 
The results are immediate and largely definitive, but there is a 
small risk of hypoparathyroidism, postoperative bleeding, and 
nerve injury. As with adults, children should be treated with ATDs, 

β- blockade, and/ or iodinated solutions to achieve a euthyroid state 
prior to thyroidectomy.

Thyroid eye Disease

Radioactive iodine ablation therapy is associated with new or 
worsening orbitopathy, or active TED, making these patients more 
appropriate for either medical management or thyroidectomy. 
Smoking cessation, corticosteroids at the time of therapy, and 
euthyroidism help prevent exacerbation and decrease the duration 
of TED [1]. Patients who smoke are more likely to develop TED 
when compared to non- smokers, and smoking reduces the effect-
iveness of treatments such as corticosteroids and RAI. Biologic 
drugs such as rituximab have had variable results when studied. 
Teprotumumab, a human monoclonal antibody against the insulin- 
like growth factor I receptor, has been suggested to be effective in 
reducing proptosis [30]. Care for the patient with TED should be 
coordinated by a multidisciplinary team of endocrinologists, sur-
geons, ophthalmologists, and radiation oncologists.

Summary

Thyrotoxicosis is managed with antithyroid medications (ATDs), 
radioactive iodine (RAI), or thyroidectomy, with patient comorbid-
ities and preferences guiding therapy. Of the three modalities, sur-
gery is the most invasive but also the most definitive. Thyroidectomy 
can be performed with minimal morbidity, particularly in experi-
enced hands, and should be considered in the patient who places 
more relative emphasis on prompt and definitive control of symp-
toms with avoidance of radioactive therapy and/ or medications, 
with less concern regarding operative risks and/ or need for lifelong 
thyroid hormone replacement. Preoperative treatment with ATDs, 
β- blockers, and/ or iodinated solutions to achieve a euthyroid state 
is recommended.
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Advantages and Disadvantages of the Various 
Treatment Modalities of Graves’ Disease

For decades, Graves’ disease therapeutic approaches have been 
debated and opposed [1]  up to the present time when a large 
consensus has been reached in favour of the antithyroid drug 
treatment being the first- line option, even in the United States [2].  
Table 3.3.9.1 summarizes the main characteristics of each type of 
treatment. The advantage- disadvantage balance of each modality 
should be discussed with the patients in order to reach as much 
as possible a personalized option based not only on disease pres-
entation but also on patient’s preference or professional and social 
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obligations. These differences reflect the fact that no single approach 
is optimal and that patients may require multiple treatments to 
achieve full recovery [3]. In contrast, it has also been considered 
that hypothyroidism should no longer be considered as a compli-
cation of the ‘radical’ treatment options but as the ultimate goal to 
prevent the relapse of the disease [4]. The cost- effectiveness of the 
various treatment modalities has been evaluated [5]. Radioiodine is 
the more cost- effective primary treatment modality while surgery 
is the more costly. The cost of the medical treatment modality is 
intermediate, but inclusion of the relapse costs tends to level off the 
differences between the three modalities.

Treatment Modalities

Therapeutic modalities are discussed according to the various clin-
ical presentations, including the usual case, the presence of a large 
goitre, children and adolescents, presence of orbitopathy, and preg-
nancy. Severe or acute forms (thyrotoxic storm) are discussed in 
Chapter 3.3.3.

overview of Graves’ Disease Management

Attention must be given to the quality and conditions of the com-
munication with the patients who must be involved in the selection 
of the therapeutic strategy [6] . One could suggest considering three 
successive phases in the management of the patients:

a) Initial clinical and biological evaluation, assessment of disease 
severity, determination of thyroid function tests and antithyroid 
receptor antibodies (TRAb) serum level, blood count, and 
transaminase assay.

b) Restoration of euthyroidism with antithyroid drug treatment. 
This initial 1– 3- month antithyroid drug treatment phase may 
be considered in every patient, even before subsequent radio-
active iodine administration, especially in the more severe cases. 
This is the period during which the patient may be informed on 
medical prescriptions as well as antithyroid drug side effects and 
agreement to medications and biological controls.

c) Re- evaluation of patient’s opinion, feelings, and compliance. 
This is the appropriate time for the selection of the further treat-
ment modality.

The Usual Form of Hyperthyroid Graves’ Disease

This corresponds to the ‘average 40– 50- year- old female patient’ 
without a large goitre, without severe orbitopathy.

Antithyroid Drug Treatment

The Initial Antithyroid Drug (ATD) Treatment

The objective is to reach normal or near- normal serum free T4 (fT4) 
and free T3 (fT3) concentrations by 6– 8 weeks. The initial dose of 
carbimazole (CBZ) or of its active derivative methyl- mercapto- 
imidazole (MMI), 30– 40 or 15– 30 mg daily, respectively, depends 
on the severity of the hyperthyroidism assessed clinically and on 
the serum levels of fT4 and fT3. Clinical and biological serum fT4 
and fT3, but not thyroid- stimulating hormone (TSH) levels which 
may remain suppressed for several weeks, must re- evaluated after 
3– 4 weeks of treatment. As the serum concentrations of fT4 and 
fT3 decrease, the daily dose of MMI is reduced to 10– 20 mg and 
that of CBZ to 20– 30 mg. Further adjustment is necessary in order 
to prevent iatrogenic hypothyroidism. Patients should be in-
structed on the risk of the side effects of antithyroid drugs. At this 
stage, β- blocking medications (e.g. propranolol, 40– 160  mg/ d)  
are useful to alleviate cardiovascular symptoms, nervousness, and 
anxiety.

In newly diagnosed patients, the completion of this first phase is 
the point in time when to discuss and select, or confirm the subse-
quent treatment strategy.

The ‘Medical’ 12– 18 Month Antithyroid Drug  
Treatment

Since the main drawback of the medical option is an overall 50% re-
lapse rate after the end of the antithyroid drug course, it is important 
to try and select the appropriate treatment strategy. Male gender, 
young age, severity of hyperthyroidism, large thyroid volume, and 
high level of TRAb are the initial factors statistically correlated with 
a greater risk of relapse. A  recent study has confirmed lower age 
(<40 years), higher serum fT4 (≥ 40 pmol/ L), higher serum TRAb 
(>20 IU/ L), and larger goitre size at diagnosis as independent re-
lapse risk factors which, combined with genetic markers, PTPN22 
C/ T polymorphism and human leukocyte antigen (HLA) subtypes 

Table 3.3.9.1 Advantages and disadvantages of the various modalities of treatment of Graves’ hyperthyroidism

Treatment modality Advantages Disadvantages

Antithyroid drug •	 Possibility of long- term remission
•	 No subsequent irreversible hypothyroidism

•	 Long duration (1– 2 years) of treatment and repeated consultations
•	 High relapse rate

Radio- iodine1 •	 Simplicity (depending on local regulation)
•	 Low cost
•	 Rarity of recurrence (depending in the dose)

•	 Delay of action
•	 Transient expansion of anti- TSH- R autoimmunity
•	 Occurrence or exacerbation of Graves’ orbitopathy
•	 Lifelong hypothyroidism

Surgery2,3 •	 Highest restoration rate of euthyroidism
•	 Recurrence uncommon

•	 Highly experienced surgical- medical team mandatory
•	 Low but unavoidable morbidity
•	 Lifelong hypothyroidism
•	 High cost

1 Prior restoration of euthyroidism with antithyroid drugs is appropriate in severe cases.
2 Prior restoration of euthyroidism requires a several weeks antithyroid drugs treatment,
2, 3 Iatrogenic definitive hypothyroidism is no longer considered a complication but, on the contrary, a marker of no relapse risk.
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DQB1*02, DQA1*05, and DRB1*03, provide the basis for a con-
tinuous score, the Graves’ Recurrent Events After Therapy (GREAT +)  
score, predictive of remission or relapse, with the potential to orient 
the allocation of a given patient to the medical or radical option [7] . 
Interestingly enough, even the clinical GREAT score, not including 
the genetic markers, may assess quantitatively the recurrence risk, 
as recently independently confirmed [8]. Importantly, remission 
rate is greater after prolonged antithyroid drug treatment (12– 
18 months) but not with a higher dose of antithyroid drug or the 
combination of levothyroxine and antithyroid drug, the so called 
‘block– replace’ regimen. However, as the block– replace regimen 
prevents iatrogenic hypothyroidism, it allows for less frequent bio-
logical controls.

In practical terms, in the medical option, antithyroid drug treat-
ment is then continued at 5 mg/ day of MMI, or 5– 15 mg/ day of 
CBZ in the titration regimen, or maintained at higher dose in the 
block– replace regimen, associated with L- thyroxine started at 
25 µg/ day and progressively increased to reach 100– 125 µg/ day 
after 6– 10 weeks. Clinical and biological follow- up is mandatory. 
Except in the occurrence of non- compliance or of untoward ef-
fects that the patient should be instructed to report without delay, 
the course of the treatment is usually uneventful, and in most 
cases correction of hyperthyroidism is sufficient to allow resump-
tion of a normal life.

There is no single good marker to determine when to stop the 
antithyroid drug treatment after the 12– 18- month course. After 
about 18 months of treatment, antithyroid drug is usually with-
drawn, or tapered then stopped. In the case of the ‘block– replace’ 
modality it is advisable to shift to the ‘titration’ modality after 
10– 14 months of treatment so that the intrinsic functional thy-
roid status can be indirectly assessed through the required daily 
dose of antithyroid drug. Lack of goitre volume reduction, per-
sistence of thyroid hypervascularity, persistence of suppressed 
level of TSH or the requirement for a full dose of antithyroid drug 
(titration regimen) are indicative of persistent disease activity 
and, consequently, of recurrence at drug withdrawal. Similar in-
formation is provided by persistently elevated serum levels of 
TRAb, while low or negative TRAb is not predictive of remis-
sion. Prolonged follow- up is necessary to avoid misinterpreting 
the period of euthyroidism that follows drug withdrawal as a true 
remission. Most relapses occur within months of cessation of 
antithyroid drug and 90% within 3 years.

There is no specific treatment strategy for relapsing Graves’ 
disease. However, a radical approach appears more appropriate 
and acceptable to the patient. Nevertheless, after a second course 
of antithyroid drug treatment chances of relapse or remission are 
similar to the ones after the first course [9] .

Ultra- Long Antithyroid Drug Treatment

In some patients, continuation of antithyroid drug treatment for 2 
to 3 years, or even longer, appears an appropriate option. The neces-
sary conditions for ultra- long antithyroid drug course are:  (a) re-
quirement for a low antithyroid drug dose (carbimazole 5 mg/ day) 
or less; (b) patient’s dependability and drug tolerance; and (c) mod-
erate intensity of the disease, with absent or small goitre [10]. That 
such a low- dose maintenance treatment is efficient is suggested by 
the possible occurrence of a relapse at drug withdrawal or after 
iodine contamination.

Radioactive Iodine

Treatment with 131I radioactive iodine is now considered, as 
thyroidectomy, as a radical treatment for Graves’ disease aiming 
at eradicating hyperthyroidism at the expense of definitive hypo-
thyroidism. Some patients have concern about potential radiation 
danger to self and others. Also, in some countries local legislation 
restrict the ambulatory use of radioactive iodine treatment. And, in 
many places radioactive iodine is not administered to patients under 
30– 35 years of age, a rule which tends to be less rigid in specific 
cases, even in adolescents and children. Radioiodine as the first- line 
treatment should be considered for patients more likely to relapse 
after an antithyroid drug course, if monitoring of antithyroid drug 
treatment appears impractical, in case of intolerance to antithyroid 
drugs, and at relapse after an antithyroid drug course. In order to 
eradicate hyperthyroidism, ablative 131I doses range from 5.9 to 6.5 
MBq/ gram (160– 176 µCi/ g) of thyroid tissue for adjusted doses, or 
from 400 to 600 MBq (10.8– 16.2 mCi) when ‘fixed’ doses are ad-
ministered. Whether routine measurement of the effective half- life 
of intrathyroidal 131I is cost- effective has to be evaluated according 
to local iodine intake status. This range of doses eradicates hyper-
thyroidism in about two- thirds of patients and more than 60% are 
hypothyroid at 1  year [11]. Failure can be treated 6  months after 
initial irradiation with a second dose of 131I.

Although not required, except in older patients or in case of 
cardiovascular comorbidities to prevent a possible exacerbation 
of hyperthyroidism, antithyroid drug treatment prior to radio-
active iodine administration would be prescribed by 20– 40% of 
thyroidologists. Antithyroid drugs may also be prescribed after 
131I administration to shorten the hyperthyroid lag phase until 
the irradiation effect [12]. Antithyroid drugs should be stopped 
2 to 3 days prior to radioactive iodine therapy and resumed 3 to 
5 days later [3] . They decrease the efficiency of radioactive iodine, 
but this is no longer an issue with the relatively high doses cur-
rently in use.

Prevention of post- irradiation hypothyroidism requires close 
follow- up or systematic L- thyroxine treatment, 100 µg/ day, to be 
started at day 15. In any case, plasma fT4 level should be tested 4 
to 6 weeks post- irradiation, then monthly. The efficiency of the 
radioactive treatment is evaluated at 4 months. TSH should be fol-
lowed- up until normalization in order not to miss post- irradiation 
subclinical hyperthyroidism or moderate T3 hyperthyroidism. The 
risk of late- onset hypothyroidism should be anticipated with annual 
follow- up. Serum TRAb may increase transiently after radioiodine 
administration; peaking 3 to 5 months after irradiation, an effect to 
take into consideration in women of childbearing age as well as in 
adolescents [13].

Thyroid Surgery

Thyroidectomy, total or near- total according to the recent recom-
mendations, is to be considered in the case of suspicion of malig-
nant nodule, radioiodine treatment refusal or inapplicability, in 
the perspective of a future pregnancy, and in severe intolerance to 
antithyroid drug as well as in the case of severe hyperthyroidism. 
Thyroidectomy in hyperthyroid patients with Graves’ disease re-
quires the prior restoration of euthyroidism with antithyroid drug 
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to prevent postoperative thyroid crisis and suffocating hematoma. If 
the 6– 12 week antithyroid drug treatment is inapplicable, alternate 
medical preparation includes the use of intravenous or oral pro-
pranolol, iodine as Lugol’s solution, and, according to the severity 
of hyperthyroidism, oral or intravenous methylprednisolone, oral 
cholestyramine or oral lithium carbonate, and if necessary extra-
corporeal plasmapheresis [14, 15]. Thyroidectomy requires a highly 
and specifically trained and experienced anaesthetic, surgical, and 
nursing team. The two main complications of thyroidectomy, per-
manent recurrent laryngeal nerve palsy and permanent hypocal-
caemia/ hypoparathyroidism occur, on the average, in 1.8% and 
5.9% of the patients, respectively [16].

other Clinical Conditions

Presence of a Large Goitre

The schedule of the therapeutic management programme must be 
precisely defined. It includes: (a) restoration of euthyroidism with 
antithyroid drugs; (b)  if required by the surgical team, preopera-
tive iodine (50– 120 mg/ day: Lugol’s solution or saturated solution 
of potassium iodide (SSKI), the duration of which should not ex-
ceed 10  days; (c)  the surgical procedure itself; (d)  the immediate 
postoperative management. Alternative preoperative programmes 
have been advocated, using only β- blockers with or without iodide. 
They require tight monitoring and highly experienced medical– 
surgical teams. Whatever the preparation, surgery on patients with 
hypervascular goitre has to be carefully planned and is best per-
formed in selected centres.

Children and Adolescents

Medical Treatment

Initial treatment, in this age group, is antithyroid drugs. However, 
because compliance is difficult to maintain in the long- term, the 
relapse rate is high so that thyroidectomy or radioiodine adminis-
tration is often an alternative. Even more than in adults, only MMI 
or carbimazole should be used in children because of the high risk 
of propylthiouracil (PTU)- induced severe hepatitis [17]. The ini-
tial starting dose of MMI or carbimazole is 0.5– 1 mg/ kg/ day, with 
a maximal dose of 30  mg per day, dose to be reduced after 2– 4 
weeks as thyroid hormone levels normalize. TSH becomes detect-
able usually within 2– 4 months. Thyroid function should be as-
sessed every 3– 6 weeks in order to prevent hypothyroidism, then 
every 3  months at lower antithyroid drug dose. Of note, in this 
age group, 10% of the patients may elicit T3- predominant Graves’ 
disease with a notably enlarged thyroid gland and elevated TRAb 
levels [18]. As to the feasibility of the titration and block– replace 
regimens, in this age range, compliance may be lower with the 
latter. Side- effect prevalence is very low at MMI dose <10 mg/ day, 
and may be dose- dependent. Less than 30% of children treated 
with antithyroid drug treatment for 2  years achieve remission 
[18]. No initial individual predictive factors have been identi-
fied. However, the remission rate increases from 20% to 49% as 
the duration of the antithyroid drug treatment increases from 4 
to 10 years [18]. Therefore, long- term 8– 10- year antithyroid drug 
treatment might be carried on in children and adolescents in case 
of good compliance and drug tolerance before radical treatment 
is considered.

Radical Treatment

 • Radioactive iodine treatment is safe in children and adolescents. 
Observational data indicate (a) no case of thyroid cancer developed 
in paediatric patients treated with dose of radioiodine iodine >150 
µCi/ g; (b) no evidence for an increased risk of non- thyroid cancer; 
however, it is prudent to avoid radioactive iodine treatment in chil-
dren below 5 years of age; and (c) no evidence of adverse effects to 
offspring of children treated with 131I [19]. Radioiodine should be 
properly used with large enough doses (120– 200 µCi/ g) to interfere 
with the replication potential of residual cells. Strict and prolonged 
follow- up is mandatory to detect subclinical hypothyroidism.

 • Surgical treatment is less controversial, especially in the case of 
a significant goitre, and in children <5  years, provided an ex-
perienced paediatric thyroid surgeon is available as the risk of 
complication is dependent on the surgeon’s experience [20]. The 
preparation to the thyroidectomy is similar to that in adults.

Graves’ Orbitopathy

Incidence of orbitopathy, including that of the more severe forms, 
has decreased in recent years in Western Europe. In recent studies, 
while it was initially present in 25% of the patients at diagnosis of 
Graves’ disease, Graves’ orbitopathy occurred in 13– 15% during 
antithyroid drug treatment, as a mild form in 80% of the cases 
[21,  22]. In addition to smoking and to long- standing hyperthy-
roidism, iatrogenic hypothyroidism, and radioactive iodine treat-
ment may trigger or worsen Graves’ orbitopathy in patients treated 
for Graves’ disease. In patients with mild or even moderate- to- se-
vere orbitopathy, glucocorticoids prevent the radioactive iodine 
exacerbation of the orbitopathy [23]. Whether medical or radical 
treatment of hyperthyroidism is more appropriate in cases of severe 
or malignant ophthalmopathy remains unsettled [22]. The major 
point, in this occurrence, is to ensure and maintain a state of stable 
euthyroidism, even on prolonged antithyroid drug treatment [24].

Graves’ Disease and Pregnancy

During pregnancy, hyperthyroidism is deleterious to the mother, the 
evolution of pregnancy, and the fetus. Graves’ disease, after a tran-
sient exacerbation of clinical symptoms likely related to the first- 
trimester peak of hCG, usually tends to spontaneously improve or 
even remit in the second half of pregnancy. The primary therapeutic 
objectives are (a) restoration of maternal euthyroidism; (b) avoid-
ance of fetal hypothyroidism; and (c) evaluation of the risk of fetal 
hyperthyroidism resulting from the transplacental transfer of ma-
ternal stimulating TRAb. Radioactive iodine is contraindicated in 
pregnant women. Contrarily to T4, antithyroid drugs cross the pla-
centa without limitation, a combination which prohibits the block– 
replace regimen and requires restricting antithyroid drug dose to 
the minimum to maintain maternal fT4 in the upper normal range 
in order to prevent fetal hypothyroidism. Antithyroid drug treat-
ment can be withdrawn in the majority of the cases near mid- preg-
nancy. In contrast, in severe forms of Graves’ disease, usually with 
large hypervascular goitre and very high TRAb concentrations, res-
toration of euthyroidism requires prolonged full- dose antithyroid 
drug treatment. Tight management usually allows avoiding 
thyroidectomy during pregnancy, an option which does not protect 
from the risk of fetal hyperthyroidism [25]. Antithyroid drugs may 
be teratogenic and birth defects of all types are observed in 2%– 3% 
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of exposed children. The high- risk period encompasses gestational 
weeks 6– 10, the major period of organogenesis. Birth defects are 
more severe in newborns of CBZ/ MMI than PTU treated mothers. 
Consequently, PTU should be preferred to CBZ/ MMI as early as 
possible in the first trimester of pregnancy, or even prior to concep-
tion and patients on CBZ/ MMI should be switched to PTU [26].

Fetal/ neonatal hyperthyroidism occur in 2– 10% of pregnancies in 
women with active Graves’ disease. TRAb level at the beginning of 
the third trimester is predictive of fetal/ neonatal hyperthyroidism. 
Women who must be screened for TRAb include, in addition to pa-
tients with ongoing Graves ‘disease, patients previously treated for 
Graves’ disease either by surgery or radioiodine whatever their cur-
rent thyroid status, and patients with a previous child with neonatal 
transient hyper-  or hypothyroidism. Fetal thyroid status may be as-
sessed indirectly through clinical signs of hyperthyroidism, of low 
sensitivity/ specificity, and by thyroid ultrasonography after the 23– 
25th week of pregnancy [27]. However, depending independently 
on the serum concentration of stimulating TRAb and on the dose of 
antithyroid drug in the mother, fetal thyroid enlargement may reflect 
either fetal hyper or hypothyroidism the differentiation of which may 
require, especially when the goitre is large, to determine TSH and thy-
roid hormone levels in fetal blood through cordocentesis [27]. A team 
approach, including obstetrician, experienced ultrasonographer, neo-
natologist, and endocrinologist, is mandatory to monitor fetal devel-
opment properly in the last trimester, parturition, the neonate thyroid 
status, and breastfeeding, as well as the risk of postpartum maternal ex-
acerbation of hyperthyroidism. Neonatal hyperthyroidism, although 
self- limited, may be immediately fatal if unrecognized or poorly man-
aged. Antithyroid drugs, β- blocker, and supportive measures should 
be started even before the exacerbation of thyrotoxicosis that follows 
clearance of the maternally transferred antithyroid drugs.

Final note: Patients’ Satisfaction Appraisal

In the context of the availability of three therapeutic strategies, and 
of the increasing patients’ involvement into treatment selection 
[6] , current studies are also devoted to the patients’ perception of 
medical management, satisfaction with the treatment, and overall 
quality of life. One of the more recent studies in the domain, per-
formed in patients encouraged to participate, following physician 
recommendation, to the choice of the method of treatment, has 
shown that the majority of them were satisfied with the treatment 
received, that the modality of treatment had little impact and, sig-
nificantly, that patient’s preference for a specific treatment may be 
more important than the treatment type per se [28].

Conclusion

It may seem that no significant improvement has been achieved in 
recent years in the treatment of Graves’ disease. Currently, however, 
optimization of existing therapeutic strategies may offer every pa-
tient the most appropriate management strategy. The cost- effective-
ness of the treatment and the socioprofessional and psychological 
aspects of the disease are of increasing importance and must also 
be taken into account. Ongoing clinical investigations, as well as 
immunological research, aim at improving the understanding and 

management efficiency of Graves’ disease. There is no doubt that, 
in the future, new immuno- specific therapeutic approaches will be-
come available.
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Clinical Presentation

The many and often disfiguring features of a typical patient with 
Graves’ ophthalmopathy (GO) are obvious at first glance (Figure 
3.3.10.1). The changed appearance has a profound effect on the 
emotional and social status of the patient. The various signs and 
symptoms can be described according to the NO SPECS classifica-
tion [1]  (Table 3.3.10.1). Class 1 signs can be present in any patient 
with thyrotoxicosis regardless of its cause. Upper eyelid retraction 
causes stare and lid lag on downward gaze (the latter is the well- 
known von Graefe’s sign). Soft tissue involvement (class 2)  com-
prises swelling and redness of eyelids, conjunctiva, and caruncle. 
Symptoms are a gritty sandy sensation in the eyes, retrobulbar pres-
sure, lacrimation, photophobia, and blurring of vision. Proptosis 
(class 3) can be quite marked. Upper eyelid retraction by itself may 
already give the impression of exophthalmos. Extraocular muscle 
involvement (class 4) may result in aberrant position of the globe, or 
fixation of the globe in extreme cases. More common is limitation 
of eye muscle movements in certain directions of gaze, especially in 
upward gaze; it is usually associated with diplopia. Elevation is most 

Figure 3.3.10.1 Bilateral eye disease due to Graves’ orbitopathy. Note 
lid retraction, stare, periorbital swelling, marked proptosis, and exotropia 
of the left globe (see also Plate 15).
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frequently impaired, followed by abduction and depression; adduc-
tion is rarely affected. Diplopia will not occur if the vision of one eye 
is very low (e.g. in amblyopia), or if the impairment of eye muscle 
motility is strictly symmetrical. Patients may correct for double vi-
sion by tilting the head, usually backwards and sideways; the ocular 
torticollis often leads to neck pain and headache. Positioning of the 
head in the default position will unmask diplopia. Corneal involve-
ment (class 5) occurs through overexposure of the cornea due to lid 
lag, lid retraction, and exophthalmos, easily leading to dry eyes and 
keratitis. Lagophthalmos is often noted first by the patient’s partner 
because of incomplete closure of the eyelids during sleep. Sight loss 
(class 6) due to optic nerve involvement is the most serious feature, 
often referred to as dysthyroid optic neuropathy (DON) [2]. Besides 
the decrease of visual acuity, there may be loss of colour vision and 
visual field defects. Visual blurring may disappear after blinking 
(caused by alteration of the tear film on the surface of the cornea 
due to lacrimation or dry eyes) or after closing one eye (attributable 
to eye muscle imbalance). Visual blurring that persists is of great 
concern as it may indicate optic neuropathy.

The frequency of the various eye changes among GO patients is as 
follows [3] : von Graefe’s sign 46%, upper eyelid swelling 62%, prop-
tosis of 21 mm or higher 53%, diplopia 32%, corneal involvement 14%, 
and optic nerve involvement 3.9%. Predisposing factors for DON are 
male sex, old age, smoking, and diabetes mellitus [2] (Figure 3.3.10.2). 
Unilateral GO is observed in about 10%. Eye changes are similar to 
those in bilateral GO, but unilateral cases are more often euthyroid [4]. 
Extraocular muscle enlargement in the fellow eye can be detected by 
CT in about one- half of cases. Progression to bilateral GO is common. 
Unilateral GO may thus represent an early stage of the disease that al-
ready is or will develop shortly into a bilateral disease. Unknown local 
factors must be involved in the unilateral expression of GO, which es-
sentially is a bilateral and fairly symmetrical eye disease.

Mean age at GO presentation is 48 years, 23% are males, and 40% 
are current smokers [3] . Diabetes is present in 4%, and glaucoma in 
5.6%. Male sex, older age, and smoking are associated with more se-
vere ophthalmopathy. Childhood GO is rare [5]. Clinical manifest-
ations are less severe in paediatric patients: exophthalmos is seen in 
75%, but impaired muscle motility only in 11% [6].

epidemiology

A population- based study in Sweden observed an incidence rate 
of Graves’ hyperthyroidism of 210/ million/ year and of GO of  
42/ million/ year [7] . Thus, 20% of Graves’ hyperthyroid patients 
have also GO, which is mild in 15% and severe in 5%. Recent 

Table 3.3.10.1 Assessment of disease severity in the patient with Graves’ orbitopathy (GO)

Severity measures of GO (using the mnemonic NO SPECS)

NO SPECS class Item Method

0. No signs or symptoms

1. Only signs, no symptoms Lid aperture With ruler in midline in mm

2. Soft tissue involvement Eyelid and conjunctiva swelling and redness Inspection, comparison with colour pictures#

3. Proptosis Exophthalmos Hertel in mm‡

4.  Extraocular muscle 
involvement

Eye muscle motility  

Diplopia

Impaired elevation, abduction,
Depression, and adduction
Subjective grading*

5. Corneal involvement Keratitis, ulcer Fluorescein dye

6.  Sight loss due to optic  
nerve involvement

Dysthyroid optic neuropathy (DON) Visual acuity, colour vision, visual fields, optic disc

# colour atlas Dickinson et al. Clin Endocrinol, 2001; 55: 283– 303
* intermittent diplopia = at awakening or when tired; inconstant diplopia = at extremes of gaze; constant diplopia = in primary or reading position
‡ upper normal limit 16/ 17 mm in Asians, 19/ 21 mm in whites, and 23/ 24 mm in African Americans (females/ males, respectively).

Figure 3.3.10.2 Unusual presentation of Graves’ orbitopathy as 
unilateral eye disease. Male sex, advanced age, and heavy smoking all 
predisposed this patient to the development of severe eye disease; note 
the absence of exophthalmos in this case of dysthyroid optic neuropathy 
(see also Plate 16).
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studies in Denmark and Italy confirm that moderate- to- severe 
GO is present in about 5% of Graves’ hyperthyroid patients [8, 9]. 
GO develops in a few patients before the onset of Graves’ hyper-
thyroidism, but simultaneous onset of GO and Graves’ hyperthy-
roidism occurs in the majority of GO patients. GO sometimes 
develops after Graves’ hyperthyroidism [9,  10]; risk factors are 
minimal redness or swelling of eyelids or conjunctiva, high TSH- 
receptor antibodies, long duration of hyperthyroid symptoms, and 
current smoking [10]. GO occurs in 3% of cases in patients with 
autoimmune hypothyroidism and in 7– 10% in euthyroid patients 
[3]. The euthyroid and primarily hypothyroid patients have milder 
and more asymmetrical GO than the hyperthyroid GO patients 
[11, 12]. It is not unusual that hypothyroid GO patients proceed 
to Graves’ hyperthyroidism, linked to a shift from TSH receptor 
blocking to stimulating antibodies. Euthyroid GO patients develop 
hyperthyroidism in due time in about 20%, but it is unknown why 
others remain euthyroid despite the presence of TSH receptor 
antibodies.

Smoking greatly increases the risk for GO (odds ratio 7.7, 95% 
CI 4.3 to 13.7) [13]. A secular trend to a lower incidence rate of GO 
is reported. The proportion of patients with GO among all referred 
patients with Graves’ hyperthyroidism decreased from 57% in 1960 
to 35% in 1990, and to 29% in 2010 [9, 14]. In a European question-
naire study in 1998, 43% of respondents thought GO was decreasing 
in frequency, in rough agreement with the decline in smoking 
[15]. It looks the prevalence of severe GO is also declining: DON 
was present in 30% in 1960 and in 21% in 1990 in a single centre 
[14], and in 21% in 2000 and in 4% in 2012 in European Group on 
Graves’ Orbitopathy (EUGOGO) centres [3] . GO patients referred 
in 2012 had less severe and less active GO than those referred in 
2000 [3]. Earlier diagnosis and treatment of hyperthyroidism, iden-
tification of risks conferred by 131I therapy and postradioiodine 
hypothyroidism, and focus on the detrimental effects of smoking 
have likely contributed to this secular decline in the incidence and 
severity of GO.

Pathogenesis

Mechanistic explanation of eye Changes

GO is characterized by enlarged extraocular muscles and increased 
orbital fat. The increase in tissue volume and the associated rise of 
retrobulbar pressure can explain the various signs and symptoms. 
The swollen retrobulbar tissues impair the venous drainage of eye-
lids and conjunctiva, resulting in oedematous swelling of eyelids 
and chemosis. Upper and lower eyelid swelling can also be caused 
by herniation of retrobulbar fat through openings in the orbital 
septum. The only other outlet for the increased orbital content, 
in view of the confinement within the bony walls of the orbit, is 
pushing forward the eyeball, resulting in exophthalmos. The average 
volume of the orbital cavity is approximately 27 and 24 ml in healthy 
males and females respectively; corresponding values of extraocular 
muscle volume are 4.2 and 3.7 ml, and of orbital fat volume 16.1 ml 
and 14.0 ml [16]. It has been calculated that an increase of 4 ml in 
muscle or fat will cause a proptosis of 6 mm.

The enlargement of extraocular muscles impairs muscle relax-
ation, not the ability for muscle contraction. Limited motion of 

eye muscles is due to impaired relaxation of the antagonist upon 
contraction of the agonist. Impaired elevation is thus primarily 
the result of insufficient relaxation of the rectus inferior muscle. 
Restricted eye muscle motility may cause diplopia. Upper eyelid 
retraction (due either to an increased adrenergic activity in hyper-
thyroidism or to swelling of the levator muscle) and proptosis con-
tribute to overexposure of the cornea, which may become dry and 
inflamed.

Marked swelling of the extraocular muscles in the apex of the 
orbit (known as apical crowding), close to the entrance of the optic 
nerve in the optic canal, may damage the optic nerve either via 
direct pressure or via impairment of the blood supply to the nerve 
[17]. The resulting DON causes loss of visual functions. The degree 
of proptosis in patients with optic neuropathy, despite a greater 
mass of extraocular muscles, is less than in patients without optic 
neuropathy [2] . This is remarkable because the retrobulbar pressure 
(in the normal orbit 3.0– 4.5 mmHg) is greatly elevated in patients 
with DON up to values between 17 and 40 mmHg, much higher 
than the pressure of 9– 11  mmHg measured in orbits of patients 
with exophthalmos but no optic neuropathy [18]. A well- developed 
tight orbital septum might preclude proptosis, resulting in a very 
high retrobulbar pressure and DON.

Immunopathogenesis

Orbital fibroblasts (OF) are considered the target cells of the auto-
immune attack in GO. For, retrobulbar T cells from GO patients 
recognize autologous OF (but not eye muscle extracts) in a major 
histocompatibility complex (MHC) class  I  restricted manner, and 
proliferate in response to autologous proteins from OF (but not 
from orbital myoblasts). Conversely, OF proliferate in response to 
autologous T cells dependent on MHC class II and CD40- CD40L 
signalling [19]. OF are stimulated to produce excessive amounts 
of glycosaminoglycans (GAG), notably hyaluronic acid. GAGs are 
very hydrophilic compounds and thus attract much water, resulting 
in oedematous swelling. GAGs accumulate in the endomysial 
space between muscle fibres. There is no increase in the number 
of muscle fibres and no ultrastructural damage to the muscle cells 
themselves (except in very advanced cases when some damage may 
be seen). An increased number of OF is found in the endomysial 
space and in the orbital fat. OF not expressing Thy- 1 (present in 
orbital fat but not in extraocular muscles) may differentiate into 
mature adipocytes, thereby further contributing to volume expan-
sion. Volumetric studies have shown that most GO patients have 
increased muscle volume at diagnosis, whereas fat expansion seems 
a rather late phenomenon [20, 21]. Why some patients present with 
exophthalmos and enlarged orbital fat volume but do not develop 
increased muscle volume, remains uncomprehended.

Orbital immunocompetent cells consist of T helper (Th) cells, 
suppressor/ cytotoxic T cells, many macrophages, and relatively few 
B cells. Many of these cells are activated memory cells (CD45RO+), 
frequently located adjacent to blood vessels. The infiltrating im-
munocompetent cells produce cytokines capable of remodelling 
orbital tissues. The cytokine profile in the early stages is predomin-
antly derived from Th1 cells, whereas cytokines are mostly derived 
from Th2 cells in patients with a duration of GO >2 years [22]. The 
data suggest GO is primarily a T- cell mediated disease.

The cytokines induce expression of immunomodulatory pro-
teins on orbital endothelial cells and fibroblasts (such as HLA- DR, 



SeCTIon 3 Thyroid Disease508

heat shock protein 72 and several adhesion molecules), gener-
ating T- cell migration. Cytokine- activated OF synthesize chemo-
attractants IL- 16 and RANTES, perpetuating the immune attack. 
Macrophages may present antigen to T cells (CD40L) through 
provision of costimulatory signals and proinflammatory cyto-
kines. Activated T cells bind to CD40+ fibroblasts, inducing 
proinflammatory compounds (like cytokines, COX2, and PGE2) 
and excessive production of GAGs. A subset of OF may differen-
tiate into mature adipocytes, which is associated with increased 
expression of TSH receptors [23]. This brings us to the nature of 
the autoantigen in the orbit.

The TSH receptor is presently viewed as the major autoantigen 
in GO. Full- length functional TSH receptors are expressed on 
OF, in active stages of the disease to a greater extent than in the 
inactive stages, and directly related to IL- 1β [24]. Graves’ im-
munoglobulins and M22 (a TSH receptor stimulating monoclonal 
antibody) recognize TSH receptors on OF as evident from in-
creased cAMP and hyaluronan production in cell cultures of dif-
ferentiated human OF [19]. Clinical studies support the role of 
TSH receptors. The serum concentrations of TSH receptor anti-
bodies (TSHR- Ab) are higher in Graves’ patients with GO than 
in Graves’ patients without GO [25], and are directly related to 
the severity and activity of GO (whereas thyroid peroxidase and 
thyroglobulin antibodies are not) [26, 27]. The higher the level of 
TSHR- Ab, the higher the risk of an unfavourable course of the 
eye changes [28]. The level of TSHR- Ab fall after thyroidectomy 
or treatment with antithyroid drugs, but increase by 100% in the 
first six months after radioactive iodine therapy coinciding with 

development or worsening of GO after 131I therapy in about 15% 
[29, 30]. Finally, genetic immunization against the TSH receptor 
A- subunit plasmid have produced the first experimental animal 
model of GO [31– 35]; within the inherent restrictions of the 
model (the mouse has no bony orbit), the model mimics rather 
well the human condition.

Another autoantigen might be the IGF- 1 receptor (IGF- 1R). 
IGF- 1R are indeed upregulated on OF GO patients, but serum 
IGF- 1 and IGF- binding proteins in GO are normal. The stimu-
lating effect of Graves’ IgG on hyaluronan secretion by cultured 
OF is attenuated by IGF- 1R blocking antibodies, suggesting Graves 
IgG could contain IGF- 1R stimulating antibodies [36]. IGF- 1R- Ab 
were found in 14% of GO patients and in 11% of controls [37]. 
The presence of IGF- 1R- Ab was not related to activity or severity 
of GO nor to TSHR- Ab. IGF- 1R- Ab failed to stimulate IGF- 1R 
autophosphorylation, and inhibited IGF- 1 induced signalling. 
Thus, there is no evidence for the existence of IGF- 1R stimulating 
antibodies in GO patients. Further studies suggest crosstalk be-
tween TSH receptors and IGF- 1 receptors [38, 39]. TSH and IGF- 
1 synergistically increase hyaluronan secretion by OF; the effect 
of TSHR stimulating antibodies can be blocked only partially by 
IGF- 1R antagonists but completely by TSHR antagonists [40]. 
Serum immunoglobulins isolated from GO patients are unable to 
autophosphorylate IGF- 1R, and do not directly activate IGF- 1R 
[41, 42]. The observed crosstalks might be explained from overlap 
between post- receptor pathways: TSHR signalling via PLC/ PI- 3K/ 
Akt and IGF- 1R signalling via PI- 3K/ Akt result in the same end- 
product (Figure 3.3.10.3) [43]. Crosstalk and the putative role of 

Figure 3.3.10.3 Role of the TSH receptor in the immunopathogenesis of GO. Ligation of the TSH receptor on orbital fibroblasts with TSHR- Ab 
activates post- receptor signalling via the adenylyl cyclase/ cAMP pathway and the phospholipase C/  phosphoinositide- 3- kinase/ Akt pathway. The 
latter overlaps with the post- receptor signalling pathway of the IGF- 1 receptor. The end result is excessive secretion of hyaluronic acid by OF, and 
differentiation of a subset of into mature adipocytes (adipogenesis), causing enlarged extraocular muscles and increased orbital fat.
Reproduced with permission from Berchner- Pfannschmid U, Moshkelgosha S, Diaz- Cano S, et al. Comparative assessment of female mouse model of Graves’ orbitopathy 
under different environments accompanied by proinflammatory cytokine and T- cell responses to thyrotropin hormone. Endocrinology, 2016; 157: 1673– 82. Copyright © 2016, 
Oxford University Press.
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various classes of TSHR- Ab is an area of active research. The IGF- 
1R is thus not a primary autoantigen in GO, as evident also from 
the failure of genetic immunization with IGF- 1R to produce an 
animal model of GO [31].

Fibrocytes are bone- marrow derived cells from the monocyte 
lineage, expressing CD45, CD34, CXCR4, collagen 1, functional 
TSHR, and Tg. Circulating fibrocytes are highly abundant in GO 
patients, and seem to infiltrate orbital connective tissue where they 
might transition to CD34+ OF [44]. Teprotumumab, a human 
monoclonal IGF- 1R blocking antibody, attenuates the actions of 
both IGF- 1 and TSH in fibrocytes; specifically, it blocks the induc-
tion of proinflammatory cytokines by TSH [45].

Many questions remain unanswered. It is difficult to explain 
why most patients with Graves’ hyperthyroidism, despite high 
titres of TSHR- Ab, do not develop GO. This could be related to 
genetic and environmental factors. GO is more prevalent in white 
patients than in Asian patients [46]. There is, however, no differ-
ence in the frequency of particular polymorphisms in susceptibility 
genes for Graves’ disease (HLA, CTLA4, PTPN22, CD40, FRCL3, 
TSHR) between Graves’ hyperthyroid patients with and without GO 
[47]. Smoking increases greatly the risk of GO [13]. Exposure of 
OF in vitro to cigarette smoke extract dose- dependently increases 
adipogenesis and hyaluronan production [48].

natural History

GO has a tendency towards spontaneous improvement. There have 
been few studies on the natural history of the eye disease. The most 
extensive ones were carried out in the 1940s and 1950s by Rundle 
[49] (Figure 3.3.10.4). He describes a stage of ingravescence, 

characterized by the development of exophthalmos (by 0.5  mm 
monthly, up to an average extent of 2– 5 mm) and limitation of ele-
vation; 4– 5 degrees elevation is lost for each millimetre of protru-
sion. Thereafter a stage of remission occurs, which is slower and less 
complete than ingravescence. Recovery from restricted eye muscle 
motility precedes that from proptosis. This dynamic phase is suc-
ceeded by a static phase, in which exophthalmos and eye muscle 
disturbance remain unchanged in 75% of patients. The time period 
in which the stable endstage is reached varies considerably between 
patients, ranging from several months up to 5 years. Recent studies 
confirm these early observations: during a 1- year follow- up in pa-
tients whose ophthalmopathy did not require immediate treatment, 
substantial improvement occurred in 22%, slight improvement oc-
curred in 42%, the disease remained stable in 22%, and the disease 
progressed in 14% [50].

The few histological studies support Rundle’s observations. In the 
early active stage of the disease there is a lymphocytic infiltrate, oe-
dema, and activated fibroblasts; in the end stages there is fibrosis. 
The data imply that the natural history of GO can also be de-
scribed according to the activity of the eye disease, next to Rundle’s 
curves on the severity of the eye disease [51] (Figure 3.3.10.5).  
Assessment of the activity of GO may influence the management 
plan. Immunosuppression is unlikely to be effective when given 
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Figure 3.3.10.4 Rundle’s curves depicting the natural history of 
GO, characterized by an initial dynamic phase of ingravescence and 
remission, followed by the static endstage.
Reproduced with permission from Rundle FF. Management of exophthalmos 
and related ocular changes in Graves’ disease. Metabolism, 1957; 6: 36– 47. with 
permission from Elsevier.
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Figure 3.3.10.5 Schematic outcome of immunosuppressive 
treatment in GO patients as a function of disease activity. The natural 
history of GO activity and severity is depicted by two separate curves. 
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Reproduced with permission from Wiersinga WM. Advances in medical therapy of 
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in the fibrotic inactive endstage of the disease, but might be of 
much benefit in the early active stage with ongoing inflammation. 
Likewise, the results of eye muscle and lid surgery might be lost 
when performed in the active stage.

Diagnosis and Differential Diagnosis

The initial work- up is aimed not only to reach a correct diagnosis 
of GO but also to allow the delineation of a personalized treatment 
plan [52]. It should contain the following four assessments:

Assessment of Thyroid Function

Restoration and maintenance of a normal thyroid function is rele-
vant because the eye changes are more severe in patients who still 
have an abnormal thyroid function [53]. Serum concentrations of 
TSHR- Ab are usually high in GO, and their presence support the 
diagnosis of GO (quite relevant in patients presenting without 
hyperthyroidism).

Assessment of Go Severity

The NO SPECS system is a useful memory aid in the examination 
of disease severity (Table 3.3.10.1). Quantitative measurements 
are preferred whenever possible. Lid aperture is measured with the 
ruler centred on the pupil while the facial muscles are relaxed and 
gaze is directed straight ahead. The degree of soft tissue swelling is 
difficult to assess objectively, but using a comparative photographic 
colour atlas is very helpful in this respect [54]. Significant exoph-
thalmos may develop without proptosis readings exceeding the 
upper normal limit. Comparison with pictures of the patient before 
the onset of GO are helpful in this respect. Motility disturbances are 
recognized by asking the patient to move the eyes upwards, down-
wards, and from side to side, observing impaired elevation, depres-
sion, abduction, or adduction. Diplopia is also graded subjectively. 
More objective measurements can be done by ophthalmologists; 
most relevant is the field of single binocular vision [55]. Stippling 
of the cornea can be seen by split lamp and application of dyes; ul-
ceration, clouding, necrosis, and perforation occur in severe cases. 
Visual acuity is measured using the Snellen chart; the use of a pin-
hole corrects for refraction disorders and sight loss due to keratitis. 
Further investigation is warranted if optic nerve involvement is sus-
pected (e.g. in patients complaining of persistent blurred vision or 
greyish vision). In patients with DON, decreased visual acuity is 
present in 80%, reduced colour vision in 77%, visual field defects 
in 71%, afferent pupillary defect (Marcus Gunn’s phenomenon) in 
45%, optic disc oedema in 56%, and disc pallor in 4% [2] . Choroidal 
folds, caused by impression of the globe by enlarged retrobulbar tis-
sues, are rare.

Assessment of Go Activity

In some patients, such as the one depicted in Figure 3.3.10.2, one 
glance is sufficient to conclude the eye disease is in the active phase. 
However, if it is not self- evident whether GO is active or inactive, 
an assessment of disease activity by the CAS (clinical activity score) 
provides guidance in selecting the most appropriate treatment 
(Figure 3.3.10.6). The CAS is based on the classical signs of inflam-
mation (Table 3.3.10.2). A  CAS of <3 is compatible with inactive 
GO, and CAS ≥3 has fair predictive value for improvement of GO 
upon immunosuppressive treatment [56]. There have been other 

methods for assessing GO activity, like orbital A- mode echography 
measuring echogenicity in extraocular muscles, orbital 111In- la-
belled octreotide scintigraphy measuring orbital/ occipital skull up-
take ratio, and orbital MRI measuring (e.g. T2- relaxation time). Each 
of these methods have their own specific drawbacks, and have not 
become popular although their predictive values for the outcome of 
immunosuppression are reasonable. A  short duration of GO (less 
than 18  months) is likely to be associated with still active disease 
[57]. Maybe the combination of GO duration, CAS, and orbital MRI 
provides the most accurate method for assessing disease activity.

Assessment of Quality of Life

Eye changes adversely affect a patient’s self- image and daily func-
tioning. The overall health- related quality of life (QoL) of patients 
with moderate- to- severe GO is lower than for patients with other 
chronic conditions such as diabetes mellitus, emphysema, or heart 
failure [58]. A  disease- specific QoL questionnaire has been devel-
oped, the GO- QoL, which has been thoroughly validated [59, 60]. 
The GO- QoL contains eight questions about problems with visual 
functioning and eight questions about the psychosocial conse-
quences of changed appearance (Table 3.3.10.3). The answers are 
summarized to one score for visual functioning and one score for 
appearance. The GO- QoL might be useful not only in evaluation 
of treatment, but also in reconciling priorities of the patient and of 
the physician in delineating a management plan. The psychosocial 
burden imposed by GO is considerable, and support by mental 

(a)

(b)

Figure 3.3.10.6 Active versus inactive GO. (a) Note periorbital swelling 
caused by oedema, redness of eyelids, redness of conjunctiva, and 
chemosis in a patient with active eye disease. (b) Periorbital swelling in a 
patient with inactive eye disease due to fat prolapse through the orbital 
septum and/ or fibrotic degeneration; redness and chemosis are absent.
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healthcare professionals might be needed. The sequelae of GO are 
indeed substantial: 45% of patients are restricted in their daily ac-
tivities, 36% are on sick leave, 28% are disabled, 5% went into early 
retirement, and 3% lost their jobs, all because of GO [61]. The recent 
ETA/ EUGOGO guidelines for the management of GO state:  ‘We 
recommend a patient- focussed approach of patients with GO, which 
encompasses the effects of disease and its treatment on QoL and 
psychosocial well- being. Use of GO- QoL, a disease- specific and well 
validated tool, is recommended in routine clinical practice’ [62]. The 
GO- QoL is available in 18 languages and can be downloaded for free 
from the EUGOGO website (https:// www.eugogo.eu).

Orbital Imaging

The degree of swelling of extraocular muscles and orbital fat can 
be evaluated using CT scans or MRI. Coronal sections are pre-
ferred in view of the pear- shaped orbit with its axis directing 

backwards and medially (Figure 3.3.10.7) [2] . The bony struc-
tures are best evaluated by CT scan and are of relevance in case of 
surgical decompression. MRI has the advantage of providing an 
activity parameter in addition to imaging. The muscles in GO are 
swollen typically at the belly, leaving the tendons uninvolved. For 
unknown reasons the inferior and medial rectal muscles are most 
frequently enlarged, followed by the superior rectus; the lateral 
rectus muscle is least affected. The extraocular muscles originate 
in Zinn’s annulus, which surrounds the optic canal and thus the 
optic nerve. Muscle swelling at this location (apical crowding) and 
intracranial fat prolapse are risk factors for optic neuropathy [2]. 
Orbital imaging is not necessary in most GO patients. Indications 
for orbital imaging are: (1) suspicion on DON (apical crowding?); 
(2) unilateral GO (GO is unilateral in about 10% of cases, but GO 
is the most prevalent cause (15%) of unilateral exophthalmos); 
(3)  euthyroid or hypothyroid GO; (4)  before surgical orbital 

Table 3.3.10.2 Assessment of disease activity in the patient with Graves’ orbitopathy (GO)

Activity measures of GO (using the clinical activity score, CAS)

Inflammatory sign Item Score

Pain (dolor) Spontaneous retrobulbar pain
Pain on up- , side- , or downgaze

1
1

Redness (rubor) Redness of the eyelids
Redness of the conjunctiva

1
1

Swelling (tumour) Swelling of the eyelids
Swelling of the caruncle and/ or plica
Chemosis

1
1
1

Maximum CAS score (assessed momently) 7

Impaired function (functio leasa) Increase in proptosis ≥2 mm in 1– 3 months
Decrease of ≥8⁰ in eye muscle motility in any direction in 1– 3 months
Decrease in visual acuity of >1 line on the Snellen chart (using pinhole)  
in 1– 3 months

1
1
1

Maximum CAS score (assessed over time) 10

Table 3.3.10.3 Assessment of quality of life in the patient with Graves’ orbitopathy (GO)

Quality of life measures of GO (using the disease- specific GO- QoL)

Visual functioning
During the past week, because of GO, to what  
extent were you limited in . . .?

Appearance
During the past week, because of GO,  
do you feel that . . .?

1. bicycling (cannot bicycle □)? 1. your appearance has changed?

2. driving (no driver’s licence □)? 2. you are stared at in the streets?

3. moving around the house? 3. people react unpleasantly?

4. walking outdoors? 4. it influences your self- confidence?

5. reading? 5. you are socially isolated?

6. watching television? 6. it influences on making friends?

7. hobby or pastime, i.e. . . .. . . ..? 7. you appear less often in photos?

8. something you wanted to do? 8. you mask changes in appearance?

Tick the box that matches each answer
□ yes, seriously limited → score 1
□ yes, a little limited → score 2
□ no, not at all limited → score 3

Range raw score 8– 24

Total score = (raw score— 8)/ 16 × 100

Higher score = better QoL

Tick the box that matches each answer
□ yes, very much so → score 1
□ yes, a little → score 2
□ no, not at all → score 3

Range raw score 8– 24

Total score = (raw score— 8)/ 16 × 100

Higher score = better QoL
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decompression (bony structures are best evaluated by CT); (5) un-
certainty about the diagnosis of GO.

Differential Diagnosis

None of the eye signs is pathognomonic for GO. Lid retraction 
can be due to non- Graves’ thyrotoxicosis, contralateral ptosis, or 
cocaine use. Diplopia is common in myasthenia gravis, and bilat-
eral proptosis can be caused by orbital fat accumulation (Cushing’s 
syndrome, obesity), lithium therapy, liver cirrhosis, Wegner’s 
granulomatosis, arteriovenous malformations, lymphoma, meta-
static tumours, or severe myopia (pseudoproptosis).

Proptosis, motility disturbances, and optic nerve compres-
sion can be caused by the ill- defined disease entity of orbital 
pseudotumour, an idiopathic non- specific unilateral focal or dif-
fuse fibroinflammatory orbital lesion [63]. The clinical presentation 
is characterized by acute or subacute signs of inflammation (pain, 
redness, oedema) and mass effects; imaging shows a focal or dif-
fuse mass which is poorly demarcated. Orbital myositis is, after GO, 
the second most common cause of extraocular muscle enlargement, 
due to non- specific inflammation. The cardinal clinical feature is 
acute orbital pain exacerbating on eye movements. The disease 
is bilateral in 50% of patients. One or more muscles may be en-
larged and, in contrast to GO, involve the muscle tendons. Orbital 
pseudotumour and orbital myositis respond quickly to corticoster-
oids, but recurrences occur in 50%. IgG4- related orbitopathy is a 
recently described condition characterized by lymphoplasmacytic 
infiltration and tissue fibrosis, which may mimic GO [64].

Management

Management of GO requires close consultation between the patient, 
the endocrinologist, and the eye physician, but in this respect notable 
differences in the delivery of care exist. Combined thyroid– eye clinics 
are most appropriate to delineate the treatment plan best suited for 

a particular patient. The timing and mode of thyroid treatment, im-
munosuppressive treatment, and surgical treatment should be coord-
inated in a multidisciplinary approach. The patient should be reassured 
of the possibilities for improvement of eye changes, both functionally 
and cosmetically, but at the same time be informed that it may require 
1– 2 years before full rehabilitation is reached. In this respect the experi-
ence of other patients with GO can be quite informative, and contact 
with patient self- help groups is very useful. It is recommended that all 
GO patients except mildest cases, are referred to specialized clinics or 
to combined thyroid/ eye clinics [62]. Such a policy is likely to improve 
the quality of care delivered to GO patients [65]. Specific guidelines for 
the management of GO have been published [62] (Figure 3.3.10.8).

General Measures

About 40% of GO patients are current smokers [3] . The advice to 
stop smoking should be given repeatedly, and smoking cessation 
programmes should be offered. Patients should be confronted 
with the evidence that a/  smokers have more severe GO than non- 
smokers, b/  risk of worsening of GO after 131I therapy is 4× greater 
in smokers than in non- smokers, c/  outcome of immunosuppres-
sion is less good in smokers than in non- smokers. Passive smoking 
may also be a risk for developing GO [66].

Simple measures that may be helpful in any stage of the disease 
are: (1) artificial tears to reduce surface symptoms and protect the 
epithelium; (2) sunglasses to reduce photophobia but also to com-
fort patients who are self- conscious of their appearance; (3)  lu-
bricant ointments to protect against exposure keratopathy during 
sleep; (4) prisms to improve diplopia. Botulinum toxin A injections 
may provide temporary control of eyelid retraction.

Thyroid Treatment

GO is more severe in patients who still have an abnormal thyroid 
function despite antithyroid treatment; it improves slightly after thy-
roid function has returned to normal [67]. Restoration and main-
tenance of euthyroidism is thus relevant for the eyes. Prolonged 
treatment with antithyroid drugs (ATD) (preferably in combin-
ation with thyroxine, the so- called block and replace regimen) until 
full rehabilitation of GO is obtained, is a feasible option. When GO 
has become inactive and needs no further treatment, ATD are dis-
continued; if Graves’ hyperthyroidism recurs, it can be treated with 
131I without adverse effects on the eyes [68, 69]. A large longitudinal 
cohort study from Australia suggests preference for ATD: the odds 
for GO are 86% less in hyperthyroid patients using ATD than in 
those not using ATD (OR 0.14, CI 0.06– 0.34) [70].

Iodine- 131 therapy of Graves’ hyperthyroidism is associated with 
a relative risk of 4.23 (CI 2.04– 8.77) for progression of GO when 
compared to treatment with antithyroid drugs [30]. This conclu-
sion is based on three large randomized clinical trials. Risk factors 
are pretreatment serum T3 >5 nmol/ L, pre- existent active GO, high 
TSHR- Ab, and smoking. High TSH levels after 131I therapy also con-
stitute a risk for GO and should be avoided. The eye changes usually 
occur within 6 months after radioactive iodine, and are mostly tran-
sient and mild in nature. They can be prevented by steroids which 
should be applied in patients with one or more risk factors [71]. 
Uncertainty exists about the most appropriate dosage schedule: oral 
prednisone 0.2 mg/ kg per day given for 6 weeks might be as effective 
as 0.3– 0.5 mg/ kg per day given for 3 months [62]. A causal relation-
ship between 131I therapy and the eye changes is plausible in view of 

Figure 3.3.10.7 Coronal section of an orbital CT scan, showing 
enlarged inferior, medial, and superior rectus muscles but no apical 
crowding. Effacement of the perineural fat surrounding the optic nerve 
over more than 50% of its circumference puts the patient at risk for optic 
neuropathy.
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the radiation- induced release of thyroid antigens, T- cell activation, 
and immediate and significant rise in serum TSHR- Ab [29, 30].

Total thyroidectomy has been advocated in GO in order to remove 
all thyroid antigens and thyroid- directed T lymphocytes. This approach 
is logical assuming cross- reactivity between thyroid and orbital antigens 
is involved in the immunopathogenesis of GO, although orbital auto-
immunity may proceed independently once the eye disease is well es-
tablished. The implication is that thyroidectomy should be done early 
in the course of the disease. In a case– control study, development or 
worsening of eye changes after near- total thyroidectomy occurred in 
3.3%, exactly the same as in carefully matched patients treated with 
ATD [72]. Another study found no difference in the course of GO be-
tween subtotal and total thyroidectomy [73]. A randomized trial in GO 
found total thyroid ablation (total thyroidectomy + 131I ablation) associ-
ated with a slightly better outcome at 9 months than total thyroidectomy 
alone, but improvement was limited to lid aperture and proptosis and 
was of minor clinical relevance [74]. A  longitudinal study using a 
large database of a US managed care network, observed that surgical 
thyroidectomy was associated with a 74% decreased hazard for GO (HR 
0.26, CI 0.12– 0.51) compared with 131I therapy alone [75]. If confirmed, 
it would make total thyroidectomy an attractive option for treatment of 
Graves’ hyperthyroidism when GO is very mild or still absent.

eye Treatment

Management of eye changes in GO depends on disease severity and 
disease activity, as clearly shown in the algorithm of Figure 3.3.10.8 
[62]. Mild GO is characterized by lid retraction <2 mm, mild soft 
tissue involvement, proptosis <3 mm above upper normal limit, ab-
sent or intermittent diplopia, absent corneal exposure, and normal 

optic nerve status. Moderate- to- severe GO is defined by lid retrac-
tion ≥2 mm, moderate- to- severe soft tissue involvement, proptosis 
≥3 mm above upper normal limit, inconstant or constant diplopia, 
mild punctuate keratopathy, and normal optic nerve status, and very 
severe sight- threatening GO by corneal breakdown or DON. When 
evaluating GO severity and activity, it can be helpful to have a look at 
the QO- QoL results. It could facilitate discussion with the patient on 
the most disturbing features, and to identify patients in need of fur-
ther counselling. Counselling may reduce anxiety, provide reassur-
ance, and help in developing better coping strategies.

Treatment of Mild GO

Spontaneous improvement occurs in about 30% of patients with 
mild GO after 1 year. A  ‘wait- and- see’ policy is therefore justified 
[62]. An alternative is treatment with sodium selenite 100 μg twice 
daily for 6  months:  it improves eye manifestations (in 61% of Se 
and 36% of placebo treated patients) and QoL, and prevents pro-
gression to more severe GO (which occurred in 7% upon Se and in 
26% upon placebo treatment) (Figure 3.3.10.9) [76]. Antioxidant 
actions of selenium in OF provide a basis for these favourable effects 
[77]. The results were obtained in European countries with rela-
tively low selenium intake. It is unknown if selenium would have 
the same beneficial effect in countries like the United States which 
are selenium sufficient. Sometimes the eye changes despite being 
labelled as mild, have such a negative impact on a patient’s life that 
more invasive intervention (e.g. steroids) is warranted. Retrobulbar 
irradiation in mild GO has a response rate of 50– 60%, twice as high 
as that of sham irradiation, but it does not prevent progress to more 
severe ophthalmopathy that occurs in about 15% [78].

All patients with GO

•  Restore euthyroidism
•  Urge smoking cessation
•  Local measures
•  Refer to specialists
except for mildest cases
 

Moderate to severeMild

Wait and see
Selenium

i.v. GCs if Qol is
severely impaired

i.v. GCs
(1st choice)

i.v. GCs

i.v. GCs

Poor response
(2 weeks)

Prompt
decompression

Still active

Inactive

Rehabilitative surgery
(if needed)

Stable and
inactive

ProgressionStable and
inactive

Active Inactive

Sight threatening (DON)

Figure 3.3.10.8 The ETA/ EUGOGO guidelines for the management of Graves’ orbitopathy.
Reproduced with permission from Bartalena L, Baldeschi L, Boboridis K et al. The 2016 ETA/ EUGOGO guidelines for the management of Graves’ orbitopathy. Eur Thyroid J, 
2016; 5: 9– 26. Copyright © 2016 European Thyroid Association. Published by S. Karger AG, Basel.
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Treatment of Moderate- to- Severe GO

Immunosuppressive treatment modalities are indicated in active 
moderate- to- severe GO. Glucocorticoids are better than placebo 
[79], and for long considered the mainstay of immunosuppres-
sion in GO. Steroids are effective for the relief of orbital pain and 
restoring visual acuity; their effectiveness is moderate for im-
provement of soft tissue involvement and extraocular muscle dys-
function, and limited for reduction of proptosis. Many patients still 
require rehabilitative surgery after a course of steroids. The main 
accomplishment of immunosuppression thus seems to be inactiva-
tion of the eye disease, thereby permitting earlier corrective surgery.

Intravenous methylprednisolone pulses (IVMP) have a higher re-
sponse rate than oral prednisone (74– 88% vs. 51– 63%) and fewer 
side effects (17– 56% vs. 51– 85%), rendering IVMP presently the 
treatment of choice [62,  80]. Dose- finding studies indicate a cu-
mulative dose of 4.5 g IVMP is appropriate for most patients, ad-
ministered as follows: 500 mg i.v. once weekly for 6 weeks, followed 
by 250 mg i.v. once weekly for another 6 weeks [81]. Lower doses 
(2.25 g) are less effective, whereas higher doses (750 mg once weekly 
for 6 weeks followed by 500 mg once weekly for another 6 weeks, 
cumulative dose 7.5  g) are more effective at the expense of more 
side effects, and should be reserved for worst cases. IVMP have 
been associated with significant cardiovascular and cerebrovascular 
morbidity and hepatic toxicity, leading to a few sporadic fatalities. 

These serious events occurred if IVMP was administered in high 
single doses of ≥1000 mg, in cumulative doses of >8 gram, and/ or 
as repeat infusions on consecutive days [82]. It is therefore recom-
mended that IVMP should not exceed a cumulative dose of >8 g, 
and should not be given in patients with recent viral hepatitis, sig-
nificant liver dysfunction, and severe cardiovascular morbidity or 
psychiatric disorders [62]. Severe hypertension, inadequately man-
aged diabetes, and glaucoma are other contraindications. IVMP 
therapy should be monitored by regular measurements of blood 
pressure, blood glucose, and liver function tests. Efficacy of IVMP 
can be slightly enhanced by coadministration of mycophenolate 
(one 360 mg tablet twice daily for 24 weeks) [83]. Whereas the com-
bination of oral prednisone and radiotherapy is more effective than 
oral prednisone alone [62], it is unsettled if addition of radiotherapy 
to IVMP provides extra benefit.

If eye changes worsen after discontinuation of glucocorticoids, 
shared decision- making is recommended to select a second- line 
therapy. This could be another course of IVMP if the cumulative 
dose of 8 g is not exceeded, oral prednisone (20 mg/ day) in combin-
ation with either cyclosporine or orbital irradiation, or rituximab 
[62]. The combination of oral prednisone and cyclosporine is ef-
fective in about 60% of patients who had not responded adequately 
to steroids [84, 85]. The rationale of retrobulbar irradiation is the 
radiosensitivity of lymphocytes and fibroblasts. A dose of 20 Gy per 
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Figure 3.3.10.9 Results of a RCT in patients with mild Graves’ orbitopathy comparing a six- month course of selenium or pentoxifylline with  
placebo on GO- QoL scores (a and b) and a composite score reflecting overall eye evaluation (c and d) at 6 months (a and c) and at 12 months  
(b and d).
Reproduced with permission from Marcocci C, Kahaly GJ, Krassas GE, et al. Selenium and the course of mild Graves’ orbitopathy. N Engl J Med, 2011; 364: 1920– 31. Copyright 
© 2011, Massachusetts Medical Society. 
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orbit fractionated in ten daily doses of 2 Gy over a 2- week period 
is commonly used [86]. Improvement is seen in about 50– 60% of 
patients, predominantly in soft tissue involvement and eye muscle 
ductions [78, 87,  88]. A  transient increase of conjunctival irrita-
tion is seen in 15% of patients. Radiation- induced retinopathy is 
extremely rare. Long- term follow- up studies did not detect serious 
complications after 21 years [89], but there exists a theoretical risk 
of about 0.5% for radiation- induced cancer. Therefore it is prudent 
to avoid radiotherapy in patients under 35 years of age.

Rituximab (RTX) is an anti- CD20 monoclonal antibody which 
effectively causes B- cell depletion. In a dose of 1 gram repeated once 
after two weeks, it is remarkable effective in open case series [90]. 
However, two randomized controlled trials (RCT) in active mod-
erate- to- severe GO had discrepant outcomes. The first, conducted 
in the Mayo Clinics, found RTX not better than placebo [91]. The 
second, performed in Italy, found RTX slightly better than IVMP 
[92]. Sample size in both trials was very modest, and some differ-
ences in patient characteristics and trial execution are noted [93]. 
Nevertheless, it remains difficult to reconcile the difference in out-
comes. It seems too early to accept RTX as an alternative for IVMP, 
but also too early to dismiss RTX as a disease- modifying drug. Side 
effects of RTX occur in about 30%; notable is the risk of the cyto-
kine- release syndrome with development of DON.

Other treatment modalities (like azathioprine, ciamexone, 
pentoxifylline, or acupuncture) have shown no benefit in RCT, 
but intravenous immunoglobulins can be effective. Somatostatin 
analogues (octreotide and lanreotide) have little effect. A  few 
case reports mention favourable effects of anti- TNFα antibodies 
(etanercept and infliximab) and especially of anti- IL6- receptor 
antibodies (tocilizumab), but these agents have not been tested in 
RCT [94]. Of considerable interest is teprotumumab, a monoclonal 
antibody inhibitor of IGF- 1 receptors. In a placebo- controlled RCT 
it had great efficacy in reducing CAS, reducing exophthalmos, 
and improving diplopia and GO- QoL scores [95]. Its potential to 
reduce exophthalmos is remarkable, and could be greater than 
that of IVMP. However, to displace IVMP as first- line treatment, 
teprotumumab should be compared directly to IVMP in a RCT.

Treatment of Very Severe (Sight- Threatening) GO

There is only one RCT in DON, which, although its sample size is 
limited, indicates IVMP have a better outcome than immediate sur-
gical decompression [96]. The applied IVMP scheme was 1000 mg 
daily, given as a 60- min intravenous infusion, on three successive 
days in week 1 and repeated in week 2. If visual functions have not 
improved after 2 weeks, we do an urgent surgical decompression. 
If improved, we continue with oral prednisone (40  mg/ day for 2 
weeks, 30  mg/ day for 4 weeks, 20  mg/ day for 4 weeks, and then 
tapering to zero dose by 2.5 mg/ week).

Rehabilitative Surgery

Once GO has become inactive, rehabilitative surgery can be car-
ried out to improve visual functions and appearance. Most orbital 
surgeons require stable eye disease for 6  months before surgery. 
Orbital decompression, achieved by removal of part of the bony 
orbital wall, is very effective in reducing exophthalmos. The more 
walls are removed, the greater the reduction in proptosis. Careful 
fat removal during bony decompression is increasingly done. 
Photographs of how the patient looked before the onset of GO are 

helpful in determining the required extent of proptosis reduction. 
Transeyelid or transconjunctival incisions leave a barely visible scar. 
Postoperative de novo or worsening of diplopia occurs in 10– 30% of 
patients. Corrective eye muscle surgery for diplopia should there-
fore be done after decompressive surgery. Single binocular vision 
can be obtained in about 80% of patients, but more than one surgical 
session is often required to reach this goal. Lastly, eyelid surgery can 
be performed in order to correct upper or lower eyelid retraction; 
blepharoplasty can reduce any remaining eyelid swelling.

Graves’ Dermopathy

Graves’ dermopathy or pretibial myxoedema occurs usually in 
the pretibial area, but can occasionally occur at other sites sub-
ject to local mechanical pressure. The most frequent form (49%) 
is non- pitting oedema with violet discolouration and induration 
of the skin and prominent hair follicles, so that the lesions have 
the appearance and texture of orange peel (peau d’orange). Other 
clinical forms are plaques (27%), nodules (18%), and elephantiasis 
(5%) [97]. Graves’ dermopathy occurs almost always in conjunc-
tion with GO and high serum concentrations of TSHR- Ab. It is 
observed in 4% of GO patients, and develops mostly about 1 year 
after the onset of GO. The postulated pathogenesis is remarkably 
similar to that of GO:  cytokine- induced glycosaminoglycan pro-
duction by dermal fibroblasts, upregulated TSH receptor expres-
sion on dermal fibroblasts, and a contributory role of local trauma 
and mechanical pressure [98].

The natural course of Graves’ dermopathy is not well known. 
One- half of patients do not require any therapy; such cases may go 
slowly into complete remission (50% within 17 years). If treatment 
is necessary because of functional or cosmetic complaints, night- 
time occlusive dressings of 0.05– 0.1% triamcinolone acetonide in 
a cream base induce partial remissions in one- third of patients. 
Usually a trial of 4– 10 weeks is needed, followed by intermittent 
maintenance therapy. The use of compressive bandages or stockings 
during the day provides additional benefit. Treatment of coexistent 
GO with systemic glucocorticoids or biologicals can cause regres-
sion of the skin lesions as well.
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Definition

Toxic adenoma (TA) and toxic multinodular goitre (TMNG) rep-
resent the clinically important presentations of thyroid autonomy. 
Thyroid autonomy is a condition where thyrocytes produce thyroid 



3.3.11 Management of Toxic Multinodular Goitre and Toxic Adenoma 519

hormones independently of thyrotropin (TSH) and in absence of 
TSH receptor stimulating antibodies (TSAb).

Toxic adenoma (TA) is a clinical term referring to a solitary au-
tonomously functioning thyroid nodule. The autonomous prop-
erties of TA are best shown by radioiodine or 99mTc imaging. The 
classic appearance of TA is a local and focal increase in tracer up-
take with suppressed uptake in the surrounding extranodular thy-
roid tissue (‘hot’ nodule, Figure 3.3.11.1).

Toxic multinodular goitre (TMNG) is a heterogeneous disorder 
characterized by the presence of autonomously functioning thyroid 
nodules in an enlarged thyroid gland with or without additional 
nodules. These additional nodules can show normal or decreased 
tracer uptake (cold nodules) on scintiscan. TMNG constitutes the 
most frequent form of thyroid autonomy.

epidemiology and Pathogenesis

The prevalence of thyroid autonomy is inversely correlated with 
iodine intake. Thus, thyroid autonomy is a common finding in 
iodine deficient areas, where it accounts for up to 60% of cases of 
thyrotoxicosis (TMNG: ~50%; TA: ~10%), but is rare (5– 10%) in 
regions with iodine sufficiency [1,  2]. Specifically, in areas with 
iodine deficiencies the incidence of TMNG is 18 cases per 100 000 
per year. In contrast, an incidence of 1.5 cases per 100 000 per year 
was determined in regions with high iodine supply [2, 3]. For TA 
the prevalence is 3.6 vs. 1.6 cases per 100 000 per year in regions 
with low and high iodine supply, respectively [2, 3]. In a Swedish 
area with stable iodine supply incidence rates for TMNG of 4.3 
and for TA of 1.8 per 100 000 cases per year have been reported 
[2, 4]. Several studies have suggested that TMNG originates from 

euthyroid goitres and microscopic autonomous foci have been 
demonstrated in up to 40% of euthyroid goitres in iodine deficient 
areas [1] . Correction of iodine deficiency in a population results 
in decrease of thyroid autonomy and this has been impressively 
shown, for example, in Switzerland where a doubling in iodine salt 
content resulted in a 73% reduction of TMNG [5, 6]. Moreover, the 
prevalence of thyroid autonomy correlates with thyroid nodularity 
and increases with age as shown in a Danish population study 
evaluating the epidemiology of subtypes of hyperthyroidism [7]. 
In this study the most prevalent form of hyperthyroidism in in-
dividuals <50 years was Graves’ disease. With advancing age, the 
incidence of TMNG and TA increased and outnumbered the cases 
of Graves’ disease.

Thyrotoxicosis is rare disorder in children. In a Danish nation-
wide study, the incidence was 1.58/ 100  000 persons per year and 
about 96% of cases account for Graves’ disease and less than 3% of 
cases were toxic nodular goitre or TA [8] .

Somatic mutations of the G- protein coupled TSH receptor 
(TSHR; 50– 75% http:// www.uni- leipzig.de/ innere/ TSHR) or 
less frequently the Gs alpha protein subunit (5– 10%) have 
been identified in TA and TMNG and represent the predom-
inant molecular cause of thyroid autonomy. These mutations 
cause constitutive activation of the cAMP pathway, which 
stimulates TSH- independent thyroid hormone production and 
thyroid growth (Krohn 2005 PMID:  15615818, Parma 1993 
PMID:  8413627). Recently, a specific mutation in the gene for 
a histone methyltransferase called enhancer of zest homolog 1 
(EZH1) (c.1712A>G; p.Gln571Arg) was identified in 27% (25 of 
94) of adult TA. Surprisingly, the mutation was neither found in 
papillary or follicular thyroid carcinoma nor in 29 TA from chil-
dren. This suggests that paediatric TA constitute a different group 

Wild-type TSH receptor Somatic TSH recceptor mutation
Ala623Val

Figure 3.3.11.1 Scintiscan of uninodular goitre shows a circumscribed area of increased 99mTc- uptake in the left lobe (‘hot nodule’). DNA was 
extracted from the toxic adenoma and surrounding normal thyroid tissue and exon 10 of the TSHR was amplified by polymerase chain reaction (PCR). 
Sequencing of the PCR products showed the presence of a heterozygous point mutation (GCC→GTC) resulting in an amino acid exchange (Val→Ala) 
in the toxic adenoma (right panel), whereas only the wild- type TSHR was present in the normal thyroid tissue (left panel). The mutation causes a 
constitutive activation of the TSHR, which leads to thyrotoxicosis and thyroid growth.
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or that the EZH1 variant may be acquired later during progres-
sion of the tumour. In contrast to TSHR or Gs alpha mutations, 
which constitutively activate the cAMP pathway, the EZH1 mu-
tation exerts its effect via hypermethylation of histone H3 and 
consequently to the repression of gene transcription [9] .

Clinical Features and Diagnosis

Clinical features of thyroid autonomy may be related to hyper-
thyroidism and/ or compression signs due to the nodule and 
TMNG [10].

Clinical presentation of overt hyperthyroidism, defined by 
suppressed TSH with elevated fT4 and/ or fT3, varies with age. 
While classic hyperthyroid features such as tremor, sweating, and 
hyperkinesis can be found in the younger patients, thyrotoxi-
cosis is often oligosymptomatic in older people. In this popula-
tion, atrial fibrillation, congestive heart failure, and anorexia may 
prevail. Subclinical hyperthyroidism is based exclusively on the 
biochemical determination of thyroid function and is defined by 
low or suppressed TSH with normal fT4 and fT3 levels. It is more 
commonly observed in older patients and is more than ‘just’ a 
low TSH status, since it confers increased risk for atrial fibrilla-
tion and contributes in postmenopausal women to reduced bone 
density [11].

In addition, a history of possible iodine contamination (contrast 
media, amiodarone) should be obtained. In the European Study 
Group of Hyperthyroidism iodine contamination was found in 
36.8% of patients from iodine deficient areas with first diagnosis of 
hyperthyroidism. Severity of iodine deficiency, autonomous thyroid 
cell mass, and older age have been proposed as risk factors for the 
development of iodine induced hyperthyroidism, which responds 
less well to antithyroid drug treatment and poses the patient at risk 
for a life- threatening thyroid storm [12].

Alternatively, a patient may present with a lump or disfigure-
ment of the neck, intolerance of tight necklaces, or increase in collar 
size. Moreover, dysphagia or breathing difficulties due to local oe-
sophageal or tracheal compression may be present, particularly 
with TMNG.

Unusually, in some patients there may be a family history of 
thyroid autonomy and a characteristic course of frequent re-
lapses of hyperthyroidism following thyrostatic therapy or partial 
thyroidectomy. Depending on the age of onset (neonatal to adult-
hood) these patients may present with a diffusely enlarged goitre 
or a TMNG. The underlying cause of this condition is an activating 
germline mutation in the TSHR gene, which can be confirmed 
through molecular diagnostics from a peripheral blood sample. 
Patients with an activating TSHR germline mutation require 
definite treatment in form of total thyroidectomy or an ablative 
dose of radioiodine to prevent further relapses. Genetic counsel-
ling is also mandatory as the condition is autosomal dominantly 
inherited [13].

Diagnosis of TA and TMNG is based on clinical examination, 
thyroid function tests, thyroid ultrasound and scintiscanning [10]:

 • Examination of the neck will reveal the degree of thyroid enlarge-
ment and nodularity of the gland. A history of a recently enlar-
ging nodule and cervical lymph node enlargement should be 

noted because of concern of a developing malignancy at this site. 
In addition, clinical evidence of lymph node enlargement and tra-
cheal deviation and/ or compression should be sought.

 • Standard thyroid function tests (TSH and free thyroid hormones 
fT4 and fT3) will confirm overt or subclinical hyperthyroidism, 
but depending on the autonomous cell mass, euthyroidism may 
still prevail.

 • Localization, size, and number of thyroid nodule(s) as well as 
goitre volume can be determined by ultrasound using a 7.5 or 
9 MHz linear scanner. In addition, presence or absence of cervical 
lymph node enlargement should be noted.

 • Increased 99mTc or radionucleotide uptake in the nodule(s) 
concomitant with a decreased uptake in the surrounding 
extranodular thyroid tissue is the typical finding on scintiscanning 
(Figure 3.3.11.1). If thyroid autonomy is suspected in a patient 
with a (still) euthyroid nodule, a ‘suppression’ scan can be per-
formed, after administration of thyroid hormones (e.g. 75 µg 
levothyroxine/ d for 2 weeks followed by 150 µg/ d for 2 weeks). 
Thereby non- autonomous tissue will be suppressed and thyroid 
autonomy unmasked.

Measurement of thyroid autoantibodies is not routinely per-
formed in thyroid autonomy. However, in iodine deficient areas 
distinction between Graves’ disease and TMNG can be diffi-
cult if extrathyroidal manifestations of autoimmune thyroid 
disease are absent and ultrasound shows presence of thyroid 
nodules (~27– 34%). In this scenario measurement of TSAb is 
helpful to establish the correct diagnosis. Urinary iodine excre-
tion can be measured in case of suspected iodine contamination. 
Computer tomography or magnetic resonance imaging are not 
routinely indicated for diagnosis of thyroid autonomy but may 
be used for presurgical planning in cases of large and partly 
intrathoracic TMNG.

Treatment of TMnG and TA

The management of patients with thyroid autonomy (TMNG and 
TA) will to some extent depend on the patient’s age, the severity 
of hyperthyroidism, the size of the thyroid gland and concomitant 
other medical illness [11, 14– 16].

Antithyroid medication (ATD) is the first- line of treatment in 
all patients with overt hyperthyroidism. Depending on the type 
of antithyroid drug, an initial dosage of 10– 20 mg/ d methimazole, 
15– 30 mg/ d carbimazole is recommended. Higher dosages are as-
sociated with more frequent adverse effects and will only result in 
marginally faster resolution of thyrotoxicosis. β- blockers are helpful 
for symptom relief, until the patient is euthyroid.

A trial of low dose antithyroid medication (5– 10 mg methimazole/ 
d) may be justified in selected patients with symptomatic subclin-
ical hyperthyroidism (i.e. atrial fibrillation; alternatively, β- blocking 
agents can be used) [11]. Monitoring of thyroid function and ATD 
side effects, in particular full blood count and liver function tests are 
mandatory [11, 15].

Due to the underlying molecular defect there is no spontaneous 
resolution of thyroid autonomy and definite treatment is indicated 
once thyroid autonomy becomes clinically manifest. Elderly patients 
with severe non- thyroidal illness may be an exception from this rule. 
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However, benefits and risks of such ‘long- term’ ATD have to be con-
sidered against the nowadays very low risk of definite treatment.

Two different ablative treatment options are widely available 
for TA and TMNG and comprise thyroid surgery and radioiodine 
treatment.

The purpose of thyroid surgery is to cure hyperthyroidism by 
removing all autonomously functioning thyroid tissue and other 
macroscopically visible nodular thyroid tissue [10,  17]. Thus 
the extent of surgery will vary depending on preoperative ultra-
sound findings and intraoperative morphological inspection. 
Hemithyroidectomy is usually adequate for TA, if no further 
nodules are detectable, while in case of TMNG a subtotal, near- 
total, or total thyroidectomy is performed. Advantages of surgery 
are a fast ablation of hyperthyroidism and the immediate relief 
of compression symptoms. Disadvantages of surgery are thy-
roid- specific side effects (i.e. vocal cord paralysis and permanent 
hypoparathyroidism), which should be less than 1% with an ex-
perienced endocrine surgeon. Evidently, the rate of postoperative 
hypothyroidism will vary with the extent of thyroid resection 
and in case of a near- total or total thyroidectomy requires start 
of efficient thyroid hormone replacement therapy (1.6– 1.8  µg 
levothyroxine/ kg body weight), aiming for a normal range TSH 
value after surgery.

Surgery is usually recommended in large TMNG (>100 ml) and 
is indicated in case of suspicion of thyroid cancer. In addition, sur-
gery is also advocated in patients with overt hyperthyroidism and 
adverse side effects of ATD, or as an early emergency procedure in 
patients with a thyroid storm [12, 18].

Radioiodine therapy is also highly effective for ablation of hyper-
thyroidism and reduction of TA or TMNG volume [10, 14, 15, 19]. 
Different protocols have been suggested for 131I therapy in benign 
thyroid disease. Some investigators prefer to administer a standard 
dose (e.g. 370– 740 MBq/ thyroid gland) while others apply a cer-
tain 131I activity/ gram thyroid tissue. The success rate of an indi-
vidually dosed 131I therapy has been reported to range between 85% 
and 100% in TA and reaches up to 90% in TMNG. An average thy-
roid and/ or nodule volume reduction of ~40% can be anticipated. 
Advantages of radioiodine are its simple and outpatient- based ap-
plicability. Disadvantages are the ‘time to euthyroidism’ period (6 
weeks to >3 months), during which ATD has to be continued and 
thyroid function monitored at 3-  to 6- week intervals. Radioiodine 
treatment is contraindicated in pregnancy and contraception is ad-
vocated for at least 6 months after receiving 131I therapy.

Postradioiodine hypothyroidism in TMNG and TA usually de-
velops insidiously and depends on the extent of TSH suppression 
prior to 131I therapy and the protocol applied. In one study the inci-
dence of hypothyroidism was 3% at 1 year, 31% at 8 years, and 64% 
at 24 years follow- up after radioiodine treatment. These data em-
phasize the requirement of long- term monitoring of thyroid func-
tion in all patients receiving 131I therapy.

For the treatment of TMNG and TA non- surgical ultrasound- 
guided ablation techniques have been explored. These ablation mo-
dalities include ethanol injection therapy (PEIT), radiofrequency 
ablation (RFA) and laser therapy and were studied by a limited 
number of centres mainly in Europe and South Korea [20– 23]. In 
experienced hands, these methods have been shown to eliminate 
autonomy in a tissue and to decrease the size of a nodule with very 
few complications, except for pain and local discomfort. Since these 
techniques are not widely available they might be reserved for fur-
ther trials and for patients for whom no other treatment option 
is feasible or for those who decline traditional option. However, 
treatment of hyperfunctioning nodules remains best treated with 
radioiodine due to better control of hyperthyroidism long- term and 
with fewer side effects [24].

A summary of the advantages and disadvantages of the  
different treatment modalities for TA and TMNG is shown in 
Table 3.3.11.1.

Follow- up

The long- term management of patients with TA and TMNG is 
directed at the detection and adequate treatment of thyroid dys-
function (TSH- level), detection of novel nodular thyroid disease 
(palpation and ultrasonography) and in case of surgery, detection 
and treatment of postsurgical hypoparathyroidism (serum cal-
cium). In case of 131I therapy, long- term follow- up for development 
of hypothyroidism is mandatory (e.g. at an annual rate). Thyroxine 
with or without iodine is often administered after thyroid surgery 
to prevent recurrent goitre/ thyroid nodules. Although large ran-
domized trials are lacking to provide definite evidence that post-
operative thyroxine administration is beneficial, unless the patient 
is hypothyroid, this treatment strategy is inferred by studies treating 
goitre/ nodules with levothyroxine. In addition, in iodine deficient 
areas iodine supplementation may be appropriate to prevent further 
nodular thyroid disease.

Table 3.3.11.1 Treatment of TMNG and TA

Modality Advantages Disadvantages

Surgery Effective Hospitalization

Simple operation Anaesthesia

Rapid euthyroidism Side effects (vocal cords, Hypoparathyroidism)

Radioiodine Outpatient therapy Time to cure possible hypothyroidism in long term

Antithyroid drugs Rapid euthyroidism Relapse on stopping

Not destructive Side effects (skin, liver, bone marrow)

Local ablative treatment practised Outpatient procedure Not widely

(e.g. Laser ablation, radiofrequency, 
percutaneous ethanol injections)

Effective Several treatment sessions required
Side effects (vocal cord, pain)
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Introduction

Thyrotoxicosis without hyperthyroidism originates either from the 
thyroid gland as a result of destructive lesions or from extrathyroidal 
sources (Box 3.3.12.1). In contrast, thyrotoxicosis with hyperthy-
roidism refers to conditions like Graves’ hyperthyroidism and toxic 
nodular goitre in which there is increased biosynthesis of thyroid hor-
mones in the thyroid gland. Radioiodine uptake in the neck and thy-
roid vascularity at ultrasonography are low in thyrotoxicosis without 
hyperthyroidism, but high in thyrotoxicosis with hyperthyroidism. 
Cytokine- , iodine- , and amiodarone- induced thyrotoxicosis manifest 
themselves either as thyrotoxicosis without hyperthyroidism, or as 
thyrotoxicosis with hyperthyroidism in which thyroidal radioiodine 
uptake is preserved. Both types are discussed in this chapter.
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Thyrotoxicosis Due to Destructive Thyroiditis

The inflammatory reaction in destructive thyroiditis disrupts the 
normal architecture of the thyroid gland, causing release of pre-
formed T4 and T3 stored in the colloid. The colloid contains more 
T4 than T3, explaining the lower serum T3/ T4 ratio in thyrotoxic 
patients without hyperthyroidism as compared to thyrotoxic pa-
tients with hyperthyroidism. Leakage of the iodine- rich contents 
of the colloid into the bloodstream expands the iodide pool in 
the circulation; administered radioiodine will be diluted in the 
expanded iodide pool, which in conjunction with damage to the 
thyrocytes causes a low thyroidal radioiodine uptake. The efficacy 
of treatment with radioiodine or antithyroid drugs is consequently 
very low.

Subacute, painless, and postpartum thyroiditis run a self- 
limited course, in which the inflammation gradually subsides under 
restoration of the normal thyroid architecture (see Chapter 3.2.6). 
Thyrotoxicosis associated with thyroiditis is usually mild, lasting 
for only a few weeks, and either no treatment or treatment with a 
β- adrenoceptor antagonist is sufficient. Short- term salicylates, or 
glucocorticoids in more resistant cases, may be required to relieve 
neck pain in subacute thyroiditis. The thyrotoxic phase may be fol-
lowed by a hypothyroid phase in any type of thyroiditis and can last 
for 1– 4 months. Thyroxine treatment may be warranted in symp-
tomatic patients, but should be withdrawn after 6 months because 
most patients will spontaneously regain euthyroidism. Postpartum 
thyroiditis is very likely to recur after a subsequent pregnancy. 
Permanent hypothyroidism develops in about one- third of patients 
with silent or postpartum thyroiditis.

Radiation- induced thyroiditis may occur after treatment with 
large doses of 131I. It develops in the first 2 weeks, and is character-
ized by neck and ear pain, painful swallowing, thyroid swelling, and 
tenderness. Thyrotoxicosis is mild and transient, resolving spontan-
eously within a week or two, and not requiring any specific treat-
ment besides salicylates for mild pain. Glucocorticoids (e.g. 30 mg 
prednisone daily) may be given for severe pain or swelling, tapering 
the dose when the complaints have disappeared.

Cytokine- induced thyroiditis has been observed after the 
administration of interleukin- 2, interferon- α (IFNα), or granulo-
cyte- macrophage colony stimulating factor. The clinical picture 

may resemble that of destructive thyroiditis:  transient thyrotoxi-
cosis developing after a few weeks to months, followed by a hypo-
thyroid phase which may be transient as well. Radioiodine thyroid 
uptake is low and a small non- tender goitre is sometimes present. 
However, it is not uncommon that the hypothyroid phase is per-
manent, or develops much later without preceding thyrotoxicosis. 
In patients treated with IFNα for chronic hepatitis C, de novo occur-
rence of thyroid antibodies is observed in 10– 14% [1– 3]. Thyroid 
function disorders develop in 15%, due to autoimmune hypothy-
roidism (c.50%), Graves’ hyperthyroidism (c.25%), or destructive 
thyroiditis (c.25%); however, only a small minority needs treatment 
as spontaneous recovery is the rule rather than the exception. These 
abnormalities have a median date of onset 17 weeks after starting 
treatment, but can occur at any time. Risk factors are female sex and 
pre- existent thyroid antibodies, but IFNα dosage or efficacy are not. 
It is recommended to measure thyroid- stimulating hormone (TSH) 
and TPO- Ab before treatment, and to monitor TSH during treat-
ment (e.g. every 3 months). IFNα- induced Graves’ disease does not 
resolve spontaneously after discontinuation of IFNα, and thyroid 
ablation with 131I or surgery is preferred. IFNα- induced destructive 
thyroiditis is mostly mild or subclinical and resolves spontaneously, 
although permanent hypothyroidism develops in less than 5% of 
cases. IFNα treatment can usually be continued, except in very se-
vere cases. Corticosteroids are generally contraindicated in patients 
with hepatitis C. Rechallenge with IFNα may result in recurrent de-
structive thyroiditis.

Immunotherapy with checkpoint inhibitors (like the CTLA4- 
inhibitor ipilimumab, and the PD- 1 inhibitors nivolumab and 
pembrolizumab) improves survival in a number of cancers but 
may induce various endocrinopathies, including thyroid function 
disorders and destructive thyroiditis resembling those induced by 
interferon- α [4] .

Trauma of the thyroid gland may rarely result in transient 
thyrotoxicosis associated with a low radioiodine thyroid uptake. 
Infiltration of the thyroid gland with malignant lymphoma or 
cancer metastases may cause thyrotoxicosis associated with low 
radioiodine thyroid uptake in exceptional cases, due to invasion and 
disruption of thyroid follicles.

Iodide- Induced Thyrotoxicosis

Exposure to pharmacological quantities of iodine may cause oc-
casionally iodide- induced thyrotoxicosis (IIT), also called Jod- 
Basedow [5– 8]. IIT is more prevalent in iodine- deficient areas than 
in iodine- sufficient areas. Risk factors are old age, nodular goitre, 
and low TSH. In case of underlying thyroid disease (like in patients 
with multinodular goitre or latent Graves’ disease and subclinical 
hyperthyroidism), thyroidal radioiodine uptake may be normal 
or even high. In contrast, in patients without underlying thyroid 
disease, ITT is caused by the cytotoxic effect of iodine excess on 
thyrocytes resulting in destructive thyroiditis, and radioiodine up-
take will be low. IIT usually resolves spontaneously within 6 months, 
often after a hypothyroid phase. The efficacy of antithyroid drugs 
is impaired by the presence of iodine excess, and ß- blockers or no 
treatment at all may suffice.

Many drugs contain huge quantities of iodine, such as kelp tab-
lets, certain expectorants, and iodinated contrast agents. The risk 

Box 3.3.12.1 Thyrotoxicosis without hyperthyroidism

1 Destructive thyroiditis
•  Subacute thyroiditis of De Quervain
• Painless or silent thyroiditis
• Postpartum thyroiditis
• Radiation- induced thyroiditis
• Cytokine- induced thyroiditis
• Checkpoint inhibitor- induced thyroiditis

2 Iodine- induced thyrotoxicosis
3 Amiodarone- induced thyrotoxicosis
4 Thyrotoxicosis of extrathyroidal origin

•  Factitious thyrotoxicosis (excess of exogenous thyroid hormone, 
Hamburger thyrotoxicosis)

• Struma ovarii
• Functional metastases of differentiated thyroid carcinoma
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for developing IIT is 0.3% in unselected people after coronary 
angiography in iodine- deficient areas [9] . In patients with an au-
tonomous thyroid function before coronary angiography, treat-
ment with 20 mg thiamazole and/ or 900 mg sodium perchlorate, 
starting the day before angiography and continued for 2 weeks, was 
not very effective in preventing IIT [10, 11]. Close monitoring of 
high- risk patients rather than prophylaxis is thus recommended, 
with prescription of β- adrenoceptor antagonists if thyrotoxicosis 
occurs [12].

Amiodarone- Induced Thyrotoxicosis

One tablet of 200 mg amiodarone contains 74.4 mg iodine of which 
10% is released in vivo during biotransformation of the drug. 
A maintenance dose of 300 mg amiodarone daily results in a 40- fold 
rise of plasma inorganic iodide and urinary iodide excretion [13]. 
The iodine excess may induce thyrotoxicosis in patients with under-
lying thyroid disease, referred to as amiodarone- induced thyrotoxi-
cosis (AIT) type 1. Amiodarone and especially its main metabolite 
desethylamiodarone have a potent cytotoxic effect on thyrocytes 
causing destructive thyroiditis [14, 15]; it may give rise to a destruc-
tive type of thyrotoxicosis, referred to as AIT type 2. The analogy 
with IIT is obvious, but the molar concentrations required for the 
cytotoxic effect of amiodarone are about three times lower than for 
potassium iodide [14].

Epidemiology and screening. Whereas amiodarone- induced 
hypothyroidism (AIH) is most prevalent in iodine- sufficient re-
gions, AIT is more prevalent in iodine- deficient areas. A  pro-
spective study in the Netherlands, a country with an average daily 
iodine intake of 150 μg, demonstrated development of AIH in 6% 
and of AIT in 8% of patients starting amiodarone [16]. It means 
one out of every five to six patients taking amiodarone will develop 
overt thyroid dysfunction. It is striking that no new cases of AIH 
develop after 2  years on amiodarone therapy, whereas new cases 
of AIT continue to occur with continuation of amiodarone. The 
incidence rate/ 100 person- years in France and the Netherlands is 
4.6 and 1.9 for AIH, respectively, and 1.6 and 1.6 for AIT [16, 17]. 
The high incidence and the potential danger of worsening of heart 

disease upon occurrence of AIH or AIT [18] call for thyroid moni-
toring. It is therefore recommended to measure TSH and TPO- Ab 
at baseline, and TSH every 6 months thereafter [19, 20]. A normal 
serum TSH during follow- up, however, does not guarantee that AIT 
will not develop in the interval to the next visit in view of the un-
predictable and often sudden onset of AIT [21]. Furthermore, the 
finding of a suppressed TSH during follow- up does not necessarily 
mean AIT that has to be treated, because in one- half of these cases 
TSH returns spontaneously to normal values [21, 22]. AIT can de-
velop up to 12 months after discontinuation of amiodarone, related 
to the very long terminal half- life of the drug.

Diagnosis. AIT can be asymptomatic. Recurrence of cardiac ar-
rhythmias, which previously had been controlled, may suggest the 
diagnosis. Symptoms can be unexplained weight loss (50%), heavy 
sweating (42%), palpitations (37%), hyperkinesia (29%), muscle 
weakness (27%), heat intolerance (24%), overall weakness (12%), 
and diarrhoea (12%) [23]. The biochemical diagnosis of AIT is 
based on a suppressed TSH in combination with an elevated free 
T4. T3 can be elevated or normal (related to the strong inhibition of 
T4 deiodination into T3 by amiodarone), and cases of T4 toxicosis 
do occur. The fT3 to fT4 ratio in AIT (like in IIT and subacute 
thyroiditis) is thus much lower than in Graves’ hyperthyroidism.

Distinction between AIT subtypes is considered to be useful be-
cause management of types 1 and 2 is different (Table 3.3.12.1) [24]. 
However, none of the proposed methods accurately discriminates 
between both subtypes. Serum interleukin- 6 was originally advo-
cated as a good discriminator (being much higher in type 2 than 
in type 1), but subsequent studies have been unable to confirm its 
value. Thyroidal radioiodine uptake is low or absent in type 2, but 
can also be low in type 1, and in one study did not differ at all be-
tween both types. Colour flow Doppler sonography can be useful, 
revealing a patchy pattern of thyroid vascularity to a markedly in-
creased blood flow in type 1 and an absent blood flow in type 2 [25]. 
The latest tool has been the 99mTc- sestamibi scan, showing mostly 
increased MIBI retention in type 1 and no uptake in type 2 [26]. It 
should be admitted that sometimes distinction between type 1 and 
type 2 AIT fails, and mixed cases do occur in about 10– 15% [22].

Treatment. Guidelines for the management of AIT have been 
published by the European Thyroid Association (Figure 3.3.12.1) 

Table 3.3.12.1 Characteristics of amiodarone- induced thyrotoxicosis types 1 and 2

Type 1 Type 2

Underlying thyroid abnormality Yes No

Pathogenesis Iodide- induced thyrotoxicosis Destructive thyrotoxicosis

Physical examination Usually nodular or diffuse goitre Occasionally small diffuse firm goitre

Thyroid antibodies Can be present Mostly absent

Thyroid ultrasound Diffuse or nodular goitre Heterogeneous pattern

Doppler sonography Normal or increased blood flow Decreased blood flow

Thyroidal radioiodine uptake Low or normal Low or absent
99mTc- sestamibi scan Clear thyroid retention No thyroid uptake

Spontaneous remission Unlikely Likely

Preferred drug treatment NaClO4 + methimazole Glucocorticoids

Amiodarone medication Discontinue if possible Can be continued

Subsequent hypothyroidism Unlikely Possible
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[24]. Amiodarone should be stopped in AIT type 1. Older studies 
indicate most patients with AIT type 1 are still thyrotoxic 6– 
9  months after discontinuation of amiodarone; in contrast, many 
patients with AIT type 2 are cured spontaneously in 3– 5 months, in 
line with the self- limiting nature of AIT type 2 [22]. A recent pro-
spective controlled trial has indeed demonstrated the feasibility of 
continuation of amiodarone in AIT type 2 [27].

AIT type 1 should be treated with rather high doses of antithyroid 
drugs (40– 60 mg methimazole daily) because the ambient iodine 
excess renders the thyroid gland less sensitive to methimazole. 
One may opt to co- administer sodium perchlorate, which by acute 
inhibition of thyroidal iodide uptake decreases intrathyroidal 
iodide thereby increasing the efficacy of methimazole [24]. The 
recommended dose is 500  mg sodium perchlorate twice daily 
for a restricted period of time (12 weeks). Using this schedule, 
dreaded side effects of NaClO4 like agranulocytosis have not been 
encountered.

AIT type 2 should be treated with oral prednisone in a starting 
dose of 30 mg daily, and tapering when fT4 and/ or TSH have been 
normalized (which occurs after a median time of 30 and 90 days, 
respectively) [28]. Time to restore euthyroidism was much longer 
after iopanoic acid therapy compared to prednisone in an RCT 
(221 vs. 40 days, respectively) [29]. Time to euthyroidism is little 
affected if amiodarone is continued [27]. KClO4 inhibits the cyto-
toxic effect of amiodarone on thyrocytes in vitro, but adding the 
drug to steroids did not improve outcome [15, 27]. It may not al-
ways be necessary to treat mild cases of AIT type 2 in view of its 
self- limiting nature. In this context one should be reminded that 
slightly increased fT4 levels up to 25 pmol/ L in the presence of a 
normal TSH are not unusual during amiodarone treatment, caused 

by a decreased T4 metabolic clearance rate induced by amiodarone. 
Smaller thyroid volumes and modest increases of fT4 are predictors 
of a fast response to steroids in AIT type 2 [28], and may help in 
choosing an expectant or active policy.

In mixed/ indefinite AIT, one can start with methimazole ± per-
chlorate, and add glucocorticoids if there is no improvement in 4– 6 
weeks. Alternatively, one can start immediately with triple therapy. 
AIT sometimes has a rather severe course, and fatal cases do occur. 
In very severe cases and in patients resistant to medical therapy, one 
should not wait too long to perform total thyroidectomy. Despite 
compromised cardiac function, the surgery has a rather low mor-
tality and morbidity [30– 33]. Total thyroidectomy improves cardiac 
function and mortality, especially in those with ejection fraction 
<40% preoperatively [32]. 131I therapy may sometimes be feasible 
despite the iodine excess, by applying high doses [34, 35]. rhTSH 
prior to 131I therapy is not recommended in AIT type 1 [24].

When euthyroidism has been restored in AIT type 1, definitive 
thyroid treatment with thyroidectomy or radioiodine is recom-
mended [24, 36]. When AIT type 2 has been cured and amiodarone 
needs to be restarted, prophylactic thyroid ablation is not recom-
mended. If amiodarone had been continued in AIT type 2, re-
current AIT may occur in 6– 18%; recurrences are apparently less 
severe and more easy to handle [27, 37, 38].

Prognosis. Patients with AIT have more major adverse cardio-
vascular events than patients who remain euthyroid (32% vs. 11%, 
P <0.001) [18]. Mortality is also higher in AIT patients with severe 
left ventricle dysfunction (31% at ejection fraction <50% vs. 14% at 
ejection fraction >50%) [39]. Permanent hypothyroidism develops 
in 17% of cured AIT type 2 patients, occurring at 10 months (range 
6– 24) after reaching euthyroidism [27, 40].

Definitive thyroid treatment
with thyroidectomy and radioiodine

Add oral glucocorticoids
(if not given initially)

Poor responseEuthyroidism

Thionamides
± sodium perchlorate

Thionamides
± sodium perchlorate
± oral glucocorticoids

Oral glucocorticoids

Amiodarone can be continued

Emergency thyroidectomy in selected cases

AIT 2AIT 1

Step amiodarone, if feasible

Suspected mixed/indefinite AIT

Amiodarone-induced thyrotoxicosis
(AIT)

Remission

Follow-up

Figure 3.3.12.1 Algorithm for the management of amiodarone- induced thyrotoxicosis.
Reproduced with permission from Bartalena L, Bogazzi F, Chiovato L, Hubalewska- Dydejczyk A, Links TP, Vanderpump M. 2018 European Thyroid Association (ETA) guidelines 
for the management of amiodarone- associated thyroid dysfunction. Eur Thyroid J, 2018; 7: 55– 66. Copyright © 2018 S. Karger AG, Basel.
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Thyrotoxicosis of extrathyroidal origin

Factitious thyrotoxicosis is due to ingestion of excess thyroid hor-
mone [41]. The hormone can be ingested unintentionally in diet 
pills and in ground beef contaminated with bovine thyroid tissue, 
or intentionally by people (mostly women) with psychiatric disturb-
ances and by children as an accident [42,  43]. Characteristic fea-
tures are thyrotoxicosis associated with a low thyroidal radioiodine 
uptake, normal urinary iodine excretion, no goitre, and no thyroid 
antibodies. Strong evidence for the existence of factitious thyrotoxi-
cosis is the finding of a low serum thyroglobulin. The disease will 
resolve spontaneously after the ingestion of excess thyroid hormone 
is stopped. Thyrotoxicosis due to the ingestion of a well- cooked 227- 
g hamburger prepared from contaminated ground beef, disappears 
within 1 month. Symptomatic treatment with propranolol may be 
necessary. Acute thyroxine intoxication may benefit from gastric 
lavage; plasmapheresis has been recommended in life- threatening 
situations. Discrepancy is often noted between modest clinical tox-
icity and very high thyroid hormone concentrations in serum.

Struma ovarii is an ovarian tumour with thyroid tissue as an im-
portant constituent. These tumours are often part of a mature tera-
toma, and harbour thyroid cancer in under 10% of instances [44]. 
They are mostly unilateral, occurring in less than 1% of all ovarian 
tumours. The highest incidence is in the fourth to sixth decade. 
Thyrotoxicosis develops in 5– 15%, especially in tumours bigger 
than 30 mm in size. Radioiodine uptake is low in the neck and high 
in the abdomen at the side of the lesion in classic cases, but the pres-
ence of a goitre (with some uptake in the neck) is not uncommon. 
Treatment is by surgical removal of the tumour [45].

Functional metastases of differentiated thyroid cancer are a rare 
cause of thyrotoxicosis due to a large bulk of tumour. Treatment is 
primarily by radioiodine [46].
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Introduction

Hypothyroidism may affect people of both sexes and all ages. The 
clinical expression of thyroid hormone deficiency varies consider-
ably between individuals. It is influenced mainly by the age of the 
patient and the rate at which hypothyroidism develops although 
being largely independent of its cause. Most adult patients complain 
of a slowing of physical and mental activity.

Hypothyroidism is a graded phenomenon, ranging from very 
mild cases, in which biochemical abnormalities (see Chapter 3.4.4, 
‘Subclinical Hypothyroidism’) are present but the individual hardly 
notices symptoms and signs of thyroid hormone deficiency, to very 
severe cases in which the danger exists of sliding down into a life- 
threatening myxoedema coma.

Organ System Manifestations of Hypothyroidism

Cutaneous Manifestations and Changes in the 
Connective Tissues

The cutaneous changes observed in hypothyroidism belong to the 
most classic and frequent findings of the disease (Table 3.4.1.1) [1] . 
Although other important symptoms and signs of hypothyroidism 
may be present, changes in the skin may be the most important 
factor for seeking medical attention [1]. In over 80% of patients 

with primary hypothyroidism, the epidermis is dry, rough, cool, 
and covered with fine superficial scales. This is an expression of 
decreased cutaneous metabolism, reduced secretion of sweat and 
sebaceous glands, vasoconstriction, thinning of the epidermis, and 
hyperkeratosis of the stratum corneum. The skin may have a finely 
wrinkled, parchment- like character. Unusual coldness of the arms 
and legs is sometimes a subject of complaint. The palms are cool 
and dry. Subcutaneous fat may be increased, with the formation of 
definite fat pads, especially above the clavicles, but is conspicuously 
absent in the more advanced form of the disease (myxoedematous 
cachexia). The hands and feet have a broad appearance, due to 
thickening of subcutaneous tissue.

The diffuse pallor and pale waxy surface colour can be attributed 
to two mechanisms. First vasoconstriction occurs and second the 
excess fluid and mucopolysaccharides in the dermis may compress 
small vessels to create blanching as well as interference with the 
transmission of colour from the deeper vessels. Anaemia may also 
contribute to pallor. Yellowish discolouration of the skin, most not-
ably of the palms, soles, and nasolabial folds, occurs in patients with 
long- standing hypothyroidism and is caused by elevation of serum 
and tissue carotene concentrations. The face is puffy, pale, and ex-
pressionless at rest (Figure 3.4.1.1). The skin of the face is also 
parchment- like. In spite of the swelling, it may be traced with fine 
wrinkles, particularly in pituitary myxoedema. The swelling some-
times gives it a round or moonlike appearance. The palpebral fis-
sure maybe narrowed because of blepharoptosis, due to diminished 
tone of the sympathetic nervous fibres to Müller’s elevator palpebral 

3.4

Hypothyroidism

Table 3.4.1.1 Cutaneous signs and symptoms of hypothyroidism

Cutaneous manifestation Frequency (%)

Cold intolerance 50– 95

Nail abnormality 90

Thickening and dryness of hair and skin 80– 90

Oedema of hands, face, and eyelids 70– 85

Change in shape of face 70

Malar flush 50

Non- pitting oedema 30

Alopecia 30– 40

Pallor 25– 60

Decreased sweat secretion 10– 70
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superior muscle. The modest measurable exophthalmos seen in 
some patients with myxoedema is presumably related to accumu-
lation of the same mucous oedema in the orbit as is seen elsewhere.

The tongue is usually large, and some patients will complain of 
this problem. The tongue is smooth if pernicious anaemia coexists. 
The voice is husky, low- pitched, and coarse due to the enlargement 
of the tongue and thickening of the pharyngeal and laryngeal mu-
cous membranes. The speech is deliberate and slow, and there may 
be difficulty in articulation.

There are other, less common, cutaneous findings seen in adult 
hypothyroid patients. Six patients have been reported in literature of 
an acquired palmoplantar keratoderma, verrucous in character, and 
predominantly affecting the plantar surface [2] . An additional re-
ported cutaneous finding specifically linked to atrophic thyroiditis 
is dermatitis herpetiformis, a gluten- sensitive skin disease charac-
terized by blisters on the elbows, buttock, and knees [3].

Hair Follicles and Nails

The hair is dry, dull, and coarse, growing slowly, becoming sparse, 
and falling out readily. Loss of scalp, genital, and beard hair may 
also occur. Hair may be lost from the temporal aspects of the eye-
brows (Queen Anne’s sign). However, this sign is not uncommon 
in elderly euthyroid women and occurs in association with several 
types of cutaneous disease, including atopic dermatitis, seborrhoeic 
dermatitis, and lupus erythematosus. In men, the beard becomes 
sparse, and its rate of growth becomes greatly retarded. The scalp 
is dry and scaly. The nails, through retardation of growth, become 
thickened and brittle, striated both in transverse and longitudinal 
grooves, and show frequent deformities.

Dermal Changes

The dermal pathological findings in patients with hypothyroidism 
are clinically manifested by the non- pitting swelling, most marked 
around the eyes and hands, that is myxoedema. This is due to an ab-
normal accumulation of salts, mucopolysaccharides, and protein in 
the interstitial spaces of the skin [4] . Histopathological examination 
of the skin reveals that the connective tissue fibres are separated 
by an increased amount of metachromatically staining, periodic 
acid- Schiff- positive mucinous material [1]. This material consists 
of protein complexed with two mucopolysaccharides, hyaluronic 
acid and chondroitin sulphate B [1]. An increase in the synthesis 

and accumulation of glycosaminoglycans leads to an excess of these 
normal intercellular substances.

The glycosaminoglycans are polymers of D- glucuronic acid and N- 
acetyl- D- glucosamine, forming hyaluronic acid, or of L- hyaluronic 
acid and N- acetyl- D- galactosamine sulphate, forming chondroitin 
sulphate B. They exist free and in ionic or covalent linkage to pro-
teins. These mucoproteins comprise part of the normal non- fibrillar 
intercellular matrix, the ground substance holding cells together. 
Due to its strong water binding capacity, accumulated hyaluronic 
acid may also contribute to the peculiar non- pitting quality of myx-
oedema. Capillary permeability is augmented in hypothyroidism 
with increased accumulation of sodium, water, and proteins.

Cardiovascular Changes

Lack of thyroid hormones causes multiple alterations in the car-
diovascular system [5] . The most frequent changes in hypothyroid 
patients are increased systemic vascular resistance, diastolic dys-
function, reduced systolic function, and decreased cardiac preload 
[5]. Bradycardia, cardiomegaly, and low voltage complexes on the 
electrocardiogram (ECG) are well- known features (Box 3.4.1.1). 
The decrease in pulse rate approximately parallels the decrease in 
the body’s metabolic rate. Myocardial contractility is reduced. The 
cardiac output at rest is decreased because of reduction in both 
stroke volume and heart rate, reflecting loss of the inotropic and 
chronotropic effects of thyroid hormones [5]. The mechanism re-
sponsible for the impaired ventricular performance is multifac-
torial. The actions of thyroid hormone on the hearth are mediated 
by genomic and non- genomic mechanisms targeted to membrane 
proteins, cytoskeletal components, and organelles. The genomic ac-
tions are mediated by nuclear receptors alpha and beta [5]. In animal 
models, low thyroid hormone concentrations alter the expression 
of myocyte- specific genes and the distribution of the heavy- chain 
isoforms of sarcomeric myosin and of the calcium- regulating pro-
teins [6]. Alterations in myocyte calcium uptake and release are 
responsible for the change in the inotropic state [6]. Peripheral vas-
cular resistance at rest is increased, and blood volume is reduced. 
These haemodynamic alterations cause narrowing of pulse pressure, 
prolongation of circulation time, and decreased blood flow to the 
tissues. In most tissues the decrease in blood flow is proportional to 
the decrease in oxygen consumption, so the arteriovenous oxygen 
difference remains normal or may be slightly increased. Slow per-
ipheral circulation, and therefore more complete extraction of 

Figure 3.4.1.1 A patient with hypothyroidism.

Box 3.4.1.1 Cardiovascular signs and symptoms 
in hypothyroidism

 • Symptoms
 — Dyspnoea
 — Decreased exercise tolerance
 — Angina

 • Signs
 — Low pulse rate
 — Increased systemic vascular resistance
 — Diastolic hypertension
 — Cardiomegaly
 — Pericardial effusion
 — Peripheral non- pitting oedema
 — Low voltage ECG, non- specific ST- T changes
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oxygen, as well as anaemia, may be responsible for the increased 
arteriovenous oxygen difference. Myocardial oxygen consumption 
is decreased, usually more than blood supply to the myocardium, so 
that angina is infrequent [5]. In some patients a reduction in cardiac 
output greater than the decline in oxygen consumption indicates 
specific cardiac damage from the myxoedema [5].

The haemodynamic alterations at rest resemble those of con-
gestive heart failure, but cardiac output increases and peripheral 
vascular resistance decreases normally in response to exercise un-
less the hypothyroid state is severe [5] . The non- pitting oedema 
observed in hypothyroid patients is due to an increase in protein 
distribution in the extravascular extracellular space resulting from 
increased capillary permeability.

Venous pressure is normal, but peripheral resistance is increased. 
The mechanism responsible for the increase in systemic vascular 
resistance is not known. Triiodothyronine (T3) may act as a vaso-
dilator and in its absence vascular resistance may rise [5, 7]. Arterial 
blood pressure is often mildly increased. Hypertension is present in 
10– 20% of patients with hypothyroidism [5, 7]. Diastolic hyperten-
sion is usually restored to normal after treatment [7] . Three factors 
can contribute to systemic hypertension, increased peripheral resist-
ance, increased arterial stiffness, and endothelial dysfunction [7– 9].

Few symptoms referable to the cardiovascular system are re-
ferred in patients with hypothyroidism. Exertional dyspnoea and 
exercise intolerance are probably due to skeletal muscle dysfunc-
tion. There has been much discussion as to whether the hyperchol-
esterolaemia that accompanies primary hypothyroidism accelerates 
the development of coronary atherosclerosis. An increased risk for 
atherosclerosis is supported by autopsy and epidemiological studies 
in patients with thyroid hormone deficiency and may be, in part, 
explained by the hypercholesterolaemia and marked increase in 
low- density lipoprotein (LDL) [8] . Moreover, diastolic hyperten-
sion, increased arterial stiffness and endothelial dysfunction, al-
tered coagulability, and increased levels of C- reactive protein may 
further contribute to the increased cardiovascular risk (8, 9). Most 
autopsied myxoedematous individuals have severe atherosclerosis, 
but they are also usually 60 years of age or more. Occasionally an-
gina pectoris is encountered in myxoedema [5]. Sometimes angina 
or angina- like pain is present before treatment. This generally in-
dicates the presence of significant coronary artery disease since 
there is inadequate myocardial oxygenation despite reduced cardiac 
output and oxygen utilization. Angina may also appear for the first 
time after treatment has been initiated, indicating that coronary 
flow is inadequate for resumption of normal cardiac function [7]. 
The presence of a structural lesion must be strongly suspected.

On physical examination certain findings can suggest hypothy-
roidism. The heart rate is lowered, the pulse pressure is narrowed, 
and the carotid upstroke and left ventricular apical impulse are di-
minished [5] . The heart sounds are diminished in intensity; this 
finding is due largely to effusion into the pericardial sac of fluid rich 
in protein and glycosaminoglycans.

The combination of a large heart, associated with typical haemo-
dynamic and electrocardiographic alterations, and the serum en-
zyme changes (creatine kinase, aspartate aminotransferase, and 
lactate dehydrogenase may be increased) has been termed myxoe-
dema heart. This term was introduced by Zondek in 1918 [10]. It 
embraced dilatation of the left and right sides of the heart, a slow 
indolent heart action with normal blood pressure, and lowering 

of the P and T waves of the electrocardiogram. Zondek found 
that after treatment with thyroid hormone there was a return of 
the dilated heart to near normal size, a more rapid pulse without 
change in blood pressure, and gradual return of the P and T waves 
to normal. Microscopic examination discloses myxoedematous 
changes of the myocardial fibres. The myocardium is pale and 
flabby. Histopathological examination of the myocardium reveals 
interstitial oedema and swelling of the muscle fibres with loss of 
striations. The cause of the cardiac enlargement has been disputed. 
It is not due to hypertrophy alone, since it would not disappear so 
rapidly with treatment. One factor may be a decrease in contract-
ility of the heart muscle; this would require a lengthening of muscle 
fibres in order to perform the required work.

In myxoedema, when the heart does not return to a normal size 
under thyroid hormone administration, hypertrophy due to some 
other disease is present as a complication. The slow and progressive 
return to normal size under treatment requires between 3 weeks 
and 10 months for completion. This decrease in size, like the pro-
gressive elevation of the T waves, is of diagnostic value.

Electrocardiographic Changes

Electrocardiographic changes include sinus bradycardia, prolonga-
tion of the P– R interval, low amplitude of the P wave and QRS 
complex, alterations of the ST segment, and flattened or inverted 
T waves. Although suggestive of myocardial ischaemia, these wave-
form changes often disappear during thyroxine (T4) treatment. 
Pericardial effusion is probably responsible for the low ampli-
tude. Rarely, complete heart block may be present, but this disap-
pears when the hypothyroidism is treated. In hypothyroidism, the 
atrial pacemaker function is normal and atrial ectopy is rare, but 
ventricular premature beats and occasionally ventricular tachy-
cardia may occur. The syndrome of torsades de pointes with a long 
Q– T interval and ventricular tachycardia can occur with hypothy-
roidism, and resolve with T4 treatment alone.

Systolic Time Intervals and Echographic Findings

Systolic time intervals are altered, the pre- ejection period is pro-
longed, and the ratio of pre- ejection period to left ventricular ejec-
tion time is increased. Some patients have been reported to have 
asymmetrical hypertrophy of the intraventricular septum by echo-
cardiography that resolves with T4 treatment [11], but a recent 
study failed to show septal hypertrophy in any hypothyroid patient 
studied. Pericardial effusion occurs in one- third to one- half of pa-
tients with overt hypothyroidism. The effusion is more common 
and their volume is greater in patients with long- standing severe 
disease. Cardiac tamponade is very rare. More sophisticated tech-
niques have been used to assess systolic and diastolic function and 
myocardial texture, such as cardiac MRI, tissue Doppler imaging 
[12], and ultrasonic myocardial textural analysis [12]. By using 
magnetic resonance spectroscopy, an early cardiac bioenergetics 
impairment was demonstrated in patients with subclinical hypothy-
roidism which was reversible after L- thyroxine therapy [13].

Laboratory Tests

The serum levels of creatine kinase, aspartate aminotransferase, and 
lactate dehydrogenase may be increased. Serum creatine kinase ac-
tivity is high in as many as 30% of patients. Whereas the increase 
may reflect myocardial necrosis, in most patients the isoenzyme 
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distribution indicates its origin from the skeletal rather than cardiac 
muscle. Prolongation of the half- life of creatine kinase in the circu-
lation contributes to the elevated serum concentration.

Respiratory Changes

Respiratory troubles are rarely a serious complaint in hypothyroid 
patients. However, hypothyroidism may cause respiratory prob-
lems through: (1) depression of the respiratory centre in the brain; 
(2) disturbed neural conduction and/ or neuromuscular transmis-
sion to the respiratory muscles (due to hypothyroid neuropathy); 
(3) diseased respiratory muscle function (due to hypothyroid my-
opathy); and (4)  changes in the alveolar- capillary membranes 
and the surfactant lining the alveoli, leading to impaired gas ex-
change. Fatigue and dyspnoea on exertion are frequent symptoms. 
Dyspnoea is a frequent complaint of myxoedematous patients, but 
is also a common symptom among well people. Congestive heart 
failure of separate origin, pleural effusion, anaemia, obesity, or pul-
monary disease may be responsible.

Some information on pulmonary function in hypothyroidism is 
available [14]. Wilson and Bedell [14] found a normal vital capacity 
and arterial PCO2 and PO2 in 16 hypothyroid patients. They also 
found a decreased maximal breathing capacity, decreased diffusion 
capacity, and decreased ventilatory response to carbon dioxide. 
Decreased ventilatory drive is present in about one- third of hypo-
thyroid patients, and the response to hypoxia returns rapidly within 
a week after beginning therapy. Summarizing the few studies, there 
is little abnormality of resting pulmonary function in most non- 
obese patients with hypothyroidism [15– 16]. Some patients may ex-
hibit a decreased vital capacity, probably due to muscular weakness. 
Overall oxygen transfer may be slightly decreased, as evidenced 
by a decreased PO2, possibly due to a decreased diffusing capacity 
for carbon monoxide. An increase in ventilation perfusion mis-
matching or an opening of anatomical shunts may also contribute 
to these modifications.

The severity of hypothyroidism parallels the incidence of im-
paired ventilatory drive [17, 18]. Patients with myxoedema may de-
velop carbon dioxide retention, and carbon dioxide narcosis may be 
a cause of myxoedema coma. Hypothyroidism- induced breathing 
disorders during sleep, particularly sleep apnoea syndromes 
(OSAS), have been described [19]. Obstructive sleep apnoea has 
been documented in hypothyroidism in about 30% of patients and 
is reversible with treatment [19, 20]. Hypothyroidism may predis-
pose to upper airway obstruction by several mechanisms: increased 
size of the tongue and other pharyngeal skeletal muscles; a slow and 
sustained pharyngeal muscle contraction pattern; or diminished 
neural output of the respiratory centre. After LT4 replacement 
therapy, apnoea periods, oxygen desaturation events, and snoring 
usually improve [16]. Myxoedematous patients are more subject to 
respiratory infections. Pleural effusions usually are evident only on 
radiological examination.

Gastrointestinal Changes

The gastrointestinal manifestations of hypothyroidism are listed 
in Box 3.4.1.2. Poor appetite can be a leading symptom in hypo-
thyroid patients. Anorexia can be interpreted as the reflection of 
a lowered food requirement. Although two- thirds of patients have 
reported weight gain, it is of modest degree and due largely to re-
tention of fluid by hydrophilic glycoprotein deposits in the tissues. 

True obesity is not a feature of hypothyroidism. Younger patients 
with iatrogenic hypothyroidism secondary to treatment for thyro-
toxicosis commonly gain weight because of decreased physical ac-
tivity coupled with unchanged food intake.

Constipation is commonly present and is the result of a lowered 
food intake and decreased peristaltic activity. The latter may lead 
to faecal impaction and may mimic mechanical ileus when accom-
panied by colicky pains. Spontaneous hypothyroidism most often af-
flicts older people, who may discount the significance of an insidious 
decrease of bowel movements [21]. Severe constipation that is unre-
sponsive to treatment may, therefore, be a prominent finding at the 
time of diagnosis. Gastric emptying and intestinal transit time are pro-
longed [21, 22]. Gaseous distension may be a troublesome symptom; 
it responds slowly to thyroid treatment. In most patients, intestinal 
absorption is normal. Although the rates of absorption for many 
substances are decreased [21, 22], the total amount absorbed may be 
normal or even increased because the decreased bowel motility may 
allow more time for absorption. Occasional malabsorption has been 
attributed to myxoedema of the intestinal mucosa or altered intestinal 
motility. Galactose and glucose tolerance curves show a delayed rise to 
a lower peak than normal and a delayed return to baseline.

Ascites in the absence of another cause is unusual in hypothy-
roidism, but it can occur in association with pleural and pericardial 
effusion [22]. Myxoedema ascites consists of a yellow and gelatinous 
peritoneal exudate. It has been related to congestive heart failure, 
enhanced capillary permeability, or inappropriate secretion of anti-
diuretic hormone.

Atrophy of the gastric [23] and intestinal mucosa and 
myxoedematous infiltration of the bowel wall may be present at 
histological examination. Immune gastritis is often observed in 
hypothyroid patients [23] with autoimmune thyroiditis. As many 
as 50% of patients with autoimmune hypothyroidism have achlor-
hydria, 25% have circulating antibodies directed against the gastric 
parietal cells or intrinsic factor, and 10% have pernicious anaemia 
caused by impaired absorption of vitamin B12.

A history of overt hypothyroidism has been associated with small 
intestinal bacterial overgrowth (SIBO), which is a clinical condition 
caused by an increased level of microorganisms exceeding the pres-
ence of more than 106 colony- forming units/ ml within the small 
intestine. SIBO is considered a malabsorption syndrome [24].

Symptoms or signs of disturbed liver or exocrine pancreatic func-
tion are usually not encountered, but biochemical tests may suggest 
disease. Non- alcoholic fatty liver disease (NAFLD) is also frequently 
observed in hypothyroidism [25]. The association of liver disease 
and hypothyroidism is suggestive of a multisystem autoimmune 

Box 3.4.1.2 Gastrointestinal manifestations of hypothyroidism

 • Symptoms
 — Anorexia
 — Gaseous distension
 — Constipation
 — Prolonged gastric emptying
 • Signs
 — Prolonged intestinal transit time
 — Ascites
 — Elevated liver enzymes
 — Gallbladder hypotonia
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disease affecting both the liver (e.g. chronic active hepatitis or pri-
mary biliary cirrhosis) and the thyroid. Structural liver damage is 
unusual in hypothyroidism. Serum glutamic- oxaloacetic trans-
aminase, lactate dehydrogenase, and creatine phosphokinase levels 
are elevated in patients with hypothyroidism [26]. The enzymes re-
turn to normal over 2– 4 weeks during treatment. Urinary amylase 
levels may be increased. Gallbladder motility is decreased, and the 
gallbladder may appear distended on radiographic examination; 
hypothyroidism increases the risk of gallstones due to a reduced 
gallbladder motility and bilirubin excretion and increased serum 
cholesterol [22].

Cerebral and neurological Changes

Thyroid hormone is essential for the development of the central 
nervous system. Deficiency in fetal life or at birth causes hypoplasia 
of cortical neurons with poor development of cellular processes, 
retarded myelination, and reduced vascularity. Deficiency of thy-
roid hormone beginning in adult life causes less severe manifest-
ations that usually respond to treatment with thyroid hormone. 
Recent studies using 32P nuclear magnetic resonance spectroscopy 
of the frontal lobe of adult hypothyroid patients report reversible 
alterations in phosphate metabolism, suggesting impairment of 
mitochondrial metabolism [27]. Cerebral blood flow is reduced 
in hypothyroidism, but cerebral oxygen consumption is usually 
normal [28]. This finding is in accord with the observation that the 
oxygen consumption of isolated brain tissue in vitro, unlike that of 
most other tissues, is not stimulated by the administration of thy-
roid hormones. In severe cases, decreased cerebral blood flow may 
lead to cerebral hypoxia. These and other findings indicate that 
the adult human brain is a thyroid hormone- responsive organ. 
Hypothyroidism may induce neurological abnormalities at an early 
stage of the disease [29]. It has been shown [29] that peripheral and 
central neuropathy develops in patients of hypothyroidism at an 
early stage of disease and the electrophysiological investigations of 
such patients can help in timely detection and treatment of neuro-
logical disorders that occur due to thyroid hormone deficiency.

Box 3.4.1.3 lists the numerous symptoms suggesting either 
neurological or psychiatric disorders in patients with moderate 
to severe hypothyroidism. In adult and elderly patients, mental 
changes may go unrecognized because of their slow development 

and because they may mimic cerebral atherosclerosis. However, an 
unusual complacency, fatigue, and pronounced somnolence or even 
lethargy together with a prolonged reaction time should suggest the 
possibility of hypothyroidism. Special attention is required for pa-
tients who need an increasing amount of sleep (over 12– 14 h/ day). 
They may lapse into stupor or even coma, and develop convulsions. 
This may be the beginning of myxoedema coma, a rare but very ser-
ious condition, the extreme expression of severe hypothyroidism. 
All intellectual functions, including speech, are slowed. There is loss 
of initiative, and slow wittedness and memory defects are common; 
in a study [30] working memory was impaired in hypothyroidism. 
Dementia in elderly patients may be mistaken for senile dementia. 
Memory is undoubtedly impaired, and attention and the desire to 
think are reduced. The emotional level seems definitely low, and ir-
ritability is decreased. Except in the terminal stage, reasoning power 
is preserved. Cognitive tests of patients with moderate to severe 
hypothyroidism indicate difficulties in performing calculations, re-
cent memory loss, reduced attention span, and slow reaction time 
[31, 32]. In a metanalysis the association between subclinical hypo-
thyroidism (sHT) and cognitive impairment has been shown only 
in individuals younger than 75 years of age and those with higher 
thyroid- stimulating hormone (TSH) concentrations [33].

Headaches are frequent.
In a minority of patients, nervousness and apprehension are 

present. Psychiatric disorders are common and are usually of the 
paranoid or depressive type and may induce agitation (myxoedema 
madness). Depression is so often associated with hypothyroidism 
[31] that thyroid function tests should be performed in the evalu-
ation of any patient presenting with this symptom [33]. Central 5- 
hydroxytryptamine activity is reduced in hypothyroid patients, and 
T3 supplementation might increase the efficacy of antidepressant 
drugs. At times, this manifestation of hypothyroidism is more se-
vere than are many of the other clinical manifestations of the dis-
ease. Because hypothyroidism is so readily treated, it is an especially 
important cause to eliminate.

In rare cases of long- standing hypothyroidism cerebellar ataxia 
with or without intention tremor has been found. Jellinek and Kelly 
[34] described a series of myxoedematous patients with ataxia, in-
tention tremor, nystagmus, and dysdiadochokinesia. Ataxia has 
been noted in 8% of a large series of hypothyroid patients [35]. 
Patients may have intention tremor, nystagmus, and an inability to 
make rapid alternating movements. The cause of this syndrome is 
not apparent, but myxoedematous infiltrates of glycogen and mu-
cinous material have been found in the cerebellum. There may be 
foci of degeneration and an increase in glial tissue. These symptoms 
show a prompt and definite decrease after replacement therapy with 
thyroid hormone.

Sensory phenomena are common. Numbness and tingling of 
the extremities are frequent. Mononeuropathies occur in hypo-
thyroidism, as attested to by the high incidence of carpal tunnel 
syndrome (compression of the median nerve at the wrist) [36]. 
Nocturnal paraesthesia and pain in the median nerve distribution 
in one or both hands is a common manifestation of this condition. 
Paraesthesia or lancing pain in the legs are manifestations of lower 
extremity peripheral neuropathy. A study of 39 patients with pri-
mary hypothyroidism found complaints of polyneuropathy in 64%, 
findings of polyneuropathy in 33%, and a definite diagnosis by elec-
trophysiological criteria in 72% [36]. A metachromatic infiltrate has 

Box 3.4.1.3 Neurologic and psychiatric manifestations 
in hypothyroidism

 • Neurologic symptoms or signs
 — Somnolence, lethargy
 — Slow speech
 — Impaired cognitive functions
 — Headache
 — Paraesthesias
 — Cerebellar ataxia
 — Deafness
 — Vertigo
 — Delayed relaxation of deep tendon reflexes
 • Psychiatric syndromes
 — Depression
 — Bipolar disorders
 — Affective psychosis
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been found in the lateral femoral cutaneous nerve and sural nerve, 
together with axon cylinder degeneration.

The tendon reflexes are slow, especially during the relaxation 
phase, producing the characteristic ‘hung- up’ reflexes:  this phe-
nomenon is due to a decrease in the rate of muscle contraction and 
relaxation, rather than a delay in nerve conduction. The presence 
of extensor plantar responses or diminished vibration sense should 
alert the physician to the possibility of coexisting pernicious an-
aemia with combined system disease.

Electroencephalographic changes include slow α- wave activity 
and general loss of amplitude. The concentration of protein in the 
cerebrospinal fluid is often increased, but cerebrospinal pressure is 
normal.

Deafness is a very characteristic and troublesome symptom of 
hypothyroidism. It may be due to both conduction or nerve im-
pairment and usually responds very well to treatment. Vestibular 
abnormalities have also been demonstrated. Serous otitis media 
is not uncommon. Two- thirds of patients complain of dizziness, 
vertigo, or occasionally tinnitus:  these problems suggest damage 
to the eighth nerve or labyrinth, or possibly to the cerebellum. 
Whatever type of deafness is present, there is marked improvement 
after thyroid treatment. Acquired hearing loss in association with 
adult- onset hypothyroidism should be distinguished from the sen-
sorineural deafness of Pendred’s syndrome. In the latter, treatment 
of hypothyroidism does not correct the hearing defect.

Night blindness is not uncommon. It is caused by a deficiency in 
the pigment retinene, which is required for the adaptation to dark.

Musculoskeletal Changes

Muscles

In patients with hypothyroidism, disordered muscle function often 
is the predominating feature of the clinical syndrome. Generalized 
muscular hypertrophy, accompanied by easy fatigue and slowness of 
movements, occurs in some myxoedematous children or adults. It 
has been referred to as the Kocher– Debré– Sémélaigne syndrome in 
children [37] and as Hoffmann’s syndrome in adults. These patients 
do not have the classic electromyography findings of myotonia. The 
myopathy of hypothyroidism in some patients is associated with 
weakness even though the muscles are hypertrophied. The typical 
patient presents with firm large well- developed muscles, like those 
of an athlete. The entire musculature is affected to some extent, but 
the most obvious enlargement is in the arms and legs.

Muscle symptoms such as myalgia, muscle weakness, stiffness, 
cramps, and easy fatigability are very prevalent in hypothyroid pa-
tients [38, 39]. The symptoms are aggravated by exposure to cold. 
They are also prominent during the rapid onset of hypothyroidism 
after surgery or 131 I treatment. Impairment of mitochondrial oxi-
dative metabolism provides a biochemical substrate for these 
complaints.

Reflex contraction and relaxation time is prolonged, mainly be-
cause of the intrinsic alterations in muscle contractility. Nerve con-
duction time may also be prolonged. Delayed reflex relaxation is 
characteristic and has been developed into a diagnostic test of thy-
roid function. The rate- limiting step in muscle relaxation is the re-
uptake of calcium by the sarcoplasmic reticulum. In skeletal muscle, 
this process is dependent on the content of Ca2+- ATPase. Recent 
studies have indicated that Ca2+- ATPase activity of the fast twitch 
variety (SERCA1) is markedly reduced in hypothyroidism [40] with 

impairment of calcium reuptake as a consequence. This occurs at 
a transcriptional level, since thyroid hormone response elements 
have been identified in the 5′ flanking region of the SERCA1 Ca2+- 
ATPase gene. The reduction in Ca2+- ATPase would explain the de-
layed relaxation of the deep tendon reflexes. On histopathological 
examination the muscles appear pale and swollen. The muscle fibres 
may show swelling, loss of normal striation, and mucinous deposits.

Skeletal System: Calcium and Phosphorus Metabolism

In the adult skeleton, thyroid hormone deficiency decreases recruit-
ment, maturation, and activity of bone cells, leading to decreased re-
modelling, which is especially reflected in the impaired function of 
the osteoclasts [41]. Bone mass may be normal or slightly increased; 
however hypothyroid patients show a two- to threefold increased 
risk fracture [42]. In some patients, fracture may occur before bone 
mass reaches levels compatible with osteoporosis, reflecting an im-
pairment of bone quality [41]. Recent data suggest that high TSH 
levels may be linked to the risk of osteoporotic fractures only in 
young and middle- aged men, while in postmenopausal women, the 
long term risk of hip and other osteoporotic fractures is strongly re-
lated to the cumulative duration of LT4 overtreatment [43].

Urinary excretion of calcium is decreased as is the glomerular 
filtration rate, whereas faecal excretion of calcium and both urinary 
and faecal excretion of phosphorus are variable. The concentrations 
of calcium and phosphorus in serum are usually normal, but cal-
cium may be slightly elevated. Serum alkaline phosphatase levels 
are often decreased, as are serum osteocalcin levels. Because the 
levels of parathyroid hormone are often slightly increased, some 
degree of resistance to its action may be present. Serum concentra-
tions of 1,25- dihydroxycholecalciferol are also increased.

Joints

At the clinical level, patients with hypothyroidism often complain of 
articular and muscular pain and stiffness of the extremities. These 
symptoms may suggest rheumatoid arthritis or also polymyalgia 
rheumatica or primary myositis. Patients may exhibit joint effusions 
involving the knees and small joints of the hands and feet. In 5– 10% 
of patients with carpal tunnel syndrome, primary hypothyroidism 
may be the cause due to the accumulation of the hygroscopic gly-
cosaminoglycan in the interstitial space with compression of the 
median nerve.

Changes in Kidney Function

Clinically significant disturbances of kidney function, and hence 
of water and electrolyte metabolism, are uncommon in hypothy-
roidism. Renal blood flow and glomerular filtration rate can be re-
duced [44]. Because of the moderate extent of these reductions and 
the hypothyroidism- induced decreased metabolism, renal failure 
does not usually occur. Factors contributing to the decrease in renal 
blood flow are a decrease in cardiac output, a decrease in plasma 
volume, and a narrowing of renal blood vessels through enlarge-
ment of endothelial and mesangial cells and thickening of the glom-
erular basement membrane.

Laboratory examinations may reveal a slight increase of serum 
creatinine and uric acid [44]. Urine flow is reduced, and delay in 
the excretion of a water load may result in reversal of the normal 
diurnal pattern of urine excretion. The delay in water excretion ap-
pears to be due to decreased volume delivery to the distal diluting 
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segment of the nephron resulting from diminished renal perfu-
sion and inappropriate secretion of vasopressin [44]. Since urinary 
hydroxycorticoid excretion is decreased, the adrenals might be re-
sponsible for delayed water excretion. Other evidence suggests that 
the tissue supply of adrenal cortical hormones is usually normal in 
myxoedema. The ability to concentrate urine may be slightly im-
paired. Occasionally, minimal proteinuria is seen. This condition 
could be due to congestive heart failure or to the increased capillary 
transudation of protein typical of hypothyroidism.

The total body sodium content is increased [45]. The excessive so-
dium is presumably bound to extracellular mucopolysaccharides. In 
spite of reduced renal blood flow and blood volume, the sodium re-
tention is probably not a reflection of altered renal function. In fact, 
salt loads are usually excreted readily and serum sodium concentra-
tions tend to be low [45], in contrast to other clinical situations as-
sociated with sodium retention, such as congestive heart failure. No 
consistent changes in plasma potassium levels have been reported. 
Total magnesium levels may be elevated and the bound fraction and 
urinary excretion are reduced. Plasma homocysteine concentrations 
are increased in hypothyroidism, related to lower folate levels and a 
lower creatinine clearance in thyroid hormone deficiency [46].

Haematological Changes

Erythrocytes

Anaemia is present in up to two- thirds of hypothyroid children and 
adolescents, and in about one- third of adults with hypothyroidism 
[47]. Anaemia is usually mild. Anaemia in hypothyroidism may be 
a normochromic and normocytic anaemia due to the diminished 
oxygen requirements and decreased production of erythropoietin 
[47] or may result from a specific depression of marrow that lacks 
thyroid hormone [47]. The bone marrow generally shows mild 
hypoplasia with an increase in fatty marrow. The anaemia may be 
macrocytic, sometimes from deficiency of vitamin B12. Folate de-
ficiency from malabsorption or dietary inadequacy may also cause 
macrocytic anaemia. The frequent menorrhagia and the defective 
absorption of iron resulting from achlorhydria may contribute to a 
microcytic hypochromic anaemia [47].

Leucocytes and Thrombocytes

Granulocyte, lymphocyte, and platelet counts are usually normal in 
hypothyroidism. Leucopenia might indicate associated vitamin B12 
or folic acid deficiency. Mean platelet volume can be decreased. The 
erythrocyte sedimentation rate (ESR) may be elevated in uncompli-
cated hypothyroidism.

Haemostasis

Hypothyroid patients may have bleeding symptoms such as easy 
bruising, menorrhagia, or prolonged bleeding after tooth ex-
traction. The most frequent defects in haemostasis are prolonged 
bleeding time, decreased platelet adhesiveness, and low plasma con-
centrations of factor VIII and von Willebrand’s factor (acquired von 
Willebrand syndrome type 1)  [48]. This coagulopathy should be 
taken into account when planning invasive procedures in hypothy-
roid patients. The mild or moderate acquired von Willebrand syn-
drome is reversible after restoration of euthyroidism. There are also 
data suggesting existence of a hypercoagulation and hypofibrinolytic 
state, particularly in subclinical hypothyroidism [48].

Changes in the Reproductive Tract

In both sexes thyroid hormone influences sexual development and 
reproductive function. Infantile hypothyroidism leads to sexual im-
maturity and juvenile hypothyroidism causes a delay in the onset 
of puberty followed by anovulatory cycles. Paradoxically, primary 
hypothyroidism may also cause precocious sexual development and 
galactorrhoea [49].

In adult men, hypothyroidism may lead to impotence, lack of li-
bido, and, rarely, to testicular tubular involution. The testicles are 
histologically immature if hypothyroidism preceded puberty and 
show tubular involution if its onset was after puberty [50]. In adult 
hypothyroid men, semen analysis is usually normal. Delayed ejacu-
lation, hypoactive sexual desire, and erectile dysfunction have been 
described [51]. In adult women, severe hypothyroidism may be as-
sociated with diminished libido and failure of ovulation [52, 53]. In 
general, hypothyroid women complain of menorrhagia and, occa-
sionally, oligo-  and amenorrhoea. Plasma gonadotropins are usually 
in the normal range in primary hypothyroidism and the pulsatile 
gonadotropin release in the follicular phase is normal [52], but the 
ovulatory surge may not happen. Secretion of progesterone is inad-
equate, and endometrial proliferation persists, resulting in excessive 
and irregular breakthrough menstrual bleeding. The anovulation is 
reflected in the frequent finding of a proliferative endometrium. 
These changes may be due to a deficient secretion of luteinizing 
hormone. Mild to moderate hyperprolactinaemia is a frequent 
finding in hypothyroid women, with or without galactorrhoea. It 
is attributed to the stimulatory effect of increased thyrotropin- re-
leasing hormone on prolactin secretion. Fertility is reduced, and 
spontaneous abortion may result, although many pregnancies are 
successful.

The total concentrations of both testosterone and oestradiol 
in serum are decreased, predominantly due to a diminution in 
the concentration of the carrier sex hormone- binding globulin. 
Because of the concomitant increase in the unbound fraction of sex 
steroids, their absolute free concentration remains normal. The me-
tabolism of testosterone is shifted towards aetiocholanolone rather 
than androsterone. With respect to oestradiol and oestrone, hypo-
thyroidism favours metabolism of these steroids via 16α- hydroxyl-
ation with the result that formation of oestriol is increased.

The literature contains many reports of pregnancy in untreated 
hypothyroid women [53, 54]. Euthyroid neonates born to hypo-
thyroid mothers during pregnancy have been reported to achieve 
a lower IQ later in life [55]. When treatment has been started 
during pregnancy, generally a normal child is produced [53], but 
abortion is frequent in women with myxoedema. Pregnancy- in-
duced hypertension is 2– 3 times more common in hypothyroid 
women. Low birthweight is secondary to premature delivery for 
gestational hypertension. The incidence of various congenital ab-
normalities may be increased, but recent studies do not report an 
increased risk of fetal death or congenital anomalies with proper 
treatment [53, 56].

Other endocrine Glands

Pituitary Function

Hypothyroidism can affect the secretion of all pituitary hormones. 
The effect of hypothyroidism on the secretion of vasopressin, fol-
licle- stimulating hormone, and luteinizing hormone are discussed 
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in other sections. Hypothyroidism decreases growth hormone se-
cretion and hypothyroid children have a dramatic retardation of 
growth [57]. Retarded growth caused by hypothyroidism appears 
to result from deficient secretion of growth hormone as well as 
from impaired action of growth hormone. Many hypothyroid 
children have subnormal serum growth hormone response to in-
sulin- induced hypoglycaemia. Growth hormone secretion is de-
creased in hypothyroidism related to an increase in hypothalamic 
somatostatinergic tone [57], and results in low serum insulin- like 
growth factor (IGF)- 1 concentrations [57]. Serum IGF- 2, IGFBP1, 
and IGFBP3 also fall, whereas IGFBP2 rises; these changes are re-
versible upon treatment [57].

Thyrotropic hyperplasia caused by primary hypothyroidism may 
result in sellar enlargement, particularly when the condition has re-
mained untreated for a long time [58]. Rarely, such hyperplasia may 
give rise to a pituitary macroadenoma that shrinks after thyroxine 
replacement [59]. Patients with severe hypothyroidism may have an 
increase in serum prolactin level that correlates with the level of 
serum TSH, and some patients develop galactorrhoea. Since thy-
roid hormone decreases the mRNA for preprothyrotropin- releasing 
hormone in the paraventricular nuclei, hypothyroidism may lead to 
increased thyrotropin- releasing hormone secretion, unopposed by 
thyroid hormones, with consequent hyperprolactinaemia.

Adrenal Cortex

Patients with primary hypothyroidism have subtle abnormalities 
of pituitary– adrenal function that may be correlated with the se-
verity and duration of hypothyroidism [60]. Cortisol secretion and 
the rate of turnover are decreased in patients with hypothyroidism. 
The net result is that serum cortisol concentrations and urinary 
cortisol excretion are normal. Hepatic clearance of cortisol and ad-
renal androgens 17- hydroxycorticosteroids and 17- ketosteroids are 
decreased. This slowing is principally due to a decrease in the rate 
of cortisol oxidation as a result of reduced 11- hydroxysteroid de-
hydrogenase activity [60]. Conjugation with glucuronic acid in the 
liver is normal. The turnover rate of aldosterone is also decreased 
in hypothyroidism [61]. The decrease in hepatic clearance causes 
an increase in its plasma half- life. The reduced rate of clearance 
of aldosterone is balanced by a lower secretion rate. The serum 
concentration of aldosterone is normal and there is no clinical evi-
dence of hyperaldosteronism. Angiotensinogen production in the 
liver is reduced, as is plasma renin activity. These subtle modifica-
tions are not responsible for alterations in sodium and potassium 
homeostasis.

The adrenal response to adrenocorticotropic hormone (ACTH) 
is normal or reduced. In long- standing hypothyroidism, a sig-
nificant reduction in cortisol secretion after ACTH has been 
documented in primary adrenal cell culture and it was recently 
confirmed also in humans [62]. Pituitary– adrenal responses 
to the metyrapone test have been variable. Normal but delayed 
peak response, impaired response, or even lack of response has 
been reported. Grossly impaired responses to the stimulation 
with lysine- 8- vasopressin and a delayed increase in serum cor-
tisol levels after insulin- induced hypoglycaemia have also been 
observed. Whether steroid production can be augmented suffi-
ciently in times of stress is not clear, but the provocative test re-
sults suggest that these patients usually have a mildly impaired 
hypothalamic– pituitary– adrenal axis.

Metabolic Changes

Energy Metabolism

The decrease in energy metabolism and heat production is reflected 
in the low basal metabolic rate, decreased appetite, cold intolerance, 
and slightly low basal body temperature. Measurement of the resting 
energy expenditure is rarely performed nowadays. In patients with 
complete athyreosis it falls to between 35% and 45% below normal. 
In Addison’s disease, the basal metabolic rate may fall to 25% or 30% 
below normal, and in hypopituitarism to 50% below normal.

Thyroid hormones are involved in the regulation of energy 
balance in mammals, acting not only in the periphery but also in 
brain areas involved in the regulation of food intake and energy 
expenditure [63].

The effect of hypothyroidism on appetite and energy intake is 
not precisely known, but energy expenditure decreases leading to a 
slight net gain in energy stores. An increase in adipose tissue mass 
results in an increase of serum leptin, which mediates a decrease in 
energy intake while energy disposal increases, eventually leading to 
a reduction in adipose tissue mass. In adult rats methimazole in-
duced hypothyroidism impairs hypothalamic leptin signalling and 
the anorectic response to the peripheral administration of leptin. 
These findings suggest that thyroid hormones are essential for the 
effect of leptin on food intake. A large number of studies have in-
vestigated the relationship between thyroid dysfunction and circu-
lating levels of leptin, but results have been conflicting [64].

Protein Metabolism

Both the synthesis and the degradation of proteins are decreased, 
the latter especially so, with the result that nitrogen balance is usu-
ally slightly positive. Despite both a decrease in the rate of albumin 
synthesis and degradation, the total exchangeable albumin pool in-
creases in myxoedema [65]. The albumin is distributed in a much 
larger volume, suggesting enhanced permeability of capillary walls. 
The synthesis of thyroid hormone- responsive proteins is clearly 
reduced in the hypothyroid state, whereas that of proteins such 
as TSH or glycosaminoglycans may be increased under the same 
circumstances.

Comparative studies of protein translation by hepatic ribosomes 
from T3- treated hypothyroid rats show that the mRNAs from some 
proteins are increased and others are decreased. Most of these 
proteins have not been identified. Treatment of myxoedema is ac-
companied by a marked but temporary negative nitrogen balance, 
reflecting the mobilization of extracellular protein [65]. In a later 
phase there is an increase in urinary potassium and phosphorus to-
gether with nitrogen in amounts suggesting that cellular protein is 
also being metabolized.

Carbohydrate Metabolism

In hypothyroidism, absorption of glucose from the gastrointestinal 
tract is slowed and peripheral glucose assimilation is retarded for 
impairment of insulin- mediated translocation of glucose trans-
porter 4.  At the same time, glycerol release from adipose tissue 
is slowed, and the availability of amino acids and glycerol for 
gluconeogenesis is decreased. The oral glucose tolerance curve is 
characteristically flat, and the insulin response to glucose is delayed. 
Degradation of insulin is slow, so the sensitivity to exogenous insulin 
may be increased. Despite the easily demonstrable abnormalities 
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in carbohydrate metabolism in hypothyroidism, clinical manifest-
ations of these abnormalities are seldom conspicuous. Although 
hypoglycaemia is sometimes listed as a manifestation of hypothy-
roidism, it is rarely a sign of isolated hormone deficiency, and the 
presence of hypoglycaemia in a patient with hypothyroidism should 
suggest the presence of hypopituitarism. The occurrence of hypo-
thyroidism in a patient with insulin- dependent diabetes mellitus 
may result in a diminution in exogenous insulin requirement and a 
greater risk of developing hypoglycaemia.

Lipid Metabolism

Thyroid hormones have multiple effects on the regulation of lipid 
synthesis, absorption, and metabolism. Therefore, overt and sub-
clinical hypothyroidism significantly affects the lipids profile and 
promotes cardiovascular disease [25].

A variety of abnormalities in plasma lipid concentrations occur 
in hypothyroidism (Box 3.4.1.4). Plasma free fatty acid concentra-
tions are normal, plasma concentrations of triglycerides, phospho-
lipids, and LDL cholesterol are well elevated [25, 66]. Biosynthesis 
of fatty acids and lipolysis are reduced. The changes bear, in general, 
a reciprocal relationship to the level of thyroid activity.

The increased serum cholesterol may represent an alteration in 
the substrate steady- state level caused by a transient proportion-
ally greater retardation in degradation than in synthesis [25,  66]. 
The increase of serum cholesterol is largely accounted for by an in-
crease of LDL cholesterol, which is cleared less efficiently from the 
circulation due to a decreased T3- dependent gene expressing the 
hepatic LDL receptor [25,  66]. Interestingly, the LDL particles of 
hypothyroid patients are also susceptible to increased oxidizability 
[25, 66]. The increase of high- density lipoprotein (HDL) 2 but not 
of HDL3 cholesterol is due to a diminished activity of cholesterol 
ester transfer protein [66] and hepatic lipase (which is involved in 
the conversion of HDL2 to HDL3). The modest increase of serum 
triglycerides seen in certain cases has been related to a decreased 
lipoprotein lipase activity in post- heparin plasma. Lipoprotein(a) 
is increased in hypothyroidism in some but not all studies. A  re-
cent study evaluating lipid profile and TSH levels in a large Spanish 
population including euthyroid and hypothyroid individuals iden-
tified a serum TSH cut- off of 2.57 mU/ L for detecting significant 
differences in circulating lipid levels [67].

Clinical Aspects of Hypothyroidism 
at Different Ages

Infantile and Juvenile Hypothyroidism

Hypothyroidism in newborn infants results in mental and physical 
impairment unless treatment is initiated within weeks after birth. 
Hypothyroidism in children is mainly characterized by retarded 

growth and impaired mental performances. Infantile hypothy-
roidism leads to sexual immaturity; juvenile hypothyroidism causes 
a delay in the onset of puberty followed by anovulatory cycles in 
girls. Rarely precocious puberty may occur [49].

Thyroid hormone is essential for normal growth and maturation 
of the skeleton [41]. Deficient thyroid hormone production in utero 
and in the neonate retards growth and delays skeletal maturation. 
Deficiency in early life leads both to a delay in the development 
of and an abnormal stippled appearance of the epiphyseal centres 
of ossification (epiphyseal dysgenesis). Before puberty, thyroid 
hormones also play an important role in the maturation of bone. 
Impairment of linear growth leads to dwarfism in which the limbs 
are disproportionately short in relation to the trunk [41]. Bone age 
is retarded in hypothyroid children [41].

Hypothyroidism in Adults

In adults, the clinical manifestations of hypothyroidism, though 
they may be profound, are reversible [68]. The development of 
spontaneous hypothyroidism is usually slow and many patients 
seek medical attention for variable and non- specific symptoms 
[68]. In contrast, patients who develop hypothyroidism rapidly 
(when replacement therapy is discontinued in a patient with pri-
mary hypothyroidism, or after surgical removal of the gland) have 
more symptoms. In such patients, manifestations of overt hypothy-
roidism are present by 6 weeks. Older patients tend to have fewer 
symptoms and signs of hypothyroidism than do young adults.

In adults, common features of hypothyroidism include easy fat-
igability, tiredness, coldness, weight gain, constipation, menstrual 
irregularities, and muscle cramps. Drowsiness and slowing of intel-
lectual and motor activity is often referred. Sensitivity to cold is sug-
gested by the use of more blankets on the bed. Women frequently 
complain of hair loss, brittle nails, and dry skin. Periorbital puffiness 
may be present. Stiffness and aching of muscles may be attributed 
to rheumatism. Constipation may occur. Numbness and tingling of 
the extremities are frequent. Physical findings include a cool, dry 
skin, puffy face and hands, hoarse husky voice, and slow reflexes.

In a recent study [68] in overt autoimmune hypothyroidism, 94% 
of women and 91% of men reported at least one of the hypothy-
roidism- associated symptoms, with tiredness as the most common 
symptom followed by dry skin and shortness of breath. In contrast, 
women free of thyroid disease self- reported at least one hypo-
thyroidism- associated symptom considerably more often than 
men [68].

Hypothyroidism in Older People

Hypothyroidism in older people is often atypical and elusive and 
lacks the classic clinical features present in younger patients [69]. 
This is due to a combination of factors including the insidious onset, 
the ambiguity of several signs and symptoms (fatigue, weakness, 
cold intolerance, dry skin, hair loss, constipation, poor appetite, de-
pression and/ or mental deterioration, hearing loss, cardiomegaly, 
congestive heart failure) which may be attributed to normal ageing, 
and to the frequent coexistence of several age- associated diseases.

The most relevant clinical findings that lead one to suspect hypo-
thyroidism in older people are an unexplained increase in serum 
cholesterol, constipation, congestive heart failure (particularly when 
it presents as restrictive cardiomyopathy), and macrocytic anaemia 
(as a consequence of folate deficiency or coexistent autoimmune 

Box 3.4.1.4 Changes in serum lipids in hypothyroidism

 • Total cholesterol— increase
 • LDL cholesterol— increase
 • HDL2 cholesterol— modest increase
 • HDL3 cholesterol— no change
 • Triglycerides— no change or modest increase
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gastritis and pernicious anaemia). Other common clinical features 
encountered in elderly hypothyroid patients include neurological 
signs (syncope, seizures, impaired cerebellar function, carpal 
tunnel syndrome) and vague arthritic complaints. Due to the fre-
quent involvement of the cardiovascular system, the presenting 
symptoms of hypothyroidism in elderly patients include dyspnoea 
in more than 50% and chest pain in up to one- quarter. A signifi-
cant minority of elderly hypothyroid patients may paradoxically 
lose weight as a consequence of reduced appetite. Neuropsychiatric 
symptoms are often prominent and depression occurs in up to 60% 
of patients; psychoses are rare. Dementia may be found in elderly 
hypothyroid patients but it is rarely the direct consequence of thy-
roid failure, although a few patients show marked improvement of 
intellectual function after correction of hypothyroidism. In a recent 
population- based study of hypothyroidism, the power of symptom 
presence in predicting overt hypothyroidism in both young and 
older subjects was investigated [69]. Hypothyroid symptom score 
is a good discriminating tool to identify hypothyroidism in young 
patients but fails to identify hypothyroidism in older people [69].

In a multicentre, double- blind, randomized, placebo- controlled, 
parallel- group trial involving old hypothyroid patients with per-
sisting subclinical hypothyroidism [70], treatment with L- thyroxine 
had no consistent beneficial effect on thyroid related symptoms. 
Besides L- thyroxine treatment yielded no significant beneficial ef-
fects on a range of secondary outcome measures [70].

Elderly patients are more susceptible to myxoedema coma, a 
rare but serious complication of hypothyroidism. It generally oc-
curs in the winter months, in hospitalized patients, and can be 
precipitated by intercurrent non- thyroidal illness, use of drugs, 
exposure to cold, and stress. Progressive deterioration of mental 
status to stupor and coma, localized neurological signs, marked 
hypothermia (which may not be present in patients with systemic 
infections), hyponatraemia, and hypoglycaemia are the hallmarks 
of myxoedema coma. The mortality of clearly hypothermic myx-
oedema coma is very high (over 80%), unless vigorous supportive 
therapy and thyroid hormone replacement are given immediately.

Clinical Aspects of Hypothyroidism due 
to Different Aetiologies

Primary Hypothyroidism

Primary hypothyroidism in adults results mainly from autoimmune 
thyroiditis, it is more common in women than in men, and occurs 
between the ages of 40 and 60  years [71]. In these patients, clin-
ical features of hypothyroidism may be accompanied by the typical 
goitre of Hashimoto’s thyroiditis. When present, the goitre is usually 
firm in consistency, generally moderate in size, and often lobulated; 
well- defined nodules are unusual. Both lobes are enlarged, but the 
gland may be asymmetrical. Adjacent structures, such as the tra-
chea, oesophagus, and recurrent laryngeal nerves may be com-
pressed but this is a rare occurrence. Goitre develops gradually over 
many years. Rarely, the thyroid enlarges rapidly and may be accom-
panied by pain and tenderness. In other cases of hypothyroidism 
due to autoimmune thyroiditis the gland is atrophied. Infiltrative 
ophthalmopathy similar to that of Graves’ disease occurs in a small 
proportion of patients.

Other organ- specific autoimmune diseases such as insulin- de-
pendent diabetes mellitus, Addison’s disease, premature ovarian 
failure, hypoparathyroidism, myasthenia gravis, and coeliac disease 
may coexist [72]. Patients with primary hypothyroidism may also 
complain of vitiligo and alopecia. Primary autoimmune hypothy-
roidism may be present as a component of either the type I or type 
II polyglandular autoimmune syndrome. The specific association of 
primary hypothyroidism and primary adrenal cortical insufficiency 
is known as Schmidt’s syndrome [72]. The type I syndrome consists 
of at least two of the triad of Addison’s disease, hypoparathyroidism, 
and chronic mucocutaneous candidiasis; other autoimmune dis-
orders, such as alopecia, chronic autoimmune thyroiditis, and mal-
absorption syndrome, may also be present. Autoimmune thyroid 
disease is reported in 10– 12% of these patients. Type I polyglandular 
autoimmune syndrome generally presents in childhood, whereas 
the type II syndrome is more common and usually presents in adult 
life. Addison’s disease, Hashimoto’s thyroiditis, and type 1 diabetes 
are the most common endocrine deficiencies found in these pa-
tients, although gonadal failure, pernicious anaemia, and vitiligo 
are observed in a significant percentage.

Rarely a combination of primary and pituitary hypothyroidism 
with or without ACTH deficiency occurs, presumably also on an 
autoimmune basis. Thus, other glands may be affected with in-
creased frequency in patients with autoimmune hypothyroidism.

Postablative Hypothyroidism

A common cause of hypothyroidism in adults is the type fol-
lowing total thyroidectomy for thyroid carcinoma or near- total 
thyroidectomy for euthyroid or toxic multinodular goitre or 
Graves’ disease. Hypothyroidism following radioiodine treatment 
for Graves’ hyperthyroidism is also frequent, and is currently re-
garded as a common outcome of 131 I  treatment rather than a 
complication [73].

Overt hypothyroidism in patients who have received 131 I is often 
preceded by subclinical hypothyroidism, which may become ap-
parent within 2– 4  months after 131 I  therapy. The early onset of 
hypothyroidism may cause distinct symptoms in the previously 
thyrotoxic patient who received 131 I or surgery. These patients may 
develop muscle cramps, often in large muscle groups (trapezius, la-
tissimus dorsi, or the proximal muscles of the extremities).

Central Hypothyroidism

The clinical picture of central hypothyroidism varies depending on 
the severity of thyroid failure, the extent of the associated hormone 
deficiencies, the age of the patients, and the nature of the underlying 
lesion. Central hypothyroidism is due to TSH deficiency caused by 
either hypothalamic or pituitary disease [74]. The differentiation 
of secondary from primary hypothyroidism is important for the 
institution of the proper therapy. The clinical features of central 
hypothyroidism are similar to those of primary hypothyroidism, 
although generally less pronounced. The skin is pale and cool, but 
not as coarse and dry as in primary hypothyroidism. Periorbital and 
peripheral oedema are uncommon in patients with central hypo-
thyroidism. Loss of axillary, pubic, and facial hair and thinning of 
the lateral eyebrows are more pronounced. The tongue is not en-
larged, and hoarseness of the voice is not prominent as in primary 
hypothyroidism. The heart tends to be small, and blood pressure 
is low. Atrophic breasts and amenorrhoea are found in women. 
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Body weight is more likely to be reduced than increased. Defects in 
growth hormone and gonadotropin secretion usually precede TSH 
insufficiency, and in most cases ACTH secretion is the last to be af-
fected. Growth failure with delayed skeletal maturation results from 
growth hormone deficiency in children. Hypoglycaemia may occur. 
Gonadotropin insufficiency results in impotence, loss of libido, di-
minished beard growth, amenorrhoea, infertility, and atrophy of 
the breasts in women. ACTH deficiency leads to weakness, postural 
hypotension, and depigmentation of the areole and of other nor-
mally pigmented areas of the skin. Symptoms and signs that arise 
directly from the hypothalamic or pituitary lesion may precede, 

accompany, and even obscure manifestations of pituitary failure. 
The manifestations of a sellar mass include headache and symptoms 
secondary to compression of adjacent structures with visual field 
disturbances and ophthalmoplegia.

Diagnostic Accuracy

Several attempts have been made to develop a clinical score 
system, based on the most frequent symptoms and signs of hypo-
thyroidism, that could accurately predict the diagnosis of thyroid 

Table 3.4.1.2 Sensitivity and specificity of the 14 symptoms and signs of hypothyroidism and analysis 
of their positive and negative predictive values

 Symptoms and signs Sensitivity (%) Specificity (%) Positive predictive 
value (%)

Negative predictive 
value (%)

Ankle reflex 77 93 92 80

Dry skin 76 64 68 73

Cold intolerance 64 65 65 64

Coarse skin 60 81 76 67

Puffiness 60 96 94 71

Pulse rate 58 42 50 50

Sweating 54 86 79 65

Weight increase 54 77 70 63

Paraesthesia 52 82 75 63

Cold skin 50 80 71 61

Constipation 48 85 76 62

Slow movements 36 99 96 61

Hoarseness 34 87 73 57

Hearing 22 97 90 53

Table 3.4.1.3 Scoring of symptoms and signs of hypothyroidism

On the basis of Score

Present Absent

Symptoms

Diminished sweating Sweating in a warm room or on a hot summer day 1 0

Hoarseness Speaking voice, singing voice 1 0

Paraesthesia Subjective sensation 1 0

Dry skin Dryness of skin, noticed spontaneously, requiring treatment 1 0

Constipation Bowel habit, use of laxative 1

Impairment of hearing Progressive impairment of hearing 1 0

Weight increase Recorded weight increase, tightness of clothes 1 0

Physical signs

Slow movements Observe patient removing his/ her clothes 1 0

Delayed ankle reflex Observe the relaxation of the reflex 1 0

Coarse skin Examine hands, forearms, elbows for roughness and thickening of skin 1 0

Periorbital puffiness This should obscure the curve of the malar bone 1 0

Cold skin Compare temperature of patient’s hands with examiner’s 1 0

For clinical judgement, add 1 point to the sum of symptoms and signs present in women younger than 55 years. Hypothyroid, more than 5 points; euthyroid, 
less than 3 points; intermediate, 3– 5 points.
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failure in individual patients. In the 1960s, Billewicz et al. [75] de-
scribed a diagnostic index that scored the presence or absence of 
various signs and symptoms of hypothyroidism. However, at that 
time, modern laboratory thyroid function tests were not available 
to validate the diagnostic accuracy of such a score [65]. Recently 
a convenient clinical score has been proposed by Zulewski et  al. 
[76] that is both easy to perform and sensitive for individual as-
sessment of the severity of thyroid failure. The frequencies of the 
14 more common symptoms and signs of overt hypothyroidism are 
shown in Table 3.4.1.2. The most common features in hypothyroid 
patients were prolonged ankle reflex (77%) and complaints about 
dry skin (76%). A  reduced pulse rate and cold intolerance were 
recorded with a high frequency in euthyroid controls and were, 
therefore, excluded from this score. The sensitivity and specificity 
of each symptom and sign of hypothyroidism and the analysis of 
their positive and negative predictive values are shown in Table 
3.4.1.2. Table 3.4.1.3 shows the scoring system of symptoms and 
signs of hypothyroidism. Because a correlation analysis revealed 
a significant correlation of these scores with age, a simple age cor-
recting factor was defined by adding 1 point to the sum of symp-
toms and signs in women younger than 55 years. According to this 
analysis, the following diagnostic ranges for the clinical judgement 
with the age- corrected score were defined: hypothyroid, more than 
5 points; euthyroid, 0– 2; intermediate, 3– 5 points [76].
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Introduction

Hypothyroidism is the clinical state that develops as a result 
of the lack of action of thyroid hormones on target tissues [1] . 
Hypothyroidism is usually due to impaired hormone secretion by 
the thyroid, resulting in reduced concentrations of serum thyroxine 
(T4) and triiodothyronine (T3). The term primary hypothyroidism 
is applied to define the thyroid failure deriving from inherited or 
acquired causes that act directly on the thyroid gland by reducing 
the amount of functioning thyroid tissue or by inhibiting thyroid 
hormone production. The term central hypothyroidism is used 
when pituitary or hypothalamic abnormalities result in an insuf-
ficient stimulation of an otherwise normal thyroid gland. Both 
primary and central hypothyroidism may be transient, depending 
on the nature and the extent of the causal agent. Hypothyroidism 
following a minor loss of thyroid tissue can be recovered by com-
pensatory hyperplasia of the residual gland. Similarly, hypothy-
roidism subsides when an exogenous inhibitor of thyroid function 
is removed.

Peripheral hypothyroidism may arise as a result of excessive thy-
roid hormone degradation due to anomalous overexpression of type 
3 iodothyronine deiodinase in some neoplastic tissues, while loss of 
protein- bound thyroid hormones in patients with nephrotic syn-
drome may unravel or deteriorate a pre- existing thyroid dysfunc-
tion. Peripheral hypothyroidism may also occur as a consequence 
of tissue resistance to thyroid hormones due to a mutation in the 
thyroid hormone receptor or in the molecules involved in mem-
brane transport and intracellular metabolism of thyroid hormones. 
Reduced sensitivity to thyroid hormones is a heterogeneous clinical 
entity with most patients appearing to be clinically euthyroid while 
some of them have symptoms of thyrotoxicosis and others display 
selected signs of hypothyroidism or neurodevelopment abnormal-
ities, depending on the specific gene responsible for the disease. The 
variability in clinical manifestations depends on the severity of the 
hormonal resistance, the relative degree of hyposensitivity to thy-
roid hormone in different tissues, and the coexistence of associated 
genetic defects (see Chapter 3.4.8).

Primary Hypothyroidism

A list of the causes of primary hypothyroidism is given in Box 3.4.2.1. 
Autoimmune thyroiditis is the most common cause of spontaneous 
hypothyroidism in areas with adequate iodine intake. Iatrogenic 
hypothyroidism is responsible for many hypothyroid patients in 
these regions and inborn errors of thyroid hormone synthesis, 
goitrogens, and other destructive processes of the thyroid gland 
account for a few cases. Iodine deficiency is crucial in the pathogen-
esis of endemic cretinism and of adult hypothyroidism in areas in 
which an efficient iodine prophylaxis has not been undertaken.

Autoimmune Thyroiditis

Autoimmune thyroiditis includes a spectrum of diseases that are 
distinguished for their clinical course, the degree of thyroid dys-
function, and the changes of thyroid size. All these variants rec-
ognize an immune- mediated pathogenesis and usually present 
with high titres of circulating antithyroid antibodies. As in most 
organ- specific autoimmune reactions, the aetiology of autoimmune 
thyroiditis is still unknown but is somehow linked to genetic and 
environmental factors, and is influenced by the gender and the age 
(see Chapter 3.2.6).

Chronic Thyroiditis

Chronic thyroiditis is the most common among the autoimmune 
thyroiditis. Historically, two clinical variants of the disease are de-
scribed. A  goitrous variant (Hashimoto’s thyroiditis), character-
ized by heavy lymphocytic infiltration and thyroid enlargement, 
and an atrophic variant (primary myxoedema) with progressive 
fibrosis and reduction of thyroid size. In clinical practice, a clear 
distinction between the two forms is not always possible. In the ini-
tial stage of the disease the two variants commonly do not present 
distinctive features. Moreover, atrophy may be a destructive end 
result of goitrous thyroiditis with the thyroid gland showing near 
complete replacement with fibrosis. When overt hypothyroidism 
has occurred, thyroid volume shows a unimodal distribution, with 
thyroid atrophy and goitre being extremes within the distribution 
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[2] . Overall, these observations suggest that the two variants do not 
represent separate disorders.

Thyroid failure usually develops very slowly and, as thyroid func-
tion fades, the resulting increase in serum thyroid- stimulating 
hormone (TSH) limits the decline in thyroid secretion. Thus overt 
hypothyroidism is commonly preceded by a variable period of time 
in which elevated TSH is the only hormonal abnormality (subclin-
ical hypothyroidism) [3,  4]. The transition from euthyroidism to 
hypothyroidism may pass unrecognized and initial symptoms may 
be attributed to ageing, menopause, or other chronic concomitant 
diseases [5] . Thus, it is not uncommon that chronic thyroiditis is 
diagnosed when clinical manifestations of thyroid failure become 
severe or complications of hypothyroidism have occurred. The cir-
cumstances leading to early diagnosis of the disease include family 
history for autoimmune thyroid diseases, appearance of goitre, 
blood testing for screening of autoimmune diseases in patients with 
polyglandular autoimmunity, routine diagnostic protocols for pa-
tients with menstrual dysfunction, or hyperlipidaemia.

Occasionally hypothyroidism may be due to TSH- receptor 
blocking antibodies preventing thyroid cell stimulation by TSH. 
TSH- receptor blocking antibodies are more frequent in atrophic 
thyroiditis than in goitrous thyroiditis [6] . Hypothyroidism may 
be reversible if the TSH- receptor blocking antibody titre declines 
and enough thyroid tissue remains for thyroid hormone synthesis. 
Graves’ hyperthyroidism may develop in hypothyroid patients with 
chronic thyroiditis because of a change in the nature of TSH- re-
ceptor antibodies from blocking to stimulating [7].

In some instances, the disease may be preceded by a transient 
phase of thyrotoxicosis (hashitoxicosis) due to the discharge of pre-
formed thyroid hormones, as a result of an unusually intense in-
flammatory process. The gland is tender and sometimes painful, 
resembling subacute thyroiditis. Hypothyroidism usually develops 
in a short time and may be permanent, especially in patients with 
elevated thyroid peroxidase antibody.

Features of thyroid- associated ophthalmopathy may occur in pa-
tients with chronic thyroiditis and hypothyroidism. This condition 
is termed ‘hypothyroid Graves’ disease’ and may be the endstage 
of Graves’ disease after spontaneous remission of hyperthyroidism 
or may represent a distinct entity with pathogenetic mechan-
isms common to Graves’ disease, involving thyroid- stimulating 
antibody [8] .

Focal thyroiditis is characterized by spotty collections of mono-
nuclear cells within thyroid tissue, and minimal changes in fol-
licular epithelium or stromal fibrosis. Most patients with focal 
thyroiditis are euthyroid and only 10– 20% have subclinical hypo-
thyroidism [9] . The disease may be suspected at ultrasound exam-
ination in patients with circulating thyroid autoantibodies, or may 
be a histological occurrence in surgical or autopsy specimens. In 
the presence of circulating thyroid autoantibodies, focal thyroiditis 
may represent the earliest stage of chronic autoimmune thyroiditis, 
whereas the clinical significance of non- specific isolated lympho-
cytic infiltration in patients without circulating autoantibodies has 
still to be clarified.

Juvenile thyroiditis (autoimmune thyroiditis in childhood and 
adolescence) is described as a separate entity because follicular 
oxyphilia is usually mild or absent, goitre is soft, and thyroid anti-
body titres are not as high as in adults. Fine- needle aspiration bi-
opsy is sometimes required to establish the diagnosis. Spontaneous 
resolution is relatively common, but hypothyroidism may develop 
during the course of the disease [10].

Postpartum Thyroiditis

Pregnancy is known to influence the clinical course of various auto-
immune disorders, including autoimmune thyroid disease. Typically, 
amelioration during pregnancy is followed by aggravation after de-
livery. This phenomenon is thought to depend on the physiological 
need of inhibiting maternal immune reactions that might cause rejec-
tion of the fetus. Thus, thyroid peroxidase antibodies, thyroglobulin 
antibodies, and TSH- receptor antibody titres decrease or may even 
disappear during pregnancy. Following delivery, a rebound of auto-
immune processes occurs and may result in destructive thyroiditis 
with release of preformed thyroid hormones and transient thyrotoxi-
cosis, followed by a transient hypothyroid phase. Persistent hypo-
thyroidism may develop in a minority of women. This clinical entity 
is named postpartum thyroiditis and occurs in 5– 9% of unselected 
postpartum women [11] (see Chapter 3.4.6).

Box 3.4.2.1 Causes of primary hypothyroidism

 • Autoimmune thyroiditis
 — Chronic thyroiditis

 • Hashimoto’s thyroiditis
 • Atrophic thyroiditis

 — Postpartum thyroiditis
 — Graves’ disease (spontaneous late evolution)

 • Subacute thyroiditis
 • Riedel’s thyroiditis
 • Iatrogenic

 — Thyroidectomy
 — 131I therapy for hyperthyroidism
 — External radiotherapy
 — Excessive iodine
 — Drugs

 • Thionamides
 • Amiodarone
 • Lithium
 • Tyrosine kinase inhibitors
 • Immune checkpoint inhibitors
 • Others

 • Severe iodine deficiency
 • Natural goitrogens
 • Thalassaemia major
 • Congenital abnormalities
 — Thyroid dysgenesis

 • Agenesis
 • Ectopic gland
 • Hypoplasia

• Inherited defects in thyroid hormone biosynthesis
 — Iodide transport defect
 — Organification defect
 — Pendred’s syndrome
 — Iodotyrosine deiodinase defect
 — Thyroglobulin defect
 — TSH- receptor defect
 — Gs- protein defects

• Transient neonatal hypothyroidism
 — Iodine deficiency or excess
 — Administration of antithyroid agents to the mother
 — Maternal TSH- blocking antibody.
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Graves’ Disease

Spontaneous hypothyroidism may develop during the course of 
Graves’ disease whenever destructive processes of thyroiditis pre-
dominate over thyroid- stimulating events (burnt out Graves’ dis-
ease). This may occur after long- term remission of hyperthyroidism 
associated with disappearance of TSH- receptor stimulating anti-
bodies, or following prolonged therapy with antithyroid drugs [12]. 
TSH- receptor blocking antibodies may also appear and neutralize 
TSH- receptor stimulating antibodies, leading to hypothyroidism.

Subacute Thyroiditis

Subacute thyroiditis is an inflammatory disease of viral origin [13]. 
Although the disease is relatively uncommon it must be suspected 
any time a patient presents with anterior neck pain. Recovery is 
complete in most patients but in rare cases (1– 5%) epithelial loss is 
severe, resulting in permanent hypothyroidism (see Chapter 3.2.7).

Riedel’s Thyroiditis

Riedel’s thyroiditis is an extremely rare chronic disease of un-
known aetiology, characterized by progressive fibrosis of the thy-
roid and surrounding tissues [14]. Hypothyroidism develops when 
fibrosclerosis has involved most of the gland (see Chapter 3.2.7).

Iatrogenic Hypothyroidism

Thyroid ablation for therapeutic purposes is a common cause of 
primary hypothyroidism in the adult. Thyroid failure is an obvious 
consequence of total or subtotal thyroidectomy for thyroid cancer, 
goitre, or Graves’ disease, but clinical hypothyroidism does not de-
velop as long as substitutive therapy is started shortly after surgery. 
Similarly, 131I therapy for Graves’ disease is directed to destroy thy-
roid tissue. However, the success rate of radioiodine therapy and 
the time of onset of hypothyroidism are not fully predictable; they 
depend on several factors including the dose of radiation delivered, 
the size of the goitre, and the underlying autoimmune phenomena 
[15]. Drug- induced hypothyroidism is also common. Excessive in-
hibition of thyroid hormone synthesis commonly occurs during 
therapy for hyperthyroidism with antithyroid agents. Furthermore, 
primary hypothyroidism may develop as a side effect of several 
drugs administered for different purposes.

Postoperative Hypothyroidism

Total thyroidectomy is performed for thyroid cancer, Graves’ dis-
ease, and large diffuse or multinodular goitres, occasionally also 
harbouring Hashimoto’s thyroiditis. However, hypothyroidism does 
not develop as long as L- thyroxine replacement therapy is started 
soon after thyroidectomy. In the past, patients with thyroid cancer 
had to discontinue thyroid hormone therapy before 131I scan-
ning and therapy. The availability of recombinant human TSH has 
greatly reduced the need for thyroid hormone withdrawal before 
radioiodine administration (see Chapter 3.5.6).

The frequency of hypothyroidism after subtotal thyroidectomy 
varies depending on the mass of remaining tissue and the degree of 
its autonomous function. A small thyroid residue may be sufficient 
for maintenance of the euthyroid state in Graves’ disease. On the 
other hand, a large residue of a multinodular or Hashimoto’s goitre 
may not be enough for adequate thyroid hormone secretion. Partial 
thyroidectomy or lobectomy for multinodular goitres or solitary 

nodules are usually not associated with permanent hypothyroidism, 
although L- thyroxine is usually administered to prevent relapse of 
the goitre.

Post- Irradiation Hypothyroidism

Among different radioactive isotopes of iodine, 131I is the agent of 
choice in the treatment of thyroid hyperfunction. After oral admin-
istration, radioiodine is completely absorbed, rapidly concentrated, 
oxidized, and organified by thyroid follicular cells. The biological 
effects of radioiodine include necrosis of follicular cells, shorter sur-
vival and impaired replication of undestroyed cells, and vascular oc-
clusion, leading to atrophy and fibrosis of thyroidal tissue.

The goal of radioiodine therapy for hyperthyroidism is to destroy 
sufficient thyroid tissue to cure the hyperthyroidism with one dose 
of 131I. This dose is calculated on the basis of thyroid size and up-
take of 131I. Because of radiation safety restrictions, in some centres 
small repeated doses of radioiodine are administered. In other 
centres standard fixed doses are given. Small glands are destroyed 
more readily by radioiodine than larger ones, and toxic adenoma 
or toxic multinodular goitre are usually more radioresistant than 
Graves’ glands. Radioiodine has a delayed effect and several months 
may be required for the complete control of hyperthyroidism.

In the case of Graves’ disease, the goal of radioiodine should be 
to destroy as much thyroid tissue as possible [16]. This strategy 
has been adopted because residual tissue, necessary to ensure 
euthyroidism, is responsible for the relapse of hyperthyroidism in 
a large proportion of patients. A strict control of thyroid function 
is required during the first 6– 12 months following 131I therapy for 
Graves’ disease to avoid the appearance of symptoms of hypothy-
roidism, which may be rapidly progressive and severe. Early post- 
radioiodine hypothyroidism may be transient, and hyperthyroidism 
may relapse during L- thyroxine replacement therapy.

Radioiodine- induced hypothyroidism is less frequent after treat-
ment for toxic adenoma or multinodular goitre because non- func-
tioning thyroid tissue should not receive the radioisotope. Yet, 
hypothyroidism may develop whenever TSH is not completely sup-
pressed at the time 131I is administered. Furthermore, a small degree 
of iodine uptake is maintained in normal thyroid cells even in the 
absence of TSH stimulation, and this may be the cause of hypothy-
roidism many years after radioiodine administration.

External irradiation to the neck for non- thyroidal neoplasias 
(lymphomas, tumours of the head and neck, spinal tumours, or me-
tastases) may produce hypothyroidism in up to 50% of patients [17]. 
Thyroid failure may develop after a variable interval, depending on 
the dose of radiation that has been administered. Hypothyroidism 
after total body irradiation for acute leukaemia or aplastic anaemia 
has also been reported [18]. An increased risk of hypothyroidism 
has been found in breast cancer patients treated with radiation, 
since a portion of the thyroid gland may be included in the treat-
ment fields [19].

Drug- Induced Hypothyroidism

Transient hypothyroidism is common in the course of medical 
treatment for hyperthyroidism with thionamides, and quickly sub-
sides with adjustment of the dose. Excess iodide, such as in dis-
infectants, radiographic contrast agents, and seaweed- containing 
preparations, may precipitate hypothyroidism in autoimmune 
chronic thyroiditis, due to failure of the thyroid to escape from the 
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Wolff– Chaikoff effect. Animal studies suggest that excessive iodide 
increases the incidence of thyroid autoimmunity but evidence in 
humans is controversial. Amiodarone is an antiarrhythmic agent 
containing about 37 mg iodine per 100 mg drug. Amiodarone may 
produce hypothyroidism by the excess iodine released with metab-
olism of the drug. As in other cases of excess iodine administra-
tion, an underlying autoimmune thyroid disease is a prerequisite. 
Amiodarone may also induce destructive thyroiditis in an other-
wise normal thyroid gland. The prevalence of overt hypothyroidism 
may be as high as 5% of amiodarone- treated patients, with no clear 
association between the occurrence of hypothyroidism and the dose 
of the drug. Substitutive L- T4 can be administered with no need to 
discontinue amiodarone, if the antiarrhythmic drug is essential for 
the underlying cardiac disease. Mild (subclinical) hypothyroidism 
is more common and does not necessarily progress to overt hypo-
thyroidism. Treatment of mild hypothyroidism may be avoided in 
patients at high risk of cardiovascular events [20].

Lithium inhibits thyroid hormone synthesis and secretion, and 
lithium therapy for psychiatric disorders is associated with an in-
creased risk of hypothyroidism, with a hazard ratio of 2.31 [21]. The 
risk is increased in patients with positive antithyroid antibodies or 
with minor thyroid abnormalities, which reduce the ability of the thy-
roid gland to override the inhibitory effects of lithium. Goitre is also 
common in lithium- treated patients, even when serum thyroid hor-
mones and TSH are within normal limits. If hypothyroidism appears, 
LT4 therapy should be initiated and lithium therapy may be continued.

Tyrosine kinase inhibitors are newly developed drugs approved 
for the treatment of several tumours. The first observation of hypo-
thyroidism after sunitinib treatment has been reported in 2006 [22]. 
Since then several studies have been published and have confirmed 
that various tyrosine kinase inhibitors can affect thyroid function 
tests through different physiopathological mechanisms impairing 
thyroid function or thyroid hormone metabolism [23].

Targeted manipulation of immune checkpoints by monoclonal 
antibodies against molecules that are critical for immune regulation, 
has been recently introduced as an effective anticancer therapy for 
its ability to enhance the immune responses against malignant cells. 
Triggering of autoimmunity due to disruption of immunological tol-
erance to self- antigens may induce immune- related adverse events, 
with primary hypothyroidism scoring among the most frequent, 
usually associated with appearance of thyroid autoantibodies [24].

Several other drugs have been reported to be capable of indu-
cing primary hypothyroidism [25]. Treatment with interferon- α   
or interleukin- 2 may produce hypothyroidism, thyrotoxicosis, or 
the biphasic pattern of silent thyroiditis. Pre- existent thyroid auto-
immunity increases the risk of thyroid dysfunction during treat-
ment with these agents. Other medications occasionally reported 
to induce hypothyroidism include tricyclic antidepressants, se-
lective serotonin reuptake inhibitors, rifampin, sulphonamides, 
sulphonylureas, ethionamide, p- aminosalicylic acid, phenylbuta-
zone, and nicardipine, but the antithyroid potential of these drugs is 
weak and an underlying thyroid abnormality or concurrent iodine 
deficiency are usually associated.

Severe Iodine Deficiency and natural Goitrogens

Environmental iodine deficiency is common in many areas 
throughout the world, particularly in inland mountainous areas. 
Goitre is the most common disorder due to iodine deficiency and 

its prevalence is inversely related to the median iodine intake of the 
population. Endemic goitre is usually not associated with hypothy-
roidism. However, the pattern of circulating thyroid hormones in 
the population from areas of severe iodine deficiency differs from 
that found in iodine- sufficient areas [26]. The mean serum T4 is re-
duced while serum T3 is unchanged or increased and an inverse 
correlation between serum TSH and T4 is found. The low iodine 
content within the thyroid gland and the increased TSH stimulation 
lead to preferential secretion of T3, which is far more potent than 
T4 in terms of metabolic responses. Thus, the relative increase in T3 
secretion enables a patient to maintain the euthyroid status in spite 
of reduced availability of iodide.

Cretinism is the result of an insufficient supply of thyroid hor-
mones to fetal tissues and is due to severe iodine deficiency in both the 
mother and the fetus during early stages of gestation [27]. Fetal hypo-
thyroidism is not compensated by transplacental passage of maternal 
T4 and is responsible for severe physical and neurological damage.

Adult hypothyroidism may occur in rural populations living in 
areas of severe iodine deficiency where isolation prevents access 
to iodine- rich foodstuff. In this case, hypothyroidism is rapidly re-
versed by iodine supplementation. Consumption of food containing 
antithyroid agents, such as thiocyanate in cassava meal and flavon-
oids in a variety of plants, may aggravate the effects of dietary iodine 
deficiency and add to the development of goitre and hypothyroidism. 
Phloroglucinol, a potent antithyroid compound contained in some 
species of seaweeds, may play an additional role to that of iodine ex-
cess in the development of iodine- induced hypothyroidism.

Acquired hypothyroidism has been described in children on 
chronic parenteral nutrition as a consequence of the lack of iodine 
in delivered nutrients [28]. More recently, attention has been fo-
cused on environmental endocrine disrupters (pesticides and in-
dustrial pollutants) as a possible cause of thyroid imbalance, but 
their effects on human thyroid function have not been fully eluci-
dated (see also Chapter 3.2.2) [29].

Thalassaemia Major

A high prevalence of primary hypothyroidism has been described 
in patients with thalassaemia major. The incidence and severity of 
thyroidal dysfunction appears related to the degree of iron overload. 
Hypothyroidism may be reversible if intensive chelation therapy is 
timely started [30].

Congenital Abnormalities

Congenital hypothyroidism is detected in about 1/ 2000 neonates, 
its prevalence being increased over the years mainly due to lowering 
of TSH cut- offs for primary screening of the disease [31]. Primary 
congenital hypothyroidism accounts for most affected children, 
whereas central congenital hypothyroidism is rare. In a small pro-
portion of detected cases a transient dysfunction occurs, which 
recover in the following months. Screening programmes for early 
detection of congenital hypothyroidism are active in developed 
countries, but many affected newborns worldwide remain unrecog-
nized and the burden of the disease is still a relevant public health 
challenge [32] (see Chapter 3.4.7).

Both the fetus and the neonate are particularly sensitive to the 
block of thyroid function induced by excess iodide since the im-
mature gland is not able to escape from the Wolff– Chaikoff effect 
[33]. Iodide- induced transient hypothyroidism is most common in 
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premature infants and in low- birthweight babies, and has occurred 
more in relatively iodine- deficient areas of Europe [34], than in 
iodine- sufficient North America.

Transient fetal– neonatal hypothyroidism and goitre may develop 
in babies born to hyperthyroid mothers with Graves’ disease treated 
with excessive doses of propylthiouracil or methimazole. Both hypo-
thyroidism and goitre resolve spontaneously with the clearance of 
the drug from the circulation of the neonate. TSH- receptor blocking 
antibodies may be present in patients with autoimmune hypothy-
roidism; the antibodies compete with TSH and inhibit the biological 
effects of TSH on thyroid cell function and growth [6] . These anti-
bodies have been found mainly in patients with autoimmune atro-
phic thyroiditis, and contribute to the development of thyroid failure 
and atrophy. The maternal TSH- receptor antibody responsible for 
thyroid failure in the neonate inhibits TSH binding to its receptor 
and therefore blocks the effect of TSH on adenylate cyclase stimu-
lation, iodine uptake, and thyroid cell growth [35]. Delayed thyroid 
development due to the transplacental transfer of potent TSH- re-
ceptor blocking antibodies has been described [36]. TSH- receptor 
blocking antibody may also occur in women with Graves’ disease 
and be transmitted to the fetus. Although thyroid- stimulating anti-
bodies usually predominate in these patients, transient hypothy-
roidism is possible in the offspring of women with Graves’ disease 
due to very high TSH- blocking antibody titres and relatively low 
concentrations of thyroid- stimulating antibody. Because TSH- in-
duced growth is blocked, these infants do not have a goitre.

Central Hypothyroidism

Central hypothyroidism is the consequence of anatomical or func-
tional disorders of the pituitary or the hypothalamus [37]. Several of 
the causes reported in Box 3.4.2.2 may affect both the pituitary and 
the hypothalamus, and in many instances the main anatomical site 
of the dysfunction cannot be identified. Thus, the former terms of 
secondary hypothyroidism (of pituitary origin) and tertiary hypo-
thyroidism (of hypothalamic origin) are no longer recommended. 
Central hypothyroidism is rarely isolated, being part of a general-
ized disorder involving the secretion of other pituitary hormones. 
Permanent central hypothyroidism is rare, its prevalence ranging 
from 1:20  000 to 1:80  000 in the general population. However, 
transient functional abnormalities of TSH secretion are relatively 
common, and often pass unrecognized due to rapid recovery of the 
normal thyroid hormone balance.

Pituitary adenomas represent the most common cause of cen-
tral hypothyroidism. Reduced secretion of TSH is usually a con-
sequence of mechanical compression of non- tumorous cells and 
of adenohypophyseal blood vessels by the adenoma. The pituitary 
stalk and the hypothalamus may also be involved by suprasellar 
extension of the tumour. The tumour may be non- functioning or 
secrete other hormones. Thus, the resulting syndrome will depend 
on the extent of hypopituitarism and on the particular hormone 
secreted by the adenoma. A  sudden enlargement of pituitary ad-
enomas may occur as a result of haemorrhage within the tumour, 
leading to pituitary apoplexy.

Several other causes may produce central hypothyroidism, by 
acting at the hypothalamic or pituitary level. Primary extrasellar 
brain tumours or metastatic tumours originating from other sites 

may produce a variable degree of hypopituitarism, depending on 
the location and the extension of their mass. Among brain tumours, 
craniopharyngiomas should be suspected when central hypothy-
roidism is diagnosed in young people. Craniopharyngiomas are 
usually extrasellar but they may extend inferiorly causing destruc-
tion of the bony margins of the sella. Pituitary infarction may de-
velop postpartum following excessive blood loss during delivery 
(Sheehan’s syndrome), or in patients with severe shock or during 
systemic anticoagulation therapy. Various degrees of pituitary in-
sufficiency may be observed in these cases. Traumatic head injuries 
can lead to central hypothyroidism because of hypothalamic or 
pituitary infarction or haemorrhage. Iatrogenic causes of central 
hypothyroidism include external radiation and surgery for pituitary 
or brain tumours. The empty sella syndrome is caused by a defect of 
the sellar diaphragm leading to cisternal herniation within the pitu-
itary fossa and flattening of the pituitary. Hypopituitarism develops 

Box 3.4.2.2 Causes of central hypothyroidism

• Tumours
 — Pituitary adenomas
 — Craniopharyngioma
 — Meningioma
 — Dysgerminoma
 — Other brain tumours
 — Metastatic tumours
• Ischaemic necrosis
 — Postpartum (Sheehan’s syndrome)
 — Severe shock
 — Diabetes mellitus
 • Aneurysm of internal carotid artery
 • Iatrogenic
 — External radiation
 — Surgery
 • Infectious diseases
 — Abscesses
 — Tuberculosis
 — Syphilis
 — Toxoplasmosis
 • Sarcoidosis
 • Histiocytosis
 • Haemosiderosis
 • Chronic lymphocytic hypophysitis
 • Empty sella
 • Traumatic brain injury
 • Subarachnoid haemorrhage
 • Pituitary dysplasia
 • Congenital malformations of the hypothalamus
 • Inherited diseases
 — Combined pituitary hormone abnormalities: pituitary transcription 

factor defects; immunoglobulin superfamily gene 1 mutations
 — Isolated CH:  TSHβ- subunit; thyrotropin- releasing hormone re-

ceptor (TRHR) mutations
 • Transient central hypothyroidism
 — Recovery from prolonged thyrotoxicosis
 — Severe non- thyroidal illnesses
 — Drugs
 • Somatostatin analogues
 • Glucocorticoids
 • Dopamine
 • Bexarotene
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slowly along with expansion of the cisternal herniation caused by 
transmission of cerebrospinal fluid pressure. Hypothalamic or pi-
tuitary lesions may derive from any of the infectious or granuloma-
tous diseases listed in Box 3.4.2.2.

Autoimmune (primary) hypophysitis is an increasingly rec-
ognized disease that can cause central hypothyroidism, isolated 
or associated with other tropin defects, in up to 45% of the cases. 
However, when an appropriate treatment with immunosuppressive 
drugs is started, TSH deficiency can considerably improve with no 
need of hormone replacement therapy with L- thyroxine in the long 
term [38]. Another emerging disorder, first described in 2003, is 
hypophysitis secondary to checkpoint inhibitors immunotherapy 
[39]. In this condition, observed in approximately 10% of cancer 
patients treated, various degrees of hypopituitarism, including iso-
lated central hypothyroidism, have been described.

A high prevalence of hypothyroidism following traumatic brain 
injury or subarachnoid haemorrhage has been demonstrated, al-
though TSH deficiency is less common than growth hormone, 
luteinizing hormone/ follicle- stimulating hormone, and adrenocor-
ticotropic hormone deficiencies [40]. Pituitary aplasia or hypoplasia 
is a rare congenital defect, usually associated with other severe mal-
formations. In most instances these patients die shortly after birth.

Genetic abnormalities in TSH synthesis may cause central hypo-
thyroidism characterized by inherited isolated TSH deficiency. 
A number of mutations in genes involved in pituitary function have 
been described, leading to isolated central hypothyroidism or com-
bined pituitary hormone defects, with variable clinical phenotypes 
and degrees of severity [41]. In some patients no demonstrable 
pathology can be found to explain TSH deficiency, and the term 
idiopathic central hypothyroidism is still applied.

Transient impairment of TSH secretion is commonly observed 
and may depend on a variety of causes, including the use of sev-
eral drugs (see Box 3.4.2.2). The recognition of these conditions is 
essential to avoid unnecessary and expensive diagnostic proced-
ures. In most instances, replacement therapy is not necessary or is 
contraindicated.

Laboratory Investigation of Hypothyroidism

The diagnosis of hypothyroidism and of its cause requires the evalu-
ation of several clinical, laboratory, and instrumental parameters to 
manage the patient properly (Table 3.4.2.1).

Hormonal evaluation

A small decrease in thyroid secretion may produce only minor 
changes in serum concentrations of thyroid hormones that remain 
within the normal range. The most sensitive index of a reduction 
in serum thyroid hormone concentration is serum TSH because of 
a decrease in feedback inhibition of pituitary TSH secretion. Thus, 
elevated serum TSH is the earliest laboratory abnormality in pa-
tients with primary hypothyroidism.

The combination of normal thyroid hormones and elevated TSH 
has been long defined as subclinical hypothyroidism. However, this 
term may be misleading because it suggests the absence of symptoms 
and signs of hypothyroidism, whereas they may be present if thy-
roid hormone deficiency does actually exist [42]. Indeed, an isolated 
increase in serum TSH may arise as a consequence of mild thyroid 
failure due to a recognized pathogenic event in an otherwise normal 
thyroid gland (most commonly autoimmune thyroiditis), and in 
this case grading of hypothyroidism based on biochemical criteria 
should be preferred. Differently, a slight TSH elevation may depend 
on inherited defects that produce a minor impairment of TSH ac-
tion on thyroid cells, leading to isolated hyperthyrotropinaemia and 
an apparent euthyroid state [43]. A mild increase in serum TSH can 
also be observed in obese subjects, which is secondary to the obesity 
state and is reversible after weight loss [44]. Distinction among these 
conditions is important to decide on the opportunity of starting the 
replacement therapy.

With the progression of thyroid dysfunction, serum levels of T4 
fall below the normal limit while serum T3 may still be normal. This 
is because high TSH levels induce preferential secretion of T3 by 
residual thyroid tissue.

The lack of TSH response to reduced thyroid hormone levels com-
plicates the diagnosis of central hypothyroidism, and the finding of 
low serum T4 is a prerequisite for the diagnosis of this condition. 
Usually in central hypothyroidism, basal serum TSH concentra-
tions are inappropriately low with respect to reduced serum thyroid 
hormones. Yet, in some instances serum TSH may be slightly ele-
vated due to secretion of immunoreactive but biologically inactive 
TSH [45].

Assays for measurement of total thyroid hormones in serum are 
gradually being replaced by methods that determine the free (un-
bound) fraction of T4 and T3 [46]. Although measurement of free 
T4 and free T3 concentrations is more cumbersome as compared to 
that for total T4 and T3, free T4 and free T3 determinations are pre-
ferred because free thyroid hormones are those capable of entering 

Table 3.4.2.1 Differential diagnosis of hypothyroidism

Primary Central Resistance to thyroid hormone Non- thyroidal illness

Symptoms of hypothyroidism Present Present Occasionally present Absent

Thyroid volume ↑, N,↓ N,↓ ↑ N

TSH ↑ N, ↓, (↑) N, ↑ N, ↓, (↑)

Free T4 ↓ ↓ ↑ N, ↓, (↑)

Free T3 N, ↓ N, ↓ ↑ ↓

Radioiodine uptake ↑, N, ↓ ↓ ↑ N, ↓

TSH response to TRH ↑ N, ↓ ↑ N, ↓, (↑)

↑, increased; N, normal; ↓, decreased; (.), slight changes.
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the cell and therefore represent the biologically active hormone. 
Indeed, the concentrations of total thyroid hormones may be ele-
vated or reduced in spite of normal free fractions, due to changes in 
the concentrations of serum transport protein (see Chapter 3.1.2). 
Current free thyroid hormone immunoassays are valuable in most 
clinical instances but more accurate methodologies may be required 
in selected cases [47].

The initial assessment of thyroid function may be accomplished 
by testing of TSH first, followed by reflex testing for free T4 if TSH 
is outside the reference range. The implementation of appropriate 
TSH reference ranges is essential to achieve optimal effects on 
case detection [48]. However, it must be emphasized that TSH 
alone is not reliable for the detection of central hypothyroidism 
and may be misleading in other clinical settings, including treated 
hyperthyroidism and hypothyroidism before stabilization of the 
hormonal equilibrium, combined therapy with T4 and T3, and 
non- thyroidal illness.

Measurement of the serum TSH response to thyrotropin- re-
leasing hormone (TRH) (200– 500 μg intravenously) may be useful 
in selected patients with a borderline to low value of T4 and bor-
derline to high or borderline to low values of basal TSH, to identify 
subclinical primary or central hypothyroidism, respectively [49]. 
An exaggerated response will be observed in primary hypothy-
roidism whereas in central hypothyroidism the serum response of 
TSH may be reduced or abnormally prolonged. The TRH test may 
be useful also to measure the increase in serum T3 levels following 
the rise in serum TSH. In people with normal thyroid function, 
serum T3 increases 30– 100% above the baseline value 120– 180 min 
after the injection of 200 μg TRH. In central hypothyroidism, the 
T3 response may be impaired or absent in spite of a normal peak of 
TSH, indicating secretion of biologically inactive TSH. Evaluation 
of the nocturnal surge of TSH in samples taken every 30 min from 
11.00 p.m. to 2.00 a.m. may be useful to confirm the diagnosis of 
central hypothyroidism. At variance with people with normal thy-
roid function, the TSH surge is blunted or absent in central hypo-
thyroid patients [50].

A transient phase of central hypothyroidism may occur in pa-
tients with non- thyroidal illness, particularly hospitalized patients 
with medical or psychiatric illnesses. In these cases, repeated hor-
monal measurements are useful since values usually become normal 
as patients recover from that illness.

Other In Vitro Tests

Antithyroglobulin and antithyroperoxidase antibodies are sensitive 
markers of thyroid autoimmunity [51]. Thus, if present, they may 
contribute to the diagnosis of autoimmune thyroiditis, often pre-
ceding the appearance of thyroid dysfunction, represent a prog-
nostic index for the development of postpartum thyroiditis, and 
help to predict the outcome of iodine-  or drug- induced hypo-
thyroidism. Antithyroperoxidase antibodies and, less frequently, 
antithyroglobulin antibodies are observed in most patients with 
chronic autoimmune thyroiditis but hypothyroid patients with serum 
negative Hashimoto’s disease have also been reported, who display a 
milder clinical picture compared with classic Hashimoto’s thyroiditis 
[52]. Screening for antithyroperoxidase and antithyroglobulin anti-
bodies in patients with non- thyroidal autoimmune diseases may be 
helpful for early recognition of concurrent autoimmune thyroid dis-
eases, in the context of polyglandular autoimmune syndromes [53].

TSH- receptor antibodies can either have stimulating activity 
(thyroid- stimulating antibody), as in Graves’ disease, or block the 
receptor (TSH- receptor blocking antibody) preventing TSH stimu-
lation of the follicular cell. TSH- receptor blocking antibodies are 
highly specific for autoimmune thyroiditis. They are found in up 
to 30% of patients with chronic autoimmune thyroiditis and can 
produce or add to the development of hypothyroidism by blocking 
the thyroid response to TSH [6] . Hypothyroidism produced by 
TSH- receptor blocking antibodies can spontaneously remit fol-
lowing disappearance of antibody from serum. Assays for TSH- re-
ceptor antibodies measure the ability of a patient’s IgG to inhibit the 
binding of 125I- TSH to its receptor in thyroid membrane prepar-
ations. Radioreceptor assays are now easy to perform, inexpensive, 
and provide reliable results but do not distinguish thyroid- stimu-
lating antibodies from TSH- receptor blocking antibodies. For this 
purpose, methods that assess the capacity of IgG to stimulate or to 
prevent TSH- induced cAMP production in thyroid preparations 
are necessary.

Endogenous antibodies against thyroid hormones may develop 
in patients with autoimmune thyroiditis [54]. These antibodies usu-
ally have no clinical relevance, but may interfere on assays for serum 
total and free T4 and T3, producing artefactual results depending on 
the technique used to measure the hormones. The presence of T4 or 
T3 antibodies should always be suspected in autoimmune patients 
with unexpected results of thyroid hormone assays. These antibodies 
can be detected easily by immunoprecipitation of radiolabelled T4 
or T3 with the patient’s serum.

Thyroglobulin is present at low concentrations in serum of people 
with normal thyroid function, and is elevated in all states associated 
with enlargement, hyperfunction, or injury of the thyroid gland. 
Measurement of serum thyroglobulin has no meaning for the diag-
nosis or the management of hypothyroidism, but may be useful to 
estimate the amount of residual thyroid tissue after surgery or other 
thyroid destructive events. Furthermore, detectable serum thyro-
globulin in congenital hypothyroidism excludes thyroid agenesis. 
Increased levels of serum thyroglobulin in iodine deficiency have 
also been observed [55]. Antithyroglobulin antibodies in serum 
interfere with measurement of thyroglobulin and therefore this test 
should not be performed in such patients.

Measurement of urinary iodide provides information about the 
daily iodide intake in epidemiological studies [56]. The demonstra-
tion of elevated concentrations of urinary iodide in a hypothyroid 
patient may be useful if exposure to excessive iodide is suspected.

Thyroid Imaging in Hypothyroidism

Ultrasonography

Thyroid ultrasonography may be helpful in determining the cause 
of hypothyroidism by providing important information on loca-
tion, size, structure, and vascularity of the gland. In autoimmune 
thyroiditis a gross inhomogeneity and low echogenicity charac-
terize the echo pattern of the gland. Areas of apparently normal 
tissue of variable size may be observed, whereas true nodules reflect 
a different aetiology and should raise the possibility of coexisting 
nodular goitre, adenomas, or malignancies. A diffuse low thyroid 
echogenicity is indicative of diffuse autoimmune involvement of 
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the gland and is associated with or may predict the development 
of hypothyroidism [57]. Studies using colour flow Doppler show a 
variable degree of vascularity in goitrous autoimmune thyroiditis, 
whereas vascularity is decreased in the atrophic variant of the dis-
ease. In subacute thyroiditis the gland is usually enlarged and pre-
sents large hypoechoic areas with poorly defined boundaries, mainly 
within the painful lobe. A large diffuse or multinodular goitre can 
be documented by ultrasonography in hypothyroidism with in-
herited defects in thyroid hormone biosynthesis. No evidence of 
thyroidal tissue in its appropriate location and the demonstration of 
an ectopic gland are helpful in the diagnosis of congenital hypothy-
roidism due to thyroid dysgenesis.

In Vivo Isotopic Tests

Thyroid scintiscan may be helpful in the evaluation of hypothyroid 
patients to indicate the location of functioning thyroid tissue and 
to provide an estimation of overall thyroid size, although in this re-
gard better evidence is usually obtained by thyroid ultrasonography. 
Occasionally scintiscan may reveal ectopic thyroid tissue not dis-
cernible by other means (e.g. lingual thyroid). Thyroid scintiscan 
can also be used to reveal substernal thyroid tissue when hypothy-
roidism is associated with a large goitre.

Radioiodine uptake is expressed as the percentage of radio-
activity that is trapped by the thyroid at a given time after ad-
ministration of a tracer quantity of inorganic radioiodine. Early 
radioiodine uptake measurements (3– 6 h) provide information 
on the rates of transport and organification of iodide within the 
gland, whereas 24-  and 48- h radioiodine uptake measurement re-
flects the rate of release of radioiodine from thyroidal tissue. It is 
also a way of estimating the extrathyroidal pool of iodide, being 
low to absent after intake of excess iodide but increased in iodine 
deficiency. An exception is represented by amiodarone- induced 
hypothyroidism in which radioiodine uptake is preserved despite 
iodine excess [58]. Radioiodine uptake is increased if hypothy-
roidism is caused by defective synthesis of thyroid hormones since 
TSH stimulates all steps in hormone synthesis capable of response. 
In chronic autoimmune thyroiditis values of the radioiodine up-
take depend on the amount of residual functioning thyroid tissue 
and the serum concentration of TSH. Radioiodine uptake may 
be normal or even increased during the initial phase of chronic 
thyroiditis, whereas it tends to decrease as the disease progresses. 
Very low values of the radioiodine uptake are characteristic of the 
early phase of destructive thyroiditis (e.g. subacute thyroiditis) 
which is usually associated with thyrotoxicosis caused by follicular 
disruption. In these cases, return of radioiodine uptake to within 
the normal range may be helpful to indicate recovery of thyroid 
function. Radioiodine uptake measurement, which is obviously re-
duced in postablative hypothyroidism, may be used occasionally to 
estimate the amount of residual thyroid tissue after thyroidectomy 
or radioactive treatment.
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Introduction

Myxoedema coma is the extreme expression of severe hypothy-
roidism and fortunately is quite rare. The first reported case appears 
to have been in 1879 by Ord from St Thomas’s Hospital, London. 
Two other patients who died in a hypothyroid coma were reported 
in 1888 in the proceedings of the Clinical Society of London [1] . 
The next cases in the literature appeared in 1953 [2, 3] and some 
500 cases have since been reported. Epidemiological data indicate 
an incidence rate of 0.22– 1.08/ 1 000 000 per year [4, 5]. The most 
common presentation of the syndrome is in hospitalized elderly 
women with long- standing hypothyroidism, with 80% of cases 
occurring in women over 60 years of age. However, myxoedema 
coma occurs in younger patients as well, with 36 documented 
cases occurring during pregnancy [6, 7] and a few cases occurring 
in the paediatric age group [8– 11]. In spite of early diagnosis and 
treatment, the mortality rate may be as high as 30– 60% [5].

Clinical Presentation and Precipitating events

Patients with myxoedema coma generally present in the winter 
months, suggesting that external cold may be an aggravating factor. 
The precipitating events vary from the most frequent including 

pulmonary infections, congestive heart failure, and cerebrovascular 
accidents (Box 3.4.3.1) to the more unusual such as in subclinical 
hypothyroidism or consumption of large amounts of raw bok choy 
[12,  13]. The comatose and hypoventilating patient is also at risk 
for pulmonary infection or aspiration pneumonia as a secondary 
event. Similarly, other abnormalities frequently accompanying 
myxoedema coma, such as hypoglycaemia, hypercalcaemia, 
hyponatraemia, hypercapnia, and hypoxaemia, may be either 
precipitating factors or secondary consequences. In hospitalized 
patients, drugs such as anaesthetics, narcotics, sedatives, antidepres-
sants, and tranquillizers may depress respiratory drive and thereby 
either cause or compound the deterioration of the hypothyroid pa-
tient into coma. Also, drugs that could impair thyroid function such 
as amiodarone, lithium and tyrosine kinase inhibitors might pre-
cipitate myxoedema coma [14, 15].

Hypothermia (often profound to 80 °F (26.7 °C)) and uncon-
sciousness constitute two of the cardinal features of myxoedema 
coma. The syndrome will typically present in a patient who de-
velops an infection or other systemic disease superimposed upon 
previously undiagnosed hypothyroidism. Sometimes a history of 
antecedent thyroid disease, thyroidectomy, treatment with radio-
active iodine, or thyroxine (T4) replacement therapy that was dis-
continued for no apparent reason can be elicited. Other clues to 
the presence of underlying thyroid disease may be seen on exam-
ination of the neck, such as a surgical thyroidectomy scar, goitre, 
or even the absence of palpable thyroid tissue as may occur in 
chronic Hashimoto’s thyroiditis. A pituitary or hypothalamic basis 
for hypothyroidism is encountered in less than 10– 15% of patients. 
In two large series [16, 17] that identified 12– 14 patients with myx-
oedema coma, the findings on presentation included hypoxaemia 
in 36– 80%, hypotension 50%, hypercapnia in 36– 54%, bradycardia 
in 36%, and hypothermia with a temperature below 94°F (34.4°C) 
in 50– 88%. Fifty per cent (50%) of patients died despite treatment 
with thyroid hormone. A dreaded aspect of the usual clinical course 
is progression into respiratory failure and CO2 retention which is 
heralded by hypoventilation with lethargy progressing to stupor 
and then coma. Because of the delayed metabolism of drugs in 

Box 3.4.3.1 Myxoedema coma: precipitating factors

 • Cerebrovascular accidents
 • Drugs
 • Anaesthetics
 — Sedatives
 — Tranquillizers
 — Narcotics
 — Amiodarone
 — Lithium carbonate
 — Tyrosine kinase inhibitors
 • Hypothermia
 • Congestive heart failure
 • Infections
 • Trauma
 • Gastrointestinal bleeding
 • Metabolic disturbances compounding obtundation
 — Acidosis
 — Hypoglycaemia
 — Hyponatraemia
 — Hypercapnia
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hypothyroidism, the deterioration may be hastened by the use of 
sedative, hypnotics, or narcotics.

Cardiovascular Manifestations

In myxoedema coma, typical findings of hypothyroid heart disease 
may include bradycardia, decreased quality and intensity of the 
heart sounds, enlarged cardiac silhouette, and minor electrocardio-
graphic (ECG) abnormalities such as varying degrees of block, low 
voltage, flattened or inverted T waves, and prolonged Q– T interval 
which can result in torsades de pointe ventricular tachycardia [18]. 
Myocardial infarction should be ruled out by the usual diagnostic 
procedures. The lactate dehydrogenase isoenzyme pattern in severe 
hypothyroidism may mimic that of myocardial infarction [19], and 
creatine kinase levels also are elevated [20, 21]. Moreover, aggres-
sive or injudicious triiodothyronine (T3) or T4 replacement may 
increase the risk of myocardial infarction (see next). The enlarged 
cardiac silhouette may be due, in part, to ventricular dilatation or a 
pericardial effusion which can be confirmed by echocardiography. 
This fluid is rich in mucopolysaccharide and tends to accumulate 
slowly over time, only rarely causing cardiac tamponade.

Cardiac contractility is impaired, leading to reduced stroke 
volume and cardiac output, but congestive heart failure is rare. T4 
replacement therapy will slowly reverse the abnormalities in left 
ventricular function; although the pericardial effusion may also 
gradually diminish, reduced cardiac output with hypotension sec-
ondary to the effusion must be borne in mind. Patients should be 
admitted to an intensive care unit because of the propensity for 
shock and potentially fatal arrhythmias. Hypotension may occur in 
spite of increases in total body water and extracellular fluid volume 
because of reduction in intravascular volume. Although blood pres-
sure may be normalized with T4 replacement, severe hypotension 
or shock may supervene acutely before the T4 effect is seen, necessi-
tating the use of pressor drugs.

Respiratory System

The mechanism for hypoventilation in profound myxoedema is 
a combination of a depressed hypoxic respiratory drive and a de-
pressed ventilatory response to hypercapnia [22]. CO2 narcosis 
results from the reduction in alveolar ventilation with the hypoven-
tilation compounded by impairment in respiratory muscle function 
ultimately leading to coma. The central factor in the pathophysi-
ology of coma appears to be a depressed ventilatory response to CO2 
[23– 25]. When present, obesity may impair the bellows action of 
the chest. Improvement in the response to CO2 after T4 therapy has 
been seen in some [23, 25, 26] but not all [22] studies. Irrespective 
of the underlying pathophysiology, the mechanical function of the 
chest in myxoedema coma usually is reduced sufficiently to require 
mechanically assisted ventilation. Tidal volume may be reduced by 
other factors such as pleural effusion or ascites. Upper airway par-
tial obstruction may also play a role, caused by oedema or swelling 
of the tongue, or laryngeal obstruction due to marked oedema of 
the vocal cords. Hypothyroid patients may be predisposed to in-
creased airway hyper- responsiveness and chronic inflammation 
[27]. Even with appropriate and adequate therapy, the complexity 

of the pathophysiology of respiratory failure means that ultimate 
recovery may be prolonged.

Gastrointestinal Manifestations

The gastrointestinal tract in myxoedema may be marked by muco-
polysaccharide infiltration and oedema of the muscularis and 
neuropathic changes leading to impaired peristalsis, obstipation, 
and potential paralytic ileus [28]. Given the risks of anaesthesia 
in the profoundly hypothyroid patient, surgical intervention can 
be temporized for apparent obstruction by conservative manage-
ment with decompression until the therapeutic response to thyroid 
hormone might occur. Initially, parenteral administration of T4 
or triiodothyronine (T3) may be preferable because absorption of 
oral medications could be impaired due to the gastric atony often 
present in myxoedema coma. Ascites has been documented in 51 
cases [29] and gastrointestinal bleeding can occur secondary to a 
coagulopathy.

Renal and electrolyte Manifestations

Alterations in mineral metabolism and renal clearance in severe 
hypothyroidism may include decreases in plasma volume, serum 
sodium, and osmolality, glomerular filtration rate, and renal 
plasma flow, and increases in total body water, urine sodium, and 
urine osmolality. Atony of the urinary bladder with retention of 
large residual urine volumes is commonly seen. High creatine 
kinase levels are typical of hypothyroidism, but unusually high 
values may be a clue to underlying rhabdomyolysis. Increased 
serum antidiuretic hormone levels [30] and impaired water diur-
esis caused by reduced delivery of water to the distal nephron [31] 
are likely to account for the hyponatraemia. Depending upon its 
duration and severity, hyponatraemia will add to altered mental 
status, and when severe may be largely responsible for precipi-
tating the comatose state. T4 treatment promotes water diuresis 
resulting in an increase in serum sodium and a decrease in oe-
dema and total body water.

neuropsychiatric Manifestations

Although coma is the predominant clinical presentation in myx-
oedema coma, a history of disorientation, depression, paranoia, or 
hallucinations (‘myxoedema madness’) may often be elicited. Other 
findings present either just before entering the comatose state or 
early during recovery include cerebellar signs, such as poorly co-
ordinated purposeful movements of the hands and feet, ataxia, 
adiadochokinesia, poor memory and recall, or even frank amnesia. 
Abnormal findings on electroencephalography are few and include 
low amplitude and a decreased rate of α - wave activity. Status epi-
lepticus has been described [32] and up to 25% of patients with 
myxoedema coma may experience minor to major seizures possibly 
related to hyponatraemia, hypoglycaemia, or hypoxaemia due to re-
duced cerebrovascular perfusion from low cardiac output and ath-
erosclerotic vessels in elderly patients. T4 treatment will generally 
lead to improved perfusion.
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Haematological Manifestations

A microcytic anaemia may be seen secondary to gastrointes-
tinal haemorrhage, or a macrocytic anaemia due to vitamin 
B12deficiency which may also worsen the neurological state. 
Granulocytopaenia with a decreased cell- mediated immunological 
response may contribute to a higher risk of severe infection. In con-
trast to the tendency to thrombosis seen in mild hypothyroidism, 
severe hypothyroidism is associated with a higher risk of bleeding 
due to coagulopathy related to an acquired von Willebrand’s syn-
drome (type 1) and decreases in factors V, VII, VIII, IX, and X [33]. 
The von Willebrand syndrome is reversible with T4 therapy [34]. 
Another cause of bleeding may be disseminated intravascular co-
agulation associated with sepsis.

Hypothermia

The first clinical clue to the diagnosis of myxoedema coma may 
be hypothermia which occurs in approximately 75% of patients 
and may be dramatic (below 80°F (26.7°C)), with temperatures of 
less than 90°F (32.2°C) being associated with the worst prognosis. 
Because patients with myxoedema and infection may not mount 
a febrile response, a diagnosis of profound hypothyroidism should 
be entertained in any unconscious patient with a known infection 
but no fever. In view of the latter and because undiscovered infec-
tion might lead inexorably to vascular collapse and death, some au-
thors have advocated the routine use of antibiotics in patients with 

myxoedema coma. Underlying hypoglycaemia may further com-
pound the decrement in body temperature. With T4 therapy, the 
hypothermia gradually improves in parallel with the fall in serum 
thyroid- stimulating hormone (TSH) and increments in serum T4 
and T3 levels.

Diagnosis

The typical patient presenting with myxoedema coma is a woman 
in the later decades of her life who may have a history of thyroid 
disease and who is admitted to hospital during the winter months, 
possibly with pneumonitis. Physical findings could include brady-
cardia, macroglossia, hoarseness, delayed reflexes, dry skin, general 
cachexia, hypotension, hypoventilation, and hypothermia, com-
monly without shivering. Even though specific diagnostic criteria 
are not available a diagnostic scoring system has been proposed. 
Based upon the presence of thermoregulatory and central nervous 
system dysfunction, gastrointestinal findings, precipitating events, 
cardiovascular dysfunction, and metabolic alterations, the scoring 
system has reached a sensitivity of 100% and specificity of 80% 
(Table 3.4.3.1) [17]. According to the score achieved, the patient 
would be classified as either highly suggestive, suggestive, or un-
likely to have myxoedema coma. Another objective screening tool 
was proposed based on heart rate, temperature, Glasgow coma scale, 
TSH, free thyroxine, and precipitating events which was associated 
with a sensitivity and specificity of approximately 80% [35]. Despite 
the importance that both scoring systems could have in allowing 

Table 3.4.3.1 Diagnostic scoring system for myxoedema coma

Thermoregulatory dysfunction (temperature, °C) Cardiovascular dysfunction

>35 0 Bradycardia

32– 35 10 Absent  0

<32 20 50– 59 10

Central nervous system effects 40– 49 20

Absent 0 <40 30

Somnolent/ lethargic 10 Other EKG changesa 10

Obtunded 15 Pericardial/ pleural effusions 10

Stupor 20 Pulmonary oedema 15

Coma/ seizures 30 Cardiomegaly 15

Gastrointestinal findings Hypotension 20

Anorexia/ abdominal pain/ constipation 5 Metabolic disturbances

Decreased intestinal motility 15 Hyponatraemia 10

Paralytic ileus 20 Hypoglycaemia 10

Precipitating event Hypoxemia 10

Absent 0 Hypercarbia 10

Present 10 Decrease in GFR 10

Abbreviations: EKG, electrocardiogram; GFR, glomerular filtration rate.
A score of 60 or higher is highly suggestive/ diagnostic of myxoedema coma; a score of 25 to 59 is suggestive of risk 
for myxoedema coma, and a score below 25 is unlikely to indicate myxoedema coma.
a Other EKG changes: QT prolongation, or low voltage complexes, or bundle branch blocks, or non- specific ST- T 
changes, or heart blocks.
Reproduced with permission from Popoveniuc G, Chandra T, Sud A, Sharma M, Blackman MR, Burman KD, Mete M, 
Desale S, Wartofsky L. A diagnostic scoring system for myxedema coma. Endocr Pract. 2014 Aug;20(8):808– 17.
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early diagnosis and initiation of treatment, the limited number of 
patients in these studies requires additional validation.

Laboratory evaluation may indicate anaemia, hyponatraemia, 
hypercholesterolaemia, and increased serum lactate dehydrogenase 
and creatine kinase. On lumbar puncture there is increased pressure 
and the cerebrospinal fluid will have a high protein content. The 
electrocardiogram and chest radiograph may demonstrate the char-
acteristic findings described earlier. If hypothyroidism is suspected 
in a comatose patient, blood should be obtained for thyroid function 
testing, but treatment should not be delayed awaiting laboratory 
confirmation of the diagnosis. On the other hand, a correct diag-
nosis is particularly important because the unnecessary administra-
tion of large doses of T4 or T3 to an elderly euthyroid patient could 
induce a fatal arrhythmia or coronary event. In addition to routine 
thyroid function tests, ancillary studies should be performed to de-
termine whether CO2 retention, hypoxia, hyponatraemia, or infec-
tion are present. Indeed, in many patients the clinical features may 
be so notable as to render the measurement of thyroid function tests 
necessary only for confirmation of the diagnosis. The urgency of 
the diagnosis should be stressed to the laboratory, which often can 
perform a serum T4 and TSH determination in 3– 4 h.  Although 
an elevated serum TSH concentration is the most important la-
boratory evidence of the diagnosis, the presence of severe compli-
cating systemic illness or treatment with drugs such as dopamine, 
dobutamine, or corticosteroids may serve to reduce the elevation in 
TSH levels [36, 37]. Furthermore, an association between the use of 
catecholamines and higher mortality has been reported [5] . There 
may also be a pituitary cause for the hypothyroidism, in which case 
an increased TSH would not be found. Until the presence of pitu-
itary disease is ruled out, corticosteroid therapy is recommended in 
addition to T4.

Treatment

Myxoedema coma is a true medical emergency, and treatment must 
be instituted in a critical care setting with modern electronic moni-
toring equipment as soon as the diagnosis is made in view of the ex-
tremely high mortality anticipated in these patients when treatment 
is delayed. As outlined here, a multifaceted approach is required 
because of the multiple metabolic derangements derived from, or 
affecting, several organ systems which may be contributing to the 
comatose state.

Ventilatory Support

The patient’s comatose state is perpetuated by hypoventilation with 
CO2 retention and respiratory acidosis. Appropriate diagnostic and 
therapeutic measures must be instituted for any suspicious infil-
trate seen on chest radiographs. The high mortality rate is often 
related to inexorable respiratory failure, and hence maintenance 
of an adequate airway and prevention of hypoxaemia is the single 
most important supportive measure required to avoid a disastrous 
outcome. Mechanical ventilation is usually required during the 
first 36– 48 h, particularly if the hypoventilation is related in part 
to drug- related respiratory depression. Although the patient may 
become alert by the second or third day of treatment, it may be 

necessary to continue assisted ventilation for as long as 2– 3 weeks 
in some patients.

Intubation may be necessary initially or with worsening of hypox-
aemia or hypercarbia, and arterial blood gases need to be monitored 
regularly until the patient is fully recovered. The hypercapnia may 
be rapidly relieved with mechanical ventilation, but the hypoxia 
may tend to persist possibly due to shunting in non- aerated lung 
areas [38]. Moreover, the physician should guard against extubating 
the patient prematurely; some case reports have cited the danger 
of relapse, and it should not be attempted until the patient is fully 
conscious.

Hyponatraemia

Total body sodium is believed to be normal to increased, but it is the 
impaired excretion of water that causes hyponatraemia. Low serum 
sodium may cause a semicomatose state or seizures even in euthyroid 
patients, and the very severe hyponatraemia (105– 120 mmol/ L) in 
profound myxoedema is likely to contribute substantially to the 
coma in these patients. With such severe hyponatraemia, it may 
be appropriate to administer a small amount of hypertonic saline 
(50– 100 ml 3% sodium chloride), enough to increase sodium con-
centration by about 2 mmol/ L early in the course of treatment, and 
this can be followed by an intravenous bolus dose of 40– 120 mg fur-
osemide to promote a water diuresis [39]. A small quick increase in 
the serum sodium concentration (2– 4 mmol/ L) is effective in acute 
hyponatraemia because even a slight reduction in brain swelling re-
sults in a substantial decrease in intracerebral pressure [40]. On the 
other hand, too rapid correction of hyponatraemia can cause a very 
dangerous complication, the osmotic demyelination syndrome. In 
patients with chronic hyponatraemia this complication is avoided 
by limiting the sodium correction to less than 10– 12 mmol/ L in 24 
h and to less than 18 mmol/ L in 48 h.

After achieving a sodium level of more than 120 mmol/ L, no fur-
ther hypertonic saline infusion should be required, and restriction 
of fluids may be all that is necessary to correct hyponatraemia, es-
pecially if it is mild (120– 130 mmol/ L). Because of the likelihood of 
decreased cardiac reserve, therapy with saline or other intravenous 
fluids must be approached cautiously. If hypoglycaemia is present, 
dextrose in 0.5 N sodium chloride may be used to correct the low 
blood glucose. With regard to fluid or saline therapy, careful moni-
toring of volume status based on clinical parameters and central 
venous pressure measurements is essential in patients with signifi-
cant cardiovascular decompensation.

New vasopressin antagonists named vaptans (conivaptan 
and tolvaptan), have been approved by the Food and Drug 
Administration (FDA) in the United States for the treatment of pa-
tients with euvolaemic and hypervolaemic hyponatraemia. These 
treatments could be attempted in this clinical setting in view of the 
high vasopressin levels observed in myxoedema coma. Conivaptan 
current dosing recommendations are a 20- mg loading dose to be 
infused over 30 min followed by a 20 mg/ day continuous infusion 
for up to 4 days. Tolvaptan is administered orally in a starting dose 
of 15 mg the first day followed by titration up to 30 mg and 60 mg 
at 24 hours if necessary. During the active phase of correction with 
tolvaptan, fluid restriction is not recommended in order to re-
duce the risk of overcorrection. With both therapies, serum [Na+] 
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concentration should be measured frequently during the active 
phase of correction of the hyponatraemia at a minimum of every 
6– 8 hours. No data are available on the use of vaptans in severe 
hyponatraemia (<115 mmol/ L) in hypothyroid patients, or whether 
sole therapy with vaptans without hypertonic saline would be ef-
fective [40, 41].

Hypothermia

Restoration of body temperature to normal will require adminis-
tration of T4 or T3. Blankets or increasing room temperature can 
be used to keep the patient warm until the thyroid hormone ef-
fect is achieved, but caution must be exercised in the use of more 
vigorous electric warming blankets. Too aggressive warming may 
cause peripheral vasodilatation, a precipitous fall in peripheral 
vascular resistance with increased peripheral blood flow, and in-
creased oxygen consumption, which may then lead to hypotension 
or shock.

Hypotension

Hypotension should also be corrected after treatment with T4; this 
may take several days, and the hypotensive patient may require 
additional therapy. Fluids may be administered cautiously as 5– 10% 
glucose in 0.5 N sodium chloride initially, or as isotonic normal sa-
line if hyponatraemia is present. It is wise to administer hydrocor-
tisone (100  mg intravenously every 8 h) until the hypotension is 
corrected. Pressors are only very rarely required, and the possibility 
of an adverse cardiac event needs to be kept in mind, especially in 
patients with suspected underlying ischaemic heart disease. An 
agent such as dopamine might be employed to maintain coronary 
blood flow, but patients should be weaned off the pressor as soon as 
possible. The physician must weigh the risk of a pressor- induced is-
chaemic event against the known high mortality of poorly managed 
hypotension in myxoedema coma.

Corticosteroids

A rising urea nitrogen, hypotension, hypothermia, hypoglycaemia, 
hyponatraemia, and hyperkalaemia may signal the coexistence of 
adrenal insufficiency. Indeed, decreased adrenal reserve has been 
found in 5– 10% of patients on the basis of either hypopituitarism 
or primary adrenal failure accompanying Hashimoto’s disease 
(Schmidt’s syndrome). Otherwise, plasma total and free cortisol 
levels and the adrenal response to adrenocorticotropic hormone 
(ACTH) infusion should be normal in hypothyroidism or myx-
oedema coma. However, ACTH reserve or the ACTH response to 
stress may be impaired in myxoedema coma. There should be no 
reluctance to administer short- term corticosteroids until the patient 
is stable and the integrity of the pituitary– adrenal axis can be deter-
mined. On theoretical grounds, one should also administer cortico-
steroids when first instituting thyroid hormone therapy, in view of 
the potential risk of precipitating acute adrenal insufficiency due to 
the accelerated metabolism of cortisol that follows T4 therapy. The 

typical dosage of hydrocortisone is 50– 100 mg every 6– 8 h during 
the first 7– 10 days with tapering of the dosage thereafter based upon 
clinical response and any plans for further diagnostic evaluation.

Thyroid Hormone Therapy

One of the most controversial aspects of the management of myxoe-
dema coma is which thyroid hormone medication to give and how 
to give it (dose, frequency, and route of administration). Because of 
the relative rarity of this condition, the paucity of reported treatment 
results, and the difficulties inherent in performing a controlled in-
vestigation, the optimum treatment remains uncertain, and several 
approaches will be discussed. Some of the differences of opinion 
relate to whether to administer T4 and rely on the patient to con-
vert it to the more active T3, or to give T3 itself. One must balance 
the need for quickly attaining physiologically effective thyroid hor-
mone levels against the risk of precipitating a fatal tachyarrhythmia 
or myocardial infarction. T4 provides a steady smooth onset of ac-
tion with a lower risk of adverse effects.

Parenteral preparations of either T4 or T3 are available for intra-
venous administration. Although oral forms of either T3 or T4 can 
be given by nasogastric tube in the comatose patient, this route is 
fraught with risks of aspiration and uncertain absorption, particu-
larly in the presence of gastric atony or ileus.

Parenteral preparations of T4 may be available in ampoules of 100 
and 500 μg. A loading dose of 200– 400 μg of levothyroxine may be 
given intravenously. After this initial ‘loading’ dose, a maintenance 
dose of 1.6 μg/ kg body weight, reduced to 75% if being intraven-
ously administered, can be given thereafter. This method may be at-
tended by increases in serum T4 to within the normal range within 
24 h and by significant decrements in serum TSH. After clinical im-
provement the patient may be switched to oral therapy. Larger doses 
of T4 probably have no advantage and may, in fact, be more dan-
gerous [42]. Due to its conversion from T4, a progressive increase in 
serum T3 is seen after 300– 600 μg doses of T4, as has been described 
by Ridgway et al. [42].

The approach to therapy employing an initial large intravenous 
bolus dose of T4 followed by maintenance therapy has been con-
sidered optimal [41,  42], but other evidence suggests improved 
outcomes with lower doses of thyroid hormone [43]. This was also 
indicated in a prospective trial in which patients were randomized 
to receive either a 500- μg loading dose of intravenous T4 followed 
by a 100- μg daily maintenance dose, or only the maintenance dose 
[44, 45]. The overall mortality rate was 36.4% with a lower mortality 
rate in the high- dose group (17%) versus the low dose group (60%). 
Although suggestive, the difference was not statistically significant. 
Factors associated with a worse outcome included a decreased level 
of consciousness, lower Glasgow coma score, and increased severity 
of illness on entry as determined by an APACHE II score of more 
than 20.

T4 treatment has been generally considered effective, but there 
is one important drawback to total reliance on T3 generation from 
T4. The rate of conversion of T4 to T3 is reduced in many systemic 
illnesses (the euthyroid sick or low T3 syndrome) [37] and hence T3 
generation may be reduced in myxoedema coma as a consequence of 
any associated illness [39]. Theoretically then, one might administer 
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T4, see increases in serum T4 levels confirming adequate absorption, 
but fail to witness any significant fall in TSH or dramatic clinical 
improvement. As a consequence, small supplements of T3 should 
be given along with T4 during the initial few days of treatment, es-
pecially if obvious associated illness is present. Irrespective of the 
type of treatment selected, all patients should have continuous ECG 
monitoring with reduction in thyroid hormone dosage should ar-
rhythmias or ischaemic changes be detected.

T3 is available for intravenous use (Triostat) in 1  ml vials con-
taining 10 μg/ ml. When therapy is approached with T3 alone, it 
may be given as a 10– 20 μg bolus followed by 5– 10 μg every 4 h 
for the first 24 h, dropping to 5– 10 μg every 6 h for days 2– 3, by 
which time oral administration should be feasible. T3 has a much 
quicker onset of action than T4 and increases in body tempera-
ture and oxygen consumption may occur 2– 3 h after intravenous 
T3, compared to 8– 14 h after intravenous T4. A patient with pro-
found secondary myxoedema believed due to postpartum pituitary 
necrosis has been reported who presented with cardiogenic shock 
which responded to T3 but not T4 therapy [44]. Because of the high 
mortality rate in myxoedema coma, advocates for T3 therapy argue 
that the more rapid onset of action could make the difference be-
tween life and death. But the benefits of the more rapid onset of 
action need to be weighed against the greater risk of complications. 
As a consequence, it is difficult to justify the high risk/ benefit ratio 
of a regimen that uses rapid replacement with relatively large doses 
of intravenous T3 alone. Such treatment would be marked by large 
and unpredictable fluctuations in serum T3 levels, and high serum 
T3 levels during treatment with thyroid hormone have been associ-
ated with fatal outcomes [45].

A more conservative but seemingly rational course of manage-
ment is to provide combined therapy with both T4 and T3. Rather 
than administer 300– 500 μg T4 intravenously initially, a dose of 4 
μg/ kg lean body weight (or about 200– 300 μg) is given, and an add-
itional 100 μg is given 24 hours later. By the third day, the dose is 
reduced to a daily maintenance dose of 50 μg, which can be given 
by mouth as soon as the patient is conscious. Simultaneously with 
the initial dose of T4, a bolus of 5– 20 μg T3 is given and intravenous 
T3 is continued at a dosage of 2.5– 10 μg every 8– 12 hours until the 
patient is conscious and taking maintenance T4 [46]. Sensitivity to 
thyroid hormone in terms of cardiac risk varies, depending on age, 
cardiac medications, and the presence of underlying hypoxaemia, 
coronary artery disease, congestive failure, and electrolyte imbal-
ance. Clinical improvement has been seen with even a single dose 
of only 2.5 μg T3 [47]. It is wise to monitor the patient for any un-
toward effects of therapy before administering each dose of thyroid 
hormone.

Myxoedema Coma and emergent Surgery

Clearly, given their fragile clinical state, non- emergent surgery 
should be deferred in a patient with myxoedema coma. However, in 
the patient with myxoedema coma requiring emergent surgery, the 
same general management principles prevail [48] with particular at-
tention to careful monitoring of intraoperative and postoperative 
respiratory and cardiovascular status. Postoperatively, close moni-
toring for maintenance of the airway is essential.

General Supportive Measures

In addition to the specific therapies outlined, other treatments will 
be indicated as in the management of any other elderly patient 
with multisystemic problems. This might include the treatment of 
underlying problems such as infectious processes, congestive heart 
failure, diabetes, or hypertension. The dosage of specific medi-
cations (e.g. digoxin for congestive heart failure) may need to be 
modified based on their altered distribution and slowed metabolism 
in myxoedema. Even with this vigorous therapy, the prognosis for 
myxoedema coma remains grim, and patients with severe hypo-
thermia and hypotension seem to do the worst. Several prognostic 
factors may be associated with a fatal outcome [43, 45, 49, 50] and 
include: older age, persistent hypothermia or bradycardia, lower de-
gree of consciousness by Glasgow coma scale, multiorgan impair-
ment indicated by an APACHE II score of more than 20, or SOFA 
score ≥6, and use of catecholamines [5] . The most common causes 
of death are respiratory failure, sepsis, and gastrointestinal bleeding. 
Early diagnosis and prompt treatment, with meticulous attention to 
the details of management during the first 48 hours, remain critical 
for the avoidance of a fatal outcome.
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Introduction

Subclinical hypothyroidism is biochemically defined as a raised 
serum thyrotropin (TSH) level together with serum free thyroxine 
(fT4) and free tri- iodothyronine (fT3) levels within the population ref-
erence range [1] . It is also referred to as compensated hypothyroidism 
or mild thyroid failure. Although the term ‘subclinical’ suggests the 
absence of symptoms, some patients with subclinical hypothyroidism 
have vague non- specific symptoms of hypothyroidism. However, the 
diagnosis of subclinical hypothyroidism cannot be made based on 
clinical features alone and laboratory thyroid function tests are re-
quired for the diagnosis. The risk of long- term complications of sub-
clinical hypothyroidism depends upon the degree of TSH elevation 
and the age of the patient, with younger adults showing an increased 
risk of cardiovascular and cerebrovascular morbidities. The paucity 
of well conducted large randomized controlled trials in subclinical 
hypothyroidism means its management remains controversial, and 
there is a wide variation in the routine clinical practice [2].

This chapter reviews the diagnosis, long- term complications, and 
management of subclinical hypothyroidism in non- pregnant adults.

How Common is Subclinical Hypothyroidism?

In population- based studies, the prevalence of subclinical hypothy-
roidism ranges from 4 to 15%, with higher prevalence associated 
with advancing age, female sex, and suboptimal iodine status of the 
population [3, 4]. It affects about 10% women in perimenopausal 
age, and more than 20% women aged 75  years or above [5] . The 
apparent variation in the prevalence rate of subclinical hypothy-
roidism in different studies reflects the differences in the demo-
graphic characteristics of the study populations and the upper limits 
of the reference range used for TSH measurements.

Causes of Subclinical Hypothyroidism

The commonest cause of subclinical hypothyroidism, like overt 
hypothyroidism, is autoimmune thyroiditis (Hashimoto’s disease 

or autoimmune atrophic thyroiditis). Other causes include pre-
vious thyroid surgery, radioiodine treatment, drugs, inadequate 
dose of levothyroxine for overt hypothyroidism, thyroiditis (sub-
acute, painless, or postpartum), and radiotherapy involving head 
and neck (Box 3.4.4.1). Rarely, it is associated with loss- of- function 
mutations in the TSH receptor gene [6] . Although severe iodine 
deficiency can cause both subclinical and overt hypothyroidism, 
chronic excess iodine intake, for example, following inadequately 
monitored universal salt iodization, is a recognized risk factor for 
subclinical hypothyroidism [7]. In addition, long- term occupa-
tional exposure to pesticides has also been shown to be associated 
with subclinical hypothyroidism [8]. In contrast, smoking is associ-
ated with a reduced risk of subclinical hypothyroidism [9].

Diagnosis of Subclinical Hypothyroidism

Symptoms and Signs

Few patients with subclinical hypothyroidism present with classical 
symptoms and signs of hypothyroidism. In the Colorado thyroid 
disease prevalence study, more patients with subclinical hypothy-
roidism than euthyroid individuals reported multiple symptoms, 
such as dry skin, poor memory, slow thinking, muscle weakness, 
constipation, and tiredness [5] . However, the association was weak 
with low sensitivities (3– 28%) and positive predictive values (8– 
12%) for the individual symptoms, such that only a minority of 
patients with subclinical hypothyroidism had the symptoms while 
many of the individuals with these symptoms had normal thy-
roid function. Similarly, another case– control study found that 
patients with subclinical hypothyroidism and euthyroid controls 
have similar frequencies of symptoms of hypothyroidism, except 
tiredness which was more prevalent in patients with subclinical 
hypothyroidism [10].

Laboratory Investigations

The diagnosis of subclinical hypothyroidism is based on laboratory 
thyroid function tests: a serum TSH level above the laboratory ref-
erence range together with a normal serum fT4 level is suggestive of 
the diagnosis. A serum TSH level of 4.5– 5 mU/ L is widely accepted 
as the upper limit of the reference range, although there is a con-
siderable debate whether this should be set lower at 2.5 mU/ L [11].

Box 3.4.4.1 Causes of subclinical hypothyroidism

•	 Chronic autoimmune thyroiditis (Hashimoto’s disease or auto-
immune atrophic thyroiditis)

•	 Iatrogenic (partial thyroidectomy, radioiodine therapy, external 
radiotherapy involving head and neck)

•	 Thyroiditis (subacute, painless, or postpartum)
•	 Drugs (iodine, amiodarone, lithium, interferon- alpha, interleukin 2, 

tyrosine kinase inhibitors, checkpoint inhibitor immunotherapy)
•	 Suboptimal levothyroxine replacement for overt hypothyroidism
•	 Chronic excessive iodine intake
•	 Occupational exposure to pesticides
•	 Thyroid infiltration (sarcoidosis, lymphoma, haemochromatosis, 

amyloidosis)
•	 Loss- of- function mutations in the TSH receptor gene
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Several physiological and demographic factors affect serum TSH 
levels that may influence the interpretation of laboratory thyroid 
function tests. First, the presence of a diurnal variation in TSH se-
cretion with peak levels at night and trough levels in the afternoon 
means that the timing of the blood test may affect the TSH result 
[12]. Second, TSH levels progressively rise with age, possibly re-
flecting an adaption of the hypothalamus- pituitary- thyroid axis to 
ageing, and therefore some experts advocate the use of age specific 
TSH reference ranges [13]. Third, ethnicity influences serum TSH; 
for example, the levels tend to be higher in Caucasians than in Blacks 
or Hispanics [4] . Finally, an individual’s TSH levels over time fluc-
tuate within a much narrower range than the population reference 
range [14]. This suggests that each individual has their own TSH set 
point, and any deviation from that set point may be abnormal for the 
individual even if the level is within the population reference range.

It is also important to distinguish subclinical hypothyroidism 
from other conditions associated with a raised serum TSH and 
normal fT4 (Table 3.4.4.1). The presence of heterophile or human 
anti- animal antibodies can result in spuriously high serum TSH by 
interfering TSH assay [15]. Macro- TSH (a biologically inert large 
molecular complex of TSH and immunoglobulin G) is another 
cause of spurious elevation of serum TSH, and accounts for about 
1.5% cases of apparent subclinical hypothyroidism [16]. Patients 
recovering from non- thyroidal illness and thyroiditis (subacute, 
painless, or postpartum) often show transient rise in TSH levels. 
Likewise, patients with untreated Addison’s disease may have a 
raised TSH, which normalizes after glucocorticoid replacement. 
Patients on levothyroxine replacement for overt hypothyroidism 
frequently have raised TSH due to inadequate dose, non- concord-
ance, malabsorption, and concomitant use of drugs impairing 
levothyroxine absorption (e.g. iron, calcium, and cholestyramine) 
or increasing levothyroxine clearance (e.g. phenytoin, phenobar-
bital, and rifampicin). Resistance to thyroid hormone due to mu-
tations in the thyroid hormone receptor β gene is often associated 
with raised TSH with variable levels of fT4. However, most patients 
with this condition will have fT4 above or towards the upper end 
of the reference range; in contrast, fT4 levels tend to be towards the 
lower half of the reference range in subclinical hypothyroidism. 
Furthermore, as resistance to thyroid hormone is an autosomal 
dominant condition, first degree relatives of the patient may show 
similar thyroid function test abnormalities.

In patients with subclinical hypothyroidism, the presence 
of thyroid peroxidase antibodies (TPO- Ab) not only confirms 

autoimmunity as the aetiology, but also provides a prognostic value 
for predicting progression to overt hypothyroidism. Thyroid ultra-
sound may show hypoechogenicity or heterogeneous echogenicity 
in autoimmune thyroid disease leading to subclinical hypothy-
roidism; however, a routine thyroid ultrasound is unnecessary in 
the diagnostic work- up of subclinical hypothyroidism.

natural History of Subclinical Hypothyroidism

Without intervention, a small percentage of patients with subclinical 
hypothyroidism will progress to overt hypothyroidism, and the risk 
of progression is higher in patients with TPO- Ab. In the Whickham 
follow- up study, 2.6% TPO- Ab negative patients with subclinical 
hypothyroidism progressed to overt hypothyroidism each year as 
compared to 4.3% TPO- Ab positive patients [3] . Apart from TPO- 
Ab, TSH level also predicts the likelihood of progression. In a longitu-
dinal study, patients with TSH 10.0– 14.9 mU/ L had a 10- fold higher 
incidence of progression to overt hypothyroidism, as compared to 
those with TSH 5.0– 9.9 mU/ L [17]. However, it is noteworthy that 
thyroid function recovers spontaneously over time in about 40% pa-
tients with subclinical hypothyroidism [17, 18]. Patients with lower 
baseline TSH levels are more likely to recover spontaneously.

Long- Term Complications 
of Subclinical Hypothyroidism

Cardiovascular Disease

Several epidemiological studies have examined for an association 
between subclinical hypothyroidism and the risk of cardiovascular 
outcomes. They have shown conflicting results due to differences in 
the demographic characteristics of patient populations, the study 
designs, and the TSH cut- off levels to define subclinical hypothy-
roidism. However, there is emerging evidence that patient age and 
TSH level have a major influence on the association. A meta- ana-
lysis of observational studies found a significant association between 
subclinical hypothyroidism and cardiovascular mortality in younger 
adult patients aged below 65 years (odds ratio (OR) 1.37; 95% con-
fidence interval (CI) 1.04– 1.79) but the association was not seen in 
older patients [19]. In fact, in very elderly patients above the age of 
85 years, subclinical hypothyroidism has been shown to be associated 

Table 3.4.4.1 Conditions simulating subclinical hypothyroidism with a raised TSH and normal free T4

Conditions Characteristic features

Assay interference (including heterophile antibodies and macro- TSH) Laboratory results inconsistent with clinical status

Non- thyroidal illness Recent acute illness

Thyroiditis (subacute, painless, or postpartum) Recent viral illness, neck tenderness (subacute thyroiditis); childbirth in the last 
6 months (postpartum thyroiditis)

Non- concordance with levothyroxine treatment History of intermittently missing levothyroxine tablets

Addison’s disease Clinical features of adrenal insufficiency (e.g. fatigue, low blood pressure, postural 
hypotension, weight loss), skin pigmentation, worsening of symptoms after starting 
levothyroxine

Resistance to thyroid hormone (due to mutations in the thyroid 
hormone receptor β gene)

Often asymptomatic, presence of similar thyroid function test results in first degree 
relatives
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with a decreased risk of cardiovascular and all- cause mortality [20]. 
In another meta- analysis, which included more than 50 000 partici-
pants from 11 prospective cohorts, increasing TSH level in subclin-
ical hypothyroidism was associated with a higher risk of fatal and 
non- fatal coronary heart disease events [21]. This association was 
most striking in patients with TSH levels of 10 mU/ L or above, with 
hazard ratios of 1.89 (95% CI 1.28– 2.8) for non- fatal coronary heart 
disease events and 1.58 (95% CI 1.1– 2.27) for coronary heart disease 
deaths. In a meta- analysis of six prospective observational studies 
with over 25 000 participants, subclinical hypothyroidism was asso-
ciated with a significantly higher risk of heart failure in patients with 
TSH levels of 10 mU/ L or above (hazard ratio 1.86; 95% CI 1.27– 
2.72) [22]. In addition, patients with pre- existing heart failure may 
have a poorer prognosis in the presence of coexisting subclinical 
hypothyroidism [23]. Finally, subclinical hypothyroidism has also 
been shown to be associated with several functional cardiovascular 
anomalies, including left ventricular diastolic dysfunction, reduced 
resting and exertional systolic function, increased vascular resist-
ance, arterial stiffness, and endothelial dysfunction [24– 26].

Cerebrovascular Disease

Like cardiovascular disease, the risk of cerebrovascular disease is in-
creased in younger adult patients with subclinical hypothyroidism. 
A  meta- analysis of 17 observational studies, which included over 
47 000 participants, failed to demonstrate a significant increase in 
the risk of cerebrovascular events or fatal stroke in patients with 
subclinical hypothyroidism in the whole cohort [27]. However, in 
younger patients under the age of 65  years, subclinical hypothy-
roidism was significantly associated with an increased risk of fatal 
stroke (HR 2.29; 95% CI 1.41– 3.74).

Adverse Metabolic Characteristics

Many observational studies have shown associations between subclin-
ical hypothyroidism and several adverse metabolic parameters, which 
may partly explain the increased cardiovascular and cerebrovascular 
risk in younger patients with subclinical hypothyroidism. A meta- ana-
lysis of 16 observational studies, which included over 40 000 partici-
pants, found significantly increased levels of serum total cholesterol, 
low- density lipoprotein cholesterol and total triglyceride in patients 
with subclinical hypothyroidism as compared to euthyroid individuals 
although there was no difference in serum high- density lipoprotein 
cholesterol levels between the two groups [28]. The risk of adverse 
lipid profile increases with an increasing TSH level. In addition, there 
appears to be a gender- related difference in the relationship between 
subclinical hypothyroidism and adverse lipid profile, with a more pro-
nounced effect in women [29]. Apart from dyslipidaemia, a meta- ana-
lysis found an association between subclinical hypothyroidism and 
increased risks of type 2 diabetes (OR 1.93, 95% CI 1.66– 2.24) and 
its complications, including diabetic nephropathy (OR 1.74, 95% CI 
1.34– 2.28), diabetic retinopathy (OR 1.42, 95% CI 1.21– 1.67), per-
ipheral vascular disease (OR 1.85, 95% CI 1.35– 2.54) and peripheral 
neuropathy (OR 1.87, 95% CI 1.06– 3.28) [30]. Furthermore, subclin-
ical hypothyroidism has been shown to be associated with a higher 
levels of plasma homocysteine (a risk factor for atherosclerosis) and 
insulin resistance as measured by homeostatic index of insulin re-
sistance (HOMA- IR) [31]. Finally, a meta- analysis has also shown an 
association between subclinical hypothyroidism and non- alcoholic 
steatohepatitis (OR 1.63, 95% CI 1.19– 2.24) [32].

Impaired Cognitive Function

Several studies have assessed for an association between subclinical 
hypothyroidism and impaired cognitive function showing incon-
sistent results. Two meta- analyses found no significant association 
between subclinical hypothyroidism and decline in cognitive func-
tion, as measured by Mini- Mental State Examination (MMSE) 
score [33, 34]. However, another meta- analysis has suggested that 
subclinical hypothyroidism is associated with an increased risk 
of impaired cognitive function and dementia in younger patients 
aged less than 75 years, particularly in those with higher TSH levels 
[35]. These observations suggest more research is needed to con-
clude whether subclinical hypothyroidism increases the risk of 
cognitive decline.

Bone Loss, Osteoporotic Fractures, and Frailty

Although optimum thyroid function is important for bone health, 
subclinical hypothyroidism has not been shown to be associated 
with an increased risk of bone loss [36] or osteoporotic fractures 
[37, 38]. Likewise, subclinical hypothyroidism is not associated with 
an increased risk of frailty in elderly populations [39, 40].

Mood, Mental Health, and Well- Being

Some studies have suggested that subclinical hypothyroidism is as-
sociated with poor neuropsychological function, mood, and quality 
of life [41, 42]. However, the association remains uncertain as other 
studies have failed to confirm these observations [43, 44].

In summary, subclinical hypothyroidism is associated with 
a higher risk of cardiovascular and cerebrovascular disease in 
younger adult patients (below the age of 65 years), particularly in 
those with TSH levels of 10 mU/ L or above. This association may be 
partly explained by an increased prevalence of dyslipidaemia, type 
2 diabetes, and other adverse metabolic characteristics in patients 
with subclinical hypothyroidism. In contrast, there is no convincing 
evidence to support the association between subclinical hypothy-
roidism and impaired cognitive function, osteoporosis, frailty, poor 
neuropsychological function, or reduced quality of life.

Management of Subclinical Hypothyroidism

efficacy of Levothyroxine Treatment

The potential benefits of treating subclinical hypothyroidism in-
clude improvement in symptoms and quality of life, stopping pro-
gression to overt hypothyroidism and prevention of long- term 
complications. A  previous systematic review of randomized con-
trolled trials failed to demonstrate a benefit of levothyroxine treat-
ment over placebo to improve symptoms or health- related quality 
of life in subclinical hypothyroidism [45]. However, a subsequent 
randomized controlled trial found an improvement in tiredness 
with levothyroxine treatment [46]. A  recent randomized double- 
blind placebo- controlled trial of levothyroxine treatment in elderly 
patients (aged 65 years or above) failed to show an improvement 
in thyroid specific quality of life with the treatment in subclinical 
hypothyroidism [47]. Furthermore, another randomized controlled 
trial in elderly patients (above the age of 65 years) found no benefit 
of levothyroxine in subclinical hypothyroidism to improve cogni-
tive function [48].
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There is some evidence to show improvement in lipid profile, fea-
tures on echocardiography and cardiac magnetic resonance imaging, 
and arterial stiffness with levothyroxine replacement in subclinical 
hypothyroidism [45, 46, 49]. However, at present, there are no large 
scale randomized controlled trials to show that levothyroxine treat-
ment improves cardiovascular or cerebrovascular morbidity and mor-
tality in subclinical hypothyroidism. Interestingly, a large observational 
study based on the UK general practice research database has found 
a reduction in fatal and non- fatal coronary heart disease events with 
levothyroxine in younger patients (aged between 40 and 70 years) with 
subclinical hypothyroidism, but not in older patients above the age of 
70 years [50]. In contrast, a large cohort study based on the Danish na-
tional registries showed no evidence of reduction in myocardial infarc-
tion, cardiovascular deaths, or all- cause mortality with levothyroxine 
treatment in patients with subclinical hypothyroidism, although all- 
cause mortality was reduced in patients under the age of 65 years [51].

Potential Risks of Levothyroxine Treatment

Levothyroxine is considered a safe treatment in subclinical hypo-
thyroidism provided that thyroid function is monitored regu-
larly to avoid both overtreatment and undertreatment. Patients 
with subclinical hypothyroidism are prone to overtreatment with 
levothyroxine resulting in TSH suppression [52], which is associ-
ated with an increased risk of atrial fibrillation and osteoporosis, 
particularly in elderly patients [53, 54].

Recommendations from the International Guidelines

In the absence of randomized controlled trial evidence to show 
benefit of levothyroxine replacement in improving quality of life 
and long- term cardiovascular and cerebrovascular complications, 
the management of subclinical hypothyroidism remains contro-
versial. However, because of the association between subclinical 
hypothyroidism and long- term cardiovascular morbidity and mor-
tality, particularly in young patients and those with high TSH levels, 
the current guidelines from the American Thyroid Association/ 
the American Association of Clinical Endocrinologists [55] and 
the European Thyroid Association [56] recommend levothyroxine 
treatment in subclinical hypothyroidism if TSH is 10  mU/ L or 
above. The European guidelines take a more cautious approach in 
treating subclinical hypothyroidism in older patients above the age 
of 70 years and recommend treatment if TSH is 10 mU/ L or above 
in the presence of clear symptoms of hypothyroidism or in the pres-
ence of high vascular risk [56].

Managing Subclinical Hypothyroidism in Routine 
Clinical Practice

An algorithm for management of non- pregnant adult patients under 
the age of 65  years with subclinical hypothyroidism is shown in 
Figure 3.4.4.1. In new patients with elevated serum TSH and normal 
fT4, other potential causes (such as, assay interference) should be 
considered and excluded (Table 3.4.4.1). Thyroid function tests 

High TSH, Normal
fT4

Repeat thyroid
function tests

Consider other causes: assay interference, non-thyroidal illness, thyroiditis,
Addison’s disease, RTH, noncordance with levothyroxine treatment

TSH 4.5–9.9 mU/L,
Low fT4

TSH ≥10 mU/L,
Low or normal

fT4

Symptoms No Symptoms

Normal TSH

TPO-Ab positive TPO-Ab negative

No action
Check TSH every

3 years
Check TSH
annually

Start levothyroxine,
trial for 3–6

months

Start
levothyroxine

Start
levothyroxine

TSH 4.5–9.9 mU/L,
Normal fT4

Figure 3.4.4.1 Algorithm for management of subclinical hypothyroidism in non- pregnant young adults. Please see the text for the 
management in elderly patients (>65 years age).
Abbreviations: fT4, free thyroxine; RTH, resistance to thyroid hormone; TPO- Ab, thyroid peroxidase antibodies; TSH, thyroid- stimulating hormone.
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should be repeated in 2– 3 months, as thyroid function in patients 
with transient thyroiditis and non- thyroidal illness usually returns 
to normal without intervention. In patients with persistent subclin-
ical hypothyroidism, treatment with levothyroxine should be con-
sidered if TSH is 10 mU/ L or higher. In young adult patients with 
TSH <10 mU/ L, levothyroxine treatment could be prescribed after 
evaluation case by case and discussion with the patient. For example, 
a trial of levothyroxine for 3– 6 months should be considered in the 
presence of non- specific symptoms to assess symptomatic benefit, 
especially in the presence of TPO- Ab. In elderly patients (above the 
age of 65 years) with subclinical hypothyroidism, levothyroxine re-
placement is indicated in the presence of TSH above 10 mU/ L and 
clear symptoms [56]. In cases of non- treatment, thyroid function 
should be monitored annually in presence of TPO- Ab and every 
3 years in absence of TPO- Ab.

If the decision is made to treat subclinical hypothyroidism, 
levothyroxine is the treatment of choice. In young patients without 
known coronary heart disease, levothyroxine should be started on 
a dose based on bodyweight, at around 1.5 µg/ kg/ day [56]. In pa-
tients starting levothyroxine, TSH should be checked every 6– 8 
weeks adjusting the dose of levothyroxine until TSH is in the refer-
ence range. After that, thyroid function tests should be performed 
annually to keep thyroid function normal. In elderly patients and 
those with coronary heart disease, levothyroxine should be started 
on a smaller dose (e.g. 25 µg/ day) and the dose increment should 
be more gradual.

There is no evidence to support the use of liothyronine, com-
bination of liothyronine and levothyroxine, or desiccated thyroid 
extract in subclinical hypothyroidism [55, 56]. In autoimmune thy-
roid disease, selenium supplement can reduce titres of thyroid anti-
bodies but does not affect thyroid hormone levels [57]. Therefore, it 
is not recommended as a treatment for subclinical hypothyroidism 
due to autoimmune thyroid disease [55, 56].

Conclusions

The current uncertainties about the management of subclinical 
hypothyroidism and the associated variability in the clinical prac-
tice reflect the lack of high- quality evidence. Clearly, there is an ur-
gent need for well- designed large randomized controlled trials to 
investigate whether levothyroxine reduces the risk of cardiovascular 
and cerebrovascular events and improves quality of life in young 
adults with subclinical hypothyroidism. Even when a decision is 
made to treat subclinical hypothyroidism with levothyroxine, the 
optimal TSH target remains uncertain, particularly for elderly pa-
tients. It is hoped that future studies will inform optimum TSH tar-
gets for patients of different ages treated with levothyroxine.
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Introduction

Thyroid hormones (TH— thyroxine, T4; triiodothyronine, T3) regu-
late many physiological processes in virtually every type of tissue. 
The diverse effects of TH include regulation of growth, control of 
basal metabolic rate, cardiac chronotropic and inotropic effects, and 
functional differentiation of the central nervous system. The syn-
thesis of TH is controlled by hypothalamic thyrotropin- releasing 
hormone (TRH) and pituitary thyroid- stimulating hormone (TSH), 
and in turn, T4 and T3 regulate TRH and TSH production as part of 
a negative feedback loop.

The regulation of physiological processes by TH are mediated by 
changes in expression of specific target genes in different tissues. 
Thus, the feedback effects of TH on TSH production are mediated 
by inhibition of hypothalamic TRH and pituitary TSHα and β sub-
unit gene expression. Nuclear thyroid hormone receptors (TRα1, 
TRβ1, TRβ2), encoded by different genes (THRA, THRB), mediate 
canonical TH action to regulate transcription of target genes in a 
hormone- dependent manner. TRα1 is most highly expressed in the 
central nervous system, bone, intestine, skeletal & cardiac muscle; 
TRβ1 is the predominant receptor subtype in liver and kidney; the 
TRβ2 isoform is most highly expressed in the pituitary and hypo-
thalamus but is also found in the inner ear and retina. TRα2, a 
variant protein which is unable to bind thyroid hormone, is widely 
expressed but its biological function is not understood [1] .

Unliganded TRs recruit a multiprotein complex, containing 
corepressors (CoR, e.g. nuclear receptor corepressor, NCoR; si-
lencing mediator of retinoic acid and thyroid hormone receptor, 
SMRT) and histone deacetylase (HDAC), to inhibit basal gene 
transcription; hormone (T3) occupancy of TRs promotes dissoci-
ation of the corepressor complex and relief of target gene repres-
sion, followed by recruitment of coactivators (e.g. steroid receptor 
coactivator 1 (SRC- 1), cAMP response element- binding protein 
(CREB)- binding protein (CBP)), which mediate target gene activa-
tion [2]  (Figure 3.4.5.1).

Thyroid hormone action is also regulated at other levels. 
Monocarboxylate transporter 8 (MCT8), a membrane protein, me-
diates cellular thyroid hormone uptake, particularly in the central 
nervous system (CNS). Intracellularly, a family of deiodinase en-
zymes (DIOs) mediate hormone metabolism:  type 1 deiodinase 
(DIO1) in peripheral tissues is responsible for T3 generation; type 
2 deiodinase (DIO2) mediates T4 to T3 conversion in the CNS, 
including pituitary and hypothalamus; type 3 deiodinase (DIO3) 
catabolizes T4 and T3 to inactive metabolites (Figure 3.4.5.1).

The first syndrome of resistance to thyroid hormone (RTH), 
described in 1967 and characterized by elevated circulating TH, 
non- suppressed TSH and variable resistance to hormone action 
in target tissues, is mediated by defects in TRβ. However, rec-
ognition that other disorders, due to defective TH transport, 
intracellular metabolism of TH, or hormone action via TRα, are 
also characterized by tissue resistance, has led to a broader def-
inition of RTH, encompassing all disorders that can interfere 
with the biological action of TH secreted in normal or excessive 
amounts [3] .

Allan- Herndon- Dudley Syndrome— A Disorder 
of Thyroid Hormone Transport

Clinical Features

In 1944, a large family with X- linked intellectual disability was de-
scribed by Allan, Herndon, and Dudley, with this and subsequent 
similar cases being designated an eponymous (Allan- Herndon- 
Dudley) syndrome (AHDS). Many decades later AHDS patients 
were noted to have abnormal thyroid function tests.

Patients with AHDS are usually born at term from uncompli-
cated pregnancy with normal birthweight. Generalized muscular 
hypotonia is a feature in early neonatal life, with persistent truncal 
hypotonia being associated with poor head control; peripherally, 
hypotonia progresses into spasticity with hyperreflexia, clonus, 
and extensor plantar responses. Poor motor development usu-
ally precludes ability of patients to sit, stand, or walk; cognitive 
impairment (IQ <40) limits speech severely, but patients retain 
awareness of surroundings with smiling and crying; hearing and 
vision are typically unaffected. Epilepsy, ranging from absence to 
tonic- clonic seizures, occurs in 25% of cases. Involuntary move-
ments (dystonic, choreoathetoid, ballismus), sometimes occurring 
in paroxysms triggered by external stimuli, are a further charac-
teristic. Progressive microcephaly is associated with reduced head 
circumference. Brain MRI in early life (<2  years) shows reduced 
myelination but this normalizes by 4 years of age, distinguishing 
this disorder from other hypomyelinating leukodystrophies (e.g. 
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Pelizaeus– Merzbacher disease) [4] . Although linear growth is pre-
served, body weight is usually extremely low in AHDS patients 
despite gastrostomy feeding to overcome swallowing difficulties; 
proximal muscle wasting is an added contributory factor [5– 8]. 
Somatic features include elongated myopathic facies and a tented 
upper lip due to hypotonia. Some patients exhibit a milder neuro-
logical phenotype, walking with ataxic gait and being capable of 
dysarthric speech [9, 10].

AHDS patients exhibit reduced circulating free T4, raised free 
T3, normal or mildly elevated TSH, and subnormal reverse T3 
levels; consequently, circulating T3/ rT3 ratios are raised. Serum 
levels of sex hormone- binding globulin (SHBG), a hepatic marker 
of thyroid action, are markedly elevated; in addition, ammonemia 
and raised lactic acid levels, signifying a catabolic state, has been 
documented [8, 11]. These biochemical features support the notion 
of a relative hyperthyroid state in peripheral tissues of MCT8- de-
ficient patients.

Molecular Genetics and Pathogenesis

Consistent with the male- limited nature of the disorder, AHDS 
is due to defects in the monocarboxylate transporter 8 (MCT8, 
SLC16A2) gene located on chromosome Xq13.2 [12,  13]. Over 
70 different MCT8 mutations (deletions, frameshift/ premature 
stop, missense) have been identified in ~100 families from di-
verse ethnic backgrounds, with complete penetrance in males and 
occurring de novo in ~25% of cases. When expressed in cells the 
majority of MCT8 mutants exhibit complete loss- of- function, with 
failure of TH transport; however, some missense mutants show 

residual transport capacity, which may correlate with a milder clin-
ical phenotype in patients [10, 14]. Female carriers are fertile with 
normal neurocognitive and thyroid function, but in rare cases it is 
possible that skewed X- inactivation leading to MCT8 deficiency 
could mediate a phenotype.

MCT8 is expressed in many tissues, including brain, liver, 
kidney, heart, thyroid and placenta; in murine brain MCT8 is 
found predominantly in neurons and coexpressed with DIO3 
which catabolizes T3, whereas DIO2 mediating T4 to T3 conversion 
is largely expressed in adjacent astrocytes and glial cells; accord-
ingly, one theory is that MCT8- mediated neuronal uptake of T3, 
generated by surrounding, DIO2- containing, astrocytes, maintains 
euthyroid status of the CNS [5] . Alternatively, a study using pa-
tient- derived stem cells has suggested that the key defect is loss of 
MCT8- mediated T3 transport across the endothelial blood- brain 
barrier [15].

Management

General supportive measures include use of braces or baclofen to 
prevent joint contractures; gastrostomy feeding to prevent aspir-
ation and catabolic weight loss; counteracting dystonia with anti-
cholinergic agents or L- DOPA; reducing hypersalivation with 
glycopyrrolate or scopolamine; and anticonvulsants to treat seizure 
activity.

Specific treatment approaches include normalization of TH levels 
with a ‘block and replace’ combination of propylthiouracil and T4. 
Treatment of older AHDS patients has targeted increased body 
weight and reduced heart rate [10].
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Figure 3.4.5.1 Schematic outline of thyroid hormone uptake, metabolism, and regulation of target gene transcription via binding to the nuclear 
receptor TR (positively regulated target gene shown). Transporters are required for the passage of T3 and T4 across the plasma membrane. The 
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SeCTIOn 3 Thyroid Disease566

An alternative approach involves administration of a thyroid 
hormone analogue whose CNS uptake is MCT8- independent. 
Diiodothyropropionic acid (DITPA) has been used in four, younger, 
AHDS patients, with normalization of circulating TH levels, weight 
gain, and reduction in heart rate [16]. 3,5,3’- triiodothyroacetic acid 
(TRIAC), another TH analogue, has been trialled in AHDS pa-
tients (ClinicalTrials.gov NCT02060474), with preliminary results 
showing normalization of fT3 levels and alleviation of peripheral 
hyperthyroidism [17].

Selenoprotein Deficiency— A Disorder of Thyroid 
Hormone Metabolism

Selenium, a trace element that is essential for human health, is in-
corporated as selenocysteine (Sec) into 25 different human pro-
teins, including the deiodinase enzymes. A  complex molecular 
mechanism mediates Sec incorporation into proteins during their 
biosynthesis (Figure 3.4.5.2); consequently, genetic defects in this 
pathway result in a multisystem disorder due to deficiency of di-
verse selenoproteins, with lack of deiodinase activities mediating 
abnormal thyroid function.

Clinical Features

Many cases have presented in childhood due to growth retardation 
with raised circulating fT4, normal to low fT3, and raised reverse T3 
levels, reflecting deficiency of all three deiodinase enzymes [13, 18].

Muscle weakness due to progressive rigid spine muscular dys-
trophy, affecting axial and proximal limb muscles with raised 
creatine kinase (CK) levels and fatty infiltration on MRI scan, is 
attributable to deficiency of selenoprotein N which is enriched in 
skeletal muscle. Male azoospermic infertility reflects loss of specific 
selenoproteins (e.g. mitochondrial GPx4, thioredoxin- glutathione 
reductase, selenoprotein V) required for spermatogenesis [18].

Lack of antioxidant selenoenzymes results in cellular accumula-
tion of hydrogen peroxide and reactive oxygen species (ROS), medi-
ating with oxidative DNA damage and peroxidation of membrane 
lipids. Clinical consequences of raised cellular ROS include skin 

photosensitivity, sensorineural hearing loss which worsens with age 
and increased total body adipose tissue mass, but associated para-
doxically with preserved or enhanced systemic insulin sensitivity 
[18]. We have documented significant, progressive dilatation of the 
ascending aorta due to cystic medial degeneration requiring cardiac 
surgery in older patients [19].

Additional age- dependent phenotypes such as neurodegeneration, 
premature ageing or neoplasia may emerge, but have not been de-
scribed hitherto.

Molecular Genetics

To date, 13 individuals from 11 families, with compound hetero-
zygous or homozygous SECISBP2 defects have been described; re-
sidual production of functional SBP2 protein likely preserves some 
selenoprotein synthesis and precludes the disorder being embryonic 
lethal, as occurs in secisbp2 knockout mice [18, 20, 21]. As SBP2 is 
differentially rate- limiting for Sec incorporation into different pro-
teins, a hierarchy of selenoprotein synthesis preserves production 
of essential, cellular housekeeping selenoproteins (e.g. thioredoxin 
reductases) at the expense of other factors (e.g. deiodinases) that are 
dispensable for survival.

In one patient, a homozygous mutation in TRU- TCA1- 1, affecting 
synthesis and posttranscriptional modification of selenocysteine 
transfer ribonucleic acid (RNA), has been described [22].

Mutations in SEPSECS, an enzyme mediating synthesis of 
tRNAsec, are associated with cerebrocerebellar atrophy and a pro-
found neurological phenotype due to disruption of selenoprotein 
synthesis in the CNS, but are not associated with a thyroid bio-
chemical phenotype [21].

Management

Oral selenium supplementation raises circulating selenium levels 
but with no effect on circulating selenoprotein or TH levels [23]. 
T3 treatment can improve growth in childhood [18]; antioxidant 
(vitamin E) administration reduces cellular lipid peroxidation but 
other clinical effects have not been determined [24].

Resistance to Thyroid Hormone Beta

Resistance to thyroid hormone action in the hypothalamic– pitu-
itary– thyroid axis is the hallmark of RTHβ, with inappropriate pi-
tuitary TSH secretion driving T4 and T3 production, to establish a 
new equilibrium with high circulating TH, together with non- sup-
pressed TSH levels. RTHβ was first described in 1967 in two siblings 
with high circulating TH levels who were clinically euthyroid and 
exhibited other features (deaf- mutism, stippled femoral epiphyses, 
winging of scapulae, pectus carinatum, short stature, and dys-
morphic facies) which are unique to this kindred, in which the dis-
order was recessively inherited [25, 26].

The prevalence of RTHβ is approximately 1 in 40 000 and several 
hundred cases (from more than 250 families) have been described 
[27]. The disorder is usually dominantly inherited and associated 
with variable clinical features. Many patients are either asymptom-
atic or have non- specific symptoms and a goitre, prompting testing 
of thyroid function, which suggests the diagnosis. In such individ-
uals, classified as exhibiting generalized resistance (GRTH), the high 
thyroid hormone levels are thought to compensate for ubiquitous 
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Figure 3.4.5.2 Mechanism of selenoprotein biosynthesis. The 3’- 
untranslated region of selenoprotein mRNAs contains a stem- loop RNA 
structure (SECIS element) which interacts with a protein complex that 
includes SECIS binding protein 2 (SECISBP2) and Sec- specific elongation 
factor (eEFSec), to enable ribosomal recruitment of selenocysteyl- 
transfer RNA (tRNASec) to the UGA codon and incorporation of 
selenocysteine (Sec) into the nascent polypeptide. Failure of this 
mechanism results in miscoding of the UGA as a stop codon, terminating 
protein synthesis.
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tissue resistance, resulting in a euthyroid state. In contrast, a subset 
of individuals with the same TH abnormalities exhibit thyrotoxic 
clinical features:  in adults these can include weight loss, tremor, 
palpitations, insomnia, and heat intolerance; in children failure to 
thrive, accelerated growth, and hyperkinetic behaviour have also 
been noted. When the latter clinical entity was first described, pa-
tients were thought to have ‘selective’ or predominant pituitary re-
sistance to thyroid hormone action (PRTH), with preservation of 
normal responses to TH in peripheral tissues [28].

However, comparison of characteristics of individuals classified 
as GRTH or PRTH indicates significant overlap between these 
entities, with no differences in age, sex ratio, frequency of goitre, 
or levels of free T4, free T3, or TSH between patients with the two 
types of RTHβ. Significantly, features such as tachycardia, hyper-
kinetic behaviour, and anxiety have been documented in individ-
uals with GRTH. Conversely, serum SHBG— a hepatic marker of 
thyroid hormone action— is normal in patients with PRTH, sug-
gesting that tissue resistance is not solely confined to the pitu-
itary– thyroid axis in this group [29]. Indeed, in some RTHβ cases, 
hypothyroid features such as growth retardation, delayed denti-
tion, or bone age in childhood or hypercholesterolaemia in adults, 
may coexist with thyrotoxic symptoms in the same individual. 
Nevertheless, the absence or presence of overt thyrotoxic symp-
toms, signifying either GRTH or PRTH phenotypes, respectively, 
is a clinical distinction which remains useful in guiding manage-
ment of the disorder [27].

Clinical Features

Goitre

Palpable goitre is present in up to 65% of individuals— espe-
cially adult women. Fewer children with RTHβ born to affected 
mothers exhibit thyroid enlargement (35%) compared to off-
spring born of unaffected mothers (87%), suggesting that maternal 
hyperthyroxinaemia may protect against goitre formation [30]. 
Increased biological activity of circulating TSH may account for 
goitre and marked hyperthyroxinaemia in some RTHβ patients with 
normal immunoreactive TSH levels [31]. A multinodular thyroid 
gland can develop, particularly following previous goitre surgery, 
but thyroid cancer is rare and most likely represents coincidental 
micropapillary carcinoma [32].

Cardiovascular System

In a large cohort of children and adults with RTHβ, resting heart 
rate was significantly raised with some indices of cardiac systolic 
and diastolic function (e.g. stroke volume, cardiac output), sug-
gesting a ‘partially hyperthyroid’ cardiac phenotype. Atrial fibril-
lation is commoner in older RTHβ patients [33], but they do not 
exhibit the hypercoagulable state associated with conventional 
hyperthyroidism.

Skeletal Abnormalities

Childhood short stature (height <5th centile) has been noted in 18% 
and delayed bone age (more than two standard deviations) in 29% 
in RTHβ, but final adult height is not usually affected [30, 34]. In 
adults, we have measured bone mineral density in approximately 80 
subjects with RTHβ and documented a reduction at both femoral 
neck (mean Z score – 0.71) and lumbar spine (mean Z score – 0.73), 

but with normal bone turnover markers (Gurnell, Chatterjee and 
Beck- Peccoz, unpublished observations).

Metabolic

Resting energy expenditure (REE) is substantially increased in 
adults and children with RTHβ, due to mitochondrial uncoupling 
in skeletal muscle [35]. Increased energy expenditure is accom-
panied by hunger, reduced satiety, and raised energy intake, with 
hyperphagia being particularly evident in childhood [35].

Central Nervous System

A history of attention- deficit hyperactivity disorder (ADHD) in 
childhood was more frequent (75%) in RTHβ patients compared 
to their unaffected relatives (15%) [36], but screening for RTHβ in 
ADHD cohorts is negative. Children and adults with RTHβ exhibit 
problems with language development, manifested by poor reading 
skills and problems with articulation [37]. Frank intellectual dis-
ability (IQ less than 60)  is quite uncommon but 30% of patients 
show mild learning disability (IQ less than 85) [30].

Hearing and Vision

Significant hearing loss has been documented in 21% of RTHβ cases 
[38]:  in most, audiometry indicated a conductive defect, probably 
related to an increased recurrent ear infections in childhood; ab-
normal otoacoustic emissions, suggestive of cochlear dysfunction, 
were also documented in those with hearing deficit [38]. Defective 
colour vision has been documented in homozygous RTHβ [25]; ab-
normal photoreceptor electroretinography in heterozygous RTHβ 
[39] is not associated with overt colour visual dysfunction.

Other Associated Disorders

RTHβ cases with coexistent autoimmune hypothyroidism or 
Graves’ disease have been recorded and the increased prevalence of 
thyroid autoantibodies found in a large RTHβ cohort suggests pos-
sible predisposition to thyroid autoimmunity [40]. Inappropriate 
thyroid ablation in RTHβ results in pituitary thyrotrope hyper-
plasia [41], and a small number of RTHβ cases with coexisting pi-
tuitary adenomas have also been described. Recurrent otitis media 
and upper respiratory tract infections are more frequent in RTHβ 
(30). A higher miscarriage rate and neonatal growth retardation has 
been documented in unaffected offspring of mothers with RTHβ, 
suggesting that intrauterine exposure to elevated TH could be 
detrimental [42].

Differential Diagnosis

Concordance of elevated free thyroid hormone levels when measured 
in different immunoassays or by equilibrium dialysis makes arte-
factual hyperthyroxinaemia due to assay interference from familial 
dysalbuminaemic hyperthyroxinaemia (FDH) or anti- iodothyronine 
antibodies less likely. Likewise, linear fall in TSH levels following 
serial dilution of serum or its adequate recovery following poly-
ethylene glycol (PEG) precipitation can exclude interference with 
TSH measurement. Other causes of hyperthyroxinaemia (neonatal 
period, systemic illness, drugs) are excluded by recognition of the ab-
normal clinical context or documenting subsequent normalization of 
thyroid function following recovery or drug withdrawal [43].

The main differential diagnosis of RTHβ is from a TSH- secreting 
pituitary tumour (TSHoma), but many factors can make this 
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distinction difficult. There are no differences in age, gender, fT4, fT3, 
or TSH levels between the two disorders. MRI scan may show an 
obvious macroadenoma but fail to visualize small microadenomas; 
the recognized occurrence of pituitary ‘incidentalomas’ in RTHβ 
can confound diagnosis. Circulating pituitary α- subunit levels can 
be normal in micro TSHomas; serum SHBG levels are elevated in 
TSHoma but can be normal with tumours cosecreting growth hor-
mone. Abnormal thyroid function tests (TFTs) in first- degree rela-
tives are highly suggestive of RTHβ but are also a feature of FDH 
which is dominantly inherited; conversely, normal TFTs in family 
members does not exclude RTHβ as the disorder does occur spor-
adically [43]. With most TSHomas, administration of long- acting 
somatostatin analogue normalizes TH levels whereas fT4 and fT3 
levels remain unchanged in RTHβ cases [44]; inhibition of tracer 
uptake with functional pituitary imaging following somato-
statin analogue administration can be invaluable in diagnosis of 
TSHoma [45].

Molecular Genetics

Following cloning of TRs, RTHβ was shown to be tightly linked 
to the THRB locus. In keeping with the dominant inheritance of 
RTHβ, affected individuals are heterozygous for THRB mutations, 
which occur de novo in approximately 10% of sporadic cases. Over 
150 different defects (missense, frameshift/ premature stop, in- 
frame deletions) have been recorded, localizing to three mutation 
clusters within the hormone- binding domain of the receptor [27] 
(Figure 3.4.5.3).

THRB mutations have been identified in both GRTH and PRTH, 
indicating that these clinical entities represent different phenotypic 

manifestations of a single genetic disorder. Nevertheless, certain 
TRβ mutations (e.g. R338W/ L, R383C/ H, R429Q) may be particu-
larly associated with a PRTH phenotype [27].

Nine cases of homozygous or hemizygous RTHβ have been de-
scribed, associated with a severe clinical phenotype encompassing 
marked elevation of TH levels, dysmorphic features, audiovisual ab-
normalities with a propensity to developing life- threatening cardiac 
failure [46, 47].

In ~10% of cases, biochemical evidence of RTHβ is not associ-
ated with a THRB defect— so- called non- TRβ RTH. Possible ex-
planations include somatic mosaicism with occurrence of TRβ 
mutations whose expression is restricted so as to be undetectable in 
peripheral blood leucocyte DNA [48] or non- receptor mechanisms 
(e.g. cofactor gene defects) whereby thyroid hormone action is dis-
rupted to produce the RTHβ phenotype [27].

Properties of Mutant Receptors

In keeping with their location in the hormone- binding domain, the 
ability of TRβ mutants to bind T3 and recruit coactivator is reduced, 
impairing their ability to regulate target gene transcription.

In the first documented family with RTHβ, both affected siblings 
were homozygous for complete deletion of THRB. Significantly, 
their heterozygous parents, with deletion of one THRB allele, were 
completely normal with no evidence of thyroid dysfunction [27]. 
Thus, TRβ haploinsufficiency is insufficient to mediate RTH; fur-
thermore, TRβ mutants in heterozygous RTHβ are not simply 
functionally impaired but also capable of inhibiting the action of 
their wild- type counterparts in a ‘dominant negative’ manner [49] 
(Figure 3.4.5.4).
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Pathogenesis of Variable Tissue Resistance

The ability to exert a dominant negative effect within the hypo-
thalamic– pituitary– thyroid axis is a key property of mutant re-
ceptors in RTHβ, generating abnormal TFTs that are the hallmark 
of the disorder. For some RTHβ mutants, their functional impair-
ment in vitro correlates with the degree of axis resistance in vivo, 
quantified by the magnitude of elevation in circulating free T4 
levels.

Variable tissue resistance is partly mediated by differing tissue 
distributions of TR subtypes. Thus, TRβ- expressing tissues (hypo-
thalamus, pituitary, liver) exhibit hormone resistance, exempli-
fied by non- suppressed TSH and normal SHBG levels in patients; 
conversely, cardiac hyperthyroidism and raised metabolic rate 
seen in RTHβ represent features of sensitivity of TRα- expressing 
myocardium and skeletal muscle to elevated TH. Differences in 
relative expression of wild- type versus mutant TRβ in tissues or 
variable dominant negative inhibitory potency of TRβ mutants in 
different target gene contexts are further variables which may influ-
ence the degree of hormone resistance [27].

Management

The management of RTHβ is complex, as variable resistance 
makes it difficult to maintain euthyroidism in all tissues. In most 
individuals, the receptor defect is compensated by high circu-
lating thyroid hormone levels, leading to a clinically euthyroid 
state. Inappropriate thyroid ablation with surgery or radioiodine 
is commonly unsuccessful, with recrudescence of goitre and dis-
ruption of the pituitary– thyroid axis, rendering the RTHβ patient 

hypothyroid unless levothyroxine (L- T4) is administered in 
supraphysiologic dosage.

Conversely, reduction in thyroid hormone levels may be of 
benefit in the management of patients with thyrotoxic symptoms. 
However, conventional antithyroid drug administration results 
in marked elevation of TSH levels with consequent further thy-
roid enlargement and pituitary thyrotrope hyperplasia, with a 
risk of autonomous tumour formation. 3,5,3’- triiodothyroacetic 
acid (TRIAC), a TH analogue which acts centrally to inhibit TSH 
secretion thereby reducing thyroid hormone levels, yet is devoid 
of peripheral thyromimetic activity, has been shown to be bene-
ficial in both childhood and adult cases [50]. A  daily dose of 
1.4– 4.5  mg is used, with one study suggesting that twice- daily 
administration inhibits TSH secretion more effectively [51]. 
Given spontaneous variation in thyrotoxic symptoms in RTHβ, 
periodic cessation of TRIAC therapy and re- evaluation of the 
clinical status of the patient is advisable. The use of TRIAC in 
one pregnancy controlled maternal thyrotoxic symptoms but 
may have induced fetal goitre [52]. Use of antithyroid drugs in 
combination with TRIAC may be of value in homozygous RTHβ 
associated with cardiac hyperthyroidism [47]. Thyroid ablation 
followed by thyroxine replacement in subphysiological dosage 
could also be used in RTHβ associated with life- threatening, 
thyrotoxic cardiac failure.

TRIAC treatment is not always successful and dextro- thyroxine 
(D- T4) is another agent which has been shown to be effective in 
some cases [53]. Bromocriptine or octreotide have been used in 
RTHβ but, unlike TSHomas, pituitary TSH secretion escapes from 
their inhibitory effects [54, 55].

Figure 3.4.5.4 Possible mechanism for dominant negative inhibition by TRβ or TRα mutants. The upper panel (a) depicts wild- type (WT) TR action 
on target genes. The unliganded RXR- TR heterodimer recruits a corepressor complex (CoR) to silence basal gene transcription. Receptor occupancy 
by ligand (T3), promotes corepressor dissociation followed by binding of a coactivator complex (CoA) which leads to target gene activation. The lower 
panel (b) shows mutant receptor action. In comparison to wild- type TR, the primary defect in mutant receptors is impaired hormone- dependent 
corepressor release or coactivator recruitment. For most receptor mutants, this functional alteration is a consequence of reduced hormone binding. 
However, a subset exhibits intrinsic enhanced binding to corepressor or impaired recruitment of coactivator, with preserved hormone binding. 
Constitutive occupancy of thyroid response elements (TREs) by mutant receptor- corepressor complexes results in inhibition of target gene  
expression.
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The treatment of RTHβ with thyrotoxic manifestations (for ex-
ample, failure to thrive) in childhood also requires careful moni-
toring to ensure that any reduction in thyroid hormone levels is not 
associated with growth retardation or adverse neurological sequelae. 
Indeed, control of cardiac and peripheral sympathetic overactivity 
with β- blockade may be the safest course in this context. One study 
showed that L- T3 therapy improved hyperactivity in nine children 
with ADHD, including three individuals who were unresponsive to 
methylphenidate [56].

Dyslipidaemia should be managed with statin therapy if asso-
ciated cardiac risk factors suggest benefit; in future, TRβ- selective 
thyromimetics may prove a more targeted therapeutic option [57]. 
If reduced bone mineral density is identified, usual lifestyle meas-
ures (weight bearing exercise, calcium and vitamin D supplementa-
tion) can be advised. Whether bisphosphonate therapy is beneficial 
in RTHβ remains unknown.

During pregnancy, normal fetal growth and heart rate in the third 
trimester may provide reassurance that significant fetal thyrotoxi-
cosis is not present. In women with RTHβ and a history of recurrent 
miscarriage, antithyroid drug treatment in early pregnancy could be 
considered [58].

Resistance to Thyroid Hormone Alpha

TRβ and TRα proteins are highly homologous, with 80% aminoacid 
identity within their hormone- binding domains favouring the ex-
istence of individuals with resistance to thyroid hormone due to de-
fective TRα (RTHα). Indeed, transgenic mice harbouring mutant 
TRα are viable and exhibit recognizable phenotypes but associated 
with normal TH levels [59], likely accounting for delayed identifica-
tion of the first human RTHα case in 2012 [60].

Clinical Features

Interestingly, some features of congenital hypothyroidism, such as 
umbilical hernia, macroglossia, poor feeding and hoarse cry, are re-
ported in RTHα patients at birth [61, 62]. The majority of patients 
exhibit delayed growth, which can be predominantly lower seg-
mental; many have macrocephaly and facial dysmorphic features 
including broad facies, hypertelorism, a flattened nasal bridge, en-
larged tongue, thick lips [63, 64]. Older children and adults have an 
excessive number of skin tags and moles [60– 62].

Neurocognitive

Developmental milestones (motor, speech) in childhood are almost 
uniformly delayed. Dyspraxia, slow and dysarthric speech, and 
ataxic gait are also common. IQ is variably reduced, being markedly 
subnormal in a few cases, but with other patients achieving third 
level qualifications [64– 66]. Autism spectrum disorder is associated 
with one case [67]. In severe RTHα cases, MRI has documented 
cortical microencephaly, reduced cerebellar volume and white 
matter tract density [65].

Gastrointestinal

Constipation is common and variable, but was sufficiently severe in 
one case to warrant consideration of surgical intervention prior to 
diagnosis of RTHα [60].

Cardiovascular

Many patients are bradycardic with some indices of cardiac func-
tion being within the hypothyroid range [61].

Metabolic and Endocrine

Resting energy expenditure is reduced, likely reflecting relative 
hypothyroidism of skeletal muscle and myocardium [60– 62,  66]. 
No reproductive abnormalities have been identified to date, with 
both maternal and paternal transmission of the disorder being 
documented [62, 64, 68].

Biochemical Features

TFTs are marginally deranged, with the most consistent abnor-
mality being low or low- normal free T4 with high or high- normal 
T3, resulting in a low T4/ T3 ratio. Reverse T3 levels are subnormal 
in some cases [63]. Mild anaemia and raised muscle CK levels are 
observed frequently [60– 62, 64, 66, 69]. Dyslipidaemia has been re-
corded in both children and adults [61, 69].

Skeletal

Radiographic features in childhood include delayed fusion of fon-
tanelles and excessively serpiginous (Wormian bone) skull sutures, 
femoral epiphyseal dysgenesis, delayed dentition, and bone matur-
ation [60, 64, 70]. In adulthood, features include a thickened skull 
vault, cortical hyperostosis, and increased bone mineral density 
[60, 68].

Differential Diagnosis

RTHα should be considered in any child with growth retard-
ation or delayed development; the presence of features such 
as macrocephaly, constipation, anaemia, skeletal dysplasia, or 
raised muscle CK levels further raises suspicion, reducing the  
threshold for genetic testing. Low free T4 and high free T3 levels 
are also features of MCT8 deficiency or dyshormonogenetic 
hypothyroidism (due to iodine deficiency and/ or a genetic cause), 
but these conditions can be distinguished clinically from RTHα 
(Table 3.4.5.1).

Molecular Genetics

Nineteen different heterozygous THRA mutations (frameshift/ pre-
mature stop, missense) inherited from either parent or occurring de 
novo have been recorded in 30 cases (Figure 3.4.5.3). Frameshift/ 
premature stop TRα1 mutants exhibit either markedly reduced hor-
mone binding and impaired regulation of target genes [60, 61, 68] 
and are associated with a severe clinical phenotype [60, 61,  69]. 
Analogous to TRβ mutants in RTHβ, TRα1 mutants inhibit the 
function of their wild- type receptor counterparts in a dominant 
negative manner [60, 68, 69], via a mechanism involving constitu-
tive mutant TRα1- corepressor interaction, with failure of normal 
dissociation of CoR from TRs in the presence of thyroid hormone 
[60, 61] (Figure 3.4.5.3).

Several RTHα cases involve THRA mutations which affect both 
TRα1 and TRα2 subtypes [62, 66, 70– 72] (Figure 3.4.5.3). When 
studied in the TRα2 subtype background, these mutations exert no 
gain or loss- of- function, which correlates with absence of any dis-
cernible additional clinical phenotype attributable to mutant TRα2, 
in these patients [62, 66, 70, 71]. In a single case, unusual phenotypic 
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features (micrognathia, clavicular agenesis, syndactyly of digits, 
chronic diarrhoea) may not be related to the THRA defect [73].

The clinical phenotype in patients with missense TRα1 mutations 
is variable and likely correlates with the severity of the underlying 
receptor defect. Thus, a mild phenotype (mild developmental and 
pubertal delay, subtle facial abnormalities, normal stature, normal 
schooling) and favourable response to thyroxine therapy was re-
corded in a patient with a missense TRα1 mutation (A263V) exhib-
iting partial, T3- reversible, loss- of- function in vitro; in contrast, a 
severe phenotype (marked developmental and growth retardation, 
dysmorphic facial features, special schooling), refractory to thy-
roxine therapy, was seen in another patient harbouring a missense 
TRα1 mutation (L274P) with severe, virtually irreversible, dysfunc-
tion in vitro [66] with similar correlations of phenotype with geno-
type- phenotype being reported in other cases [70].

Given the prevalence (~1 in 40  000) of RTHβ due to over 150 
different THRB mutations and marked homology of TRα and TRβ 
subtypes (with equivalent receptor defects being recorded in RTHα 
and RTHβ), it is highly likely that RTHα is more common than cur-
rently ascertained. Such underdiagnosis may reflect lack of a clear- 
cut, diagnostic biochemical signature, or a variable phenotype in 
this disorder.

Pathogenesis

Skeletal abnormalities (delayed fontanelle closure and dentition, 
femoral epiphyseal dysgenesis, Wormian skull sutures) and dys-
morphic features (coarse facies, macroglossia, flattened nasal 
bridge) in RTHα are recognized features of untreated congenital or 
childhood hypothyroidism. Likewise, constipation due to reduced 
colonic motility is a recognized symptom of hypothyroidism and 
can be complicated by colonic dilatation or ileus [63].

Thyroid hormone abnormalities in RTHα are attributable to al-
tered TH metabolism, rather than biosynthesis:  increased hep-
atic DIO1 expression (seen in transgenic mice harbouring mutant 
TRα1), likely mediates enhanced T4 to T3 conversion, resulting in 
elevated free T3 and low free T4 levels; diminished DIO3 activity 
(a TRα1- regulated deiodinase) may contribute to reduced conver-
sion of T4 to rT3 and also predispose patients to developing skin 
tags, as inhibition of this enzyme enhances keratinocyte prolifer-
ation in mice [63]. TRα mutations affect the balance between pro-
liferation and differentiation of erythroid progenitor cells in vitro, 
possibly accounting for the mild anaemia seen in RTHα patients 

[74]. Idiopathic epilepsy seen in RTHα cases [61, 62] may not be 
coincidental; increased susceptibility to seizures following photic or 
audiogenic stimulation and aberrant GABAergic inhibitory inter-
neuron development have been recorded in TRα mutant mice [63].

Treatment

Thyroxine therapy of RTHα is beneficial, improving growth, well-
being, basal metabolic rate, and lowering elevated low- density lipo-
protein (LDL) cholesterol and CK levels [60– 62, 66, 69, 71, 72]; in 
turn, these metabolic changes may limit excessive weight gain in 
patients. In the childhood patient first described [60], 7  years of 
thyroxine therapy have been clearly beneficial, improving lower 
segment length and total height, alleviating constipation (with 
improved colonic contractile activity), and enhancing well- being 
(Moran & Chatterjee, unpublished observations). Addition of 
growth hormone to thyroxine therapy in childhood does not re-
sult in further improvement in growth [69]. Commencement of 
thyroxine in early childhood may have ameliorated the phenotype 
in cases harbouring mutant TRα1 whose dysfunction is reversible 
at higher TH levels [62]. In adult life, these individuals report that 
thyroxine therapy improves dyspraxia, constipation and enhances 
social interaction (Moran & Chatterjee, unpublished observations). 
In virtually all cases thyroxine treatment does not improve anaemia.

Following thyroxine therapy TSH levels fall quickly and remain 
suppressed, with elevation of fT3 to supraphysiologic levels; serum 
SHBG rises further from high- normal baseline levels [60, 72] and 
in one case, biochemical markers of bone turnover became pro-
gressively elevated [61]; conversely, cardiac parameters, REE and 
muscle CK levels are less responsive to thyroxine treatment [61, 62]. 
These observations suggest preserved sensitivity and possible pro-
pensity to TH toxicity of TRβ- containing tissues (e.g. liver) but rela-
tive thyroid hormone resistance in TRα1- expressing organs (e.g. 
heart, skeletal muscle). Accordingly, ideal future therapies would 
selectively activate mutant or residual normal TRα1 function to 
overcome resistance in TRα- expressing tissues.

With current circulating abnormal parameters in RTHα being 
non- specific and insensitive, future identification of RTHα- specific 
biomarkers would be invaluable:  better diagnosis of the disorder 
with earlier commencement of thyroxine therapy may improve out-
come; specific biomarkers may also guide treatment, correlating 
with overcoming hormone resistance in TRα- expressing tissues and 
helping avoid TH toxicity in TRβ- containing organs.

Table 3.4.5.1 Comparison of biochemical and clinical features in syndromes of resistance to thyroid hormone

Disorder Resistance to thyroid 
hormone beta (RTHβ)

Resistance to thyroid hormone 
alpha (RTHα)

Allan- Herndon- Dudley 
syndrome

Selenoprotein
deficiency*

Gene (S) THRB THRA MCT8 SBP2; TRU- TCA 1- 1

Free T4 Raised Low- normal or Low Normal or low Raised

Free T3 Raised High- normal or High Raised Normal or Low

TSH Normal
(or raised)

Normal
(or raised)

Normal
(or raised)

Normal
(or raised)

Reverse T3 Raised Low Low Raised

Clinical Features Goitre, hyperthyroid 
symptoms

Neurodevelopmental retardation, 
skeletal dysplasia, constipation

Severe mental and 
psychomotor retardation

Growth retardation, muscular dystrophy, 
hearing loss, male infertility, aortic 
dilatation

* Low plasma selenium levels are also characteristic of these disorders.
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Indications of Initiating Therapy

Hypothyroidism can be divided into clinical/ overt hypothyroidism 
and subclinical/ mild hypothyroidism (SCH) [1]  (see Chapter 3.4.4.)

Overt hypothyroidism is defined as having increased serum 
thyroid- stimulating hormone (TSH) combined with serum- 
free thyroxine (fT4) less than lower reference value. Serum TSH 
of more than 10  mU/ L will, in most patients, represent overt 
hypothyroidism.

Biochemical Measurements

Measurement of serum fT4 and not just serum TSH is necessary 
to discriminate between SCH and overt hypothyroidism due to 
individual TSH setpoints [2] , and repeated measurement must be 
applied, as a single slight increased serum TSH could represent 
transient fluctuation in serum TSH [3].

Initiating Therapy

L- T4 is available in most countries as tablets of 25, 50, and 100 μg. It 
has a half- life of 7 days, and should be given as a single daily dose.

Practice varies slightly from centre to centre and between coun-
tries. A dose of L- T4 app 1.6 µg/ kg/ day is recommended as a final 
dose. Some centres recommend in younger to middle- aged patients 
with no history of cardiac disease to start directly on this dose while 
other centres recommend a stepwise increase (i.e. 50 μg, increased 
to 100 μg, and then to 125– 150 μg at intervals of 2– 3 weeks). After 
approximately 3 months of therapy, minor adjustment can be made 
to stabilize the serum concentrations of TSH within reference 
values.

In older patients and patients with a known cardiovascular dis-
ease a stepwise increase is recommended to avoid a sudden increase 
in metabolic rate in a patient with long- standing severe hypothy-
roidism which may unmask previously unrecognized ischaemic 
heart disease risking angina, myocardial infarction, dysrhythmia, 
or even sudden death. In these patients, the recommendations are 
to begin with 25 μg of L- T4 daily with increments of 25  μg daily 
every 3– 4 weeks.

Patients begin to feel better within weeks of L- T4 treatment with 
a minor reduction in body weight, rarely more than 10% caused by 
fluid loss, whereas maximal improvement can’t be evaluated before 
the thyroid parameters have been stable for several months.

not Reaching the Treatment Goal

Most hypothyroid patients treated according to the aforementioned 
guidelines feel they return to normal health without complaints. 
However, persistent symptoms such as tiredness, depression, lack 
of energy, decreased cognitive function, weight increase, and mus-
culoskeletal symptoms are described in 25% of L- T4 treated hypo-
thyroid patients compared to 15– 20% in controls without thyroid 
disease [4, 5].

At the same time, an increased risk of getting/ having a diag-
nose of psychiatric disease hazard ratio (HR) 1.5 (95% confidence- 
interval (CI): 1.12– 2.04) [6]  and an increased need for a disability 
pension HR 2.24 (95% CI: 1.73– 2.89) is described [7].

Several explanations for this have been suggested [8] :  auto-
immunity by itself; comorbidity (known as well as unknown); 
dysregulation / low compliance; non- specific symptoms— not 
related to thyroid disease; and a possible subgroup needing a 
supplement of T3.

ensuring Compliance

Once the correct dose of L- T4 has been established, the tradition of 
good practice has been to evaluate the patient and measure serum 
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TSH concentrations annually. However, several studies have dem-
onstrated [9, 10] that almost 50% of patients treated with long- term 
L- T4 have serum TSH out of reference range and compliance to L- 
T4 treatment seems to be a major determinant factor to reach the 
target TSH levels in hypothyroid patients [9] . A  combination of 
both raised serum fT4 and TSH concentrations is most likely due to 
overenthusiastic tablet- taking for a few days before a clinic visit by a 
patient who was previously taking L- T4 sporadically.

If compliance is suspected to be the problem, a week dosage 
box is recommended, and the patients can be instructed to take a 
missing L- T4 tablet, when the patients realize that it has been for-
gotten. If access to the pharmacy databases is possible, an evaluation 
of the number of tablets, bought by the patients, can give a reason-
able overview of the exact taken dose.

It is recommended to take L- T4 before breakfast on an empty 
stomach. However, L- T4 can be taken at any time of day and in pa-
tients with variations in thyroid function parameters better com-
pliance and by this more stable parameter can often be obtained 
by changing the schedule as mornings often are busy, especially 
for women having small children. Taken at bedtime, is associated 
with higher thyroid hormone concentrations and lower serum TSH 
concentrations compared to the same dose taken in the morning, 
probably due to greater gastrointestinal uptake of L- T4 during the 
night [11].

Weekly administration of seven times the daily dose of L- T4 may 
be of benefit in very poorly compliant patients [12, 13], but there is 
little or no experience of its efficacy and safety.

Other Reasons for Variation in Thyroid Parameters

Malabsorption due to coeliac disease, small intestinal bacterial 
overgrowth with Helicobacter pylori or other bacteria’s can be the 
explanation for the need of unexpected high doses of L- T4 [14].

Pseudo malabsorption due to drug and food interference could 
also be the reason for dysregulation (see Table 3.4.6.1). If feasible 
L- T4 intake should be separated from potential interfering drugs 
if these induce changes in serum TSH. This can, however, lead to 
decreased compliance— therefore a simpler approach should be re-
commended as standard and there is no need to for taking L- T4 
separately from food in most patients.

Different Formulations of L- T4

There are numerous manufacturers of L- T4 preparations and diver-
gence in bioequivalence can be present. An overall recommenda-
tion is to prescribe the same preparation for each prescription refill 
in each patient. When changes from one brand to another are made, 

it is important to check the thyroid function parameters to ensure 
that the dose is correct [15].

Liquid L- T4 and soft gel capsules have higher bioavailability than 
the tablet L- T4 in in hypothyroid patients with gastric disorders, 
malabsorption, or drug interference [16].

effect of Altering L- T4 Dose on Quality of Life (QoL)

It has been discussed whether small changes within the normal thy-
roid function reference range could optimize QoL. In a new ran-
domized controlled trial (RCT) on 138 L- T4 treated patients with 
stable serum TSH were randomized to have either lower, unchanged, 
or higher L- T4 dose. The mean TSH levels were 1.85 ± 0.25, 3.93 ± 
0.38, and 9.49 ± 0.80  mU/ L (P <0.001), respectively, in the three 
arms. However, these changes did not affect QoL significantly [17].

Other Treatments of Hypothyroidism

Combinations of L- T4 and L- T3

It has been assumed that all the necessary T3 could be derived 
from peripheral mono- deiodination of orally administered L- T4. 
Nevertheless, data has pointed towards a possible need for supple-
mentary T3 to fully restore the balance between TSH, TRH, thyroid 
hormones, deiodinase, and metabolism. Data show a 15– 20% lower 
serum fT3/ fT4 ratio given a stabile serum TSH after thyroidectomy 
than before in a prospective study on 50 euthyroid patients before 
and after total thyroidectomy for a benign nodular goitre, or thyroid 
cancer [18], and when comparing thyroidectomized patients to eu-
thyroid control having similar serum TSH [19] (see Figure 3.4.6.1).

In accordance with this a study in rats have demonstrated a 
downregulation of the deiodinase enzyme leading to a downregu-
lation of serum T3 as a respond to higher levels of serum fT4 [20].

In thyroidectomized rats it has been demonstrated, that it is only 
possible to restore normal concentrations of fT3 in all tissues, when 
normal serum concentrations of fT3, fT4, and TSH are maintained, 
by giving a combination of L- T4 as well as L- T3, and not just L- 
T4 [21]. Although the relative importance of thyroidal T3 secretion 
versus extrathyroidal T3 generation from T4 is different in rats com-
pared to humans with a molar ratio of T4 to T3 in thyroidal secretion 
in 5.7:1 in rats and 14:1 in humans [22] these findings could suggest 
that the treatment modality with L- T4 alone might be inadequate.

This theory was supported in a small human study in 1999 
showing that a combination of L- T4 and L- T3 induced significant 
improvements in mood and neuropsychological function, com-
pared to giving a higher dose of L- T4 alone [23]. Hereafter several 

Table 3.4.6.1 Interaction between fT4 and drugs

Decreased intestinal absorption of fT4 Increased clearance Increased binding to TBG fT4 changes effect of medicine

PPI
Ferrous sulphate Calcium carbonate 
Cholestyramine Aluminium hydroxide
Cimetidine
Sucralfate
Magnesium
Zinc fibres
Caffeine
Iodine
Selenium

Phenytoin Carbamazepine Phenobarbital 
Rifampicin
Sertraline (exact mechanism is not clear)

Oestrogen Increased effect
Warfarin
Amitriptyline
Decreased effect
Propranolol
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studies were initiated to confirm these results. A meta- analysis in 
2006 of data from more than 1000 unselected patients from 11 trials 
could not confirm these results [24]. However, the included studies 
in the meta- analysis were heterogeneous, including unselected pa-
tients for example patients with SCH.

A minor study in a highly selected patient group with Hashimoto’ 
disease and overt hypothyroidism (serum TSH>20 mU/ L at the time 
of diagnosis) as well as persistent symptoms despite a stable L- T4 
dose and serum TSH with in normal range confirmed the original 

data with significant effects in 7 out of 11 quality of life scores and 
preference for L- T3/ L- T4 combination therapy in 49% compared to 
L- T4 monotherapy in 15% (P = 0.002) [25].

A calculation of patient preferences was published in the 
European Thyroid Association (ETA) guidelines from 2012. In 5 
RCT crossover studies (228 patients), patients were asked which 
medication they preferred: 27% preferred L- T4, 25% had no prefer-
ence, and 48% preferred L- T4/ L- T3 combination [8] .

A possible decrease in bodyweight has been suggested at being 
the explanation for preference of combination therapy [26], how-
ever a new study on 23 patients shifted from L- T4 monotherapy to 
L- T4/ L- T3 combination therapy did not show any correlation be-
tween changes in bodyweight and changes in QoL [27].

A suggested explanation for a possible need for a T3 substitu-
tion as well as T4 has been related to a change in the feedback in 
the hypothalamic– pituitary– thyroid axis induced by high dose of 
T4 and a possible relative inactivation of deiodinase 2 and hereby 
lower values of T3. Based on this theory a suggestion of using 
serum T3 as a simple maker of decreased QoL has been brought 
up [20, 28]. However clinical data on patients changes from L- T4 
monotherapy to L- T4/ L- T3 combination therapy have not showed 
a correlation between changes in serum values of T3 and increase 
in QoL [25, 27, 29].

Another possible suggested explanation is polymorphisms in 
the deiodinase 2 gene (D2– 92 Ala) or to the cellular membrane 
transporter (MCT10) [30,  31] and by this a potential decrease in 
the transportation of thyroid hormone from plasma to the intra-
cellular space and a decreased deiodination of T4 to T3. However, 
extended research is needed to explore the exact effect of these 
polymorphisms.

A request of L- T4/ L- T3 combination therapy from patients with 
persistent symptoms is often brought forward with reference to 
patient’s platforms on the social medias on the internet [32, 33].

It has been described that 5– 10% of patients treated with hypo-
thyroidism do have decreased QoL [4, 5], however, it is important 
to recognize that in these studies the same symptoms were present 
in app 15% of the controls. Therefore, it is pertinent to evaluate the 
specific symptoms in these patients and to discuss with the patient 
if any other explanations could be present; such as symptoms of 
menopause, stress, or depression, and to eliminate other specific 
disease that potentially could explain the symptoms.

The European Thyroid Association recommends in a guideline 
from 2012 not to use L- T4/ L- T3 combination therapy as a standard 
treatment but suggest the following algorithm [8] :

 • L- T4 + L- T3 combination therapy might be considered as an ex-
perimental approach in compliant L- T4- treated hypothyroid pa-
tients who have persistent complaints despite serum TSH values 
within the reference range, provided they have previously given 
support to deal with the chronic nature of their disease and asso-
ciated autoimmune diseases have been ruled out.

 • T4 + T3 combination therapy is not recommended in pregnant 
women and in patients with cardiac arrhythmias.

 • It is suggested that L- T4 + L- T3 combination therapy is discon-
tinued if no improvement is experienced after 3  months. The 
L- T4/ L- T3 ratio should be between 13:1 and 20:1 by weight (a 
suggestion for a calculation of the T3 dose were made in the ETA 
guideline Table 3.4.6.2 [8] ).
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Figure 3.4.6.1 Free thyroid hormones and fT3/  fT4 ratio frequency 
distribution. fT3 and fT4 serum levels and fT3/ fT4 ratio distribution in 1811 
athyreotic patients under levothyroxine (L- T4) monotherapy. Shaded 
areas indicate the normal range (2.5– 97.5 percentiles) calculated in 
3875 euthyroid controls. Vertical dotted lines indicate the median of the 
normal values. Percentages indicate the patients with values under or 
above the normal values.
Reproduced with permission from Gullo D, Latina A, Frasca F, Le Moli R, Pellegriti 
G, Vigneri R. Levothyroxine monotherapy cannot guarantee euthyroidism in all 
athyreotic patients. PLoS One. 2011;6(8):e22552. Copyright © 2011 Gullo D et al.
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Animal Thyroid extracts

Extracts from animal thyroid glands were first used successfully in 
the treatment of hypothyroidism in 1892 and this was the only drug 
until the 1960s. The product had standardization problems and 
when the synthetic L- T4 became available in the 1960s, as a more 
stable drug with the ability to normalize serum values of fT4 as well 
as fT3, this became the drug of choice. From time to time, thyroid 
extracts have enjoyed a renaissance as a ‘more natural thyroid hor-
mone product’, usually among practitioners on the more ‘alterna-
tive’ part of medicine, and often used in a high dose inducing SCH 
to overt hyperthyroidism.

A single RCT is present comparing L- T4 treatment to thyroid 
extract from pigs. A  preference for thyroid extract was described 
in 49% vs. 19% in L- T4, but no difference was found in symptom 
scores or neurocognitive function [34].

Risks Related to Thyroid Hormone 
Replacement Treatment

The potential risk when treating with thyroid hormones is 
overtreatment inducing overt or subclinical hyperthyroidism. 
Population studies have verified an association between suppressed 
serum TSH and the following:

 • Atrial fibrillation, relative risk (RR):  1.16 (95% CI:  0.99– 1.36) 
increasing with age to 1.41 (95% KI: 1.25– 1.59) [35].

 • Overall dead, RR 1.23 (95% KI: 1.16– 1.30) [35].
 • Osteoporosis with a hip fracture hazard ratio (HR) 1.16 (95% 

CI: 1.07– 1.26) [36].
 • Dementia, RR: 2– 3 [37].

There are no studies comparing risks of suppressed serum TSH 
when treating with L- T4 monotherapy, L- T4+ L- T3 combination 
therapy, animal thyroid extract, or when suppressed serum TSH are 
caused by Graves’ disease or nodular goitre, but the effect must be 
expected to be a class effect of thyroid hormones and hereby a sup-
pressed serum TSH is a potential risk whether it is caused by any 
thyroid hormone given or by endogenous produced thyroid hor-
mone as in Graves’ or nodular goitre.

Treatment During Pregnancy

Most patients require an increase of 30– 50% daily in L- T4 dosage 
within the first months of pregnancy. The principal reason for this 

change in L- T4 requirement is the increase in the serum concen-
tration of thyroxine- binding globulin in pregnancy, which results 
in decreased serum concentrations of fT3 and fT4. These decreases 
cannot be compensated for by increased thyroidal secretion due to 
lack of functioning thyroid tissue.

In hypothyroid pregnant— or patients planning to become preg-
nant a serum TSH <2.5 mU/ L is recommended. As minor studies 
have described an increased risk of abortion and preterm delivery in 
patients with serum TSH is between 2.5 and 4 mU/ L and presence 
of TPO- Ab treatment is also recommended in these patients [38].

Temporary Hypothyroidism

Most patients with primary hypothyroidism require lifelong L- 
T4 therapy. However, hypothyroidism may be transient and even 
short- term treatment may be unnecessary.

Transient hypothyroidism is seen in the recovery phase of sub-
acute (De Quervain’s), painless, and postpartum thyroiditis, if ex-
cess iodine or iodine- containing drugs such as amiodarone or 
lithium have been applied; presence of TSH- receptor blocking anti-
bodies; inhibition of synthesis or release of thyroid hormone by im-
mune modulating therapy such as interferon and other cytokines; 
thyroiditis induces by tyrosine kinase inhibitors; blockage of recep-
tors for vascular endothelial growth factor; and central hypothy-
roidism by anti- CTLA4 or anti- PD- 1 antibody drugs [39].

Unnecessary Thyroid Hormone Therapy

Obesity often link to a question of a need of thyroid hormone. Weight 
loss after initiating L- T4, in even severe hypothyroidism are modest, 
and weight reduction can only be obtained if supraphysiological 
doses of L- T4 or L- T3 are given [15].

Depression:  Although a relationship between thyroid function 
at depression has been assumed for many years, the exact rela-
tionship is still poorly defined, and a historical suggested effect of 
thyroid hormone (primarily T3) in euthyroid depressed patients 
are not recommended due to low evidence and risk of subclinical 
hyperthyroidism [40].

Non- thyroid illness: Thyroid hormone therapy in patients with 
low levels of thyroid hormones due to non- thyroid illness has been 
investigated in patients in intensive care units, and no evidence for 
treatment with T4 or T3 are present in general. A question on a pos-
sible effect in a subgroup of patients with severe prolonged illness is 
still questioned [41].

Table 3.4.6.2 A method for calculating L- T4 and L- T3 dosages for T4 + T3 combination therapy

T4 monotherapy = dose x # Dose x = 100 μg L- T4 Dose x = 150 μg L- T4 Dose x = 200 μg L- T4

T4 + T3 combination therapy

L- T3 dose y = x: 20 L- T3 dose 5 μg L- T3 dose 7.5 μg L- T3 dose 10 μg

L- T4 dose z = x— 3y L- T4 dose 85 μg * L- T4 dose 127.5 μg * L- T4 dose 170 μg *

L- T4: L- T3 dose ratio 17: 1 17: 1 17: 1

# Dose x = daily L- T4 dose that normalized serum TSH during T4 monotherapy; * dose could be round off to 87.5 μg, 125 μg and 
175 μg, respectively, for convenience reasons (i.e. availability of L- T4 tablets of 25 μg but not of 10 μg).
Reproduced with permission from Wiersinga WM, Duntas L, Fadeyev V, Nygaard B, Vanderpump MP: 2012 ETA guidelines: The 
use of L- T4 + L- T3 in the treatment of hypothyroidism. Eur Thyroid J 2012;1:55– 71. Copyright © 2012, © 2012 European Thyroid 
Association.
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Heart failure:  In a small study in patients New  York Heart 
Association (NYHA) class III or heart failure demonstrated a bene-
ficial effect from short- term intravenous L- T3 therapy [42], how-
ever, this effect could not be confirmed in a trial of long- term T3 
therapy [43].

Unspecific symptoms:  Occasionally, patients query treatment 
with thyroid hormone for non- specific symptoms such as tired-
ness— although normal values of serum TSH as well as T4 are pre-
sent. In an RCT in patients with non- specific symptoms L- T4 100 µg 
did not improve cognitive function and psychological well- being 
[44]. In these cases, other conditions or diseases must be considered 
and thyroid hormone therapy cannot be recommended.

Patients with previously initiated thyroid hormone therapy 
based on unclear indications or with a single measurement of a 
slightly elevated serum TSH is recommended to assess the con-
tinued need for L- T4, treatment by stopped for 4 weeks if the serum 
TSH concentration is normal, or for 6 weeks if it is undetectable, to 
allow recovery of the suppressed TSH. Measurement of serum T4 
and TSH concentrations at this stage will determine whether the 
patient is truly hypothyroid.
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Definition

Nodular goitre can be divided into solitary nodular and 
multinodular thyroid disease and constitutes a complex thy-
roid disorder with heterogeneous, morphological, functional 
and pathogenetic properties [1] . Histologically, thyroid nodules 
are distinguished by morphological criteria according to the 
World Health Organization (WHO) classification [2]. On func-
tional grounds, nodules are classified as either ‘cold’, ‘normal’, 
or ‘hot’ depending whether they show decreased, normal, or 
increased uptake of radioactive nuclides such as technetium 
on scintiscan. In contrast to solitary nodular thyroid disease, 
which has a more uniform clinical, pathological, and molecular 
picture, multinodular goitre (MNG) usually comprises a mixed 
group of nodular entities (i.e. one usually finds a combination of 
hyperfunctional, hypofunctional, or normally functioning thy-
roid lesions within the same thyroid gland). The overall balance 
of functional properties of individual thyroid nodules within 
an MNG ultimately determines the functional status in the in-
dividual patient, which may be euthyroid, subclinical hyper-
thyroid, or overt hyperthyroid. On the molecular level, thyroid 
nodules within goitre may represent polyclonal lesions or true 
monoclonal thyroid neoplasia.

The Role of Environmental Factors

The development of nodular goitre is influenced by extrinsic factors 
interacting with intrinsic factors and constitutional parameters of 
gender and age [1, 2].

The most important trigger for nodular (and diffuse) goitre is 
iodine deficiency [3] . There is a direct correlation between goitre 
prevalence and iodine deficiency and vice versa between correction 
of iodine deficiency and regression of goitre incidence. This indi-
cates that iodine supply or intake has to be adjusted adequately to 
reduce the burden of thyroid goitre development in a population.

Iodine deficiency was common in Germany until the early 
1990s. Introduction of iodized salt into food industries resulted in a 
marked improvement in nutritional iodine supply as reflected by an 
increased urinary iodine excretion (median 72 µg iodine/ L urine in 
1994 to 125 µg iodine/ L urine in 2003). Also, the percentage of pri-
vate households covered with sufficient iodized salt increased from 
less than 10% to 66% between 1990 and 2002 [4] .

In 1994 the prevalence of diffuse goitre was 21% in the age group 
of 18– 30  years and 33% in the age group of 46– 65  years. In the 
Papillon study of 2002 investigating 96 000 German employees an 
impressive reduction in goitre frequency to 6% in the group of 18– 
30- year- olds and to 26% in the group of 46– 65- year- old participants 
was found [5] . The epidemiological study SHIP- 0, has underscored 
that with a decrease in overall- goitre prevalence due to improved 
iodine supply, thyroid nodules now tend to occur in normal size 
rather than enlarged thyroid glands [6]. This may be explained by 
the thyroid inherent disposition to develop focal hyperplasia as 
discussed next.

Table 3.5.1.1 Gender and age dependent upper reference values 
for normal thyroid volume

Men 25 ml

Women 18 ml

13– 14 yr 8– 10 ml

3– 4 yr 3 ml

Newborn 0.8– 1.5 ml
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Recently, two German studies in children (KiGGS) [7]  and adults 
(DEGS) [8] showed results that the iodine status may not be suffi-
cient. In both surveys about 25– 30% of the individuals were below 
the estimated average requirement for iodine. This was also sup-
ported by comparing results from the SHIP- 0 (1997– 2001) [6] and 
SHIP- TREND (2008– 2012) [9] study in an adult population of 
Northeast Germany. The median urinary excretion levels signifi-
cantly decreased from 123µg/ L to 112µg/ L between 2000 and 2010. 
These data clearly indicated that informative advertising of iodine 
prophylaxis needs to be intensified to maintain and still to improve 
iodine status.

Various other goitrogenic factors are known and are relevant to 
thyroid disease in situations with coexisting iodine deficiency. First, 
metabolites of various nutrients (e.g. cabbage, cauliflower, and broc-
coli) may interfere with iodine uptake. Second, industrial pollutants, 
including resorcinol and phthalic acid, are known to be goitrogenic. 
Third, deficiencies of selenium, iron, and vitamin A may exacerbate 
the pathogenic effects of iodine deficiency [10].

Other risk factors for nodular goitre have been suggested, 
whereby a possibly distinct impact on the prevalence of thyroid 
nodules occurring in a normal sized or enlarged thyroid gland is 
less clear [1, 2]. Smoking has been proposed as a risk factor for goitre 
and nodules were also found with higher prevalence in goitres of 
smokers compared with non- smokers. The impact of smoking on 
thyroid disease is most likely due to increased thiocyanate levels in 
smokers exerting a competitive inhibitory effect on iodide uptake. 
In line with this, the association is more pronounced in areas with 
iodine deficiency [11].

Radiation is another environmental risk factor not only for thyroid 
malignancy but also for benign nodular thyroid disease. An increased 
prevalence of thyroid nodules disease has been associated with ex-
posure to radio nuclear fallouts and therapeutic external radiation.

Nodular thyroid disease and goitre are more frequent (2.5-  to 
7- fold) in women and it seems that this prevalence appears after 
puberty. The determined gender difference is more pronounced in 
areas of long- standing iodine deficiency compared with regions of 
iodine sufficiency. However, the precise reasons for this observation 

remain to be clarified [12]. A growth promoting effect of oestrogens 
has been described in vitro and oestradiol has been suggested to 
amplify growth factor- dependent signalling in normal thyroid cells 
and thyroid tumours [11]. However, pregnancy- related thyroid en-
largement appears to be mostly related to iodine deficiency and in 
one German study [13] increased MNG prevalence with parity was 
only observed in women who had not taken iodine supplementa-
tion during an earlier pregnancy.

Several studies suggest that thyroid volume is also significantly 
correlated with body mass index. In agreement with this, a recent 
study has shown that in obese women, weight loss of more than 10% 
may result in a significant decrease in thyroid volume [14]. Lastly, 
because of the cumulative impact of external risk factors on the 
thyroid gland, the prevalence of thyroid nodular disease increases 
with age.

For example, a study (DanThyr) from a borderline iodine- 
deficient area in Denmark demonstrated the relationship of nodular 
goitre development in ageing women [15]. The survey of 4242 
women showed a goitre incidence of 18% with participants aged 20– 
39 years exhibiting higher prevalence for solitary thyroid nodules 
than for MNG. The prevalence of these two entities is similar in the 
fourth decade of life but shifts to MNG after 50 years of age.

Genetic Disposition

Thyroid nodules (and goitre) also occur in individuals without ex-
posure to iodine deficiency, and not all individuals in an iodine- 
deficient region develop goitre. A  familial clustering for nodular 
goitre is well documented and family and twin pair studies in en-
demic and non- endemic goitre regions have underscored a gen-
etic predisposition for goitre development [1,  2]. For example, 
twin studies show a concordance rate of 80% for monozygotic 
twins and of 42% for dizygotic twins in endemic and of 40– 50% 
and 13% in non- endemic regions, respectively, strongly suggesting 
interplay between genetic and environmental factors. On the basis 
of twin studies, the contribution of genetic susceptibility to goitre 

Table 3.5.1.2 Histological diagnosis of goitre

Pathology Thyroid function Comment

Diffuse goitre Euthyroid

Nodular goitre
(uni-  or multinodular)

Euthyroid- hyperthyroid May concur with autoimmune disease in regions   
with endemic goitre

Thyroid cancer Euthyroid May be present in an NTG and/ or autoimmune disease

Autoimmune thyroid disease Euthyroid, hypo- , or hyperthyroid

Thyroiditis Variable

Defect in thyroid hormone synthesis Hypothyroid- euthyroid

Thyroid hormone resistance Euthyroid End organ dependent function

Acromegaly Euthyroid IGF- 1 dependent

Drugs
(Lithium, antithyroid drugs)

Euthyroid- hypothyroid

TSHoma Hyperthyroid TSH dependent
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development has been calculated to be 39% in endemic regions and 
82% in a non- endemic area [10].

Genetic defects in enzymes involved in thyroid hormone syn-
thesis (e.g. thyroglobulin (TG), thyroperoxidase (TPO), sodium- 
iodide symporter (NIS) typically result in hypothyroid goitres, but 
in some rare cases genetic variations in the TG, TPO, and NIS gene 
have also been reported in association with (diffuse or) nodular eu-
thyroid goitre. Furthermore, alterations in the pendrin gene account 
for the syndromic occurrence of euthyroid nodular goitre and con-
genital sensorineural hearing loss.

Since these monogenetic defects are exceptionally rare, linkage 
studies have been performed to identify susceptibility loci for non- 
toxic goitre (NTG) on a broader scale [16]. A locus on chromosome 
14 (termed MNG- 1 locus) has been identified in a Canadian and a 
German study and was found to cosegregate with familial NTG. In 
an Italian pedigree with euthyroid goitre an X- linked autosomal pat-
tern of inheritance with a putative genetic defect in the Xp22 region 
was suggested (termed MNG- 2 locus) [17]. Moreover, in a study by 
the European Thyroid Association working group on the ‘Genetics 
of euthyroid goitre’ 18 extended Danish, German, and Slovakian 
families were analysed in a genome- wide scan. Further putative can-
didate loci for NTG were identified on chromosomes 3p, 2q, 7q, and 
8p emphasizing the genetic heterogeneity of euthyroid goitre.

The first association of germline DICER1 mutations with NTG was 
shown 2011. DICER1 is an important enzyme in the maturation of 
microribonucleic acid (RNA), which have substantial impact in gene 
expression at the posttranscriptional level. The DICER1 gene is lo-
cated in the MNG- 1 locus and loss- of- function mutations were iden-
tified in 33 members of five families [18]. Besides NTG, mutations in 
DICER1 are associated with several benign and malignant tumours 
(e.g. pleuropulmonary blastoma, cystic nephroma, and ovarian 
Sertoli- Leydig cell tumour) [19]. The incidence of multinodular 
goitre in individuals with DICER1 mutations by age 20 years is 32% 
in females and 13% in males and also the risk of developing thyroid 

cancer is increased [20]. Thus, for the majority of euthyroid goitres, a 
complex, multifactorial pathogenesis including interactions between 
various environmental factors, gender- specific components, and the 
genetic background has to be assumed.

Molecular Processes involved in Nodule 
Formation

Development of nodular goitre most likely proceeds in two phases, 
that involve global activation of thyroid epithelial cell proliferation 
(e.g. as the result of iodine deficiency or other goitrogenic stimuli) 
leading to hyperplasia and a focal increase of thyroid epithelial cell 
proliferation causing thyroid nodules. So far, the most common 
stimulus for focal proliferation is a somatic mutation.

Two driving pathogenetic events have to be considered (Figure 
3.5.1.1) [1] : first, iodine deficiency causing an increase in thyroid cell 
numbers (true hyperplasia) as observed in animal models. Second, 
H2O2 production and free radical formation, which occurs physio-
logically during thyroid hormone synthesis, may damage genomic 
DNA. Thus in a mouse model, the spontaneous mutation rate in the 
naive thyroid gland has been found to be almost ten times higher 
than in other organs [21, 22].

Both processes provide a mutagenic milieu, in which the like-
lihood of somatic mutations is increased. Whether these somatic 
mutations lead to thyroid nodular disease critically depends on 
the affected gene and most likely the environmental selection fac-
tors (e.g. iodine deficiency; Figure 3.5.1.2). A  proof of principle 
for this concept is the evolution of a toxic adenoma from a somatic 
thyroid- stimulating hormone (TSH) receptor mutation ([1] ; also 
see Chapter 3.3.11). Other examples include the origin of papillary 
thyroid cancer based on BRAF mutations or RET/ PTC rearrange-
ments. These somatic mutations have been found already in micro-
scopic lesions of thyroid autonomy and papillary microcarcinoma, 

Iodine deficiency

Proliferation
H2O2

DNA damage

Nodular goitre

Mutagenesis

goitrogens

pregnancy

Genetic susceptibility
age

selenium, iron,
vitamin A
deficiency

smoking

Figure 3.5.1.1 Interaction of extrinsic and intrinsic factors contributing to the development of nodular goitre.
Note that the pathogenic influence of several goitrogenous components (e.g. selenium deficiency, pregnancy) will be aggravated with coexisting iodine deficiency. The two 
elementary molecular pathomechanism are increased cell proliferation, leading to hyperplasia/ goitre and in addition with oxidative stress leading to increased mutagenesis 
and nodule formation.
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respectively. Besides the driving mutation, increased growth factor 
production and auto-  and paracrine action of secreted growth fac-
tors (e.g. IGF- 1) has been found in monoclonal thyroid tumours 
and may further propel nodule development.

The development of polyclonal thyroid lesions in an NTG 
is less clear and putatively is linked to exogenous factors (e.g. 
intrathyroidal production of growth factors such as IGF- 1), which 
act on the naturally functional and morphological heterogeneous 
thyroid follicles [11].

Natural course of Disease

From the epidemiological data discussed earlier, one might expect 
an inherent progressive course of nodular thyroid disease. Studies 
aimed at accurate assessment of the nodules by ultrasonography 
differ in terms of follow- up period, definition of growth, type of 
thyroid lesion and the background, in which they are conducted. 
Moreover, the interobserver variability of long- term studies of 
nodule volumes is not known. With these caveats in mind, the fol-
lowing observations have been reported [1, 2]: in iodine- sufficient 
areas, nodule ‘growth’ has been reported in 35% of US patients over 
a follow- up period of 4.9 to 5.6 years. On long- term follow- up over 
15 years in an area of iodine sufficiency, only one- third of benign 
nodules showed growth as assessed by palpation and ultrasonog-
raphy compared with the majority of nodules, which remained un-
changed or even showed a decrease in size. In Germany, a mean 
3- year follow- up of 109 consecutive patients showed a steady and 
significant (30% volume) increase in nodular size in 50% of pa-
tients. In a Danish study, only four (8%) of 45 cold nodules in an 
area of borderline iodine deficiency showed a change in size (5 mm 
in diameter), of which only one nodule actually increased and three 
nodules shrank over a follow- up period of 2  years [23]. Nodule 

growth was also determined in a 5- year follow- up study from 
two areas in Italy with mild to moderate iodine deficiency [24]. 
Significant nodule growth occurred in 153 of 992 patients (15.3%), 
shrinkage was observed in 13.1% of cases whereas the majority of 
nodules (69%) exhibited no change in size over the investigated 
time period. However, nodule growth was significantly linked to 
patients with multinodular glands [24]. Thus, in an iodine- deficient 
and - sufficient setting a variable portion, but most likely not all, of 
nodules will grow, and the speed of growth is highly heterogeneous.
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introduction

Multinodular goitre (MNG) is characterized by the progressive 
nodular enlargement of the thyroid gland, without underlying in-
flammation, autoimmune thyroid disease, and malignancy. It is the 
result of the interaction between genetic susceptibility, hormonal, 
and environmental aspects, being iodine deficiency the most im-
portant factor. Patients with MNG usually present multinodular 
enlarged thyroid glands, and its natural history is characterized ini-
tially with a diffuse thyroid growth, followed by nodule formation, 
and frequently with the progression to nodule autonomy, subclinical 
hyperthyroidism, and eventually overt hyperthyroidism denomin-
ated toxic MNG (TMNG). In TMNG, hyperfunctioning nodules se-
crete thyroid hormones independent of TSH stimulation [1] .

The clinical features of MNG varies from an asymptomatic patient 
to a critical patient with upper airway compression and respiratory 
insufficiency. The diagnostic work- up includes thyroid function 
tests, imaging studies such as thyroid ultrasound (US), computed 
tomography (CT), and magnetic resonance imaging (MRI), cyto-
logical evaluation of nodular samples obtained through US guided 
fine- needle aspiration (US- FNAB), and assessment of radioactive 
iodine uptake (RAIU) [2] .

The management of a patient with MNG is based upon the clin-
ical presentation and the patient´s preference, which involves sur-
gery or radioiodine therapy in most cases. Radioactive iodine (131I) 
is a safe and effective therapy introduced more than three decades 
ago for the treatment of MNG, leading to significant thyroid volume 
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(TV) reduction. Its efficacy can be enhanced by strategies leading to 
the elevation of TSH levels [3] .

clinical Manifestations

The clinical manifestations observed in patients with MNG are 
very heterogeneous. Patients with smaller goitres and with normal 
thyroid function are usually asymptomatic. However, the gradual 
increase in size may determine compressive symptoms, such as 
cough, respiratory distress, difficulty in swallowing, and the feeling 
of a lump in the throat. Asymptomatic subclinical hyperthyroidism 
or overt hyperthyroidism may develop, particularly in older pa-
tients, as a result from the overproduction of thyroid hormones due 
to the onset of thyroid autonomy [4] .

In young patients with small and diffuse goitres, with normal thy-
roid function, observation alone can be recommended. Conversely, 
patients with large goitres may develop compressive symptoms, de-
termined not only by the size of the goitre, but also by its possible 
substernal extension. The most widely used classification defines 
substernal goitre as the one that has >50% of the total bulk of the 
thyroid gland into the mediastinum. The prevalence of intrathoracic 
goitres, with substernal or mediastinal extension, ranges between 
2.6% and 30.4% [5, 6]. A maximal tracheal diameter of <8– 10 mm 
can cause exertional dyspnoea, and when the diameter is smaller 
than 5 mm, dyspnoea at rest and stridor may occur [7] .

Patients with large goitres may present the Pemberton’s sign, 
the reversible facial congestion triggered by the elevation of both 
arms. In those patients, that movement leads to dislocation of the 
goitre into the upper thoracic inlet, compressing the subclavian 
and jugular vein [8] . Airway compression may occur if there is a 
sudden increase in TV due to thyroid haemorrhage or upper re-
spiratory tract infections contributing to a decrease in tracheal 
lumen [9]. The close relationship of the thyroid gland with the 
recurrent laryngeal nerves may determine unilateral or bilateral 
vocal cord paralysis. Similarly, compression of the cervical sym-
pathetic chain may elicit paralysis of the phrenic nerve, which can 
be asymptomatic or present with dyspnoea, or Horner’s syndrome, 
characterized by ptosis, miosis and decreased sweating of the face 
on the same side [10].

As the MNG progresses, the increase of TV and nodularity leads 
to subclinical or overt hyperthyroidism in many cases, particularly 
in older patients, as a consequence of the autonomous overproduc-
tion of thyroid hormones [11].

Diagnostic Evaluation

Anamnesis and Physical Examination

Detailed anamnesis and physical examination are essential in the 
diagnostic evaluation of a patient with MNG. One source of con-
cern is the presence of malignancy, which incidence is the same in 
uninodular goitre [12]. However, a systematic review and meta- 
analysis suggests a slightly higher risk of malignancy in solitary 
nodules, compared to MNG [13]. Features suggesting benign dis-
ease include factors such as family history of benign thyroid nodule 
or goitre and symptoms of hypothyroidism or hyperthyroidism [1] .

In the physical examination, smaller goitres may be visible only 
when the patient is asked to swallow or drink a glass of water. 
Younger patients tend to have smaller goitres, with few nodules, 
and without intrathoracic extension. Malignant nodules are usu-
ally firm, irregular, and fixed to adjacent tissues. Fortunately, thy-
roid nodules are generally benign colloid nodules, just around 5% of 
nodules are carcinomas [12]. Goitres with intrathoracic extension 
cannot be fully evaluated by palpation and their presence can be 
identified through the Pemberton’s manoeuvre.

Laboratorial investigation

The initial laboratory investigation of MNG is based on the meas-
urement of serum thyrotropin (TSH). Normal TSH levels indicate 
euthyroidism, and further laboratory investigation is not necessary 
[11]. Abnormally low TSH levels suggest thyroid hyperfunction, and 
must be followed by measurements of serum free T4 to assess the 
presence of subclinical or overt hyperthyroidism. T3 measurements 
may be useful in situations of difficult interpretation, such as T3 
thyrotoxicosis. A recent panel of the American Thyroid Association 
(ATA) could not recommend either for or against routine measure-
ment of serum calcitonin in patients with thyroid nodules [12]. In 
MNG, neither calcitonin or thyroglobulin measurements are re-
commended, and if measured, calcitonin levels must be interpreted 
with caution since it has low positive predictive value and can lead 
to unnecessary surgery. To exclude autoimmune hyperthyroidism 
or hypothyroidism it is valuable to measure thyroid antibodies 
as thyroid- stimulating antibodies, antithyroglobulin (ATG) and 
antithyroid peroxidase antibodies (ATPO).

imaging

Thyroid US should be the first fundamental imaging test [12, 14]. It 
is relatively inexpensive, easy to perform, and can be used to guide 
fine- needle aspiration biopsies (FNAB- US). It provides an estima-
tive of TV and characterizes suspicious thyroid nodules. US may 
assess not only the baseline characteristics of the thyroid nodules, 
but is also used to follow those nodules [1, 14].

However, the usefulness of US is very limited in cases of 
intrathoracic MNG, since the US waves cannot penetrate bone. In 
these cases, CT or MRI are invaluable tools that fully characterize 
TV, extension, and compressive effects over the trachea. In addition, 
CT and MRI can determine the cross- sectional area of the trachea, 
a useful measure of tracheal compression. When performing these 
diagnostic imaging tests, it is crucial not to administer iodinated 
contrast agents, which impair future therapeutic or diagnostic ap-
proaches with radioiodine, and can also induce thyrotoxicosis.

CT scan is the preoperative gold- standard exam for intrathoracic 
goitres, and can be used to categorize goitres into three grades of 
retrosternal extension:  above the aortic arch, between the aortic 
arch and the pericardium, and below the right atrium. Both CT and 
MRI allow the estimation of planimetric volumes, especially useful 
in cases of irregularly enlarged goitres [2, 15] (Figure 3.5.2.1).

Positron emission tomography (PET) with 18- fluoro- deoxyglucose 
(FDG) is not useful in for the diagnostic work- up, as it does not 
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allow the visualization of the normal thyroid gland, and only shows 
hypermetabolic thyroid uptake that may be malignant.

Thyroid scintigraphy and RAIU measurements are not recom-
mended in the initial diagnostic evaluation, but they are important 
for the differential diagnosis of hyperthyroidism in the presence 
of nodularity. Thyroid scintigraphy also documents the presence 
of intrathoracic extension of large goitres, and confirms whether 
intrathoracic masses identified by CT or MRI are of thyroid origin. 
Goitres with low and heterogeneous uptake are less responsive to 
radioiodine therapy, and require higher activities of the radioiso-
tope. The use of thyroid scintigraphy and uptake studies was ques-
tioned in a study that showed that those tests do not influence 
diagnosis or treatment outcomes in most cases of hyperthyroidism 
[16], but it is very important in defining radioactive iodine treat-
ment, especially in patients receiving recombinant human TSH or 
methimazole for RAIU augmentation [3] .

Fine- Needle Aspiration Biopsy (FNAB)

Patients with toxic and non- toxic MNG are at the same risk of ma-
lignancy as in patients with single nodules [17]. The recommenda-
tions for FNAB in patients with MNG are the same as those for 
patients with single nodules:  the dominant nodule, as well as any 
sonographically suspicious nodules, should be biopsied [12,  18]. 
Nodules that are suspicious for malignancy are hypoechoic, 
have irregular margins, do not have a sonolucent halo, and have 
intranodular vascularity and microcalcifications [19]. Since the fine- 
needle capillary (FNC) and the fine- needle aspiration (FNA) tech-
niques provide similar sample adequacy and diagnostic accuracy, 
either technique can be employed, depending on the operator’s per-
sonal preferences and experience [20].

Cytopathologic reports should follow the classification proposed 
at the National Cancer Institute Thyroid Fine- Needle Aspiration 
State- of- the- Science Conference in Bethesda [21].

Pulmonary Function Tests

Large MNG can lead to tracheal compression and pulmonary func-
tion impairment, but this problem is probably overlooked by many 

clinicians. Pulmonary function studies must include flow- volume 
loop tracings, which show a reduction of inspiratory capacity. 
Abnormal results are found even in asymptomatic patients, who can 
benefit from this evaluation. Improvements in pulmonary function 
after surgery or radioiodine therapy can be objectively quantified 
with pulmonary function tests [2] .

Management

The management of patients with multinodular goitre is guided 
by the clinical presentation, professional experience and by the 
patients’ preference:  expectant clinical observation, surgery, or 
radioiodine therapy. Iodine supplementation and suppressive 
therapy with levothyroxine are not recommended therapeutic op-
tions. Nevertheless, surveys involving European [22], American 
[23], and Latin- American [24] endocrinologists showed that there 
is no consensus in the management of non- toxic multinodular 
goitre.

clinical observation

Clinical observation is a reasonable approach in the management of 
patients with non- toxic and asymptomatic benign MNG that do not 
raise any cosmetic concerns from the patient. In the natural history 
of many multinodular goitres, thyroid growth is extremely slow, 
with no significant change in a mean TV over 5 years [25].

For thyroid nodules, the American Thyroid Association (ATA) 
suggest that monitoring should be conducted according to risk 
stratification:  nodules with high suspicion, low to intermediate 
suspicion, and low suspicion sonographic pattern should be evalu-
ated every 12, 12– 24, and >24 months, respectively [12]. If a nodule 
has been submitted to a repeated US- FNAB with a second benign 
cytology result, US surveillance for malignancy is no longer indi-
cated [12]. In terms of thyroid dysfunction, a retrospective popu-
lation study conducted in Scotland found that the percentages of 
patients with untreated subclinical hyperthyroid patients who re-
mained subclinically hyperthyroid was 81.8% at 2  years, 67.5% 
at 5 years, and 63.0% at 7 years [26]. In another study evaluating 
94 patients with subclinical hyperthyroidism (69 had MNG), the 

Figure 3.5.2.1 CT scan of a 13 × 15 × 19 cm substernal goitre causing tracheal deviation and acute respiratory failure. Morbid obesity and upper 
respiratory tract infection were contributing factors for the acute respiratory failure.
Adapted with permission from Ioannidis O, Dalampini E, Chatzopoulos S, et al. Acute respiratory failure caused by neglected giant substernal nontoxic goiter. Arq Bras 
Endocrinol Metabol 2011;55:229– 32. Copyright © 2011 Ioannidis O, et al.
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progression rate from subclinical to overt hyperthyroidism was 8% 
at 1 year, 16% at 2 years, 21% at 3 years, and 26% at 5 years [27]. 
Therefore, it is reasonable to adopt a conservative approach based 
on periodic assessment of the thyroid hormonal status (by meas-
uring serum TSH and free T4), and on the monitoring of goitre and 
thyroid nodule sizes by US and CT scans. It is recommended by the 
ATA that this evaluation be conducted every 6 to 18 months, and 
the frequency can be reduced if no significant changes are identified 
over 3– 5 years [12].

When clinical observation is chosen as a therapeutic approach, 
malignancy should first be excluded by FNAB- US. Periodic US sur-
veillance is done to identify potentially malignant nodules that may 
have been missed by previous US or FNAB- US [28]. If a euthyroid 
patient with MNG develops subclinical or overt hyperthyroidism, 
additional tests are recommended, including T3 or free T3 meas-
urements and thyroid scintigraphy. If the patient is asymptomatic 
and has no cosmetic complaints, but is hyperthyroid, therapy with 
antithyroid drugs, or preferably radioiodine should be employed.

iodine Supplementation

Despite the knowledge that iodine deficiency is the most important 
aetiological factor in goitre development, iodine supplementation 
does not have sufficient therapeutic effect on an established MNG. 
In a multicentre German study, a 1- year combination of iodine 
and levothyroxine leading to incomplete TSH suppression reduced 
thyroid nodule volume compared to either component alone or 
placebo. In this trial patients were iodine deficient (mean urinary 
iodine excretion 49.7– 59.5 μg/ L) and this finding can partially ex-
plain the reduction in goitre size [29]. Due to the risk of inducing 
hyperthyroidism (Jod- Basedow effect), iodine supplementation is 
not used a therapeutic option in patients with MNG.

Suppressive Therapy with Levothyroxine

As TSH is the most important thyroid growth factor and its suppres-
sion by pharmacological doses of levothyroxine (L- T4) supposedly 
could inhibit thyroid growth, or even reduce its volume. Several 
studies have evaluated L- T4 in patients with diffuse goitre, but few 
studies have involved euthyroid patients with MNG in a randomized 
placebo- controlled design [30,  31]. Suppressive therapy is greatly 
inferior than radioactive iodine (131I) therapy; goitre shrinkage oc-
curred in 7% of patients given suppressive treatment compared to a 
reduction of 35% in volume in the first year after 131I treatment [32].

Suppressive therapy with LT4 is not recommended as a thera-
peutic option for MNG due to its low efficacy, the need for con-
tinuous treatment, and its adverse effects [33]. Low serum TSH in 
individuals aged 60 or older is associated with increased mortality 
from all causes, and, in particular, with increased mortality due to 
circulatory and cardiovascular diseases [1– 4].

Surgery

For most patients with symptomatic multinodular goitres, sur-
gery is the treatment of choice. The optimal treatment is total 

thyroidectomy, because the recurrence rate is more common (2.5– 
42%) when a more conservative approach is chosen compared to 
total thyroidectomy (0– 0.3%) [34]. Total thyroidectomy eliminates 
the risk of recurrence, cures coexisting hyperthyroidism if present, 
and it is not associated with an increase in surgical risk when per-
formed by experienced surgeons [35]. The higher surgical risks as-
sociated with reoperation must be considered— reoperation results 
in a 3-  to 10- fold risk for hypoparathyroidism or permanent vocal 
cord paralysis [36]. Surgery should be considered in patients whose 
goitre progressively enlarges or who have evidence of upper airway 
obstruction despite absence of any symptoms. More recently, min-
imally invasive thyroidectomy has been evaluated as a technique 
that is associated with less surgical risks [37]. The complication rate 
is higher in patients with goitres that extend substernally compared 
to patients whose goitre is entirely cervical [38].

Total thyroidectomy leads to rapid decompression of vital struc-
tures, with resolution of compressive symptoms in 100% of the pa-
tients, versus 46% of the patients undergoing radioiodine therapy 
[39]. However, it is associated with higher costs, requires hospi-
talization, and poses risks inherent to surgery in general and risks 
that are specific to thyroidectomy, such as hypoparathyroidism, 
vocal cord paralysis due to trauma of the laryngeal recurrent nerve, 
tracheal obstruction due to haemorrhage and tracheomalacia. 
Hypothyroidism is rather an objective than a complication and oc-
curs virtually in all patients who undergo total thyroidectomy.

After total or near- total thyroidectomy, thyroid hormone replace-
ment can be promptly initiated at 1.5– 1.7 μg/ kg/ day, or 10– 15% less 
in older people. Levothyroxine (L- T4) replacement should not be 
used as a prophylactic agent against thyroid regrowth if subtotal 
thyroidectomy is chosen, since evidence for this is lacking. During 
the postoperative period, calcium and parathyroid hormone levels 
should be monitored, and supplementation with calcium and 
vitamin D should be initiated if necessary. Hypoparathyroidism is 
observed in up to 4– 10% of non- specialized centres [40]. Permanent 
hypoparathyroidism is defined when calcium and/ or calcitriol sup-
plementation is required for more than 6 months after the surgery. 
Some patients may have permanent hypoparathyroidism despite 
having normal parathyroid hormone levels [41]. The risk for laryn-
geal recurrent nerve damage in thyroid surgery is higher in cases of 
recurrent thyroid cancer, recurrent benign goitre, thyroid cancer, 
extensive resection, and low surgical experience [42]. More than 
50% of patients with vocal cord palsy are asymptomatic, and other 
diagnostic tools may be useful, such as fibreoptic laryngoscopy, sub-
jective questionnaires, or computerized voice analysis [43]. Surgery 
is relatively contraindicated in patients with significant comorbid-
ities, when a high- volume thyroid surgeon is not available or during 
pregnancy. If necessary, it should be performed in the latter portion 
of the second trimester [44].

Radioactive iodine

For more than seven decades, radioactive iodine (131I) therapy has 
been used to treat thyroid diseases, mainly Graves’ disease [45]. 
Radioactive iodine is not only effective for curing hyperthyroid 
states, but also leads to shrinkage of the thyroid gland. Owing to 
this effect on the gland volume, 131I has been used for a long time 
in the treatment of compressive non- toxic nodular goitres. In 1988, 
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Hegedus et al., using US, demonstrated that 131I treatment of non- 
toxic MNG leads to significant goitre volume reduction after 1 year 
of 131 administration [46].

Treatment with 131I is an option for patients with contraindications 
to surgery, for those who reject surgical procedures, and for patients 
who have had previous surgery or radiation to the neck (making 
further surgical procedures more difficult) [3] . Pretreatment with 
methimazole before 131I therapy is indicated to patients with sub-
clinical hyperthyroidism that are at an increased risk for complica-
tions due to worsening of hyperthyroidism, including elderly and 
those with cardiovascular disease or severe hyperthyroidism [11]. 
Studies employing images such as US, CT, or MRI (for accurate 
measurements of TV) have confirmed that 131I therapy reduces the 
volume of MNG by 35– 50% within 1 year with further reduction 
observed after 3– 5 years and improvement in obstructive symptoms 
in most patients [1– 3, 47].

The RAIU determines the therapeutic efficacy of radioiodine 
itself. Low isotope accumulation in inactive and partially sup-
pressed areas around the nodule is a limitation for radioiodine 
treatment in patients with MNG. Multinodular goitres with low 
and heterogeneous RAIU requires higher activities, and some-
times repeated administrations of 131I. The improvement in 
compressive symptoms after therapeutic activities of 131I is ac-
companied by significant tracheal widening, as measured by CT 
or MRI [3] . Treatment is usually accomplished by the adminis-
tration of a single oral dose of radioiodine. An effective admin-
istered activity is calculated to deliver 100– 150 μCi per gram of 
thyroid tissue, corrected for 24- hour RAIU [1]. The calculated 
activity is directly proportional to the TV, and inversely propor-
tional to the radioiodine uptake, aiming at an absorbed thyroid 
dose of 100 Gy [1, 3].

Activities may range from 15 mCi for small goitres with normal/ 
high RAIU, to 100– 150 mCi for large glands with low RAIU and 
heterogeneous scintigraphic tracer distribution [1] . Higher 131I ac-
tivities cause considerable irradiation of extrathyroidal organs and 
tissues [48]. In most cases, patients require hospitalization and iso-
lation [3]. A survey about safety practices among members of major 
societies of physicians and allied specialists who treat patients with 
thyroid disorders showed a diversity of responses related to 131I ad-
ministration, suggesting the importance of a multispecialty collab-
oration in defining more uniform recommendations for patients 
receiving 131I treatment [49].

The adverse effects of 131I therapy can be classified as either acute 
or late effects. Acutely, 131I can cause radiation thyroiditis, charac-
terized by thyroid pain that can present with fever, an increased 
erythrocyte sedimentation rate, and thyrotoxicosis. This effect is 
generally mild and self- limited to the first week of treatment. It 
can be treated with non- steroidal anti- inflammatory drugs or, less 
frequently, corticosteroids (e.g. 40  mg of prednisone daily) [50]. 
Radiation- related thyrotoxicosis can be treated with β- blockers. 
Antithyroid drugs and β- blockers should also be used in patients 
with TMNG before radioiodine therapy in older people or those 
with cardiovascular disease, but should be discontinued 3– 5 days 
before radioiodine therapy in order to prevent treatment failure [11].

An acute increase of TV following 131I administration is a the-
oretical complication, caused by the inflammatory response to 131I. 
In one study the increase was minimal (approximately 4% after 1 
week) [51] and no instances of acute respiratory decompensation 

are reported in the literature. Prophylactic administration of gluco-
corticoids may be considered in cases of patients with large goitres 
and/ or very small cross- sectional tracheal areas [3] . The most 
common late effect of 131I therapy is the development of hypothy-
roidism with a prevalence of 20% to 60% after 5 to 8  years [52]. 
Younger patients with small goitres and with circulating ATPO anti-
bodies are more likely to become hypothyroid [3].

On the other hand, autoimmune hyperthyroidism (i.e. Graves’ 
disease) can be triggered by 131I therapy. This complication usually 
appears 1 to 3 months after therapy, and is characterized by the de-
velopment of hyperthyroidism with increased RAIU and elevated 
titres of TSH receptor antibodies (TRAb). It is likely to be caused 
by the exposure to the immune system to thyroidal antigens fol-
lowing follicular cell destruction. One study showed that there is 
an estimated 1.1% risk of developing postradioiodine Graves’ dis-
ease in patients undergoing radioiodine therapy for autonomous 
thyroid disease, and this rate increases approximately 10- fold 
when TPO antibody levels are elevated before radioiodine therapy. 
Approximately 1– 2% of patients may also develop increase titres of 
TRAb, without hyperthyroidism [53].

The risk of cancer development after the administration of 131I 
should be taken in account. There are no systematic data evaluating 
the effects of radioiodine treatment for MNG on the development 
of secondary malignancies; all of the available data are derived 
from patients with either thyroid cancer or hyperthyroidism. In 
the Cooperative Thyrotoxicosis Therapy Follow- Up Study, almost 
36 000 hyperthyroid patients treated with 131I and other therapeutic 
alternatives were followed for an average of 8.2 years. There was no 
evidence of increased risk of total mortality due to cancer or leu-
kaemia in patients treated with 131I. While there was an elevated 
risk of thyroid cancer mortality in patients with TMNG, the excess 
number of deaths was small, and may represent an association of 
thyroid cancer with MNG, rather than a causal relationship, since 
no excess thyroid cancer mortality was seen in patients with Graves’ 
disease [54]. Absolute contraindications to 131I therapy are preg-
nancy, lactation, coexisting thyroid cancer on FNAB, the inability 
to comply with radiation safety requirements, and the desire to be-
come pregnant within 4– 6 months.

Due to the usually low and heterogeneous RAIU seen in MNG, 
many strategies to enhance uptake have been evaluated, such as the 
use of recombinant human TSH [55] or after the use of methimazole 
to elevate endogenous TSH [56].

Radioiodine and Recombinant Human TSH 
(RHTSH)

Recombinant human TSH (rhTSH) significantly increases RAIU, 
TSH, T3, and T4 in patients with MNG [55]. There are important 
interindividual variations regarding the RAIU increase after rhTSH 
administration as reported in a study, in which the administration 
of 0.9 mg rhTSH increased the 24- h thyroid RAIU from 23.0% at 
baseline to 41.0% [57]. Recombinant human TSH induces thyroid 
swelling in healthy individuals, in a dose- dependent manner (0.1, 
0.3, and 0.9 mg of rhTSH). Fast et al. suggest that these adverse ef-
fects are probably without clinical significance following doses of 
rhTSH that are equal to or lower than 0.1 mg [58].
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Recombinant human TSH is routinely used for diagnostic and 
therapeutic purposes in patients with differentiated thyroid cancer 
(DTC). After thyroidectomy, patients with DTC considered with 
intermediary and high risk by the ATA guidelines [12] receive rou-
tinely adjunct 131I for thyroid remnant ablation, and it has been 
demonstrated that the two existing regimens (rhTSH stimulation 
vs. thyroid hormone withdrawal) are equally effective for TSH 
stimulation and thyroid remnant ablation [59].

The administration of a single low dose of rhTSH in patients with 
MNG significantly enhances and homogenizes thyroid radioiodine 
uptake [3, 60] (Figure 3.5.2.2).

There is a large interindividual variation in the RAIU increase 
after the administration of rhTSH. Usually the lower the basal RAIU, 
the higher the post- rhTSH RAIU [60]. This indicates that individual 
factors, most of which are yet unidentified, are involved. Much of 
the variation is explained by differences in the baseline thyroid 
RAIU, since the effect is highly negatively correlated with this vari-
able [3] . Baseline serum TSH may be a confounding factor, since the 
increase in RAIU correlates negatively with serum TSH [4]. Since 
patients with MNG frequently present low serum TSH, radioiodine 
is only taken up by some ‘hot’ areas encircled by suppressed thyroid 
tissue that is inactive on scintigraphy. After RAIU stimulation with 
rhTSH, these inactive thyroid areas concentrate and amplify the ef-
fect of 131I in the gland, with further thyroid reduction. During the 
last two decades, different rhTSH doses have been utilized: 0.2 mg 
or more in some studies while 0.1 mg or less in others. Few safety 
concerns have been observed with the latter doses [61].

In a multicentric randomized controlled study, modified release 
rhTSH (MRrhTSH) was used to treat patients with MNG [62, 63]. 
MRrhTSH is an analogue of rhTSH that has the same potency to in-
crease thyroid RAIU, and that determines a lower peak plasma TSH 
concentration. Potentially, MRrhTSH could reduce the side effects 
of rhTSH due to its altered pharmacokinetics, with a slightly delayed 
serum TSH peak after injection, compared to aqueous rhTSH. In this 
study, the objective was to compare the efficacy and safety of 0.01 
and 0.03 mg MRrhTSH as an adjuvant to 131I therapy, vs. 131I alone. 
TV decreased significantly in all groups after six months:  by 23% 
in patients prestimulated with either placebo or 0.01 mg MRrhTSH, 
and by 33% in patients prestimulated with 0.03  mg. The smallest 
cross- sectional area of the trachea increased more in the latter 
group, without significant difference from the two other groups. The 
long- term (36 months) results of the same trial demonstrated that 

patients who received 0.03  mg of MRrhTSH with baseline RAIU 
<20% achieved a greater reduction in goitre size [63].

Side Effects of rhTSH Use in MNG

Some side effects with the use of rhTSH in MNG can occur [4, 64]. 
Nielsen et al. demonstrated that patients with MNG can report a 
sensation of thyroid swelling after administration of 0.3 mg rhTSH, 
but no acute compressive effects have been observed [65]. In this 
study, patients with a rather small MNG (median volume of 40.0 ml) 
presented a 24% transient goitre enlargement. Patients with TMNG 
presented higher increases in thyroid hormone levels after 0.1 mg 
rhTSH plus 131I, with more side effects [66]. In these cases, safety 
measures such as the use of β- blockers should be considered.

Currently, the rhTSH adjunct therapy is not indicated for patients 
with TMNG [4, 11]. Glucocorticoid therapy rarely is necessary in 
patients receiving 131I for the treatment of MNG [1] . On the other 
hand, prophylactic glucocorticoid therapy should be considered 
in patients with critical tracheal narrowing, to prevent thyroid 
swelling and further respiratory compromise [11]. Painful tran-
sient thyroiditis may occur within the first month after treatment, 
and the development of Graves’ disease (with high levels of TSH 
receptor antibodies) is reported in euthyroid MNG patients with 
pre- existing TPOAb [67].

The occurrence of hypothyroidism after the use of 131I with or 
without rhTSH preparation should not be viewed as a complication, 
rather more as a normal consequence of TV reduction and con-
sequent thyroid hypofunction. The occurrence of hypothyroidism 
after the use of 131I for MNG usually indicates that goitre shrinkage 
is occurring. The development of hypothyroidism is common, and 
depends on the size of the treated goitre, and on the administered 
rhTSH dose and 131I activity [3,  4]. The optimal rhTSH dose for 
enhancing 131I therapy in MNG with non- significant side effects is 
most likely in the range of 0.05– 0.1 mg [4] .

A recent meta- analysis demonstrated that the administration of 
rhTSH before radioiodine therapy resulted in a greater reduction in 
TV than radioiodine therapy alone, and in an increased incidence 
of hypothyroidism in patients receiving high- dose rhTSH. The au-
thors concluded that low- dose rhTSH before radioiodine therapy 
was more efficacious than radioiodine therapy alone, when used for 
treating non- toxic benign thyroid nodules [68].

(a) (b)

Figure 3.5.2.2 Scintigraphy before (a) and 24hs after the administration of a single dose of 0.1 mg rhTSH (b). Besides making the uptake of 131Imore 
homogeneous, rhTSH increased the 24- hour uptake from 4.3% to 39%.
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Use of Methimazole to Enhance RAiU

Recent studies suggest that TSH elevation after the use of 
methimazole in patients with MNG leads to a rise in the RAIU and 
an excellent result in goitre volume reduction after 131I activities [56, 
69– 71]. Albino et al. treated nine female patients with MNG with 
methimazole for 2.8 +/ –  0.8 months (10– 20 mg, with monthly ad-
justed doses based on thyroid hormone levels), leading to increases 
in mean serum TSH to 11.7 +/ –  5.4 mU/ L, and to increases in mean 
24- h RAIU, from median values of 21.3– 78.3%. After 1  year of a 
fixed activity of 1.11 GBq (30 mCi) of 131I, median TV decreased 
from 97  ml to 56  ml (mean reduction of 46.2%). Eight patients 
(89%) had initially subclinical hyperthyroidism, which was re-
versed in all patients after one year. Five patients (56%) developed 
overt hypothyroidism, and no clinical adverse events were observed 
[56]. Kyrilli evaluated 22 patients with MNG, with subclinical 
hyperthyroidism and RAIU <50%. Patients were randomized to re-
ceive either a low iodine diet (LID) or methimazole (MTZ, 30 mg/ 
day) [70]. Thiamazole treatment prior to 131I therapy resulted in an 
average twofold increase in thyroid RAIU and enhanced the effi-
ciency of radioiodine therapy assessed at 12 months.

It is important to mention that the adjunct therapy of MNG 
with rhTSH and 131I is not approved by the US Food and Drug 
Administration (FDA) or European Medicines Agency (EMA). 
Moreover, the cost- effectiveness of the combined rhTSH therapy 
has not been demonstrated [4] .
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introduction

The main concern of patients and physicians alike, when dealing 
with the solitary thyroid nodule, is to diagnose the few cancers (ap-
proximately 5%) as rapidly and cost- effectively as possible and to 
reduce superfluous thyroid surgery. This chapter focuses on the 
palpably discrete swelling within an otherwise normal gland in 
the clinically and biochemically euthyroid patient [1, 2]. The toxic 
nodule is dealt with in Chapter 3.3.11, and thyroid malignancy in 
Chapters 3.5.4– 3.5.7.

occurrence

The estimated life- time risk of developing a thyroid nodule is be-
tween 5% and 10% [1, 2], but factors such as sex (four times more 
common in women), age (frequency increases with age), regional 
iodine intake (more prevalent in iodine- deficient areas), and 
whether the diagnosis is made clinically (palpation), by ultrason-
ography (US), or at autopsy (5– 10 times more prevalent using the 
last two) are of importance when estimating prevalence [1, 2]. The 
incidence of clinical disease has been estimated at 0.1% by palpa-
tion [1, 2].

Natural History

Very little is known regarding the natural history of thyroid nodules, 
since data are highly selected and generally concern patients with 
small nodules without suspicion of malignancy and not causing 
pressure symptoms or cosmetic complaints. With these restrictions, 
most nodules appear not to change appreciably over time. The 
nodules that increase in size are predominantly solid and carry a 
higher risk of harbouring thyroid carcinoma than those predomin-
antly cystic, being more prone to decrease in size or even disappear.

In most patients, US will identify nodules not evident clinically 
and, given time, most of these patients will be classified as having 
multinodular goitre. Therefore, the risk of thyroid malignancy, at 
the patient level, is independent of whether the nodule is solitary or 
appears in a multinodular gland [1, 3]. Furthermore, non- palpable 
nodules have the same risk of malignancy as do US confirmed palp-
able nodules of the same size [4] .

Diagnosis

clinical Examination

History and physical examination are important and patients 
with a risk of thyroid carcinoma can be identified (Box 3.5.3.1). 
A  positive family history of benign goitre suggests a benign dis-
order, whereas multiple endocrine neoplasia, medullary thyroid 
carcinoma, or even papillary or follicular thyroid carcinoma in 
the family should raise suspicion. Nodules occurring in the young 
or in the old are especially likely to be cancerous, the risk being 
higher in men than in women. Head or neck irradiation in child-
hood leads to clinically evident thyroid abnormality in 10– 40% of 
patients 5– 40 years later. Rapid tumour growth (weeks to months) 
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and symptoms of local invasion, such as pain, dysphagia, hoarse-
ness, or dyspnoea, suggests a carcinoma, but only a minority of 
patients have these symptoms.

The physical examination is important in the work- up and certain 
signs and symptoms are highly suspicious of thyroid malignancy (Box 
3.5.3.1), but inter-  and intraobserver variation is alarmingly high [5]  
and the specificity and sensitivity of the diagnosis of a solitary thyroid 
nodule is low. Thus, nodules of 10 mm or more can usually be pal-
pated depending on their localization in the neck. However, one- half 
of the nodules found by US examination escape clinical detection, 
one- third of which are more than 20 mm in diameter. A hard nodule 
is not necessarily a carcinoma (chronic thyroiditis), whereas a soft 
nodule may well be a cystic papillary cancer. In view of this, current 
guidelines rely on a US- based risk stratification and fine- needle aspir-
ation biopsy (FNA) rather than a physical examination [6, 7].

Laboratory investigation

The only relevant biochemical test that is routinely needed is serum 
thyroid- stimulating hormone (TSH) measured with a sensitive 
assay. Subnormal serum TSH values should lead to determination 
of free thyroxine (T4) and free triiodothyronine (T3). In the pres-
ence of normal thyroid hormone levels, a suppressed serum TSH 
on repeat examination should lead to treatment, especially in older 
patients (Chapter 3.3.4) [8] . Scintigraphy is recommended and will 
most likely demonstrate a hot or a toxic nodule (Chapters 3.1.6 and 
3.3.11) in such patients, most of whom are euthyroid, including 
those with thyroid malignancy. It seems that the risk of malig-
nancy in a thyroid nodule increases with serum TSH concentra-
tion, within the normal range, at presentation, and thus serves 
as an additional and independent predictor of malignancy [9]. 
Hypothyroidism indicates that the patient may have Hashimoto’s 
thyroiditis. Thyroglobulin in serum is positively correlated with 
thyroid size but has no place in the routine investigation or in the 
follow- up of benign nodules. Calcitonin is the only clinically rele-
vant biochemical marker of medullary thyroid carcinoma. Routine 
determination has been suggested by European guidelines [10, 11]. 
It allows the detection of unsuspected medullary thyroid carcinoma 
with a frequency of 1 in 200– 300 thyroid nodules, with better sen-
sitivity than FNA (11). However, there remains unresolved issues 
of sensitivity, specificity, assay performance, and cost- effectiveness 
[10]. Thyroid autoantibodies against thyroid peroxidase cannot 

differentiate between malignant and benign disease. In our opinion, 
they should be determined routinely in the work- up to identify pa-
tients with possible Hashimoto’s thyroiditis. These antibodies are 
also markers of an increased risk of developing hypo-  or hyperthy-
roidism (Graves’ disease) spontaneously or secondary to surgery or 
radioiodine treatment [12]. TSH- receptor antibodies are rarely pre-
sent and should not be determined routinely.

Diagnostic imaging

No method of imaging can differentiate benign from malignant 
nodules accurately. However, 88% of European thyroidologists use 
either scintigraphy (66%), ultrasonography (80%), or both (58%) in 
the evaluation of patients with a clinically solitary thyroid nodule, 
illustrating that the diagnosis is not always straightforward and that 
they believe diagnostic imaging gives valuable information (see also 
Chapters 3.1.6 and 3.1.6.1) [13].

There is no consensus on the use of scintigraphy in the euthyroid 
patient. Since most have a cold nodule— increasing the risk of thy-
roid malignancy at least 10- fold— many investigators, mainly in the 
United States, advocate using FNA as the first step [1, 2]. Imaging, 
if performed, can be with 123 I, 131 I, or 99mTc pertechnetate, the 
latter being preferred (86%) among European thyroidologists [13], 
although iodine isotopes should be used if the aim is also to re-
duce the risk of overlooking malignancy. A  clinically dominant 
nodule that is cold on scintigraphy, should be treated as a solitary 
cold nodule, the risk of malignancy being the same [1, 3], and FNA 
should be performed. In case of suppressed serum TSH or overt 
hyperthyroidism, the risk of malignancy is thought to be much 
lower as is the need for FNA.

US, often used in Europe (80%) and less so in the United States, 
allows determination of total thyroid volume, individual nodule 
evaluation for size, echogenicity, internal content, margin, shape, 
calcifications, nodule vascularity, elasticity, and regional lymph 
nodes [7, 13]. Elastography, however, should not replace grey- scale 
US- investigation, but it may be used as a complementary tool for 
assessing nodules for FNA, especially due to its high NPV.

Classification of thyroid nodules according to a thyroid imaging 
reporting and data system (TIRADS) is based on the fact that cer-
tain US- features of thyroid nodules are consistently predictive of 
malignancy and are used as criteria for FNA (see Chapter 3.1.7) [7] . 
About 50% of the nodules can be classified as benign by US criteria 
with a risk of false negatives of only 3%. US aids in performing ac-
curate biopsies and is of great help in therapeutic procedures such 
as cyst punctures, percutaneous ethanol injection and thermal 
(laser, radiofrequency, microwaves and high- frequency US) therapy 
of solid as well as cystic nodules [1, 14, 15]. For the objective de-
termination of thyroid or nodule size, whether initially or during 
follow- up, it is the technique of choice.

Focal 18FDG- PET uptake within a US confirmed thyroid nodule 
conveys an increased risk of thyroid cancer, and FNA is recom-
mended for those nodules [16]. CT and MRI are generally of little 
value except in the evaluation of the intrathoracic goitre or in the 
evaluation and follow- up of malignant thyroid disease.

Ultrasonography and Fine- Needle Aspiration Biopsy

FNA provides the most direct and specific information about a 
thyroid nodule, and it is used by the majority of clinicians on an 
outpatient basis [13, 17]. As the cornerstone in the evaluation it is 

Box 3.5.3.1 Clinical factors increasing the likelihood of thyroid 
malignancy in a euthyroid patient with a solitary nodule

 • Family history of thyroid malignancy
 • Age less than 20 or more than 60 years
 • Male sex
 • History of head and neck irradiation in infancy, childhood, or 

adolescence
 • Large nodule (greater than 4 cm in diameter) and partially cystic
 • Rapid nodule growth
 • Pain
 • Firm or hard nodule
 • Fixation to adjacent structures
 • Compression symptoms: dysphagia, dyspnoea, vocal cord paralysis
 • Regional lymphadenopathy
 • Growth during L- thyroxine therapy
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virtually without complications, inexpensive, and easy to learn to 
perform (see Figure 3.5.3.1).

Current guidelines for thyroid nodule FNA are recommended 
for the intermediate and high- risk nodules and is based on the 
structured and standardized US reporting system (TIRADS) (see 
Chapter 3.1.7, Box 3.1.7.4) [7] . Pure cysts and entirely spongiform 
nodules (TIRADS 2) should be considered as benign and therefore 
FNA is not indicated (unless for therapeutic purposes or in case of 
compressive symptoms). Oval- shaped, isoechoic, or hyperechoic 
nodules with smooth margins and no high- risk features (TIRADS 
3) should be considered at low risk of malignancy (estimated risk of 
malignancy: 2– 4%) and FNA should usually be performed only for 
nodules larger than 20 mm. Oval- shaped, mildly hypoechoic nodules 
with smooth margins and no high- risk features (TIRADS 4) should 
be considered at intermediate risk of malignancy (estimated risk of 
malignancy: 6– 17%). FNA should usually be performed for nodules 
larger than 15  mm. Nodules having at least one suspicious US 

feature (i.e. a non- oval shape, irregular margins, microcalcifications, 
or marked hypoechogenicity) should be considered at high risk of 
malignancy, increasing with the number of suspicious features, and 
FNA should be performed for nodules larger than 10 mm. In this 
group (TIRADS 5) the risk of malignancy is significantly higher: 26– 
87%. However, in case of subcentimetric nodules with high- risk US 
features, FNA or at least active surveillance is recommended [7].

Diagnostically useful FNA specimens are obtained in about 80% 
of cases. The number of insufficient samples depends on operator 
experience, number of aspirations, the character of the nodule 
(cystic/ solid), the experience of the cytopathologist, and especially 
the criteria used for adequacy of a sample. The number of sufficient 
samples increases if FNA is guided by US. Rebiopsy will typically 
halve the number of insufficient biopsies. Large- core needle biopsies 
can be considered when cytopathology expertise is not available. Its 
limitations include the need for local anaesthesia, local discomfort, 
and decreasing patient acceptance of repeat biopsies [18].

(a)

(b)

Figure 3.5.3.1 (a) Ultrasound- guided fine- needle aspiration biopsy of a thyroid nodule. The needle is inserted into the nodule. Some use a free- 
hand technique; others use needle- steering devices. (b) Longitudinal ultrasound scan of the neck showing the needle tract and needle tip (arrow) 
inside a solid hypoechoic thyroid nodule.
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Fine- Needle Aspiration cytology

There are several cytology classification systems. Here we focus 
on the Bethesda classification, which is based on five cytological 
diagnostic categories with a subdivision of the indeterminate cat-
egory into atypia of undetermined significance/ follicular lesion 
of undetermined significance (AUS/ FLUS) and follicular neo-
plasm/ suspicious for a follicular neoplasm (FN/ sSFN) (see Table 
3.5.3.1) [19].

While non- diagnostic and benign cytologies are characterized 
by a low estimated risk of malignancy (1– 4% and 0– 3%, respect-
ively), the risk for the indeterminate group is considerably higher 
(5– 15% and 15– 30%, respectively) and as expected very high in 
the suspicious and malignant group (60– 75% and 97– 99%, re-
spectively) [6] . In unselected patients undergoing FNA, cyto-
logically benign results are expected in 39– 74% of the nodules 
and 2– 16% are cytologically malignant [20]. AUS/ FLUS and FN/ 
SFN results were observed in 1– 27% and 1– 25%, respectively, 
and cytologically non- diagnostic in 2– 24% of FNAs [20]. An in-
trinsic limitation of thyroid FNA cytology will inevitably result in 
a number of indeterminate results. Vascular or capsular invasion, 
which are the criteria distinguishing follicular adenomas or ad-
enomatous nodules from follicular carcinomas (FTCs) and fol-
licular variant papillary thyroid carcinomas (fvPTC), cannot be 
detected in cytology samples. Thus, a high proportion of patients 
with FNAs classified as indeterminate will undergo diagnostic, 
potentially unnecessary, thyroid surgery with possible compli-
cations with the ultimate histology revealing only a 20% malig-
nancy rate [6,  11]. Repeat FNA for AUS/ FLUS FNA results are 
thus recommended to increase the chance for a definitive cyto-
logical diagnosis.

Accumulating evidence suggests that the limitation of AUS/ 
FLUS and FN/ SFN cytology can be compensated for by add- on 
molecular diagnostic approaches [21– 23]. The different mo-
lecular diagnostic methodologies can be broadly classified into 
two categories:  ‘rule out’ malignancy or ‘rule in’ malignancy ap-
proaches (see Chapter  3.5.1). While the former aims to reduce 
the overtreatment of benign nodules, the latter aims to optimize 
surgical planning (primary total thyroidectomy vs. a two- staged 
approach with ‘diagnostic’ lobectomy and subsequent completion 
surgery).

Approach to the Patient with a Single 
Thyroid Nodule

 • With the discovery of a thyroid nodule, a complete history and 
physical examination focusing on the thyroid gland and adjacent 
cervical lymph nodes should be performed.

 • Serum TSH. If the serum TSH is subnormal, a thyroid scintig-
raphy should be obtained to confirm tracer uptake in the nodule. 
Functioning nodules rarely harbour malignancy.

 • Diagnostic US should be performed unless the serum TSH is sup-
pressed and standardized reporting should include:
 ■ Thyroid volume
 ■ Echogenicity and vascularity of the gland
 ■ Nodules (above 5 mm unless highly suspect)
 ■ Location (side, superior, medial, inferior)
 ■ Size (three diameters +/ –  volume)
 ■ Shape, margins, echogenicity, composition
 ■ TIRADS score
 ■ Change of size in case of follow- up US
 ■ Retrosternal extension and tracheal deviation
 ■ Study of lymph nodes (levels II, III, IV, V, VI)
 ■ FNA guided by US is recommended for TIRADS 3– 5 (de-

pendent on nodule size)
 ■ Most impalpable thyroid nodules (incidentalomas) require ob-

servation alone, but US- guided FNA is recommended based on 
TIRADS score [24]

If the nodule is benign on cytology, further immediate diagnostic 
studies or treatment are not required. Furthermore, an initially be-
nign FNA confers negligible mortality risk during long- term follow- 
up despite a low but real risk of false negatives [1– 2%] in this cytology 
category. Nodule growth cannot accurately discriminate benign from 
malignant lesions but cytologically benign nodules in TIRADS 3– 5 
should be considered for repeat US after 12– 24 months [6] . Based 
on evidence, it is still unclear if patients with thyroid nodules larger 
than 4 cm and benign cytology carry a higher risk of malignancy and 
should be managed differently than those with smaller nodules.

Cytology diagnostic for a primary thyroid malignancy or sus-
picious for malignancy will almost always lead to thyroid surgery. 
However, an active surveillance management approach can be con-
sidered as an alternative to immediate surgery in

 × Patients with very low risk tumours (e.g. papillary micro-
carcinomas without clinically evident metastases or local inva-
sion and no evidence of aggressive disease)

 × Patients at high surgical risk because of comorbidity
 × Patients with an expected short remaining lifespan

Treatment

Most nodules are asymptomatic and benign and are usually man-
aged by observation only and follow- up. However, some nodules do 
grow, cause symptoms, and require treatment, but still the optimal 
therapy for patients with thyroid nodules varies with the lesion and 
whether it is functioning (see Table 3.5.3.2).

Table 3.5.3.1 The Bethesda system for reporting thyroid cytology 
and corresponding risk of malignancy

Diagnostic category Estimated risk of
malignancy
% (range)

Actual risk of malignancy in 
nodules surgically excised
% median (range)

Non- diagnostic or 
unsatisfactory
Benign
Undetermined

AUS/ FLUS
FN/ SFN

Suspicious for 
malignancy
Malignant

1– 4

0– 3

5– 15
15– 30
60– 75

97– 99

20 (9– 32)

2.5 (1– 10)
14 (6– 48)

25 (14– 34)
70 (53– 97)

99 (94– 100)

AUS/ FLUS, atypia of undetermined significance/ follicular lesion of undetermined 
significance; FN/ SFN, follicular neoplasm/ suspicious for a follicular neoplasm.
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Surgery

Surgical therapy has so far constituted the mainstay of therapy. 
The main indications for surgery are malignant or suspicious cyto-
logical features and symptoms due to the nodule itself. Certain 
clinical features raising the suspicion of thyroid malignancy (Box 
3.5.3.1) lowers the threshold for suggesting surgery despite a be-
nign cytology as recommended by most European thyroidologists 
[13]. The frequency of complications due to surgery decreases 
with increasing experience and specialized training. Results from 
a Danish national thyroid surgery database (6859 patients treated 
with thyroid surgery) indicate very low complication rates. Thus, re-
current laryngeal nerve injury is seen in 2%, risk factors being ma-
lignant histology, neck dissection and extent of the procedure, and 
favouring the use of intraoperative nerve monitoring [26]. Similarly, 
the risk of hypocalcaemia, wound haematomas and infections are 
less than 2– 3% [26]. Patients with benign cytology, in whom clinical 
suspicion results in referral for surgery, may generally be managed 
with lobectomy (hemithyroidectomy). L- thyroxine postoperatively 
to prevent regenerative hyperplasia is not recommended routinely 
in the euthyroid patient [1, 27].

Thyroid Hormone Suppressive Therapy

TSH suppression is intended to shrink or slow the growth of thy-
roid nodules, and also to prevent the occurrence of new nodules. 
However, most evidence suggests that changes in nodule size are 
similar in TSH suppressed and control groups, and treatment seems 
at best beneficial in a subgroup of patients with smaller solid nodules 
[12]. Twenty per cent (20%) or less of solitary nodules will regress 
as a result of L- thyroxine treatment, and regrowth is seen after ces-
sation of therapy [12]. Long- term results confirm that the nodule- 
reducing effect of L- thyroxine is insignificant [28]. TSH suppression 
may, however, have adverse effects. Because suppressive treatment 
(by definition) produces subclinical hyperthyroidism, treated pa-
tients are at increased risk of, e.g. atrial fibrillation, other cardiac 
abnormalities, reduced bone density, and also excess mortality [8] . 
These side effects, combined with the questionable efficacy, have 

led to recommendations that vary depending upon the age, sex, 
and menopausal status of the patient. TSH suppressive thyroxine 
therapy is least tempting in elderly patients and in postmenopausal 
women. It should be reserved for small nodules— where treatment 
is least necessary— in younger patients living in borderline iodine- 
deficient areas. Based on management guidelines, routine suppres-
sion therapy of benign thyroid nodules has been discarded [6, 11].

Percutaneous Tissue Ablation with Ethanol

Ethanol (70– 100%) can cause permanent tissue ablation due to co-
agulative necrosis and local small vessel thrombosis. It has proved 
useful in the treatment of autonomously functioning thyroid 
nodules, cystic thyroid nodules, and solid cold thyroid nodules 
[12]. Using multiple ethanol injections, complete cure (normaliza-
tion of scintigraphy and serum TSH) can be achieved in two- thirds 
of patients with toxic nodules and three out of four patients with 
pretoxic nodules. A single ethanol instillation in recurrent thyroid 
cysts leads to remission in 80% of patients [29].

Limitations are the need to repeat ethanol injections to achieve 
complete cure in toxic and pretoxic nodules and to prevent renewed 
growth in solid cold nodules. Furthermore, the procedure is often 
painful despite local anaesthesia. Therefore, this procedure is only 
indicated in benign recurrent cystic nodules [30].

Percutaneous Thermal Procedures

Following an approximately 10- minute session of US- guided laser 
thermal ablation, a 50% reduction (very similar to that of ethanol 
injection) in nodule volume can be achieved [31]. This effect seems 
independent of whether the nodule is hot or cold. One or two add-
itional sessions augment this effect by up to 30% [31]. The main 
indications for laser ablation are partly cystic nodules resulting in a 
successful outcome in 70% of patients [15]. Side effects are mainly 
related to various degrees of local and irradiating pain, which is 
much milder than with ethanol injection.

Radiofrequency ablation (RFA) is another technique that in-
duces thermal injury to thyroid nodules through the deposition of 

Table 3.5.3.2 Treatment of the single thyroid nodule: comparison of various methods of treatment

Treatment type Advantages Disadvantages

Surgery Nodule ablation, complete relief of 
symptoms, definite histological diagnosis

Inpatient, high cost, risks associated with surgery, vocal cord paralysis (approximately 3% of 
patients), hypoparathyroidism (<1%), hypothyroidism (1– 10% in case of lobectomy) [25]

L- thyroxine Outpatient, low cost, may slow nodule 
growth, may prevent new nodule formation

Low efficacy, need for lifelong treatment, regrowth after cessation of treatment, cardiac 
tachyarrhythmias, reduced bone density, not feasible when thyrotropin level is suppressed

Radioiodinea Outpatient, low cost, high success rate 
(normalization of s- TSH in >95% and nodule 
reduced by 40% within 1 year)

Hypothyroidism (10% in 5 years), risk of radiation thyroiditis and thyrotoxicosis, only 
gradual reduction of the nodule, use of contraceptives in fertile women

Ethanol injection Outpatient, relatively low cost, no 
hypothyroidism, nodule reduced by >40% 
within 6 months, recurrence rate reduced 
>80% in cystic nodules

Limited experience with treatment, decreasing efficacy with increasing nodule size, operator 
dependency, painful (reducing compliance), risk of thyrotoxicosis and vocal cord paralysis 
(1– 2%), seepage of ethanolb, cytological/ histological interpretation impeded in treated 
nodules, repeat injections often needed. Abandoned by most in solid thyroid nodules

 Thermal ablationc Outpatient, relatively low cost, no 
hypothyroidism, nodule reduced by >40% 
in 6 months

Limited availability and experience with treatment, operator dependency, cytological/ 
histological interpretation impeded in treated nodules, risk of vocal cord paralysis (1%) 
following radiofrequency ablation

a Treatment of the autonomous thyroid nodule.
b Side effects due to ethanol escaping outside the nodule or drainage of ethanol are rare (<1%) and comprise nerve damage, perinodular/ periglandular fibrosis jeopardizing 
subsequent surgery, thrombosis of the jugular vein, and neck haematomas.
c Thermal techniques are still experimental and have only been introduced in a limited number of centres. The advantages are similar to those of ethanol injection, but side effects 
are fewer due to the higher degree of control which limits the risk of extranodular damage.
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electromagnetic energy. Clinical outcome is similar to that obtained 
by laser ablation, but at a higher cost. Overall complication rate is 
3%, with pain being the most common complaint. The major risks 
include injury to the laryngeal and vagus nerves, although this is 
rare (1%) [32].

The US- guided thermal procedures also include microwave and 
high- frequency US therapy with which experience is limited. The 
techniques are only available in a limited number of centres. And 
remain experimental to most patients [30].

Radioactive iodine (Hot Nodule)

In the clinically euthyroid patient, autonomous thyroid nodules 
may present as a hot lesion on scintigraphy with varying de-
grees of extranodular suppression. Most of these patients have 
suppressed serum TSH (see also Chapters  3.3.4 and 3.3.11). 
Treatment may be dictated either by the nodule size, causing 
compression of the adjacent structures, or cosmetic disturbances. 
Additionally, treatment is given to prevent thyrotoxicosis (annual 
risk about 5%), particularly in older people and those with heart 
disease [12, 33]. A cure rate (normalization of scintigraphy and 
serum TSH) of 75% and volume reduction of 40% following a 
single dose of radioiodine can be anticipated [12, 33]. Side effects 
are few and consist of hypothyroidism in about 10% after 5 years 
and seem unrelated to any type of dose planning [33]. Treatment 
must be individualized based on patient preference and risk fac-
tors for adverse effects. Table 3.5.3.2 summarizes the advantages 
and drawbacks of the treatment options.

The Future

While FNA cytology is currently the most sensitive and specific 
tool to select thyroid nodules for surgery, after prioritization by 
assessment of standardized US malignancy criteria, it is charac-
terized by inherent limitations resulting in many ‘indeterminate’ 
cytologies. The recent application of molecular analyses has pro-
vided a novel opportunity to better ‘rule in’ or ‘rule out’ malignancy 
[22]. Commercially available gene expression classifiers to exclude 
malignancy as well as gene panels (detection of cancer- specific mu-
tations) to detect malignancy are currently introduced in the daily 
clinic in the United States but in general the use is limited due to the 
high cost and limited validation [6, 11].
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introduction

Thyroid cancer (TC), mainly papillary TC (PTC), demonstrates 
one of the most rapid increases among all malignant neoplasms. 
Although the widespread use of diagnostic tools (ultrasound, fine 
needle aspiration biopsy) is considered as a main reason of the 
growing TC incidence, the role of environmental factors is also 
emphasized as suggested by the altered relative prevalence of TC- 
associated genetic lesions, such as BRAF and RAS point mutations 
and RET/ PTC rearrangements observed during recent years [1, 2].

Numerous studies resulted in a remarkably better understanding 
of the biology and molecular pathogenesis of TC. Among the most 
documented factors predisposing to TC are radiation exposure, 
iodine diet content, or pre- existing thyroid disease. A potential role 
of hormones, chemicals, lifestyle, and obesity has also been envis-
aged [3] . The molecular analyses of TCs, in turn, showed a number 
of genetic alterations, concerning mainly oncogenes, tumour sup-
pressor genes, epigenetic changes, or alterations in miRNA expres-
sion, which altogether are responsible for altered cellular pathways, 
loss of cell- cycle control, and immortalization of cancer cells. 
Although many of these alterations are common in different TC 
types, advanced genome and transcriptome studies revealed het-
erogeneous nature of these tumours. This chapter summarizes the 
current concepts regarding the role of the environment and other 
factors in TC development as well as its molecular pathogenesis 
(Figure 3.5.4.1).

Differentiated TC (DTC), arising from follicular cells, is the most 
common. DTC includes PTC, follicular (FTC), and Hürthle cell 
(HCC) carcinoma. PTC is characterized by typical nuclear features, 
including enlargement, elongation, overlapping, and clearing, the 
presence of pseudoinclusions and nuclear grooves with rather rare 
mitotic figures [4] . Numerous PTC variants have been recognized.

FTC is the second most common DTC type. Its diagnosis requires 
the presence of capsular and/ or vascular invasion and the lack of 
PTC features. However, in some cases, unequivocal differentiation 
between FTC and benign follicular adenomas (FTA) is not possible 
even at histopathological evaluation.

Significant changes in the classification of thyroid tumours have 
been proposed in a new 2017 WHO classification. A  new entity, 
named ‘non- invasive follicular thyroid neoplasm with papillary- like 
nuclear features’ (NIFTP), was separated from PTC [5, 6]. Another 
important change is the introduction of a group of borderline thy-
roid tumours placed between FTA and FTC or FV- PTC. This new 
entity includes follicular tumours and well- differentiated tumours 
of uncertain malignant potential (FT- UMP and WDT- UMP, re-
spectively), that display questionable capsular or vascular invasion, 
irrespective of the presence or absence of the nuclear features typ-
ical for PTC [7] .

Hürthle cell (oncocytic) carcinoma (HCC) is characterized by 
large cells with granular cytoplasm and large nuclei, often with 
prominent nucleoli [7] .

Poorly differentiated (PDTC) and anaplastic (ATC) thyroid 
carcinomas are rare and aggressive thyroid malignancies that, 
differently from DTC, are refractory to radioiodine. PDTC is be-
haviourally intermediate between differentiated (FTC and PTC) 
carcinomas and ATC [7] . Morphologically, PDTC may display 
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insular growth and usually exhibit severe nuclear atypia, mitotic 
features, necrosis, and vascular invasion, which in ATC are much 
more intense [7].

Factors Predisposing to Thyroid cancer

Radiation exposure of the thyroid gland is the most established 
PTC risk factor. The thyroid is particularly vulnerable to ionizing 
radiation, with the paediatric population being the most sensitive. 
Similar to many organs of the body, ionizing radiation may lead to 
thyroid DNA damage. Depending on the modality and severity of 
irradiation, it may cause cell death or, if less severe, it may result in 
specific genetic abnormalities. Accordingly, radiation exposure has 
been associated with increased formation of oncogenic rearrange-
ments in TC [8] .

Iodine intake demonstrates a well- known impact on the inci-
dence and prevalence of thyroid disease and TC. It is believed that 
iodine prophylaxis changed the epidemiology of DTC. However, 
there is still a lack of evidence- based data supporting this hypoth-
esis. Iodine deficiency is associated with an increased FTC risk, 
whereas PTC is more prevalent in regions with sufficient iodine 
supplementation. Also, the question about the potential role of 
iodine intake in the increased TC incidence and mechanisms 
linking the iodine intake and TC remains open. Chronic thyroid- 
stimulating hormone (TSH) stimulation and BRAF mutations are 
among considered pathways [2, 9].

Some studies demonstrated an increased TC risk in obese indi-
viduals [10, 11], probably related to insulin resistance [3] .

Information regarding food factors is as yet not conclusive. Some 
analyses demonstrated decreased TC risk in individuals on fruit, 
raw, or mixed vegetable diet. Conversely, cruciferous vegetables 
may increase TC risk [12]. The data concerning the impact of meat 
or dairy consumption are also inconclusive [12].

One of the highest TC incidences worldwide is noticed in volcanic 
regions. Active volcanoes produce numerous toxic compounds that 
might contaminate cultivated fields and affect the animal and food 
chain that could be involved in thyroid cancerogenesis [3] .

Xenobiotics— exogenous compounds and chemicals— may com-
petitively inhibit sodium/ iodide symporter, thyroid peroxidase, 
deiodinase, binding of thyroid hormones to transport proteins, or 
to thyroid hormone receptors or induce hepatic metabolism of thy-
roid hormones leading to decreased serum thyroxine concentration 
and increased TSH level. The question of whether xenobiotics pro-
mote or not TC has not been addressed yet [3] .

There is a little evidence of a potential association of herpes vir-
uses and DTC, and of a possible role of Epstein– Barr virus in thy-
roid tumorigenesis [3] .

Another important issue is the autoimmune Hashimoto’s thyroiditis 
(HT). Elevated TSH levels, stimulating follicular cells proliferation 
and promoting TC development, secretion of proinflammatory cyto-
kines, and oxidative stress are considered as plausible mechanisms 
linking TC risk and HT [9, 13]. Interestingly, while studies using fine- 
needle aspiration biopsy (FNAB) specimens did not demonstrate an 

Figure 3.5.4.1 The overview of main signaling pathways altered in thyroid carcinomas. The scheme demonstrates key signal transduction 
pathways and mechanisms, including major genetic alterations, involved in the regulation of gene expression, the progression of the cell cycle, 
proliferation, cell migration, and apoptosis that are disrupted in thyroid cancers. Black arrows indicate activation and truncated lines inactivation; 
light orange arrows = gene downregulation; dark orange arrows = gene upregulation; stars = genetic alterations listed on the left side of the scheme.
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increased PTC risk in HT, surgical series with histopathological as-
sessment found the coexistence of PTC and HT [9] . However, biased 
results should be considered.

As TC is more frequent in women, oestrogens are considered a 
possible risk factor. Oestrogens and cognate receptors are important 
factors influencing proliferation, migration, and invasion of TC 
cells in vitro [14,  15]. A  comparison between 40 TC women and 
40 age- matched controls showed that oestrogen metabolism was 
unbalanced in TC and suggested a possible role of oestrogen- DNA 
adducts in TC initiation [16]. A  significantly higher TC risk was 
observed in postmenopausal women with hysterectomy comparing 
to women without hysterectomy, regardless of the ovarian status. 
Interestingly, when a hysterectomy group was considered alone, 
hormone therapy was related to a lower TC risk [17]. According to 
the recently published review, there was a weak association between 
DTC risk and menstrual or menopausal factors, oral contraceptives, 
and hormone replacement therapy [18]. Regarding pregnancy, the 
question of a possible association between the parity and DTC risk 
remains unanswered. Some reports suggested a possible impact 
of pregnancy- related factors on DTC progression and short- term 
outcome in comparison with non- pregnant controls. On the other 
hand, there is probably no impact of pregnancy on DTC- related 
death or overall survival [18]. In conclusion, further studies are ne-
cessary to provide more direct evidence of the oestrogenic impact 
on thyroid tumorigenesis.

Medullary thyroid cancer (MTC) in up to 25% of cases is re-
lated to a genetic predisposition in the frame of MEN 2A and MEN 
2B syndromes caused by germline mutations of the RET gene. 
Non- medullary TC may also develop in some cases in the frame 
of complex genetic syndromes, including familial adenomatous 
polyposis, Cowden syndrome, or Carney’s complex. Recently, a 
familial DICER1 tumour syndrome caused by germline inacti-
vating DICER1 mutations has been defined. DICER1 is involved in 
microRNAs maturation by cleaving ribonucleic acid (RNA) pre-
cursors into siRNA and miRNA [19]. Unfortunately, besides these 
particular conditions, genetic heterogeneity makes it difficult to 
identify the TC cause in most individual families.

Molecular Pathogenesis of Tc

Two models of thyroid carcinogenesis have been proposed, the fetal 
and the multistep theory [20, 21]. The first one assumes that cancer 
cells are derived from remnants of the fetal thyroid cells: thyroblasts 
are PTC precursor cells, prothyrocytes are FTC precursor cells, 
whereas thyroid stem cells are ATC precursor cells [21]. While the 
multistep theory is based on genomic alterations, which are indis-
pensable in the carcinogenesis process. This theory hypothesizes 
that most TCs arise from a single abnormal cell and their progres-
sion is a consequence of the accumulation of further genetic alter-
ations. According to this theory, FTC and HCC arise from thyroid 
adenomas following specific molecular events, while PTCs originate 
from a thyrocyte carrying a particular mutation. PDTC and ATC, 
in turn, develop from PTC and FTC through their dedifferentiation 
[22– 24]. Each step of carcinogenesis in this theory is related to the 
acquisition of subsequent molecular events, which make altered 
cells more and more aggressive and enable them to escape from de-
fence mechanisms, senescence, and apoptosis. The multistep theory 

is well supported by experimental data; it is, however, important to 
highlight that not every adenoma will transform into TC, so these 
lesions should not be treated as unequivocally precancerous ones. 
In this frame, the previously mentioned NIFTP may be a precursor 
lesion of FV- PTC. On the other hand, there is no recognized pre-
cursor of CV- PTC, though microcarcinomas are regarded as pos-
sible precursors of full- blown CV- PTCs [5] .

The majority of genetic changes found in TC concern two types 
of alterations: gain- of- function mutations in proto- oncogenes, re-
sponsible for cell growth, proliferation, and survival stimulation 
and loss- of- function mutations in tumour suppressor genes that 
normally negatively regulate cellular growth, cell cycle, and promote 
DNA repair. Conversion of a proto- oncogene into an active onco-
gene may result from a point mutation leading to a constitutively 
acting protein product. This situation is observed in the case of 
RAS genes or the BRAF gene, which encode proteins of the MAPK 
pathway, a critical pathway in cell proliferation, differentiation, and 
survival. Alternatively, oncogene formation in TC can be mediated 
by translocations of DNA fragments within or between chromo-
somes, leading to structural gene rearrangements. These alterations 
lead to fusions of 5’ end of a normally expressed gene with 3’ end of 
a silent gene, usually having kinase activity, which results in consti-
tutive activation of the latter one. In PTC this mechanism leads, e.g. 
to the RET receptor tyrosine kinase gene (another MAPK pathway 
component) activation. The loss of tumour suppressor function, in 
turn, usually requires a ‘two- hit’ (‘Knudson’) mechanism that leads 
to impaired function of both alleles coding a particular protein (e.g., 
loss of genetic material from one chromosome with additional loss 
or mutation on the other one). There are exceptions from this ‘two- 
hit’ mechanism, the most characteristic being represented by the 
TP53 gene. Accordingly, specific mutations in the TP53 gene result 
in a mutated p53 protein that can prevent the function (dominant 
negative) of the normal protein encoded by the wild- type allele 
[25]. Oncogenes and tumour suppressor genes may also be regu-
lated through epigenetic modifications [26]. DNA hypomethylation 
of CpG- rich regions (CpG islands) in regulatory promoter regions 
of specific proto- oncogenes leads to their upregulated transcription, 
whereas DNA hypermethylation may lead to tumour suppressor 
gene silencing. Epigenetic modifications are also considered as one 
of the potential mechanisms responsible for thyroid-specific gene 
silencing and dedifferentiation. Some thyroid-specific genes, like 
NIS or TSHR, undergo DNA hypermethylation, which supports 
the recognition of their aberrant methylation as TC progression 
marker [26]. Epigenetic changes also include aberrant miRNAs ex-
pression. miRNA are small non- coding RNAs that regulate gene 
expression by binding to the 3’ untranslated region of the mRNA 
targets or, more rarely, to the coding sequence of the target gene 
[27]. Alterations in miRNAs expression were demonstrated to play 
a crucial role in cancer cell proliferation, migration, invasion, dif-
ferentiation, and survival in different cancer types, including TCs.

Molecular Events in PTc

According to the Cancer Genome Atlas (TCGA) study, PTC dem-
onstrates a relatively low mutation rate (11 non- synonymous muta-
tions per tumour; 0.41 mutations per Mb on average), compared to 
other solid tumours [28]. This may explain the indolent behaviour 
of most PTCs, although it should be recognized that as aggressive 
malignancies as leukaemias also carry a reduced mutation burden. 
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The TCGA study revealed a number of new somatic point muta-
tions and other genetic alterations, which reduced the fraction of 
PTCs with unknown genetic background approximately to 3.5% 
[28]. Among commonly mutated genes are those encoding proteins 
of the MAPK pathway: BRAF, KRAS, HRAS, and NRAS, whose mu-
tations were present in 74.6% of PTCs, but also EIF1AX, PPM1D, 
and CHEK2. The most frequent molecular event in PTC is the 
BRAFV600E (valine- to- glutamate) point mutation (36– 83% PTCs) 
[29]. The BRAF gene encodes a serine- threonine kinase located 
downstream to RAS in the MAPK pathway, and its activation leads 
to the phosphorylation of MEK, which, in turn, mediates phos-
phorylation of MAPKs (ERK) kinases and finally transcription of 
specific genes. The BRAFV600E mutation is responsible for the con-
stitutive RAS- independent and dimerization- independent activa-
tion of BRAF kinase and consequently of the MAPK pathway. This 
genetic alteration is capable to initiate PTC, as it was demonstrated 
in vivo in mouse models [30, 31], and was described as an early mo-
lecular event [32]. However, some studies showed the presence of 
BRAFV600E mutation in metastatic lymph nodes but not in matched 
primary thyroid tumour, thus suggesting that the mutation may 
have arisen de novo during progression [33, 34]. Some studies have 
reported the presence of subclonal BRAF mutations in PTC, thus 
raising the possibility they can be a progression rather than initiating 
events [35, 36]. However, the TCGA and other studies indicated the  
clonal nature of BRAFV600E mutation in PTC [28, 37]. Theoretically, 
there can be a third possibility that BRAFV600E mutation initiates 
PTC, however, powerful secondary alterations occur during the 
tumorigenesis and take over cancer progression as drivers, and 
the BRAF mutation is removed by DNA repair mechanisms [38]. 
BRAFV600E shows a strong association with PTC phenotype being 
most frequent in its CV- PTC [29] and TCV- PTC (more than 90% 
of cases) variants [39, 40]. Moreover, many studies demonstrated 
that the presence of BRAFV600E was associated with poorer PTC 
outcomes, including aggressive pathological features, loss of sen-
sitivity to radioiodine, or increased recurrence risk [41]. Other 
BRAF point mutations (including K601E) are rather uncommon, 
less potent MAPK drivers, and usually present in encapsulated 
FV- PTC [42].

RAS somatic point mutations are mainly restricted to FV- PTC 
with a frequency of 10% to 21% [43, 44]. RAS genes (NRAS, HRAS, 
KRAS) encode members of small GTPase superfamily, which act 
as molecular transmitters of signals from tyrosine kinase and non- 
tyrosine kinase receptors to MAPK and PI3K- AKT pathways. 
NRAS is predominantly mutated in TC, mostly in codons 12 and 61.

The EIF1AX gene, encoding an essential eukaryotic translation 
initiation factor, was among the mutated genes in PTC in the TCGA 
study [28]. Although the frequency of its mutations did not exceed 
2%, it was classified as a cancer gene associated with PTC. Further 
studies indicated the presence of EIF1AX mutations, mainly in 
encapsulated FV- PTC, and also in ATC [45, 46]. The presence of 
EIF1AX mutations in FTA and their absence in FTC may suggest 
that EIF1AX- mutated adenomas may progress to FV- PTC rather 
than to FTC [45].

Recently TERT promoter mutations were detected in a number of 
cancers, including TCs [47, 48]. The TERT gene encodes the reverse 
transcriptase component of telomerase with the main function, to-
gether with its RNA component, of telomere elongation by adding 

TTAGGG at the end of chromosomes [49]. In addition to unlimited 
replication, telomerase activation leads to increased proliferation, 
angiogenesis, resistance to apoptosis, and metastatic potential of 
cancer cells [50]. Two TERT promoter mutations, 1,295,228 C>T 
and 1,295,250 C>T (– 124 and – 146 bp from the ATG; termed C228T 
and C250T, respectively) are common. Both alterations create the 
11- nucleotide fragment (5’- CCCCTTCCGGG- 3’), which contains 
a consensus binding site, GGAA, for ETS (E26 transformation spe-
cific) transcription factors [48]. It has been demonstrated that both 
C228T and C250T increase the transcriptional activity of the TERT 
promoter [47]. TERT promoter mutations are present in 11.3% of 
PTCs, with C228T being more frequent than C250T. The frequency 
is correlated with aggressiveness of the tumour, and it is higher in 
TCV- PTC, showing an aggressive nature [48,  49]. Recent studies 
indicated the association of TERT promoter mutations with the 
presence of BRAFV600E mutation and their coexistence with poorer 
outcomes compared to the impact of each of these alterations alone. 
Similar consequences were observed in the coexistence of TERT 
promoter and RAS mutations [49, 51].

RET rearrangements are characteristic of radiation- induced 
PTCs. These chromosomal aberrations concern mainly young pa-
tients since thyroid cells of children are particularly sensitive to radi-
ation. RET encodes a transmembrane receptor with tyrosine kinase 
activity, and normally, in contrast to C cells, it is not expressed in 
follicular thyroid cells. Activation of RET in these cells results from 
a fusion of RET fragment encoding domain with tyrosine kinase ac-
tivity with 5’ end of other normally expressed genes [52]. More than 
16 different RET rearrangements have been described so far with 
RET/ PTC1 (CCDC6- RET), RET/ PTC3 (NCOA4- RET), and RET/ 
PTC2 (PRKAR1A- RET) being the most frequent and accounting 
for 60%, 30% and 5% of all RET/ PTC translocations, respectively 
[53]. The overall frequency of RET rearrangements varies between 
studies, from 3% to 85% in the adult population, an average of 35% 
[54]. Although RET rearrangements are the hallmark of radiation- 
induced PTCs, these alterations are also present in benign lesions, 
like in Hashimoto’s disease [55, 56]. Currently, it is obvious that RET 
rearrangements are characteristic of childhood PTC, also sporadic 
one. In addition to RET/ PTC rearrangements, other chromosomal 
aberrations are observed in PTCs, however, in a significantly lower 
number of cases. NTRK rearrangements concern mainly NTRK1 
and NTRK3 genes with ETV6/ NTRK3 being the most frequent one 
in radiation- induced TC [57]. There are also BRAF gene rearrange-
ments (AKAP9/ BRAF; AGK/ BRAF), detected in about 10% of 
radiation- induced PTC [58, 59] and ALK rearrangements described 
in 1– 5% cases [60– 62].

Depending on the underlying driver mutation, two molecular 
subtypes of PTCs have been proposed: BRAF- like (BRL) and RAS- 
like (RL) [28]. BRL tumours include not only carcinomas with 
BRAFV600E mutation but also tumours with TERT promoter mu-
tations, RET/ PTC and BRAF gene rearrangements, whereas RL 
tumours include all cases with BRAF point mutations other than 
V600E, EIF1AX, RAS point mutations, and PAX8/ PPARgamma re-
arrangements. BRL tumours are most typically CV- PTC, while RL 
tumours have FV- PTC features. Moreover, the two molecular sub-
types differ in terms of genomic, epigenetic, and proteomic profiles, 
however, the BRL tumours displayed a more heterogeneous nature. 
BRL PTCs activated mainly the MAPK signaling pathway, whereas 
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in the RL tumours activation of MAPK, as well as PI3K pathway was 
observed [28].

As far as the epigenetic modifications, increased expression of 
miR- 146b, miR- 221 and miR- 222 has been documented in PTC 
[28, 63]. Moreover, BRAFV600E mutation seems to be associated with 
hypermethylation of several tumour suppressor genes, including 
TIMP3, DAPK1, or RARB [64], and with hypomethylation of other 
genes [65].

Molecular Alterations in FTc

RAS point mutations and PAX8/ PPARgamma (PAX8/ PPARG fu-
sion protein, PPFP) rearrangements are the most frequent mo-
lecular events in FTC. Noteworthy, these genetic lesions are also 
present in FTA. The frequency of RAS mutations in FTC is about 
40%, mainly in codons 12, 13, and 61. The alterations in NRAS 61 
codon are related to a more aggressive FTC course [44, 66]. FTCs 
harbouring RAS mutation may demonstrate a higher risk of de-
differentiation [67]. PPFP rearrangements are present in 26– 56% 
of FTCs, in 0– 13% of FTAs, 0– 3% of HCCs, and 0– 1% of PTCs 
[20]. They result from the translocation between chromosomes 2 
and 3 [t(2;3)(q13;p25)] and, although the function of both genes is 
known, the role of PPFP fusion protein is still unclear. It leads to the 
downregulation of PPARG suppressor gene and the deregulation 
of PAX8, which may contribute to cancer development [68– 71]. In 
addition to PPFP translocation, another PPARG rearrangement has 
been reported in FTC with CREB3L2 gene as a fusion partner [72]. 
TERT promoter mutations are more frequent in FTC compared to 
PTC and concern, on average, 17% of FTC [49]. A small number of 
mutations recently detected in FTC involve DICER1, IDH1, EZH1, 
and genes related to the PI3K- PTEN- AKT pathway [73].

In contrary to PTC, copy number changes are common in FTC. 
Losses of chromosome 3p are common alterations, however, add-
itional loss of heterozygosity (LOH) sites were detected in FTC, 
including 1p, 6p/ q, 8p/ q, 9p, 11q, 13q, 18q, and 22q [74]. Two amp-
lifications, in turn, concerning 11p and 17q, were suggested as po-
tential early molecular events involved in cancer initiation [75].

The knowledge about the miRNA profile in FTC is very 
limited. Increased expression of miR- 181 and miR- 200 family and 
downregulation of miR- 199 was reported in FTC [76], and two 
miRNAs, miRNA- 7- 5p and miR- 206, were proposed as potential 
markers able to distinguish FTA from FTC [77]. Moreover, miR- 
146b and miR- 221, previously reported as upregulated in PTC, 
showed increased expression in FTC as well, which suggests these 
two miRNAs are common players in both DTC types [27].

Molecular Events in Hcc

HCC, especially aggressive cases, display molecular signature typ-
ical for the activation of PI3K- PTEN- AKT and WNT- β- catenin 
pathways [78]. The presence of TP53 mutations in 10– 20% of cases 
speaks for its aggressive nature [79, 80]. A characteristic HCC fea-
ture is an increased mitochondrial mass [78]. This phenomenon 
results from mutations of genes encoding subunits of mitochon-
drial respiration chain complexes [81]. Mutations in mitochondrial 
as well as in nuclear DNA were described, however, alterations of 
the GRIM- 19 gene are the only nuclear gene mutations typical for 
oxyphilic tumours [53].

Molecular Basis of PDTc and ATc

PDTC and ATC may develop through dedifferentiation of DTC 
with BRAFV600E noticed in 33% and 55% of cases, respectively, 
and RAS mutations present in 29% and 52%, respectively [44, 46, 
82, 83]. BRAF and RAS mutations are frequently accompanied by 
TERT promoter mutations, which are described in 40% and 73% 
of PDTC and ATC, respectively [46, 48, 82, 84]. Importantly, TERT 
promoter mutations, which are subclonal in PTC, become clonal 
in PDTC and ATC [82]. EIF1AX mutations, in turn, are present in 
11% of these malignancies, and in most cases, coexist with RAS mu-
tations [46,  82]. TP53 mutations, with the frequency of 59%, are 
characteristic for ATC, however, they are also present in PDTC but 
with a significantly lower frequency (10%) [46, 82, 83]. These alter-
ations may reflect genomic instability and are considered as a late 
molecular event in TC progression. In contrast to DTC, ATC is as-
sociated with more frequently altered PI3K- PTEN- AKT pathway, 
WNT- β catenin pathway, SWI/ SNF complex, and mutations of 
genes responsible for repair mechanisms [85].

Copy number changes are common alterations in PDTC and 
ATC. PDTC was described to harbour chromosomal deletions 1p, 
13q, and 15q not associated with any known driver mutation and 
22q deletion associated to RAS mutations [82]. Amplification of 20q 
and deletions 8p and 17p were found in ATC.

miRNAs profile is strongly deregulated in PDTC and ATC, with 
many studies reporting a number of miRNAs with altered expres-
sion in these tumours. miR- 183- 3p was reported to be upregulated 
in PDTC, whereas miR- 150 and miR- 23b were downregulated, with 
the latter two being associated with tumour relapse and mortality 
[27]. The downregulation of miR- 200c was observed in ATC. This 
particular miRNA is related to TP53 mutations as it is transcription-
ally regulated by TP53. miR- 30 family distinguishes undifferentiated 
from well- differentiated thyroid carcinomas with downregulation 
of miR- 30 only in ATC. Noteworthy, the miR- 17- 92 cluster, which 
expression is stimulated by BRAF V600E, may play an important role 
in cancer initiation and progression to ATC [27].
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introduction

Thyroid cancer is a rare neoplasia, accounting for about 1% of all 
malignancies and less than 0.5% of deaths for disease. However, 
thyroid cancer represents the most common type of endocrine ma-
lignancy, with incidence differently distributed in the various geo-
graphical areas, ranging from 0.5 to 10 cases per 100 000 population 
[1] . Women are more commonly affected, with rates that are two or 
three times higher than those of men [2].

Thyroid cancers can be classified into two broad types:  pri-
mary or secondary. Primary cancers can have epithelial or non- 
epithelial origins. Primary epithelial cancers originate from 
follicular epithelial cells or from C cells. Only medullary thy-
roid carcinoma originates from C cells. Most primary epithe-
lial thyroid tumours originate from follicular cells and show a 
variety of morphological features and clinical behaviours. They 
include papillary carcinoma with all its variants, follicular car-
cinomas, Hürthle carcinomas, poorly differentiated carcinomas, 
and anaplastic carcinomas. Tumours originating from follicular 
and from C cells (mixed medullary and follicular carcinomas) 
as well as primary thyroid squamous carcinomas are very rare. 
Non- epithelial tumours include malignant lymphomas and other 
mesenchymal tumours. Finally, secondary or metastatic tumours 
are infrequent. The most common tumours that can metasta-
size to thyroid are lung, kidney, breast carcinoma and also colon 
carcinoma [3] .

The histological classification of thyroid cancer of the World 
Health Organization (WHO) has been recently re- elaborated and 
published [3] .

As previously described, thyroid cancer is rare and usually indo-
lent. For this reason, preoperative screening is essential to deter-
mine the most suitable clinical or surgical treatment.

Fine needle aspiration (FNA) biopsy is the most commonly 
used technique. It occurs under the supervision of an expert 
cytopathologist, and permits a high- accuracy diagnosis of nodules.; 
the use of this approach in the clinical practice can lead to a more 
conservative strategy, aimed at reducing surgical interventions [4] .

Nowadays in the world there are different cytological classifica-
tions, very similar from several points of view, but the best known 

and more frequently used is the Bethesda System for reporting thy-
roid cytopathology [5] .

According to the American Joint Committee, which develops 
the American Joint Committee on Cancer (AJCC) staging system 
describing the extent of cancer progression, last compiled and pub-
lished thyroid cancer histological staging references in 2017 [6, 7]. 
The TNM (tumour, node, metastasis) classification considers ‘T’ 
the tumour size and its extension on the basis of the following 
scheme:

T1: tumour < or = 2 cm in greatest dimension limited to the thyroid
T1a: tumour < or = 1 cm in greatest dimension limited to the 

thyroid
T1b: tumour >1 but < or = 2 cm in greatest dimension limited 

to the thyroid
T2: tumour > 2 but < or = 4 cm in greatest dimension limited to the 

thyroid
T3:  tumour >4  cm in greatest dimension limited to the thyroid 

or gross extrathyroidal extension, invading only strap muscles 
(sternohyoid, stenothyroid, or omohyoid muscles)
T3a: tumour >4 cm in greatest dimension limited to the thyroid
T3b:  tumour of any size with gross extrathyroidal extension 

invading only strap muscles)
T4: tumour with gross extrathyroid extension

T4a: gross extrathyroid extension invading subcutaneous soft tis-
sues, larynx, trachea, oesophagus, recurrent laryngeal nerve

T4b: gross extrathyroid extension invading prevertebral fascia or 
encasing the carotid artery or mediastinal vessels

With regard to ‘N’, lymph node staging:
N0: no evidence of lymph node metatasis
N1: evidence of loco- regional lymph node metastasis
pN1a metastasis to VI or VII level lymph nodes
pN1b metastasis to unilateral, bilateral, or contralateral lateral 

neck lymph nodes (I, II, III, IV or V levels), or retropharyngeal 
lymph nodes

With regard to ‘M’, distant metastasis staging:
M0: no evidence of distant metastasis
M0: no evidence of distance metastasis

Papillary carcinoma

Papillary carcinoma is the most common malignant neoplasia of 
the thyroid gland, representing about 80% of thyroid cancer. It is 
more frequent in females in their III- IV decades of life and it is the 
most frequent thyroid cancer in the paediatric population. A  fa-
miliar form of papillary carcinoma is frequent, but papillary car-
cinoma is rarely associated with familial syndromes such as familial 
adenomatous polyposis or Cowden syndrome [3] .

Papillary carcinoma takes the name from its most frequent 
growth pattern:  making papillae. The diagnosis of papillary car-
cinoma is however based on typical nuclear alterations. Papillary 
carcinoma generally has a good prognosis with long disease- free 
survival and high probability of healing. The mortality rate ranges 
from 5 to 17%. Negative prognostic factors are older age at time of 
diagnosis, large size, male sex, extension to extrathyroidal tissues 
(in particular to stripe muscles) and, finally, presence of distant 
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metastases. Some authors consider variants of papillary carcinoma 
(e.g. tall cells or hobnail variants) as negative prognostic factors. 
Papillary carcinoma can indeed show variable clinical behav-
iour:  few variants of papillary carcinoma are very aggressive and 
may result in distant metastases and sometimes causing fatal out-
comes. Papillary carcinoma usually metastasizes lymphatically., 
Vascular invasion can more rarely be observed, especially in fol-
licular variants or tall cell variants of papillary carcinoma [8] . 
The most important etiological cause of papillary carcinoma is 
the exposure to ionizing radiation during childhood and adoles-
cence. Dramatic cases were the nuclear accidents of Chernobyl in 
1986 and the more recent one of Fukushima, in which the massive 
emissions of radioactive elements, in particular of radioiodine131 
(I131), increased the incidence of papillary carcinoma by more 
than 100 times. Other evidence is the use of radiotherapy in the 
head and neck and in the mediastinum regions (in the past used 
for acne or tinea capitis or thymic hyperplasia in children and ado-
lescents). The risk of cancer has a strong inverse correlation with 
age at exposure.

The molecular alterations of papillary carcinoma are numerous, 
of which one of the most important is the V600E mutation of the 
BRAF gene, also considered a diagnostic marker for papillary 
carcinoma.

Other mutations of the BRAF gene have been described, in 
particular the K601E mutation of BRAF has been reported in fol-
licular variants of papillary carcinoma and sometimes in follicular 
adenomas.

Other important gene alterations are the rearrangements 
involving the RET gene (called RET/ PTC) alongside a series of 
other genes, the most frequent being RET/ PTC1 and 3. Their fre-
quency is extremely variable in the different study cases and could 
be due to a high heterogeneity of papillary carcinoma. Other im-
portant gene alterations of papillary carcinoma are the point mu-
tations of RAS genes; these mutations are located at several specific 
sites, which are codons 12, 13, 61 of the N- , H- , K- RAS genes. 
Rearrangements of the NTRK1 gene, also called TRK rearrange-
ment, can be present in papillary carcinoma with a frequency of 
about 10%. It is important to underline that almost all these mu-
tations are mutually exclusive, and are capable of activating the 
mitogen- activated protein kinase (MAPK) pathway regulating cell 
growth, differentiation, and survival [9] .

Morphology

At gross examination, papillary carcinoma can show different 
aspects and sizes, and usually arises as a white- grey, irregular area 
with central scar formation; or as completely solid nodule; or as a 
solid and partially cystic nodule; or sometimes as a totally cystic 
lesion. The size of papillary carcinoma can change from only a few 
millimetres to numerous centimetres, forming voluminous masses 
with extension in the extrathyroidal tissues and sometimes in 
closer structures and organs. At microscopic examination papillary 
carcinoma can show different growth patterns: the most frequent 
growth pattern, the papillary pattern, shows exclusively papillary 
structures with a central fibro- vascular core lined by tumour cells 
(see Figure 3.5.5.1). The papillary carcinoma tumour cells are very 
peculiar. Accordingly with the WHO, the histological and cyto-
logical diagnosis of papillary carcinoma must be made only in 
presence of typical nuclear alterations.

The papillary carcinoma cells are oval or elongated with ir-
regular, large nuclei. These have a clear appearance with a very 
marked and pronounced nuclear membrane on account of chro-
matin clearing and lateralization along the nuclear membrane. 
The nuclei of papillary carcinoma show nuclear grooves, gener-
ally arranged in parallel to the long axis of the nucleus, resulting 
in a typical coffee bean shape. The nuclei of papillary carcinoma 
can also show nuclear pseudoinclusions that are cytoplasmatic 
intranuclear inclusions similar to bubbles (see Figure 3.5.5.2). 
Papillary carcinoma can present psammoma bodies that are cal-
cific, lamelled, and concentric structures. They are the result of 
cyclical depositions of calcium on tumoural death cells and they 
are particularly frequent in classical variants of papillary car-
cinoma [3, 8].

other Variants of Papillary carcinoma

Papillary carcinoma can present different histological variants. They 
are numerous and very different for their aspect and sometimes for 
their clinical behaviour. The histological variants are described on 
the basis of cell type, cell size and shape, architecture, and stroma. 
It is important to repeat that the diagnosis of papillary carcinoma 
must be made only in the presence of the typical nuclear alterations, 
independent of variants or growth patterns [3, 8].

Follicular Variant of Papillary carcinoma

The follicular variant is the most common following the classical 
variant. As underlined by its name, it is characterized by the ex-
clusive presence of follicular structures lined with cells with nu-
clear alterations of papillary carcinoma (see Figure 3.5.5.3). The 
follicular growth pattern can be micro, macrofollicular, or mixed 
[3, 8].

The follicular variant of papillary carcinoma can show an 
infiltrative attitude and lacks a fibrous capsule. Instead, its most fre-
quent form presents a complete fibrous capsule, with no kind of in-
filtration or invasion. This form has an extremely low (quite absent) 
malignant potential.

Figure 3.5.5.2 Nuclear features of papillary carcinoma: carcinoma 
cells are oval or elongated with irregular, large nuclei. The nuclei have 
a clear appearance with a marked nuclear membrane, show nuclear 
grooves, usually arranged in parallel to long axis of the nucleus, 
obtaining a typical coffee bean shape and they can show also nuclear 
pseudo- inclusions that are cytoplasmatic intranuclear inclusions.
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Recently, a task force of thyroid pathologists and molecular 
pathologists, together with clinicians, has declassified the com-
pletely encapsulated follicular variant of papillary carcinoma in 
Non- invasive follicular thyroid neoplasm with papillary- like nu-
clear features (named by its acronym NIFT- P) [3– 10].

Tall cell Variant of Papillary carcinoma

The tall cell variant of papillary carcinoma is a typical variant of 
older age and male gender. It commonly shows papillary or solid 
growth patterns. The papillary or solid structures are lined with very 
particular elongated cells, the so- called tall cells, with a height two 
or three times the width and with the typical nuclear features of pap-
illary carcinoma. The clinical behaviour of this variant is normally 
more aggressive than that of the classical variant, showing larger 
dimensions at the time of tumour diagnosis, with high likelihood of 
extrathyroidal infiltration and vascular invasion, and a high prob-
ability of recurrences and distant metastases. Disease- free survival 
is usually shorter than that of the classic variant and the mortality 
rate can reach 25% and more [3, 8].

oncocytic Variant of Papillary carcinoma

The oncocytic variant of papillary carcinoma is a rare variant. It is 
formed by large cells with wide eosinophilic cytoplasm and nuclear 
features of papillary carcinoma. The growth pattern is generally 
papillary, with a very low infiltrative behaviour. The clinical out-
come is very similar to that of the classical variant [3, 8].

Hobnail Variant of Papillary carcinoma

The hobnail variant of papillary carcinoma is a rare variant showing 
a papillary or micropapillary growth pattern, but rarely presents 
follicular or clustered structures. These structures are lined by cells 
with a wide eosinophilic cytoplasm and with apically located nuclei 
(see Figure 3.5.5.4). The nucleus cytoplasm ratio is decreased and 
the cells lose cellular cohesion. This variant has an aggressive be-
haviour and presents frequent necroses, mitoses, lymphatic inva-
sion, extrathyroidal extension, distant metastases, and recurrences 
[3, 8].

Solid Variant of Papillary carcinoma

The solid variant of papillary carcinoma is a rare variant, representing 
about 1% of adult papillary carcinoma. It is more common in chil-
dren and adolescents or in patients exposed to ionizing radiations. 
The solid variant should be taken into consideration when all the 
other variants are not represented inside the tumour. It shows a solid, 
trabecular, or nested growth pattern. This variant has an aggressive 
behaviour showing distant metastases (in particular in the lung) and 
higher mortality rates than those of the classical variant [3, 8].

Other rarer variants are: Warthin’s- like variant, morphologically 
very similar to Warthin’s- like tumour of salivary gland; the col-
umnar cell variant, that can be very aggressive and that is charac-
terized by a papillary growth pattern with nuclear overlapping and 
stratification; the cribriform variant associated with familiar aden-
omatous polyposis; papillary carcinoma with nuclear fasciitis- like 
stroma in which papillary carcinoma is almost completely substi-
tuted by spindle cells arranged in irregular fascicles in a background 
of fibro- myxoid stroma (see Table 3.5.5.1 for complete list of vari-
ants of papillary carcinoma) [3, 8].

Figure 3.5.5.4 Hobnail variant of papillary carcinoma: papillary 
or micropapillary structures lined by cell with a wide eosinophilic 
cytoplasm and with apically located nuclei.

Table 3.5.5.1 List of papillary carcinoma variants

Variants of papillary carcinoma

Papillary microcarcinoma Papillary thyroid carcinoma with 
fibromatosis/ fasciitis- like stroma

Encapsulated variant Solid/ trabecular variant

Follicular variant Oncocytic variant

Diffuse sclerosing variant Spindle cell variant

Tall cell variant Clear cell variant

Columnar cell variant Warthin- like variant

Cribriform- morular variant Hobnail variant

Used with permission of the American College of Surgeons, Chicago, Illinois. The 
original source for this information is the AJCC Cancer Staging Manual, Eighth Edition 
(2017) published by Springer International Publishing. Tuttle RM, Morris LF, Haugen 
BR, Shah JP, Sosa JA, Subramaniam RM, et al. Thyroid (Differentiated and Anaplastic 
Carcinoma). In: Amin MB, Edge S, et al. (eds). American Joint Committee on Cancer 
(AJCC) Cancer Staging Manual, 8th ed. Chicago, IL: Springer; 2017:873– 90.

Figure 3.5.5.3 Follicular variant of papillary carcinoma: exclusive 
presence of follicular structures lined by cell with the typical nuclear 
alterations of papillary carcinoma.
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Follicular carcinoma

Follicular carcinoma represents 5– 15% of thyroid cancer. It is 
more frequent in women and extremely rare in children and more 
common in areas with iodine deficiency [2, 3].

Most follicular carcinomas are sporadic. The most important 
factors implicated in the aetiology of follicular cancer are iodine 
deficiency and exposure to ionizing radiations. A proof is that the 
increment of iodine with diet substantially decrements the inci-
dence of follicular carcinoma. This is probably due to the increment 
of TSH (thyroid stimulating hormone), stimulated by iodine defi-
ciency and involved in thyroid cancer development.

Moreover, exposure to ionizing radiations results in the develop-
ment of follicular cancer, although less than papillary carcinoma.

Another important risk factor is the pre- existence of a benign 
neoplasia, which may represent a definite risk factor in about 15% 
of follicular carcinomas. The presence of follicular adenoma could 
be the precursor of follicular cancer, possibly resulting from RAS 
gene family mutations. On the other hand, the development of fol-
licular cancer in the multinodular goitre could be due to prolonged 
stimulation of TSH [9] .

Follicular carcinoma is a well- differentiated cancer originating 
from follicular epithelium and characterized by an exclusive fol-
licular growth pattern.

The cells of follicular carcinoma do not show any nuclear features 
of papillary carcinoma.

Clinically, the follicular carcinoma presents itself as a solitary cold 
nodule with very slow growth but with high metastatic power. It 
usually metastasizes by vascular invasion, while lymphatic invasion 
is extremely rare. Metastases to lung and bone are the most frequent 
and they sometimes represent the early onset of the disease [3, 8].

We can subdivide follicular carcinoma into a minimally inva-
sive form and in a widely invasive form. The minimally invasive 
form is an encapsulated tumour, very similar to an adenoma, with 
histological evidence of tumour capsular and/ or vascular infiltra-
tion (see Figure 3.5.5.5). The second form of follicular carcinoma 
is widely invasive, presenting wide infiltrative aspects of vascular, 
peritumoral, and sometimes perithyroidal tissues. These types differ 

for their clinical and biological behaviour. In the former type the 
10- year survival rate is about 90%, while in the latter form it de-
creases to 35%.

The Hürthle (oncocytic or oxyphilic) tumour was considered the 
most important ‘variant’ of follicular carcinoma [3, 8].

As previously described, the most important genetic alterations 
involved in follicular cancer are the point mutations of the RAS gene 
family. These mutations affect codons 12, 13, and 61 of the H, K, and 
N- Ras genes. RAS gene mutations are present in more than 50% 
of follicular carcinomas, while the oncocytic or oxyphilic carcin-
omas present a lower percentage of RAS gene mutations. Another 
important genetic alteration is the PAX8/ PPARgamma (peroxisome 
proliferator- activated receptor gamma) rearrangement, which in-
volves about one- third of follicular carcinomas and about 5% of 
oncocytic or oxyphilic carcinomas [9] .

Morphology

On gross examination follicular carcinoma, usually no larger than 
just a few centimetres in dimension, appears as an encapsulated, 
generally oval, solid nodule. A thick fibrous capsule generally sur-
rounds the lesion and foci of invasion can rarely be detected in the 
tumour capsule; for this reason, extensive sampling of the tumour 
capsule is essential for a correct diagnosis of follicular carcinoma. 
In the widely invasive form of follicular carcinoma, thyroid tissue 
or sometimes extrathyroidal tissue invasion can be macroscopically 
evident. Vascular emboli are rarely observed, especially in the large 
vein of the neck.

On light microscopy follicular carcinoma presents a typical fol-
licular architecture (microfollicular, macrofollicular, normofollicular, 
or mixed), sometimes associated with insular, or solid, or trabecular 
areas. In these cases, it is fundamental to distinguish the follicular 
carcinoma from the poorly differentiated thyroid carcinoma, which 
presents the same growth pattern but worse prognosis. Follicular car-
cinoma cells are cubic, small, and round, with an even chromatin pat-
tern and small nuclei with small nucleoli. These nucleoli are more 
frequent and evident in oxyphilic follicular carcinoma, where they ac-
quire a cherry colour. The cells of the follicular carcinoma obviously 
lack the nuclear features of papillary carcinoma [3– 8].

The morphology of the cells and the presence of a thick fibrous 
capsule make it difficult to differentially diagnose between follicular 
adenoma and follicular carcinoma. The only fundamental diag-
nostic features are infiltration of the tumoural capsule and vascular 
invasion (Figure 3.5.5.5). To date, there is no real consensus about 
the invasion of the tumour capsule. Most authors require that neo-
plastic cells penetrate the entire thickness of the fibrous capsule 
for a diagnosis of follicular carcinoma. Capsule ruptures caused by 
surgical lacerations or changes due to precedent biopsy or FNAs 
are considered pseudo- invasions, insufficient for a diagnosis of 
follicular carcinoma. The typical appearance of infiltration of the 
tumour capsule is similar to that of a mushroom (Figure 3.5.5.5). 
Vascular invasion is referred to the invasion of tumour cells into the 
veins, and such cells must be adherent to the endothelium or take 
place in the context of a thrombus. Vascular invasion, whose extent 
has prognostic importance, should be localized in or beyond the 
capsule. Limited invasion (less than four vessels) has a good prog-
nosis, while extensive invasion (more than four vessels) is associated 
with a worse outcome. Widely invasive follicular carcinomas show 
intrathyroidal or extrathyroidal tissue infiltration. They might also 

Figure 3.5.5.5 Minimally invasive follicular thyroid 
carcinoma: histological evidence of tumour capsular infiltration with the 
typical mushroom- like appearance.
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show wide vascular infiltration which, alone, is insufficient to be 
classified as widely invasive. Widely invasive follicular carcinomas 
are often large tumours with solid or insular or trabecular growth 
patterns, and they must be distinguished from poorly differentiated 
thyroid carcinomas or from solid or trabecular variants of papillary 
carcinomas [3– 8] (see Table 3.5.5.2 for classification scheme modi-
fied from WHO 2017).

Hürthle (oncocytic or oxyphilic) cell carcinoma

The Hürthle (oncocytic or oxyphilic) cell carcinoma is a common 
tumour representing about 20% of follicular carcinomas. It is 
formed by Hürthle or oncocytic or oxyphilic cells, which are large 
cells with voluminous granular cytoplasm, and large centrally lo-
cated nuclei with prominent nucleoli [2, 3,  8]. Most authors re-
quire that Hürthle cells should be most of the tumour (more than 
75%) for a diagnosis of Hürthle cell carcinoma. Hürthle cell car-
cinomas present solid, trabecular, and follicular growth patterns 
with fibrous bands between clusters of cells. The tumours have little 
stroma and for this reason may show a pseudopapillary pattern. 
Hürthle cell carcinoma can metastasize through the bloodstream, 
invading in particular the liver, lungs, and bone. Hürthle cell car-
cinoma can also metastasize lymphatically and spread to cervical 
lymph nodes. Tumours with large dimension (more than 4  cm), 
necrosis, high mitotic rate, presence of atypical mitoses, and foci 
of small cells have been recently classified as poorly differentiated 
Hürthle cell carcinoma [3, 8, 9].

Medullary carcinoma

At the end of the 50s medullary carcinoma was exhaustively de-
scribed by Hazard and colleagues, who performed a detailed study 
of its morphology, presence of amyloid, frequency of lymph node 
metastasis, clinical behaviour and prognosis [7,  8]. The cells of 
origin, the so- called C cells, were described only some years later. 
Medullary carcinoma actually derives from C cells, which are usu-
ally present in normal thyroid glands localized in the interfollicular 
zone. Normal C cells do not stain by traditional histochemical 
methods such as haematoxylin- eosin staining, but they are very re-
active to some types of immunohistochemical staining, the most 
common of which is currently calcitonin [3] . Medullary carcinoma, 
representing about 10% of malignant thyroid tumours, is particu-
larly studied because of its clinical behaviour, high percentage of 
familiarity, and probability of being part of a syndrome. However, 
most medullary carcinomas are sporadic. Mean patient age is 
50 years with a minimal prevalence for the female sex [3, 7, 8, 9]; 

up to 20% are familial cases with an autosomal dominant inherit-
ance. These medullary cancers can appear as tumours that are not 
associated with the syndrome (familial non- MEN medullary car-
cinomas), or as a part of multiple endocrine syndromes (MEN), in 
particular MEN type 2A, MEN type 2B, MEN type 3.  In familial 
cancer (familial non- MEN medullary carcinomas) the onset age is 
usually less than 50 years, while medullary cancer in MEN can al-
ready be present in the first years of life. The most frequent genetic 
alterations of medullary carcinoma are the RET proto- oncogene 
mutations present in more than 90% of the MEN2 family. Families 
with MEN 2A or FMTC present exon- 10 and exon- 11 mutations 
of the RET gene in 95 and 85% of cases, respectively. Families with 
MEN 2B present the mutation of codon 918 (in exon 16) in about 
95% of cases. Genetic screening is recommended in first- degree re-
latives of patients with these types of alterations. If positive, they 
must be subject to prophylactic thyroidectomy. The risk of very early 
development of carcinomas and metastases makes prophylactic 
thyroidectomy fundamental in the very first years of life. Finally, 
also the sporadic form of medullary carcinoma presents RET gene 
mutations, the most frequent being found in codon 918 [9, 11, 12].

On gross examination, medullary cancer can be single or multi-
focal with dimensions that can range from few millimetres to some 
centimetres. The lesion usually presents a white- grey aspect and a 
clear edge.

On light microscopy, medullary carcinoma can show different 
growth patterns and may sometimes imitate other thyroid tumours. 
The cells are in most cases polygonal and present small- size nu-
clei, sometimes with spindle aspects. Nuclear chromatin is often 
finely granular and the nucleoli are absent. The cells rarely mimic 
the small lung cancer cell or can appear spindle as thymic or mes-
enchymal lesions. The tumour cells of medullary cancer are usu-
ally arranged in trabeculae and/ or nests, which are separated by 
dense collagenous or hyalinized material containing amyloid that 
can be stained with Congo Red. Medullary carcinoma can be de-
finitively diagnosed by immunostaining neoplastic cells show 
positive staining for chromogranin A  and synaptophysin, CEA 
(carcinoembryonic antigen), NSE (neuro- specific enolase) and, in 
particular, calcitonin, which represents the most sensitive marker. 
The number of calcitonin- positive cells can change according to the 
different cases: of these, about 1.5% show negativity for calcitonin 
and they are considered medullary cancers only if they present also 
C- cell hyperplasia or familial genetic alterations. Medullary cancer 
also shows positive staining for cytokeratin and negative staining 
for follicular cell markers like thyroglobulin [3, 8, 9].

Sporadic medullary carcinoma appears as a single, painless 
nodule. More than 50% of cases present cervical or mediastinic 

Table 3.5.5.2 Classification of follicular thyroid carcinoma

Traditional Armed Forces Institute of Pathology (AFIP) 2014 WHO 2017

Minimally invasive Minimally invasive With capsular invasion Minimally invasive

With limited vascular invasion (<4 vessels) Encapsulated angioinvasive

With extensive vascular invasion (> or = 4 vessels)

Widely invasive Widely invasive Widely invasive

Reproduced with permission from LiVolsi V, Abdulkader Nallib I, Baloch ZW, Bartolazzi A, Chan JKC, DeLellis RA, et al. Follicular Thyroid 
Carcinoma. In: Lloyd RV, Osamura RY, et al. (eds). WHO Classification of Tumors of Endocrine Organs. Lyon: IARC Press. 2017: 66– 143.   
Copyright © 2017 Virginia A. LiVolsi.
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lymph node metastases at diagnosis, and more than 15% show dis-
tant metastases to bone, lung, liver, and adrenal gland.

Familial cancers are frequently multifocal and bilateral. Prognosis 
is associated with the rapidity of diagnosis and prophylaxis, al-
though medullary cancer in FMTC or MEN2A shows a better prog-
nosis than cancer in MEN2B [3, 8].

Poorly Differentiated Thyroid carcinoma

Poorly differentiated thyroid carcinoma is still a controversial entity. 
Some authors have proposed to include, in poorly differentiated 
carcinoma category, tumours with clinical behaviour, morphology, 
and biological features intermediate between well- differentiated 
and undifferentiated carcinomas. A large number of carcinomas has 
been added over the years, making the poorly differentiated car-
cinoma category extremely heterogeneous. The tumours nowadays 
considered to be poorly differentiated include some variants of pap-
illary carcinoma such as tall cell variant, hob nail variant, Hürthle 
cell carcinoma, and insular carcinoma [3, 8, 9].

The poorly differentiated carcinoma represents 5% of thyroid ma-
lignancies. The mean age of the patients is about 10  years higher 
than that of patients with differentiated carcinomas, but younger 
than that of patients with anaplastic cancer. Poorly differentiated 
carcinoma shows a prevalence for the female sex (male/ female 
ratio:1/ 2) [1, 2].

The aetiology can develop in three different directions: poorly 
differentiated cancer can progress from papillary cancer, or from 
follicular cancer, or ‘de novo’. From a molecular point of view, 
the most frequent alterations of poorly differentiated cancers are 
the point mutations. They include very early events that are im-
portant for tumourigenesis and that predispose for further mu-
tations (like Ras mutations or BRAF mutations) and also for gene 
alterations driving de- differentiation (like TP- 53 and β- catenin 
mutations) [9] .

On gross examination, poorly differentiated cancer displays a 
large size (range 1– 10 cm) with an aggressive and infiltrative behav-
iour. This neoplasia very often shows an extrathyroidal extension 
and very rarely shows a partial tumour capsule. Poorly differentiated 
carcinoma is usually hard to cut, its aspect is firm and yellowish- 
white- , and it may present haemorrhagic or necrotic areas.

On light microscopy the diagnosis of poorly differentiated car-
cinoma displays de- differentiated morphological features. On the 
basis of Torino’s criteria, they result as following [13, 14]:

 1. Solid/ trabecular/ insular growth pattern
 2. Lack of nuclear features typical of papillary cancer
 3. Presence of one of the following features: necrosis; three or more 

mitoses per high power fields; convoluted nuclei

Poorly differentiated carcinoma commonly shows a bad prognosis 
with 5- year survival lower than 50%. It generally presents com-
pression symptoms associated with cough, dyspnoea, dysphagia. 
Infiltration of the recurrent nerve is frequent and an early event 
and distant metastases are present at the time of diagnosis in more 
than 20% of patients. Lymph node metastases are also frequent. 
Poorly differentiated carcinoma shows a partial response to routine 
radiometabolic therapy [3, 8].

Anaplastic (or Undifferentiated) carcinoma

Anaplastic or undifferentiated carcinoma is a malignant neoplasm 
behaving in a very aggressive fashion, and is constituted by undif-
ferentiated cells. It has an epithelial origin but, in the most cases, it 
lacks immunoreactivity for follicular markers such as thyroglobulin 
or TTF- 1. It typically presents itself as a large mass (medium 6 cm) 
with a rapid growth (it may duplicate its volume in less than one 
week) and with a fatal outcome of a few months [3] .

Anaplastic carcinoma is a rare neoplasm, representing about 
5% of all malignant thyroid tumours, and it is a typical neoplasm 
of adult patients, the majority of whom are older than 60 years, 
whereas patients younger than 40  years are very rarely affected 
by the tumour. It is a little more common in females than in men 
(ratio F/ M:1.5:1). The etiological factors of anaplastic cancer in-
clude the pre- existence of a malignant or of a benign thyroid 
neoplasia. The aetiology is described by the clinical histories 
of patients followed- up for goitre or for differentiated thyroid 
cancer and who have developed anaplastic carcinoma. Another 
proof of the possibility of transformation from differentiated to 
undifferentiated or anaplastic carcinoma is sometimes the pres-
ence of residual areas of differentiated carcinoma (i.e. papillary 
carcinoma areas) in the context of anaplastic cancer. Another 
certain etiological factor is the lack of iodine. The introduction 
of iodine in a diet (in areas with chronic deficiency) has dem-
onstrated a high decrease of anaplastic cancer. The genetic alter-
ations include somatic point mutations. As already explained for 
poorly differentiated carcinoma, they include very early event, 
important for tumorigenesis and predisposition for further muta-
tions (such as Ras mutations or BRAF mutations), and also gene 
alterations that drive the de- differentiation (like TP- 53 and β- 
catenin mutations) [9] .

On gross examination, anaplastic carcinoma appears as a large 
mass infiltrating all the thyroid gland and often the adjacent struc-
tures. Size varies from 1 cm to 20 cm (medium about 6 cm). The 
lesions are friable with multiple necrotic or haemorrhagic foci. In 
the paucicellular variant of anaplastic carcinoma the lesions may 
be hard to cut and present a whitish aspect. On light microscopy, 
anaplastic carcinoma may show heterogeneous aspects, which can 
coexist in the same tumour. The cells display marked anaplasia and 
can show spindle, epithelial, giant, rhabdoid features. The nuclei 
are extremely pleomorphic with irregular edge and granular chro-
matin. The mitoses, especially atypical mitoses, are very frequent 
and coagulative necrosis is a recurring feature (see Figure 3.5.5.6). 
Regardless of its morphology, anaplastic carcinoma infiltrates the 
thyroid gland and its nearby structures as well as the veins and 
arteries.

The cells of anaplastic carcinoma may show immunohistochemical 
positivity for epithelial markers (i.e. cytokeratin), but usually lack 
expression for follicular markers such as thyroglobulin or TTF- 1.

Anaplastic cancer is rare but, if present, it rapidly leads to fatal 
neoplasia. It presents itself as a large infiltrating mass that extends 
to the neck structures such as the oesophagus, trachea, or big ves-
sels. Distant metastases are present in more than 45% of patients, 
at diagnosis time, and they are localized in the bone, lung, or 
brain. Anaplastic carcinoma does not respond to radiometabolic 
therapy [8] .
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Non- Epithelial Tumours of the Thyroid Gland

Mesenchymal Tumours

Primary mesenchymal tumours of the thyroid are extremely rare. We 
can cite smooth muscle tumours such as leiomyomas, leiomyosarcomas, 
and solitary fibrous tumours. Leiomyoma is a benign neoplasia, typical 
of women, which shows histological and immunophenotypical features 
of the smooth muscles and which can be cured, generally by complete 
surgical removal or by lobectomy. Leiomyosarcoma is a typical neo-
plasia of older patients, with no gender predilection. On gross examin-
ation, it usually appears as a large mass with infiltrative behaviour. On 
light microscopy pleomorphism, mitosis, atypical mitosis, coagulative 
necrosis can be found. Primary leiomyosarcoma of the thyroid is a very 
rare malignant neoplasia and its diagnosis can be made also after the 
exclusion of secondarism from other sites [3] .

Primitive solitary fibrous tumour of the thyroid is a very rare mes-
enchymal neoplasia, for which only few cases have been reported. 
Solitary fibrous tumour shows prevalent fibroblastic differentiation. 
Some tumours can present focal or extended myofibroblastic differ-
entiation that is generally benign [3] .

Vascular Tumours

Vascular primitive thyroid tumours are rare and include haem-
angioma, lymphangioma, and angiosarcoma. In particular, the 
angiosarcoma is a rare and aggressive lesion representing less than 
4% of thyroid lesions, with a geographical predilection of Alpine 
regions of Italy and of Europe. Its behaviour is similar to anaplastic 
carcinoma with rapid fatal outcome [3, 8].

Lymphomas

Primitive thyroid lymphomas are rare neoplasms, accounting for less 
than 5% of all malignant thyroid tumours. They include a heteroge-
neous group of lesions and originate from B lymphocytes. The most 
frequent histotypes are large B- cell lymphomas as well as the extranodal 
marginal zone B- cell lymphomas of mucosa- associated lymphoid tissue 
(MALT), with its variants. The aetiology of primary thyroid lymphomas 
is strictly linked to chronic lymphocytic thyroiditis. Clinically, primi-
tive thyroid lymphomas occur in females with mean age 60– 65 years, 
but they can potentially arise at any age (14– 90 years). They can pre-
sent different sizes, from very small to large masses with compression 
symptoms including pain, dysphagia, dyspnoea, coughing. Differential 
diagnosis must exclude secondarisms from diffuse lymphomas [8] .
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introduction

Thyroid cancer is the most frequent endocrine neoplasia. Most  
of these cancers (>90%) are derived from the follicular epithelium, 
that is, differentiated thyroid cancers (DTC)— papillary (PTC), 
and follicular thyroid cancer (FTC). Thyroid cancer incidence has 
increased significantly in the past 40 years [1, 2], probably mostly 
due to increased detection of infracentimetric PTC. On the other 
hand, this rise in incidence has not been paralleled by an increase 
in mortality [1] , which, coupled with the high prevalence rates (up 
to 35%) of incidentally detected PTCs at autopsy studies, suggests 
that these newly diagnosed small PTCs might be clinically insig-
nificant. Therefore, care should be taken to avoid overtreatment 
and treatment- associated morbidity in these patients. At the other 
end of the spectrum of disease are patients with invasive tumours, 
aggressive histology, and distant metastases, for whom early diag-
nosis and correct multimodal treatment is essential. Dynamic risk 
assessment during follow- up allows a better characterization of 
tumour behaviour and guides further management decisions.

Diagnosis

Thyroid cancer typically presents as a palpable cervical lump ± 
lymph nodes, particularly suspicious if consistency is hard, if it oc-
curs in a child or as a single nodule in a man, if personal history 
reveals head and neck radiation exposure or if family history is 
positive for familial DTC syndromes (polyposis, Carney complex, 
Cowden, or Werner syndromes).

It is often discovered incidentally in an asymptomatic patient 
undergoing ultrasound, CT, or MRI of the neck and can be an iso-
lated finding or part of multinodular goitre. A non- palpable nodule 
has the same risk of malignancy as a palpable nodule of the same size. 
Occasionally patients present with locally advanced, invasive disease, 
involving the adjacent neck structures resulting in hoarseness, dys-
phagia, dyspnoea, and signs of neurological compression (brachial 
plexus and recurrent laryngeal nerve compression caused by the pri-
mary tumour and spinal cord compression due to bone metastases).

Thyroid function tests are usually normal in these patients, al-
though concurrent autoimmune thyroiditis, particularly frequent 
in women, can present with hypothyroidism. Hyperthyroidism can 
rarely occur in patients with FTC with distant metastases and it 
is often T3 thyrotoxicosis due to increased activity of type 1 and 2 
deiodinases in tumour tissue. Malignant struma ovarii is also occa-
sionally associated with T3 thyrotoxicosis.

Thyroid ultrasound evaluation is essential, as it provides the mor-
phological characterization of the nodule and can identify other sig-
nificant non- palpable thyroid nodules or pathological lymph nodes. 
The ultrasound pattern of a thyroid nodule has been widely used to 
predict the risk of malignancy and to select the nodules for which 
FNAB might be indicated. The ultrasound features with highest 
specificity for thyroid cancer are hypoechogenicity, the presence of 
microcalcifications, ‘taller than wide’ shape, irregular margins, and 
presence of suspicious lymph nodes [3] .

Fine needle aspiration biopsy is the gold standard for the diag-
nosis of thyroid cancer. For cytologically indeterminate lesions 
(follicular neoplasm, follicular lesion of undetermined significance 
(FLUS) or atypia of undetermined significance (AUS)), with a risk 

of malignancy between 10% and 40% [4] , molecular studies on fine 
needle aspirates using mutational analysis and mRNA expression 
profiles have shown promise in better risk- stratifying the patients to 
avoid un- necessary thyroidectomies [5, 6].

Staging

Thyroid cancer management is based on the concept of risk assess-
ment and stratification. Treatment decisions are taken individually 
after balancing the risk of recurrence and disease- specific mortality 
with the risk of treatment- associated morbidity. The aggressiveness 
of the treatment and follow- up is thus tailored to each patient’s tu-
mour characteristics [7] .

The preferred initial staging system is the tumour node metas-
tasis (TNM) system [8]  (Table 3.5.6.1). It uses age at diagnosis and 
tumour extension to stratify patients according to their estimated 
risk of dying of cancer. Age is the most important prognostic factor; 
mortality increases progressively after around 35 years of age. Large 
tumours, gross extension beyond the thyroid capsule and clinically 
apparent lymph nodes are negative prognostic factors.

Most patients with DTC will be stage I and II at diagnosis, with 
excellent prognosis in terms of survival, but although mortality is 
generally very low, recurrences can be very frequent. The American 
Thyroid Association (ATA) risk stratification system [7] , updated 
in 2015, uses clinical and pathology data to stratify patients into 
low, intermediate and high- risk groups, in order to guide the best 
initial treatment decision based on estimated risk of recurrence 
(Figure 3.5.6.1). Precise histological characterization is important 

Table 3.5.6.1 Differentiated thyroid carcinoma TNM staging, AJCC 
UICC 2017

Age Stage
group

TNM 10 yrs
estimated survival

<55 I Any T, Any N, M0 98– 100%

<55 II Any T, Any N, M1 85– 95%

≥55 I T1, N0/ x, M0
T2, N0/ x, M0

98– 100%

≥55 II T1, N1, M0
T2, N1, M0
T3, Any N, M0

85– 95%

≥55 III T4a, Any N, M0 60– 70%

≥55 IV A T4b, Any N, M0 <50%

≥55 IV B Any T, Any N, M1

TNM, tumour, node, metastasis; AJCC, American Joint Committee on Cancer; UICC, 
Union of International Cancer Control.
Primary tumour: T1: tumour ≤2 cm in greatest dimension limited to the thyroid; 
T2: tumour >2 but ≤4 cm limited to the thyroid; T3: tumour >4 cm limited to the thyroid 
or any size tumour with gross extrathyroidal extension invading only the strap muscles; 
T4: Gross extrathyroidal extension: T4a: if invading subcutaneous soft tissues, larynx, 
trachea, oesophagus, or recurrent laryngeal nerve; T4b: if invading prevertebral fascia or 
encasing the carotid artery or mediastinal vessels.
Regional lymph nodes: N0: no evidence of locoregional lymph node metastasis; 
N1: Metastasis to regional nodes.
Distant metastases: M0: no metastases, M1: distant metastases.
Used with permission of the American College of Surgeons, Chicago, Illinois. The 
original source for this information is the AJCC Cancer Staging Manual, Eighth Edition 
(2017) published by Springer International Publishing. Tuttle RM, Morris LF, Haugen 
BR, Shah JP, Sosa JA, Subramaniam RM, et al. Thyroid (Differentiated and Anaplastic 
Carcinoma). In: Amin MB, Edge S, et al. (eds). American Joint Committee on Cancer 
(AJCC) Cancer Staging Manual, 8th ed. Chicago, IL: Springer; 2017:873– 90.
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as certain histological subtypes (tall cell, hobnail variant, columnar 
cell carcinoma) tend to be more aggressive and can respond poorly 
to standard treatment. Nodal micrometastases can be present in 
up to 90% of patients with PTC but evidence suggests that adverse 
prognosis is limited to those patients with macroscopic, clinically 
evident node involvement [9]. The extent of extrathyroid extension 
(ETE) and the presence of vascular invasion are also important. 
The presence of BRAFV600E mutation is generally associated with 
aggressive histology, ETE, and lymph nodes metastases, and ap-
pears to convey a higher risk of recurrence [10], particularly if 
associated with another oncogenic mutation, such as the TERT 
promoter mutation [11].

During follow- up, new clinical, biological, and imaging data that 
reflect each patient’s individual response to treatment are used to 
restratify that patient according to his/ her current risk of recur-
rence, in a dynamic risk stratification system [7] .

Treatment

Surgical resection is the essential first step in the management of 
thyroid cancer. Due to the ability of DTC to concentrate iodine 
and respond to thyroid- stimulating hormone (TSH) stimulation, 
adjuvant treatment is based on a combination of radioiodine 
therapy and TSH suppression, tailored on each patient’s risk 
of recurrence. Treatment decisions should ideally be taken in a 
multidisciplinary tumour board (MDT) [12].

The optimal management is constantly re- evaluated in light of 
accumulating new evidence related to prognostic factors, risk of 
recurrence, and optimal treatment modalities, with guidelines 
published by several societies [7, 12– 14]. Despite numerous bio-
logical differences, papillary and follicular thyroid carcinomas 
are generally treated in the same way, and have similar prognosis.

Surgery

Complete surgical tumour resection is essential, irrespective of 
stage and the possible presence of distant metastases, as this in-
creases disease- related survival, decreases the risk of recurrence, 
and allows staging and decision- making for further management.

Presurgical imaging is important for proper planning of the pro-
cedure. Neck ultrasound will provide morphological details related 
to the tumour, extension, possible multifocality, and can identify 
suspicious lymph nodes. High resolution imaging with CT or MRI 
is needed in extensive local disease to assess the degree of infiltra-
tion of the trachea, oesophagus, and vascular structures and iden-
tify an intrathoracic extension for which thoracotomy might be 
necessary.

Extent of Surgery

Lobectomy is recommended for infracentimetric thyroid nodules 
with a positive FNA diagnosis in the absence of extrathyroidal ex-
tension and lymph node involvement, as the risk of recurrence is 
extremely low. Lobectomy can also be performed in selected pa-
tients with tumour size between 1  and 4  cm without any suspi-
cious features, as the outcomes appear similar compared to total 
thyroidectomy, with fewer side effects. These patients do not require 
radioiodine ablation and can be followed- up with ultrasound and 
thyroglobulin measurements [7, 14].

Total thyroidectomy should be performed for multifocal tu-
mours and in patients with positive family history of thyroid cancer 
or personal history of neck irradiation, as their risk of recurrence 
is higher. It is also preferred if ultrasound reveals contralateral lobe 
changes (e.g. thyroiditis) or non- specific adenopathy that can com-
plicate follow- up. Total thyroidectomy is required in patients with 
large tumours bigger than 4  cm, with ETE, or in the presence of 
metastases [7, 12, 14].

PTC without:

regional/vascular invasion
aggressive histology
clinical lympho-nodular MTS

Intrathyroidal MPTC, even if
BRAFV600E Mutated 

Intrathyroidal encapsulated 
FV-PTC

PTC with:

• microscopic ETE

•
•
•

• •
•
•
•
•

•
•
•

vascular invasion
aggressive histology
clinical N1 (all <3 cm)

Risk of recurrence

multifocal MPTC with ETE and 
BRAFV600E mutated 

Either of:

Macroscopic ETE

Incomplete surgical resection

Distant MTS

N1 with any lymph node ≥3 cm

FTC with extensive vascular
invasion

Intrathyroidal encapsulated 
FTC, with capsular invasion but
no or minimal vascular invasion 

LOW INTERMEDIATE HIGH

local or distant MTS

Figure 3.5.6.1 Risk of recurrence stratification system according to ATA 2015. ATA, American Thyroid Association; PTC, papillary thyroid carcinoma; 
FV- PTC, follicular variant papillary thyroid carcinoma; MPTC, micropapillary thyroid carcinoma; FTC, follicular thyroid carcinoma; MTS, metastases; 
ETE, extrathyroidal extension.
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Clinically evident lymph node metastases (on palpation, ultra-
sound or intraoperative examination) are present in 20– 50% of 
patients with DTC and they convey a higher risk of recurrence 
[9]  so therapeutic node dissection of clinically apparent node 
disease is recommended [7, 12,  14]. Up to 90% of patients have 
micrometastases evident at histology but their risk of recurrence is 
negligible [9] so prophylactic neck dissection is not recommended.

The most frequent complications after surgery are hypoparathyr-
oidism and recurrent laryngeal nerve injury. The risk is higher with 
total thyroidectomy, node dissection, and with repeat interven-
tions. Transient hypoparathyroidism is seen in up to 20% of thyroid 
cancer patients after surgery and becomes permanent in around 
1%. Laryngeal nerve monitoring might help in redo surgery/ recur-
rences, to decrease the recurrent damage.

Adjuvant Therapy Based on Risk Stratification

Radioiodine Treatment

Differentiated thyroid cancer arises from the follicular epithelium 
and similar to normal thyroid cells has the ability to take up iodine 
from the blood through the membrane sodium- iodide symporter. 
131I is taken up by normal thyroid and cancer cells and causes acute 
cell damage by emission of beta particles. Gamma radiation is also 
emitted by 131I and can provide a map of thyroid cancer spread 
through the body after scanning with a gamma camera.

After total thyroidectomy, radioiodine therapy can be used in 
DTC patients for:

 1. Remnant ablation— to destroy normal thyroid remnants, in 
order to minimize the risk of cancer recurrence in high- risk 
patients. After ablation, thyroglobulin can be used as a specific 
marker of disease persistence/ recurrence and whole- body 131I 
scanning can identify foci of disease activity.

 2. Adjuvant therapy in case of subclinical, microscopic residual dis-
ease, or clinically significant residual disease that is not surgically 
accessible.

The necessity of radioiodine treatment is assessed individually 
based on the estimated risk of recurrence with the goal of adminis-
tering the minimal amount of radioactivity needed in the best tol-
erated method [7, 14].

Low- risk patients:  131I is not recommended for small tumours 
less than 1  cm without other risk factors, even with coexisting 
microscopic lymph node metastases, because no benefit was proven 
in terms of survival or risk of recurrence [15,  16]. 131I is not re-
quired for tumours of 1– 4 cm in diameter in the absence of other 
risk factors.

Intermediate risk patients: 131I should be considered in selected 
patients with microscopic ETE, clinically documented lymph 
node metastases, vascular invasion, or in the presence of aggres-
sive histologies, but the evidence so far concerning its benefit is 
conflicting [15].

High- risk patients:  131I therapy should be administered to all 
high- risk patients as this improves survival and decreases the risk 
of recurrence [7, 12, 14].

Optimal uptake of 131I by thyroid cancer cells is dependent on 
adequately increased TSH levels and a low- iodine diet in the weeks 

preceding radioiodine administration. Medications containing 
iodine and exposure to iodine- based contrast agents should be 
avoided, as a high load of iodine can take weeks to be eliminated 
(more than 4 weeks for CT with contrast/ angiography; months/ 
years after stopping amiodarone treatment). Twenty- four hour 
urinary iodine concentrations (UIC) can be helpful in monitoring 
iodine excretion.

The radioiodine uptake is increased by high TSH, achievable ei-
ther by thyroid hormone withdrawal or by administrating recom-
binant human TSH.

Thyroid hormone withdrawal (THW) is essential in high- risk 
patients to treat gross residual disease for optimal 131I uptake (7). 
Serum TSH should be above 30 mUI/ L, which is usually achieved 
after 3– 4 weeks of THW. To minimize symptoms of hypothy-
roidism, shorter- acting T3 can be given (25 ug bds or tds) for 2 
weeks after LT4 is withdrawn, but should be used with caution in 
older patients and in patients with ischaemic cardiac disease. T3 is 
stopped 2 weeks before radioiodine treatment.

Recombinant human TSH (rhTSH) has the advantage of 
avoiding prolonged hypothyroidism, thus improving quality of life, 
and reducing radiation exposure, as radioiodine is cleared more 
rapidly than in a severely hypothyroid patient. It can be used for 
remnant ablation and as adjuvant therapy of potential residual 
microscopic disease in low and intermediate risk patients [7] . It 
can also be used in high- risk patients in whom THW and subse-
quent hypothyroidism can seriously aggravate concurrent illnesses 
(i.e. congestive heart failure, depression, etc). rhTSH is essential in 
patients with central hypothyroidism of any cause in whom TSH 
stimulation is not possible with THW.  rhTSH is administered as 
0.9  mg intramuscular daily injections on two consecutive days 
and  131I is administered on the third day, then after 2– 7  days a 
whole- body scan (WBS) is performed.

131i Dose

For remnant ablation in low- risk patients a low 30 mCi dose 
after rhTSH is as successful as a higher 100 mCi dose adminis-
tered after THW, although long- term outcome data are lacking 
[17]. In intermediate risk patients with suspected microscopic 
residual disease, lower doses (30  mCi) appear to have similar 
ablation rates and long- term clinical outcomes to higher doses 
(100– 150 mCi) [18, 19]; higher doses (75– 100 mCi) might be ap-
propriate for patients with higher risk features, such as vascular 
invasion. In high- risk patients with distant metastases higher  
doses (100– 200 mCi) should be used after THW, as there is insuf-
ficient data concerning long- term outcomes with rhTSH admin-
istration [7] . Certain histological variants (Hürthle cell FTC, tall 
cell PTC or poorly DTC) have poor radioiodine sensitivity and 
they also require higher doses. Dosimetric studies might allow 
a more precise estimation of administered 131I activity than em-
piric fixed doses.

Pretreatment radioiodine diagnostic scanning is rarely indi-
cated. It can be useful when the extent of residual disease cannot be 
established with certainty after surgery using ultrasound and thyro-
globulin measurement or if the results could potentially alter the 
need to administer 131I or the required dose [7, 12, 14]. Diagnostic 
use of 131I is hypothesized to cause ‘stunning’, i.e. lower uptake of 
the treatment dose of 131I administered afterwards, due to sublethal 
radiation cell injury caused by the diagnostic dose. To minimize this 



SEcTioN 3 Thyroid Disease616

risk, diagnostic scanning should use low dose 131I (1– 3 mCi) or the 
lower energy isotope 123I (1.5– 3 mCi). The WBS should be obtained 
after 48– 72 h for 131I and 6– 24 h for 123I.

Side Effects and complications

Acute and chronic side effects occur in up to 30% of patients after 
radioiodine treatment, especially if higher radiation doses are 
administered [20].

Most patients present with salivary and lacrimal gland dysfunc-
tion. Xerostomia, ageusia, and sialadenitis are frequent and lemon 
juice and candies can be helpful. Radiation thyroiditis is occasion-
ally seen in the presence of large thyroid remnants. Similar to acute 
sialadenitis, it usually responds to non- steroidal anti- inflammatory 
drugs but steroids can sometimes be required.

In the acute setting, particularly after thyroxine withdrawal, high 
TSH values acts as a potent stimulus for cancer cell growth and together 
with the accompanying oedema can cause important tumour swelling, 
leading to airway obstruction, nerve compression, or severe bone 
pain, depending on the location. Steroids can be helpful (dexametha-
sone 8 mg bds or prednisone 60 mg/ day), started 1 or 2 days before 
radioiodine administration then tapered during the following days.

Gonadal dysfunction is sometimes seen, ranging from tran-
sient oligospermia or ovarian dysfunction to infertility after high 
cumulative doses.

Patients are at increased risk of secondary malignancies, par-
ticularly leukaemia and solid tumours in sites that concentrate 
131I:  breast tissue, urinary, and digestive tract [20]. This risk is 
higher in younger patients and with high cumulative doses (>500– 
600 mCi). Patients are encouraged to drink large volumes of fluids 
to avoid accumulation of the isotope in the bladder, and laxatives 
are prescribed to ensure regular bowel movements.

131I administration is contra- indicated in pregnancy because it 
crosses the placenta and destroys the fetal thyroid leading to cret-
inism. Women are advised to avoid pregnancies for at least 6 months 
after radioiodine treatment. 131I administration is forbidden during 
lactation as it crosses to the child through the milk; in addition, 
accumulation in the breast tissue leads to increased radiation ex-
posure of the mother.

For radiation protection, most patients receive radioiodine therapy 
as inpatients in dedicated nuclear medicine units, with limited ac-
cess. After treatment, patients must respect strict personal hygiene, 
avoid public gatherings and close contact, particularly with young 
children and pregnant women for a few days following 131I admin-
istration, in order to reduce radiation exposure to the community.

Thyroid Hormone Suppression

After surgery, thyroxine treatment is tailored to counteract TSH 
stimulation of potential tumour remnants. The degree of TSH sup-
pression in individual patients is decided based on the estimated 
risk of recurrence [7,  14]. A  robust TSH suppression improves 
progression- free survival in high- risk patients but a moderate sup-
pression of TSH is probably enough for intermediate risk patients 
and no benefit was proven for low- risk patients [21].

Low- risk patients with partial thyroidectomy or total 
thyroidectomy and non- detectable non- stimulated thyroglobulin 
should have a low- normal TSH (0.5– 2 mUI/ L). Certain patients 
have enough thyroid tissue left after a lobectomy to maintain 
normal thyroid function without thyroxine replacement.

Intermediate risk patients should have a TSH between 0.1 and 0.5 
mUI/ L. The same moderate TSH suppression is indicated for low- risk 
patients with low level detectable non- stimulated thyroglobulin.

High- risk patients require a TSH maintained below 0.1 mUI/ L 
[7, 14].

Thyroxine dose can be reduced if required due to advanced age, 
the presence of atrial fibrillation, ischaemic heart disease, or severe 
osteoporosis.

Follow- up and Long- Term Management

The principal objectives of follow- up are to ensure adequate thyroid 
hormone replacement with the recommended level of TSH sup-
pression and to monitor for possible disease recurrence. This active 
surveillance is mostly based on serial measurements of thyro-
globulin and neck ultrasound [7, 14]. In patients with evidence of 
persistent disease further imaging will be required to define disease 
extension and to plan management. This will imply a combination 
of radioiodine WBS, CT/ MRI, bone scan, 18FDG- PET/ CT.

Thyroglobulin

Synthesized exclusively in thyroid follicular cells, thyroglobulin 
(Tg) is a good marker for DTC providing information about per-
sistent and recurrent disease.

Serum Tg is generally measured by immunometric assays based 
on antigen- antibody interactions. Up to 25% of patients with thy-
roid cancer have high antithyroglobulin antibody (TgAb) titres 
which can disrupt the thyroglobulin assay, making follow- up diffi-
cult. Additionally, there is significant interassay Tg variability, so in 
any given patient the same Tg assay should be used for serial meas-
urements and TgAb should always be measured at the same time 
[7, 14]. High Tg values above the upper range of the assay should 
be re- measured after dilution until an accurate result is obtained, 
so precise data are documented allowing correct serial evaluation 
during follow- up.

Thyroglobulin reaches its nadir at 3– 4 weeks after surgery; posi-
tive serum levels reflect presence of small thyroid remnants and/ 
or disease remnants. There is no clear cut- off to discriminate be-
tween these scenarios, but levels above 30  ng/ ml after lobectomy 
and above 5 ng/ ml after total thyroidectomy should raise suspicion 
of residual/ metastatic disease [7] .

Radioiodine ablation destroys normal thyroid remnants thus 
increasing the specificity of thyroglobulin in detecting recurrences. 
TSH stimulation increases the sensitivity of thyroglobulin measure-
ment. An undetectable TSH- stimulated thyroglobulin can safely 
identify disease- free patients. Newer super- sensitive thyroglobulin 
assays, with functional sensitivity of less than 0.05  ng/ ml, might 
obviate the need for TSH stimulation, as non- stimulated thyro-
globulin values correlate well with TSH- stimulated thyroglobulin 
measured by these assays [22].

For low- risk patients who have not received 131I, the variation 
trend in serial Tg measurements can have an excellent negative 
(declining values) or positive (increasing values) predictive value 
for disease recurrence during long- term follow- up [15].

In a patient with positive TgAb, Tg measurement is unreliable 
due to assay interference, but rising TgAb levels suggest disease 
recurrence.
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Ultrasound

The vast majority of DTC recurrences are localized in the neck and 
ultrasound is highly sensitive in detecting lymph node involvement, 
irrespective of 131I ablation status and Tg levels [15]. Suspicious 
lymph nodes are defined by the presence of microcalcifications, 
cystic changes, peripheral vascularity, round shape and loss of hilar 
image and hyperechogenicity [23]. If repeat surgery is considered, 
FNAB should be previously performed with cytology and meas-
urement of thyroglobulin in the aspirate fluid to confirm recurrent 
lymph node disease [24].

Radioiodine Scanning

The combination of neck ultrasound and serum thyroglobulin 
measurement is equal to or superior in detecting residual disease 
compared to radioiodine WBS, which should not be used routinely 
[15]. During follow- up, repeat WBS is indicated in patients with 
post- treatment scans showing areas of increased 131I uptake sug-
gestive for pathological lymph nodes/ distant metastases. It is also 
indicated in patients with normal ultrasound but high TgAb in 
whom Tg measurement is unreliable to evaluate disease status [7] . 
SPECT/ CT has the advantage of superimposing functional and ana-
tomical images thus providing a more accurate localization of dis-
ease recurrence.

18FDG- PET/ cT

In patients with negative WBS despite high thyroglobulin levels 
(stimulated thyroglobulin >10 ng/ ml), 18FDG- PET can localize the 
residual disease [7] . The sensitivity ranges between 45% and 100% 
and is dependent on tumour burden, histological subtype, and de-
gree of differentiation [25]. It is more sensitive in patients with more 
aggressive histological variants, such as poorly differentiated, tall 
cell, insular, Hürthle cell carcinomas, and identifies patients with 
poorer prognosis. The sensitivity is generally low in patients with 

stimulated thyroglobulin <10  ng/ ml as this indicates low burden 
disease (with the exception of a poorly DTC where the low serum 
thyroglobulin is a sign of dedifferentiation). Integrating 18FDG- PET 
and CT imaging allows colocalization of hypermetabolic and mor-
phological data; CT has higher spatial resolution and can increase 
the specificity of PET scan by providing structural information 
about areas of physiological uptake or inflammatory lesions. PET 
is particularly useful in identifying mediastinal lymph nodes and in 
differentiating cervical residual disease from post- surgical fibrosis 
[25]. PET scan performed after rhTSH administration has slightly 
higher sensitivity than basal PET but this changes the planned man-
agement only in a minority of patients [26].

cT and MRi

High resolution axial CT of the neck and chest with iv contrast al-
lows better definition of large nodal recurrences in the neck and 
mediastinum. It is also needed to describe extensive, invasive dis-
ease involving the trachea, oesophagus and adjacent blood vessels 
[7] . If dyspnoea or dysphagia are present, fibre optic laryngos-
copy and endoscopy might be necessary to evaluate for possible 
intraluminal tumour invasion. CT of the chest is the most sensitive 
method to diagnose small lung metastases. CT and MRI of the brain 
or abdomen should be performed to evaluate for distant disease in 
patients with high thyroglobulin levels (Tg >10 ng/ ml) or high and 
rising antithyroglobulin antibodies, if symptoms of organ- specific 
involvement are present or if radioiodine treatment is planned and 
tumour swelling after 131I is a concern [7].

Follow- up Plan

During follow- up, data reflecting the patient’s response to treatment 
is collected and the risk of recurrence is reassessed according to a 
dynamic risk stratification system [7]  (Table 3.5.6.2).

Excellent response: no clinical, biochemical, structural signs of 
disease.

Table 3.5.6.2 Response to therapy definitions based on initial therapy (total thyroidectomy with/ without radioiodine ablation), predicted 
outcomes, and recommended management plan

Category Excellent response Biochemical incomplete response Structural incomplete response Indeterminate response

Definition •	 Negative imaging and
•	 nsTg <0.2 ng/ ml or
•	 sTg <1 ng/ ml after RAI
		 sTg< 2 ng/ ml without RAI
•	 Negative TgAb

•	 Negative imaging and
•	 nsTg ≥1 ng/ ml after RAI
		 nsTg ≥5 ng/ ml without RAI or
•	 sTg ≥10 ng/ ml or
•	 Rising TgAb

Structural or functional evidence 
of disease, regardless of Tg, TgAb 
levels

•	 Non- specific imaging findings
•	 Faint uptake in thyroid bed on 

RAI scans
•	 Detectable Tg (below cut- offs 

for biochemical incomplete 
response) or

•	 TgAb stable/ declining without 
structural/ functional disease

Management 
plan

•	 nsTg every 1– 2 yrs
•	 sTg not necessary
•	 Regular neck ultrasound
•	 CT/ MRI follow- up may 

be indicated in high- risk 
patients for 3– 5 years 
after attaining excellent 
response

•	 nsTg every 6 months
•	 If stable/ declining Tg → 

observation; ultrasound yearly; 
sTg at 2 years to evaluate for 
excellent response

•	 If rising Tg/ TgAb → consider 
WBS, CT/ MRI, 18FDG- PET, and 
treatment of persistent disease

•	 nsTg every 6 months
•	 Yearly ultrasound
•	 Diagnostic WBS to evaluate 

iodine avidity of lesions
•	 MRI, CT at 6– 12 months 

depending on progression
•	 18FDG- PET— additional 

disease sites
→ Additional therapy of 
persistent disease

•	 nsTg 6– 12 months
•	 sTg after 2 yrs to evaluate for 

excellent response
•	 Neck ultrasound every 

6– 12 months
•	 If suspicious findings appear → 

consider WBS, CT/ MRI, 18FDG- 
PET, and treatment of persistent 
disease

TSH goal 0.5– 2 mUI/ L
(0.1– 0.5 mUI/ L for 3– 5 yrs 
in high- risk patients)

0.1– 0.5 mUI/ L <0.1 mUI/ L 0.1– 0.5 mUI/ L

nsTg, non- stimulated thyroglobulin; RAI, radioiodine ablation; sTg, stimulated thyroglobulin; TgAb, antithyroglobulin antibodies. Based on [7], [27], [28].
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Biochemical incomplete response: high thyroglobulin, increasing 
antithyroglobulin antibodies, but negative imaging.

Structurally incomplete response:  persistent/ recurrent struc-
tural disease, regardless of thyroglobulin or antibody levels.

Indeterminate response:  unspecific biochemical/ structural 
changes.

This system allows, for example, for a patient initially included 
in a high- risk group after surgery but with a good response after 
131I therapy, with stimulated thyroglobulin <1  ng/ ml, negative 
antibodies, and imaging, to move to a lower risk group due to 
the excellent response to treatment, which would imply a de-
crease in the intensity of follow- up and a lesser degree of TSH 
suppression.

The definitions were originally developed and validated based on 
the outcome of patients with DTC treated with total thyroidectomy 
and radioiodine ablation (Box 3.5.6.1) [7] , but the system was 
subsequently validated also for low and intermediate risk patients 
treated with lobectomy and total thyroidectomy without RIA 
[27, 28]. After lobectomy, a stable non- stimulated Tg of less than 
30 ng/ ml in the context of undetectable TgAb and negative imaging 
is considered an excellent response [28]. An increasing trend in 
non- stimulated thyroglobulin or TgAb in these patients represent 
an increased risk of structural disease and should prompt additional 
investigation [27].

Persistent/ Recurrent Disease

In most patients with persistent disease the lesions are identified in 
the neck: lymph node recurrences or residual disease in the thyroid 
bed. Distant metastases can be present at diagnosis in up to 10% of 
patients or can develop over time. Persistent disease is suggested 
by high thyroglobulin or increasing TgAb titres and is certified by 
ultrasound, radioiodine scanning, CT/ MRI, bone scan, or 18FDG- 
PET which identify the site of disease.

Surgery is preferred if the location of the identified lesion allows 
it, followed by radioiodine if the lesion is 131I avid [7, 14].

Clinically significant, biopsy proven, cervical lymph node 
recurrences should be resected. In high- risk surgical patients, 
percutaneous ethanol injection, laser, high intensity focused ultra-
sound or radiofrequency ablation can be considered as alterna-
tives [7, 23, 29].

In extensive, invasive disease, surgical resection can be followed 
by external beam radiotherapy to lower the risk of recurrence [7] .

Pulmonary metastases respond well to radioiodine therapy, par-
ticularly in younger patients. Complete remission is possible, par-
ticularly in case of micrometastases. In persistent disease therapy 
should be repeated every 6– 12  months as long as it continues to 
concentrate 131I, but high cumulative radioiodine doses can lead to 
pulmonary fibrosis.

Bone metastases usually require higher doses and 131I therapy is 
usually not curative. Surgical resection and stabilization are some-
times needed to prevent fracture and neurological complications; 
bisphosphonate treatment with pamidronate or zoledronic acid 
can provide pain relief and even a small 2– 10% decrease of bone 
tumour volume; external beam radiation therapy can help control 
bone pain.

Brain metastases usually occur in older patients and have a 
poorer prognosis. Surgical resection, if feasible, should be attempted 
before 131I; otherwise external beam radiation therapy is an option. 
If the lesions are radioiodine- avid, 131I therapy should be performed 
accompanied by glucocorticoid treatment to prevent tumour and 
neighbouring brain structures swelling [7] .

Radioiodine Resistant Differentiated 
Thyroid carcinoma

DTC usually caries a good prognosis due, in great measure, to 
its good response to radioiodine therapy. There are, however, pa-
tients with radioiodine refractory structurally evident disease in 
whom the lesions lose the ability to concentrate 131I or progress 
despite continuing to exhibit 131I uptake, probably due to dediffer-
entiation [26]. 18FDG- PET/ CT can identify distant metastases in 
these patients and should be used in conjunction with radioiodine 
scans as patients can present with both radioiodine- avid and re-
sistant lesions. 18FDG- PET uptake generally signals lesions with 
aggressive histologies and poor prognosis. For these patients, 
new therapeutic options are required. Tyrosine kinase inhibi-
tors (sorafenib, lenvatinib, vandetanib) partially inhibit multiple 
kinases and affect multiple signalling pathways, including angio-
genesis [30]. They are recommended in patients with radioiodine 
refractory, progressive, metastatic disease and have been shown to 
increase progression- free survival and induce sustained tumour 
regression [31– 33]. The risk- benefit must be carefully weighted 
in each patient, as treatment is frequently accompanied by nu-
merous side effects:  hypertension, nausea, fatigue, weight loss, 
skin changes, risk of gastrointestinal perforation, hepatotoxicity, 
bleeding, etc. [7] . New research is focused on finding ways to in-
crease radioiodine sensitivity. Two small studies suggested that 
treatment with selumetinib (an inhibitor of MAPK pathway) and 
dabrafenib (a selective BRAF inhibitor) can restore radioiodine 
sensitivity in patients with 131I resistant DTC [34, 35]. Cytotoxic 
chemotherapy with doxorubicin or taxanes has limited efficacy in 
DTC patients but can be attempted in patients who cannot tolerate 
or progress despite tyrosine kinase therapy.

Box 3.5.6.1 Predicted outcomes in patients treated with total 
thyroidectomy and radioiodine ablation based on response 
to therapy

Excellent response:
<4% recurrence at 5– 10 years (5– 15% in high- risk patients)

Biochemical incomplete response:
30% spontaneously evolve to no evidence of disease (NED)
20% achieve NED after additional therapy
20% structural disease at end of follow- up

Structurally incomplete response:
50– 85% persistent disease despite therapy
Deaths: 11% in regional disease
50% in distant disease

Indeterminate response:
15– 20% with structural disease identified at follow- up
The rest— the changes are stable or resolve
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Anaplastic Thyroid carcinoma

Anaplastic thyroid cancer (ATC) is an undifferentiated tumour of 
the follicular epithelium. It is rare but extremely aggressive, with 
a median survival of 5– 7 months after diagnosis and a 20% 1- year 
survival rate [36]. It tends to develop in older individuals (mean age 
65 years) and can be associated with DTC. Genetically, anaplastic 
cancer presents with activating BRAF and RAS mutations (similar 
to DTC), but also new mutations involving p53 tumour suppressor 
protein, TERT, or PIK3CA. It is thus believed that anaplastic cancer 
develops from more differentiated tumours after a dedifferentiation 
event, which is probably the acquisition of a new mutation.

ATC generally presents as a rapidly growing, fixed cervical tu-
mour mass. It can extend into the perithyroidal fat to the strap 
muscles, trachea, oesophagus, blood vessels, and laryngeal recur-
rent nerves which leads to pain, dysphonia, dysphagia, dyspnoea, 
and cough. Distant metastases are present in up to 50% of patients at 
diagnosis (often in the lungs, bone, brain, skin, adrenal glands) and 
can manifest as systemic symptoms:  fatigue, anorexia, weight loss 
or focal signs of compression: bone pain, neurological symptoms.

The initial evaluation should include a full blood count, bio-
chemistry, thyroid function tests and neck ultrasound [37]. Marked 
leukocytosis is sometimes present due to tumour secretion of 
lymphokines. Some patients present with hypocalcaemia due to in-
vasion of the parathyroid glands or humoral hypercalcaemia of ma-
lignancy. Thyroid function is usually normal, but hypothyroidism 
can occur in extensive disease destroying the normal parenchyma. 
Ultrasound reveals a hypoechoic, infiltrative mass, often with areas 
of extensive necrosis and lymph node metastasis. Diagnosis re-
quires FNAB or core needle biopsy and immunohistochemistry 
is needed to distinguish ATC from poorly differentiated and me-
dullary thyroid carcinomas, thyroid lymphoma, melanoma, and 
sarcoma [37].

Cross- sectional CT or MRI studies should be performed for 
staging purposes and to define local extension and the poten-
tial for surgical resection. 18FDG- PET/ CT is helpful to identify 
distant metastases. According to the TNM staging system, all 
ATCs are considered stage IV:  intrathyroidal tumours are stage 
IVA, gross extrathyroidal extension means stage IVB and distant 
metastases— IVC [8] .

Due to their aggressive nature, prompt management of ATC is 
essential. Surgery should be performed for all intrathyroidal tu-
mours as complete resection increases survival. In invasive tumours 
surgical resection should be followed by radiotherapy and chemo-
therapy. Combination therapy decreases the risk or recurrence but 
doesn’t influence survival [36]. In patients with distant metastases 
no therapy was proven effective and median survival is 4 months. 
External beam radiation therapy (EBRT) can provide pain relief in 
patients with bone metastases. Cytotoxic chemotherapy with doxo-
rubicin, doxorubicin + cisplatin, or paclitaxel usually provides only 
short- term responses. If available, patients should be enrolled in 
clinical trials with new therapies based on the molecular profile of 
the tumour [37]. Radioiodine therapy and TSH suppression have no 
role in ATC, because the undifferentiated cells are not capable of 131I 
uptake, but can be useful in patients with associated DTC. Palliative 
treatment should focus on securing the airway and maintaining 
access for nutritional support (tracheostomy and gastrostomy), as 
death usually occurs due to aerodigestive obstruction. Adequate 

management of pain should be provided as well as emotional and 
spiritual support.

Thyroid Lymphoma

Primary thyroid lymphoma (PTL) is a rare malignancy, representing 
less than 2% of all thyroid cancers. It typically presents in the sev-
enth life decade, affecting predominantly women (female:male 
ratio— 4:1). The major known risk factor for PTL is Hashimoto’s 
thyroiditis, which was identified in up to 90% of patients [38].

Thyroid lymphomas are almost always of the non- Hodgkin 
type and of B- cell lineage; the most frequent are diffuse large B- 
cell lymphomas (DLBCL) and mucosa- associated lymphoid tissue 
(MALT) lymphomas [38, 39].

PTL typically presents as a rapidly expanding neck mass which 
is often hard, sometimes tender, fixed to the trachea, and often ex-
tending substernally. Because of invasion into the adjoining neck 
structures, patients can present with hoarseness, dyspnoea, and 
dysphagia. Lymph node enlargement can be identified in approxi-
mately 50% of cases. Systemic B- type symptoms can also be pre-
sent:  fever, night sweats, and significant weight loss. Occasionally, 
MALT lymphomas present as a single, asymptomatic, slow- growing 
thyroid nodule.

Patients are usually euthyroid; hypothyroidism sometimes occurs 
because of coexisting Hashimoto’s thyroiditis/ severe thyroid infil-
tration by the lymphoma. Rarely, transient thyrotoxicosis occurs 
due to rapid destruction of thyroid follicles.

Ultrasound reveals an intensely hypoechoic, pseudo- cystic struc-
ture, sometimes nodular, with ‘broccoli- like borders’, other times 
diffuse, infiltrative. Enhancement of posterior echoes is always 
present and can help to distinguish it from severe thyroiditis [40]. 
FNAB can suggest the diagnosis, but management is decided after 
large- bore or surgical biopsy with immunohistochemistry which is 
needed to evaluate the histological subtype.

18FDG- PET, CT, or MRI are performed for staging purposes, to 
define local extension, to plan treatment, and monitor response to 
treatment.

Management depends on histological subtype and tumour stage. 
MALT lymphomas usually have an indolent clinical course and can 
be treated by surgery alone, radiotherapy alone or a combination of 
them [39]. The benefit of surgical resection in these patients is de-
batable, so it is not typically recommended, but MALT lymphomas 
are sometimes detected incidentally after thyroidectomy performed 
for other indications, and in this case no further treatment may be 
needed. DLBCL are generally aggressive and require combined mo-
dality treatment using the monoclonal antibody rituximab, com-
bined chemotherapy (cyclophosphamide, doxorubicin, vincristine, 
prednisone) and radiotherapy [39]. Radiotherapy provides local 
control and combined chemotherapy is used to decrease the inci-
dence of distant recurrences. If critical airway obstruction occurs, 
surgical resection may be an option; however, tumours typically 
respond in a few hours to chemotherapy and glucocorticoids and 
airway permeability is restored.

The prognosis of PTL depends largely on the histological sub-
type, patient age, disease stage, and treatment. The reported 5- year 
disease- free survival is 95% for MALT lymphomas and 75% for 
DLBCL [39].
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classification and Epidemiology

Medullary thyroid carcinoma (MTC) is a rare tumour of the 
parafollicular or C cells of the thyroid, that produce calcitonin (Ctn) 
and not iodine- rich thyroid hormone, making it not susceptible to 
treatment with radioactive iodine. New genetic studies in mice indi-
cating that the genuine progenitors to C cells arise in the endoderm 
germ layer and are not of a neural crest origin [1] ; but MTC often 
have the clinical and histological features of neuroendocrine tu-
mours. They account for 3– 5% of all thyroid carcinomas and occur 
in both sporadic and hereditary forms [2]. The majority of patients 
have sporadic MTC (70%), while 30% have hereditary MTC. The 
sex ratio in sporadic MTC is 1:1.3 (male to female), while both sexes 

are nearly equally affected in the familial variety [3]. The highest in-
cidence of sporadic disease occurs in the fifth decade of life, while 
hereditary disease can be diagnosed earlier, depending on the pos-
sibility of genetic and biochemical screening.

The familial variety of MTC is inherited as an autosomal dom-
inant trait with a high degree of penetrance and MTC is the 
dominant component of the multiple endocrine neoplasia type 2 
syndrome (MEN2) [4] . It is caused by germline- activating muta-
tions of the RET proto- oncogene. Two distinct hereditary varieties 
of MTC are known, MEN2A and MEN2B, they differ with respect 
to incidence, genetics, age of onset, association with other diseases, 
aggressiveness of MTC, and prognosis (Table 3.5.7.1.):

 1. The MEN 2A syndrome (OMIM 171400), characterized by the 
association of MTC, pheochromocytoma, and tumours of the 
parathyroids, sometimes Hirschsprung’s disease, and cutaneous 
lichen amyloids. In some cases MTC is isolated without other 
endocrinopathies (familial MTC, FMTC). The subtype FMTC 
has been diagnosed more frequently in recent years and is re-
ported to account for 35– 40% of all MEN 2 cases [5] .

 2. The MEN 2B syndrome (OMIM 162300), consisting of MTC, 
phaeochromocytoma, ganglioneuromatosis of the gastrointes-
tinal tract, and marfanoid habitus; in this phenotype hyperpara-
thyroidism is absent. It is the most aggressive form (5– 10% of all 
cases) [6] .

Many patients with MEN 2B have an earlier onset in the first year 
of life and more aggressive MTC with a higher morbidity and mor-
tality than in patients with MEN 2A. They often do not have a family 
history of the disease. Their tumours and characteristic appearance 
are therefore due to de novo germline RET mutations that present as 
sporadic cases of potentially hereditary disease. In contrast, the clin-
ical course of MTC in FMTC is more benign than MEN 2B with a late 
onset or no clinically manifest disease, and the prognosis is relatively 
good. Therefore, a family history is often inadequate in establishing 
familial disease and more thorough evaluation by genetic and bio-
chemical screening often reveals a family history of MTC in a patient 
originally thought to have the sporadic form of the disease [7] .

Detection of MTC in patients has changed in recent years with 
the introduction of specific strategies:  Ctn screening in patients 
with thyroid nodules and screening with molecular methods for 

Table 3.5.7.1 Classification of medullary thyroid carcinoma

Variety of MTC Incidence 
(%)

Age at onset Associated 
endocrinopathies

Sporadic MTC 70 Fifth decade None

Hereditary MTC 30

-  MEN 2A –27 Third decade Phaeochromocytoma, 
parathyroid adenoma/ 
hyperplasia,
Hirschsprung disease,
cutaneous lichen 
amyloidosis,
only MTC (familial MTC)

-  MEN 2B – 3 First decade Phaeochromocytoma, 
mucosal neuromas,
marfanoid habitus

MEN 2A, multiple endocrine neoplasia type 2A; MTC, medullary thyroid carcinoma.
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RET proto- oncogene mutations in patients with apparently spor-
adic MTC and in family members at risk for MTC. By earlier iden-
tification of patients with MTC, the presentation has changed from 
clinical tumours to preclinical disease, resulting in a high cure rate 
of affected patients with much better prognosis [8] .

Pathology and Biochemical Markers

The histological appearance of MTC is enormously variable with re-
gard to cytoarchitecture (solid, trabecular, or insular) and cell shape 
(spindle, polyhedral, angular, or round). The presence of stromal 
amyloid is characteristic in about 50– 80% of MTC patients. This 
feature had been an auxiliary diagnostic criterion for MTC before 
the use of calcitonin immunocytochemistry. MTC without stromal 
desmoplasia is associated with a very low potential for metastasis [9] .

Hereditary MTC characteristically presents as a multifocal pro-
cess with neoplastic C- cell hyperplasia in areas distinct from the pri-
mary tumour. Bilateral neoplastic C- cell hyperplasia is a precursor 
lesion to hereditary MTC, in contrast non- MEN2- associated C- cell 
hyperplasia which is found with a great variety of pathological con-
ditions, including non- medullary thyroid tumours, nodular goitre, 
autoimmune thyroiditis, renal failure, and disorders of calcium me-
tabolism, and is not related to the development of sporadic MTC 
[10]. Metastasis may be found first in central and lateral cervical 
and mediastinal lymph nodes of the neck in 10% of patients with a 
micro- MTC operated on after discovery by familial screening, and 
in up to 90% of patients operated on for clinical MTC. Metastases 
outside the neck and mediastinum may occur during the course of 
the disease in the liver, lung, and bone.

The primary secretory product of MTC is Ctn, which serves as a 
highly sensitive tumour marker. Measurement of monomeric Ctn 
with two- site assays remains the definitive test for prospective diag-
nosis of MTC [11]. The test is widely available, accurate, reproducible, 
and cost- effective. Reference intervals are gender- dependent with 
higher levels in men than in women. Basal Ctn concentrations usu-
ally correlate with tumour mass and are almost always high in patients 
with palpable tumours. Similarly, elevated plasma Ctn levels following 
surgery to remove the tumour are indicative of persistent or recur-
rent disease. Measurement of plasma Ctn has been part of the routine 
evaluation of patients with thyroid nodules; up to 3% of patients with 
thyroid nodules have pathological Ctn concentrations and about 0.6% 
have an MTC [12]. The prevalence of MTC was nearly 100% when 
basal Ctn levels were more than 100 pg/ ml. For basal Ctn, the best 
cut- off points able to separate non- MTC (including normal and C- cell 
hyperplasia cases) from MTC patients were 26 pg/ ml in females and 68 
pg/ ml in males [13]. The predictive value for detection of micro- MTC 
in the grey zone between upper reference value and cut- off value is 
low; small MTC could be diagnosed sufficiently early enough allowing 
curative thyroidectomy by increasing Ctn values during follow- up. All 
patients with basal Ctn below 100 pg/ ml could be cured by surgery 
[14]. Ctn assays with improved functional sensitivity and gender spe-
cific reference values may avoid stimulation testing with pentagastrin 
or calcium. In rare cases MTC does not secrete Ctn, the prevalence of 
non- secretory MTC with no measurable Ctn is 0.83% [15].

After careful evaluation, Ctn measurement in nodular thyroid dis-
ease allows early diagnosis and early surgery of MTC, reducing the 
significant mortality associated with this malignant tumour. There 

are a number of other substances, including carcinoembryonic 
antigen (CEA), PDN- 21 (katacalcin), procalcitonin, chromogranin 
A, neuron- specific enolase, somatostatin, and adrenocorticotrophic 
hormone (ACTH), that are produced by MTC and which may help 
to differentiate it from other tumours.

Genetic Abnormalities

The responsible gene for MEN 2 (OMIM 171400, 162300, 
155240)  was localized to centromeric chromosome 10 (10q11.2) 
by genetic linkage analysis in 1987. Activating germline point mu-
tations of the RET proto- oncogene were identified in 1993 [16]. 
Analysis of RET in families with MEN 2 revealed that only affected 
family members had germline missense mutations in eight closely 
located exons (5, 8, 10, 11, and 13– 16) [16,  17]. Genetic testing 
detects nearly 100% of mutation carriers and is considered the 
standard of care for all first- degree relatives of patients with newly 
diagnosed MTC [18].

The RET gene has 21 exons and encodes a receptor tyrosine kinase 
that appears to transduce growth and differentiation signals in sev-
eral developing tissues including those derived from the neural crest. 
It is expressed in cells such as C cells, the precursors of MTC, and 
in adrenal medullary cells, the precursors of pheochromocytomas, 
and parasympathetic and sympathetic and colonic ganglia cells, 
precursors of the ganglioneuromas. Unregulated RET activation 
leads to various cancers, including hereditary MTC, while humans 
lacking RET expression due to inactivating germline mutations de-
velop Hirschsprung’s disease.

The RET protein consists of an extracellular segment with a 
ligand- binding domain, a cadherin (Ca2+- dependent cell adhesion)- 
like domain, and a cysteine- rich domain that is positioned near the 
cell membrane. RET protein has a single transmembrane domain 
and an intracellular segment with two tyrosine kinase subdomains, 
TK1 and TK2. It is activated by ligand- induced dimerization [19].

Hereditary MTC is caused by autosomal dominant gain- of- 
function mutations in the RET proto- oncogene. Mutation of 
the extracellular cysteine at exon 11 codon 634 causes ligand- 
independent dimerization of receptor molecules, enhanced phos-
phorylation of intracellular substrates, and cell transformation. 
Mutation of the intracellular tyrosine kinase (codon 918)  has no 
effect on receptor dimerization but causes constitutive activation of 
intracellular signalling pathways and also results in cellular trans-
formation. There is a significant age- related progression from C- cell 
hyperplasia to MTC, which correlates with the transforming cap-
acity of the respective RET mutations.

At present, mutation analysis has identified over 100 different 
missense mutations associated with the development of MEN 2 
(Figure 3.5.7.1.). Although some overlap exists between RET muta-
tions and the resulting clinical subtype of MEN 2, most of patients 
with MEN 2A have a mutation of codon 634 (exon 11), followed by 
mutations of codons 609, 611, 618, and 620 (exon 10). In FMTC, 
germline mutations are distributed throughout the RET gene with 
an accumulation in exon 13 (codons 768, 790, and 791), exon 14 (co-
dons 804 and 844), and rarely exon 10 (codons 618 and 620); MEN 
2B patients have mutations in codon 918 (exon 16), but mutations are 
rarely identified at codon 883 exon 15 [20]. Phaeochromocytomas 
are associated with codon 634 and 918 mutations in approximately 
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40– 50% of patients, and are associated with mutations in exon 10 
(codon 609, 611, 618, 620) in about 30% of patients and rarely in 
exon 15 (codon 791, 804) [21]. Hyperparathyroidism in MEN 2A is 
most commonly associated with codon 634 mutations, and in par-
ticular with the C634R mutation. The association between disease 
phenotype and RET mutation genotype has important implications 
for the clinical management of MEN 2 patients and their families. 
There is a correlation between the specific germline RET mutation 
and the age of onset and aggressiveness of MTC development and 
the presence of nodal metastases [22].

This information is used to stratify RET mutations into three 
risk levels namely moderate, high, and highest risk concerning the 
age of onset and aggressiveness of MTC: MEN2- patients with ATA 
(American Thyroid Association)- moderate risk have mutations at 
exon 10 (codons 609, 611, 618, 620), exon 13– 15 (codon 768, 790, 
791, 804, and 891), with ATA higher risk at exon 11 (codon 634) and 
at exon 15 (codons 883)  and with ATA highest risk at exon 16 
(codon 918). This risk classification is important in presymptomatic 
RET mutation carriers because prophylactic thyroidectomy must 
be performed before MTC development or while the tumour is 
confined to the thyroid gland. This strategy for preventing familial 
MTC should be tailored according to the specific risk of the muta-
tion carried by each patient [2]  (see next).

Approximately 23– 60% of sporadic MTC have a somatic (present 
in tumour only) mutation at codon 918 identical to the germline 
mutation found in MEN 2B. Some reports suggest that patients with 
sporadic MTC with codon 918 somatic mutations have more ag-
gressive tumour growth and a poorer prognosis [23].

clinical Syndrome and Diagnostic Procedure

Sporadic Medullary Thyroid carcinoma

The most common clinical presentation of sporadic MTC is a single 
nodule or thyroid mass found incidentally during routine examin-
ation [24]. The presentation does not differ from that observed in 
papillary or follicular thyroid carcinoma. A  thyroid nodule iden-
tified by physical examination is generally evaluated by ultrason-
ography and radioisotopic scanning (Figure 3.5.7.2). MTC shows 
hypoechogenic regions, sometimes with calcifications, and a 

thyroid scan almost always shows no trapping of radioactive iodine 
or technetium. Cytological examination of the cold hypoechogenic 
nodule will lead to a strong suspicion, or a correct diagnosis in most 
cases, of sporadic MTC.

A plasma Ctn measurement can clarify the diagnosis, since pre-
operative Ctn levels correlate significantly with tumour size and, in 
the presence of a palpable MTC, the plasma Ctn concentration will 
usually be greater than 100 pg/ ml. The CEA level will be elevated in 
most cases with clinically evident tumours. Therefore, measurement 
of plasma Ctn in patients with thyroid nodules has been advocated 
as a routine procedure by some European consensus groups [25].

Genetic testing for RET mutations in patients with elevated Ctn 
levels may also be helpful in apparently sporadic cases of MTC, 
since, if a mutation is found, it will imply that the disease is her-
editary and that the family should be screened. The frequency of 
germline mutations, either inherited or de novo, in a larger series 
of apparently sporadic MTC patients varied between 1% and 
7% [7] .

Metastases to cervical and mediastinal lymph nodes are found 
in two- thirds of patients at the time of initial presentation. Distant 
metastases to lung, liver, and bone occur late in the course of the 
disease. Diarrhoea is the most prominent of the hormone- mediated 
clinical features of MTC and is often seen in patients with ad-
vanced disease. In addition, occasional tumours secrete ACTH 
causing Cushing’s syndrome. Given the possibility that any patient 
with MTC may have MEN 2, preoperative testing must also in-
clude a 24- hour urinary excretion of catecholamines (to rule out 
phaeochromocytoma) and measurement of calcium (to rule out 
hyperparathyroidism).

Hereditary Medullary Thyroid carcinoma

The clinical presentation and manifestation of familial MTC in index 
cases does not appear to differ from that in patients with sporadic 
MTC. MTC is often the initial manifestation of MEN 2 syndrome, 
as the other manifestations, phaeochromocytoma and hyperpara-
thyroidism, develop later in the course of the disease. Less common 
presentations of MTC include recognition during search initiated 
after an associated disease such as bilateral pheochromocytoma or 
multiglandular hyperparathyroidism becomes apparent. The diag-
nosis of familial MTC in index cases is often made postoperatively 
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Figure 3.5.7.1 Germline mutations of the RET proto- oncogene associated with MEN 2 and FMTC. Numbers indicated mutated codons of the 
RET gene.
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when pathohistological examination may show multifocal bilateral 
MTC accompanied by diffuse C- cell hyperplasia. Rare variants of 
MEN 2A exist, including MEN 2A with cutaneous lichen amyloid-
osis and FMTC (or MEN 2A) with Hirschsprung’s disease. The diag-
nosis of FMTC can only be considered when four or more family 
members across a wide range of ages have isolated MTC. In general, 
the clinical course of MTC in familial MTC is more benign and 
typically has a late onset or is not a clinically manifest disease [26].

MEN 2B has a typical phenotype with visible physical stigmata 
such as raised bumps on the lips and tongue (due to cutaneous 
neuromas), ganglioneuromas throughout the gastrointestinal 
tract, and a marfanoid habitus (long thin extremities, an altered 

upper– lower body ratio, slipped femoral epiphysis, pectus 
excavatum) with skeletal deformations and joint laxity. These pa-
tients have disease onset in the first year of life with the most 
aggressive form of MTC.

DNA testing becomes the optimal test for early detection of MEN 
2 especially in ‘at risk’ families. At present, genetic testing is per-
formed before the age of 5 years in all first- degree relatives of an 
index case (in MEN 2B patients directly after birth). Mutations in 
the RET proto- oncogene can be used to confirm the clinical diag-
nosis and identify asymptomatic family members with the syn-
drome (Figure 3.5.7.3). Those who have a negative test can be 
reassured and require no further biochemical screening.

Member of a MEN2 family

Analysis for germline RET mutation

Positive Negative, 
no further evaluation

Risk classification

ATA risk level: Highest High Moderate

Age at operation: <1 year <5 year >5 year, when

calcitonin increases

Total thyroidectomy (and LN dissection)

Calcitonin determination

Further evaluation see figure 3.5.7.4

Figure 3.5.7.3 Work- up of family members at risk for medullary thyroid carcinoma/ multiple endocrine neoplasia type 2.

Signs: Thyroid nodule Cervical lymph node

LN dissection Phaeochromocytoma

Ultrasound: Hypoechogenic nodule

Thyroid scan: Cold nodule

Calcitonin: Elevated

Fine needle biopsy: Suspected MTC

Diagnosis: Medullary thyroid carcinoma

Ret mutation:

Catecholamines:

Therapy:

Negative Positive

Normal Elevated

Total thyroidectomy Surgery for

Figure 3.5.7.2 Clinical evaluation of patients at risk for medullary thyroid carcinoma.
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The age of onset of MTC and tumour aggressiveness in MEN 
2 depends on the codon mutated. This genotype– phenotype cor-
relation is the basis for stratifying mutations into three risk levels 
concerning the risk for MTC development and growth. Decision 
making in the clinical management of MEN 2 patients depends on 
the risk level classification and calcitonin level, especially the timing 
of prophylactic thyroidectomy and the extent of surgical resection 
in presymptomatic RET mutation carriers.

Phaeochromocytoma

Phaeochromocytomas occur in approximately 20– 50% of MEN 2A 
patients depending on the mutation. Phaeochromocytomas are as-
sociated with codon 634 and 918 mutations in approximately 50% of 
patients, and are associated with mutations in exon 10 (codons 609, 
611, 618, and 620)  in about 30% of patients and rarely in exon 15 
(codons 791 and 804) [21]. As with MTC, the phaeochromocytomas 
of MEN 2 are also multicentric with diffuse adrenomedullary 
hyperplasia developing bilateral phaeochromocytomas in one- half 
of the cases, but often after an interval of several years. Almost all 
phaeochromocytomas are located in an adrenal gland, and malignant 
phaeochromocytomas are rare. In index cases, the clinical manifest-
ation of phaeochromocytoma associated with MEN 2 is similar to 
that in sporadic cases with signs and symptoms such as headache, 
palpitations, nervousness, tachycardia, and hypertension. However, 
phaeochromocytomas are usually identified early as a result of regular 
biochemical screening in gene carriers, and clinical manifestations 
are thus subtle or absent. It is unusual for phaeochromocytoma to 
precede the development of MTC and be the initial manifestation of 
MEN 2. Annual biochemical screening by measuring plasma and/ or 
24- h urinary excretion of catecholamines and metanephrines should 
be performed. Once the biochemical diagnosis is made, imaging 
studies such as MRI or metaiodobenzylguanidine (MIBG) scan-
ning are appropriate. The presence of phaeochromocytoma must be 
ruled out before any surgical procedure. Patients with MTC should 
be evaluated for possible phaeochromocytoma. A coexisting phaeo-
chromocytoma should be removed before thyroidectomy.

Primary Hyperparathyroidism

Primary hyperparathyroidism, with hypercalcaemia and an ele-
vated serum parathyroid hormone level occurs in 10– 25% of MEN 
2 gene carriers (especially codon 634). Hyperparathyroidism de-
velops slowly, is usually mild, and clinical features do not differ from 
those seen in mild sporadic hyperparathyroidism. The diagnosis is 
established by finding high parathyroid hormone concentrations in 
the presence of hypercalcaemia. Pathological findings show chief 
cell hyperplasia involving multiple glands. Annual measurement of 
serum calcium concentration in gene carriers is probably adequate 
for screening purposes [27].

Treatment and Prognosis

Surgery

The definitive treatment for MTC is surgery no matter whether 
MTC is sporadic or familial. Several studies have shown that sur-
vival in patients with MTC is dependent upon the adequacy of the 
initial surgical procedure. The appropriate surgery for MTC is total 
thyroidectomy and careful lymph node dissection of the central and 

if necessary lateral compartment of the neck [28]. The presence of 
10 and more cervical lymph node metastases is inconsistent with 
surgical cure [8] . Central lymph node dissection is also necessary 
for tumour staging and prevention of later midline complications 
related to local metastatic disease. If there is no evidence of local 
lymph node metastases during the primary surgical procedure, a 
surgical cure is likely and further neck dissection is probably un-
necessary. The preoperative Ctn level can predict nodal metastasis 
and guide extent of neck dissection: Ctn levels of 20, 50, 200, and 
500pg/ ml predict nodal metastases in the ipsilateral central and 
lateral neck, contralateral central neck, contralateral lateral neck, 
and upper mediastinum, respectively [14]. Total thyroidectomy 
is absolutely necessary in hereditary cases because of the bilateral 
and multifocal nature of MTC. In contrast, unilateral lobectomy is 
sufficient in a patient with incidentally discovered sporadic MTC 
showing a single unilateral tumour focus and normal/  not measur-
able plasma Ctn levels after operation. All patients should receive 
adequate thyroxine replacement therapy after total thyroidectomy.

Patients with persistent elevation of plasma Ctn after total 
thyroidectomy should be thoroughly evaluated to define the extent 
of local and distant disease. Persistent elevation of plasma Ctn im-
plies the presence of tumour. If there is no evidence of distant me-
tastases, Ctn level below 1000pg/ ml and if local disease is suspected/ 
found in the neck, and/ or the initial surgical procedure was inad-
equate, then reoperation is advocated using meticulous dissection 
and microsurgical techniques. Unfortunately, many patients with 
MTC who have regional lymph node metastases also have systemic 
disease and are not cured biochemically despite aggressive surgery, 
including bilateral lateral neck dissection [14, 29]. If distant metas-
tases are found, there is no indication for surgical reintervention 
unless the patient develops symptoms like local complications, for 
which tumour debulking may be beneficial.

Recommendations for the timing of prophylactic thyroidectomy 
in MEN 2 patients are based upon a model that utilizes genotype– 
phenotype correlations to stratify mutations into three risk levels. 
In the cases of highest risk mutations, patients with mutation of co-
dons 918, a thyroidectomy is recommended as early as possible in 
the first year after birth, with higher risk mutation, patients with 
codon 634 and 883 mutation at the age of 5 years and with moderate 
risk mutations (codons 609, 611, 618, 620, 768, 790, 791, 804, and 
891) thyroidectomy is recommended at age of 5, or surgery may be 
postponed until the Ctn value increases in the pathological range. 
By operating these patients before MTC has spread to neck lymph 
nodes or beyond they could be cured. Currently, the generally ac-
cepted practice is to use a combination of genetic testing and the 
basal serum Ctn level to decide the timing of thyroidectomy. The 
surgeon can avoid dissecting the central zone of the neck if calci-
tonin is in the normal range, since lymph node metastases rarely 
occur by this age.

Surgery for phaeochromocytoma in MEN 2 should precede sur-
gery for MTC. Before adrenalectomy all patients should receive 
appropriate pharmacotherapy (α  -  with/ or without β  - adrenergic 
antagonist). Approximately one- third of patients who undergo a 
unilateral adrenalectomy will eventually require a second operation 
for contralateral phaeochromocytoma, but this may not occur for 
many years, during which time the patient will not be steroid de-
pendent. Adrenal cortical- sparing adrenalectomy is an appropriate 
technique for preventing adrenal insufficiency [21, 30].
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The parathyroid glands in MEN 2 patients are frequently found 
to be enlarged at thyroidectomy for MTC and should therefore 
be carefully evaluated. The goal in MEN 2 patients with primary 
hyperparathyroidism is to excise the enlarged glands and to leave at 
least one normal parathyroid gland intact. If they are all enlarged, a 
subtotal parathyroidectomy or total parathyroidectomy with auto-
transplantation should be performed [31].

Postsurgical Follow- up and Management

After surgery, patients with MTC should be assessed regarding the 
presence of residual disease, the localization of metastases, and the 
identification of progressive disease. Postoperative staging is used to 
separate low- risk from high- risk patients with MTC. A risk strati-
fication system using TNM/ AJCC staging system, nadir of CTN 
and CEA measured within the first year after initial treatment, 
and imaging studies identifying metastases allows to stratify MTC 
patients in three risk groups:  excellent (biochemical cured), bio-
chemical incomplete (detectable Ctn, and no evidence of disease 
initially), and structural incomplete (metastases at diagnosis) [32].

Normal/ not measurable Ctn levels suggest an excellent tumour- 
free state and thus patients require no further treatment (biochem-
ically cured) [33]. They can be followed- up at yearly intervals with 
physical examination and Ctn determination (Figure 3.5.7.4). Only 
in a small number of patients Ctn may rise after years.

In patients remaining Ctn- positive with evidence of occult dis-
ease (no local recurrence is found and adequate operation has been 
done: biochemical incomplete), or non- curable and non- operable 
disease (diffuse distant metastases:  structural incomplete), close 
observation of changes in tumour markers and tumour growth 
is required. If the postoperative serum Ctn level exceeds 150 pg/ 
ml patients should be evaluated by imaging procedures including 

ultrasonography of the neck and abdomen, CT (computed tomog-
raphy) of neck, mediastinum, lung, and liver, or an MRI technique, 
and, bone scintigraphy. [18F]2- fluoro- 2- deoxy- glucose (FDG), or 
the more sensitive 6- .⁸F- fluoro- L- dihydroxyphenylalanine (.⁸F- 
DOPA) positron emission tomography (PET) scanning in com-
bination with CT (PET/ CT) may also be helpful, especially in 
identifying yet unknown metastases [34]. In the absence of treat-
ment, imaging should be repeated every 6– 12 months or at more 
frequent intervals if progressive disease is present.

One can estimate the growth rate of MTC metastases from se-
quential imaging studies using response evaluation criteria in solid 
tumours (RECIST) [35] that document increases in tumour size 
over time and by measuring serum levels of Ctn or CEA over mul-
tiple time points to determine the tumour marker doubling time 
[36– 38]. Because serum Ctn concentration is closely associated 
with tumour volume, the doubling time is a strong predictor of tu-
mour progression and survival.

Many patients may exhibit a remarkably stable indolent course 
over years and no further treatment is recommended; a ‘watchful 
waiting’ approach is advocated, as experience with non- surgical 
therapy in the management of slowly growing metastatic MTC has 
been disappointing [39].

Local treatment approaches are used in patients with local symp-
toms or those at high risk of local complications, preferably before 
initiation of systemic treatment. Palliative surgery and external ra-
diation therapy to the neck or mediastinum might also be indicated 
in patients with tumours entering the aerodigestive structures. 
In patients with inoperable symptomatic tumour, radiotherapy 
can offer prolonged palliation and achieve local tumour control. 
External radiation therapy can procure rapid relief of bone pain 
and increase recalcification of bone lesions. Surgery could be in-
dicated for bone metastases in patients with orthopaedic or neuro-
logical complications. Bisphosphonates (especially zoledronic acid) 
and the drug denosumab (directed at receptor activator of nuclear 
factor- κ B ligand) have been shown to improve local pain and to 
delay time to occurrence of skeletal- related events in other solid tu-
mours with bone metastases. Symptomatic treatments of diarrhoea 
are done with loperamide, diphenoxylate, or atropine methonitrate, 
and codeine.

In a small subset of patients whose disease shows rapid and 
steady progress, e.g. more than 20% RECIST criterion and doub-
ling of tumour marker in less than 1 year, intervention with tyro-
sine kinase inhibitors (TKI) like vandetanib (200– 300 mg/ d) [40] 
or cabozantinib (80– 120 mg/ d) [41] can be considered as a pallia-
tive therapeutic modality. With these substances, significant im-
provement of progression- free survival but not overall survival in 
patients with progressive MTC can be achieved. Life quality, toxic 
side effects, and survival have to be taken into account when TKI is 
recommended.

Once metastases appear the clinician must decide which patients 
require therapy, balancing the often slow rate of tumour progression 
associated with a good quality of life, against the limited efficacy 
and potential toxicities of local and systemic therapies. Considering 
that metastatic MTC is incurable the management goals are to pro-
vide loco- regional disease control, palliate symptoms of hormonal 
excess such as diarrhoea, palliate symptomatic metastases like pain 
or bone fracture, and control metastases that threaten life such as 
bronchial obstruction or spinal cord compression.
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Figure 3.5.7.4 Recommended postoperative management of patients 
with medullary thyroid carcinoma. LN, lymph node.



3.5.7 Medullary Thyroid Carcinoma 627

Prognostic Factors

The natural history of sporadic MTC is variable. The spectrum 
ranges from years of dormant residual disease after surgery to rap-
idly progressive disseminated disease and death related to either 
metastatic thyroid tumour or complications of phaeochromo-
cytoma in MEN 2. The 10- year survival rates for all MTC patients 
ranges from approximately 61% to 76%. The overall prognosis is 
inferior to differentiated papillary and follicular carcinoma of the 
thyroid and much better than in the more aggressive anaplastic thy-
roid cancer. There is general agreement that tumour stage at diag-
nosis and surgical management have a favourable influence on the 
clinical course of the disease [8] . Early detection and surgical treat-
ment of MTC is likely to be curative; more than 95% of patients 
detected at an early stage of disease remain disease- free (normal or 
undetectable Ctn values). The main factors that influence survival 
are the stage of disease at the time of diagnosis, size of the tumour, 
and lymph node involvement. The excellent prognosis associated 
with identification of MTC at its earliest stage underscores the im-
portance of prospective screening (calcitonin screening) and early 
diagnosis (RET mutation analysis) which must be followed by ad-
equate therapy.

Future

Early detection of MTC can enhance clinical outcome with a high 
surgical cure rate before it has spread to neck nodes or beyond. This 
goal is reached in most MEN2 patients by stratifying them depending 
on RET mutation into three risk groups concerning the age of onset 
and aggressiveness of MTC, enabling personalized approaches to ap-
propriate treatment. This goal is not reached in patients with spor-
adic MTC and index cases of MEN2; increased clinical awareness 
especially in MEN2B patients, systematic Ctn screening in patients 
with thyroid nodules, primary operation of MTC by high volume 
surgeons, identifying high- risk patients in the follow- up, monitoring 
them appropriately, and treating advanced MTC with molecular tar-
geted therapeutics is necessary. Advances in our understanding of 
the molecular pathways in MTC tumour cells may aid in the devel-
opment of individualized risk stratification and therapeutic modal-
ities based on target specific inhibition of tumour growth.

REFERENcES
 1. Nilsson M, Williams ED. Medullary thyroid carcinoma— 

distinction towards neuroectodermal tumours: reply to the letter 
by Paschou and Vryonidou. Eur Thyroid J, 2016; 5: 279– 80.

 2. Wells SA, Jr., Asa SL, Dralle H, et al. Revised American Thyroid 
Association guidelines for the management of medullary thyroid 
carcinoma. Thyroid, 2015; 25: 567– 610.

 3. Raue F, Frank- Raue K. Update multiple endocrine neoplasia type 
2. Fam Cancer, 2010; 9: 449– 57.

 4. Wells SA, Jr., Pacini F, Robinson BG, Santoro M. Multiple 
endocrine neoplasia type 2 and familial medullary thyroid car-
cinoma: an update. J Clin Endocrinol Metab, 2013; 98: 3149– 64.

 5. Elisei R, Romei C, Cosci B, et al. RET genetic screening  
in patients with medullary thyroid cancer and their 

  relatives: experience with 807 individuals at one center. J Clin 
Endocrinol Metab, 2007; 92: 4725– 9.

 6. Raue F, Dralle H, Machens A, Bruckner T, Frank- Raue K. Long- 
term survivorship in multiple endocrine neoplasia type 2B 
diagnosed before and in the new millennium. J Clin Endocrinol 
Metab, 2018; 103: 235– 43.

 7. Romei C, Cosci B, Renzini G, et al. RET genetic screening of 
sporadic medullary thyroid cancer (MTC) allows the preclinical 
diagnosis of unsuspected gene carriers and the identification 
of a relevant percentage of hidden familial MTC (FMTC). Clin 
Endocrinol (Oxf), 2011; 74: 241– 7.

 8. Machens A, Dralle H. Surgical cure rates of sporadic medul-
lary thyroid cancer in the era of calcitonin screening. Eur J 
Endocrinol, 2016; 175: 219– 28.

 9. Scheuba C, Kaserer K, Kaczirek K, Asari R, Niederle B. 
Desmoplastic stromal reaction in medullary thyroid cancer- an 
intraoperative ‘marker’ for lymph node metastases. World J Surg, 
2006; 30: 853– 9.

 10. Schmid KW. Histopathology of C cells and medullary thyroid 
carcinoma. Recent Results Cancer Res, 2015; 204: 41– 60.

 11. Kahaly GJ, Algeciras- Schimnich A, Davis TE, et al. United States 
and European multicenter prospective study for the analytical 
performance and clinical validation of a novel sensitive fully auto-
mated immunoassay for calcitonin. Clin Chem, 2017; 63: 1489– 96.

 12. Costante G, Meringolo D, Durante C, et al. Predictive value of 
serum calcitonin levels for preoperative diagnosis of medullary 
thyroid carcinoma in a cohort of 5817 consecutive patients with 
thyroid nodules. J Clin Endocrinol Metab, 2007; 92: 450– 5.

 13. Mian C, Perrino M, Colombo C, et al. Refining calcium test for 
the diagnosis of medullary thyroid cancer: cutoffs, procedures, 
and safety. J Clin Endocrinol Metab, 2014; 99: 1656– 64.

 14. Machens A, Dralle H. Biomarker- based risk stratification for 
previously untreated medullary thyroid cancer. J Clin Endocrinol 
Metab, 2010; 95: 2655– 63.

 15. Frank- Raue K, Machens A, Leidig- Bruckner G, et al. Prevalence 
and clinical spectrum of nonsecretory medullary thyroid car-
cinoma in a series of 839 patients with sporadic medullary thy-
roid carcinoma. Thyroid, 2013; 23: 294– 300.

 16. Donis- Keller H, Dou S, Chi D, et al. Mutations in the RET 
proto- oncogene are associated with MEN 2A and FMTC. Hum 
Mol Genet, 1993; 2: 851– 6.

 17. Mulligan LM, Kwok JB, Healey CS, et al. Germ- line mutations 
of the RET proto- oncogene in multiple endocrine neoplasia type 
2A. Nature, 1993; 363: 458– 60.

 18. Krampitz GW, Norton JA. RET gene mutations (genotype and 
phenotype) of multiple endocrine neoplasia type 2 and familial 
medullary thyroid carcinoma. Cancer, 2014; 120: 1920– 31.

 19. Romei C, Ciampi R, Elisei R. A comprehensive overview of the 
role of the RET proto- oncogene in thyroid carcinoma. Nat Rev 
Endocrinol, 2016; 12: 192– 202.

 20. Mathiesen JS, Habra MA, Bassett JHD, et al. Risk profile of the 
RET A883F germline mutation: an international collaborative 
study. J Clin Endocrinol Metab, 2017; 102: 2069– 74.

 21. Mucha L, Leidig- Bruckner G, Frank- Raue K, et al. 
Phaeochromocytoma in multiple endocrine neoplasia type 2: RET 
codon- specific penetrance and changes in management during 
the last four decades. Clin Endocrinol (Oxf), 2017; 87: 320– 6.

 22. Voss RK, Feng L, Lee JE, et al. Medullary thyroid carcinoma in 
MEN2A: ATA moderate-  or high- risk RET mutations do not 
predict disease aggressiveness. J Clin Endocrinol Metab, 2017; 
102: 2807– 13.



SEcTioN 3 Thyroid Disease628

 23. Schilling T, Burck J, Sinn HP, et al. Prognostic value of codon 
918 (ATG- - >ACG) RET proto- oncogene mutations in sporadic 
medullary thyroid carcinoma. Int J Cancer, 2001; 95: 62– 6.

 24. Ahmed SR, Ball DW. Clinical review: incidentally discovered 
medullary thyroid cancer: diagnostic strategies and treatment. J 
Clin Endocrinol Metab, 2011; 96: 1237– 45.

 25. Chambon G, Alovisetti C, Idoux- Louche C, et al. The use of pre-
operative routine measurement of basal serum thyrocalcitonin 
in candidates for thyroidectomy due to nodular thyroid dis-
orders: results from 2733 consecutive patients. J Clin Endocrinol 
Metab, 2011; 96: 75– 81.

 26. Frank- Raue K, Rybicki LA, Erlic Z, et al. Risk profiles and pene-
trance estimations in multiple endocrine neoplasia type 2A 
caused by germline RET mutations located in exon 10. Hum 
Mutat, 2011; 32: 51– 8.

 27. Scholten A, Schreinemakers JM, Pieterman CR, Valk GD, Vriens 
MR, Borel Rinkes IH. Evolution of surgical treatment of primary 
hyperparathyroidism in patients with multiple endocrine neo-
plasia type 2A. Endocr Pract, 2011; 17: 7– 15.

 28. Jin LX, Moley JF. Surgery for lymph node metastases of medul-
lary thyroid carcinoma: a review. Cancer, 2016; 122: 358– 66.

 29. Machens A, Dralle H. Prognostic impact of N staging in 715 
medullary thyroid cancer patients: proposal for a revised staging 
system. Ann Surg, 2013; 257: 323– 9.

 30. Castinetti F, Qi XP, Walz MK, et al. Outcomes of adrenal- sparing 
surgery or total adrenalectomy in phaeochromocytoma associated 
with multiple endocrine neoplasia type 2: an international retro-
spective population- based study. Lancet Oncol, 2014; 15: 648– 55.

 31. Moley JF, Skinner M, Gillanders WE, et al. Management of the 
parathyroid glands during preventive thyroidectomy in pa-
tients with multiple endocrine neoplasia type 2. Ann Surg, 2015; 
262: 641– 6.

 32. Lindsey SC, Ganly I, Palmer F, Tuttle RM. Response to initial 
therapy predicts clinical outcomes in medullary thyroid cancer. 
Thyroid, 2015; 25: 242– 9.

 33. Jung KY, Kim SM, Yoo WS, et al. Postoperative biochemical 
remission of serum calcitonin is the best predictive factor for 
recurrence- free survival of medullary thyroid cancer: a large- 
scale retrospective analysis over 30 years. Clin Endocrinol (Oxf), 
2016; 84: 587– 97.

 34. Santhanam P, Taieb D. Role of (18) F- FDOPA PET/ CT 
imaging in endocrinology. Clin Endocrinol (Oxf), 2014; 
81: 789– 98.

 35. Therasse P, Arbuck SG, Eisenhauer EA, et al. New guidelines to 
evaluate the response to treatment in solid tumors. European 
Organization for Research and Treatment of Cancer, National 
Cancer Institute of the United States, National Cancer Institute 
of Canada. J Natl Cancer Inst, 2000; 92: 205– 16.

 36. Laure Giraudet A, Al Ghulzan A, Auperin A, et al. Progression 
of medullary thyroid carcinoma: assessment with calcitonin and 
carcinoembryonic antigen doubling times. Eur J Endocrinol, 
2008; 158: 239– 46.

 37. Barbet J, Campion L, Kraeber- Bodere F, Chatal JF, Group GTES. 
Prognostic impact of serum calcitonin and carcinoembryonic 
antigen doubling- times in patients with medullary thyroid car-
cinoma. J Clin Endocrinol Metab, 2005; 90: 6077– 84.

 38. Meijer JA, le Cessie S, van den Hout WB, et al. Calcitonin and 
carcinoembryonic antigen doubling times as prognostic factors 
in medullary thyroid carcinoma: a structured meta- analysis. Clin 
Endocrinol (Oxf), 2010; 72: 534– 42.

 39. Hadoux J, Pacini F, Tuttle RM, Schlumberger M. Management of 
advanced medullary thyroid cancer. Lancet Diabetes Endocrinol, 
2016; 4: 64– 71.

 40. Wells SA, Jr., Robinson BG, Gagel RF, et al. Vandetanib in pa-
tients with locally advanced or metastatic medullary thyroid 
cancer: a randomized, double- blind phase III trial. J Clin Oncol, 
2012; 30: 134– 41.

 41. Elisei R, Schlumberger MJ, Muller SP, et al. Cabozantinib 
in progressive medullary thyroid cancer. J Clin Oncol, 2013; 
31: 3639– 46.



SECTION 4

Parathyroid, Calcium and Bone 
Metabolism Disorders

 4.1 Parathyroid Anatomy, Hormone Synthesis, 
Secretion, Action, and Receptors 631
David Goltzman and Geoffrey N. Hendy†

 4.2 Hypercalcaemia 641
Claudio Marcocci, Federica Saponaro, and Filomena Cetani

 4.3 Primary Hyperparathyroidism 653
John P. Bilezikian

 4.4 Familial Hypocalciuric Hypercalcaemia 
Types 1– 3 and Neonatal Severe Primary 
Hyperparathyroidism 673
Muriel Babey and Dolores M. Shoback

 4.5 Hypocalcaemic Disorders, Hypoparathyroidism, 
and Pseudohypoparathyroidism 685
Fadil M. Hannan, Bart L. Clarke, and Rajesh V. Thakker

 4.6 Bones and the Kidney—The Practical  
Conundrum: Distinguishing Between 
Osteoporosis and the Bone Diseases that 
Accompany Chronic Renal Failure  699
Paul D. Miller and Michael Pazianas

 4.7 Hypercalcaemic and Hypocalcaemic Syndromes 
in Children 707
Laleh Ardeshirpour, Thomas O. Carpenter,  
and Cemre Robinson

 4.8 Osteoporosis 727
Richard Eastell

 4.9 Thyroid Disorders and Bone Disease 739
Laura M. Watts, Bernard Freudenthal,  
J.H. Duncan Bassett, and Graham R. Williams

 4.10 Paget’s Disease of Bone 751
Socrates E. Papapoulos

 4.11 Rickets and Osteomalacia (Acquired and 
Heritable Forms) 763
Michael P. Whyte

 4.12 Glucocorticoid- Induced Osteoporosis 787
Gherardo Mazziotti, Ernesto Canalis, and John P. Bilezikian





4.1

Parathyroid Anatomy, Hormone 
Synthesis, Secretion, Action, 
and Receptors
David Goltzman and Geoffrey N. Hendy†

† It is with regret that we report the death of Geoffrey N. Hendy.

Parathyroid Embryology, Anatomy, and Morphology 631

Parathyroid Hormone Synthesis 632

Parathyroid Hormone Secretion 634

Calcium 635

1,25- Dihydroxyvitamin D 636

Other Factors 636

PTH Measurement 636

Actions of Parathyroid Hormone 636

Parathyroid Hormone Receptors 637

Summary 638

References 639

Parathyroid Embryology, Anatomy, 
and Morphology

Humans have two pairs of parathyroid glands lying in the anterior 
cervical region. The fetal parathyroid glands begin developing at 
5 weeks from the third and fourth pharyngeal pouches. The third 
pharyngeal pouch that contains tissue that will become the thymus 
and parathyroid migrates downward and gives rise to the two in-
ferior parathyroid glands normally located at the lower poles of the 
thyroid. The fourth pharyngeal pouch does not migrate and gives 
rise to the two upper parathyroid glands that normally are attached 
to the upper poles of the thyroid [1] .

Eighty- five percent of normal adults have four parathyroid glands, 
but the number can vary markedly in some individuals. The loca-
tion of the glands is also variable with the upper glands sometimes 
located behind the pharynx or the oesophagus. The lower glands may 
be found close to or within the thymus in the superior mediastinum. 
Because of the variability in location surgical exploration of the neck 
can be problematic especially in hyperparathyroidism of chronic 

kidney disease [2] . Use of preoperative localization techniques, 
such as technetium- 99- sestamibi scanning, ultrasound, MRI, or CT 
scanning may be helpful in localizing enlarged parathyroid glands, 
however referral to an experienced parathyroid surgeon is essential 
to maximize localization of affected glands and minimize complica-
tions. Conversely, hypoparathyroidism most commonly occurs as a 
result of surgical excision of, or damage to, the parathyroid glands 
during non- parathyroid surgery, for example, total thyroidectomy for 
thyroid cancer and radical neck dissection for laryngeal or oesopha-
geal carcinoma, as well as repeated surgery for hyperparathyroidism.

Most patients with primary hyperparathyroidism, about 80%, 
have a single benign adenoma [3] . Multiple (so- called) adenomas 
are rarely found and probably represent asynchronous parathyroid 
hyperplasia. Hyperplasia accounts for 15– 20% of cases, and malig-
nant parathyroid carcinoma is extremely rare, less than 1% of cases. 
In secondary hyperparathyroidism, all four glands are enlarged.

The chief cell is the predominant parathyroid cell type in hu-
mans, with some oxyphil cells, which have an acidophilic cyto-
plasm and mitochondria also present. Parathyroid cells have limited 
numbers of secretory granules containing parathyroid hormone 
(PTH), indicating that relatively little hormone is stored in the 
gland. Parathyroid cells normally divide at an extremely slow rate— 
mitoses are rarely observed.

Knowledge of the embryological formation of the parathyroids has 
been gained by study, on the one hand, of mouse models in which 
deletion of specific genes has led to lack of parathyroid gland devel-
opment [4] , and, on the other, of human inherited (autosomal dom-
inant, autosomal recessive, or X- linked) familial hypoparathyroidism 
in which the formation of the parathyroid glands is defective [1].

The mouse has a single pair of parathyroid glands, and at day e10 
both the precursor thymus and parathyroid cells in the third pha-
ryngeal pouch endoderm, express the four transcription factors, 
Hoxa3, Pax1, Eya1, and Pax9. The conjoined thymus and parathy-
roid rudiment develop at day e11 and the primordium also expresses 
transcription factors Six1 and Pbx1. At day e12, separate pathways 
distinct for the different parts of the rudiment that will develop into 
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the thymus and parathyroid become apparent. Signalling molecules 
including sonic hedgehog, bone morphogenetic protein- 4, noggin, 
and fibroblast growth factor- 8 act in a complex fashion to affect the 
outgrowth of the parathyroid precursor. By day e13.5, the parathy-
roid cell mass and thymus cell mass are separate. The thymic cells 
express Foxn1 that is not present in the parathyroid cells and that 
in turn specifically express glial cells missing- 2 (Gcm2). Gcm2 ex-
pression continues into adulthood and it transactivates the calcium- 
sensing receptor (Casr) gene and thereby influences the expression 
of the parathyroid calciostat [5] .

In humans, hypoparathyroidism is part of several syndromes, for 
example, the DiGeorge type 1 syndrome that occurs because of a 
22q11.2 microdeletion. Congenital defects arise as a result of the 
failure to develop the derivatives of the third and fourth pharyngeal 
pouches leading to agenesis or hypoplasia of the parathyroid glands 
and thymus [6] . Haploinsufficiency of the TBX1 transcription factor 
gene appears to play an important role in the disorder. In DiGeorge 
syndrome type 2 patients harbour 10p13- 14 deletions encoding 
the actin- binding protein nebulette (NEBL) although its mechan-
istic link to hypoparathyroidism is not clear. Some DiGeorge pa-
tients have features of the CHARGE syndrome which is caused 
by heterozygous mutations in the chromodomain helicase DNA- 
binding 7 gene (CHD7) on 8q12.2 that is expressed within pha-
ryngeal ectoderm. Hypoparathyroidism is a part of the Barakat or 
HDR (Hypoparathyroidism nerve Deafness, and Renal dysplasia) 
syndrome that maps to 10p15. HDR is due to haploinsufficiency 
and loss- of- function mutations in the GATA3 gene that encodes a 
zinc finger transcription factor [7]. GATA3 is essential for normal 
embryonic development of the parathyroids, auditory system, and 
kidney in humans. Hypoparathyroidism together with growth and 
mental Retardation, and characteristic Dysmorphism (HRD) occur 
in autosomal recessive Kenny- Caffey type 1 and Sanjad- Sakati syn-
dromes. The HRD syndrome is due to mutations in the tubulin 
chaperone E (TBCE) gene that maps to 1q42.3 [8]. Autosomal dom-
inant forms of Kenny- Caffey type 2 and Gracile bone dysplasia 
with hypoparathyroidism are due to mutations in the family with 
sequence similarity 111 member A (FAM111A) gene on 11q12.1 in-
volved in DNA replication and chromatin maturation.

Rare cases of primary hypoparathyroidism inherited in either 
an autosomal recessive or dominant manner due to mutations in 
the GCM2 gene on chromosome 6p24 have been identified. In the 
latter case, the mutated GCM2 acts in a dominant- negative fashion 
[5] . Heterozygous and homozygous mutations in the PTH gene 
cause rare cases of hypoparathyroidism and more commonly het-
erozygous activating mutations in the CASR gene are implicated 
in hypoparathyroidism (see next). In an X- linked recessive form 
of hypoparathyroidism there is an interstitial deletion- insertion 
involving chromosomes 2p25.3 and Xq27.1 near the SOX3 gene 
that encodes a high mobility group box transcription factor. It is 
proposed that the hypoparathyroidism is caused by disruption of 
regulatory elements of the SOX3 gene [1].

Parathyroid Hormone Synthesis

In mammals PTH is the 84- amino- acid product [9,  10] of a 
single- copy gene (Figure 4.1.1). The gene, which encodes a 
larger precursor molecule of 115 amino acids, preproparathyroid 

hormone (preproPTH), is organized into three exons. Exon I en-
codes the 5’- untranslated region of the messenger RNA, exon 
II encodes the NH2- terminal pre-  or signal peptide and a part of 
the short propeptide, and exon III encodes the Lys- 2– Arg- 1 of the 
prohormone cleavage site, the 84 amino acids of the mature hor-
mone, and the 3’- untranslated region of the mRNA (Figure 4.1.2). 
The importance of correct splicing of the primary PTH gene tran-
script, or premessenger RNA, was emphasized by the identification 
of a donor splice mutation in the PTH gene in affected members 
of a family with autosomal recessive isolated hypoparathyroidism, 
resulting in the loss of exon II which encodes the initiation codon 
and signal peptide [1] .

A second member of the PTH gene family encodes the parathy-
roid hormone- related protein (PTHrP) which is the responsible 
causal factor in the majority of cases of hypercalcaemia associ-
ated with malignancies. PTHrP plays a critical role in fetal devel-
opment, especially skeletogenesis [11,  12], but is not involved in 
normal calcium homeostatic control in the adult. In postnatal life, 
PTHrP regulates the epithelial mesenchymal interactions that are 
critical for development of the mammary gland, skin, and hair fol-
licle. The PTH gene and PTHLH gene that encodes PTHrP map 
to chromosomes 11p15 and 12p12.1- 11.2, respectively. These two 
human chromosomes are thought to have arisen by an ancient du-
plication of a single chromosome, and their respective gene clusters 
have been maintained as syntenic groups across the genomes of sev-
eral species. Because of the similarity in NH2- terminal sequence of 
their mature peptides, their gene organization, and chromosomal 
locations, it is likely that the PTH and PTHLH genes evolved from 
a common ancestral gene, with that for PTHrP being the more 
ancient gene.

The gene for tuberoinfundibular peptide of 39 residues (TIP39), 
a more distantly related member of the PTH gene family, resides 
on chromosome 19q13.33. TIP39 is a neuropeptide [13]. The TIP39 
gene shares organizational features with the PTH and PTHrP genes 
having one exon encoding the 5’UTR, one encoding the precursor 
leader sequence, and one encoding the prohormone cleavage site 
and the mature peptide (Figure 4.1.2).

Transcription of the PTH gene occurs almost exclusively in the 
endocrine cells of the parathyroid gland, and is subject to strong 
repressor activity in all other cells. Ectopic PTH synthesis (i.e. syn-
thesis outside parathyroid tissue) has been documented in only a 
very few cases of malignancies associated with hypercalcaemia. 
Activation of genes in a particular tissue is often related to 
demethylation of cytosine residues, and the PTH gene in para-
thyroid cells is hypomethylated at CpG residues relative to other 
tissues. In one of the few cases of true ectopic PTH production, 
involving a pancreatic tumour, the upstream regions of the PTH 
gene were abnormally hypomethylated [14]. The human PTH gene 
has two functional TATA box- controlled transcription start sites, 
a cyclic AMP response element (CRE), and a negative vitamin D 
response element (VDRE) in its proximal promoter. While PTH 
gene transcription is negatively regulated by the hormonally active 
metabolite of vitamin D, 1,25(OH)2D, any regulation by extracel-
lular calcium remains to be established. Also located distally are 
sequences that function to silence transcription in non- parathyroid 
cells. In a further case of ectopic PTH production, an ovarian car-
cinoma, this repressor regulatory region was replaced by a foreign 
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sequence that allowed inappropriate transcription of the PTH gene 
to take place [3] .

The human PTH produced by patients with hyperparathyroidism 
is structurally normal [9, 10]. In a small number of parathyroid tu-
mours examined, the PTH gene sequence is rearranged, and the 5’ 

flanking region of the PTH gene is placed upstream of the cyclin 
D1 (CCND1) gene located on the long arm of chromosome 11. This 
is thought to lead to deregulated expression of the CCND1 gene 
that contributes to tumour development [3] . However, this type of 
gene arrangement occurs very infrequently in parathyroid tumours. 

Figure 4.1.1 Amino acid sequence of mammalian PTH. The backbone sequence is that of the human with substitutions in the rat hormone shown 
at specific sites. Biological activity is a property of the amino- terminal one- third of the molecule [PTH(1- 34)]. The solid circles show those amino acids 
that are identical in the human and rat PTH and PTH- related peptide (PTHrP) molecules.
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Figure 4.1.2 Comparison of structural organization of the human PTH, PTHrP, and TIP39 genes. Exons are boxed: from left to right, dark grey boxes 
denote 5’UTRs, white boxes denote presequences, black boxes denote prosequences, light grey boxes denote mature polypeptide sequences, and 
dark grey boxes denote 3’UTRs.
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A more common event involves the loss or inactivation of the mul-
tiple endocrine neoplasia type 1 (MEN1) gene, also on the long arm 
of chromosome 11. The protein encoded by the MEN1 gene [15, 16] 
called menin, is a 610- amino acid nuclear protein [17]. Germline 
mutations in the MEN1 gene cause familial and sporadic MEN1 
and are found in 20% of non- MEN1 parathyroid adenomas. Loss 
of heterozygosity at 11q13 is found in MEN1 tumours and spor-
adic parathyroid adenomas consistent with MEN1 being a tumour 
suppressor gene.

A target of the Wnt pathway, β- catenin, encoded by the CTNNB1 
gene, is a candidate for involvement in parathyroid neoplasia. Very 
few of the parathyroid adenomas examined so far have stabilizing 
missense CTNNB1 mutations suggesting that mutation of the β- 
catenin gene itself is unlikely to be involved in the initiation or early 
progression of parathyroid adenomatosis. However, other com-
ponents of the Wnt signalling pathway (e.g. a constitutively active 
LRP5 receptor derived from an alternatively spliced mRNA may be 
implicated in parathyroid tumorigenesis) [18].

Early onset recurrent parathyroid tumours occur as part of the 
uncommon autosomal dominant hyperparathyroidism and jaw tu-
mour (HPT- JT) syndrome in which parathyroid carcinoma is fre-
quent. The responsible gene, HRPT2 (also known as CDC73), at 
1q31.2, encodes a novel transcription factor, parafibromin, of 531 
amino acids [19]. Sporadic parathyroid carcinomas very commonly 
contain somatic mutations of the HRPT2 gene and some of these 
patients harbour germline mutations. In these cases, genetic testing 
in family members provides for early diagnosis [3] . Loss of hetero-
zygosity at chromosome 1q occurs in carcinomas of the familial and 
sporadic disorder usually by intragenic mutations.

PTH follows a pattern of biosynthesis and of vectorial transport 
through organelles of the cell similar to that of many other pep-
tide hormones. It is biosynthesized on the polyribosomes of the 
rough endoplasmic reticulum (ER) of the parathyroid endocrine 
cell. The PTH gene encodes a precursor, preproPTH, extended at 
the aminoterminus of PTH 1- 84 by 31 residues. The NH2- terminal 
25- residue portion, characterized by its hydrophobicity, is called the 
signal, leader, or presequence, and it facilitates entry of the nascent 
hormone into the cisternae of the ER. One patient with autosomal 
dominant hypoparathyroidism was reported to have a mutation 
within the protein coding region of the PTH gene in which there 
was a single base substitution (T- >C) in exon II, resulting in the re-
placement of arginine (CGT) for cysteine (TGT) in the signal pep-
tide. This places a charged amino acid in the hydrophobic core of 
the signal peptide, leading to inefficient processing of the mutant 
preproPTH to PTH [3] . In cases like this it is suggested that the mu-
tant polypeptide acts in a dominant- negative fashion by promoting 
ER stress leading to apoptosis and pharmacological chaperones may 
be beneficial in restoring proper processing of the PTH [20].

Normally, as the signal sequence of the synthesized hormone 
emerges from the ribosome, it binds to a signal recognition particle 
that stops further synthesis of the nascent protein. The signal rec-
ognition particle carrying the ribosome then binds to an integral 
membrane protein of the ER, called the docking protein or signal 
recognition particle receptor. This protein releases the block in pro-
tein synthesis, and the nascent peptide is transported across the 
membrane into the cisternae of the ER. The signal sequence is sim-
ultaneously removed at the inner surface of the ER, at a glycyl- lysyl 
bond, by a signalase enzyme. (Therefore, note that under normal 

circumstances the preproPTH molecule never exists as a complete 
entity.) The resultant precursor molecule, proparathyroid hormone 
(proPTH), is extended at the NH2- terminus of PTH 1- 84 by only 
six amino acids. The pro sequence is necessary for efficient trans-
location and cleavage of the signal peptide. Once formed, proPTH 
is transported to the Golgi apparatus.

The prohormone hexapeptide has several basic residues that serve 
as a recognition sequence to yield the mature hormone. Unlike many 
other prohormones, proPTH does not contain another sequence at the 
COOH- terminus and has not been detected within the circulation even 
in states of parathyroid gland hyperfunction. ProPTH has little bio-
logical activity until cleaved to create the hormonal form [21]. The con-
version of proPTH to PTH takes place within the trans- Golgi network 
rather than the secretory granules as occurs with other prohormones 
like proinsulin. The enzymes involved include furin and PC7, mamma-
lian proprotein convertases that are related to bacterial subtilisins [22]. 
Little proPTH is stored within the gland.

The resultant mature 84- amino acid form of the hormone is 
packaged in secretory granules and transported to the region of 
the plasma membrane. The hormone is released by exocytosis in 
response to the principal stimulus to secretion, hypocalcaemia. The 
calcium ion does not influence the enzymatic cleavages involved in 
the processing of preproPTH or proPTH.

Parathyroid Hormone Secretion

Relatively little PTH is stored in secretory granules within the 
parathyroid glands. In the absence of a stimulus for release, 
intraglandular metabolism occurs, causing complete degrad-
ation to its constituent amino acids or partial degradation to frag-
ments (Figure 4.1.3). This has been postulated to occur through 
a specific calcium- regulated enzymatic mechanism. In the case of 
hypercalcaemia, the predominant hormonal entities released from 
the gland are fragments comprising midregion or COOH- terminal 
sequences. In response to hypocalcaemia, degradation of PTH 
within the parathyroid cell is minimized, and the major hormonal 
entity released is the bioactive PTH 1- 84 molecule. Thus, in the 
presence of hypocalcaemia, increased amounts of bioactive PTH 
are secreted, even in the absence of additional synthesis of hor-
mone. Hormone stores are insufficient, however, to maintain secre-
tion for more than a few hours in the presence of a sustained severe 
hypocalcaemic stimulus, and other mechanisms— transcriptional 
and posttranscriptional— come into play to increase hormone pro-
duction. For example, hypocalcaemia promotes stabilization of the 
preproPTH mRNA leading to increased PTH synthesis. In the pres-
ence of a sustained severe hypocalcaemic stimulus, additional PTH 
secretion depends on an increase in the number of parathyroid 
cells. Such an increase may also be stimulated by the reduction in 
circulating 1,25- dihydroxyvitamin D [1,25(OH)2D] that often ac-
companies hypocalcaemia. Normally, the sterol inhibits parathyroid 
cell proliferation by suppressing expression of immediate early re-
sponse genes, such as the MYC proto- oncogene [23].

A circadian rhythm has been reported for PTH secretion, with in-
creased blood levels occurring at night and small amplitude pulses 
of PTH secretion occurring at much shorter intervals. This suggests 
neural or central nervous system influences on PTH secretion, or 
reflects circadian alterations in the levels of extracellular calcium.
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calcium

There is an inverse relationship between ambient calcium levels and 
PTH release that is curvilinear rather than proportional [24]. This 
relationship between PTH and extracellular calcium contrasts with 
the influence of the calcium ion as a secretagogue in most other 
secretory systems in which elevations in this ion enhance release of 
the secretory product. This distinction between the parathyroid cell 
and other secretory cells is maintained intracellularly, where eleva-
tions rather than decreases in cytosolic calcium correlate with de-
creased PTH release. Alterations in extracellular fluid calcium levels 
are transmitted through a parathyroid plasma membrane calcium- 
sensing receptor (CaSR) that couples through a Gq/ 11- protein 
complex to phospholipase C. Increases in extracellular calcium lead 
to increases in inositol 1,4,5- trisphosphate (IP3) and mobilization of 
intracellular calcium stores. The CaSR also couples to a Gi- protein 
complex thereby inhibiting cyclic AMP production.

The human CaSR comprises 1078 amino acids with a large 
extracellular domain (ECD) (~600 amino acids), a seven- 
transmembrane- spanning domain and a cytoplasmic tail [25]. The 
CaSR is a member of group C of the G- protein- coupled receptor 
(GPCR) superfamily that includes the metabotropic glutamate, γ- 
aminobutyric acid- B, and taste and odorant receptors. These recep-
tors function as dimers with the ECDs of each monomer having a 
so- called Venus flytrap domain consisting of two lobes that close 
upon the ligand leading to conformational changes in the trans-
membrane domain of the receptor allowing coupling of G proteins 
to the intracellular loops and the cytoplasmic tail. The CaSR has a 
low affinity for Ca2+ appropriate for it monitoring the relatively high 
levels of the mineral ion in the blood. Besides the parathyroid, the 
CaSR is also expressed in other cells having Ca2+- sensing functions, 
such as those of the kidney tubule, the calcitonin secreting thyroid 
C- cells and in diverse other organs and tissues such as brain, bone, 
and cartilage, haematopoietic stem cells, keratinocytes, gastrointes-
tinal tract, mammary gland, placenta, and vascular smooth muscle. 
Neomycin binds the receptor, which may account for the toxic renal 
effects of aminoglycoside antibiotics.

Inherited abnormalities of the CASR gene located on chromo-
some 3q13.3- 21 can lead to either hypercalcaemia or hypocal-
caemia depending upon whether they are inactivating or activating, 
respectively [25]. Heterozygous loss- of- function mutations give rise 
to familial (benign) hypocalciuric hypercalcaemia type 1 (FHH1) 
in which the lifelong hypercalcaemia is asymptomatic. The homo-
zygous condition manifests itself as neonatal severe hyperpara-
thyroidism (NSHPT), a rare disorder characterized by extreme 
hypercalcaemia and the bony changes of hyperparathyroidism. 
Cases of neonatal hyperparathyroidism (NHPT) may be caused 
by a paternal or de novo mutation in the CASR gene. FHH is het-
erogeneous and FHH2 and FHH3 are due to heterozygous inacti-
vating mutations in the GNA11 gene (encoding the Gα11 protein) 
and AP2S1 gene (encoding a subunit of the adaptor protein com-
plex important for cell internalization of the CaSR), respectively. 
The disorder autosomal dominant hypocalcaemia type 1 (ADH1) 
is due to gain- of- function mutations in the CASR gene. ADH1 may 
be asymptomatic or present with neonatal or childhood seizures. 
Because of the overactive CaSR in the nephron, these patients are at 
a greater risk of developing renal complications during vitamin D 
therapy than patients with idiopathic hypoparathyroidism. ADH2 
is due to heterozygous activating mutations in the GNA11 gene. 
A common polymorphism in the intracellular tail of the CaSR, Ala 
to Ser at position 986, has a modest effect on the serum calcium 
concentrations in healthy individuals [26]. CASR polymorphisms 
might also affect urinary calcium excretion and therefore the CASR 
is a candidate gene for involvement in disorders such as idiopathic 
hypercalciuria, and primary hyperparathyroidism.

The CaSR is a target for phenylalkylamine compounds— so- 
called calcimimetics— which are allosteric stimulators of the CaSR’s 
affinity for cations. These orally active compounds have been ap-
proved for use in patients with chronic kidney disease and ter-
tiary hyperparathyroidism, in parathyroid cancer, and in primary 
hyperparathyroidism when patients are not surgical candidates for 
parathyroidectomy. By their direct action on the parathyroid gland 
CaSR they provide an effective medical means of lowering PTH se-
cretion and reducing hypercalcaemia [27]. Ongoing clinical trials 
in patients with mild primary hyperparathyroidism (PHPT) have 
shown that calcimimetics reduce serum calcium and PTH levels 
and increase serum phosphate levels but do not significantly affect 
bone turnover or bone mineral density (BMD).

The CaSR expressed in the developing parathyroid glands— and 
in the placenta— plays an important role in regulating fetal calcium 
concentrations. Normally, the fetal blood calcium level is elevated 
above the maternal level. This depends upon the action of PTHrP re-
leased from the placenta on placental calcium transport. Disruption 
of the CaSR, as shown by studies in CaSR- deficient mice, causes 
fetal hyperparathyroidism and hypercalcaemia due to fetal bone re-
sorption. The transfer of calcium across the placenta is reduced and 
renal calcium excretion is increased.

Some patients with inactivating anti- CaSR autoantibodies, often 
associated with autoimmune disorders such as sprue or auto-
immune thyroid disease, present as an FHH phenocopy termed 
acquired hypocalciuric hypercalcaemia (AHH). The anti- CaSR 
antibodies are directed against the ECD and interfere with elevated 
extracellular Ca2+- mediated suppression of PTH release and per-
turb Ca2+- sensing in the kidney, thereby closely mimicking FHH 
[24]. Activating autoantibodies that inhibit PTH secretion have 
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Figure 4.1.3 Schema of the sites of regulation of parathyroid hormone 
(PTH) biosynthesis, intraglandular degradation, and secretion. Both 
extracellular fluid calcium and 1,25- dihydroxyvitamin D levels negatively 
regulate transcription of the PreproPTH gene. Hypercalcaemia increases 
PreproPTH mRNA turnover and PTH degradation while hypocalcaemia 
stabilizes PreproPTH mRNA and promotes the production and synthesis 
of mature PTH.



SEction 4 Parathyroid, Calcium and Bone Metabolism Disorders636

been identified in some patients with autoimmune hypoparathyr-
oidism and the CaSR has also been identified as a self- antigen in pa-
tients with autoimmune polyendocrine syndrome type 1 (APS1) or 
acquired hypoparathyroidism associated with autoimmune hypo-
thyroidism or idiopathic hypoparathyroidism. The activating auto-
antibodies are directed against epitopes in the ECD of the receptor.

In vivo, PTH mRNA levels are markedly stimulated by de-
creased circulating calcium concentrations. This occurs, in part, by 
a posttranscriptional mechanism whereby hypocalcaemia stabilizes 
and hypercalcaemia destabilizes the PTH mRNA. Prolonged hypo-
calcaemia in vivo may stimulate DNA replication, cell division, and 
the production of increased numbers of parathyroid cells or para-
thyroid hyperplasia. This would increase the synthesis of proteins, 
including PTH, within the hypercellular parathyroid gland and ul-
timately would increase PTH release. In primary parathyroid gland 
hyperfunction resulting in hyperparathyroidism, alterations in the 
calcium- sensing mechanism may manifest as a set- point error, pro-
ducing a shift to the right of the curve relating PTH secretion to 
extracellular calcium levels. Consequently, elevated concentrations 
of extracellular fluid calcium may be required to reduce PTH secre-
tion, resulting in an adenomatous or hyperplastic parathyroid gland 
that is incompletely suppressed by calcium. Such a mechanism may 
underlie the observation that an increase in the mass of parathyroid 
tissue like that produced by transplantation can be associated with 
hypercalcaemia. The parathyroid glands of patients with primary 
and severe uremic secondary hyperparathyroidism have reduced 
CaSR expression as assessed by immunostaining. Loss of a func-
tional CaSR as in humans with NSHPT or in mice in which the 
Casr gene has been ablated leads to severe parathyroid hyperplasia. 
If basal secretion per cell produces a significant amount of bio-
active PTH, the cumulative increase in this basal or non- calcium- 
suppressible secretion arising from an increase in parathyroid 
cells could also be responsible for the hypercalcaemia. The precise 
mechanistic relationship of extracellular calcium to parathyroid cell 
growth remains to be determined.

1,25- Dihydroxyvitamin D

Vitamin D metabolites modulate PTH release. There is a feedback 
loop between PTH- induced increase in 1,25(OH)2D and vitamin 
D metabolite- induced decrease of PTH levels [28]. This latter effect 
is achieved by a direct action, via the vitamin D Receptor (VDR) 
on PTH gene transcription, thus altering the quantities of hormone 
available for immediate release by secretagogues.

other Factors

In addition to calcium and vitamin D metabolites, several other 
factors influence the release of PTH from parathyroid glands. 
The cation magnesium affects PTH release like calcium, although 
with reduced efficacy. (The CaSR is also a magnesium sensor.) 
High concentrations of aluminium also suppress PTH release. 
Hyperphosphatemia is associated with increased levels of PTH, an 
effect that is most often indirect and a result of the hypocalcaemia 
and/ or the decreased 1,25(OH)2D production that accompanies the 
rise in serum phosphate. However, the anion can exert a more direct 

effect on PTH synthesis with hyperphosphatemia stabilizing and 
hypophosphatemia destabilizing PTH mRNA levels. Glucocorticoids 
(in some studies) increase PTH secretion. Agents such as biogenic 
amines, which increase parathyroid gland cAMP levels, induce PTH 
secretion, and those that lower cAMP levels within the parathyroid 
gland decrease PTH secretion. Lithium, often used to treat bipolar 
disease, has been associated with hypercalcaemia presumably due 
to hyperparathyroidism, however, the precise mechanism of lithium 
action, in this respect, remains to be determined.

PtH Measurement

Circulating PTH is heterogeneous. The major circulating bioactive 
moiety is similar or identical to intact PTH(1- 84). This is metab-
olized by the liver, which releases midregion and COOH- terminal 
fragments into the circulation for subsequent clearance by the 
kidney. These biologically inert moieties generated by metab-
olism and secretion from the parathyroid gland are cleared more 
slowly than intact PTH. Circulating bioactive PTH is best meas-
ured by sensitive double antibody immunoassays that simultan-
eously recognize NH2 and COOH epitopes on the PTH molecule, 
and detect intact PTH(1- 84). This is the method of choice for the 
accurate diagnosis of patients with hypercalcaemia, especially in 
distinguishing patients with primary hyperparathyroidism from 
those with hypercalcaemia of malignancy and in assessing hyper-
parathyroidism in chronic kidney disease.

Actions of Parathyroid Hormone

€of extracellular fluid calcium [24] (Figure 4.1.4). The hormone 
exerts important effects on bone and kidney and indirectly influences 
the gastrointestinal tract. In response to a fall in the extracellular 
fluid ionized calcium concentration, PTH is released from the para-
thyroid cell and acts directly on the kidney to enhance renal calcium 
reabsorption and promote the conversion of 25- hydroxyvitamin D 
to 1,25(OH)2D. In the cortical thick ascending limb of the loop of 
Henle (CTAL) PTH binds to the PTH receptor (PTHR1) [29, 30], 
and enhances Ca reabsorption., by increasing the activity of the Na/ 
K/ 2Cl cotransporter that drives NaCl reabsorption and stimulates 
paracellular Ca and Mg reabsorption [31]. In the distal convoluted 
tubule (DCT) PTH, after binding to its receptor, increases luminal 
Ca transfer into the renal tubule cell by augmenting the epithe-
lial apical Ca channel of the transient receptor potential vanilloid 
family, TRPV5, followed by translocation of Ca across the cell 
from apical to basolateral surface via proteins such as calbindin- 
D28K, and then active extrusion of Ca from the cell into the blood 
via a Na+/ Ca exchanger, NCX1, whose activity is stimulated by a 
cyclic AMP- mediated mechanism [32]. PTH can also stimulate the 
1α(OH)ase, in the proximal tubule leading to increased synthesis of 
1,25(OH)2D from 25OHD [33]. The 1,25(OH)2D increases gastro-
intestinal absorption of calcium and, with PTH, induces skeletal 
resorption, causing the restoration of extracellular fluid calcium 
and the neutralization of the signal initiating PTH release. In bone, 
PTHR1 is localized on cells of the osteoblast phenotype which are 
of mesenchymal origin [34] but not on osteoclasts which are of 
hematogenous origin. PTH then enhances release of the cytokine, 
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receptor activator of NFκB ligand (RANKL) which binds to its re-
ceptor, RANK, on osteoclast precursors and osteoclasts, increasing 
the formation of mature osteoclasts from precursors and increasing 
the resorptive activity of existing osteoclasts especially in cortical 
bone. PTH may also reduce the osteoblastic protein, osteoprotegerin, 
which normally binds to RANKL, forms an inactive complex, and 
prevents it from binding to RANK, thus reducing osteoclastic ac-
tivity [35, 36]. It has also been suggested that PTH can acutely release 
mineral at the bone surface in an osteoclast- independent manner 
by modifying its solubility [37]. The opposite series of homeostatic 
events occur in response to a rise in extracellular fluid calcium levels 
and a fall in PTH.

Although this scheme outlines the overall events that occur after 
a fall in calcium, aspects of the response may vary. Certain actions of 
PTH, such as renal calcium retention may predominate at relatively 
low circulating concentrations of PTH. Furthermore, PTH appears 
to be essential as a bone anabolic factor in the fetus [38] and neo-
nate [39], particularly in trabecular bone but may be predominantly 
resorptive, especially in the cortical compartment of bone, in older 
animals [40] when the source of external calcium changes. PTH and 
PTHrP regulate osseous cellular differentiation, proliferation, and 
development, and via their actions on osteoblastic cells can function 
as anabolic skeletal agents when administered intermittently rather 
than continuously in vivo. Thus, intermittent doses of PTH(1- 34)— 
and PTHrP(1- 34) and related analogues— promote bone formation 
[41] directly by stimulating osteoblastic activity and indirectly, both 
by stimulating IGF-I production and suppressing sclerostin, thereby 
increasing Wnt signalling. Daily injections of human PTH(1- 34), 
teriparatide, or a human PTHrP analogue, abaloparatide, increase 
hip and spine BMD, and prevent vertebral and non- vertebral frac-
tures in osteoporosis, and each has been approved clinically for use 
as a bone anabolic agent to treat osteoporosis.

Besides regulating calcium homeostasis, PTH elicits various 
other responses. Among these responses are perturbations of other 
ions, the most marked of which are those involving phosphate. 
As a consequence of PTH- enhanced 1,25(OH)2D production, the 
gastrointestinal absorption of phosphate is facilitated to some ex-
tent, and with PTH- induced skeletal lysis, phosphate and calcium 
are released. These effects increase the extracellular fluid phos-
phate levels. However the predominant effect of PTH on phos-
phate homeostasis is to inhibit renal phosphate reabsorption in the 
proximal renal tubule by enhancing rapid internalization and lyso-
somal degradation of the type II sodium phosphate cotransporters, 
NPT2a (SLC34A1) and Npt2c (SLC34A3) thus decreasing lu-
minal transport of phosphate and causing phosphaturia [42, 43]. 
Consequently, a net decrease in extracellular fluid phosphate con-
centration occurs which is adjunctive to the role of PTH in raising 
calcium levels.

Parathyroid Hormone Receptors

Like other peptide hormones, PTH interacts through a receptor 
on the plasma membrane of target cells. This same receptor binds 
PTHrP [44,  45]. The type 1 PTH/ PTHrP receptor (PTHR1) is a 
seven- transmembrane G- protein- linked receptor that has the 
‘signature’ GPCR topology, a seven- membrane- spanning, ‘ser-
pentine’ domain, as well as an extracellular ligand- binding do-
main and an intracellular COOH- terminal domain [46]. It is a 
member of group B of the GPCR superfamily. The receptor can 
couple to the stimulatory G protein, Gs, leading to increased ad-
enylate cyclase activity, the generation of cAMP, and activation of 
the protein kinase A (PKA) pathway, and can couple to Gq, leading 
to an increase in the protein kinase C (PKC) pathway and to an 
increase in IP3, diacylglycerol, and intracellular Ca2+ [46, 47]. As 
with other GPCRs, PTHR1 undergoes cyclical receptor activation, 
desensitization, and internalization [48]. After ligand binding and 
endocytosis, the PTHR1 is either recycled to the cell membrane or 
targeted for degradation. High circulating levels of PTH in hyper-
parathyroid states have been associated with hormonal desensitiza-
tion in target tissues. Arrestins contribute to the desensitization of 
both Gs and Gq mediated PTHR1 signalling. PTHR1 activation and 
internalization can be selectively dissociated [49]. PTHR1 signal-
ling can be modified by scaffolding proteins such as the Na+/ H+ 
exchanger regulatory factor (NHERF) 1 and 2 through PDZ1 and 
PDZ2 domains [50, 51]. PTHR1 signalling via the cAMP pathway, 
leading to PKA activation, results in phosphorylation of the cyclic 
AMP response element binding protein (CREB). CREB binds to 
the CRE in the promoter region of many genes and transcription-
ally modulates their expression. The difference in the extent of ana-
bolic versus catabolic activity of PTH and PTHrP analogues may 
be explained, at least in part, by the way in which these two pep-
tides interact at two PTHR1 conformations, R0 and RG. Higher 
affinity for R0 is associated with increased internalization, more 
cyclic AMP generation and longer-lived catabolic effects, whereas 
greater binding to RG is associated with shorter‐duration anabolic 
responses.

The PTHR1 is highly expressed in kidney and bone, the primary 
target tissues of PTH, but is also expressed in a wide variety of em-
bryonic and adult tissues, including cartilage, liver, brain, smooth 
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Figure 4.1.4 Parathyroid hormone (PTH) and vitamin D control 
calcium (as shown) and phosphate homeostasis. A fall in extracellular 
calcium concentration triggers PTH secretion. PTH directly acts on the 
kidney to promote renal calcium reabsorption and conversion of 25- 
hydroxyvitamin D [25(OH)D] to 1,25- dihydroxyvitamin D [1,25(OH)2D]. 
1,25(OH)2D increases intestinal absorption of calcium (and phosphate) 
and, with PTH, mobilizes calcium (and phosphate) from bone. Thus, 
extracellular fluid (ECF) calcium is restored to normal neutralizing the 
signal initiating PTH release. PTH inhibits renal phosphate reabsorption 
promoting phosphaturia. Fibroblast growth factor 23 (FGF23),not shown, 
may be stimulated by 1,25(OH)2D and also enhance phosphaturia, 
however FGF23 may then inhibit further 1,25(OH)2D production.
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muscle, spleen, testis, and skin. In most of these tissues, the receptor 
appears to mediate the autocrine/ paracrine actions of locally pro-
duced and secreted PTHrP. Nevertheless, PTHrP may also exert 
some of its bioactivity through domains of the molecule that do not 
interact with PTHR1 [52].

The human PTH/ PTHrP receptor gene (PTHR1) localizes to 
chromosome 3p21.1- 22 [53]. A  second related receptor which is 
the product of a distinct gene (PTHR2 on chromosome 2q33), and 
which binds PTH, TIP39, but not PTHrP, has been identified [54]. 
It is expressed in brain, pancreas, testis, and placenta, and its en-
dogenous ligand is TIP39.

Direct evidence that the PTHR1 mediates the calcium homeo-
static actions of PTH and the skeletal growth plate actions of PTHrP 
in humans has come from the study of rare genetic disorders. Jansen’s 
metaphyseal chondrodysplasia (JMC) is inherited in an autosomal 
dominant fashion although most reported cases are sporadic [55]. 
The disorder comprises short- limbed dwarfism secondary to se-
vere growth plate abnormalities, asymptomatic hypercalcaemia, 
and hypophosphatemia. There is increased bone resorption similar 
to that in primary hyperparathyroidism and urinary cAMP levels 
are elevated, but circulating PTH and PTHrP levels are low or un-
detectable. Although PTHR1 is found widely in fetal and adult tis-
sues, it is most abundant in three major organs, the kidney, bone, 
and metaphyseal growth plate. The changes in mineral ion homeo-
stasis and the growth plate in JMC are caused by heterozygous gain- 
of- function mutations (Figure 4.1.5) in the PTHR1 giving rise to 
constitutively active receptors.

Inactivating or loss- of- function mutations in the PTHR1 have 
been implicated in the molecular pathogenesis of Blomstrand 

lethal chondrodysplasia (BLC) [55]. This rare disease is char-
acterized by advanced endochondral bone maturation, short- 
limbed dwarfism, abnormal breast and tooth morphogenesis, 
and fetal death, thus mimicking the phenotype of Pthr1- less 
mice [56]. The majority of BLC cases were born to phenotypic-
ally normal, consanguineous parents, suggesting an autosomal 
recessive mode of inheritance. Mutant PTHR1s (Figure 4.1.5) 
identified in BLC fetuses fail to bind ligand or stimulate cAMP 
or inositol phosphate production. A  milder form of recessively 
inherited skeletal dysplasia, known as Eiken syndrome, has 
been linked to mutations of PTHR1, suggesting a wider range 
of skeletal phenotypes to this gene. Dominantly acting hetero-
zygous PTHR1 mutations have been identified in familial, non- 
syndromic primary failure of tooth eruption [57]. Heterozygous 
PTHR1 mutations have been identified in endochondromas of 
patients with endochondromatosis (Ollier’s disease), a familial 
disorder with evidence of autosomal dominance characterized by 
multiple benign cartilage tumours, and a predisposition to malig-
nant chondrosarcomas [58]. As many patients with Ollier’s dis-
ease do not apparently have PTHR1 mutations the condition may 
be genetically heterogeneous.

Heterozygous inactivating mutations in the GNAS1 gene 
encoding Gαs cause an ~50% reduction in amount/ activity of the 
protein leading to resistance to PTH and other hormones in the dis-
order, pseudohypoparathyroidism (PHP) type 1a [59– 61]. In con-
trast, patients with PHP type 1b have end- organ resistance to PTH 
without the typical physical stigmata— termed Albright’s hereditary 
osteodystrophy— of PHP type 1a. Linkage to chromosome 20q13.3, 
which includes the GNAS1 locus was established in kindreds with 
PHP type 1b [62]. In addition, the genetic defect is imprinted pa-
ternally and is inherited in the same fashion as the PTH resistance 
in kindreds with PHP type 1a, and in a mouse model heterozygous 
for ablation of the GNAS gene [63]. In PHP type 1b patients, mu-
tations some distance upstream of the GNAS1 coding regions affect 
the normal differential methylation of maternal and paternal alleles 
leading to silencing of the GNAS gene specifically in the renal prox-
imal tubules [64].

PTH controls renal phosphate reabsorption. Mutations in the 
genes encoding the two renal sodium phosphate cotransporters, 
NPT2a and NPT2c, have been identified in a few patients with 
hyperphosphaturia. The sodium- hydrogen exchanger regulatory 
factor 1 (NHERF1) interacts with the PTHR1 and NPT2a. Study of 
hyperphosphaturic patients referred initially for nephrolithiasis or 
osteopaenia identified a few cases having NHERF1 mutations that 
could contribute to the renal phosphate loss [65].

Summary

PTH is responsible for the minute- to- minute maintenance of cal-
cium homeostasis. PTH secretion is controlled via the parathyroid 
CaSR, and inactivating or activating mutations in this receptor lead 
to inherited hypercalcaemic and hypocalcaemic disorders, respect-
ively. Both PTH (and the related gene family member, PTHrP) act 
through the PTHR1 that is widely expressed and signals through 
multiple second messenger pathways. Inactivating mutations in the 
PTHR1 cause Blomstrand’s lethal chondrodysplasia, whereas acti-
vating mutations are found in JMC.

EikenEnchondromatosis

Primary failure of
tooth eruption

Blomstrand

PTH/PTHrP RECEPTOR

P132L

R150C

E155X
Extracellular

Intracellular

G121E

R104X

V365del-1
fsX505

A122T

I458R

T410P

R485X

R255H

∆373-383

H223R

Jansen metaphyseal

Figure 4.1.5 Schematic representation of the type 1 human PTH/ 
PTHrP receptor. The locations of the H223R, T410P, and I458R 
activating mutations identified in patients with Jansen’s metaphyseal 
chondrodysplasia, the R104X, P132L, V365del- 1fsX505, and D373- 
383 inactivating mutations found in patients with Blomstrand 
chondrodysplasia, the R485X Eiken syndrome mutation, the G121E, 
A122T, R150C and R255H endochondromatosis mutations, and the 
E155X primary failure of tooth eruption (PFE) mutation, are indicated. 
Splice- site mutations that would result in predicted mutant C351fsX485 
and E182fsX203 proteins have been identified in additional PFE cases.
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introduction

Hypercalcaemia is a common finding in general medical practice 
and in emergency departments. Hypercalcaemia is incidentally dis-
covered in most patients evaluated for unrelated disorders, particu-
larly after the widespread availability of multichannel biochemistry 
autoanalyser which also include the measurement of serum cal-
cium. The principal challenge in the evaluation of hypercalcaemia is 
distinguishing parathyroid hormone (PTH)- related hypercalcaemia 
from other causes, that may need different diagnostic approach and 
treatment.

The total calcium content of the human body is about 1– 2  kg 
and the large majority (98– 99%) is stored in the skeleton, with two 
main functions:  structural support for the human body and cal-
cium deposit which can be exchanged with other compartments. 
The remaining 1– 2% is present in the extracellular and intracellular 
space: the maintenance of calcium in a very narrow range in both 
compartments is very important for the adequate functioning of 
cellular calcium-dependent effects. Approximately 50% of the total 
amount of calcium present in blood is bound to proteins (mainly 
albumin) or complexed to some anions, namely phosphate and 
citrate [1] . The remaining part is in the ionized state (ionized cal-
cium, Ca2+), that represents the only biologically active form and is 
involved in the regulation of several functions, namely neuromus-
cular activity, cells membrane structure, bone homeostasis, coagu-
lation, and endocrine functions.

Intestine, kidney, and bone are involved in the maintenance 
of calcium homeostasis. When dietary calcium intake is normal 
(1000 mg per day), approximately 200 mg of calcium is absorbed 

by the gastrointestinal apparatus and constitutes the only source 
to maintain calcium deposits. Duodenum, jejunum, and ileum 
display a high calcium absorptive capacity, depending from the 
length of each segment and the characteristics of the food bolus. 
Two mechanisms of calcium absorption are involved, depending 
from the calcium concentration in the intestinal lumen. A passive 
transport through a paracellular space between intestinal cells is 
operating when calcium level in the intestinal lumen is high. This 
pathway is only indirectly controlled by 1,25(OH)2vitamin D 
(1,25(OH)2D), that activates a transduction signalling mediated by 
protein kinase C, leading to more permeable tight junctions be-
tween cells [2] . On the other hand, when calcium levels in the in-
testinal lumen are low, an active, 1,25(OH)2D  dependent, transport 
process mediates the entry of calcium into the enterocytes through 
a calcium channel [3].

When renal function is normal, 10 grams of calcium are filtrated 
daily, the large majority (98– 99%) is reabsorbed by renal tubules, 
and about 100– 200 mg are excreted. Reabsorption of filtered cal-
cium mostly (90– 95%) occurs in the proximal tubule and loop of 
Henle by a Na- Ca exchanger, the remaining being absorbed in the 
distal nephron by a finely- regulated PTH- dependent transcellular 
mechanism [2] .

Calciotropic hormones, and particularly PTH and 
1,25(OH)2vitamin D (1,25(OH)2D), regulate serum calcium levels, 
acting on bone, kidney, and intestine

Increased bone resorption and gastrointestinal absorp-
tion and/ or decreased renal excretion of calcium may lead to 
hypercalcaemia.

Hypercalcaemia is defined by a value of serum calcium levels 
two standard deviation above the normal mean. The total serum 
calcium concentration is commonly used in general practice, even 
though the measure of Ca2+ is more accurate, since the protein con-
tent may affect the total serum calcium levels. However, in many 
laboratories the measurement of Ca2+is not available, and the fol-
lowing formula can be used to calculate the albumin- adjusted 
serum calcium (Alb- Ca):

Alb- Ca (mg/ dl) =  measured serum calcium (mg/ dl) +  
[(4 –  plasma albumin g/ dl) × 0.8].

The Alb- Ca can be used as an acceptable measure in most clinical 
circumstances.
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Epidemiology

Epidemiological data regarding calcium disorders are challenging, 
because they are dependent from the specific settings where pa-
tients are evaluated, geographical differences, and clinical features 
of the underlying diseases.

The prevalence of persistent hypercalcaemia in the general popu-
lation is about 1%, but it rises up to 3% in hospitalized subjects 
[4] . In a recent retrospective study on 12 334 hospitalized subjects, 
hypercalcaemia was found in 585 patients (4.74%) and its rate 
slightly, but not significantly, increased from 3.5% in the year 2011 
to 6.9% in the year 2014 [5], with no gender differences.

Primary hyperparathyroidism (PHPT) is one of the most 
common causes of hypercalcaemia in free- living individuals. High 
variability in the incidence of PHPT has been reported in United 
Kingdom and United States studies, ranging from ~0.4 to 82 cases 
per 100 000, according to the different population analysed [6, 7]. 
Hypercalcaemia of malignancy (HCM) is the second cause of 
hypercalcaemia and the most common in hospitalized patients. 
The estimated prevalence based on retrospective studies ranges be-
tween 3% and 30%, depending upon the kind of primary tumour 
and age. In the paediatric population HCM occurs in 0.4– 1.3% of 
patients with cancer mainly in those with cancer of the haematopoi-
etic system. In 2016 Gastanaga et al. evaluated a large series (about 
12  000) of cancer patients in the United States collected between 
2009 and 2013 and found a prevalence of HCM of 2.8%, with a 
higher rate in patients with multiple myeloma (7.5%) and lower in 
those with prostate cancer (1.4%) and its prevalence was found to 
decrease over the study period [8] . Conversely, a lower (1%) preva-
lence of HCM was reported in another large series (37  442 over 
the 2003– 2012 period) of cancer patients in the United Kingdom, 
but its rate increased during the follow- up, because serum calcium 
measurement was most commonly measured in the more recent 
years of the study [8].

clinical Signs and Symptoms

Hypercalcaemia is commonly encountered in emergency depart-
ment. A typical case could be 60- year- old women presenting with 
lethargy, confusion, profound weakness, progressive anorexia, and 

constipation since a few weeks. These clinical manifestations are 
usually present when serum calcium concentration is above 14 mg/ 
dl (severe hypercalcaemia). These classical symptoms include 
neuropsychiatric symptoms (anxiety and depression), musculo-
skeletal involvement and bone pain, renal (polyuria, dehydration, 
and nephrolithiasis) and gastrointestinal manifestations (anorexia, 
nausea, constipation, and peptic ulcer). When serum calcium is 
above 13  mg/ dl and hyperphosphatemia is also present, calcifi-
cations in the cardiovascular system, kidney, cornea, and joints 
usually occur.

Symptoms generally, but not always, correlate with the degree of 
hypercalcaemia and its duration. When hypercalcaemia is rapidly 
progressing reaching severe levels, nausea, vomiting, ventricular 
fibrillation, and coma may occur. Severe hypercalcaemia represents 
an emergency and treatment is urgently required.

The clinical manifestations of hypercalcaemia are reported in 
Table 4.2.1.

Pathophysiology

As mentioned before, calcium homeostasis is maintained by the 
equilibrium among renal excretion, bone resorption, and intestinal 
absorption of calcium. Parfitt et al. in 1979 proposed three different 
pathophysiologic mechanisms of hypercalcaemia:  (i) the ‘equilib-
rium’ hypercalcaemia, which typically occurs in patients with mild- 
to- moderate PHPT, where the average serum calcium is elevated 
but constantly maintained at the same level, with few fluctuations. 
This is related to a perturbance of the so- called calcium homeostatic 
system on bone surface, where the increased calcium resorption is 
balanced by an increased renal tubular excretion; (ii) the ‘disequi-
librium’ hypercalcaemia, which is characterized by a rapid increase 
in serum calcium, increased bone resorption, and negative cal-
cium balance at the bone surface. The general mechanism involves 
osteoclast progenitor’s differentiation, mature osteoclasts recruit-
ment, and stimulation of bone resorption activity. ‘Disequilibrium’ 
hypercalcaemia can develop when ‘equilibrium’ hypercalcaemia is 
broken by precipitating conditions, or it can arise from the beginning 
in all situations in which a disturbance of the bone remodelling system 
occurs [9] ; (iii) hyperabsorption hypercalcaemia, which is associated 
with increased intestinal calcium absorption and positive calcium 

table 4.2.1 Clinical manifestations of hypercalcaemia

Manifestations Mild hypercalcaemia
<12 mg/ dl (3.0 mmol/ L)

Moderate hypercalcaemia
12– 14 mg/ dl (3.0– 3.5 mmol/ L)

Severe hypercalcaemia
>14 mg/ dl (3.5 mmol/ L)

Neuropsychiatric Lack of concentration and memory, 
anxiety, depression, irritability

Confusion, cognitive and personality changes Confusion, lethargy, hallucinations, 
psychosis, coma

Muscle- skeletal Asymptomatic Muscle weakness, osteoporosis Muscle weakness, bone pain, arthritis, 
osteitis fibrosa- cystica

Renal Polyuria and polydipsia Dehydration, polyuria, polydipsia, nocturia Nephrolithiasis and colic, renal failure

Gastrointestinal Nausea, constipation, weight loss Anorexia, nausea, vomiting Abdominal pain, pancreatitis, peptic 
ulcer

Cardiovascular Hypertension ECG: shortened QT interval, prolonged PR 
interval and widened QRS complex,  
vascular calcification

Arrhythmias, ventricular tachycardia,  
and cardiovascular arrest, syncope

Others Asymptomatic Itching, keratitis, conjunctivitis Cornea calcification, haematological 
disorders (anaemia)
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balance, as in vitamin D intoxication [1]. All types of hypercalcaemia 
are associated with increased calcium absorption and hypercalciuria 
is the first biochemical abnormalities in patients developing severe 
hypercalcaemia, unless renal function is markedly deteriorate, fol-
lowed by an increase of serum calcium concentration [10].

Severe hypercalcaemia develops when there is some limitation in 
the capacity of the kidney to excrete the increased calcium overload, 
most commonly due to a combination of decreased renal function 
and increased renal calcium reabsorption

Specific pathophysiology issues will be discussed in the dedicated 
sections.

Diagnosis

The diagnosis of hypercalcaemia is primarily made on the basis 
of serum calcium and preferably serum Alb-Ca or, whenever pos-
sible, Ca2+ levels (Figure 4.2.1). When serum calcium is above the 
normal range of the laboratory, the first step should be to confirm 
hypercalcaemia by a second measurement.

It is important to know that serum calcium results are affected 
by important preanalytical, analytical, and postanalytical factors. 
Fasting blood samples should be collected, avoiding venous stasis. 
Haemoconcentration and haemodilution are the most common 
preanalytical causes of misleading results. Haemoconcentration 
is usually due to dehydration and venous stasis and may in-
crease serum calcium concentration. Other factors can be pos-
ture, abnormal proteins levels, temperature, anions, and pH [11]. 
Moreover, some analytical variables should be considered:  the 
most common method for total serum calcium measurement is 
the spectrometry analysis, using metallochromic indicators or an 
ion- specific electrode (ISE). The within-  and between subjects’ 
variation of total serum calcium ranges between 1.9 and 2.8%, and 
the desirable value for inaccuracy, imprecision, and total assay 
error are 0.8%, 1%, and 2.4%, respectively. It is very important to 
validate the assay using appropriate quality control (QC) methods 
and have adequate laboratory coefficients of variation [11]. Finally, 
post- analytical interpretation is also very important. The large 
majority of laboratories that use high accuracy methods for total 
calcium measurement have a reference interval of approximately 
8.8– 10.2 mg/ dl*. The reference interval is generally established at 
the central 95% of the Gaussian distribution, so at the extreme 

2.5% two sites of the curve values obtained in normal individuals 
will be interpreted as hyper-  or hypocalcemia. In bordeline cases 
we recommend using the serum Alb-Ca obtained by the previ-
ously reported formula. However, values derived from this for-
mula does not take into account the binding of calcium to proteins 
other than albumin and therefore do not accurately reflect the free 
serum calcium concentration [11].

Wherever available, serum Ca2+ should be measured, because it 
provides a more accurate assessment of the calcium status. It has 
been demonstrated that serum Ca2+ has a higher sensitivity for ma-
lignant hypercalcaemia and for the diagnosis of PHPT [12].

Moreover, in particular conditions, the measurement of serum 
Ca2+ is critical. In patients with kidney failure, comparison of results 
of total and Alb- Ca with Ca2+ demonstrated that the former measure-
ments improperly classified as hypercalcaemic 20% of patients. The 
correct interpretation of calcium levels in those patients is important 
for the appropriate treatment [13]. In patients with critical diseases 
there is a redistribution of free, protein- bound, and complexed cal-
cium and, therefore, the measurement of serum Ca2+ should be pre-
ferred [14]. The measurement of serum Ca2+ is also preferable in 
neonates and infants [15]. Exercise and hyperventilation may influ-
ence the concentration of serum Ca2+: exercise may increase serum 
Ca2+ largely because exercise- induced acidosis decreases the binding 
of calcium to serum proteins, but reduction of plasma volume and in-
flux form extracellular sources may also contribute; conversely hyper-
ventilation may decrease Ca2+ because of hyperventilation- induced 
alkalosis increases the binding of calcium to serum proteins [11].

Once the diagnosis of hypercalcaemia is confirmed plasma PTH 
levels should be measured to distinguish PTH- dependent and 
PTH- independent hypercalcaemia. Second and third generation 
immunoradiometric PTH assays demonstrated a higher sensi-
tivity (88– 97%) in the diagnosis of PHPT compared to first gener-
ation assays and are the most commonly used [11, 16]. When PTH 
measurement is not easily available serum phosphate may be used 
to guide the differential diagnosis, being usually normal in PTH- 
independent hypercalcaemia and low or in the lower normal range 
in PTH- dependent hypercalcaemia. Serum creatinine and kidney 
function should also be evaluated.

A 24- hour urine collection for calcium and creatinine meas-
urements should be obtained to calculate the calcium to cre-
atinine clearance ratio and rule out familial hypocalciuric 
hypercalcaemia (FHH) (see next). Indeed, a calcium to cre-
atinine ratio of less than 0.01 is suggestive of FHH. The meas-
urement of serum 25(OH) vitamin D (25(OH)D) and, especially, 
1,25(OH)2D may help in the diagnosis of vitamin D- dependent 
forms of hypercalcaemia.

Aetiology

Hypercalcaemic disorders are highly variable and can be classified 
according to the underling diseases or conditions, as summarized 
in the Box 4.2.1.

Hypercalcaemia Mediated by Parathormone (PtH)

Primary hyperparathyroidism (PHPT) is the most common cause 
of PTH- dependent hypercalcaemia. PHPT is a common endocrine 
disease, characterized by increased serum calcium and high or 

Hypercalcaemia

PTH assay

Malignancy

PTHrp assay

PTH Normal
PTH Exclude:

Lithium, FHH

Exclude:
hemoconcentration

Exclude:
Drugsh, hypercalcaemia,
sarcoidosis, LH, LNH,
hyperthyroidism

Primary
hyperparathyroidism

PTH

Figure 4.2.1 Differential diagnosis of hypercalcaemia. PTH, 
parathormone; FHH, familial hypocalciuric hypercalcaemia; LH, 
Hodgkin’s lymphoma; NHL, non- Hodgkin’s lymphoma.

* Use the formula serum calcium mg/ dl: 2.5 = serum calcium mmol/ L.
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inappropriately normal serum levels of PTH [17]. PHPT is preva-
lent in the sixth decade of life, with a female to male ratio of 3– 4:1 
[18], whereas there is no gender difference below the age of 40 years 
[19]. PHPT generally occurs sporadically, but occasionally it may 
be part of familial syndromes: multiple endocrine neoplasia type 
1, 2 A, and 4 (MEN1, MEN2A, and MEN4), hyperparathyroidism- 
jaw tumour syndrome (PHPT- JT), familial isolated PHPT (FIHP). 
In the majority of patients PHPT is due to a single parathyroid ad-
enoma, rarely to a multiglandular disease and very rarely (less than 
1%) to parathyroid carcinoma. In the latter case, hypercalcaemia 
is usually severe. During the last decades the clinical presentation 
of PHPT changed and in industrialized countries the disease com-
monly occurs as an asymptomatic disorder: patients rarely present 
hypercalcaemic symptoms, overt bone disease, and neuromuscular 
weakness; conversely silent nephrolithiasis is still rather common 
(up to 35%) [18, 20, 21]. Parathyroidectomy is the only definitive 
cure for PHPT and should be recommended in symptomatic pa-
tients. Moreover, parathyroidectomy should also be recommended 
in those with asymptomatic PHPT with target organs involvement, 
as suggested by international guidelines. Some important novel-
ties in patient’s evaluation and management were introduced in the 
lastly updated version in 2013, particularly regarding the evalu-
ation of bone and kidney involvement and the impact of related 
abnormalities on patient’s management [22].

Tertiary hyperparathyroidism In patients with severe vitamin D 
deficiency, resistance to 1,25 (OH)2 vitamin D and endstage renal 
failure, parathyroid hyperplasia may be followed by autonomous 

overgrowth of a clone of parathyroid cells and development of 
adenomas and hypercalcaemia, a condition known as tertiary 
hyperparathyroidism [23].

Familial hypocalciuric hypercalcaemia FHH is a rare autosomal 
dominant disorder characterized by moderate hypercalcaemia and 
relative hypocalciuria, namely the urinary calcium excretion is low in 
relationship to the increased levels of serum calcium and renal calcium 
load. The reported prevalence of the disease is about 1 in 78 000 indi-
viduals, but it is probably underestimated, because of the subclinical 
picture and misdiagnosis [24]. FHH is due to a genetic disorder associ-
ated in the most cases with a loss- of- function mutation in the calcium- 
sensing receptor (CaSR) gene. This accounts for lower sensitivity to the 
inhibitory effect of serum Ca2+ on the parathyroid synthesis, secretion 
of PTH and increased renal tubular reabsorption of calcium. Patients 
are generally asymptomatic. The diagnosis should be considered in 
asymptomatic patients with mild- to- moderate hypercalcaemia and 
inappropriately normal or slightly increased PTH levels. The clue for 
the diagnosis of FHH is the finding of a calcium to creatinine clearance 
ratio, less than 0.01 (in patients with PHPT this ratio is usually above 
0.02– 0.03). Vitamin D deficiency, if present, should be corrected be-
fore urine collection. Laboratory testing (serum and urinary calcium) 
in relatives may be of value for supporting the diagnosis, which should 
be confirmed by genetic testing. It is important to remember that FHH 
is extremely rare as compared with PHPT and therefore in equivocal 
cases the latter diagnosis is the most likely one.

Authentic ectopic secretion of PTH. Since 1990 rare cases of pa-
tients with malignancies were reported, in whom hypercalcaemia 
was associated with authentic PTH secretion by the tumours. 
Streweler et  al. for the first time described a patient with a 
neuroectodermal neck tumour shown to produce intact PTH [25]. 
Circulating PTH levels are usually particularly high in patients with 
a true intact PTH ectopic secretion. In the last 20 years 32 articles 
describing authentic ectopic secretion of PTH have been published. 
PTH secreting tumours can be found in the neck (medullary and 
papillary thyroid carcinoma, cervical paraganglioma, nasopha-
ryngeal rhabdomyosarcoma, squamous tonsil carcinoma), in the 
thorax (lung carcinoma, thymoma), and in the gastrointestinal 
tract and pelvis (hepatocarcinoma, pancreatic adenocarcinoma, 
oesophageal carcinoma, pancreatic islet carcinoma, ovarian car-
cinoma, adenosquamous endometrium carcinoma) [26]. Ectopic 
PTH secretion should be considered when moderate- to- severe 
hypercalcaemia is found in a cancer patient, particularly if associ-
ated with high levels of PTH. When hypercalcaemia is mild, the 
diagnosis of PHPT, which is much more common than ectopic 
PTH secretion, should be considered, and therefore we cannot ex-
clude that these two conditions may coexist in the same patient. 
Neck imaging studies and selective venous blood sampling for PTH 
measurement may be of help in selected cases.

Hypercalcaemia of Malignancy

Hypercalcaemia associated with malignancy (HCM) is the most 
common cause of PTH- independent hypercalcaemia and is respon-
sible of the majority of cases of hypercalcaemia in hospitalized pa-
tients. HCM can be distinguished in humoral hypercalcaemia of 
malignancy (HHM), the most common form due to endocrine or 
paracrine effects on bone of tumour- produced molecules, and local 
osteolytic hypercalcaemia (LOH) that is mainly, but not only, due to 
the direct invasion of bone by tumour cells.

Box 4.2.1 Aetiological classification of hypercalcaemia

PTH- mediated hypercalcaemia
• Primary hyperparathyroidism
• Tertiary hyperparathyroidism
• Familial hypocalciuric hypercalcaemia (FHH)
• Authentic ectopic secretion of PTH

Hypercalcaemia of malignancy (HCM)
• Humoral hypercalcaemia of malignancy (HHM)
• Local osteolytic hypercalcaemia (LOH)

Vitamin D- mediated hypercalcaemia
• Hypercalcaemia associated with granulomatous diseases
• Malignant hypercalcaemia
• Hypercalcaemia associated with vitamin D intoxication
• Hypercalcaemia associated with 24α hydroxylase mutations

Drug- related hypercalcaemia
• Vitamin A
• Oestrogen and oestrogen modulators
• Lithium
• Thiazides

Endocrine conditions
• Hyperthyroidism
• Addison’s disease/ hypoadrenalism
• Others endocrinopathies

Others
• Pregnancy/ lactation
• Milk- alkali syndrome
• Immobilization
• Post- acute kidney failure
• Miscellaneous
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HCM can be associated at any type of cancer. It generally occurs 
at endstage of the disease, is associated with severe gastrointestinal, 
renal, neuropsychic, and cardiovascular symptoms and is predictive 
of a poor prognosis. In some patients serum calcium may increase 
over a short period of time and hypercalcaemia may be of difficult 
control leading to fatal hypercalcaemic crisis [27].

Lung and breast cancers and multiple myeloma account for more 
than half of all cases of HCM. Other cancers frequently associated 
with HCM are squamous cells carcinoma of the head and neck, and 
renal and kidney cancers [28].

Humoral hypercalcaemia of malignancy. HHM is due to the 
paracrine or endocrine actions of molecules secreted by the tumour 
cells, mainly the PTH- related peptide (PTHrP) (Figure 4.2.2). The 
hypothesis that a factor similar to PTH could be responsible for 
hypercalcaemia in cancer patients was firstly proposed by Albright 
in 1940, but it was only in 1980s that PTHrP was identified and 
shown to be similar to native PTH in its N- terminal end [29]. 
PTH and PTHrP are encoded by the same gene, but the two mol-
ecules have different structure and mechanism of control, even if 
they share the same PTH1 receptor [30]. PTHrP mimics most of 
the actions of PTH: it increases bone resorption and distal tubular 
calcium reabsorption, and inhibits proximal tubular phosphate 
transport. Conversely, PTHrP does not stimulate the production of 
1,25(OH)2 vitamin D and has no effect on intestinal calcium ab-
sorption. Despite the use of the same cellular receptor, PTHrP and 
PTH act in a different way on bone, likely because of the activation 
of different intracellular signal pathways [31]. PTH induces a high, 
but still coupled bone turnover, whereas PTHrP produces an un-
coupling of bone remodelling (non- equilibrium hypercalcaemia) 
and a negative bone balance. Moreover, However, PTHrP- induced 
hypercalcaemia is also and largely caused by its action of on the 
renal tubule with increased calcium reabsorption and phosphate 
excretion. PTHrP production is common in patients with adeno-
carcinomas of breast, prostate, and ovary. An epidemiological 
follow- up study demonstrated a strong association between ovarian 
cancer and hypercalcaemia, with a 63% increased risk of mortality 

when hypercalcaemia occurs [32]. HHM can also occur in patients 
with squamous cell carcinoma (lung, cervix, oesophagus), renal car-
cinomas, and lymphomas, although in the latter cases overproduc-
tion of 1,25(OH)2 vitamin D may also play an important role.

Local osteolytic hypercalcaemia. Since the 1940s, it has been 
recognized that some solid tumours (e.g. breast cancer) and haem-
atological malignancies (e.g. myeloma, lymphoma, and leukaemia) 
may led to hypercalcaemia due to a widespread skeletal involvement 
(LOH). In these patients an extensive bone marrow invasion by the 
tumour was found at pathology and the initial understanding was 
that hypercalcaemia was due to the extensive bone marrow destruc-
tion by osteolytic tumours. Subsequently, it was clear that some tu-
mours produced factors that could act in a paracrine way, inducing 
calcium mobilization from bone [33]. The current understanding 
is that tumour cells, after their interaction with the bone marrow 
microenvironment, produce different factors with activating (osteo-
clast activating factors, OAFs) or inhibitory (osteoblast inhibitory 
factors, OIFs) effects. OAFs, namely interleukin (IL)1, IL6, IL11, 
macrophage inflammatory protein 1  a (MIP1a) and, particularly 
PTHrP, directly increase maturation and activity of osteoclasts. This 
effect is mediated by an increased production by osteoblasts and 
stromal cells of RANK ligand (RANKL), associated with and inhib-
ition of osteoprotegerin (OPG) production by the same cells. RANKL 
transduction signal induces osteoclast maturation by the mitogen 
activated protein kinase (MAPK) pathway, thus leading to bone re-
sorption. The bone matrix destruction releases some growth factors 
such as TGFβ, FGF, PDGF, and IGF1 that stimulates tumour cells 
growth in a vicious cycle [34]. At the same time, the Wnt/ dikkopf- 
1 pathway is inhibited, leading to a decreased osteoblast activation. 
The final effect is an uncoupling of bone remodelling, with prevalent 
bone destruction and calcium release [35]. Clinical features of LOH 
are hypercalcaemia, bone pain, bone loss, and fragility fractures.

Vitamin D- mediated Hypercalcaemia

1,25(OH)2D, the active form of vitamin D produced in the kidney, 
acts as a classical hormone on tissues which express the vitamin D 
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Figure 4.2.2 Mechanism involved in the humoral hypercalcaemia of malignancy (HHM). PTH: parathormone; PTHrP, PTH- related peptide; OAF, 
osteoclast activating factors; Ca2+, ionized serum calcium; UCa, urinary calcium; 1,25 (OH)2 VitD, 1,25 didroxy vitamin D.
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receptor (VDR), like bone and intestine. It may also be locally pro-
duced by several non- renal cells expressing the 1- α- hydroxylase 
enzyme. This extrarenal production of 1,25 (OH)2D acts in a para-
crine/ autocrine fashion and mediates the so- called extraskeletal 
effects of vitamin D, which have received great attention in the 
recent years [36]. Vitamin D- mediated hypercalcaemia is caused 
by different mechanisms that are discussed next:  (i) ectopic 1- α- 
hydroxylase overactivation, which may occur in granulomatous dis-
eases and malignant tumours; (ii) intoxication of vitamin D and (iii) 
inactivating mutations of genes encoding key enzymes of 1,25(OH)2 
catabolism and degradation (namely mutations of 24-hydroxylase 
gene) (see Box 4.2.1).

Hypercalcaemia associated with granulomatous diseases. 
Activation of 1- α- hydroxylase enzyme in macrophage is a well- 
known cause of hypercalcaemia associated with granulomatous 
diseases. It was originally described in sarcoidosis, tuberculosis, 
Crohn’s, and Wegener’s diseases.

Sarcoidosis. The first case of hypercalcaemia associated with sar-
coidosis was reported in 1930 and since then several case reports 
were published, claiming that 10% of patients with sarcoidosis may 
experience hypercalcaemia [37]. It was subsequently demonstrated 
that serum levels of 1,25 (OH)2D are increased in patients with sar-
coidosis and that the source of vitamin D is extrarenal. Indeed, ele-
vated serum 1,25 (OH)2D levels were shown in anephric patients 
and in patients with endstage kidney failure [38]. It was shown that 
sarcoid- associated pulmonary alveolar macrophages produce their 
own 1- α- hydroxylase, which is stimulated by interferon γ, but not 
under the control of PTH [39, 40]. Hypercalcaemia is usually mild 
to moderate, and symptoms and laboratory findings are similar 
to those of other forms of PTH- independent hypercalcaemia. In 
addition, the serum level of angiotensin- converting enzyme is in-
creased, and its concentration generally correlates with the severity 
of the disease. Serum levels of 1,25(OH)2D are increased whereas 
those of 25(OH)D are either normal or decreased. The activity of 
sarcoid- associated pulmonary alveolar macrophages is efficiently 
suppressed by glucocorticoids, which are effective in lowering 
serum calcium. Ketoconazole has also been successfully used in the 
management of sarcoidosis- associated hypercalcaemia [40].

Tuberculosis. Patients with tuberculosis may experience 
hypercalcaemia with a highly variable (2.3– 48%) prevalence in dif-
ferent studies. Hypercalcaemia is mainly due to the production of 
1,25(OH)2D by macrophage of the pleural cavity. 1,25(OH)2D has 
been shown to have an antimicrobial action on mycobacterium tu-
berculosis, stimulating the secretion of cathelicidins and other anti-
microbial peptides. Rifampicin and isoniazid, the most commonly 
used drugs in the management of patients with tuberculosis, are 
also helpful in controlling hypercalcaemia: rifampicin induces en-
zymes that degrade 25(OH)D, and isoniazid inhibits the synthesis 
of 1,25(OH)2D.

Other granulomatous diseases. Several other granulomatous 
diseases have been reported to be associated with hypercalcaemia, 
including infection (mycobacterium avium- complex disease, lep-
rosy, fungal infections, pneumocystis pneumonia, and cat- scratch 
disease) [40] as well as non- infectious diseases. A  recent meta- 
analysis reviewed all cases of hypercalcaemia associated to cosmetics 
injections [41]. The authors identified 23 patients, who mostly used 
silicon, polymethylmethacrylate, and paraffin oil injected in but-
tock and breast. Hypercalcaemia was severe with a mean serum 

Alb- Ca of 3.43 mmol/ L and detected years after the initial injection. 
In these patient’s serum 1,25(OH)2D was elevated and PTH low or 
suppressed in the majority of cases [41]. Finally, hypercalcaemia has 
been reported in some cases of Wegener’s granulomatosis, Chron’s 
diseases, giant cell polymyositis, and berylliosis.

Malignant hypercalcaemia. Hypercalcaemia complicates up to 
13% of non- Hodgkin and 5% of Hodgkin lymphoma, and when 
occurs is associated with a worse prognosis. The pathogenesis of 
lymphoma- related hypercalcaemia involves the increased produc-
tion of ectopic 1,25(OH)2D, probably in lymph nodes, as suggested 
by in vivo studies [42]. Increased serum levels of 1,25(OH)2D have 
been demonstrated in 20– 40% of patients with non- Hodgkin and 
100% of those with Hodgkin lymphoma [43, 44].

Hypercalcaemia associated with vitamin D intoxication. Vitamin 
D insufficiency is very common worldwide in the general population, 
particularly in older people and in subjects living in the Eastern coun-
tries, as well as in patients with several disease states affecting vitamin 
D absorption and metabolism (celiac diseases, malabsorption, etc.). 
Guidelines developed by the Institute of Medicine (IOM) in 2011 rec-
ommend different dietary vitamin D allowances in children, adults, 
elderly, and pregnant women and indicate that the daily intake of 
vitamin D should not be greater of 4000 UI in adults, 3000 UI in chil-
dren 4– 8 years, 2500 UI in children 1– 3 years, and 100– 1500 UI in in-
fants [45]. Diseases unrelated to bone and calcium homeostasis may 
be associated with a low vitamin D status and decreased locally pro-
duced 1,25(OH)2D by circulating 25OHD may have a pathogenic role 
in these conditions. This knowledge led to wide use vitamin D sup-
plements not only to correct insufficiency in the general population 
but also to increase serum 25OHD in patients with several diseases, 
despite lack of evidence of benefit from vitamin D supplementation. 
Vitamin D intoxication is a rare event, but when occurring may lead 
to life- threatening hypercalcaemia [46,  47]. A  recent meta- analysis 
reported 13 patients presenting with severe hypercalcaemia and re-
lated symptoms such as vomiting, dehydration, pain, and anorexia. 
In all cases, vitamin D intoxication was due to either excessive dosing 
by the patients or the prescribing physicians, and, rarely, by manufac-
turing errors. The daily dose of vitamin D ranged between 50 000 IU 
and 2 604 000 IU. Serum calcium ranged between 11.1 and 23.1 mg/ 
dl and serum 25(OH)D concentration was greater than 150 ng/ ml 
[48]. Vitamin D intoxication is different from vitamin D hypersensi-
tivity, a condition in which a pre- existing hypercalcaemia is exacer-
bated by high doses of vitamin D.

Hypercalcaemia associated with CYP24A1 hydroxylase muta-
tions. Idiopathic infantile hypercalcaemia (IIH, OMIM 143880) is 
a rare disease characterized by hypercalcaemia, hypercalciuria, 
nephrocalcinosis, usually diagnosed in infant between 3 and 
7 months of age. The disease is rare and is related to an impairment 
of vitamin D catabolism. IIH is a genetic disorder due to loss- of- 
function mutations in the human cytochrome P450 24 subfamily 
A  member 1 (CYP24A1) gene, encoding the 24- hydroxilase en-
zyme, which is involved in the catabolism of vitamin D [49]. The 
diseases can present with different phenotypes ranging from severe 
forms diagnosed early in the infancy and sometimes lethal [50] to 
milder forms, often diagnosed in the adulthood during workout for 
recurrent nephrolithiasis [51]. The first case described in 2011 lead 
to the identification of the genetic cause and thereafter around 200 
cases have been reported leading to an increased insight into the 
diagnostic and therapeutic management of this disease [49].
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Drug- Related Hypercalcaemia

Vitamin A. Vitamin A and its analogues are often used in the treat-
ment of neoplastic and dermatologic diseases. Hypervitaminosis 
A can rarely be complicated by hypercalcaemia. The mechanisms 
proposed include either an increased bone resorption due to the fact 
that osteoclasts and osteoblasts express retinoic acid receptors or an 
action of vitamin A  on calcium release following lysosomal deg-
radation [52]. The susceptibility to develop hypervitaminosis A is 
highly variable, and the daily intake up to 50 000 UI is safe. Effective 
treatments, when needed later after discontinuation of vitamin A, 
include hydration, bisphosphonates, and glucocorticoids.

Oestrogen receptor modulators. Hypercalcaemia is rarely seen 
in women with breast cancer, in the early phase of treatment with 
tamoxifen, a selective oestrogen receptor modulator. The exact 
mechanism is not completely understood, and it is thought to be 
related to the presence of oestrogen receptor on cancer cells [53]. 
Hypercalcaemia is generally transient and, in some cases, may be 
moderate to severe.

Lithium. Lithium, effectively used worldwide in the manage-
ment of patients with bipolar disorders, has been shown to interfere 
with thyroid and parathyroid functions. There are many studies that 
demonstrate that lithium can associated with a biochemical pro-
file similar to that of PHPT. Lithium competes with calcium for the 
binding to the CaSR in the parathyroid glands, leading to a shift to 
the right of the calcium set- point and hypersecretion of PTH [54]. 
This effect is transient and resolves after lithium discontinuation, 
when used for limited time, but persists when lithium is chronically 
used [54]. In a few cases treatment with lithium has been associated 
with the development of parathyroid adenomas and, therefore, a 
‘true’ PHPT. The optimal treatment is surgical as suggested in other 
forms of PHPT. Recently calcimimetics have been shown to be ef-
fective in lowering hypercalcaemia due to lithium treatment [55].

Thiazides. Treatment with thiazides has been associated with 
hypercalcaemia in 2% of cases and this side effect has been known 
for decades, even if the exact pathogenetic mechanism is poorly 
understood. Two possible triggers are the volume depletion in-
duced by thiazides and the possible inhibition of the transient re-
ceptor potential cation channel subfamily V member 5 (TRVP5), 
a specific calcium selective channel [56]. Hypercalcaemia due to 
thiazides is generally mild and resolves after thiazides withdrawal. 
However, some cases of occult PHPT and persistent hypercalcaemia 
after drug discontinuation have been described. This can be due to 
the fact that thiazides may worsen hypercalcaemia and reveals the 
presence of a previously undiagnosed mild PHPT characterized by 
normal or intermittently mildly elevated serum calcium [57].

Hypercalcaemia Related to Endocrine Diseases

Hyperthyroidism. Thyroid hormones are known to have a role in 
the regulation of calcium metabolism and about 20% of patients 
with hyperthyroidism, especially in those with severe disease, may 
experience mild hypercalcaemia. Hypercalcaemia related to hyper-
thyroidism is generally mild to moderate, rarely above 3  mmol/ L. 
Only few cases of serious hypercalcaemia have been described [58]. 
The pathophysiology of hyperthyroidism- related hypercalcaemia is 
still not completely clear. One hypothesis is that thyroid hormones 
induce an increase of the osteoclastic activity, as shown in fetal rat 
bones cultures exposed to an excess of thyroid hormones [59]. Other 

studies suggested that thyroid hormones excess could act on bone 
metabolism increasing the sensitivity of bone to PTH and also cat-
echolamines [60]. Finally, serum IL6 is increased in thyrotoxicosis 
and correlated with serum thyroid hormone levels [61]. IL6 is known 
to activate osteoclastogenesis through the RANK- RANKL signalling 
pathway, leading to an increased bone resorption and calcium release 
[58]. As matter of fact, bone resorption markers are often increased 
in patients with hypercalcaemia associated with hyperthyroidism 
[62]. The primary treatment of patients with hyperthyroidism- 
induced hypercalcaemia is the adequate control of hyperthyroidism, 
followed by the other general measurement described next.

Addison’s disease/ hypoadrenalism. Hypercalcaemia has been 
reported in 6% of primary adrenal insufficiency, associated with 
PTH and 1,25(OH)2  D suppression and increased bone turnover 
[63]. Its pathophysiology is still unclear,

Others endocrinopathies. Some cases of hypercalcaemia have 
been reported in patients with VIPoma and pheochromocytoma, 
with uncertain pathophysiology [64].

Hypercalcaemia Related to other conditions

Hypercalcaemia during pregnancy. Hypercalcaemia rarely occurs 
in pregnant women (0.03%), but its recognition is challenging since 
the pregnancy itself induces significant changes in calcium homeo-
stasis. During the whole pregnancy total serum calcium is decreased 
because of haemodilution- dependent hypoalbuminemia, Ca2+ is 
normal, and urinary calcium is increased. The renal 1α- hydroxylase 
activity is stimulated by oestradiol, prolactin, placental lactogen, cal-
citonin, and PTHrP of placenta and mammary gland origin [65, 66]. 
The increased 1α- hydroxylase activity may lead to hypercalcaemia. 
Symptoms of hypercalcaemia during pregnancy are the same as in 
the general population but can overlap with the symptoms related 
to the pregnancy: nausea, vomiting, constipation. Some cases of se-
vere hypercalcaemia have been reported in pregnancy presenting 
with pancreatitis or kidney failure [67]. Fetal complication may 
occur, depending on the severity of hypercalcaemia: neonatal death 
(2%), neonatal hypocalcaemia and tetany (15%), and intrauterine 
growth decline (2%) [40]. PHPT is the most common cause of 
hypercalcaemia during pregnancy. Other rare causes of pregnancy- 
associated hypercalcaemia have been reported:  FHH [68], milk- 
alkali syndrome, malignancy and benign tumours (dermoid cysts, 
pheochromocytomas, fibromas) [69]. The same pharmacological 
and surgical approach used for general population could be the-
oretically used in women with hypercalcaemia during pregnancy, 
even though there are few studies on safety and maternal- fetal 
outcomes. Hydration may help to control hypercalcaemia in mild 
cases. When this approach in insufficient parathyroidectomy could 
be considered in pregnant women with PHPT when serum cal-
cium is above 2.85  mmol/ L, preferably in the second trimester 
[70]. In a recent series of 28 pregnant women with PHPT followed 
between 2000 and 2015, 22 were treated with intravenous fluids, 
antihypertensive drugs, and cinacalcet (one case), and six patients 
underwent PTx. In the former group, 30% had pre- eclampsia and 
50% a preterm delivery. On the other hand, in the latter group no 
complications were observed. Moreover, in a retrospective study of 
109 pregnant women with PHPT, PTx was shown to reduce the rate 
of fetal complications [71]. Cinacalcet use has been described in few 
cases. Even though there is some concern about a potential negative 
effect of this drug in the placenta, where CaSR is expressed, animal 
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studies have shown no toxic effects in pregnant rats and rabbits [72]. 
Moreover, no adverse maternal and fetal effects were reported in 
pregnant women [73]. Bisphosphonates are not extensively studied 
during pregnancy, but in few series of newborns exposed at intra-
uterine bisphosphonates no serious adverse events were reported 
after delivery [74]. Finally, calcitonin does not seem to cross the pla-
centa and is considered safe during pregnancy and lactation [75].

Milk- alkali syndrome. This is a rare syndrome in which 
hypercalcaemia and alkalosis occur in patients treated with calcium 
carbonate for peptic ulcer. Hypercalcaemia arises when the intes-
tinal absorption of calcium is higher than its renal excretion, as it 
may occur in patients with reduced kidney function. Factors that 
contribute to the maintenance of hypercalcaemia are volume de-
pletion, reduced glomerular filtration rate, and metabolic alkalosis 
that stimulates renal resorption. Hypercalcaemia may arise acutely 
or can be a chronic complication [76].

Immobilization. Hypercalcaemia is often seen after long period 
of immobilization in young patients with spinal injury and in eld-
erly hospitalized people. In 1998 Zerwekh et  al. studied a group 
of young healthy volunteers, in whom 12 weeks of skeletal un-
loading induced hypercalcaemia associated with reduced levels of 
PTH and 1,25(OH)2D, hypercalciuria and hypophosphaturia [77]. 
An increased bone resorption is thought to be the cause. Indeed, 
osteocytes seem to act as mechanoreceptors and are sensitive to 
unloading. Unloading results in an increased expression and syn-
thesis of sclerostin, which leads to an inhibition of the Wnt sig-
nalling pathway. This results in a reduction of the production of 
osteoprotegerin, the decoy receptor for RANKL and regulator of 
bone resorption [78].

Post- acute kidney failure. Hypercalcaemia may occur during 
the recovery phase after an acute kidney failure because of sec-
ondary hyperparathyroidism caused by hyperphosphatemia and 
hypocalcaemia of the oliguric initial phase [79].

Miscellaneous. Several other conditions may be rarely as-
sociated with hypercalcaemia such as manganese intoxication, 
hypophosphatasia, Paget’s disease, chondrodysplasia, William’s 
syndrome.

therapy

The management of hypercalcaemia should be addressed at the 
underlying cause/ mechanisms and the prevention/ management 
of target organ damages. The timing and the type of therapy are 
related to the cause and severity of hypercalcaemia, clinical symp-
toms, and renal function impairment. When hypercalcaemia is 
mild and the underlying cause has been identified, the treatment 
could be limited at the underlying cause. When hypercalcaemia in 
moderate to severe, the aim is also and most importantly directed 
to decrease serum calcium, by increasing renal calcium excretion 
and decreasing bone resorption and intestinal calcium absorption.

increase Renal calcium Excretion

Dehydration occurs in hypercalcaemic states because of a decreased 
fluid intake due to anorexia, nausea and vomiting, and polyuria 
due to a decreased renal water reabsorption. Therefore, signs and 
symptoms of vascular volume depletion are present in patients with 
hypercalcaemia. Hydration should be the first therapeutic approach 

to promote extracellular volume expansion, using oral fluids in pa-
tients with mild hypercalcaemia and intravenous saline in those 
with severe hypercalcaemia.

Patients with severe hypercalcaemia require an immediate treat-
ment which includes intravenous 0.9% saline administration 3– 4 
litres per day or a bolus of 1– 2 litres followed by 200– 250 ml sa-
line/ hour [80]. Patients with heart or kidney failure should be 
carefully monitored for the risk of fluid overload. After volume 
expansion, loop diuretics, such as furosemide, may be considered 
to further increase renal calcium excretion, but caution is man-
datory for the risk of dehydration and electrolytes imbalance. 
This view is not generally accepted nowadays. As a matter of fact, 
a metanalysis published in 2008 did not show benefit of adding 
loop diuretics to hydration in RCT [81]. When the aforementioned 
treatments fail, haemodialysis with low- calcium dialysate could 
be an option, which does not treat the cause of hypercalcaemia, 
but leads to a rapid solution in emergency situations. Some studies 
have shown that continuous veno- venus haemofiltration using 
citrate as calcium chelator could be more effective that haemodi-
alysis. Haemodialysis may be complicated by infections, thrombo-
embolism, and hypotension [82].

Decrease Bone Resorption

Increased osteoclastic activity and bone resorption is the 
most common mechanism responsible of hypercalcaemia. 
Bisphosphonates decrease bone resorption by several mechan-
isms:  inhibition of monocyte/ macrophages differentiation into 
mature osteoclasts, increased osteoclasts apoptosis, and binding 
to hydroxyapatite crystals thus decreasing their degradation. The 
use of bisphosphonates is limited to patients with moderate- to- 
severe hypercalcaemia. The intravenous route is preferable since 
bisphosphonates are poorly adsorbed when given orally and large 
doses are needed. Etidronate and clodronate were initially used 
but have been subsequently replaced by the novel and more po-
tent aminobisphosphonates. Pamidronate and zoledronate have 
been approved by the Food and Drug Administration (FDA) in the 
United States and by the European Medicines Agency (EMEA) in 
Europe for the management of hypercalcaemia of malignancy. Both 
agents have proved their efficacy and safety in several randomized 
clinical trials [42,  83]. Either pamidronic acid or zoledronic acid 
should be started as soon as possible, because both require 48– 
72 hours for the initial response and the serum calcium nadir is 
obtained 4– 7 days after the intravenous administration. Zoledronic 
acid compared with pamidronic acid has a more rapid onset of ac-
tion and greater hypocalcaemic effect [84]. Zoledronic acid is usu-
ally administered at the dose of 4 mg in 100 ml of saline over 15 
minutes and normocalcaemic state is restored in a few days in the 
large majority of patients. In patients with kidney failure and serum 
creatinine exceeding 3 mg/ dl, the American Society of Oncology 
recommends a reduction in the dose of zoledronic acid, because of 
potential nephrotoxic effect. A worsening of renal failure has been 
reported after multiple infusions of zoledronic acid [85]. When 
there are concerns for renal toxicity, ibandronate, a less potent but 
less toxic bisphosphonate, could be used. Subcutaneous adminis-
tration of clodronate is an option in those endstage cancer patients 
who need domiciliary therapy.

Calcitonin also is effective in rapidly reducing serum calcium and 
its effect begins within 2 hours. Salmon calcitonin is generally more 
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effective than human calcitonin and is preferably used at the dose 
of 4– 8 units/ kg of body weight, either intramuscularly or subcuta-
neously [86, 87]. However, tolerance to the drug (or tachyphylaxis) 
generally occurs and the hypocalcaemic effect wanes. In clinical 
practice calcitonin could be used when a rapid hypocalcaemic effect 
is aimed, while waiting for the more potent hypocalcaemic effect of 
bisphosphonates.

Denosumab, a fully human monoclonal antibody directed to the 
RANK ligand, decreases osteoclasts differentiation and survival. 
Denosumab is approved for the management of postmenopausal 
osteoporosis and in the prevention and management of osteo-
porosis due to adjuvant therapy in patients with breast and pros-
tate cancers. Preclinical studies in a mice model of malignant 
hypercalcaemia due to PTHrP showed that denosumab rapidly 
decreases serum calcium [88]. Recently some case reports have 
shown a potent hypocalcaemic effect of denosumab in cancer 
patients [89,  90]. The value of denosumab in the management 
of hypercalcaemia of malignancy has been further proved in a 
single- arm, multicentre, international phase II study who en-
rolled 33 patients with malignant hypercalcaemia and no- response 
to bisphosphonates treatment. Patients were treated with 120 mg 
sc of denosumab every 4 weeks. The large majority (70%) of pa-
tients shoved a decrease of serum calcium from 13.7 mg/ dl to value 
≤11.5 mg/ dl and 64% reached serum calcium levels ≤10.8 mg/ dl; 
the median duration of response was 104  days. Serious adverse 
events were reported in two cases [91]. In 2014 the FDA approved 
denosumab for the treatment of malignant hypercalcaemia refrac-
tory to bisphosphonate therapy. More recently a meta- analysis of 
two randomized double- blind trials in cancer patients with bone 
metastases has shown that denosumab treatment significantly de-
layed, compared to zoledronic acid, the occurrence of malignant 
hypercalcaemia [92].

Preclinical studies, in a mice model of PTHrP- dependent ma-
lignant hypercalcaemia administration of monoclonal PTHrP 
antibodies was shown to have a hypocalcaemic effect, opening the 
potential development of this therapeutic approach also in selected 
cases in humans [93].

Decrease intestinal calcium Absorption

Increased intestinal calcium absorption contributes to the devel-
opment of hypercalcaemia, particularly when due to vitamin D in-
toxication. A general measure in these patients consists of avoiding 
calcium and vitamin D intake. Glucocorticoids represent the first- 
choice option, because of their inhibitory effect on 1α hydroxylase 
enzyme, thus reducing intestinal calcium absorption. No guidelines 
are available to guide this treatment: a generally accepted schedule 
is the intravenous administration of hydrocortisone at a daily dose 
of 200– 400 mg for 3– 5 days, followed by oral daily prednisone at the 
dose of 10– 20 mg for 7 days [86].

calcimimetics

Cinacalcet, a calcimimetic agent, is approved for the management of 
hypercalcaemia in patients with PHPT, in whom parathyroidectomy 
would be indicated on the basis of serum calcium concentration but 
not performed because contraindicated or refused by the patient. 
The efficacy of cinacalcet in lowering and often normalizing serum 
calcium has been shown in several PHPT settings [94], including 
patients with intractable hypercalcaemia related to parathyroid 

cancer [95]. Interestingly, cinacalcet was effective in reducing 
hypercalcaemia in two cases of humoral malignant hypercalcaemia 
due to metastatic renal cell and breast carcinomas [96].
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introduction

Primary hyperparathyroidism (PHPT), the most common cause of 
hypercalcaemia, is characterized by excessive parathyroid hormone 
(PTH) secreted from one or more of the four parathyroid glands 
[1– 3]. It is virtually always a benign disorder with 80% of patients 
harbouring a single parathyroid adenoma. Within the past 50 years, 
the disease has undergone a transformation in its clinical presenta-
tion from a disorder that was virtually always symptomatic to one 
that is discovered incidentally in the course or routine biochem-
ical screening. Target organs such as the skeleton and the kidneys, 
while still a focus of the prudent evaluation, requires application of 
imaging and other technologies in order to discern what used to be 
clear- cut manifestations. When these technologies are applied even 
to patients who are discovered incidentally, it is evident the PHPT 
still has the potential to be a pervasive disease. This potential, how-
ever, is part of a variable natural history that ranges from an asymp-
tomatic disorder to one with overt symptomatology. Even more 
recently, we recognize that PHPT, as defined by elevated PTH levels 
in the absence of any other aetiologies, can present with normal 

total and ionized serum calcium concentrations, giving rise to the 
phenotype known as normocalcaemic PHPT [4] . With these dif-
ferent clinical presentations, the challenge has been to apply guide-
lines with which decisions for surgical or medical management 
can be reasonably offered and based upon the best evidence. These 
guidelines have been regularly updated over the past 25 years [5– 9].

From a historical perspective, it is interesting to note that in the 
1930s, PHPT was so rare that when encountered, it often led to a 
case report [10]. Almost a century later, a casual literature search 
turns up over 6000 published papers in the 2000s alone. Another 
key ramification of ongoing interest in PHPT has been interest in 
the PTH molecule itself, with ongoing insights into its pleotropic 
cellular and molecular mechanisms of action [11, 12].

Epidemiology

PHPT is seen most often in postmenopausal women with a gender 
difference of 3– 4:1. The prevalence of the disease varies depending 
upon country and representation by race. In the United States, preva-
lence figures centre around 0.86% [13]. African Americans are more 
prone that Caucasian women [14]. Prevalence figures have been 
reported to be lower (0.4%) and much higher (11%), the latter rep-
resenting cohorts of patients with normocalcaemic PHPT [15– 17]. 
Epidemiology is also influenced by medical practices, such as bio-
chemical screening. When screening is a routine aspect of medical 
care, the prevalence of PHPT is higher, because the serum calcium is 
typically included in the multichannel screening test and patients are 
discovered in that context. When biochemical screening is commonly 
used in countries, as demonstrated in North America and Western 
Europe, the disease is common [3] . When biochemical screening is 
not a routine feature of medical care, such as in many locations in 
India, PHPT is uncommon. Screening, however, is not a complete ex-
planation for the increasing prevalence of PHPT. In the United States, 
for example, after screening had become well established, the inci-
dence of PHPT has continued to increase [14]. Perhaps, more pro-
active approaches to skeletal diseases, particularly in the context of 
mild elevations in the serum calcium, could account, at least in part, 
for this observation [14, 18, 19]. It is also noteworthy, but not sur-
prising, that the incidence of PHPT increases in countries that adopt 
biochemical screening, as in China and in Latin America [20– 23].
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In most patients, there is no clear- cut aetiology to the disease 
although a history of childhood face and neck radiation can be 
obtained in a small percentage of individuals [24]. The genetics of 
PHPT are described next.

Diagnosis

PHPT is almost always a benign expression of excessive production 
and secretion of PTH. In 80% of adult patients, the cause is a single 
parathyroid adenoma while in the remaining 20%, all four parathy-
roid glands are involved with a hyperplastic histology [2] . Double 
parathyroid adenomas are seen infrequently [25]. Classically, PHPT 
is a hypercalcaemic disorder. In patients whose serum albumin is 
low, the total serum calcium measurement will read lower than it 
would if the level were 4.0 g/ dl. The serum calcium is adjusted up-
wards by 0.8 mg/ dl for every gram by which the albumin is below 
4.0  g/ dl. In centres where the ionized calcium is routinely meas-
ured, it will be elevated and, of course, no adjustment for albumin is 
needed. In PHPT, the PTH level is elevated but not infrequently, the 
PTH level will be within the normal reference range for the assay. The 
hypercalcaemic state defines that ‘normal’ PTH level as abnormal 
because normal parathyroid tissue would instantly reduce PTH se-
cretion to undetectable levels if the cause of the hypercalcaemia were 
not parathyroid hormone dependent. Theoretically, any detectable 
level of PTH in the context of frank hypercalcaemia is compatible 
with a diagnosis of PHPT. Since second generation PTH assays, that 
are most commonly used, can detect inactive circulating fragments, 
it is helpful to set a lower limit of detectability below which one 
would look for other causes of hypercalcaemia. Well- documented 
PHPT has been described with levels of PTH as low as 20– 25 pg/ 
ml, assuming a normal reference range of 10– 65 pg/ ml. A PTH con-
centration of 20 pg/ ml would seem to be a reasonable lower limit 
below which non PTH- dependent hypercalcaemia becomes more 
plausible. Bear in mind that PTH levels increase with age. While ref-
erence ranges have not been completely established by age, in those 
under the age of 45, an upper limit of 45 pg/ ml, not 65 pg/ ml would 
seem to be reasonable.

The recent controversy over normal reference ranges for 25- 
hydroxyvitamin D [26, 27] has stimulated discussion about normal 
reference ranges for PTH. The generally accepted reference ranges 
for PTH, as noted earlier, do not take into account the levels of 
25- hydroxyvitamin D.  Since there is a linear, inverse relation-
ship between 25- hydroxyvitamin D levels and PTH [28], the ref-
erence range for PTH may well be lower in a vitamin D replete 
population [29].

In addition, the PTH assay can read low, in certain assays, by 
virtue of moieties that interfere with the assay, such as biotin [30]. 
If a patient who reports the use of biotin is rechecked after discon-
tinuing it, the level PTH may become more compatible with the 
diagnosis of PHPT.

Thiazides and lithium can be associated with PTH- dependent 
hypercalcaemia, that is with elevated calcium and PTH levels 
[31, 32]. Most of these patients have PHPT and, if one were able to 
discontinue the thiazide or lithium, the serum calcium would re-
main elevated in the clear majority of patients. If there is doubt, 
thiazides can be substituted for other agents, but stopping or substi-
tuting lithium should only be done under careful supervision.

In the differential diagnosis of PTH- dependent hypercalcaemia, 
familial hypocalciuric hypercalcaemia (FHH) is often considered. 
This is clearly appropriate because one does not want to mistake 
PHPT for FHH, particularly if parathyroid surgery is being con-
sidered for the patient. The consideration of FHH is highly relevant 
in young patients under the age of 30 because the disease has high 
penetrance by then. If there is family history of hypercalcaemia, 
particularly if it includes members who have had unsuccessful 
parathyroid surgery one should consider FHH [33]. These pa-
tients represent a very small proportion of the hyperparathyroid 
universe. Since most patients with PHPT are postmenopausal 
women whose serum calcium was known to be normal years be-
fore, the development of hypercalcaemia in their adult years vir-
tually rules out FHH. It should be emphasized that FHH is a rare 
disorder and, from a statistical point of view, a postmenopausal 
woman who develops hypercalcaemia and elevated levels of PTH 
does not have FHH. A key point of distinction between PHPT and 
FHH, as the name implies, is that urinary excretion of calcium is 
very low. When compared to the creatinine clearance, the ratio 
of the calcium clearance:creatinine clearance (CCCR) is less than 
0.01. Patients with PHPT can also have a low urinary excretion of 
calcium because PTH is a calcium- conserving hormone. For any 
amount of calcium filtered at the glomerulus, under the influence 
of PTH, there will be greater tubular reabsorption and less calcium 
excretion. A CCCR less than 0.01 can, therefore, be compatible with 
PHPT particularly if the patient is on a low calcium diet. If there is 
doubt, genetic testing for an inactivating mutation in the calcium- 
sensing receptor can be done readily.

Patients with PHPT can demonstrate a normal albumin- 
corrected serum calcium level from time to time. As noted just now, 
if the albumin is low, the total serum calcium can read normal. If 
the patient has severe vitamin D deficiency, the serum calcium can 
read normal. If the patient has PHPT, correction of the vitamin D 
deficiency can unmask the hypercalcaemia of PHPT.

Variants of classical 
Primary Hyperparathyroidism

Normocalcaemic primary hyperparathyroidism. The entity now 
known as normocalcaemic PHPT was discovered over 15  years 
ago [34]. During evaluation, but not necessarily long- term, these 
patients demonstrate normal corrected serum calcium levels [35]. 
Discover of this phenotype of PHPT is due, in large part, to the pro-
active approach to low bone mass with regard to testing in which 
the PTH is measured even when the serum calcium is normal. 
When these patients are confirmed to have normal serum calcium 
levels and elevated PTH, a consideration of secondary causes for 
an elevated PTH level becomes mandatory. One of the most im-
portant secondary causes to rule out is vitamin D deficiency. The 
Institute of Medicine has stated that vitamin D insufficiency can be 
defined when the 25- hydroxyvitamin D level is less than 20 ng/ ml 
and that levels between 20 and 30 are acceptable. It stated, further-
more, that levels from 30 to 20  ng/ ml are not reliably associated 
with elevated levels of PTH [27]. It is also true, though, that some 
patients will show an inflection upwards in their PTH levels when 
the 25- hydroxyvitamin D level is between 30 and 20 ng/ ml [36]. In 
order to be sure that vitamin D insufficiency is not contributing to 
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the elevated PHT, a level of more than 30 ng/ ml seems reasonable. 
In some situations, a goal might be to set the 25- hydroxyvitamin D 
level at 40 ng/ ml, on the chance that this form of PHPT may be as-
sociated with an element of vitamin D resistance [37].

When considering the diagnosis of normocalcaemic PHPT, other 
secondary causes for an elevated PTH, besides vitamin D insuffi-
ciency, should be considered. Renal insufficiency with an eGFR of 
less than 60 cc/ min can be associated with an elevated PTH level, 
but PTH levels do not tend to show levels in the abnormal range 
until renal function has declined to chronic kidney disease has 
reached stage 3B (i.e. <45 cc/ min).

Medications, as noted earlier with regard to thiazide diuretics and 
lithium, can be associated with a high PTH. While not generally ap-
preciated, bisphosphonates and denosumab can be associated with 
elevated levels of PTH [38, 39]. Patients with other metabolic bone 
disease such as Paget’s disease can occasionally show elevated levels 
of PTH.

The diagnosis of normocalcaemic PHPT depends upon ruling 
out secondary causes of elevated PTH levels. Even with due dili-
gence, one may miss a secondary cause such as a subclinical malab-
sorption syndrome.

The discussion of normocalcaemic PHPT should take into 
account also the possibility that the patient doesn’t have a disease 
at all but that the PTH level is merely representing the fringe of 
the normal distribution curve. The normal distribution curve cap-
tures about 95% of the normal population with about 2.5% falling 
either above or below those defined limits. Such patients are not 
necessarily abnormal. Another consideration in the discussion of 
normocalcaemic PHPT is the ‘normal’ serum calcium level. Is the 
serum calcium normal for that patient? For an analyte like calcium, 
the control in a given individual is much tighter than it is for the 
entire population. If patients have spent most of their years with 
serum calcium levels averaging 9.0 mg/ dl and develops PHPT, the 
serum calcium might increase to10.0 mg/ dl. Without a history 
of those patients’ earlier serum calcium levels, the measured cal-
cium appears to be normal. If one had a history of those patients’ 
earlier calcium levels, the levels measured as ‘normal’ would not 
be normal for that patient. The 1 mg/ dl increase in serum calcium 
would still be within the normal population range but for that given 
patient, it is decidedly high. We describe the patient as one with 
normocalcaemic PHPT but in fact the patient is hypercalcaemic 
with regard to her own calcium homeostasis.

Finally, a form of abnormal parathyroid tissue has been described 
with a normal serum calcium and PTH concentration made only by 
pathological examination of abnormal parathyroid tissue has been 
proposed [40, 41].

Acute Primary Hyperparathyroidism

The onset of marked hypercalcaemia and elevated levels of PTH can 
occur in patients with a history of mild hypercalcaemia. Typically, 
mild hypercalcaemia due to PHPT is not likely to lead to acute, 
symptomatic hypercalcaemia, the incidence of which is less than 1% 
[42– 45]. If there is an antecedent history of mild hypercalcaemia, 
the possibility of acute PHPT becomes likely. The inciting factors are 
not understood but an intercurrent illness in which the patient does 
not maintain good hydration and is bed ridden is a typical scenario 
[45]. Haemorrhage or infarction of the offending parathyroid gland 

is almost never seen at the time of parathyroidectomy. A previous 
history of mild hypercalcaemia is not always obtained, leading to 
the possibility that the patient has parathyroid cancer. While this is 
certainly a possibility, the rarity of parathyroid cancer makes acute 
primary hyperparathyroidism statistically more likely.

Parathyroid carcinoma

The differential diagnosis of marked hypercalcaemia and very high 
levels of PTH usually comes down to either acute PHPT or parathy-
roid cancer. Because parathyroid cancer is so unlikely, the patient 
presenting with acute symptomatic hypercalcaemia is more likely to 
have a benign parathyroid adenoma. Among patients with PHPT, 
malignant disease constitutes less than 0.5%. In parathyroid cancer, 
the serum calcium tends to high (>14 mg/ dl) and associated with 
hypercalcaemic symptoms, along with markedly elevated levels of 
PTH. It is not unusual for levels of PTH to be 20 times normal. 
It is exceedingly rare for a parathyroid cancer to be non- secretory. 
There are other differentiating features when parathyroid cancer 
becomes a consideration. For example, the carcinoma can present 
with a neck mass that is easily palpable. They are 40– 50 years old, 
on average, about a decade younger than patients with benign dis-
ease [46, 47]. Different from its benign counterpart, there is no dif-
ference in incidence by gender. The natural history of parathyroid 
cancer can be cure, if surgery if successful at the outset. But many 
patients are not cured but follow, rather, a slow, indolent clinical 
course. Patients will typically live for several decades after the diag-
nosis is made. Recurrent parathyroid cancer can resurface 20 years 
later [48]. While parathyroid cancer is typically a sporadic disease, 
it has seen in association with the hyperparathyroid- jaw tumour 
syndrome [49]. That presentation and other aspects of parathyroid 
cancer genetics are covered elsewhere in this chapter.

Hyperparathyroidism due to true ectopic PTH production. While 
malignancies have been associated with hypercalcaemia, it is very 
rare for the tumour to be producing authentic PTH [50]. Much more 
common is the situation in which the patient has both a malignancy 
and PHPT. The production of parathyroid hormone related peptide 
(PTHrP) by the tumour is very well described but this peptide does 
not cross- react in the commercially available immunoassays for 
PTH. Thus, in this setting, the PTH level will be undetectable.

Hereditary Primary Hyperparathyroidism:  
Forms and Genetics

The Multiple Endocrine Neoplasia (MEN) syndromes, known clas-
sically as type 1 and type 2, are autosomal disorders. Of the glands 
that can be involved in MEN 1 or 2, PHPT is the most common and 
often the first to be involved. By the age of 50, penetrance is virtually 
complete with rare de novo cases seen thereafter [51]. In MEN 1, the 
other common glands that are involved include the pancreas and the 
anterior pituitary. In MEN 2, PHPT is seen with medullary thyroid 
cancer and pheochromocytoma. In the syndrome known as MEN 2b 
or MEN 3, PHPT is not seen. Along with medullary thyroid cancer 
and pheochromocytoma, MEN 2b (MEN 3), can feature mucosal 
neuromas, autonomic ganglia dysfunction of the gastrointestinal 
(GI) tract and a marfanoid habitus. In MEN 4, PHPT is seen in as-
sociation with anterior pituitary, gonadal, adrenal, or renal tumours. 
PHPT, which can be a frank parathyroid malignancy or as part of the 
hyperparathyroidism- jaw tumour (HPT- JT) syndrome [52].
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These genetic disorders are of great interest, in part, because 
they have helped to elucidate genetic controls of normal endo-
crine glands. But, they constitute a small percentage of patients 
with PHPT. One is advised to pursue a genetic aetiology only when 
setting is suggestive such as PHPT in those less than 30 years old 
or in those with a family history of PHPT or other hypersecretory 
endocrine syndromes. Familial isolated PHPT has also been well- 
described in the absence of any other endocrine disorder [53].

The tumour suppressor gene known as MENIN is inactivated in 
MEN 1 [51, 54]. Mutations in the RET proto- oncogene are respon-
sible for MEN2 and MEN 2b (MEN3) [55]. The gene that controls the 
cyclin- dependent kinase inhibitor (p27kip1), CKNK1B, is affected 
in MEN 4. The HRPT2 gene (CDC73) is abnormal in the HPT- JT 
syndrome. This gene directs the production of parafibromin which 
can be immunochemically detected in parathyroid tissue [56].

Other familial syndromes cannot be neatly classified. Familial 
isolated hyperparathyroidism (FIH) [55], for example, can be as-
sociated with multiglandular syndromes [57, 58]. It will be of great 
interest when these genes are identified and compared to regula-
tory aspects of the genes that have already been characterized in 
the familial syndromes of PHPT [59]. Thakker et al. presents a well- 
reasoned approach to questions related to the genetic basis for the 
hyperparathyroid states [54].

Familial hypocalciuric hypercalcaemia (FHH). The clinical 
aspects of FHH have already been discussed. The genetic basis of 
this disease is inactivation of the calcium- sensing receptor (CaSR).

Neonatal severe primary hyperparathyroidism (NSHPT). This 
rare but life- threatening presentation in newborns is identified by 
marked hypercalcaemia, very high levels of PTH, hypotonia, and 
respiratory distress. A homozygous mutation of the CaSR gene is 
responsible for this disease [60].

Molecular Pathogenesis

The search for genetic abnormalities has focused upon the familial 
syndromes described earlier.

The two genes that have been most clearly implicated in the spor-
adic (non- familial) forms of PHPT are cyclin D1 [61] and the gene 
associated with MEN1 [62]. Thus, both familial and sporadic forms 
of PHPT can be associated with the MEN 1 gene. With regard to 
sporadic PHPT, some studies have reported that as many as 25– 
40% of parathyroid adenomas are due to allelic loss of chromosome 
11 markers [63, 64]. In the particular cases of parathyroid cancer 
and the hyperparathyroidism = jaw– tumour syndrome, the HRPT2 
gene (also known as CDC73), has been implicated [61].

Pathology

The single, benign parathyroid adenoma is the most common ab-
normality in PHPT. Multiple parathyroid adenomas are much less 
common, with an incidence less than 5% [25]. While double aden-
omas can be found, it is important to ascertain that the other glands 
are normal because some of these patients actually have four- gland 
disease [65]. Even if normal parathyroid tissue has been docu-
mented at the time of the parathyroid surgery for double adenomas, 
there is always the possibility that the patient will in time develop 

hyperfunction of the remaining parathyroid glands. In these situ-
ations, time is the key determinant and, thus, monitoring is highly 
recommended. Parathyroid adenomas are notoriously variable in 
location. While they are usually found at the inferior– anterior and 
superior– posterior poles of the thyroid gland, they can be found 
almost anywhere in the neck. Some typical ‘hiding places’ for ad-
enomas in ectopic locations include the thyroid gland parenchyma, 
itself, and the superior mediastinum. In the mediastinum, the gland 
can be found within the thymus. More unusual locations for ectopic 
parathyroid glands include the lateral neck, the carotid sheath, be-
hind the oesophagus and even in the oropharynx.

Four- gland parathyroid hyperplasia is present in approximately 
15% of patients with primary hyperparathyroidism. While one im-
mediately considers a familial syndrome, in this context, only about 
30% of patients will be shown to have the familial form of PHPT 
[66]. Before localization procedures and surgery, itself, no clinical 
features raise suspicion for multiglandular disease. Invariably, the 
pathology of PHPT is benign, overactive tissue with the malig-
nant parathyroid gland found in fewer than 0.5% of patients. In the 
case of parathyroid cancer, clinical clues are often apparent, such 
as marked hypercalcaemia and very high levels of PTH, along with 
a palpable neck mass. The pathological features raise suspicion for 
malignancy because the tissue may have invaded local tissues and 
show histological features of cancer. On the other hand, parathyroid 
cancers can present pathologically as rather benign tissue. Careful 
examination of the pathological specimen in parathyroid cancer 
will often show the cardinal features of malignancy, namely tissue 
invasion and local or distant metastases. Parathyroid cancers pre-
sent as functional tumours, secreting PTH.

Biochemical Features

The biochemical features of PHPT in most publications depict the 
mild hypercalcaemic form of the disease as shown in Table 4.3.1. The 
serum calcium concentration is usually within 1 mg/ dl of the upper 
limits of normal. The serum phosphorus is rarely frankly below 
normal but values usually are in the low normal range [67]. Circulating 
markers of bone turnover are often in the upper quartile of the normal 
range, but can be frankly elevated. The specific markers of bone turn-
over that are readily available and can be helpful in assessing the ac-
tivity of the disease are the bone formation markers: bone- specific 
alkaline phosphatase activity and osteocalcin— and the bone resorp-
tion markers— serum CTx and urinary NTx [68].

One has to go back to almost 50 years ago to appreciate the pres-
cient work of Lumb and Stanbury who proposed that the clinical 
manifestations of PHPT are worsened by vitamin D deficiency [69]. 
This association has since been substantiated by several studies 
[70, 71]. Even in mild, asymptomatic PHPT, indices of disease ac-
tivity are more apparent when the 25- hydroxyvitamin D concen-
tration is low [72]. This association may be more difficult to detect 
in view of the fact that vitamin D deficiency in PHPT [73, 74], is 
not as widespread as it used to be. This is because vitamin D sup-
plements are now commonly used [75]. The hypothesis that para-
thyroid disease is worse when vitamin D deficiency is present 
describes a stimulus for further stimulation of PTH synthesis 
by the abnormal parathyroid gland(s). Stein et  al. has correlated 
low 25- hydroxyvitamin D levels with higher PTH level [76]. The 
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microstructural and densitometric profile is not as consistent as the 
biochemical correlates [77– 79].

Levels of 25- hydroxyvitamin D will vary according to the 
country’s nutritional status. In the United States, a prototypical 
country in which the modern profile of PHPT the most common, 
25- hydroxyvitamin D levels no longer tend to be below 30  ng/ 
ml. Over the past 15  years, with the population routinely taking 
vitamin D supplements, the average 25- hydroxyvitamin D from 
the centre in New York has increased from 21 ng/ ml to 36 ng/ ml 
[75]. 1,25- dihydroxyvitamin D levels are no longer routinely meas-
ured in PHPT but as per previous experience, the level of this active 
form of vitamin D would be expected to be in the upper range of 
normal or frankly elevated. As previously shown, elevations in 1,25- 
dihydroxyvitamin D concentration can be seen in as many as 25% 
of the hyperparathyroid population [80]. This observation is due to 
the catalytic effect of PTH on renal 1- alpha hydroxylase that con-
verts 25- hydroxyvitamin D to 1,25- dihydroxyvitamin D. PTH con-
serves renal tubular handling of calcium and, thus, for any level of 
the serum calcium, patients with PHPT will show reduced concen-
trations. The reason why hypercalciuria can be seen in as many as 
40% of individuals with PHPT is because the filtered calcium load 
overwhelms the conserving capacity of the kidneys.

target organ Features

the Skeleton

With the change in clinical profile of PHPT to a milder hyper-
calcaemic disorder, it is not surprising that the frequency of disease- 
specific radiological manifestations would decline. The historic 
Cope series reported a prevalence of 23% [81] while the series of 
Silverberg et al., coming several decades later, reported a prevalence 
of less than 2% [82]. With the advent of technologies that permit 
evaluation of the skeleton in ways that are more sensitive than the 
routine skeletal X- ray, we now appreciate that skeletal involvement, 
even in mild ‘asymptomatic’ PHPT, is pervasive.

Bone densitometry. Bone mineral densitometry (BMD) by dual 
energy X- ray absorptiometry (DXA) came of age as a major clin-
ical tool when PHPT was being recognized in the western world as 
primarily a biochemical disorder without classic radiographic find-
ings. DXA made it possible to appreciate skeletal involvement even 
when radiographic signs were absent.

By DXA, one can measure three sites that each represents dif-
ferent proportions of trabecular and cortical bone. The lumbar 
spine is predominantly trabecular bone while the distal third ra-
dius is predominantly cortical bone. The hip is comprised of an even 
proportion of cortical and trabecular bone. In a disorder charac-
terized by excessive PTH, the cortical compartment would be ex-
pected to be compromised preferentially. By DXA, this was shown 
by the distal third radius being preferentially reduced [83]. The 
lumbar spine, on the other hand, was the site least involved with 
the hip regions showing reductions mid- way between the lumbar 
spine and the distal third radius (Figure 4.3.1). This pattern of in-
volvement necessitates three- site DXA in all patients with PHPT. If 
only the lumbar spine and hip are measured, an incomplete picture 
emerges that, in fact, could be misleading. It should be recognized, 
though, that other patterns of skeletal involvement have been de-
scribed in PHPT, from preferential reduction of the lumbar spine to 
equivalent involvement of all three sites to completely normal bone 
density [84].

One of the tenets of DXA is that it predicts fracture risk. There is 
certainly true for osteoporosis and was logically assumed to be the 
case for PHPT. DXA would predict that fractures in PHPT would be 
more common at non- vertebral sites which are predominantly cor-
tical bone. This expectation was brought into doubt first by Khosla 
et  al. [85] and a decade later by Vignali et  al. [86]. Both reports 
demonstrated that vertebral fractures were also seen in PHPT with 
a frequency that argued against trabecular bone being protected in 

table 4.3.1 Changes in biochemical indices in primary hyperparathyroidism over the 
past several decades. The data represent cohorts from earlier and more recent series

Index 1984– 1991 (n = 103) 2000– 2014 (n = 100)

Calcium (mg/ dl) 10.6 ± 0.06 10.7 ± 0.6

PTH (pg/ ml) 127 ± 69 85 ± 481

25- hydroxyvitamin D (ng/ ml) 23 ± 10 29 ± 101

1,25- dihydroxyvitamin D (pg/ ml) 57 ± 20 69 ± 241

Urinary calcium (mg/ 24 hrs) 229 ± 119 250 ± 144

P <0.005

Adapted with permission from Silverberg SJ, Shane E, Dempster DW, Bilezikian JP. The effects of vitamin D 
insufficiency in patients with primary hyperparathyroidism. Am J Med 1999;107:561–56. Copyright © 1999 Excerpta 
Medica Inc. (ref 72) with data from Walker MD, Cong E, Lee JA, Kepley A, Zhang C, McMahon DJ, et al. Low vitamin 
D levels have become less common in primary hyperparathyroidism. Osteoporosis Int 2015;26:2837–2843. (ref 75).
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* Differs from radius,
p<.05
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Figure 4.3.1 The pattern of bone loss in primary hyperparathyroidism. 
A typical pattern of bone loss is seen in asymptomatic patients with 
primary hyperparathyroidism. The lumbar spine is relatively well 
preserved while the distal radius (1/ 3 site) is preferentially affected.
Reproduced with permission from Silverberg SJ, Shane E, DeLaCruz L, Dempster DW, 
Feldman F, Seldin D, Jacobs TP, Siris ES, Mafferty M, Parisien MV, Lindsay R, Clemens 
TL, Bilezikian JP: Skeletal disease in primary hyperparathyroidism. J Bone Mineral Res 
1989;4:283– 91. Copyright © 1989 American Society for Bone and Mineral Research.



SEction 4 Parathyroid, Calcium and Bone Metabolism Disorders658

PHPT. Imaging technology advanced [87, 88] with high resolution 
peripheral computed tomography (HRpQCT), showing that both 
cortical and trabecular bone are in fact affected in PHPT [89– 91]. 
When the HRpQCT image was assessed further by individual tra-
becular segmentation analysis, Stein, Silva et al. [89] showed that 
microstructural orientation of trabeculae was suboptimally config-
ured for bone strength.

While HRpQCT gave insight into skeletal microstructure that 
not even histomorphometry was able to discern [92], it is a research 
tool. The practising physician does not have access to HRpQCT. To 
meet a practical need for assessment of microstructure in medical 
practice, yet another advance in imaging technology was developed, 
namely the trabecular bone score (TBS). TBS is a semiquantitative 
textural analysis of the lumbar spine image by DXA [93, 94]. Anyone 
with TBS software can apply it to the DXA image. The textual ana-
lysis distinguishes between homogeneity and heterogeneity of the 
image. The homogenous image is akin to normal bone while the 
markedly heterogeneous image is akin to osteoporotic bone. As is 
the case for DXA, TBS of the lumbar spine DXA image is measuring 
predominantly trabecular bone. Silva et al. and others have docu-
mented lower mean TBS scores in PHPT [95, 96].

With these advances in imaging technology applied to the form 
of PHPT known as ‘asymptomatic’, It is now apparent that both 
cortical and trabecular compartments of bone can be affected in 
the absence of radiographic manifestations or even reductions in 
lumbar spine BMD by DXA. The observations are consistent with 
the clinical documentation that fracture risk is increased, overall, 
in PHPT.

Renal involvement

The kidneys, along with the skeleton, constitute the major target 
organ for complications of PHPT. Similar to the decline in overt 
skeletal disease, the incidence of kidney stones has declined from 
approximately 60%, when biochemical screening was not routine, 
to more recent series that document an incidence of kidney stones 
in fewer than 20% of patients [20]. When applying sensitive renal 
imaging technologies, such as computed tomography (CT) and 
ultrasound, some studies have confirmed the incidence of stones 
and/ or nephrolithiasis at about 20% but work of Cristiani et al. ob-
served a much higher incidence of 55% [97– 99].

Clearly, the composition of urine is a likely predisposing factor 
in the development of kidney stones. This extends beyond ele-
vated urinary calcium excretion. Peacock has summarized these 
other aspects of stone risk factors in PHPT [100]. Schillitani et al. 
has raised the possibility that the calcium receptor gene, in terms 
of specific polymorphisms, might be an important contributing 
factor [101].

The persistence of renal involvement in PHPT has led to a con-
sensus that renal imaging should be an integral aspect of its evalu-
ation. The imaging modalities can be ultrasonography, CT, or 
routine abdominal X- ray. A 24- hour urinary calcium, on a normal 
calcium intake, should also be part of every evaluation. Since, the 
urinary calcium excretion, alone, is not always indicative of stone 
risk in PHPT [102], a complete urinary stone risk profile should be 
undertaken when hypercalciuria is apparent (100).

In addition to concerns about nephrolithiasis and nephro-
calcinosis, creatinine clearance may be reduced in PHPT. While 
the mechanisms by which the creatinine clearance may be reduced 

in PHPT are not clear, reductions below 60  ml/ min/ 1.73  m2 are 
seen, in the absence of any other explanation for a reduction in cre-
atinine clearance. Thus, a reduction in renal function can be and 
often is ascribed to this disorder. A  concern about reduced renal 
function in PHPT, even if it isn’t related specifically to this disorder, 
raises concern because it is a potential stimulus for secondary in-
creases in PTH, thus aiding and abetting the primary hyperpara-
thyroid process. It would seem from the work of Walker et al., that 
clearance values above 30 cc/ min are unlikely to contribute in-
dependently to higher PTH levels [103]. This point does not ob-
viate another one, namely that by dynamic histomorphometric 
assessment of bone biopsies, clearance values below, <60 cc/ min 
are associated with evidence for more active parathyroid disease 
[104]. Thus, renal involvement in PHPT can take the forms of 
hypercalciuria, nephrolithiasis, nephrocalcinosis, and/ or reduced 
renal function [105].

neuromuscular Dysfunction

The apparent change in the clinical profile of PHPT has had an 
impact on the incidence of recognizable neuromuscular dysfunc-
tion. Once, it was a regular feature of the disease [106] but now it 
is seen only when the disorder presents in its overtly symptom-
atic fashion. With the emergence of the mild form of the disease, 
Turken et al. [107] found no evidence either clinically or electro-
myographically for neuromuscular dysfunction. Sural nerve con-
duction velocity was reduced in the study of Diniz et al. but as in 
the study of Turken et al. these patients had no clinical neurological 
manifestations [108].

Gastrointestinal Manifestations

The three major gastrointestinal aspects of PHPT are all uncertain 
from an etiological view. Glucose intolerance has been seen [109] 
but the association is far from established [110,  111]. Similarly, 
peptic ulcer disease occurs with a frequency that approximates the 
disease in the general population, about 10%. The only exception to 
this lack of association is in those whose PHPT occurs with MEN1. 
The frequency of peptic ulcer disease in MEN1 can approach 40% 
[112]. Some mechanistic credence can be attributed to the relation-
ship between PHPT and pancreatitis because it is well known that 
hypercalcaemia can be causative. However, when hypercalcaemia is 
mild, as it often is, most series no longer report this relationship to 
be a significant one [113, 114].

non- classical Manifestations 
of Primary Hyperparathyroidism

neurobehavioral and neurocognitive Features

While viewed as non- classical manifestations of PHPT, these fea-
tures such as easy fatigability, anxiety, poor concentration, cogni-
tive decline, and reduced quality of life are among the most vexing 
[115, 116]. The clinician is often faced with these complaints in the 
context of many other chronic diseases. Thus, they lack specificity. 
Another problem is that they are very hard to quantitate with repro-
ducible metrics that can tract changes after parathyroid surgery. The 
confounding variables among the reports that have attempted to 
link neurocognitive and neuropsychiatric features to PHPT include 
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study design (observational vs. prospective), selection bias, small 
numbers of study subjects, heterogeneity of bassline manifestations, 
short testing intervals after parathyroid surgery, and problems with 
control groups selected for comparison.

Even with newer testing instruments to test quality of life and 
cognitive function, some studies have shown improvements while 
others have not [43]. As a result of these inconclusive studies, it is 
difficult to make any recommendations regarding surgical inter-
vention in these patients who otherwise do not meet the generally 
agreed upon guidelines for parathyroid surgery in this disease.

cardiovascular Manifestations

The cardiovascular manifestations of primary hyperparathyroidism 
used to be heralded by hypertension, but now, with many patients 
demonstrating only modest hypercalcaemia, hypertension is no 
longer regarded as a feature of the disease [117]. The problem with a 
common disease such as hypertension is that to demonstrate a clear 
association, one would have to show unequivocally that after para-
thyroid surgery, the condition is ameliorated. The older published 
literature provided some support for this link [118– 120], but it is 
much more likely now not to see a difference in blood pressure after 
parathyroid surgery [120, 121].

Coronary artery disease was linked to PHPT when the disease 
was associated with higher calcium levels than are seen today 
[122]. Most current studies do not show that patients with PHPT 
have a greater incidence of coronary calcification beyond those 
acknowledged risk factors for coronary calcification [123, 124]. In 
a similar manner, calcifications of the myocardium and cardiac 
valves are seen only when patients have marked hypercalcaemia 
[125, 126].

Left ventricular mass index (LVMI) is another focus for studies 
that have attempted to link PHPT to the cardiovascular system 
[127, 128]. While some studies have associated the PTH level itself, 
and not the blood pressure, with LVMI [126– 130], other studies 
have not been confirmatory when other cardiovascular risk factors 
are taken into account [131, 132]. Again, conflicting data emerge 
with regard to regression of LVMI after parathyroidectomy [127– 
130, 133– 135].

Calcium concentration and carotid plaque thickness may be re-
lated [136] but as shown by Walker et al. [137] after adjustment for 
cardiovascular risk factors, parathyroidectomy was not associated 
with improvement [138].

Vascular dysfunction has been observed both in severe PHPT and 
in patients whose serum calcium is only mildly elevated [139– 143].

Thus, despite a plethora of data regarding PHPT and cardiovas-
cular manifestations, the results are inconclusive with regard to all 
the indices that have been measured. This is not to say, however, that 
the symptomatic form of PHPT is not be associated with cardiovas-
cular manifestations. In fact, it is probably only in the symptomatic 
cohorts of patients with PHPT that one is likely to observe these 
manifestations.

Malignancy

Reports associating cancers with PHPT [144,  145] are subject to 
qualification due to the likelihood of selection bias. Hypercalcaemia 
usually triggers a search for malignancy since in its differential diag-
nosis, cancer is high on the list. Another aspect of selection bias 
relates to the common discovery of thyroid malignancy in patients 

who undergo parathyroidectomy. Thyroid cancer probably would 
not have been discovered were it not for the parathyroid surgery. 
In contrast, Wermers et al. have reported death due to cancer is re-
duced in PHPT with a hazard ratio of 0.58 [146].

Mortality

Mortality rates in PHPT appear to follow the dictum that the more 
severe the disease is the more likely mortality will be increased. In 
cohorts of mild hypercalcaemia, mortality does not seem to be in-
creased [147] while more symptomatic cohorts show an increase 
in mortality [148– 149]. Supporting this expectation, mortality rates 
do correlate with the level of the serum calcium as well as parathy-
roid gland weight [150]. The experience from the Mayo Clinic also 
attributed higher mortality only in the quartile that had the highest 
serum calcium level [146]. However, an epidemiological study has 
reported increased mortality and morbidity in ‘mild hyperparathyr-
oidism’ [144]. Nevertheless, with the common phenotype of mild 
hypercalcaemia seen in many parts of the world, it would appear 
that mortality rates are not increased in PHPT.

the Variable clinical Expressions 
of Primary Hyperparathyroidism

The symptomatic disorder. Primary hyperparathyroidism was 
ushered into clinical recognition as a symptomatic disorder in the 
period from 1930 and 1970, It was truly a disease of bones and 
stones with serum calcium levels that were invariably over 12 mg/ 
dl, and often much higher [151].

The asymptomatic disorder. In the 1970s, when biochemical 
screening became widespread in many countries, the form of PHPT 
that we call ‘asymptomatic’ began to dominate the clinical land-
scape. Identifying these patients with mild hypercalcaemia and no 
overt bone or stone disease as asymptomatic seemed reasonable. As 
described in this chapter, it is now evident that among patients who 
are discovered incidentally, more diligent studies using modern 
technologies that can detect skeletal and renal involvement, upon 
further inspection, will reveal that the disease often does involved 
those classic organ systems. With signs of skeletal and/ or renal in-
volvement, it might be time to reclassify these patients. Perhaps 
they are asymptomatic but they do demonstrate target organ in-
volvement. Taking this concept one step further, if we reach a point 
where we can be confident of tools to measure neurocognitive and 
neuropsychiatric features, some of these patients might be classified 
as symptomatic.

The normocalcaemic disorder. After mild hypercalcaemia be-
come the most common biochemical feature of PHPT, another 
four decades passed before the third variant of this disease, namely 
normocalcaemic PHPT became widely recognized [34]. These pa-
tients are not being discovered incidentally, as patients with mild 
hypercalcaemia are identified, but rather in the context of being 
evaluated for low bone density or frank osteoporosis [34– 37, 
152– 155]. Paradoxically, these patients demonstrate at the time 
of presentation more signs of the disease than those with mild 
hypercalcaemia. Routine measurement of PTH in these settings 
explains how normocalcaemic PHPT became recognized. We now 
know that normocalcaemic PHPT can be discovered without low 
BMD if population screening is undertaken [156]. Thus, as is the 
case for the hypercalcaemic variant, normocalcaemic PHPT can be 
asymptomatic or symptomatic.
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An international View of clinical Variability 
in Primary Hyperparathyroidism

The historical perspective of PHPT implies a chronology of evo-
lution. Symptomatic PHPT evolved to an asymptomatic disease 
which in turn evolved into a normocalcaemic disorder. This 90- year 
historical perspective can be misleading because it implies that the 
disease has actually changed. Given that all three forms of PHPT 
exist concurrently in the world today, another perspective argues 
that these three forms of PHPT have always coexisted. What sets 
the clinical stage for one or another variant may well be dependent 
upon country- specific factors. For example, in countries where bio-
chemical screening is not part of the healthcare system, such as 
India [157], patients are unlikely to be discovered incidentally. In 
these countries, symptomatic PHPT is more likely and, as was the 
case throughout the world prior to the 1970s, the disease in those 
countries is considered to be uncommon. In our more modern ap-
proach to country- wide health and biochemical screening, asymp-
tomatic PHPT has become the more common variant. It is not 
considered to be a rare disorder. Parenthetically, as noted already, 
the use of the term asymptomatic probably needs some adjustment, 
even if only semantically, because with greater imaging tools ap-
plied to this population, it is apparent that such patients can often be 
shown to have involvement of the skeleton and/ or kidneys. Finally, 
in countries where PTH is routinely measured in the context of low 
BMD, normocalcaemic PHPT becomes a recognized clinical entity. 
The point to be made here is that PHPT has probably always existed 
in all three forms. The proportion of the hyperparathyroid popula-
tion that will show them will depend upon these factors. Another 
consideration is the extent to which the population is vitamin D 
deficient. As noted already, vitamin D deficiency is associated with 
more signs of active disease. In a country that is markedly vitamin D 
deficient, on average, and does not employ widespread population 
screening, PHPT is likely to be viewed as an uncommon, symptom-
atic disorder. In a country that is not markedly vitamin D deficient, 
on average, and employs widespread population screening, PHPT is 
likely to be viewed as a common, asymptomatic disorder.

Management of Primary Hyperparathyroidism

Surgery for Signs and/ or Symptoms

Patients who have clear signs of hyperparathyroidism whether 
they are skeletal (fractures) or renal (stones) or symptomatic 
hypercalcaemia should have parathyroid surgery, unless there are 
medical or other contraindications [8] . Areas of uncertainly relate 
to patients who have the asymptomatic and normocalcaemic forms 
of the disease.

Surgery in Asymptomatic Primary Hyperparathyroidism

Since surgery is curative when successful, patients and physicians 
can opt for surgery even if the patients do not meet guidelines that 
have been proposed for surgical management. Some patients find 
this to be an attractive option while others are inherently reluctant 
to consider surgery under almost any circumstances.

Over the past three decades, four international workshops on 
the management of asymptomatic primary hyperparathyroidism 
[5– 8,  158] have periodically reviewed and updated the evidence 

that would argue either for a surgical or non- surgical management 
approach. The 4th International workshop [8]  offered the following 
recommendations. They are listed here and shown in Table 4.3.2:

 1. Serum calcium concentration greater than 1  mg/ dl above the 
upper limit of normal;

 2. a.  BMD by DXA T score <– 2.5 at lumbar spine, total hip, fem-
oral neck, or distal third radius;

b.  vertebral fracture by X- ray, CT, MRI, or vertebral fracture 
assessment (VFA)

c.  evidence of a clinical fracture
 3. a. estimated GFR (eGFR) <60 cc/ min;

b.  24- hour urine for calcium >400 mg/ day (>10 mmol/ day) and 
increased stone risk by biochemical stone risk analysis;

c.  nephrolithiasis or nephrocalcinosis by X- ray, ultrasound,  
or CT;

 4. Age <50.

Any one of these criteria is sufficient to recommend surgery. 
These recommendations have not been updated recently, but we 
look forward to refinements and modifications based upon new 
data that have become available at the time of the next international 
conference.

It should be emphasized that these guidelines are not rules and, 
in fact, like many other guidelines, they are not based on strong 
evidence. Physicians and patients modify them according to the 
individual clinical situation. Some physicians feel that all patients 
with PHPT should undergo parathyroid surgery, as long as there 
are no contraindications. Some patients will resist surgery even 
though there are clear candidates and are strongly advised to have 
parathyroid surgery. Others will base their recommendations on 
other criteria.

Surgical Approach in Primary Hyperparathyroidism

A key dictum in this field is that parathyroid surgery should be 
undertaken by those who are experienced and highly skilled in 
the procedure [159– 161]. While this dictum has not changed, over 
the past several decades, the approach to parathyroid surgery has. 
Rather than full exploration of the neck with visualization of all 
four parathyroid glands, many centres perform a limited procedure 

table 4.3.2 Guidelines for parathyroid surgery in asymptomatic 
primary hyperparathyroidism. Surgery is also indicated in patients 
for whom medical surveillance is neither desired nor possible. If 
any one of these criteria are met, the patient is considered to be a 
candidate for parathyroid surgery

Measurement Surgery recommended

Serum calcium >1.0 mg/ dl (0.25 mmol/ L) above normal

Renal system Marked hypercalciuria (>400) with other stone risk factors; 
nephrolithiasis, nephrocalcinosis or creatinine clearance 
<60 cc/ min/ 1.73 m2

Bone mineral 
density

T score <– 2.5 at spine, hip (total or femoral neck), or 
radius (distal 1/ 3 site); or fragility fracture

Age <50 years

Data derived from Bilezikian JP, Brandi ML, Eastell R, Silverberg SJ, Udelsman R, 
Marcocci C, Potts JT Jr: Consensus Statement: Guidelines for the Management of 
Asymptomatic Primary Hyperparathyroidism: Summary Statement from the Fourth 
International Workshop. J Clin Endocrinol Metab 2014;99:3561– 3569.
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when there is pre- intraoperative evidence for single gland disease 
and that at the time of surgery, there is intraoperative evidence for 
cure [162]. This is ascertained by intraoperative measurement of the 
PTH level at baseline and 2, 5, and 10 minutes following the re-
moval of the parathyroid adenoma. If the PTH level falls by greater 
than 50% into the normal range, the resected parathyroid adenoma 
is considered to be the only gland involved and the operation is 
ended. With successful preoperative localization (see next), this op-
eration can be performed by those skilled in the procedure under 
local anaesthesia and conscious sedation [163]. The minimally in-
vasive parathyroidectomy (MIP), performed in an ambulatory care 
hospital setting, is a shorter operation without general anaesthesia, 
and with fewer complications [164– 167]. If the intraoperative PTH 
level does not meet the criteria for success, namely it doesn’t fall 
by greater than 50% and/ or remains above normal, the operation 
is converted to a full neck exploration to seek other glands that are 
presumably overactive [168]. Success rates for this procedure that 
generally does not require an overnight hospital stay are greater than 
90%, similar to the outcome of the full neck exploration [163, 169].

When the patient has multigland disease, a full exploration is 
necessary. Options are subtotal parathyroidectomy, consisting 
of removal of 3.5 glands, or total parathyroidectomy with trans-
plantation of parathyroid tissue slices into the forearm. If the auto-
transplantation is successful, the patient will re- establish normal 
homeostatic control of the serum calcium by this ectopically placed 
parathyroid tissue. It is important to recognize that the tissue trans-
planted is abnormal and, thus, could become overactive in time. In 
that eventuality, the forearm site is convenient because the tissue 
could be accessed and debulked. Some centres have cryopreserva-
tion facilities which can be very helpful should the initial graft not 
take [170]. Lebastchi et al. have reported using the minimally inva-
sive approach in multigland disease [171].

Surgery for Parathyroid cancer

The surgical approach to parathyroid cancer is total removal of 
all malignant tissue and local neck dissection, when indicated. 
Sometimes, it is not known whether all malignant tissue has been 
removed because local and distant metastases can appear years after 
resection. Parathyroid cancer is one of the unusual malignancies in 
which metastases, if surgically approachable, can be removed with 
satisfactory results than can be measured sometimes in years [46]. 
Multiple therapeutic approaches along with resection of the metas-
tases have also been associated with long- term survival [172].

Parathyroid Gland imaging

While parathyroid imaging was for years considered to be a useful 
adjunct, prior to parathyroid surgery, advances in imaging tech-
nology have made this a mandatory aspect of the surgical protocol 
[9, 173, 174]. Preoperative parathyroid imaging is not done to make 
the diagnosis of PHPT. The decision to proceed with parathyroid 
surgery should have been made prior to the preoperative imaging 
test. Many approaches are available with endocrinologists, surgeons 
and radiologists all showing preferences for one or another pro-
cedure [175, 176].

Ultrasound is very convenient and with many endocrinologists 
and parathyroid surgeons having an ultrasound instrument in their 

offices, this approach is often utilized. It is unusual for the ultra-
sound image to be sufficient for confident localization without a 
confirmation by another approach. The sensitivity of neck ultra-
sound ranges from 42 to 82% but specificity is close to 90% [177].

Sestamibi imaging in many centres is a mainstay of the pre-
operative imaging repertoire. In some hands, sestamibi imaging 
can show sensitivity of about 90% and specificity of about 95% 
[178, 179]. When sestamibi is performed with single photon emis-
sion computed tomography (SPECT) alone [180] or in combination 
with CT, successful localization is even better [181]. A  negative 
aspect of sestamibi is that its sensitivity for small adenomas or 
double adenomas or hyperplasia is poor. In a situation character-
ized by multigland disease, but one predominant parathyroid gland, 
the sestamibi scan typically will show only the dominant gland. To 
identify ectopic tissue, particularly in the mediastinum, sestamibi 
can be useful.

CT scanning of the neck and mediastinum is being used more 
frequently for parathyroid localization, particularly with contrast. 
The use of contrast identifies the procedure as 4D- CT with time 
being the fourth dimension. The contrast also gives functional 
identification along with anatomical localization of the parathyroid 
glands [182,  183]. It is also useful when the parathyroid tissue is 
ectopically present in the mediastinum [184]. The recent experi-
ence of Yeh et al., compared 4DCT with sestamibi and found that 
4DCT alone was more successful than sestamibi and that sestamibi 
did not provide additional value to the high success rate of 4DCT 
alone [185].

MRI has utility when the parathyroid gland is in the medias-
tinum and in the case of persistent disease after parathyroid sur-
gery [186]. MRI has been used with positron emission tomography 
(PET) scanning with promising results [187].

Arteriography and Selective Venous Sampling. Rarely 
used these days, arteriography and selective venous sampling 
can be helpful in very special situations of persistent PHPT 
without successful localization by the aforementioned imaging 
modalities [188].

clinical course of Primary Hyperparathyroidism

natural History Without Surgery

Prospective follow- up of asymptomatic PHPT for up to 15  years 
without surgery or specific medical therapy [189,  190] has shown 
that for the first 10 years, biochemistries are all stable. In years 10– 15, 
however, the serum calcium shows a tendency to increase slightly, 
but renal function, as measured by the creatinine clearance does not 
decline. The serum calcium increased above 12 mg/ dl in 4% while 
15% became markedly hypercalciuric with urinary calcium excre-
tion >400 mg/ day. By BMD, the first decade of observation shows 
stability at all three sites. In years 11– 15, however, the femoral neck 
and more evidently the distal 1/ 3 radius show progressive declines. 
Overall, 12% showed declines in BMD at any site, meeting guidelines 
for parathyroid surgery. Overall, 37% of subjects followed for this 15- 
year period met one or more indications for parathyroid surgery. No 
specific index could be shown to be predictive of disease progression 
with the one exception be age under 50. In those younger patients, 
the risk of progression was over 60%. In those over 50, risk of pro-
gression was 25%, over the same period of time.



SEction 4 Parathyroid, Calcium and Bone Metabolism Disorders662

Among patients who met one or more indications for surgery 
but who opted against surgery, progression was the rule. Recurrent 
nephrolithiasis for example was often experienced by these patients.

Monitoring Patients with PHPt Who Do not Undergo 
Parathyroid Surgery

The natural history of PHPT followed without surgery has led to 
the following recommendations for monitoring. They are shown in 
Table 4.3.3 and summarized here.

 1. Yearly or twice- yearly serum calcium measurement.
 2. Yearly or every other year— three- site DXA (lumbar spine, hip 

regions, and distal 13 radius). While yearly DXA is unlikely to 
show significant changes, from year to year, having these data 
points allows one to spot downward trends more expeditiously. 
If clinically indicated, X- ray or VFA of the spine should be per-
formed (i.e. height loss, back pain).

 3. eGFR annually. If renal stones are suspected in the interim, a 
24- hour urine for biochemical stone profile along with renal 
imaging by X- ray, ultrasound, or CT are advised.

natural History of normocalcaemic PHPt

In one study of normocalcaemic PHPT [35], 37 patients were fol-
lowed for 3 years on average (range 1– 9). Hypercalcaemia emerged 
in 7 (19%) individuals. A  greater percentage, 40%, developed 
evidence of kidney stones, fractures, marked hypercalciuria or 
greater than a 10% decline in BMD. Seven patients had successful 
parathyroidectomy of whom three were hypercalcaemic and the 
rest met other criteria for surgery.

The Fourth International Workshop on the Management of 
Asymptomatic PHPT, suggested, for the first time, a management 
protocol for normocalcaemic disease [8] . In patients who develop 
hypercalcaemia, the recommendations for the hypercalcaemic form 
of PHPT should be followed as noted as described. If complications 
of PHPT develop, even if the serum continues to be normal, they 
should be regarded as candidates for parathyroidectomy [191].

natural History After Parathyroidectomy

Successful parathyroid surgery is followed by correction of 
hypercalcaemia along with a return of the PTH level to normal. 
Urinary calcium levels, if elevated, will also fall. Bone turnover 
makers also decline [192, 193]. Bone resorption markers fall more 
rapidly after successful parathyroid surgery than bone formation 

markers [192]. The persistence of bone formation markers coupled 
with rapid declines in bone resorption markers is compatible with a 
pattern that should indicate accrual of bone mineral postoperatively.

In fact, one of the reliable aspects of successful parathyroid sur-
gery is an increase in BMD. The lumbar spine shows increases 
within a 1 year (Figure 4.3.2), following by slower but eventual in-
creases in the hip and distal one- third radius BMD [189, 190, 193– 
199]. In a meta- analysis of these postoperative findings, Sankaran 
et al. confirmed these findings [199]. Surgery also appears to be as-
sociated with a reduction in fracture risk [198, 199]. The marked 
increase in BMD following successful parathyroid surgery has led 
experts to suggest that pharmacological intervention for low bone 
mass can be safely withheld because bone mass accrues so quickly 
without intervention.

A dramatic example of this point was demonstrated by Kulak 
et al. [200] who reported two young patients with severe parathy-
roid bone disease (osteitis fibrosa cystica) who improved their BMD 
by 260 to 430%, within 4 years of after successful surgery.

non- Surgical Approaches 
to Primary Hyperparathyroidism

Patients who are not going to have parathyroid surgery should main-
tain hydration at all times. Their intake of calcium should follow 
established nutritional guidelines. While it seems intuitive to want 
to restrict calcium intake in PHPT, there are reasons not to restrict 
dietary calcium. Calcium excretion is not substantially affected by 
calcium intake [201]. There is reason to be concerned about low 
calcium intakes as this could be a signal for the abnormal parathy-
roid gland(s) to become even more active. On the other hand, one 
does not want to encourage high calcium intake which can be a par-
ticular problem if the 1,25- dihydroxyvitamin D3 is elevated [202]. 
As is the case for subjects without PHPT, dietary sources of calcium 
are to be recommended instead of supplemental forms.

Phosphate

Oral phosphate is virtually never used in PHPT anymore. Concerns 
about GI tolerance, further increases in PTH levels, and ectopic cal-
cifications have essentially relegated oral phosphate to a historical 
footnote [201].

oestrogen

Studies of oestrogen in PHPT have typically been high, but lower 
doses have also seemed to be beneficial [203]. Given the limited 
data, it is nevertheless, reasonable to consider oestrogen among 
postmenopausal women for whom surgery is not an option, are 
willing to take oestrogen, and there are no contraindications. When 
oestrogen is effective, the serum calcium will fall by 0.5 to 1.0 mg/ 
d. PTH levels will remain stable. BMD will increase in the lumbar 
spine and femoral neck [203].

Selective oestrogen Receptor Modulator (SERM)

There are very limited data on the use of SERMs in PHPT. In a small 
study of 18 postmenopausal women, Rubin et al. [204] reported a 
significant decline in the serum calcium by about 0.5 mg/ dl after 8 
weeks of raloxifene. The results were transient with return of the 
serum calcium and reduced bone turnover markers to baseline 

table 4.3.3 Management guidelines for patients with asymptomatic 
primary hyperparathyroidism who do not undergo parathyroid 
surgery

Measurement Frequency

Serum calcium Annually

Renal Clcr annually; stone risk profile and/ or abdominal 
imaging if clinically indicated

Bone mineral density DXA every 1 or 2 years; vertebral imaging with CT 
or VFA if clinically indicated

Data derived from Bilezikian JP, Brandi ML, Eastell R, Silverberg SJ, Udelsman R, 
Marcocci C, Potts JT Jr: Consensus Statement: Guidelines for the Management of 
Asymptomatic Primary Hyperparathyroidism: Summary Statement from the Fourth 
International Workshop. J Clin Endocrinol Metab 2014;99:3561– 3569.
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during the 4- week wash out period. There were no changes in PTH 
or urinary calcium excretion. Zanchetta and Bogado [205], with 
an even smaller number of subjects and without a blinded experi-
mental design, showed a similar reduction in serum calcium with 
raloxifene.

Vitamin D

Referencing the discussion earlier in this chapter on vitamin D de-
ficiency being related to activity of disease, the logic follows that 
vitamin D replacement should be associated with better control of 
the hyperparathyroid state. Grey et al. [206] administered vitamin 
D3 to 21 patients with mild PHPT. The repletion regimen in these 
subjects whose 25- hydroxyvitamin levels averaged 20  ng/ ml, was 
50  000 international unit (IU)s weekly for 4 weeks followed by 
50 000 IU monthly for the next 11 months. After 12 months, the 
average 25- hydroxyvitamin D levels increased to 31  ng/ ml. The 
serum PTH levels fell by about 25% without any change in the 
serum calcium. Three subjects developed marked hypercalciuria 
(>400 mg/ day). Although this report supports the idea that vitamin 
D insufficiency can worsen the hyperparathyroid state, it does not 
provide guidance as to how vitamin D should be replaced. A more 
reasonable approach employed 2800  IU/ day for 6  months and 
showed, in a randomized trial, that mean PTH levels fell by 17% 

without any change in the serum calcium concentration [207]. In 
addition to the biochemical effects of vitamin D, muscle strength 
might be improved as shown by Amstrup et al. [208]. This sugges-
tion could not be confirmed by Rolighed et al. in a short 6- month 
study [209].

In short, the 25- hydroxyvitamin D level should be normal in 
PHPT. While the definition of ‘normal’ is controversial, that contro-
versy relates to the ‘right number’ in subjects without evidence for 
metabolic bone diseases. Given the upside safety of vitamin D and 
the work of Walker et al., in which the inflection point below which 
the PTH level appears to rise further in PHPT, namely at around 
25 ng/ ml, it seems reasonable to aim for a level greater than 30 ng/ 
ml (75 nmol/ L).

Bisphosphonates

The bisphosphonates are attractive in PHPT, not because they af-
fect PTH secretion directly but because they reduce bone turnover 
in a disease characterized by high bone turnover. Theoretically, 
they could reduce serum and urinary calcium levels and increase 
BMD. The amino substituted bisphosphonates, in common use for 
osteoporosis, have been of interest. A  limited but positive experi-
ence with risedronate [210], has been followed by more detailed 
studies with alendronate. Several promising studies of alendronate 
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in PHPT [211– 212] have been followed by three well- controlled 
studies [213– 215]. The work of Khan et  al. [215] utilizing a ran-
domized, double- blinded, placebo- controlled design, in 44 pa-
tients with mild, asymptomatic PHPT, showed a significant 5.3% 
increase in BMD of the lumbar spine, which rose further to almost 
7% % by year 2 (Figure 4.3.3). Total hip BMD increased by 4.01% in 
year 2. As expected, bone turnover markers fell by more than 50%. 
Calcium, phosphorus, and PTH levels did not change. Men with 
PHPT have also been studied with similar results [216, 217]. Chow 
et al. [214] have reported an experience similar to Khan et al., ex-
cept that the serum calcium fell by 0.34 mg/ dl.

These promising results suggest that in patients with low BMD 
who are not candidates for parathyroid surgery, for whatever 
reason, might show improvements in BMD when alendronate 
is use. An unusual finding of increased fracture risk in those re-
ceiving alendronate compared to those who underwent successful 
parathyroidectomy deserves comment [218]. The selection bias of 
the two groups would appear to be the best explanation for these 
unexpected results. Those who received alendronate were at greater 
risk for fracture than those who underwent parathyroid surgery. 
Obviously, if a patient is a candidate for parathyroid surgery, that 
is preferred but the body of reports with alendronate do substan-
tiate its utility in situations where parathyroid surgery is not a 
consideration.

Denosumab

The use of denosumab is theoretically attractive in PHPT because 
it interferes with RANK L, a cytokine intimately related to a cata-
bolic pathway utilized by PTH. In the study of Eller- Vainicher et al. 
(Figure 4.3.4), denosumab was shown to improve BMD to a signifi-
cantly greater extent than a comparable group of postmenopausal 

women with osteoporosis but without PHPT [219]. One looks for-
ward to further controlled studies of denosumab in PHPT.

calcimimetics

Different from the aforementioned pharmacological approaches to 
PHPT, an approach that targets the parathyroid gland secretory ap-
paratus is most attractive. Interference with the CaSR would provide 
this more specific approach. Calcimimetics increase the calcium 
signal to the parathyroid cell and should reduce the secretion of 
PTH. Following promising early studies with an early calcimimetic, 
the phenylalkylamine (R)- N- (3- methoxy- alpha- phenylethyl)- 3- (2- 
chlorophenyl)- 1-  propylamine [R- 568], a more potent calcimimetic, 
cinacalcet hydrochloride was studied and approved by the US Food 
and Drug Administration (FDA). The indication is for control of 
the serum calcium in patients with PHPT who present a challenge 
to control [220– 221]. The work of Shoback, Peacock, and their as-
sociates have documented the efficacy of cinacalcet in reducing 
the serum calcium in PHPT [222– 224]. The studies have been car-
ried out for up to 5 years, demonstrating continuous control of the 
serum calcium [224]. The drug has been shown to effective among 
a spectrum of clinical manifestations and in those with severe dis-
ease [225– 227]. One negative aspect of this drug is that BMD does 
not improve.

Cinacalcet has also been shown to be effective in parathyroid 
cancer but high doses may be required [228].
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introduction

Familial hypocalciuric hypercalcaemia (FHH) is a benign auto-
somal dominant disorder of calcium homeostasis most often 
caused by a loss- of- function mutation in the CASR gene encoding 
the extracellular calcium- sensing receptor (CaSR) [1] . This form of 
FHH is now called FHH1. In FHH1, the mutant CaSR in the para-
thyroid glands responds less potently to changes in extracellular 
calcium concentration, leading to higher levels of parathyroid hor-
mone (PTH), associated with an altered calcium set- point for the 
regulation of PTH secretion (Figure 4.4.1). CaSRs in the kidney dir-
ectly inhibit renal calcium reabsorption, thereby counteracting the 
effect of PTH )[2]. An inactivating mutation in G alpha 11, one of 
the guanine nucleotide binding (G) proteins which links the CaSR 
to activation of phospholipase C, is responsible for FHH2 [3]. The 
phenotype of FHH type 1 and 2 is characterized biochemically by 
mild- to- moderate, PTH- dependent hypercalcaemia and relative 
to absolute hypocalciuria )[4]. FHH3 is due to a loss- of- function 
mutation of adaptor- related protein complex 2, sigma 1 subunit 
(AP2S1) which is involved in clathrin- mediated endocytosis of G- 
protein- coupled receptors )[5]. The FHH3 phenotype may be the 
more severe variant with symptomatic hypercalcaemia, low bone 
mineral density, and cognitive deficits in some affected individuals 
in childhood [6, 7].

Mutations in the CASR, G11 or AP2S1 are typically heterozygous 
and lead to loss of protein function with their predominant pheno-
typic features affecting parathyroid and kidney function. Individuals 
with FHH1 and FHH2 are usually asymptomatic. Neonates with 
homozygous mutations in the CASR tend to lack functioning 
CaSRs and present at the other end of the clinical spectrum with 
life- threatening hypercalcaemia— a disorder called neonatal severe 
hyperparathyroidism (NSHPT). In addition to the common presen-
tation of FHH, occasionally patients with heterozygous inactivating 
mutations of CASR can present as NSHPT )[8] , neonatal hyperpara-
thyroidism (NHPT) [9], which is intermediate in severity between 
FHH and NSHPT, but is a more severe degree of hypercalcaemia 
in infancy and childhood than usually encountered in FHH [10], 
or mild hypercalcaemia characteristic of primary hyperparathyr-
oidism (PHPT) [11].

This chapter will review key concepts in calcium homeostasis 
and the role of the CaSR and associated proteins Gα11 and AP2σ in 
CaSR function. The clinical and laboratory features of FHH types 1– 
3, NSHPT, NHPT, and severe hypercalcaemia in infancy will be dis-
cussed. We highlight the differential diagnosis of PTH- dependent 
forms of hypercalcaemia (especially PHPT), the molecular patho-
genesis of CaSR signalling defects that produce hypercalcaemia, 
and the treatment and monitoring for these conditions.

calcium Homeostasis and the Role of the caSR

The extracellular calcium concentration is tightly regulated, given 
its involvement in many key biological processes such as muscle 
and heart contraction, neuronal excitability, bone mineralization, 
and hormone secretion. The CaSR plays a key role in calcium 
homeostasis by regulating the secretion of PTH from the parathy-
roid glands and the reabsorption of urinary calcium by the kidney. 
The transfer of calcium between the environment and extracel-
lular fluid takes place in the intestine. Bone constitutes the main 
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calcium reservoir. Calciotropic hormones such as PTH and 1,25- 
hydroxyvitamin D3 mediate changes in calcium homeostasis via 
actions in bone, kidney, intestine and parathyroid gland [12]. The 
relationship between extracellular calcium and PTH levels is rep-
resented by an inverse sigmoidal curve (Figure 4.4.1). The activity 
and/ or the expression level of parathyroid CaSRs predicts the cal-
cium set- point, defined at which the extracellular calcium level at 
which PTH secretion is half- maximal.

CaSRs serve as the calcium- sensing mechanism in vivo. CaSRs 
are predominantly expressed in the chief cells of the parathyroid 
gland and along the whole nephron and are also found in other tis-
sues such as pancreatic islet, intestine, bone, breast and skin and in 
some areas of the brain [13– 16]. The CaSR is a G- protein coupled 
receptor (GPCR) and belongs to the Family C of this receptor super-
family. The CaSR belongs to the group II subfamily, which contains 
the CaSR, the vomeronasal receptors (VRs) and odorant receptors, 
and has more than 20% amino acid identity over their transmem-
brane domains (TMD) comprising the 7- TM- spanning region.

The human CASR gene maps to 3q13.3- 21 and has eight exons. 
Six exons, exon 2– 6, encode the CaSR protein which is made up 
of 1078 amino acids. The large extracellular domain (ECD) of the 
CaSR has approximately 600 amino acids including the bi- lobed 
Venus flytrap- like domain (VFT). The VFT is responsible for ligand 
binding and connects via cysteine- rich region and peptide linker to 
the seven TMD. The intracellular COOH- terminal tail is 216 amino 
acids long [17]. The CaSR functions as a dimer on the cell surface, 
which is in part due to intermolecular disulphide bonds in the ECD 
[18]. Three to five calcium ions bind to the cleft of each VFT and 
cause closure of the VFT lobes with ensuing rotation of the VFT and 
a transfer of a conformational change to the cysteine- rich region of 
a CaSR dimer. Upon activation, the CaSR forms a novel dimer inter-
face between subunits [19]. The conformational change reconfigures 
some TM- helices such that intracellular loops contact G proteins 
and initiate cell signalling. In addition to calcium, other polycations 
such as magnesium and barium, charged polyvalent molecules 
such as spermine, and β- amyloid peptides can activate the CaSR 
[20]. The sensitivity to calcium can also be positively modulated by 

pH, ionic strength, and aromatic L- α- amino acids such as phenyl-
alanine, tryptophan, and histidine [19, 20]. According to the crystal 
structures of the CaSR, there are not only multiple binding sites for 
calcium, but unexpectedly also for phosphate ions. While calcium 
ions promote the active state, phosphate ions stabilize the inactive 
confirmation [19].

After ligand binding and likely dimerization of individual re-
ceptor molecules and conformational changes, the CaSR couples to 
multiple intracellular signalling pathways, depending on the target 
cell. CaSRs can couple with several G proteins (Gi, Gq/ 11, G 12/ 
13). The CaSR stimulates activation of phospholipase A2, C, and 
D as well as various mitogen- activated protein kinases (MAPKs) 
and inhibits adenylate cyclase [9] . In particular, G- protein subunit 
α11 stimulates phospholipase C- β (PLC- β) activity (Figure 4.4.2) 
[21, 22]. PLC- β increases inositol 1,4,5- triphosphate, a mediator of 
rapid mobilization of calcium from intracellular stores [23], whereas 
the diacylglycerol (DAG) produced activates protein kinase C 
(PKC). PKC in turn initiates the MAPK pathway (Figure 4.4.2) [24].

Current thinking, based on work in model in vitro systems with 
high levels of receptor expression, is that cell surface CaSR expres-
sion is regulated by two main mechanisms. The first mechanism has 
been called agonist- driven insertional signalling or ADIS [25]. ADIS 
leads to increased anterograde trafficking of newly synthesized re-
ceptors to the plasma membrane after prolonged exposure to cal-
cium. The second mechanism depends on an endocytic complex 
comprising clathrin, β- arrestin and the AP2 complex [5] . The 
endocytic complex transports CaSRs to the endosomal- lysosomal 
degradation pathway or recycles them to the cell surface through 
retrograde trafficking [26] (Figure 4.4.2).

Elevated serum calcium levels are sensed by CaSRs, and ac-
tivation of downstream signalling leads to downregulation of 
PTH secretion [1, 2]. The expression of the CaSR on the cell sur-
face seems to be upregulated by extracellular calcium and 1,25- 
dihyroxyvitamin D3 [27, 28]. Decreased PTH secretion will reduce 
bone resorption, urinary calcium reabsorption [15– 19], and renal 
synthesis of 1,25- hydroxyvitamin D3, thereby decreasing intestinal 
calcium absorption. CaSRs respond to elevated calcium levels in 
the kidney, and urinary calcium reabsorption by PTH in the cor-
tical thick ascending limb decreases by interfering directly with so-
dium/ chloride reabsorption [29, 30]. The interference with sodium/ 
chloride reabsorption impairs the generation of the medullary os-
motic gradient which is critical for urinary concentration. In the 
proximal tubule, CaSRs reduce the inhibitory effect of PTH on renal 
phosphate reabsorption [31]. CaSRs also reduce the urinary con-
centrating ability in the inner medullary collecting duct by coun-
teracting the action of vasopressin [32]. A  decrease in serum or 
extracellular calcium reduces CaSR activation.

Familial Hypocalciuric Hypercalcaemia

clinical and Laboratory Features of FHH

Familial hypocalciuric hypercalcaemia was first described in 
1966 [33]. The disorder was initially named ‘familial benign 
hypercalcaemia’ in the case description of a 7- year- old boy and his ex-
tended 11- member family by Foley et al. in 1972 [34]. The distinctive 
clinical features were lack of clinical symptoms, mild hypercalcaemia, 
normal levels of PTH, normal or low serum phosphate for age, and 
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Figure 4.4.1 Relationship between levels of serum calcium and plasma 
PTH. Depicted is the inverse sigmoid relationship between levels of 
serum calcium and plasma PTH in patients with familial hypocalciuric 
hypercalcaemia (FHH; dotted line) and normal individuals (solid line). 
The calcium set- point is defined as the extracellular calcium level which 
produces half- maximal inhibition of PTH secretion. FHH results in a 
shift of the curve to the right. Increased levels of serum calcium are 
needed to suppress plasma PTH levels in FHH. The therapeutic effect of 
calcimimetic leads to a shifting of the set- point to the left.
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low urinary calcium excretion. The pattern of inheritance in that 
family was compatible with an autosomal dominant mode of trans-
mission. The authors postulated that there might be an abnormality 
in the calcium- sensing mechanism in the parathyroid glands [34]. 
Marx et al. examined kindreds with the same syndrome and named 
it FHH to highlight the absolute to relative hypocalciuria for the de-
gree of hypercalcaemia being demonstrated [4] .

The prevalence of FHH is estimated to be 1% or less to that of pri-
mary hyperparathyroidism (PHPT). Given its benign clinical features 
which may lead to cases escaping medical detection, FHH may be 
more common than the estimated prevalence of ~1/ 78 000 from data 
from developed countries [35]. FHH is inherited in an autosomal 
dominant manner and approaches a 100% penetrance of the trait.

Patients are usually asymptomatic despite chronic hyper-
calcaemia. Typical manifestations of hypercalcaemia (nausea, an-
orexia, constipation, nephrolithiasis, nephrocalcinosis) are usually 
not present [36]. Even patients with FHH with the higher serum 
calcium levels, are often asymptomatic. Chondrocalcinosis with 
advanced age and cases of pancreatitis associated with FHH1 have 
been described [37, 38]. Patients with three most frequent FHH2 
mutations (p.I200del, p.L135Q, p.T54M) display a mild FHH 
phenotype with serum adjusted calcium concentrations of less than 
2.8  mmol/ L [3,  39]. FHH3 patients may experience symptomatic 

hypercalcaemia, reduced fractional excretion of calcium, low bone 
mineral density and cognitive dysfunction, and/ or behavioural dis-
turbances in children with the p.R15C or p.R15L AP2σ mutations 
[40, 41]. Adults with FHH3 with the heterozygous germline p.R15C 
mutation display elevated PTH levels and mild hypophosphatemia, 
and even osteomalacia after the age of 30 has been reported in at 
least one family [6, 7].

Biochemically, FHH1 is characterized by lifelong mild- to- 
moderate hypercalcaemia, inappropriately low urinary calcium 
excretion, a normal or mildly elevated circulating PTH level, and 
high- normal to elevated serum magnesium levels. Serum cal-
cium levels for most affected families range from 2.6 to 2.9 mmol/ 
L and average at about 10% above the upper limit of normal. In 
some kindreds, the serum calcium levels can range from the upper 
half of the normal range [42] to as high as 3.24– 3.49 mmol/ L [10]. 
Serum calcium levels within a kindred are usually clustered within 
a relatively narrow range [4] . Serum magnesium levels in FHH are 
measured at the upper half of normal or mildly elevated [4]. Serum 
magnesium levels correlate positively with the serum calcium con-
centration [4]. Serum phosphate levels in FHH are usually in the 
lower half of the normal range and rarely low [43]. Renal function 
remains intact in FHH despite hypercalcaemia, and renal complica-
tions such as nephrocalcinosis are not present [4, 43].
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Figure 4.4.2 Role of the CaSR, Gα11 and AP2 complex in regulation of PTH secretion and renal calcium reabsorption. Multiple calcium ions bind 
to the extracellular bi- lobed Venus fly trap (VFT) domain of the CaSR. Upon activation, CaSR binds to the G11 and Gq (not shown) proteins which 
dissociate into the respective Gα- subunits and Gβγ heterodimers. Gα11 stimulates phospholipase C (PLC). PLC catalyses the formation of inositol 
1,4,5- triphosphate (IP3) and diacylglycerol (DAG) from phosphatidylinositol 4,5- biphosphate (PIP2). IP3 accumulates and leads to a rapid release of 
calcium intro the cytosol from intracellular stores. DAG activates protein kinase C (PKC) which in turn initiates the mitogen- activated protein kinase 
(MAPK) pathway. Ultimately, these intracellular signalling pathways decrease PTH secretion from parathyroid chief cells and reduce renal tubular 
calcium absorption. CaSR cell surface expression is dependent on the endocytic complex, which consists of clathrin, β- arrestin and the AP2 complex, 
and on agonist- driven insertional signalling (ADIS) (not shown). The endocytic complex transports the CaSR to the endosomal- lysosomal degradation 
pathway or recycles it back to the cell surface. Loss- of- function mutations in CASR lead to FHH type 1, whereas loss- of- function mutations of GNA11 
are associated with FHH type 2. FHH type 3 is caused by loss- of- function mutations of AP2S1.
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Inappropriately low urinary calcium excretion is found in 95% of 
patients [44]. In a Danish study, 24- hour urinary calcium excretion 
was measured within the lower range of normal at approximately 
2.7446 mmol/ 24 hours in FHH patients vs. a normal cohort in which 
it ranged from 1.996 to 7.984 mmol/ 24 hours [43]. Inappropriately low 
urinary calcium excretion demonstrates the enhanced renal tubular ab-
sorption of calcium. The calcium- to- creatinine clearance ratio (CCCR) 
which is also known as fractional excretion of calcium is defined by:

 CCCR
urinary calcium
plasma calcium

plasma creatinine
urinary cr

= ×
eeatinine

.  

Approximately 80% of individuals with FHH demonstrate a CCCR 
of <0.01 equivalent to less than 1%, whereas approximately 80% of 
patients with PHPT have a CCCR higher than 0.01 (Table 4.4.1). 
Patients with FHH are able to concentrate urine normally, while pa-
tients with PHPT show reduced urinary concentrating capacity if 
they are dehydrated [45].

Approximately 80% of patients with FHH have normal plasma 
PTH levels, with the other 20% having mildly elevated levels 
[46]. Elevated PTH levels may be mirroring the functional effect 
of a specific mutation [47]. 25- hydroxyvitamin levels and 1,25- 
dihydroxyvitamin levels are generally within normal range [43]. 
The elevated 1,25- dihyrdoxyvitamin levels of PHPT are usually not 
encountered and might be due to the generally normal PTH levels 
in FHH (Table  4.4.1). Bone mineral density is comparable to age- 
matched controls, even though markers of bone turnover can be 
mildly elevated [48]. In patients with FHH, bone mineral density does 
not need to be measured, unless there are other reasons to consider 
excessive bone loss. The parathyroid glands are usually of normal size 
and histology in patients with FHH. In a few cases of FHH, a single or 
multiple parathyroid adenomas or mild chief cell proliferation were 

shown [49,  50]. Parathyroid localization studies need not be done, 
unless the case is one of NSHPT or NHPT or the rare patient with 
FHH with a coexistent superimposed parathyroid adenoma. Most 
cases of FHH that have gone to surgery demonstrate four- gland para-
thyroid hyperplasia. After an erroneous subtotal parathyroidectomy 
for FHH, hypercalcaemia will recur, despite normal appearing para-
thyroid glands in most affected individuals with FHH.

Differential Diagnosis

The differential diagnosis in FHH is limited to the various aetiolo-
gies of PTH- dependent hypercalcaemia, since PTH is not appropri-
ately suppressed for the degree of hypercalcaemia. The distinction 
between FHH and PHPT is important, given the different man-
agement approaches (Table  4.4.1). Parathyroid surgery should be 
avoided in FHH.

Ten to twenty per cent (10– 20%) of patients with PHPT display 
a CCCR of <0.01 [51]. A similar percentage of FHH patients show 
a value higher than this level [4] . The value of CCCR providing the 
optimal diagnostic identification between FHH and PHPT was 
calculated as 0.0115 (Figure 4.4.3) [52] similar to the clinically 
used value of 0.01 which delivers 80% sensitivity and 88% speci-
ficity. There is an inverse correlation between the serum calcium 
and magnesium levels in patients with PHPT. Patients with PHPT 
and concomitant very low calcium intake, vitamin D deficiency, or 
mild- to- moderate renal insufficiency, or patients taking thiazide di-
uretic or lithium therapy can have low CCCR. In the evaluation of 
PTH- dependent (hypocalciuric) hypercalcaemia, these associated 
factors should be investigated by thorough history- taking and la-
boratory tests. Only a few patients have been described in the lit-
erature with acquired autoimmune hypocalciuric hypercalcaemia 
due to antibodies that inactivate or dampen CaSR signalling. Other 
autoimmune disorders in such patients (Hashimoto’s thyroiditis or 
celiac sprue) might hint at that diagnosis.

table 4.4.1 Characteristics of patients with familial hypocalciuric hypercalcaemia type 1– 3 (FHH) and primary hyperparathyroidism (PHPT)

Variable FHH type 1– 3 PHPT

Age of onset and gender distribution At birth, equal gender distribution Usually >50 years, women affected twice as often 
as men

Genetic pathogenesis Loss- of- function germline mutation in CASR for FHH 
type 1, in GNA11 for FHH type 2 and AP2S1 for FHH 
type 3

Most often implicated in the development of 
sporadic PHPT: somatic mutations in CCND1 and 
MEN1 in parathyroid adenoma/ hyperplasia

Symptoms and clinical findings Usually asymptomatic for FHH type 1 and 2, although 
occasionally pancreatitis is seen

There is possibly a more severe phenotype for FHH 
type 3, including symptomatic hypercalcaemia, low 
bone mineral density, and cognitive dysfunction

Asymptomatic in >80%
Cortical bone loss, urolithiasis in <20%

Serum levels

Calcium Elevated Elevated

Magnesium Normal to elevated Variable, usually normal

Phosphorus Normal to slightly low Normal to very low

Intact PTH Normal, 80– 85%; elevated, 15– 20% Elevated, >80%

1,25(OH)2D Normal Normal to elevated

Urinary excretion

Calcium Normal to low Normal to elevated

Ca/ Cr clearance Usually <0.01 Usually >0.02

Magnesium Normal to low Normal to elevated
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In patients with PTH- dependent hypercalcaemia and CCCR <0.01 
or in the CCCR overlap range of 0.01– 0.02 between FHH and PHPT, 
the diagnosis usually can be made using the family history and bio-
chemical screening of family members, if appropriate, to demonstrate 
an autosomal dominant pattern of hypercalcaemia in the patient and 
in two or more additional family members. Recently, a risk equation 
named Pro- FHH was developed and tested in two prospective cohorts 
to predict whether a patient has PHPT [53]. Pro- FHH incorporates 
the serum calcium, plasma PTH, and serum osteocalcin concentra-
tions, and the calcium- to- creatinine clearance ratio calculated from 
24- hour urine collection (24h- CCCR). This approach had a 100% spe-
cificity and 100% positive predictive value for the diagnosis of PHPT. 
This approach correctly categorized 60% of patients in one cohort, and 
the remainder of patients (40%) was recommended to undergo genetic 

testing. A  prospective trial is necessary to assess its usefulness in a 
larger population and in patients with elevated PTH concentrations.

In patients with PTH- dependent hypercalcaemia in whom the 
diagnosis of FHH is suspected, screening for CASR mutations and 
mutations in AP2S1 codon 15 is appropriate. If the screening is nega-
tive, then GNA11 sequencing should be considered [54]. Patients with 
FHH may not have a family history, either because they may have a 
de novo mutation and/ or because family members have not been pre-
viously studied. Genetic testing should be performed in children less 
than 10 years old with PTH- dependent hypocalciuric hypercalcaemia, 
including in children with NHPT and NSHPT and in patients and 
associated family members with hypocalciuric hypercalcaemia and 
recurrent pancreatitis [55]. Inactivating CASR mutations have been 
found in kindreds with familial isolated hyperparathyroidism (FIH) 
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Figure 4.4.3 Ability of three indices of renal calcium excretion to differentiate between familial hypocalciuric hypercalcaemia and primary 
hyperparathyroidism. (a) The calcium/ creatinine clearance ratio (CCCR) in patients with familial hypocalciuric hypercalcaemia (FHH, N = 54) and 
primary hyperparathyroidism (PHPT, N = 97) overlaps considerably, as shown in the two histograms. A CCCR cut- off value of < 0.02 included 98% 
of the FHH patients in this study, but a group so defined also included 35% of PHPT patients. (b) Scatterplots of 24- h calcium excretion (CE), 24- h 
calcium/ creatinine excretion (CR) and 24- h CCCR in patients with FHH (N = 54) and PHPT (N = 97) are depicted. Based on overlap analyses, the 
CCCR misclassified fewer PHPT patients compared to the CE or CR index.
Reproduced with permission from Christensen SE, Nissen PH, Vestergaard P, Heickendorff L, Brixen K, Mosekilde L. Discriminative power of t+I294hree indices of renal 
calcium excretion for the distinction between familial hypocalciuric hypercalcaemia and primary hyperparathyroidism: a follow-up study on methods. Clin Endocrinol (Oxf). 
2008;69(5):713–20 (48).
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as well [11, 56]. Their clinical presentation could not be differentiated 
from that of PHPT including at times the presence of hypercalciuria. 
Parathyroid surgery in such cases of FIH have led to persistent or re-
current hypercalcaemia in most patients [11].

Molecular Pathogenesis of FHH

FHH encompasses three genetically distinct disorders known as 
FHH types 1– 3.

Familial Hypocalciuric Hypercalcaemia type 1 (FHH1)

FHH1 (OMIM #145980) is caused by heterozygous loss- of- function 
mutations in the CASR gene on chromosome 3q21 as described here 
[1] . FHH1 is transmitted as an autosomal dominant disorder and 
is highly penetrant. FHH1 is the most common cause of the FHH 
phenotype accounting for approximately 65% of FHH cases in the 
database from McGill University summarizing many known CASR 
mutations (CaSRdb:  calcium- sensing receptor database:  https:// 
www.casrdb.mcgill.ca) [57].

More than 130 different mutations of the CASR have been re-
ported in patients with FHH1. Most commonly (>85% of cases), a 
missense mutation reduces the function of the CaSR. Twenty- eight 
codons, equivalent to more than 20% of all mutated codons, are 
found to be mutational hot spots for missense mutations. They are 
clustered in three regions: the second loop of the ECD, the VFT cleft 
region with calcium binding sites, and the region encompassing 
TMD 6 and 7 [57].

The CaSR and its mutant forms have been functionally charac-
terized in vitro in overexpression systems in which a mammalian 
expression vector with a cDNA insert is transfected into HEK293 
(human embryonic kidney 293) or COS (CV- 1 in Origin with SV40 
gene) cells either transiently or stably. The cDNA encodes either a 
wild- type or mutant CaSR. More physiological renal or parathyroid 
cell model systems do not exist in which to study the function of the 
CaSR and its mutant forms. Altered CaSR signalling in renal tubular 
or parathyroid chief cells in vivo leads to altered CaSR signalling 
and excessive PTH secretion in the presence of hypercalcaemia 
and to increased renal calcium reabsorption and hypocalciuria, re-
spectively. Mutated residues within the VFT cleft region likely af-
fect binding of calcium or alter the conformational changes of the 
CaSR upon calcium binding [57,  58]. Specific VFT residues may 
act as an intramolecular switch to allow access to and binding of 
calcium within the VFT cleft region. When mutated, this can lead 
to opposing effects on CaSR signalling [57, 59]. Approximately 50% 
of mutations in CASR in FHH1 result in reduced cell surface CaSR 
levels due to impaired synthesis and/ or increased degradation of the 
CaSR. Mutant CaSRs can be trapped intracellularly being unable to 
exit the endoplasmic reticulum (ER) or Golgi apparatus [60,  61], 
or there may be defective trafficking of the receptor from the ER 
to the plasma membrane [62]. Some mutant CaSRs are unable to 
couple to G proteins to activate intracellular cell signalling path-
ways. In addition, there may be dominant- negative effects of the 
mutant CaSR to reduce the function of the wild- type CaSR through 
the dimerization. As noted just here, mature cell surface CaSRs are 
thought to assemble as dimers [63]. However, coexpressed wild- 
type CaSRs might also increase transport of mutant CaSR receptors 
to the plasma membrane via ADIS [64]. Rarely, a nonsense, dele-
tion, insertion, or splice- site mutation will lead to a truncated, in-
active CaSR, but this occurs it seems in less than 15% of cases [36].

Familial Hypocalciuric Hypercalcaemia type 2 (FHH2)

FHH2 (OMIM #145981) is caused by heterozygous loss- of- function 
mutations in the GNA11 gene on chromosome 19p13.3, which en-
codes the Gα11 protein [3, 39]. Gα11 protein functions as a signalling 
partner for the CaSR (21) and is highly expressed in the parathy-
roid gland [65]. There are three most frequent FHH2 mutations 
(p.I200del, p.L135Q, p.T54M). Gα11 mutations that cause FHH2 
have given key information that has helped to elucidate the critical 
functions of the Gα11 protein. All of the studies on the coupling be-
tween CaSR and Gα11 were conducted in overexpression systems, 
described here, and not in a parathyroid or renal cellular context. 
The p.I200del mutation is localized by molecular modelling to the 
GTPase domain of Gα11, which undergoes considerable conform-
ational changes upon guanosine triphosphate (GTP) binding [3] . 
The p.L135Q mutation likely reduces CaSR signal transduction 
with downstream effectors. The p.T54M mutation likely diminishes 
coupling and/ or dissociation of Gα11 [39].

Familial Hypocalciuric Hypercalcaemia type 3 (FHH3)

FHH3 (OMIM #600749) is caused by heterozygous loss- of- function 
mutations in the AP2S1 gene on chromosome 19q13.3, which en-
codes the σ- subunit of the AP2 complex. The AP2 molecular com-
plex is part of clathrin- coated vesicles and promotes endocytosis 
of GPCRs and other plasma membrane proteins [66]. Over 60 
FHH3 patients and families have been reported with AP2S1 mu-
tations. At present, only three mutations (p.R15C, p.R15H, and 
p.R15L) have been identified [5, 40, 41, 67,  68]. According to in 
vitro overexpression cell models, these FHH3- causing mutations at 
the Arg 15 residue likely diminish the interaction between the AP2 
complex and the intracellular carboxyl terminus of the CaSR and, 
therefore, impact the endocytosis of the CaSR [5] . In expression 
studies in vitro, AP2σ mutations change CaSR cell surface expres-
sion levels and affect signal transduction in a dominant- negative 
way [5, 40]. Other AP2σ mutants that are not observed in patients 
(p.R15G, p.R15P, and p.R15S) have been shown to disrupt cell 
growth in vitro and are likely embryonically lethal [40].

treatment and Monitoring

The majority of patients with FHH do not need specific treatment 
due to its typically benign clinical course. Patients with FHH and 
their affected family members need to be screened and coun-
selled against surgical intervention. Vitamin D and calcium can 
be supplemented in the same way as for persons of the same age 
and sex. There is no evidence that supplementation of vitamin D 
and calcium exacerbates hypercalcaemia or induces hypercalciuria 
in FHH.

There have been no systematic studies on how often patients 
with classically mild FHH should be monitored. Serum calcium, 
serum creatinine, and estimated glomerular filtration rate can be 
examined annually or biannually. Bone mineral density (BMD) 
at 3 skeletal sites (lumbar spine, hip, and distal third radius) can 
be determined according to country- specific guidelines initially, 
based on age, gender, and menopausal status. One can follow the 
suggested monitoring recommendations for patients with asymp-
tomatic PHPT who do not meet current guidelines for parathyroid 
surgery [69]. Less frequent monitoring can also be employed given 
the typically benign clinical course of FHH. Dual- energy X- ray ab-
sorptiometry (DXA) may show reduced cortical bone mass if the 
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distal third radius site is measured [70]. However, ongoing cortical 
bone loss is not expected in patients with FHH [71]. A more exten-
sive renal evaluation in FHH patients, as might be done in patients 
with PHPT, is not needed in patients with FHH, since the risk of 
renal stone disease and nephrocalcinosis is not significant. Tests of 
cardiovascular function need not be part of the evaluation or moni-
toring of patients with FHH for this indication. Monitoring aims 
to detect changes in the serum calcium level, significant reduction 
in BMD, or change in renal parameters. There is no increased risk 
of fracture at non- vertebral (cortical) or vertebral (trabecular) sites 
due to FHH as a sole aetiology.

Pregnancy in an FHH patient or in the spouse of an FHH carrier 
requires special consideration.

An unaffected newborn of a mother with hypercalcaemia due to 
FHH might experience transient hypocalcaemia due to suppression 
of the infant’s PTH secretion in utero by the mother’s hypercalcaemia. 
This transient hypoparathyroid state in the infant might last up to 
two months [72]. An affected newborn of a mother with FHH will 
be hypercalcaemic and could display features of NSHPT, depending 
on the specific CaSR mutation that the baby has. The affected new-
born of a mother without FHH, but whose father has FHH and con-
ferred the mutation to the offspring, that infant could show severe 
neonatal hypercalcaemia as well. Under those circumstances, the 
affected infant who has defective CaSR function is being exposed 
to a normocalcaemic milieu from its mother. This could produce 
a form of secondary hyperparathyroidism in the fetus in utero as 
well. The severe nature of the hypercalcaemia in such an infant may 
be transient. Paediatric endocrinologists and geneticists will need 
to distinguish this presentation from NSHPT due to homozygous 
CaSR mutations.

Efficacy of calcimimetics in Patients with FHH

Calcimimetics mimic or enhance the effects of calcium on CaSRs 
and are categorized as two types. Polyvalent cations including the 
naturally occurring ligands of the CaSR (e.g. calcium, magnesium, 
barium, strontium, and others) are type I  calcimimetics. Type II 
calcimimetics are positive allosteric modulators that increase the 
sensitivity of the CaSR to its main physiologic ligand— calcium [73]. 
Type II calcimimetics may have some intrinsic agonistic activity 
[74], but they generally require extracellular calcium to be present 
to be active. Calcimimetics likely stabilize the transmembrane do-
main of the CaSR in a conformation that enhances CaSR coupling 
to downstream signalling molecules. To enhance CaSR function, 
calcimimetics may only need to bind to one monomer of a puta-
tive dimeric form of the CaSR [75]. In addition, calcimimetics have 
been proposed to act via ADIS to increase CaSR synthesis and traf-
ficking to the cell surface [64]. Cinacalcet is the first CaSR allosteric 
modulator approved by the US Food and Drug Administration 
(FDA) for the treatment of patients with secondary hyperparathyr-
oidism due to end- stage renal failure, inoperable PHPT, and para-
thyroid carcinoma [76].

Recent case reports have described treating FHH with 
calcimimetics [77– 81]. Successful treatment included subjective 
improvement of the patient and a decreased serum calcium level, al-
though not necessarily into the normal range. The conclusions from 
these case reports are limited. A controlled clinical trial would be 
the ideal means to test such therapy, but this has not been done. The 

calcimimetic cinacalcet can be used in adults with FHH in whom 
the serum calcium level is elevated to a level sufficient, in the assess-
ment of the treating clinician, to cause symptoms of hypercalcaemia 
[77– 82]. Adverse effects were mild in the cases reported to date [77– 
81]. Information on the safety and efficacy of calcimimetics in FHH 
is limited to a few reports in children [83] and adolescents [84].

In Vitro and in Vivo Studies with calcimimetic: 
FHH type 1

In the systems in vitro that have been studied, prolonged exposure 
of CaSR- expressing cells to a calcimimetic enhances the signal-
ling responses and/ or expression of most loss- of- function mu-
tant CaSRs [60, 61, 77, 85– 87]. These agents likely function as 
pharmacochaperones to promote mutant receptor synthesis and 
trafficking by binding to the transmembrane domain of newly 
synthesized CaSR within the ER [60, 61, 87]. In adults with FHH1 
who are symptomatic from hypercalcaemia (usually with serum cal-
cium levels >0.25 mM above the upper limit of normal), cinacalcet 
can be initiated (as deemed necessary) and increased according 
to the product prescribing information for PHPT [88]. Recurrent 
pancreatitis, which is rare in FHH1, may suggest the need for con-
sidering drug treatment [81], but this has not been studied in any 
prospective or controlled manner. At the beginning of treatment, 
serum calcium should be monitored at short intervals and then after 
any dose adjustments until the serum calcium level has stabilized. If 
there is an amelioration of symptoms or improvement in serum cal-
cium levels during a trial of 8 to 12 weeks, the decision to continue 
treatment should be discussed with the patient. Serum calcium levels 
do not need to be normalized. Serum PTH levels often decrease, but 
not in all cases [79, 89]. In patients with FHH1, cinacalcet lowered 
serum calcium and PTH levels without major adverse effects such 
as hypocalcaemia and improved hypercalcaemia- related symptoms 
in the majority of reported case reports [77– 79, 90]. A periodic trial 
off the drug every 1 to 2 years should be considered for one to three 
weeks to gauge the need for long- term treatment.

In Vivo and in Vitro Studies with calcimimetic: 
FHH type 2

Cinacalcet improves the signalling responses of CaSRs in vitro when 
Gα11 proteins bear the loss- of- function mutations associated with 
FHH2 [91, 92]. The response to cinacalcet is likely determined by 
the location of the Gα11 mutation [91]. The p.I200del mutation 
within the GTPase domain has required higher cinacalcet dosing to 
correct the intracellular calcium responses that mutant G- protein 
subunit generates, compared to cells expressing the p.L135Q muta-
tion that is located within the Gα11 helical domain [91]. In a patient 
with FHH2, treatment with cinacalcet (60 mg daily) normalized the 
serum calcium concentration. The treatment, however, failed to im-
prove the patient’s symptoms of headaches, constipation and prur-
itus and was discontinued after 4 months [92].

In Vitro and in Vivo Studies with calcimimetic: 
FHH type 3

Cinacalcet tends to correct the intracellular calcium signalling re-
sponses to high extracellular calcium in HEK293 cells in which 
mutant CaSR proteins are overexpressed. All three FHH3- causing 
AP2σ mutations (p.R15C, p.R15H, and p.R15L), when expressed in 
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HEK293 cells, demonstrated increased intracellular calcium signal-
ling and MAPK responses to extracellular calcium after cells were 
treated with cinacalcet. This treatment, therefore, caused the cells to 
have signalling responses to high extracellular calcium comparable 
to cells expressing wild- type CaSRs and AP2σ proteins [80].

Three patients with FHH3, each with a different heterozy-
gous mutation (p.R15C, p.R15H, or p.R15L), were treated with 
30– 60  mg cinacalcet daily. These patients included a 34- year- 
old female with a 12- year history of hypercalcaemia and fatigue, 
headaches, and persistent generalized aches which did not re-
solve after parathyroidectomy; a 22- year- old male suffering from 
hypercalcaemia, fatigue, and generalized rib pain; and a 52- year- 
old woman with hypercalcaemia, headaches, abdominal pain, 
vomiting, fatigue, and musculoskeletal pain that did not resolve 
after pamidronate infusion or parathyroidectomy. Cinacalcet re-
duced the serum calcium by >20% and lowered serum PTH levels to 
within the normal range [80]. Cinacalcet improved hypercalcaemia- 
related symptoms (fatigue, musculoskeletal pain, and headaches) 
without causing adverse effects such as hypocalcaemia. Treatment 
was well tolerated over a period of over 30 months [80].

One child with a chromosome 22q11.2 deletion syndrome 
and a FHH3- causing AP2σ mutation was treated with cinacalcet 
(30– 60  mg daily). He developed symptoms of hypocalcaemia 
with a serum calcium in the lower half of the normal range, and 
therapy was discontinued [84]. Long- term surveillance of patients 
with different forms of FHH taking cinacalcet is recommended 
to assess the safety of this approach especially with regard to 
hypocalcaemia [80].

Prognosis

The prognosis of typical FHH is usually excellent. Patients with 
FHH in multiple kindreds have not demonstrated increased mor-
tality, compared to unaffected family members. Atypical forms of 
FHH including type 3, particularly those with higher serum cal-
cium and/ or PTH levels or recurrent pancreatitis, have not been 
systematically examined for overall prognosis and long- term 
complications.

neonatal Severe Primary Hyperparathyroidism 
(nSHPt)

NSHPT (OMIM #239200) is caused most commonly by homozy-
gous or compound heterozygous loss- of- function mutations in the 
CASR [93]. NSHPT is typically a life- threatening disorder in early 
infancy, if left untreated. Newborns with NSHPT usually suffer 
from severe hypercalcaemia with levels as high as 7.7 mmol/ L re-
ported (normal range for a full- term newborn with birth weight 
over 1500 g, 2.10– 2.65 mmol/ L) [42], marked (5- to- 10- fold) eleva-
tions of serum PTH concentrations, enlarged parathyroid glands, 
hypotonia, respiratory distress, and hyperparathyroid bone disease 
leading to bone deformities and multiple fractures [94]. Without 
functioning CaSRs in the parathyroid glands, PTH is not sup-
pressed even at these very high serum calcium levels. If the mutant 
CaSR retains some capacity to signal, PTH might be suppressed 
but to a very limited degree. Emergent parathyroidectomy is usu-
ally required and lifesaving. More than 25 different mutations are 

associated with NSHPT, of which more than 40% are either non-
sense or frameshift mutations, that lead to a truncated CaSR [36]. 
Often neonates with NSHPT are born to parents who are first- degree 
relatives and who both have FHH and the same mutation in the 
CASR. This leads to the homozygous form of the disease (NSHPT) 
in an offspring with both alleles affected identically [95]. NSHPT 
has also been described in a neonate with compound heterozygous 
mutations— one in each CASR allele [96]. Since such neonates (with 
either homozygous or compound heterozygous mutations) have no 
or very low levels of normal CaSRs, these infants present with severe 
hypercalcaemia and typically (but not always) will require urgent 
parathyroidectomy. Not every patient with homozygous inacti-
vating mutation of the CASR suffers from NSHPT. One patient was 
described who was homozygous for a p.P39A mutation in the CaSR 
and was only identified in adulthood, despite serum calcium levels 
of 3.74– 4.24 mmol/ L [97]. When the mutation was studied in vitro, 
it displayed only mild functional impairment. Another patient pre-
sented at age 2 with moderate hypercalcaemia and fractional excre-
tion of calcium below 0.01. Genetic analysis of the CASR in that case 
demonstrated a homozygous p.Q459R mutation within the ECD of 
the receptor. The patient displayed an autosomal recessive inherit-
ance pattern. All affected individuals in the family who were het-
erozygous for the mutation were normocalcaemic, although in the 
upper range of normal. Unaffected individuals had serum calcium 
levels which were significantly lower [42].

Some infants with only a mild impairment of CaSR function, due 
to the presence of compound heterozygous CASR mutations, de-
velop instead neonatal hyperparathyroidism (NHPT). These infants 
present with symptomatic hypercalcaemia and often fail to thrive. 
This presentation seems to occur instead of classical FHH (mild 
asymptomatic hypercalcaemia often discovered incidentally) due to 
additional environmental and/ or genetic factors that result in fetal 
calcium deficiency [98]. Infants with NHPT may show less elevated 
but more symptomatically transient hypercalcaemia than the dra-
matic presentations of NSHPT. They may further show moderate 
to severe elevations in PTH and hyperparathyroid bone disease. 
Following conservative treatment, some infants even transition to 
the more asymptomatic form of FHH and have not even required 
parathyroid surgery. Factors contributing to a more severe pheno-
type in utero include gestation in an unaffected mother or coexist-
ence of maternal vitamin D deficiency, which can worsen the degree 
of hyperparathyroidism [99]. The neonate might also experience 
a dominant- negative effect of an abnormal CASR gene on the re-
maining normal allele, due to CaSR surface dimerization. When a 
mutant receptor is coexpressed with the wild- type CaSR in vitro, 
the affinity for calcium may be reduced, possibly due to the abnor-
mally functioning heterodimers that can form under such condi-
tions [10]. Sequence analysis of the CASR will help to distinguish 
NSHPT and NHPT.

Before parathyroid surgery, bisphosphonates and the calcimimetic 
cinacalcet have been used in newborns to treat severe hypercalcaemia 
and slow bone demineralization. The response to cinacalcet is de-
pendent on the underlying CASR mutation. If cinacalcet can bind 
to the mutated CaSR as a positive allosteric modulator, it can often 
improve CaSR signalling associated with many loss- of- function mu-
tations and improve hypercalcaemia and bone mineralization [100– 
102]. However, in infants with NSHPT due to biallelic truncating 
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CASR mutations, for example, cinacalcet has been shown to be in-
effective, due to the inability of the drug to bind to the CaSR and/ or 
couple to downstream signalling pathways [103, 104].

Hypercalcaemia After infancy and Primary 
Hyperparathyroidism (PHPt) in Patients With FHH

Cases have been reported in which loss- of- function CASR mutations 
become apparent in childhood or early adulthood, often because of 
pronounced hypercalcaemia. Homozygous loss- of- function muta-
tions at the N- terminal region of the CaSR have led to symptom-
atic hypercalcaemia after infancy and required parathyroidectomy 
[105,  106]. Patients with PHPT due to parathyroid adenomas or 
hyperplasia have even been diagnosed with heterozygous or homo-
zygous loss- of- function CASR mutations [107]. Homozygous CASR 
mutations in these adult- onset PHPT patients seem to affect extra-
cellular calcium- sensing and intracellular calcium signalling less 
compared to homozygous mutations in infants with NSHPT [107]. 
CASR mutations located in the ECD of the receptor in patients 
with PHPT or severe FHH are associated with more pronounced 
hypercalcaemia and multigland disease. Surgical treatment might 
therefore require a four- gland rather than a focused minimally in-
vasive parathyroid exploration [36, 107].

conclusions

Several decades ago, the clinical entities of FHH and NSHPT 
emerged from clinical reports, which described the disorders as 
separate ones initially and then as related familial syndromes. As 
individual patients were studied in more depth with biochem-
ical and physiologic testing, abnormalities in the calcium- sensing 
mechanism in the parathyroid glands and the kidneys emerged 
as the means to understand the clinical presentation. Finally, the 
pathogenesis of FHH types 1– 3 and NSHPT were delineated, once 
CASR sequencing became available, and a deeper understanding of 
the signalling, biosynthetic, and trafficking pathways for the CaSR 
in target cells began to emerge.

The CaSR is the key molecule responsible for sensing tiny changes 
in calcium levels that are physiologically relevant and ultimately sets 
the serum calcium level. Gα11 protein mediates downstream CaSR 
signal transduction by coupling to phospholipase C and eventually 
the mobilization of intracellular calcium. The AP2σ protein likely 
participates in CaSR signalling and trafficking.

In patients with PTH- dependent hypercalcaemia and CCCR 
<0.01 or in the CCCR overlap range of 0.01– 0.02 between FHH 
and PHPT, the diagnosis of FHH usually can be established using 
the family history and biochemical screening of family members, 
if appropriate, to demonstrate an autosomal dominant pattern of 
hypercalcaemia in the patient and two or more additional family 
members. Mutational screening for CASR and AP2S1 codon 15 is 
appropriate in patients in whom the diagnosis of FHH is suspected. 
If the screening is negative, then GNA11 sequencing should be con-
sidered. Cinacalcet has been effective in lowering serum calcium 
and PTH concentrations in selected patients with FHH 1– 3 and in 
some infants with NSHPT. Other types of CaSR modulators with 
different modes of action and potency may be developed in the fu-
ture that will benefit those patients with hypercalcaemia- related 
symptoms.
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introduction

The concentration of ionized extracellular calcium is tightly regu-
lated through the actions of the parathyroid glands (Figure 4.5.1). 
The parathyroids synthesize and secrete parathyroid hormone 
(PTH) in response to a reduction in the prevailing extracellular 
calcium concentration, which is sensed by the calcium- sensing 
receptor (CaSR) (Figure 4.5.1) [1] . The secreted PTH acts on the 
PTH1 receptor (Figure 4.5.1) to increase osteoclast- mediated bone 
resorption, promote urinary calcium reabsorption and the synthesis 
of 1,25- dihydroxyvitamin D, which in turn increases intestinal cal-
cium absorption [1]. The causes of hypocalcaemia (Box 4.5.1) can 
be classified according to whether serum PTH concentrations are 
low (that is, hypoparathyroid disorders) or high (that is, disorders 
associated with secondary hyperparathyroidism or PTH resistance, 
as occurring in pseudohypoparathyroidism). Hypocalcaemia is 
most commonly caused by chronic renal failure, vitamin D defi-
ciency, hypomagnesaemia, and hypoparathyroidism [2].

Hypocalcaemia

Epidemiology

Relatively few studies have described the epidemiology of hypo-
calcaemia, hypoparathyroidism, or pseudohypoparathyroidism. 
A  recent large internal medicine hospital series including 30  813 
patients showed that 3% had recognized hypocalcaemia at hospital 
admission [3] . Post- thyroid surgical clinical series describe transient 

hypocalcaemia in 25.4– 83% of patients [4], with chronic hypocal-
caemia more than 6 months after surgery occurring in 0.12– 4.6% [5].

The prevalence of chronic hypoparathyroidism has been reported 
from various European countries and the United States to range 
between 10.1/ 100  000 in Norway [6] , and 40/ 100  000 in Tayside, 
Scotland [7]. Most studies have shown the prevalence to be in the 
20– 30/ 100 000 range [8– 12]. Only two studies have evaluated the 
incidence of hypoparathyroidism. One study in Denmark estimated 
the incidence to be 0.8/ 100  000/ year [8], and the other study in 
India estimated the incidence to be 2.6/ 100 000/ year [13].

The best prevalence estimate of chronic hypoparathyroidism in 
the United States is based on analysis of a large health plan claims 
database, which identified a total of 77 000 cases [9] . The longitu-
dinal population- based Rochester Epidemiology Project was used 
to derive a prevalence estimate of 37/ 100 000 [10]. In the nationwide 
Danish historic cohort study, the prevalence of postsurgical hypo-
parathyroidism [8, 11, 12] was estimated to be 22/ 100 000, with the 
prevalence of non- surgical hypoparathyroidism 2.3/ 100  000. The 
study of hospitalized patients with hypoparathyroidism in Norway 
[6] showed the prevalence of postsurgical hypoparathyroidism to 
be 6.4/ 100 000, and non- surgical hypoparathyroidism 3.0/ 100 000.

The same Norwegian study estimated the prevalence of 
pseudohypoparathyroidism to be 0.8/ 100 000 [6] . The same study 
in India estimated the incidence of pseudohypoparathyroidism to 
be 0.16/ 100 000/ year [13].

clinical Features and investigations

The clinical presentation of hypocalcaemia (serum ionized calcium 
<1.10  mmol/ L or albumin- adjusted calcium <2.20  mmol/ L) relates 
to its severity and rapidity of onset, and may range from an asymp-
tomatic biochemical abnormality to a life- threatening disorder 
[2] . Severe hypocalcaemia (serum ionized calcium <0.95  mmol/ L  
or serum albumin- adjusted calcium <1.90 mmol/ L), particularly in the 
setting of acute- onset hypoparathyroidism (e.g. following surgical resec-
tion of the parathyroid glands), may lead to symptoms of neuromus-
cular irritability such as paraesthesiae of the circumoral region, fingers 
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and toes; and also muscle cramps, carpopedal spasms, laryngospasm 
and bronchospasm, seizures of all types, and cardiac arrhythmias as-
sociated with prolongation of the QT interval on electrocardiogram 
(ECG) [1,  2]. Chronic hypocalcaemia (which has occurred over a 
period of months to years) may be associated with subcapsular cata-
racts, papilloedema and abnormal dentition [1, 2]. Moreover, patients 
with chronic hypocalcaemia caused by hypoparathyroidism frequently 

develop ectopic mineralization. Indeed, more than 70% of patients with 
idiopathic hypoparathyroidism have been reported to have calcifica-
tions within intracerebral regions such as in the basal ganglia [14].

Biochemical investigations are helpful in identifying the cause 
of hypocalcaemia and establishing the cause (Figure 4.5.2). For 
example, in hypoparathyroidism, serum calcium is low, phosphate 
is high, and PTH is low; renal function and concentrations of 
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Figure 4.5.1 Components involved in the parathyroid regulation of calcium homeostasis. Alterations in extracellular calcium are detected by the 
calcium- sensing receptor (CaSR), which is expressed in parathyroid, kidney, and bone cells. The CaSR signals via the Gαq/ 11 proteins to stimulate 
phospholipase C (PLC), which catalyses the hydrolysis of phosphoinositide (PIP2) to inositol triphosphate (IP3), thereby increasing intracellular calcium 
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the formation of cAMP from adenosine triphosphate (ATP). In parathyroid cells, these proximal signals modulate downstream pathways, which lead to 
alterations in the synthesis and secretion of PTH. Secreted PTH acts on the PTH1 receptor in kidney and bone cells, which mediates signalling via the 
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Adapted with permission from Mannstadt M, Bilezikian JP, Thakker RV, Hannan FM, Clarke BL, et al. Hypoparathyroidism. Nat Rev Dis Primers. 2017;3:17055. Copyright  
© 2017, Springer Nature. (ref 1).
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the 25- hydroxy and 1,25- dihydroxy metabolites of vitamin D are 
normal [2] . The features of pseudohypoparathyroidism (PHP) are 
similar to those of hypoparathyroidism except for PTH, which is 
markedly increased [1, 15]. In chronic renal failure, serum phos-
phate is high and alkaline phosphatase, creatinine and PTH are ele-
vated; 25- hydroxyvitamin D is normal and 1,25- dihydroxyvitamin 
D is low. In vitamin D deficiency and osteomalacia, serum cal-
cium, and phosphate are low, alkaline phosphatase and PTH are 
elevated, renal function is normal, and 25- hydroxyvitamin D is 
low [2].

Management of Acute Hypocalcaemia

Treatment should be given to symptomatic patients or asymptomatic 
patients with a serum calcium of less than 1.90 mmol/ L who may be 
at high risk of developing complications. The preferred treatment for 
acute symptomatic hypocalcaemia is 10 ml 10% calcium gluconate 
(~2.25 mmol of calcium per 10 ml) i.v., diluted in 50 ml of 5% dextrose 

or 0.9% sodium chloride and given by slow injection (>5 min); this can 
be repeated to control symptoms. ECG monitoring and regular serum 
calcium assessment is required [16]. Continuing hypocalcaemia may 
be managed acutely by administration of a calcium gluconate infu-
sion, e.g. 100 ml 10% gluconate (~22.5 mmol of calcium), in 1  litre 
of 5% dextrose or 0.9% sodium chloride. Generally, 0.30– 0.40 mmol/ 
kg of elemental calcium infused over 4– 6 hours increases serum cal-
cium by 0.5– 0.75 mmol/ L. If hypocalcaemia is likely to persist, oral 
vitamin D therapy should also be commenced. In hypocalcaemic pa-
tients who are also hypomagnesaemic, the hypomagnesaemia must be 
corrected before the hypocalcaemia will resolve. This may occur in the 
post- parathyroidectomy period or in those with severe intestinal mal-
absorption (e.g. as in coeliac disease) [17].

Management of Persistent Hypocalcaemia

The two major groups of drugs available for the treatment of hypo-
calcaemia are:  supplemental calcium, about 10– 20 mmol calcium 
6– 12 hourly and vitamin D preparations [18– 20]. Patients with 
hypoparathyroidism seldom require calcium supplements after the 
early stages of stabilization on vitamin D. A variety of vitamin D pre-
parations have been used (Table 4.5.1). These include: alfacalcidol 
(1α- hydroxycholecalciferol), 0.25– 1.0 μg/ day; and calcitriol (1,25- 
dihydroxycholecalciferol), 0.25– 2.0 μg/ day. In children, these pre-
parations are prescribed in doses based on body weight. Calcitriol 
is probably the drug of choice because it is the active metabolite 
and, unlike alfacalcidol, does not require hepatic 25- hydroxylation. 
Close monitoring (at 1– 2 week intervals) of the patient’s serum and 
urine calcium are required initially, and at 3– 6 monthly intervals 
once stabilization is achieved. The aim is to avoid hypercalcaemia, 
hypercalciuria, nephrolithiasis, and renal failure. In patients with 
hypoparathyroidism, which is inadequately controlled on vitamin 
D preparations, recombinant human PTH (rPTH) has been used to 
normalize serum calcium while reducing the risk of hypercalciuria 
[1] . A  phase 3 randomized controlled clinical trial has demon-
strated that once daily administration of rPTH(1- 84) is effective at 
reducing the requirements for calcium and active vitamin D prepar-
ations in hypoparathyroid patients while maintaining stable serum 
calcium values [21]. In addition to its effects on mineral metab-
olism, rPTH(1- 84) therapy has been shown to improve quality of 
life outcomes for hypoparathyroid patients [22]. This recombinant 
form of PTH is now licenced in the United States and Europe as an 
adjunct to calcium and vitamin D for the long- term management of 
hypoparathyroidism.

Hypocalcaemic Disorders

The application of molecular biology to the study of hypocalcaemic 
disorders has provided insights into the regulation of parathyroid 
gland development, PTH secretion, and action. Thus, studies of pa-
tients and mouse models with syndromic and non- syndromic forms 
of hypoparathyroidism have revealed that transcription factors (e.g. 
TBX1, GCM2, and GATA3) mediate patterning of the third pharyn-
geal pouch and parathyroid organogenesis, and are also involved in 
the elimination of auto- reactive T cells within the thymus (e.g. AIRE). 
Whereas characterization of the mutations causing autosomal dom-
inant hypocalcaemia has demonstrated that the CaSR and G- protein 

Box 4.5.1 Causes of hypocalcaemia

Low parathyroid hormone levels (hypoparathyroidism)
 • Parathyroid agenesis

 Isolated or part of complex developmental anomaly (e.g.  
DiGeorge syndrome)

 • Parathyroid destruction
Surgery*, irradiation
 Infiltration by metastases or systemic disease (e.g. amyloidosis or  
sarcoidosis) or by copper or iron overload (e.g. Wilson’s disease,  
haemochromatosis, recurrent iron transfusions for thalassaemia)
Autoimmune
— Isolated
— Pluriglandular Autoimmune Hypoparathyroidism

 • Reduced parathyroid function
Parathyroid hormone gene defects
Hypomagnesaemia*
Neonatal hypocalcaemia (may be caused by maternal hypercalcaemia)
Autosomal dominant hypocalcaemia†

High parathyroid hormone levels (secondary hyperpara-
thyroidism or parathyroid hormone resistance)
 • Vitamin D deficiency*

 Reduced sunlight exposure*, nutritional lack*, malabsorption*,  
liver disease, chronic renal failure*

 • Vitamin D resistance (rickets)
 Renal tubular dysfunction (Fanconi’s syndrome), vitamin D receptor 
defects

 • Drugs
Calcium chelators (e.g. citrated blood transfusions, phosphate)
Antiresorptives (e.g. bisphosphonates, denosumab)
Calcimimetics (e.g. cinacalcet)
Altered vitamin D metabolism (e.g. phenytoin, ketoconazole)

 • Miscellaneous
Acute pancreatitis
Rhabdomyolysis
Massive tumour lysis
Osteoblastic metastases (e.g. from prostate)
Toxic shock syndrome
Hyperventilation

 • Parathyroid hormone resistance
Hypomagnesaemia, pseudohypoparathyroidism

* Most common causes
† Plasma parathyroid hormone concentrations may be normal
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subunit α- 11 (Gα11) proteins regulate PTH secretion. Furthermore, 
the identification of PTH mutations as a cause of hypoparathyroidism 
has provided insights into the cellular biosynthesis of PTH and the 
mechanisms governing its binding to the PTH1 receptor. Moreover, the 
demonstration of G- protein subunit α- s (Gαs) mutations as the cause 
of PHP type Ia, PHP type Ib, and pseudopseudohypoparathyroidism, 
has highlighted the importance of Gαs in mediating the target organ 
actions of PTH. These advances together with the clinical features of 
these disorders will be reviewed in this chapter.

Hypoparathyroidism

Hypoparathyroidism is characterized by hypocalcaemia and 
hyperphosphataemia, which arise from a deficiency in PTH secre-
tion or action (Box 4.5.1) [1] . Hypoparathyroidism may result from 
agenesis (e.g. DiGeorge syndrome) or parathyroid gland destruction 
(e.g. following neck surgery, or in autoimmune diseases), from re-
duced secretion of PTH (e.g. hypomagnesaemia or autosomal dom-
inant hypocalcaemia), or resistance to PTH (which may occur as a 
primary disorder, e.g. pseudohypoparathyroidism or secondary to 

table 4.5.1 Pharmaceutical preparations of vitamin D and active metabolites

Calciferol1 Dihydrotachysterol Calcifediol Calcitriol Alfacalcidol

Drug Vitamin D3 or D2 DHT 25- OHD3 1,25(OH)2D3 1α(OH)D3

•  Capsules, 0.25 mg 
and 1.25 mg

•  Liquid, 0.25 mg/ ml •  Capsules, 20 and 50 µg •  Capsules, 0.25 and  
0.5 µg

•  Capsules, 0.25, 0.50 
and 1 µg

•  Injection, 1 µg/ ml  • Liquid, 2 µg/ ml
 • Injection, 2 µg/ ml in 

propylene glycol

Time to maximum effect 4– 10 weeks 2– 4 weeks 4– 20 weeks 0.5– 1 week 0.5– 1 week

Persistence of effect after 
cessation

6– 30 weeks 2– 8 weeks 4– 12 weeks 0.5– 1 week 0.5– 1 week

1 Calciferol may contain cholecalciferol or ergocalciferol

Hypocalcaemia
serum adjusted calcium < 2.2 mmol/L

or ionized calcium < 1.1 mmol/L

Clinical assessment - for common causes of
hypocalcaemia, e.g. CKD, post-surgical

hypoparathyroidism or drugs

Phosphate
Magnesium

Creatinine, eGFR
PTH

Amylase
Creatine kinase

250HD

Vitamin D deficiency
Acute pancreatitis

Drugs, e.g. bisphosphonates

Hypomagnesaemia
Hypoparathyroidism
Drugs, e.g. cinacalcet

CKD
Pseudohypoparathyroidism

Early rhabdomyolysis

First line

Other serum biochemical tests:

Phosphate, PTH Phosphate, PTH Phosphate, PTH

Figure 4.5.2 Clinical approach to the investigation of common causes of hypocalcaemia. CKD, chronic kidney disease; eGFR, estimated glomerular 
filtration rate; 25OHD, 25- hydroxyvitamin D.
Adapted with permission from Hannan FM, Thakker RV. Investigating hypocalcaemia. BMJ. 2013;346:f2213. Copyright © 2013, British Medical Journal Publishing Group. (ref 2).
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hypomagnesaemia). In addition, hypoparathyroidism may occur 
as an inherited disorder (Table 4.5.2) that may either be part of a 
complex congenital defect (e.g. DiGeorge syndrome), or as part of a 
pluriglandular autoimmune disorder, or as a solitary endocrinopathy, 
which has been referred to as isolated hypoparathyroidism [1].

Isolated Hypoparathyroidism

Isolated hypoparathyroidism may either be inherited as an auto-
somal disorder caused by PTH or GCM2 mutations, or as an 

X- linked disorder (Table 4.5.2), or it may be acquired as a conse-
quence of surgical or autoimmune destruction of the parathyroid 
glands.

Autosomal Hypoparathyroidism Due to PTH Mutations

Autosomal dominant and recessive forms of isolated hypoparathyr-
oidism are caused by mutations of the PTH gene, which consists 
of three exons and is located on chromosome 11p15 (Figure 4.5.3) 
[23]. Exon 1 of the PTH gene is untranslated, whereas exons 2 and 

table 4.5.2 Inherited forms of hypoparathyroidism and their chromosomal locations

Disease Inheritance Gene Chromosome

Isolated hypoparathyroidism

Autosomal Autosomal dominant GCM2, PTH 6p24.2, 11p15

Autosomal recessive GCM2, PTH, AIRE 6p24.2, 11p15, 21q22.3

X- linked X- linked recessive SOX3†, FHL1† Xq26- 27, Xq26.3

Syndromic hypoparathyroidism

DiGeorge syndromes (DGS)

DGS type 1 Autosomal dominant TBX1 22q11.2

DGS type 2 Autosomal dominant NEBL† 10p13– 14

CHARGE syndrome Autosomal dominant CHD7 8q12.1

Syndromes associated with deafness and/ or renal anomalies

HDR Autosomal dominant GATA3 10p15

Barakat syndrome Autosomal recessive† Unknown ?

Nephropathy, nerve deafness Autosomal dominant† Unknown ?

Nerve deafness without renal dysplasia Autosomal dominant Unknown ?

Lymphedema, hypoparathyroidism, nephropathy,  
mitral valve prolapse, and brachytelephalangy

Autosomal recessive† Unknown ?

Pluriglandular autoimmune hypoparathyroidism Autosomal recessive AIRE 21q22.3

Mitochondrial disorders

Kearns– Sayre syndrome Maternal Mitochondrial genome – 

MELAS Maternal Mitochondrial genome – 

MTP deficiency Autosomal recessive HADHB 2p23

Syndromes associated with growth failure/ dwarfism

Kenny- Caffey syndrome type 1 Autosomal recessive TBCE 1q42.3

Sanjad- Sakati syndrome Autosomal recessive TBCE 1q42.3

Kenny- Caffey syndrome type 2 Autosomal dominant FAM111A 11q12.1

Dubowitz syndrome Autosomal recessive† Unknown ?

Autosomal dominant hypocalcaemia (ADH)

ADH type 1 Autosomal dominant CASR 3q21.1

ADH type 2 Autosomal dominant GNA11 19p13.3

Pseudohypoparathyroidism (PHP)

PHP type 1a Autosomal dominant* GNAS 20q13.3

Pseudopseudohypoparathyroidism Autosomal dominant* GNAS 20q13.3

PHP type 1b Autosomal dominant* GNAS, NESP55, STX16 20q13.3

HDR, hypoparathyroidism, deafness, and renal anomalies; MELAS, mitochondrial encephalopathy, stroke- like episodes, and lactic acidosis; MTP, mitochondrial trifunctional protein.
† Most likely gene (or inheritance) shown; * Parentally imprinted.
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3 encode the 115- amino acid pre- pro- PTH peptide. Exon 2 encodes 
the initiation (ATG) codon, the prehormone sequence and part of 
the prohormone sequence, while exon 3 encodes the remainder of 
the prohormone sequence, the mature 84- amino acid PTH peptide, 
and the 3’ untranslated region (Figure 4.5.3) [24].

Autosomal dominant hypoparathyroidism due to heterozygous 
PTH mutations has been reported in two unrelated families [25, 26]. 
In one family, a heterozygous single base substitution (T→C) in 
exon 2 of the PTH gene, which resulted in a p.Cys18Arg missense 
substitution within the hydrophobic core of the signal peptide 
was shown to impair processing of the mutant pre- pro- PTH to 
pro- PTH in vitro [25]. However, secretion of the preproPTH pep-
tide harbouring the p.Cys18Arg mutation could be enhanced by 
the addition of 4- phenylbutyric acid, which is a pharmacological 
chaperone [27]. In another family, a heterozygous single base sub-
stitution (T→A) in exon 2 of the PTH gene, which resulted in a 
p.Met14Lys missense substitution in the signal peptide has been re-
ported [26]. This mutation was predicted to impair cleavage of pre- 
pro- PTH, and in vitro studies showed intracellular retention of the 
mutant pre- pro- PTH peptide, which could be partially rescued by 
the addition of 4- phenylbutyric acid [26].

Autosomal recessive hypoparathyroidism due to homozygous 
PTH mutations that impaired processing of the PTH peptide have 
been identified in three unrelated families [24, 28, 29]. In one such 
family a donor splice- site mutation at the exon 2- intron 2 boundary 
has been identified [24]. This mutation involved a single base tran-
sition (g→c) at position 1 of intron 2 and an assessment of the ef-
fects of this alteration in the invariant gt dinucleotide of the 5’ donor 
splice- site consensus on mRNA processing revealed that the mu-
tation resulted in exon skipping, in which exon 2 of the PTH gene 
was lost and exon 1 was spliced to exon 3. The lack of exon 2 would 
lead to a loss of the initiation codon (ATG) and the signal peptide 
sequence, which are required respectively for the commencement 
of PTH mRNA translation and for the translocation of the PTH 

peptide [24]. In another family with autosomal recessive hypopara-
thyroidism a homozygous single base substitution (T→C) in exon 
2, which resulted in a p.Ser23Pro missense substitution in the signal 
peptide was detected [29]. This mutation leads to the introduction 
of a mutant proline residue at the – 3 position of the pre- pro- PTH 
protein cleavage site and is predicted to disrupt cleavage of the mu-
tant pre- pro- PTH protein [29]. In the third unrelated family with 
autosomal recessive hypoparathyroidism, a homozygous single 
base substitution (C→A) in exon 2, which resulted in a stop codon 
(p.Ser23Stop) was detected [28]. This stop codon was predicted to 
be introduced at the pre- pro- PTH protein cleavage site, and would 
lead to a truncated and inactive PTH peptide [28]. A homozygous 
arginine- to- cysteine mutation has also been identified at codon 25, 
(p.Arg25Cys), of the mature PTH(1- 84) peptide in a family with 
hypocalcaemia [30]. The plasma PTH levels of affected family 
members varied from low- normal to markedly elevated, depending 
on the type of PTH assay used [30]. In contrast to previously re-
ported PTH gene mutations, which affect secretion of PTH, the 
p.Arg25Cys missense substitution was shown to diminish the 
binding of the mutant PTH peptide with the PTH/ PTHrP receptor 
[30]. Moreover, the PTH p.Arg25Cys mutation interfered with PTH 
immunoassays that utilized antibodies affinity- purified using PTH 
1- 34 and 13- 34 fragments, thereby explaining why some assays were 
unable to detect the mutant PTH peptide [30].

Autosomal Hypoparathyroidism Due to GCM2 Mutations

GCM2 (glial cells missing homolog 2)  encodes the GCM2 tran-
scription factor, which is expressed exclusively in the parathyroid 
glands, and promotes the differentiation and survival of parathyroid 
cells in the developing embryo [31], as well as upregulating CaSR 
and PTH expression (Figure 4.5.4) [32– 34]. In support of this, mice 
homozygous for the deletion of Gcm2 (Gcm2- / – ) lacked parathy-
roid glands and developed hypocalcaemia and hyperphosphatemia 
[35]. However, Gcm2– / –  mice had PTH levels indistinguishable from 
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Figure 4.5.3 Schematic representation of the PTH gene. The PTH gene consists of three exons and two introns; the peptide is encoded by exons 2 
and 3. The PTH peptide is synthesized as a precursor which contains a pre-  and a pro- sequence. The mature PTH peptide, which contains 84 amino 
acids, and larger carboxy- terminal PTH fragments are secreted from the parathyroid cell. The polymorphic sites associated with the PTH gene are 
indicated. Two restriction fragment length polymorphisms (RFLPs) are associated with the PTH gene, and the TaqI polymorphic site is within intron 2 
and the PstI polymorphic site is 1.7 kbp downstream in the 3′ direction of the gene. Two other polymorphisms of the PTH gene designated Mir1 and 
Mir2 are located in intron 1 and exon 3, respectively, and the tetranucleotide (AAAT)n polymorphism is in intron 1. Linkage disequilibrium between 
the (AAAT)n, TaqI, and PstI polymorphic sites has been established.
Adapted with permission from Parkinson DB, Thakker RV. A donor splice site mutation in the parathyroid hormone gene is associated with autosomal recessive 
hypoparathyroidism. Nat Genet. 1992;1(2):149– 52. Copyright © 1992, Springer Nature. (ref 24).
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those of wild- type (Gcm2+/ +) mice, and the source of this auxiliary 
PTH in Gcm2– / –  mice was identified to be a cluster of thymic PTH- 
expressing cells [35].

GCM2 mutations are associated with autosomal recessive and 
dominant forms of isolated hypoparathyroidism (Table 4.5.2). 
Homozygous GCM2 mutations have been identified in patients 
with autosomal recessive hypoparathyroidism [36], while in an-
other family a homozygous missense mutation (p.Arg47Leu) of the 
DNA binding domain was identified [37]. Functional analysis, using 
electrophoretic mobility shift assays (EMSAs), of this p.Arg47Leu 
GCM2 mutation revealed that it resulted in a loss of DNA binding 
ability of the mutant GCM2 protein [37]. Heterozygous GCM2 mu-
tations, which consist of single nucleotide deletions (c.1389delT and 
c.1399delC) that introduce frame- shifts and premature truncations, 
and a missense mutation, p.Asn502His, have also been identified in 
three unrelated families with autosomal dominant hypoparathyr-
oidism [38, 39]. These mutations were shown, by using a GCM2- 
associated luciferase reporter, to inhibit the action of the wild- type 
transcription factor, thereby indicating that these GCM2 mutants 
have dominant- negative properties [38, 39].

X- Linked Recessive Hypoparathyroidism

Hypoparathyroidism with an X- linked recessive transmission 
pattern was initially reported in two multigenerational kindreds 
[40,  41]. Only males were noted to be hypocalcaemic, which oc-
curred in association with an absence of parathyroid tissue [42]. 
The relatedness of the two kindreds has been established by mito-
chondrial DNA sequence analysis [43]. Studies utilizing X- linked 
polymorphic markers in these families localized the mutant gene 
to chromosome Xq26- q27 [44], and a molecular deletion- insertion 
that involves chromosome 2p25 and Xq27 has been identified [45]. 
This deletion- insertion is located ~67 kb downstream of the SRY- 
box 3 (SOX3) gene (Table 4.5.2), which is related to SRY, the sex 
determining gene on the Y chromosome. The deletion- insertion 
is likely to result in altered SOX3 expression, as SOX3 expression 
has been reported to be sensitive to position- effects caused by X- 
chromosome abnormalities [46]. Indeed, reporter- construct studies 
of the mouse Sox3 gene have demonstrated the presence of both 

5’ and 3’ regulatory elements [47] and thus it is possible that the 
deletion- insertion in the X- linked recessive hypoparathyroid pa-
tients may have a position- effect on SOX3 expression. More re-
cently, another unrelated family with X- linked hypoparathyroidism 
was identified and whole genome sequence (WGS) analysis re-
vealed an interstitial deletion- insertion that cosegregated with 
the hypoparathyroidism [48]. This deletion- insertion involves an 
~50 kb region of chromosome 2p25.3 that has been duplicated and 
inserted into the X- chromosome, and which has resulted in a 1.4 kb 
deletion located 81.5 kb downstream of SOX3 [48]. Thus, these find-
ings support a role for SOX3 in parathyroid gland development, and 
consistent with this, SOX3 has been shown to be expressed in the 
developing parathyroids of mouse embryos [45].

A recent report has also highlighted that the four and a half LIM 
domains 1 (FHL1) gene, which is located on chromosome Xq26.3, 
may also represent an additional gene for X- linked hypoparathyr-
oidism [49], as a FHL1 missense variant (p.Arg95Trp) was detected 
in a 4 year old male with isolated severe hypoparathyroidism [49]. 
Functional studies showed that knockdown of the FHL1 paralog in 
zebrafish increased plasma calcium concentrations, and that intro-
duction of wild- type FHL1 into cells transfected with a luciferase 
reporter gene that is under the control of the human PTH pro-
moter, resulted in increased PTH promoter activity [49]. However, 
FHL1 is predicted to have a low level of expression in human para-
thyroids [49], and thus the role of this protein in calcium homeo-
stasis remains to be established. The possible deleterious effects on 
mammalian parathyroid gland activity of this p.Arg95Trp missense 
variant of FHL1 also remain to be established.

Acquired Forms of Isolated Hypoparathyroidism

Anterior neck surgery represents the major cause of acquired 
hypoparathyroidism (Box 4.5.1) and accounts for ~75% of cases 
[1] . Hypoparathyroidism may arise in patients undergoing 
total parathyroidectomy, or because of intraoperative trauma 
to the parathyroid glands, inadvertent gland removal, or gland 
devascularization; and occurs most commonly following total 
thyroidectomy or after radical neck dissection for head and neck ma-
lignancies [50]. Hypoparathyroidism may also occur following neck 

In utero In utero and
postnatal

Pharyngeal pouch
development

Formation of common
parathyroid/thymus

primordia

Parathyroid
organogenesis

GCM2
EYA1, HOXA3,
PAX1/PAX9,

SIX1/SIX4, TBX1

GATA3

Separation of parathyroids
from thymus and

migration to thyroid

Upregulation of
PTH expression

GCM2, MAFB, GATA3MAFB

Figure 4.5.4 Transcription factors involved in parathyroid gland development and function. In humans, the parathyroid glands are derived from the 
endoderm of the third and fourth pharyngeal pouches. Whereas, in mice, the parathyroid glands develop with the thymus from the third pharyngeal 
pouch endoderm. A network of transcription factors such as the EYA1, HOXA3, TBX1, PAX1/ PAX9, SIX1/ SIX4, and GATA3 proteins mediate patterning 
of the third pharyngeal pouch and formation of the common parathyroid- thymus primordia. These transcription factors act in a spatiotemporal 
manner, for example, TBX1 is expressed in the pharyngeal endoderm and required for the development of the third pharyngeal pouch; whereas 
GATA3 is expressed in the common parathyroid- thymus primordia and mediates the differentiation of parathyroid and thymus progenitor cells. 
Moreover, GATA3 regulates the expression of GCM2, which is expressed in the parathyroid domain of the common primordia and mediates the initial 
stages of parathyroid organogenesis. MAFB is also expressed in the parathyroid domain and facilitates separation of the parathyroid glands from the 
thymus, and also the migration of the parathyroids towards the thyroid gland. GATA3, GCM2, and MAFB also act synergistically to upregulate PTH 
expression.
Adapted with permission from Mannstadt M, Bilezikian JP, Thakker RV, Hannan FM, Clarke BL, et al. Hypoparathyroidism. Nat Rev Dis Primers. 2017;3:17055. Copyright  
© 1992, Springer Nature. (ref 1).
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irradiation, or because of parathyroid gland infiltration by metas-
tases or systemic disease (e.g. amyloidosis and sarcoidosis), or from 
copper or iron overload (e.g. Wilson’s disease, haemochromatosis, 
or recurrent blood transfusions for thalassaemia) [1]. Transient or 
reversible forms of acquired hypoparathyroidism include neonatal 
hypoparathyroidism caused by maternal hypercalcaemia, and hypo-
parathyroidism caused by hypomagnesaemia (serum magnesium 
<0.5 mmol/ L) [17, 51]. Some cases of isolated hypoparathyroidism, 
in which no other cause can be identified, have been considered to 
be caused by autoimmune destruction of the parathyroid glands. 
However, formal criteria for diagnosing isolated autoimmune 
hypoparathyroidism have not been established and suitable auto- 
antibody tests are not available for clinical use [1].

Complex Syndromes Associated with Hypoparathyroidism

Hypoparathyroidism may be associated with congenital develop-
mental anomalies such as the DiGeorge and hypoparathyroidism, 
deafness, and renal anomalies (HDR) syndromes, and also syn-
dromes associated with growth failure or dwarfism (Table 4.5.2). 
Syndromic forms of hypoparathyroidism may also be caused 
by mitochondrial disorders or the pluriglandular autoimmune 
syndrome.

DiGeorge Syndrome

Patients with the DiGeorge syndrome (DGS) typically suffer from 
hypoparathyroidism, immunodeficiency, cardiac outflow tract mal-
formations; facial dysmorphia and palatal dysfunction [52]. DGS 
has been reported in up to 60% of children with familial or idiopathic 
forms of hypoparathyroidism [53], and has a wide spectrum of se-
verity. Most commonly, hypoparathyroidism associated with DGS 
presents in the neonatal period with marked hypocalcaemia, which 
may cause laryngospasm or seizures [54]. However, the hypopara-
thyroidism may be transient and characterized by serum calcium 
concentrations that normalize during infancy and early childhood. 
Some individuals with DGS may only develop hypocalcaemic symp-
toms in adolescence or adulthood [54, 55]. Most cases of DGS are 
sporadic but an autosomal dominant inheritance of DGS has been 
observed in up to 28% of cases [52]. DGS is most commonly caused 
by a heterozygous 3  Mb microdeletion of chromosome 22q11.2 
[52], which is referred to as DGS type 1 (DGS1). The deleted region 
encompasses the TBX1 gene, which encodes a T- box transcription 
factor that regulates histone modification and is involved in para-
thyroids and thymic development (Figure 4.5.4) [52]. TBX1 muta-
tions have been identified in some DGS patients who did not have 
deletions of chromosome 22q11.2, and demonstrated to lead to all 
of the major phenotypes of DGS [56]. Furthermore, transgenic mice 
with deletion of Tbx1 have been reported to have a phenotype that 
is similar to that of DGS1 patients [57].

Chromosome 10p deletions have been detected in some DGS 
patients [58] and this is referred to as DGS type 2 (DGS2). The 
nebulette (NEBL) gene, located on chromosome 10p, has been re-
ported to be deleted in DGS2 patient cell lines, and thus may be the 
responsible gene for DGS2 (Table 4.5.2) [59]. Moreover, some DGS 
patients have features of the CHARGE syndrome, which is charac-
terized by coloboma, heart abnormalities, choanal atresia, growth 
retardation, and genitourinary and/ or ear anomalies [60]; and is 
caused by heterozygous mutations of the CHD7 gene (Table 4.5.2). 
CHD7 encodes the chromodomain helicase DNA binding protein 7 

[60], which is expressed within the pharyngeal ectoderm [61], and 
may play a role in pharyngeal region development.

Hypoparathyroidism, Deafness, and Renal Anomalies 
(HDR) Syndrome

The combined inheritance of HDR anomalies as an autosomal 
dominant trait was reported in one family in 1992 [62]. Patients 
had asymptomatic hypocalcaemia with undetectable or inappro-
priately normal serum concentrations of PTH, and normal brisk 
increases in plasma cAMP in response to the infusion of PTH. 
The patients also had bilateral, symmetrical, sensorineural deaf-
ness involving all frequencies. The renal abnormalities consisted 
mainly of bilateral cysts that compressed the glomeruli and tubules 
and lead to renal impairment in some patients. Cytogenetic and 
deletion mapping studies involving additional HDR patients de-
fined a critical 200- kb region on 10p14– 10pter that contained the 
GATA3 gene (Table 4.5.2) [63]. GATA3 belongs to a family of dual 
zinc- finger transcription factors that are involved in vertebrate em-
bryonic development. DNA sequence analysis in HDR patients has 
identified mutations that resulted in a haploinsufficiency and loss 
of GATA3 function [63– 65]. To date, more than 50 different het-
erozygous germline GATA3 abnormalities, which comprise point- 
mutations and whole gene deletions have been reported [63– 71]. 
The majority (>75%) of these HDR associated mutations are pre-
dicted to result in truncated forms of the GATA3 protein. Over 
90% of patients with two or three of the major clinical features of 
the HDR syndrome (i.e. hypoparathyroidism, deafness, or renal 
abnormalities), have a GATA3 mutation [64]. The HDR pheno-
type is consistent with the expression pattern of GATA3 during 
human and mouse embryogenesis in the developing kidney, otic 
vesicle, and parathyroids. However, GATA3 is also expressed in 
developing central nervous system (CNS) and the haematopoietic 
organs in man and mice, and this suggests that GATA3 may have a 
more complex role. Indeed, homozygous Gata3 null mice (Gata3– / 

– ) have defects of the CNS and a lack of T- cell development, and 
die in utero [72]. Whereas, heterozygous Gata3 null mice (Gata3+/ 

– ) are viable and have hearing loss [73], in addition to having a 
smaller parathyroid- thymus primordia and an inadequate increase 
in plasma PTH in response to induced hypocalcaemia [74]. These 
studies of HDR patients and Gata3 mutant mice indicate an im-
portant role for GATA3 in parathyroid development (Figure 4.5.4).

Additional familial syndromes characterized by hypoparathyr-
oidism, deafness, and/ or renal anomalies such as Barakat syndrome 
have been reported (Table 4.5.2) [75]. Molecular genetic studies 
have not been reported for these families.

Mitochondrial Disorders Associated with Hypoparathyroidism

Hypoparathyroidism has been reported to occur in three mitochon-
drial disorders: the Kearns– Sayre syndrome (KSS), the MELAS syn-
drome (mitochondrial encephalopathy, stroke-like episodes, and 
lactic acidosis) and the mitochondrial trifunctional protein (MTP) 
deficiency syndrome [76– 78]. KSS is characterized by progressive 
external ophthalmoplegia and pigmentary retinopathy occurring at 
less than 20 years of age [77]. The MELAS syndrome consists of a 
childhood onset of mitochondrial encephalopathy, lactic acidosis, 
and stroke- like episodes [76]. Mitochondrial DNA abnormalities 
such as deletions, duplications, and missense substitutions cause 
KSS and MELAS (Table 4.5.2, Figure 4.5.1) [53, 58, 76]. Whereas, 
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MTP deficiency syndrome, which is a disorder of fatty- acid oxida-
tion associated with cardiomyopathy, peripheral neuropathy, pig-
mentary retinopathy and liver dysfunction, is caused by mutations 
of the HADHB gene on chromosome 2p23 (Table 4.5.2), which en-
codes the MTP β- subunit [78].

Hypoparathyroid Syndromes Associated with Growth Failure 
or Dwarfism

Hypoparathyroidism occurs in more than 50% of patients with 
Kenny- Caffey syndrome (KCS) [58], which is also characterized 
by short stature and osteosclerotic bone dysplasia. KCS may be in-
herited as an autosomal recessive (KCS type 1, KCS1) or dominant 
(KCS type 2, KCS2) disorder [58]. The Sanjad- Sakati syndrome 
(SSS), which is also known as the hypoparathyroidism- retardation- 
dysmorphism syndrome, affects Middle Eastern populations and 
has a similar phenotype to KCS [79]. SSS and KCS1 are caused by 
mutations of the TBCE gene (Table 4.5.2) [80], which encodes a 
chaperone protein required for the correct folding of α- tubulin sub-
units (Figure 4.5.1) [80], and is postulated to play a role in parathy-
roid gland migration [81]. KCS2 is caused by heterozygous missense 
mutations of the family with sequence similarity 111 member 
A (FAM111A) gene (Table 4.5.2), which modulates DNA replica-
tion and chromatin maturation (Figure 4.5.1), and may be involved 
in embryonic development [82, 83]. A truncating FAM111A muta-
tion, p.Ser342del, has been shown to cause gracile bone dysplasia 
(GBD) (Figure 4.5.1), which occurs in association with hypo-
parathyroidism, and represents a perinatally lethal condition [83]. 
Hypoparathyroidism has also been reported in association with the 
Dubowitz syndrome (Table 4.5.2), which is characterized by mul-
tiple congenital anomalies that include microcephaly and growth 
retardation [84].

Pluriglandular Autoimmune Hypoparathyroidism

Hypoparathyroidism may occur in association with candidiasis and 
autoimmune Addison’s disease, and the disorder has been referred 
to as either the autoimmune polyendocrinopathy- candidiasis- 
ectodermal dystrophy (APECED) syndrome or the autoimmune 
polyglandular syndrome type 1 (APS1) [85]. This disorder has a 
high incidence in Finland [86], and a genetic analysis of Finnish 
families indicated autosomal recessive inheritance of the disorder, 
and mapped the APECED gene to chromosome 21q22.3 (Table 
4.5.2) [87]. Further positional cloning approaches led to the isola-
tion of the autoimmune regulator (AIRE) gene from chromosome 
21q22.3. This gene encodes a 545 amino acid protein that contains 
transcriptional factor motifs such as zinc- finger motifs, a proline- 
rich region and LXXLL motifs [88, 89]. Greater than 100 APECED- 
causing AIRE mutations have been reported to date, and four 
AIRE mutations have been shown to commonly occur in APECED 
families and these are:  p.Arg257Stop in Finnish, German, Swiss, 
British and Northern Italian families; p.Arg139Stop in Sardinian 
families; p.Tyr85Cys in Iranian Jewish families; and a 13 bp de-
letion in exon 8 in British, Dutch, German, and Finnish families 
[89– 91]. Occasionally, biallelic AIRE mutations have been reported 
in patients with isolated hypoparathyroidism [92,  93]. AIRE has 
been shown to regulate the elimination of organ- specific T cells in 
the thymus, and thus APECED is likely to be caused by a failure 
of this specialized mechanism for deleting forbidden T cells, and 
establishing immunologic tolerance [94].

Autosomal Dominant Hypocalcaemia

Autosomal dominant hypocalcaemia (ADH) is comprised of two 
genetically distinct disorders, designated as ADH types 1 and 2, 
which are caused by germline gain- of- function mutations of the 
CaSR and Gα11 proteins, respectively (Table 4.5.2) [95].

CaSR and Gα11

The human CaSR is a Gαq/ 11 and Gαi/ o - coupled G- protein 
coupled receptor (Figure 4.5.1), encoded by the CASR gene on 
chromosome 3q21.1 [95]. The CaSR is highly expressed in the 
parathyroid glands and kidneys, where it regulates the set- point 
for PTH secretion and decreases renal tubular calcium reabsorp-
tion, respectively [95]. CaSR cell- surface expression is regulated 
by agonist- driven insertional signalling (ADIS), which pro-
motes anterograde trafficking of newly synthesized CaSRs to the 
plasma membrane [96], and also by retrograde trafficking of cell- 
surface CaSRs, which is mediated by the adaptor- related protein 
complex- 2 (AP2) [97].

Autosomal Dominant Hypocalcaemia Type 1

Autosomal dominant hypocalcaemia type 1 (ADH1), which is due 
to gain- of- function CaSR mutations (Table 4.5.2), is characterized 
by hypocalcaemia, mild hypomagnesaemia, hyperphosphataemia, 
and serum PTH concentrations which are often detectable and 
within the lower half of the reference range [98]. Patients with ADH 
also have significantly increased urinary calcium excretion com-
pared to hypoparathyroid patients [99]. Some patients with ADH 
have been reported to have ectopic calcifications affecting the basal 
ganglia and/ or elevations in bone mineral density (BMD) [100], 
and some patients with severe gain- of- function CaSR mutations 
may also develop Bartter syndrome type 5, which is characterized 
by renal salt wasting leading to volume depletion, hyper- reninaemic 
hyperaldosteronism and hypokalaemic alkalosis [101]. Over 70 dif-
ferent CaSR mutations have been identified in ADH1 patients and 
families to date [95, 102].

Autosomal Dominant Hypocalcaemia Type 2

Mutations of the CASR gene are not detected in ~30% of ADH pa-
tients, and germline mutations of Gα11, which is encoded by the 
GNA11 gene on chromosome 19p13.3 (Table 4.5.2), have been re-
ported in seven such ADH patients and families [98, 103– 106]. In 
vitro studies of these Gα11 mutations, which all comprise missense 
substitutions, have shown cells expressing the mutant Gα11 pro-
teins to have enhanced CaSR- mediated signalling responses, con-
sistent with a gain- of- function [98, 103,  105]. These individuals 
and families with gain- of- function Gα11 mutations were designated 
as having ADH type 2 (ADH2). ADH2 is associated with a milder 
urinary phenotype, with significantly reduced urinary calcium ex-
cretion compared to ADH1 [103]. Moreover, short stature caused 
by postnatal growth insufficiency has been reported in two ADH2 
kindreds [103, 106].

Pseudohypoparathyroidism

Pseudohypoparathyroidism is caused by renal resistance to PTH, 
and is mainly due to abnormalities of Gαs, which mediates PTH1 
receptor signalling (Figure 4.5.1) [15]. The Gαs protein is encoded 
by GNAS, which is a complex imprinted locus, and maternally 
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inherited inactivating coding- region mutations give rise to PHP type 
1a (PHP1a) (Table 4.5.3), which is characterized by PTH resistance 
(hypocalcaemia, hyperphosphataemia, elevated serum PTH, and 
blunted cAMP response to exogenous PTH), together with features 
of Albright’s hereditary osteodystrophy (AHO) such as short stature, 
obesity, round facies, subcutaneous calcifications, and brachydactyly 
[15]. Whereas, paternally inherited inactivating coding- region 
GNAS mutations cause pseudopseudohypoparathyroidism, which 
is characterized by AHO in the absence of PTH resistance (Table 
4.5.3). Abnormalities of the upstream regions of the GNAS locus, 
or of the closely linked STX16 and NESP55 genes, which affect 
GNAS methylation, have been reported to cause PHP type 1b (Table 
4.5.3) [107,  108], which is associated with PTH resistance in the 
absence of AHO [15]. Epigenetic or coding- region GNAS abnor-
malities may also cause PHP type 1c (PHP1c) (Table 4.5.3), which 
has a similar phenotype to PHP1a, except that altered Gαs activity 
is not observed in in vitro assays involving PHP1c patient- derived 
erythrocytes [109]. In contrast to PHP type 1, which has a blunted 
cAMP response; PHP type 2 is associated with a conserved cAMP 
response, and in some cases may represent an acquired condition 
caused by vitamin D deficiency [110].
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introduction

Osteoporosis may coexist with chronic kidney disease– mineral 
and bone disorder (CKD- MBD) and osteoporotic fractures 
occur in all stages of CKD (Box 4.6.1) [1] . Management of 
osteoporosis in CKD should consider the pathophysiology of 
both disorders. Diagnosis and management of osteoporosis in 
patients with stages 1– 3 CKD and patients without CKD are 
similar, but diagnosis and management decisions differ greatly 
once patients have stages 4– 5 CKD. Discriminating between 
osteoporosis and CKD- MBD is best accomplished with quanti-
tative bone histomorphometry. Biochemical markers, especially 
intact parathyroid hormone and bone- specific alkaline phos-
phatase also may be helpful. When the diagnosis of osteopor-
osis is established, management in stages 4– 5 CKD may include 
antiresorptive or anabolic agents, though evidence for efficacy is 
marginal in advanced CKD.

Mechanisms of Reduction in GFR: Age vs. intrinsic 
Renal Disease

Glomerular filtration rate (GFR) decreases with increasing age es-
pecially after age 60 [2] . Bone strength declines with age, in part 
due to the decline in bone quality [3, 4], which contributes ~50% 
to the overall strength of bone. Bone quality is a broad term that 
defines the microarchitectural changes in bone (trabecular number 
and connectivity, cortical thinning, and increased cortical porosity) 
that makes an older bone more likely to break when compared with 
younger bone, even at the same bone density. Many of the biochem-
ical derangements that accompany progressive CKD are contrib-
uting to the altered bone quality as well as increased fracture risk 
seen in CKD patients when compared to the lower risk in subjects 
of same age and bone mineral density (BMD) but without CKD [5].

The average rate of GFR reduction that accompanies increasing 
age is ~1– 2  ml/ min/year [6] . The mechanism for age- related re-
duction in renal function is multifactorial and is certainly related, 
in part, to vascular changes that accompany ageing. Age- related 
decrease in GFR is not associated with meaningful proteinuria or 
reduction in renal size as measured by ultrasound (US) or compu-
terized tomography (CT) [7]. While GFR may decrease with advan-
cing age, it is unusual that age alone is responsible for GFR reduction 
to levels lower than 30 ml/ min. Patients with GFR values less than 
30 ml/ min usually have other reasons for their more severe, stage 
4– 5 CKD (diabetes mellitus and hypertension, for example). In all of 
the postmenopausal osteoporosis clinical registration trials, patients 
were excluded if they had a GFR under 30 ml/ min.

Fractures in Patients with cKD: the 
Pathophysiological origins of Skeletal Fragility

Fracture risk doubles in CKD beginning with stage 3A as compared 
to subjects with comparable BMD and age without CKD [8] . The 
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exact mechanism(s) of why there is greater skeletal fragility by stage 
3A CKD than in persons without CKD or even in stage 1– 2 CKD 
are not clearly delineated (Box 4.6.2) [9, 10].

Parathyroid hormone (PTH) levels rise progressively once the 
GFR falls to below 60 ml/ min [11]. Some of the highest levels of 
PTH are seen in severe CKD (stage 5). PTH levels above 350 pg/ 
ml are highly associated with quantitative bone histomorphometry 
features of osteitis fibrosa cystica [12]. On the opposite side of the 
bone histomorphometry spectrum that is seen in CKD, PTH levels 
below 150 pg/ ml and especially below 100 pg/ ml are highly correl-
ated with very low bone turnover and often adynamic bone disease 
[13– 15]. The latter diagnosis requires the complete absence of tetra-
cycline labels, thin osteoid (matrix), and few or absent bone cells 
(osteoblasts and osteoclasts) [16].

Phosphate retention has a direct negative effect on bone min-
eralization [17]. It stimulates PTH secretion and reduces the pro-
duction of 1,25(OH)2D and phosphate reabsorption [18] in the 
kidney. Phosphate retention is the stimulus for the increased secre-
tion of osteocyte- derived fibroblast growth factor 23 (FGF- 23), a 
phosphaturic hormone [19] which also reduces the renal produc-
tion of 1,25(OH)2D and rises in the serum before PTH— the other 
phosphaturic hormone [20]. Serum FGF- 23 is inversely correlated 
with bone formation. Excessive production or absence of FGF- 23 
with normal renal function leads to defects in mineralization with 
accumulation of osteoid [21– 23].

The active metabolite of vitamin D [1,25(OH)D2] in concert with 
PTH and FGF- 23, controls calcium and phosphorus homeostasis, 

and its serum concentration is a mirror image of serum phosphorus. 
The kidney is the main site of 1,25(OH)2D production with PTH 
being the major stimulator. As part of the feedback loop, 1,25(OH)2D 
suppresses PTH production. The production of 1,25(OH)2D in the 
kidney however is decreased by FGF- 23, an effect which is aug-
mented by increased degradation as well. The reciprocal action of 
1,25(OH)2D is a lower PTH, increased FGF- 23 production in bone, 
and upregulation of klotho, a cofactor for FGF- 23 signalling [24].

In the intestine, 1,25(OH)2D increases calcium and phosphate 
absorption. In the kidney, it enhances the PTH action on calcium 
transport and induces the synthesis of TRPV5 and the calbindins. 
A  major indirect effect of 1,25(OH)2D on bone is calcium and 
phosphate absorption from the intestine. It could also have direct 
effects on bone formation and resorption.

Chronic metabolic acidosis has profound effects on bone [25, 26]. 
The retained hydrogen ions (H+) are buffered by bone calcium car-
bonate (CaCO3) and, as the negative ion carbonate (CO3– ) binds to H+ 
ion, calcium is released. In addition, chronic metabolic acidosis is as-
sociated with impaired bone mineralization and osteoid accumulation.

Renal Bone Diseases and osteoporosis: 
Partners intertwined

The National Institutes of Health (NIH) defines osteoporosis 
as:  ‘A systemic skeletal disease characterized by low bone mass 
and microarchitectural deterioration of bone tissue with a conse-
quent increase in bone fragility and susceptibility to fracture’ [27]. 
Since all forms of renal bone disease may not always have a low 
BMD despite the altered microachitecture, one could make the 
case that the traditional renal bone diseases defined by quantita-
tive histomorphometry (osteomalacia, hyperparathyroid bone dis-
ease, adynamic renal bone disease, and mixed renal bone disease) 
(Figures 4.6.1, 4.6.2, and 4.6.3) also have a form of osteoporosis by 
NIH criteria [28]. Recently, Professor Sharon Moe has coined the 
phrase ‘Renal Osteodystrophy or Kidney- Induced Osteoporosis?’ 
that recognizes the combination of traditional renal bone diseases 
accompanying the NIH definition of osteoporosis [29]. While sci-
entifically correct, the clinician must decide what specific meta-
bolic bone disease the patient has in order to implement proper 
treatment strategies. Are the fractures due to osteoporosis or renal 
osteodystrophy (defined by histomorphometry)?

The term ‘Chronic Kidney Disease– Mineral and Bone Disorder 
(CKD- MBD)’ was introduced in 2005 to describe the broader clinical 
syndrome encompassing mineral, bone, and calcific cardiovascular 
abnormalities that develop as a complication of CKD [30]. CKD- 
MBD defines the interactions between the kidney, bone, and para-
thyroid glands that lead to hyperphosphatemia and its accompanying 
vascular disease. Since then, the term renal osteodystrophy is used 
exclusively to define the bone pathology associated with CKD. Since 
CKD- MBD is a multisystem disease complex, it has no ICD 10 code 
nor any specific treatment intervention other than attempting to miti-
gate hyperphosphatemia with oral phosphate binders, and the mag-
nitude of severity of secondary hyperparathyroidism. Administration 
of monoclonal antibodies to FGF- 23, only used experimentally so far, 
lead to more severe hyperphosphatemia [31].

The spectrum of renal osteodystrophy consists of the predom-
inant hyperparathyroid- mediated high- turnover bone disease 

Box 4.6.1 The National Kidney Foundation (NKF) has classified 
chronic kidney disease (CKD) into five stages according to the 
estimated glomerular filtration rate (eGFR)

*Stage 3 CKD has been subdivided by the Kidney Disease Improving 
Global Outcome (KDIGO) into two separate stages

Stage 1 CKD: eGFR ≥ 90 ml/ min with evidence of intrinsic renal 
damage (proteinuria or microscopic haematuria).

Stage 2 CKD: eGFR = 60– 89 ml/ min with evidence of intrinsic renal 
damage (proteinuria or microscopic haematuria).

Stage 3 CKD: eGFR = 30– 59 ml/ min without evidence of intrinsic  
renal damage (proteinuria or microscopic haematuria)*.
• Stage 3A: eGFR 30– 59 ml/ min, and
• Stage 3B: eGFR 30– 44 ml/ min

Stage 4 CKD: eGFR = 15– 29 ml/ min without evidence of intrinsic  
renal damage.

Stage 5 CKD: eGFR <15 ml/ min and has also been divided into  
those not on dialysis and those on dialysis (stage 5D).

Box 4.6.2 The factors that are believed to contribute to greater 
bone fragility in CKD

It is very likely that the cause is multifactorial
 1 Sustained secondary hyperparathyroidism
 2 Phosphorus retention and impairment in bone mineralization
 3 Elevated Fibroblast Growth Factor 23 (FGF 23)
 4 Low renal production of 1,25 dihydroxy- vitamin D
 5 Chronic metabolic acidosis (either an anion gap or non- anion gap, 

e.g. renal tubular acidosis)
 6 Greater risk for falling (multifactorial)
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Figure 4.6.1 (a to d) Adynamic renal bone disease. For a colour version of this figure, please see colour plate section.
Reproduced with permission from Miller PD, Huffer W. Renal osteodystrophy. In: Schrier RW, Bennett W. Essential Atlas of Nephrology and Hypertension. Philadelphia: Current 
Medicine (2006);261– 76.
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Figure 4.6.2 (a and b) Von Kossa, H&E stain for calcium and osteoid: osteomalacia. (c) Unstained, fluorescent for tetracycline. (d) Von Kossa, H&E 
stain, fluorescent for osteoid. For a colour version of this figure, please see colour plate section.
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(osteitis fibrosa), osteomalacia (defined as a mineralization lag 
time greater than 100 days), low- turnover osteomalacia (defective 
mineralization in association with low osteoclast and osteoblast ac-
tivities), mixed uremic osteodystrophy (hyperparathyroid bone dis-
ease with a superimposed mineralization defect), and the iatrogenic 
and idiopathic adynamic bone (diminished bone formation and re-
sorption), but not osteoporosis [32, 33]. Two expert collaborative 
groups in the classification of renal bone diseases have suggested 
that renal osteodystrophy be divided into two models: low and high 
bone turnover [34, 35].

Idiopathic adynamic renal bone disease, more often seen in dia-
betic patients, could be due to an increased production of sclerostin, 
an inhibitor of osteoblast function [36]. Iatrogenic adynamic renal 
bone disease is due to oversuppression of parathyroid hormone 
production by therapies which inhibit parathyroid hormone syn-
thesis (vitamin D analogues and/ or Cinacalcet). Sustained lower 
levels of PTH below 150 pg/ ml, and even more so below 100 pg/ ml, 
have a high positive predictive value of predicting biopsy- proven 
adynamic bone disease [36, 37].

Discriminating Between osteoporosis and Renal 
Bone Diseases

The clinician, confronted with the CKD patient who has low 
trauma fractures, and often a low T- score, has to decide what is 
the underlying metabolic bone disease in order to decide on the 
proper management strategy. It is also important to emphasize that 
both osteoporosis (defined by its highest order of criteria:  frac-
tures) as well as all forms of renal bone disease may have perfectly 

normal BMD (and T- score). This is because if one examines the 
equation for bone strength, 50% of bone strength is due to altered 
bone quality:

 Bone Strength = Bone Mineral Density + Bone Quality. 

Both osteoporosis as well as all forms of renal bone disease may 
have poor bone quality as a major contributor to bone fragility 
[38, 39]. There are no readily available office- based tools to measure 
bone quality. High resolution peripheral quantitative computerized 
tomography (HRpQCT) can provide resolution of the microstructure 
of bone down to levels of 70 microns. While predominantly a research 
tool, lower cost and smaller HRpQCT devices have recently been de-
veloped that may soon change the landscape of bone health into pro-
viding readily available office- based bone quality technologies [40].

Biochemical Markers of Bone turnover and 
Quantitative Bone Histomorphometry: the two 
Means of Making the correct Diagnosis

How do we discriminate between osteoporosis and classical renal 
bone disease? Biochemical bone profile could be helpful but the 
‘gold standard’ for making the correct diagnosis of the specific renal 
metabolic bone disease causing fragility fractures in CKD is double 
tetracycline labelled quantitative bone histomorphometry. The 
American Society for Bone and Mineral Research (ASBMR) has 
published a highly scientific white paper on defining both the static 
as well as dynamic parameters in quantitative histomorphometry 
[33]. Once a specific renal bone disease is excluded, then the firm 
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Figure 4.6.3 (a and b) Von Kossa, H&E stain for calcium: hyperparathyroidism. (c and d) Von Kossa, H&E stain, fluorescent for osteoid. For a colour 
version of this figure, please see colour plate section.
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diagnosis for a CKD patient with either low BMD or fragility frac-
tures, is osteoporosis.

Transiliac bone biopsies in experienced operator hands can be done 
very safely and painlessly. The procedure is well described in previous 
publications [41]. However, there are fewer and fewer skilled oper-
ators that are still active in the United States and even fewer places 
that perform the quantitative histomorphometry. Hence, great pro-
gress has been made in the utilization of specific biochemical markers 
of bone turnover (BTM), especially regarding two of them:  bone- 
specific alkaline phosphatase and intact PTH, in helping to discrim-
inate among the various forms of renal bone disease (Box 4.6.3).

The combination of intact PTH and either total tissue non- 
specific alkaline phosphatase or bone- specific alkaline phosphatase 
provide perhaps the best means of either predicting or excluding 
hyperparathyroid or adynamic renal bone diseases [42– 44]. These 
two biochemical markers are only useful in patients not receiving 
any medications that alter PTH or alkaline phosphatase production 
(e.g. vitamin D analogues, cinacalcet, and antiresorptive or ana-
bolic osteoporosis pharmacological therapies). The combination of 

a lower quartile alkaline phosphatase and intact PTH less than 150 
pg/ ml has a very high positive predictive value (PPV) for diagnosing 
adynamic bone disease. Two other ‘pearls’ that are helpful: an in-
tact PTH 6× or higher than the upper limit of normal for the la-
boratory reference range (usually 65 pg/ ml) is highly predictive of 
hyperparathyroid bone disease, while a high alkaline phosphatase 
excludes adynamic renal bone disease.

The question often asked by physicians trying to discrim-
inate between osteoporosis and a renal bone disease is: what if the 
bone specific Alk Phos (BSAP) is in the mid- range of the normal ref-
erence range (neither low nor high) and the serum PTH is also neither 
low (<150 pg/ ml) nor high (>350 pg/ ml) in a stage 4– 5 CKD patient 
that has fragility fractures, and a bone biopsy is not available? In these 
situations, the one renal bone disease we don’t want to treat with an 
antiresorptive therapy is renal adynamic bone disease, since it seems 
illogical to reduce bone turnover in situations where bone turnover 
is low to begin with. Additionally, since the field of osteoporosis is 
moving towards using anabolic agents as first line therapy in high risk 
patients, based on data that initiating therapy with an anabolic agent 
followed by an antiresorptive agent is a better sequence than the op-
posite, we will use anabolic therapy first line [45, 46]. In a previous 
study of a single patient with biopsy- proven adynamic bone disease, 
the anabolic agent teriparatide was capable of reversing the adynamic 
bone disease by paired bone biopsy [47] (Figures 4.6.4 and 4.6.5).

conclusions

Discriminating between osteoporosis and the various forms of 
renal bone disease can be done. The proper utilization of a menu 
of bone turnover markers can very often provide good diagnostic 
accuracy and discriminatory capabilities. While transiliac bone 
biopsy is the gold standard for diagnosis, it is often not readily 
available for many clinicians. The one renal bone disease where 
antiresorptive osteoporosis therapies would be potentially unsafe 

Box 4.6.3 The broad principles that may help in distinguishing 
between the renal bone diseases

PTH and BSAP combining the best of both worlds
•  PTH “extremes” ( < 100 pg/ml) or (> 600pg/ml) high specificity for 

adynamic/OFC.
•  Bone specific alkaline phosphatase < 5 IU/L) has a high PPV (80%) 

for low bone turnover TINSAP <40 lU/L
•  B .SAP correlate with PTH values in stage 5D CKD: both are in-

creased on bone biopsy in established high bone turnover.
•  Combining the lower quartile BSAP and PTH < 100-150 have a high 

PPV (90%) for adynamic bone disease.

Garrett G et al CJASN 2013 
Couttenye C et al Kid internat 1999
Sprague SM et al Am J Kid Dis 2016

Figure 4.6.4 Effect of teriparatide on idiopathic renal (5 D) adynamic bone disease.
Reproduced with permission from Palcu P, Dion N, Ste- Marie LG, Goltzman D, Radziunas I, Miller P, et al. Teriparatide and Bone Turnover and Formation in a Hemodialysis 
Patient with Low- Turnover Bone Disease: A Case Report. American Journal of Kidney Diseases 65 (6): 933– 6. 2015. Copyright © 2015 National Kidney Foundation, Inc.
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is idiopathic renal adynamic bone disease. In those patients who 
have fragility fractures, stage 4– 5 CKD, and the biochemical 
profile is not as discriminatory as it can be, the initial use of an 
anabolic agent would be safe and certainly therapeutically bene-
ficial in both osteoporosis as well as idiopathic renal adynamic 
bone disease. The two renal bone diseases where an osteopor-
osis pharmacological agent would not be advised are osteomal-
acia and hyperparathyroid bone disease. The latter two metabolic 
bone diseases can be excluded by defining the underlying cause 
of a high bone- specific alkaline phosphatase or defining the cause 
of an intact PTH that is also very high.

If a stage 4– 5 CKD patient with fragility fractures is felt to have 
osteoporosis as the major underlying metabolic bone disease 
causing fractures, FDA approved pharmacological agents for the 
treatment of osteoporosis can be beneficial on or off label [48].
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introduction

The calcium regulating system employs an intricate network of 
homeostatic signals and targets in order to meet the body’s mineral 
demands. Mineral requirements vary considerably throughout pro-
gressive stages of development, in large part reflecting the mineral 
demands of in utero mineralization of the fetus and later skeletal 
growth. Features of the calcium homeostatic system during child-
hood years are in flux as relative rates of growth and development 
change throughout the life cycle. Furthermore, numerous compen-
satory mechanisms limit the severity of disease when an isolated 
insult occurs to the system. This chapter illustrates that many her-
itable disorders of mineral homeostasis become evident in infancy 
and childhood and are best recognized when viewed within the ap-
propriate context of mineral requirements during the early stages of 
life. An understanding of the relevant physiology is central to for-
mulating age- specific approaches to management of these various 
clinical problems, and so the disorders are reviewed in the context 
of physiology specific to childhood.

Features of calcium Homeostasis Specific 
to children

Perinatal calcium Metabolism

Skeletal Development and Mineral Requirements of the Fetus

The growing fetus must be supplied with sufficient calcium for the 
formation and growth of a mineralizing skeleton. In addition, the 

physiologic milieu of the fetus must be maintained in an envir-
onment appropriate for normal cellular function. Thus, adequate 
extracellular calcium must be provided for normal function of the 
clotting factors, and avoidance of neuromuscular hyperexcitation. 
Yet at the same time, the supply must be appropriately limited to 
prevent soft tissue calcification or other toxicity to the developing 
fetus. A  critical calcium dependent process in fetal life is skeletal 
accrual of mineral. Most of the skeleton is formed by the com-
plex process referred to as endochondral ossification [1] . Cartilage 
templates are organized in concert with the transition of undiffer-
entiated mesenchymal cells to differentiated chondrocytes. The car-
tilage templates serve as a nidus for eventual development into the 
skeleton. A system of chondrocyte maturation and proliferation oc-
curs at what will become the ends of long bones, allowing for the 
continued linear growth of the skeleton. Regulation of this early 
formative process is dependent upon a variety of local and systemic 
factors, such as insulin- like growth factors (IGFs), fibroblast growth 
factors (FGFs), parathyroid hormone- related peptide (PTHrP), and 
Indian hedgehog protein [2]. Once mature cartilage forms, chon-
drocytes hypertrophy, and blood vessels penetrate the region, with 
the appearance of marrow stroma and osteoblasts soon to follow. 
Mineralization of the newly established skeleton begins, and growth 
results in an increasing mineral demand in order to effectively min-
eralize the newly formed tissue. Indeed, the fetus has substantial 
mineral demands: approximately 26– 30 grams of calcium accumu-
late in the human through a term gestation, and accretion of more 
than three- fourths of this amount occurs in the third trimester. 
Calcium supply from the maternal circulation must be regulated by 
specific mechanisms in order to meet these demands throughout 
the later weeks of gestation.

The Fetal Calcium Regulating System

The maternal circulation is the source of calcium provided to the 
fetus. An abundance of calcium occurs in the mother primarily as 
a result of a pregnancy- induced doubling of maternal circulating 
1,25- dihydroxyvitamin D [1,25 (OH)2D] levels, which in turn in-
creases fractional absorption of calcium at the intestine [3] . This 
occurs in the absence of significant increases in circulating levels of 
parathyroid hormone (PTH) in the mother.
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The placenta is the site of nutrient transfer from the maternal 
circulation to the fetus. Calcium may be transported by several 
mechanisms across the placenta; the dominant direction of flow is 
from maternal to the fetal circulation, requiring active transport. 
A Ca++- ATPase located in the fetus- directed basement membrane 
of the syncytial trophoblast cells appears to mediate this important 
function [4] . Although it is not clear exactly when in gestation ac-
tive calcium transport begins, it is present by the beginning of the 
third trimester. The fetal circulating calcium level is maintained at 
a slightly higher concentration (1.2– 2.0 mg/ dl) than the maternal 
circulation as early as 15  weeks of gestation [5]. Active placental 
calcium transfer plays an important role in determining fetal cir-
culating calcium level, but other factors may play a role, including 
PTH and PTHrP. The relative hypercalcaemia in the fetus appears to 
be necessary for complete skeletal growth and mineralization [6, 7].

Placental calcium transfer seems to be mainly regulated by 
PTHrP, and to a lesser extent by PTH [4, 8]. The mid-  and carboxy- 
terminal portions of the PTHrP molecule are required, whereas the 
amino- terminus (most related to PTH in sequence) does not have 
activity in this regard [4, 9]. PTHrP plays an important role in em-
bryonic growth and development of many tissues, and is produced 
by multiple tissues. Major sources of PTHrP production are the 
placenta, and to a lesser extent, the parathyroid glands. In a fetal 
mice model, disruption of PTHrP results in hypocalcaemia and se-
vere chondrodysplasia [8, 10]. Fetal circulating PTH levels are low, 
probably due to Ca- sensing receptor (CaSR) mediated suppression 
of PTH secretion by fetal parathyroid glands [4] . Nevertheless, 
aparathyroid fetal mice develop hypocalcaemia and defective bone 
mineralization, pointing towards a role for PTH in maintaining 
normal serum calcium, and thereby perhaps supporting normal 
bone mineralization [11]. PTH may also exert its effect on bone for-
mation, to some extent, via direct interaction with osteoblasts.

Fetal circulating 1,25 (OH)2D levels are low, and derived from 
placenta and fetal kidney, and may be related to the concurrent 
low PTH and high serum phosphorus levels. 1,25 (OH)2D does 
not play a major role in placental calcium transfer or maintenance 
of serum calcium level as evidenced by the fully mineralized skel-
eton and normal fetal serum calcium levels at term in vitamin D 
receptor- null (vdr- null) mice. In human cases of maternal vitamin 
D deficiency, skeletal mineralization seems to be unaffected but the 
newborn will be at risk of developing hypocalcaemia [4] . The pres-
ence of CaSR in both human and murine placenta suggests a pos-
sible role for this membrane receptor in fetal calcium homeostasis. 
Some insight has been provided by CaSR null mice: fetuses of this 
strain demonstrate increased PTH levels, reduced placental calcium 
transport, increased amniotic fluid calcium, and increased markers 
of bone resorption. This constellation of findings suggests that an 
increase in skeletal resorption can occur, when inadequate calcium 
levels are sensed by the fetus [11, 12]. The fetal kidneys may be in-
volved in regulation of fetal calcium levels as well, but is of limited 
impact in that fetal urine is excreted into the amniotic fluid and 
recycled with swallowing.

Limited data regarding FGF23 levels in the human fetus suggest 
that intact FGF23 levels are lower than levels in adults [13] but that 
C- terminal levels are approximately twofold greater than in adults 
[14]. Circulating levels of alpha- klotho are reported as elevated in 
the fetus, likely reflecting a placental source [13]. Other relevant 

measures in the fetal circulation include relatively increased levels 
of phosphorus, magnesium, and relatively low concentrations of 
calcitonin compared to postnatal life [7] .

Transition from Fetal Life to Infancy

At birth the generous supply of maternal calcium is abruptly with-
drawn from the fetus, as well as the placental sources of PTHrP and 
1,25 (OH)2D, with a resultant acute decrease in serum calcium of 
approximately 1 mg/ dl in term infants, and slightly more in pre- 
term infants. One study indicates that the decrement in serum cal-
cium and rise in PTH is greater in babies born by Caesarean section 
than in babies born spontaneously by the vaginal route. This de-
crease in calcium then stimulates secretion of PTH, suppressed 
during fetal life, which in turn, stimulates the kidney to generate 
adult normal levels of 1,25 (OH)2D within the next several days. 
Levels of PTHrP are reduced; this hormone likely plays a lesser role 
in postnatal calcium homeostasis than in utero. The serum calcium 
gradually increases to normal childhood levels within a few days of 
the acute postnatal decrement. The relative hypercalcaemia of the 
fetus likely protects the newborn infant from acute severe hypocal-
caemia during the transition to the ex utero environment.

The intestine and kidney assume major roles in mineral homeo-
stasis with this transition. The neonatal skeleton continues to accrue 
calcium at rates close to that attained in late gestation (averaging 
100– 150 mg/ kg/ day). Thus, the newborn infant becomes dependent 
upon exogenous nutritional sources of calcium. Renal excretion of 
calcium increases over the first few weeks of life, as glomerular fil-
tration rate (GFR) increases. As the kidney matures, it begins to play 
a minor role in regulation of calcium. The newborn infant, however, 
becomes primarily dependent upon the intestine to maintain its cal-
cium supply. In the first few days to weeks of neonatal life, passive or 
facilitated calcium transport (not vitamin D- mediated mechanisms) 
are the dominant means by which calcium is brought into the body. 
After several weeks, vitamin D appears to be useful in enhancing 
calcium absorption in term infants. Fractional calcium absorption 
can be relatively high in infancy particularly in very low birthweight 
children, who may develop hypercalcaemia during high calcium in-
take, as may occur with the administration of breast- milk fortifiers. 
This phenomenon may occur independently of vitamin D status 
(with normal circulating levels of 25-hydroxyvitamin D (25- OHD), 
and appropriately low circulating PTH and 1,25 (OH)2D), implying 
that passive or facilitated, non- vitamin D- mediated calcium trans-
port in the immature intestine can be remarkably efficient. The rela-
tively low phosphate content of breast milk likely contributes to the 
greater bioavailability of calcium from breast milk as compared to 
most infant formulas. Formation of calcium- phosphate complexes 
in the higher phosphate containing formulas limit the availability of 
calcium for intestinal absorption.

childhood Growth: A Period of intensive 
Mineral Accretion

Growth and Accrual of Bone Density

Skeletal growth and mineralization continue at a very rapid pace 
throughout the first 2 years of life. The growth velocity on average 
during the first 4 months of life can be annualized to approximately 
28  cm/ yr. From that time on a child’s growth rate asymptotically 
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decreases from a rate of one cm per month (approximately 12.5 cm/ 
yr) to about 5– 6  cm/ yr at the time of the pubertal growth spurt, 
when a rate of about 10 cm/ yr is transiently achieved prior to the 
cessation of growth. This linear growth represents the growth of 
the appendicular skeleton, which must be adequately mineralized; 
thus rapid growth in infancy places considerable mineral demands 
on the skeleton. Bone mineral content (BMC) and areal bone min-
eral density (BMD), as assessed by standard two- dimensional tech-
niques, such as dual energy X- ray absorptiometry (DXA) proceeds 
at a steady pace until approximately age 11 in girls and slightly later 
in boys [15]. Specific guidelines for the use and interpretation of 
bone densitometry in children have been previously published 
and updated by the International Society of Clinical Densitometry 
[16,  17]. Bone size is a confounding variable in interpretation of 
DXA results, which is a particularly important issue in growing 
children. The BMD is an areal measurement, rather than a true 
volumetric measurement, since depth cannot be measured directly. 
Thus, DXA has been shown to underestimate the BMD in those chil-
dren with smaller bone size and overestimate it in those with larger 
bone size. To resolve this problem, standard paediatric reference 
data for BMD have been established, taking into account the age, 
sex, ethnicity (African American or non- African American) and 
height of the patient, with the Bone Mineral Density in Childhood 
Study (BMDCS); a multicentre, longitudinal study of bone accrual 
in healthy children and adolescents performed at five US clinical 
centres [18].

Although the focus on bone activity during these years of rapid 
growth is primarily on formation and mineralization, there must 
also be extremely active turnover in general. The growing bone must 
be constantly modelled in order to maintain an appropriate struc-
ture. Weight- bearing forces begin to correct the physiologic bowing 
of childhood, as lower extremity alignment becomes more linear. 
As metaphyseal long bone segments accrue mineral at growth plate 
cartilage, extending the length of the long bone calls for an even-
tual narrowing of the former metaphyseal segment as it assumes 
a diaphyseal position. These processes require extensive bone re-
sorptive activity. Thus, when investigating disorders of the bone and 
mineral system, one must recognize this relatively hyperdynamic 
state of bone turnover. The established normal ranges of bone ac-
tivity for adults, which primarily represent bone remodelling, do 
not apply to children. In children and adolescents, serum markers 
of bone formation and resorption are released into the circulation 
during linear growth, bone modelling, and remodelling [19, 20]. The 
normal ranges of values for such markers as serum osteocalcin, alka-
line phosphatase activity, or urinary excretion of deoxypyridinoline 
cross- links of collagen, or the N- telopeptide of type I  collagen 
are quite wide (Table 4.7.1). Several investigators have compiled 
normative data on these and other biomarkers of bone turnover 
throughout childhood and/ or adolescent age groups [3, 21] and ref-
erence curves for five bone markers in the serum; osteocalcin (OC), 
bone specific alkaline phosphatase (BALP), the carboxy- terminal 
telopeptide region of type I collagen (ICTP), the carboxy- terminal 
α1 chain telopeptide of type I collagen (CTX), and serum tartrate- 
resistant acid phosphatase 5b (TRAP5b) have been established in 
a large cohort of healthy children aged 2 months to 18 years, along 
with calculation of sex-  and age- specific standard deviation scores 
[20, 21]. There is a consistent peak in the concentrations of most 

serum markers of bone formation and resorption in adolescence 
that decreases in adulthood, and this rise occurs approximately 
2.5 years earlier in girls than in boys [21]. Circulating levels of P1NP 
(procollagen type I N- propeptide) has emerged as a frequently used 
marker of bone formation [21], and circulating CTX is often used as 
a marker of bone resorptive activity, and both of these markers are 
found to be greater in childhood than in adulthood (Table 4.7.1). 
Indeed, all bone markers tend to show significant variation with age 
whereas mainly BALP shows a significant variation with sex, with 
higher concentrations observed in boys [20]. Values in adolescence 
for the more widely used markers are shown in Table 4.7.1. It is 
recommended to use a set of bone turnover markers, rather than a 
single marker in evaluating those children with metabolic bone dis-
orders, monitoring for disease progression or during antiresorptive 
therapy [20].

Puberty

In addition to the rapid growth spurt beginning in early puberty in 
girls, and later stages of puberty in boys, BMD accrues at an accel-
erated pace. The rate of increase in BMD in girls between the ages 
of 11 and 16 years is more rapid than at any time in late childhood 
or during adult life. The National Academy of Sciences (USA) has 
set ‘adequate intake’ levels for calcium by age ranges. These levels 
are 210 mg daily through the first 6 months of life, 270 mg/ day for 
months 6 to 12, 500 mg/ day from years 1 to 3, and 800 mg/ day for 
ages 4 to 8. In keeping with the rapid rate of bone accretion in ado-
lescence, calcium ‘adequate intake’ has been set at 1300  mg/ day 
for the 9– 18- year- old group [22]. Some have thought this number 
underestimates calcium requirements and have suggested that 
teenage girls consume 1500 mg of calcium daily.

Commensurate with the pubertal growth spurt are transient rises 
in the markers of bone formative activity, serum osteocalcin, and 
alkaline phosphatase activity. Markers of bone resorption, which 
decrease somewhat throughout later childhood, decrease substan-
tially in late puberty (Tanner stages IV and V), reflecting more qui-
escent bone turnover than in earlier childhood, as described here 
and in Table 4.7.1. The postpubertal period of elevation in turn-
over markers persists in males longer than in females, suggesting 
a longer period of active mineral accrual in young men than in 
young women.

In addition to the changes in bone markers, geometric properties 
of long bones change during puberty, and appear to differ between 
boys and girls. These changes may be reflected in the differential 
changes in biomarker levels described earlier. However, the finding 
of wider long bones of males remains largely unexplained. Male 
long bones progressively grow in circumferential diameter beyond 
female growth in this regard, in part due to a prolonged period 
of generalized prepubertal growth [23]. Furthermore, recent data 
suggests that such sex differences in geometry are evident in pre-
pubertal years, determined by complex genetic traits and environ-
mental stimuli [23].

Age- Dependent Changes in Serum Minerals and 
Calciotropic Hormones

Appropriate diagnosis of disease or monitoring of therapy re-
quires an understanding of changes in the biochemical parameters 
used to facilitate an evaluation of mineral metabolism in children.  
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Figure 4.7.1 illustrates the changes in circulating minerals and re-
lated hormones during early infancy. The serum levels of calcium 
and magnesium do not change significantly after the first few days 
of life until adulthood. On the other hand, urinary excretion of cal-
cium is much greater in infancy than in later childhood and adult-
hood. A convenient measure for urinary excretion of calcium is the 
ratio of calcium to creatinine (Ca/ Cr) in a random urine sample. 

Urinary calcium excretion varies with type of feedings, vitamin D 
nutrition, and gestational age [24]. In the older child a fasting urine 
sample should have a Ca/ Cr less than 0.21 mg/ mg. For infants and 
younger children, age- specific normal values for spot urine samples 
have been reported and can range from 0.39 mg/ mg for children be-
tween ages 1 and 5 years old to 0.81 mg/ mg for those younger than 
12 months of age [25]. A 24- hr urine collection should be confirmed 

table 4.7.1 Normal values of biochemical markers of bone turnover in childhood

Male Female

Formative markers

Serum osteocalcin (ng/ ml)1

<10 yrs: 6– 35 6– 40

10– 18 yrs: 9– 84 7– 50

Serum alkaline phosphatase activity (IU/ L)2

0– 14 days: 83– 248 83– 248

15 days <1 yr: 122– 469 122– 469

1– 13 yrs: 135– 376 135– 376

13– 15 yrs: 57– 254 116– 468

15– 17 yrs: 50– 117 82– 331

17– 19 yrs: 45– 87 55– 149

Serum PINP (N- terminal propeptide of type 1 procollagen) (ng/ ml)3

6– 14 yrs: 250– 1800 6– 12 yrs: 250– 1500

14– 18 yrs: 80– 1500 12– 16 yrs: 80– 1000

18– 26 yrs: 40– 300 16– 26 yrs: 20– 200

Resorptive markers

Serum N- Tx (cross- linked N- terminal- telopeptide of type I collagen) (pmol/ ml)4

6– 14 yrs: 20– 200 6– 12 yrs: 25– 120

14– 16 yrs: 14– 180 12– 18 yrs: 8– 12

16– 26 yrs: 7– 50 18– 26 yrs: 5– 25

Urinary N- Tx (pmol equivalent of bone collagen/ μmol creatinine)5

<1 yr: 500– 5000 870– 5700

1 yr: 120– 2800 475– 2750

2– 4 yr: 320– 2100 155– 2010

5– 10 yr: 110– 1275 115– 1620

11– 12 yr: 210– 2600 235– 2430

13– 14 yr: 105– 1900 45– 1335

15– 18 yr: 34– 1146 45– 400

Serum C- Tx (Cross- linked C- terminal- telopeptide of type I collagen) (pg/ ml)6, 7, 8

10– 17 yr: 370– 2560 240– 1530

30– 34 yr: 260– 450 140– 330

1 Extrapolated from Figures 5 and 8, Calvo, M et al. [19]. Note that values will vary with respect to the assay employed and to the laboratory performing the test.
2 Values rounded from table 3, Estey et al. [141].
3 Extrapolated from Figure 2, van der Sluis et al. [21].
4 Extrapolated from Figure 3, van der Sluis et al. [21].
5 Values rounded from Bollen and Eyre [142].
6 Extrapolated from Figure 3, Fares et al. [143].
7 Reference [144].
8 Adult reference from Table 4.7.2 [145].
Note the consistent peak in the concentrations of most serum markers of bone formation and resorption in adolescence that decreases in adulthood.
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by measurement of total creatinine (which should be 10– 20 mg/ kg/ 
24 hr in most children), and the calcium should be less than 4 mg/ 
kg/ 24hr. Circulating phosphate concentrations decrease consider-
ably throughout the first year of life, and even further throughout 
later childhood. The normal ranges are substantially greater than 
that seen in older adults. This change is primarily due to increased 
reclamation of filtered phosphate in the proximal renal tubule early 
in life. The confusion in interpretation of age- related normal ranges 
has continued to result in missed diagnoses and inappropriate in-
terpretation of mineral status. The assessment of urinary phosphate 
excretion should be performed on a 2- hour fasting urine specimen, 

with a blood sample obtained at the midpoint of the urine collection. 
The tubular reabsorption of phosphate (%TRP) is calculated as:

 %
[U P ]
[P U ]

100,P Cr

P Cr

TRP 1= −
×

×
×  

where UP refers to the urinary concentration of phosphate, PP to 
plasma concentration of phosphate, UCr to urinary concentration of 
creatinine, and PCr to the plasma concentration of creatinine.

The %TRP can be plotted on the nomogram of Walton and Bijvoet 
[26] to obtain the TMP/ GFR, or tubular maximum for phosphate 
expressed per GFR. This value reflects the value of serum P above 
which one will tend to stop reclaiming P in the tubule. The normal 
ranges vary with age and approximate the normal phosphate con-
centrations for age. Alternatively, a calculated method termed  
TP/ GFR, can be used employing the formula:

 
TP/GFR =Serum phosphate Urine phosphate

Serum creatinine /
(−

×   Urine creatinine . ) 27[ ]  

Finally, values for circulating PTH do not change after early in-
fancy throughout childhood. Circulating 25- OHD levels are rela-
tively stable in early childhood (Figure 4.7.2), but are influenced 
by a variety of factors including ethnicity and season of sampling. 
Levels tend to be greater in children of European descent, with 
formula feeding, and during the summer and fall months [28]. 
Circulating 1,25 (OH)2D levels tend to be higher in childhood than 
in later life, and decline with time in early childhood, particularly 
during the first 3 years of life (Figure 4.7.2). Furthermore, there 
appears to be less stringent regulation of conversion of 25- OHD 
to 1,25 (OH)2D in early life. The authors have generally observed 
values for 1,25 (OH)2D to range up to 30% in excess of the adult 
normal range in normal children. Furthermore, there appears to be 
less stringent regulation of conversion of 25- OHD to 1,25 (OH)2D 
in early life.

Disorders of Hypocalcaemia

Serum calcium

Total serum calcium is comprised of a free or ionized calcium com-
ponent, a protein (primarily albumin) bound component, and a 
small component of filtrable calcium that is complexed to other 
ions such as sulphate, citrate, or phosphate. The ionized and protein 
bound components each represent approximately 45– 50% of the 
total calcium. The ionized fraction is the biologically active com-
ponent, and derangements in this fraction result in clinical symp-
toms. As discussed elsewhere, total serum calcium can be low with 
a simultaneously normal ionized fraction. This finding is typical 
of hypoalbuminaemia or acidosis. Various correction factors have 
been proposed, and are applicable to children as well as adults, how-
ever accurate measures of ionized calcium are preferable to calcu-
lated corrections.
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Figure 4.7.1 Longitudinal change in circulating concentrations of 
minerals, PTH, calcitonin, and 1,25 (OH)2 D during fetal and neonatal 
period in humans. Shaded areas represent the adult normal range for the 
parameter.
Reproduced with permission from Kovacs, C.S., Bone development and mineral 
homeostasis in the fetus and neonate: roles of the calciotropic and phosphotropic 
hormones. Physiol Rev, 2014. 94(4): p. 1143– 218. Copyright © 2014 The American 
Geriatrics Society [ref 146].
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Hypocalcaemia in childhood

This section discusses disorders of calcium homeostasis in child-
hood, with a primary focus on abnormalities in the maintenance of 
serum calcium. Several of these disorders, however, primarily affect 
the skeletal calcium compartment, and bone disease may be a more 
significant abnormality than perturbations in the serum concentra-
tions. Thus, certain disorders are described in which serum calcium 
levels are often normal in the clinical setting, but at the expense of 
osteopaenic or rachitic abnormalities.

The presentation of hypocalcaemia in the newborn period typ-
ically includes facial twitching, limb jitteriness, or other features of 
neuromuscular irritability, occasionally progressing to focal or gen-
eralized convulsions. Poor feeding, hyperacusis, and laryngospasm 
mimicking croup have been described. On the other hand, non- 
specific findings such as apnoea, tachypnoea, tachycardia, cyan-
osis, or vomiting may be the only features evident. In older children 
tetany or perioral tingling, presentations more characteristically 
seen in adults, are more likely to be encountered. As with infants, 
focal seizures and generalized convulsions may occur. Carpo- pedal 
spasm in school age children has often been attributed to a writer’s 
cramp. This phenomenon may be exacerbated by the hypomagnes-
aemia and alkalosis frequently encountered in states of parathyroid 
insufficiency. Lethargy, vomiting, and other non- specific signs have 
also been reported. The electrocardiogram may reveal a prolonged 
corrected QT interval, Q-Tc , which is determined by dividing the 
Q- T interval by the square root of the EKG cycle. The upper limit 
of normal in children is 0.44. The musculature may be affected by 

chronic hypocalcaemia, as witnessed by the cardinal sign of tetany. 
Serum creatine kinase activity (CK, or creatine phosphokinase, 
CPK) may be elevated in chronic hypocalcaemia; over time actual 
myopathic changes may occur. Severe clinical compromise with di-
lated cardiac myopathy has been described in infants with hypocal-
caemia due to severe vitamin D deficiency [29].

Neonatal Hypocalcaemia

Neonatal hypocalcaemia seen transiently in the first few days of life 
is commonly referred to as early neonatal hypocalcaemia. This is 
often seen in preterm infants and has been explained as an exag-
geration of the normal postnatal decrease in serum calcium levels. 
Early neonatal hypocalcaemia appears to occur with greater fre-
quency in asphyxiated babies and in infants of diabetic mothers 
(IDM) than otherwise. The hypocalcaemia seen in IDM is probably 
multifactorial. Magnesium deficiency has been implicated, as well 
as alterations in maternal metabolism secondary to poor glucose 
control throughout gestation. Whether the normal postnatal in-
crease in PTH secretion is blunted is not entirely clear.

Late neonatal hypocalcaemia occurs after 5– 7 days of life and is 
more characteristic of the term infant. Late neonatal hypocalcaemia 
often presents with seizures and is less likely to be transient in na-
ture. Hypoparathyroidism and magnesium deficiency often present 
in this time frame. Hypocalcaemia in babies with congenital heart 
disease of many types has been reported as a relatively common 
finding. Hypocalcaemia related to vitamin D deficiency may pre-
sent at several weeks of age, however, radiographic evidence of 
rickets is usually not observed until over 2 months of age.
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Figure 4.7.2 Scatterplot of 25(OH)D (top) or 1,25(OH)2D (bottom) related to age in months. The regression equation for the relation of 25(OH)
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Reproduced with permission from Carpenter TO, Herreros F, Zhang JH, Ellis BK, Simpson C, Torrealba- Fox E, Kim GJ, Savoye M, Held N, Cole DEC. Demographic, dietary, and 
biochemical determinants of vitamin D status in inner- city children. Am J Clin Nutr 95:137– 146. Copyright © 2012 American Society for Nutrition [ref 28].
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One classic situation in which prolonged neonatal hypocal-
caemia occurs is in the infant of the hyperparathyroid mother. 
Presumably the maternal hypercalcaemia results in increased trans-
port of calcium from the maternal to fetal circulation. The resultant 
excess calcium supply to the fetus is thought to suppress para-
thyroid responsivity, and prolonged hypoparathyroidism results. 
Symptomatic hypocalcaemia and hyperphosphataemia are typical 
biochemical features; hypomagnesaemia may occur as well. The 
disorder is usually transient, but some cases have been prolonged 
for months. Unrecognized maternal hyperparathyroidism should 
be carefully investigated in children that present with the charac-
teristic features of the disorder. Maternal familial hypocalciuric 
hypercalcaemia (FHH) can result in this syndrome. We have en-
countered similar cases due to excessive maternal ingestion of 
calcium- containing antacids during pregnancy, suggesting that 
other causes of chronic maternal hypercalcaemia can result in a 
similar clinical picture.

Hypocalcaemia in the newborn setting may also occur during 
blood transfusions using citrated blood products. Citrate com-
plexes with ionized calcium, reducing its circulating concentration 
to a level where neuromuscular hyperexcitability may occur. Total 
serum calcium is usually not decreased. Hypocalcaemia can occur 
in the congenital nephrotic syndrome. Persistent hypocalcaemia 
may present in this time frame as well. Congenital hypoparathyr-
oidism may be present, as in the DiGeorge syndrome. The classic 
triad of this chromosome 22 deletion syndrome (hypoparathyr-
oidism, athymia, and cono- truncal defects of the heart) typically 
results in long- standing hypoparathyroidism, although ‘partial’ 
hypoparathyroidism has been described. (See next for a detailed de-
scription of congenital disorders of the parathyroid glands.) Severe 
osteopetrosis may present with hypocalcaemia secondary to im-
paired mobilization of calcium from bone. Typically, PTH levels 
are elevated in order to compensate for the hypocalcaemia engen-
dered by defective osteoclastic bone resorption in such cases. Severe 
vitamin D deficiency is generally an acquired condition manifest 
as hypocalcaemia as early as 2 to 3 months, but low maternal stores 
have rarely contributed to its development in an even younger 
age range.

Osteopaenia of prematurity is commonly encountered in pre-
mature infants. Poor bone mineralization is evident on radiographs 
or other measures of BMD. In general, the problem is more severe 
in children of lower birth weight. With increasing survival of chil-
dren with birth weights less than 1000 grams the severity of this 
problem is increasing. Classical rachitic changes of flared and frayed 
epiphyses, craniotabes, and a rachitic rosary may develop over the 
first months of life. The histologic pattern of bone is thought to be 
a combined lesion with components of osteomalacia and osteo-
porosis. This disorder is a consequence of premature withdrawal 
of the maternal mineral supply. The enteral route, even with max-
imum feeding delivery, cannot provide for the mineral demands 
of the skeleton as it rapidly grows and mineralizes throughout the 
latter weeks of gestation. The problem often occurs in the setting of 
normocalcaemia. In preterm infants fed solely with breast milk, a 
phosphate deficiency syndrome may occur, as the phosphate con-
tent of breast milk is considerably less than that of commonly used 
in cow’s milk formulas. Although breast milk phosphate is adequate 
for the growth of the term infant’s skeleton, human breast milk forti-
fiers are routinely used to increase the mineral intake of the preterm 

infant. One caveat regarding the use of such fortifiers: calcium in-
take, if excessive, can result in hypercalcaemia, as its absorption is 
not tightly regulated in early infancy, and the fractional absorption 
of calcium can be very high in a low birth weight premature infant.

Treatment of Neonatal Hypocalcaemia

Symptomatic infants are treated with calcium, but there is contro-
versy regarding treatment of hypocalcaemic infants who are asymp-
tomatic. The emergency treatment of neonatal hypocalcaemia 
consists of intravenous administration of 1 ml/ min of 10% calcium 
gluconate, which should not exceed 2.0 ml per kg body weight (which 
is equivalent to ~19 mg of elemental calcium per kilogram). This 
may be repeated three to four times in 24 hours. After acute symp-
toms have been managed, 5.0 ml/ kg of 10% calcium gluconate may 
be given with intravenous fluids over 24 hours. It should be empha-
sized that repetitive and frequent boluses of high- dose intravenous 
calcium only temporarily raise the serum calcium level and an enor-
mous renal calcium load result. Thus the favoured way of longer- 
term management when the parenteral route is necessary employs a 
constant intravenous infusion, which results in a lower calcium load 
per unit time to the kidneys, and maintains serum calcium at a rela-
tively steady level. Calcium supplements may be introduced orally if 
tolerated. In persistent cases, the load of dietary phosphate should be 
lessened with a formula such as Similac PM 60/ 40. When hypomag-
nesaemia is identified, it can be treated with 0.1– 0.2 ml/ kg of a 50% 
solution of magnesium sulphate (MgSO4 •7H2O).

Hypocalcaemia of Later Onset

Disorders of Parathyroid Insufficiency

Congenital hypoparathyroidism. A wide variety of hypocalcaemic 
syndromes occur in children due to abnormalities in parathyroid 
synthesis or secretion. These syndromes provide classic examples 
of the critical role PTH plays in protecting the organism from acute 
decreases in the serum calcium level. The clinical manifestations of 
hypocalcaemia described earlier are the typical presenting features 
of hypoparathyroidism. Biochemical features usually include low 
blood total and ionized calcium levels, and an elevated blood phos-
phate level. The serum magnesium level may be low, and alkalosis 
may be present.

Hypoparathyroidism may result from a variety of causes. 
A number of genetic disorders may cause agenesis of parathyroid 
glands, disrupt PTH synthesis, processing, and secretion, and/ or 
result in autoimmune destruction of parathyroid glands. As noted 
earlier, agenesis of the parathyroid glands occurs in the classic 
DiGeorge triad (OMIM #188400) of hypoparathyroidism, athymia, 
and cono- truncal heart defects. This syndrome is now known to be 
part of the larger spectrum of disease referred to as CATCH 22, 
a sequence of contiguous microdeletion syndromes localized to 
chromosome 22q11.2. These mutations are most notable in the 
TBX- 1 gene, a transcription factor that plays an important role in 
development of thymus and parathyroid glands [30]. Recently, some 
cases of DiGeorge syndrome have been found to harbour a deletion 
in 10p13- p12 (NEBL gene), which has been defined as DiGeorge 
type 2 (OMIM #601362) [31,  32]. Hypoparathyroidism usually 
occurs in those disorders most related to the classic DiGeorge 
syndrome, but has also been described in the velo- cardio- facial syn-
drome (OMIM #192430), another CATCH- 22 pattern of anomalies. 
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Fluorescent in situ hybridization (FISH) using DNA probes which 
hybridize to the 22q11.2 locus is helpful in establishing the diag-
nosis. Not all hypocalcaemia in this microdeletion syndrome is 
due to parathyroid dysgenesis however; a recent description of 
pseudohypoparathyroidism in DiGeorge syndrome noted a dele-
tion on chromosome 22 incorporating a G- protein locus ( )G sα [33].

Mutations of the pre- proPTH gene, resulting in disruption of 
PTH secretion [34], or processing and translocation of PTH from 
the endoplasmic reticulum, [35] can cause familial isolated hypo-
parathyroidism (OMIM #146200) [36]. Likewise mutations of the 
transcription factor glial cells missing- 2 (GCM2) [also referred to 
as glial cell missing- B (GCM- B)] on 6p24.2, resulting in loss of ac-
tivity, will result in familial isolated hypoparathyroidism (OMIM 
#307700) [34, 37– 39] A form of X- linked hypoparathyroidism has 
been reported in patients with mutations in the gene for the tran-
scription factor Syr- box 3 (SOX3) [40].

A number of other patients with congenital hypoparathyroidism 
have concomitant involvement of other organ systems. The syndrome 
of hypoparathyroidism, sensorineural deafness, and renal anomalies 
(HDR syndrome; OMIM #146255) is an autosomal dominant dis-
order due to mutations or deletions of the gene for the transcription 
factor GATA3 on chromosome 10p14 [41– 43]. Loss- of- function mu-
tations in tubulin chaperone E (TBCE) gene on chromosome 1q42.3 
cause the autosomal recessive syndrome of infantile onset hypopara-
thyroidism, mental retardation, intrauterine growth retardation, and 
dysmorphism (Sanjad- Sakati syndrome) (OMIM #241410) [44– 46] 
and Kenny- Caffey syndrome type 1 (OMIM #244460) (hypopara-
thyroidism, dwarfism, medullary stenosis of the long bones, and eye 
abnormalities) [47]. In autosomal dominant forms of Kenny- Caffey 
syndrome Type 2 patient has the clinical features, transient hypocal-
caemia, but normal intelligence due to heterozygous mutations in 
FAM111A gene on chromosome 11q12 [48]. Mitochondrial gene de-
fects, ranging from deletions to mutations and rearrangement, have 
been associated with hypoparathyroidism in patients with Kearns- 
Sayre syndrome (external ophthalmoplegia, pigmentary retinopathy, 
cardiomyopathy, diabetes, and hypoparathyroidism; OMIM #530000), 
MELAS syndrome (mitochondrial encephalomyopathy with lactic 
acidosis and stroke like syndrome, with diabetes and hypoparathyr-
oidism; OMIM #540000), and mitochondrial trifunctional protein 
deficiency (MTPDS) syndrome manifest by peripheral neuropathy, 
retinopathy, and hypoparathyroidism due to mutations in HADHA 
at the 2p23.3 locus (OMIM #609015) [49, 50]. Other mitochondrial 
disorders associated with hypoparathyroidism include long- chain 
3- hydroxyacyl- coenzyme A  dehydrogenase deficiency (OMIM# 
609016 LCHAD), and propionic acidaemia [51].

Gain- of- function mutations of the CaSR at chromosome 3q21.1 
have been found to cause an autosomal dominant variety of hypocal-
caemia. The CaSR protein, on parathyroid cell membranes, regulates 
PTH secretion. Mutations causing the protein to enhance its affinity 
for ionized calcium will allow relatively low concentrations of this 
ion to suppress PTH secretion, and a steady state serum calcium level 
in the hypocalcaemic range is established. This autosomal dominant 
form of hypocalcaemia has been termed ADH1 (OMIM #601198). It 
may be possible to distinguish autosomal dominant hypocalcaemia 
(ADH) from other forms of parathyroid insufficiency because of the 
relative hypercalciuria that occurs. Circulating PTH levels may not 
be undetectable in the untreated state [50, 52, 53]. This distinction 
from hypoparathyroidism has important consequences regarding 

long- term management. That is, the standard treatments for hypo-
parathyroidism, vitamin D, or its metabolites, and calcium, can 
further exaggerate this hypercalciuria such that nephrocalcinosis, 
nephrolithiasis, and renal impairment may result, particularly when 
serum calcium levels are kept in the usual normal range. ADH may 
present with features seen in Bartter syndrome (Bartter syndrome 
type 5), including hypokalaemia, metabolic alkalosis, hypomagnes-
aemia, hyperreninemia and hyperaldosteronaemia [54,  55]. A  de-
crease in the distal tubular fractional chloride reabsorption rate 
with negative NaCl balance has been reported in some cases, with 
a resultant secondary hyperaldosteronism and hypokalaemia [54]. 
Hydrochlorothiazide and recombinant human PTH have been sug-
gested as treatment modalities [56, 57].

Finally, heterozygous mutations in the alpha subunit of the G 
protein G11 (GNA11) on chromosome 19p13 have been identified 
in patients with ADH (ADH type 2; OMIM #615361) [58].

The CaSR and associated disorders are discussed in Chapter 4.4.
Acquired hypoparathyroidism. Causes of acquired hypoparathyr-

oidism are mainly autoimmune, post- surgical, or due to infiltration 
of the parathyroid gland. A  major cause of acquired hypoparathyr-
oidism is due to the autoimmune polyglandular syndrome (or APS), 
type I. The disorder is also referred to by other names such as auto-
immune polyendocrinopathy, candidiasis, and ectodermal dystrophy 
(APECED) [59,  60]. The primary manifestations of this disorder 
include hypoparathyroidism, primary adrenal insufficiency, and 
mucocutaneous candidiasis. A  variety of other autoimmune phe-
nomena may occur, often grouped with the endocrine, gastrointestinal, 
or dermatologic systems (Box 4.7.1). Defects in cellular or humoral im-
munity may occur. The presentation typically begins in early childhood 
with candidiasis. In later childhood the onset of hypocalcaemic symp-
toms related to hypoparathyroidism occurs, and Addison’s disease 
often presents during adolescence. There is considerable variability, 
however, and often patients do not develop the classic triad. The eleva-
tion in serum calcium that may occur during an acute adrenal crisis in 
an undiagnosed individual may result in an increase of the serum cal-
cium from a hypocalcaemic to a normocalcaemic value, thus masking a 
coexistent presentation of hypoparathyroidism. Serum calcium should 
be determined during the initial presentation of suspected Addison’s 
disease, but also shortly after recovery from the acute crisis.

APS- 1 syndrome is due to mutations in the gene encoding the 
autoimmune regulator protein AIRE [61– 63]. Mutations resulting 
in a single amino acid substitution at position 257 (arginine – > glu-
tamic acid) were present in more than three- quarters of the affected 
Finnish cases. The same mutation has been identified in the majority 
of cases in another series from Italy and Switzerland. Mutations in 
AIRE have been identified in cases of isolated hypoparathyroidism 
as well [64]. Autoantibodies directed to parathyroid cells have 
been described in patients with APS type 1, but the frequency of 
these findings vary greatly dependent upon the series studied [65]. 
Antibodies to the parathyroid CaSR have been reported in acquired 
hypoparathyroidism both with and without coexisting autoimmune 
diseases [66– 70]. Yet, CaSR antibodies are not found to be specific 
or sensitive markers for hypoparathyroidism in APECED [71]. In 
addition to the usual measures taken in the management of hypo-
parathyroidism, treatment of this disorder may require aggressive 
mineral replacement, due to the often- complicating issue of mal-
absorption. Acute illness can be associated with such severe im-
pairment of gastrointestinal absorption of calcium and magnesium 
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so that parenteral replacement of these minerals may be required. 
Continuous nocturnal nasogastric calcium supplementation may 
be a useful temporary measure in the affected child unable to tol-
erate standard bolus feeding, and where prolonged parenteral infu-
sions are not practical.

The long- term prognosis of this condition has improved greatly 
over the past generation. Early cases succumbed to such problems 
as unrecognized adrenal crises or diabetic keto- acidosis. Although 
numerous complications of this disorder are recorded, including 
overwhelming candida sepsis, oesophageal carcinoma, and chronic 
active hepatitis, these severe features are rare. One review records a 
50- year survival of greater than 75%.

Surgical hypoparathyroidism is rarely encountered in child-
hood but can be a complication of thyroid surgery. Average rates 
of transient or permanent hypoparathyroidism are 5– 15%, respect-
ively, following thyroidectomy [72]. Standard guidelines for thy-
roid surgery include identification and preservation of parathyroid 
tissue. The use of radioactive iodine to ablate any thyroid remnants 
following surgery for cancer has resulted in a less aggressive ap-
proach to thyroid surgery. Transient hypocalcaemia in the 36 hours 
acutely following thyroid surgery is common, although no mech-
anism has been clearly established which accounts for this finding. 
Extent of surgery correlates with the risk of hypoparathyroidism as 
manipulation of the parathyroid glands can result in transient or 
permanent hypoparathyroidism [72]. Approaches to identifying 
those patients at an increased risk of developing hypocalcaemia after 

thyroidectomy include measurement of perioperative intact PTH 
(iPTH), early (1 hour) postoperative iPTH measurement [73, 74], 
and postoperative phosphorus monitoring. A level of postoperative 
iPTH <10– 15pg/ ml has been found to correlate with an increased 
risk of clinically significant hypocalcaemia in adults [75, 76]. In ran-
domized controlled trials where patients were either given oral cal-
cium and vitamin D supplements or no supplements, fewer patients 
on supplements developed hypocalcaemia [77, 78]. Thus, empiric 
calcium with or without calcitriol replacement therapy can be con-
sidered in those patients undergoing total thyroidectomy [72].

Hypoparathyroidism may occur as a complication in dis-
orders related to metal toxicity and infiltration of the parathyroid 
glands. Thalassaemia has been shown to result in a variety of 
endocrinopathies related to iron deposition. Although hypopara-
thyroidism was recognized as an occasional complication in most 
clinics managing such patients, the incidence of this complication 
has decreased over the past 20 years with increasing use of chelating 
therapies such as deferoxamine [79]. Hypoparathyroidism has been 
reported to occur in Wilson’s disease presumably related to copper 
deposition in the parathyroid glands [80].

Functional hypoparathyroidism occurs in severe magnesium de-
ficiency. Both impairment of parathyroid secretion and resistance 
to PTH activity at the renal tubule have been described in the set-
ting of chronic magnesium deficiency. In classic studies by Anast 
et al. [81], the dependence of the parathyroid glands on magnesium 
for secretion of PTH was described in a girl with a congenital mag-
nesium wasting syndrome. It appears that more subtle defects in 
PTH secretion may occur with less severe magnesium depletion. 
The serum magnesium level may not reflect total body magnesium 
status, as magnesium is predominantly an intracellular ion. However, 
serum magnesium level of greater than 1.3 mg/ dl is unlikely to result 
in clinically significant changes in parathyroid secretion. In children 
chronic magnesium deficiency occurs in familial hypomagnesaemia 
[82]. Familial hypomagnesaemia with secondary hypocalcaemia is 
an autosomal recessive disease due to mutations in the TRPM6 ion 
channel, resulting in electrolyte abnormalities in the newborn period 
[83]. This disorder may present with hypocalcaemic/ hypomagnes-
aemic seizures in the first 2 months of life. If diagnosed early, severe 
neurologic impairment may be prevented. Mutations in paracellin 
(encoded by CLDN16 (OMIM #248250)), a renal tubular paracellular 
transport protein of the claudin family, may also cause hypomagnes-
aemia, hypocalcaemia, and hypercalciuria [84]. Another member 
of this family, CLDN19, (OMIM #248190) may also cause a similar 
syndrome [85]. Gitelman’s syndrome (OMIM #263800) is an auto-
somal recessive disorder of magnesium and potassium wasting with 
metabolic alkalosis and hypocalciuria, due to mutations in SLC12A3 
which encodes a thiazide- sensitive NaCl cotransporter [86].

Hypomagnesaemia in children occurs more frequently with 
the use of chemotherapeutic agents such as cisplatin, and with 
aminoglycoside antibiotics such as tobramycin. Hypomagnesaemia 
has been reported with ibuprofen overdosage in a 21- month- old 
child simultaneously treated with furosemide [87], and following 
ingestion of ammonium bifluoride- containing automobile wheel 
cleaner [88]. Recent data has suggested that moderate decreases in 
serum magnesium levels accompany the hypocalcaemia encoun-
tered during rehabilitation from burn injuries in children [89].

Treatment of chronic hypoparathyroidism. The mainstay of 
the management of chronic hypoparathyroidism is replacement 

Box 4.7.1 Clinical features of autoimmune polyendocrinopathy 
syndrome type I

Major manifestations
Chronic hypoparathyroidism
Chronic candidiasis
Autoimmune Addison’s disease

Other manifestations
Autoimmune hypogonadotropic hypogonadism
Alopecia
Chronic hepatitis
Chronic atrophic gastritis
Pernicious anaemia
Vitiligo
Malabsorption
Nephritis
Sjögren’s syndrome
Autoimmune thyroid disease
Keratoconjunctivitis
Hypophysitis
Insulin- dependent diabetes mellitus
Exocrine pancreatic insufficiency
Pneumonitis
Vasculitis
Enamel hypoplasia
Nail dystrophy
Haemolytic anaemia
Turner syndrome

In decreasing order of incidence, adapted with permission from Betterle, C., N.A. 
Greggio, and M. Volpato, Clinical review 93: Autoimmune polyglandular syndrome 
type 1. J Clin Endocrinol Metab, 1998. 83(4): p. 1049– 55 [59] and from Husebye, E.S., 
M.S. Anderson, and O. Kampe, Autoimmune Polyendocrine Syndromes. N Engl J 
Med, 2018. 378(12): p. 1132– 1141 [60].
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with oral calcium supplements and an active metabolite of vitamin 
D, such as 1,25 (OH)2D3 (calcitriol) or 1α − ( )OH D3. Various li-
quid forms of calcium carbonate (often sold as antacids for chil-
dren) are useful for the young child unable to take tablets. With 
conventional therapy, larger doses are often utilized but may 
not always achieve a physiological normalization of calcium- 
phosphate homeostasis. The doses are titrated to maintain the 
serum calcium in the slightly low to low- normal range, with care 
not to render the child hypercalciuric. Hypercalciuria is especially 
a concern in patients with ADH due to activating mutations in the 
CaSR that can be managed by adjunctive therapy with thiazide 
diuretics. Novel approaches using teriparatide [parathyroid hor-
mone(1- 34); PTH(1- 34)] and calcilytic agents (antagonists of the 
CaSR) have recently been reported as potential therapeutics for 
these disorders.

Limited studies of PTH in children have shown promising re-
sults [90– 95] with respect to maintenance of normal serum calcium 
levels [93]. Twice- daily subcutaneous injections were superior to 
conventional therapy with calcium and calcitriol [93]. Twice- daily 
dosing resulted in reduced variation in serum calcium levels com-
pared to single daily doses, and with lower total daily doses [94]. 
Renal function, bone density Z- scores, bone accrual and linear 
growth remained normal in children over the 3- year treatment 
period in the study [93]. In children with severe congenital hypo-
parathyroidism, pump delivery of PTH(1- 34) was superior to twice- 
daily injection therapy, maintaining even more physiologic calcium 
homeostasis [92].

Although PTH(1- 34) tended to lower urinary calcium excretion, 
results did not reach statistical significance in comparison to con-
ventional therapy [93] or were unchanged from baseline [95]. Only 
one adult study of pump delivered of PTH(1- 34) demonstrated a 
statistically significant reduction in urinary calcium excretion in 
comparison to subcutaneous injection [96].

Effects of PTH(1- 34) on different skeletal compartments have 
been studied in both adults and adolescents [95], showing that 
daily injections of PTH(1- 34) stimulated bone turnover, increased 
bone volume, with an apparent increase in trabecular bone and 
trabeculation of cortical bone [95].

PTH(1- 34) was used safely in a child with hypoparathyroidism 
due to a sporadic calcium receptor mutation [97] resulting in im-
proved serum mineral control, increased bone mass with normal 
growth, but this approach did not prevent nephrocalcinosis [97].

These findings lead us to advocate that the first line of chronic 
therapy for children with hypoparathyroidism should be oral cal-
cium and calcitriol. Use of PTH may be considered in those cases 
resistant to conventional therapy. However, as long- term effects on 
developing skeleton are not known, future studies in this regard will 
be informative.

Calcilytics, which are allosteric antagonists of CaSR, have been 
considered for treatment of ADH. Studies of calcilytics in mu-
tant CASR knock- in mice with the ADH phenotype showed 
dose- dependent effects on serum calcium and phosphate levels 
[98]. Urinary calcium levels were improved and renal calcifica-
tion prevented [98]. Although both calcilytics and PTH(1- 34) re-
sulted in improvements in serum calcium and phosphate levels, 
hypercalciuria and renal calcification persisted with PTH(1- 34) 
[98]. Further studies in humans are needed to better understand the 
efficacy and potential side effects of calcilytics.

PTH Resistance and Pseudohypoparathyroidism

Pseudohypoparathyroidism (PHP) and pseudopseudohypo-
parathyroidism (PPHP) are caused by mutations and/ or epigenetic 
changes at the complex GNAS locus on chromosome 20q13.3 that 
undergoes parent- specific methylation changes at several sites [99].

GNAS encodes the alpha subunit of the stimulatory guanine nu-
cleotide regulatory protein ( )G sα  and several splice variants. There 
is less paternal G sα  expression in certain tissues, such as the prox-
imal renal tubules, thyroid, and pituitary gland, thus in the pres-
ence of maternal GNAS mutations, the absence of this protein will 
lead to hormonal resistance. The syndrome represents a fascinating 
aspect of hormone receptor biology, and is discussed in detail in 
Chapter 4.5. For our purposes here, we will describe only a few of 
the clinical features pertinent to children with the disorder.

Heterozygous inactivating mutations involving the maternal 
GNAS exons 1– 13 cause PHP type Ia (PHP1A- OMIM #103580) with 
PTH- resistant hypocalcaemia and hyperphosphatemia. Additional 
characteristics of these patients include a short stocky build, round 
face, early onset obesity, ectopic intramembranous calcifications, 
brachydactyly, and neurodevelopmental abnormalities; these clin-
ical findings are referred to as Albright hereditary osteodystrophy 
(AHO). G sα  can be found in most tissues, thus when defective could 
account for PTH resistance in PHP1A patients, resistance to mul-
tiple other hormones that act by stimulating adenylate cyclase [100] 
including thyroid- stimulating hormone (TSH), gonadotropins, 
GHRH (growth hormone releasing hormone), and central ner-
vous system (CNS) neurotransmitters can be seen. The respective 
hormone resistance would be manifest by thyrotrope resistance to 
TSH, menstrual disorder/ irregularities, cryptorchidism in males, 
and growth hormone deficiency with short stature. Presentation 
in infancy may include short stature and congenital elevations in 
TSH, but manifestations of hypocalcaemia usually happens later in 
childhood.

GNAS mutations inherited on the paternal allele, cause PPHP 
(OMIM #612463), evidenced by the skeletal phenotype of Albright 
hereditary osteodystrophy, but in the absence of biochemical ab-
normalities associated with hormone resistance, described here 
earlier, in PHP1A.

PHP1B (OMIM #603233) patients demonstrate PTH- resistant, 
hypocalcaemia, and hyperphosphatemia without the somatic ab-
normalities of absence of heterozygosity (AOH). These patients have 
normal Gαs bioactivity [101]. Autosomal dominant PHP type IB 
(AD- PHP1B) is caused by heterozygous maternal deletions within 
GNAS or STX16 (Syntaxin- 16). STX16 encodes a protein that is a 
member of the Syntaxin or t- SNARE (target- SNAP receptor) family. 
These proteins are found on cell membranes and permit specific 
synaptic vesicle docking and fusion. Loss- of- methylation at mater-
nally methylated GNAS result in reducing G sα  expression, leading 
to hormonal resistance [99, 101, 102].

PHP1C (OMIM #612462) is a subgroup of PHP1A, with clinical 
and laboratory findings typical for PHP1A (multihormonal resist-
ance and AHO features), but normal G sα  activity [99, 103, 104].

Treatment of PHP is similar to that for primary hypoparathyr-
oidism, although there is usually little risk of hypercalciuria in the 
classic (PHP1A) form of the disease. Subcutaneous ectopic ossi-
fication must be monitored, which if severe may require surgical 
removal. Although many treat the TSH resistance with thyroxine 
supplementation because of the elevated TSH levels, others do not, 
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in view of normal thyroxine levels. No data has confirmed efficacy 
of the approach.

Disorders Related to Vitamin D Metabolism

Hypocalcaemia may result from a deficiency of vitamin D, usually 
related to limited dietary content of vitamin D or limited exposure to 
ultraviolet light (UV light), critical in the early steps of endogenous 
vitamin D production in skin. Sufficient UV light is necessary for 
the production of pre- vitamin D in the stratum spinosum of the 
dermis. UVB light of wavelength 290– 315 nm provides the energy 
to disrupt the 9– 10 C- C bond in the B ring of the steroid nucleus 
of 7- dehydrocholesterol (Figure 4.7.3). Previtamin D is then rap-
idly isomerized in the skin to vitamin D. Thus, vitamin D deficiency 
is most frequent in parts of the world where sunlight exposure is 
limited or exposure to sunlight is prevented. In North America, 
there have been numerous reports of vitamin D deficiency rickets 
in breastfed children not supplemented with vitamin D. Breast milk 
contains little vitamin D, unless the mother is taking pharmacologic 
doses of the vitamin D. Pigmented individuals are at higher risk for 
this problem, as melanin absorbs UV light external to the layer of 
skin where vitamin D synthesis occurs. There is a greater incidence 
of the problem in the late winter as compared to other times of the 
year. In some children vitamin D deficiency is compounded by the 
coincident problem of calcium deficiency. This problem may occur 
in lactose intolerant children avoiding dairy products, or when the 
diet has a very high phytate content (as with certain grains and cer-
eals) which can limit the bioavailability of ingested calcium.

Vitamin D deficiency may often present with rachitic bone dis-
ease. Symptomatic hypocalcaemia generally occurs late in the course 
of development of vitamin D deficiency. The initial decreases in in-
testinal calcium absorption which result from vitamin D deficiency 
are readily compensated for by the resultant secondary elevations 
in PTH. When frank hypocalcaemia with tetany or seizures occurs 
due to vitamin D deficiency, substantial chronicity of vitamin D de-
ficiency has usually been present.

Vitamin D is further metabolized to its most abundant circulating 
metabolite, 25- OHD, and its best- known active metabolite, 1,25 
(OH)2D. The critical mechanism of action for this involves binding 
to its receptor, a DNA binding protein which is part of the large 
superfamily of steroid/ thyroid/ retinoid receptors. Pathophysiology 
similar to vitamin D deficiency may result from defects in the 1α- 
hydroxylase enzyme instrumental in the synthesis of 1,25 (OH)2D, 
or in mutations in the vitamin D receptor.

Clinical features of rickets in children include bowing of the 
lower extremities, craniotabes, and rachitic rosary (hypertrophy of 
the costochondral junctions). These syndromes are discussed in de-
tail in Chapter 4.11. The laboratory findings of vitamin D- related 
hypocalcaemic disorders are compared in Table 4.7.2.

Establishment of an appropriate biochemical threshold for the 
definition of vitamin D deficiency has received considerable atten-
tion as there is no consensus on the optimal level of total serum 
25-OHD. The Institute of Medicine provides extensive data sug-
gesting that a threshold value of 20 ng/ml provides adequate vitamin 
D for healthy bone and mineral status in children. In high risk in-
dividuals and in individuals prone to metabolic bone disease and/
or vitamin D deficiency, keeping 25-OHD above 30 ng/mL can be 
considered as suggested by the Endocrine Society Task Force [105]. 
U.S. Preventive Services Task Force issued its own recommendation 

in adults and concluded that the evidence on screening for vitamin 
D deficiency in asymptomatic adults to improve health outcomes 
is insufficient. Thus, current recommendations are for those indi-
viduals who are at risk for developing vitamin D deficiency to be 
screened.

In addition to its well- known effects on calcium/ phosphate 
homeostasis and bone metabolism, various health benefits have been 
associated with vitamin D status, mostly related to a variety of associ-
ations of 25-OHD level and prevalence of certain disorders, including 
diabetes, multiple sclerosis, cancers (particularly colorectal), and 
obesity [106]. These data are epidemiologic in nature, and the possi-
bility that vitamin D status serves as a marker for other unidentified 
contributors to disease remains unknown though there is a sugges-
tion that low vitamin D levels can be an independent predictor of 
all- cause mortality. Studies in adults have reported associations be-
tween dyslipidaemia and cardiovascular disease (CVD) and vitamin 
D deficiency [107, 108]. Data are limited in children, but similarly, 
vitamin D deficiency has been associated with markers of CVD in 
children with obesity, specifically with an increase in atherogenic 
lipids, suggesting increased cardiovascular risk [109]. A convincing 
example of ‘non- classical’ vitamin D effects (i.e. effects apart from 
those influencing systemic calcium homeostasis) has been demon-
strated directly in human macrophages [110]. In the presence of ac-
tivated toll- like receptors 1/ 2, macrophages are able to express their 
own 1α - hydroxylase and its own vitamin D receptor (VDR). Thus, 
the macrophage has the capacity to metabolize 25-OHD and to use 
the activated product, 1,25(OH)2D, in autocrine fashion, as it can 
produce this molecule’s receptor. The stimulation of the macrophage 
in this way leads to the production of a unique antimicrobial pep-
tide, cathelicidin, which is inhibitory to the growth of M. tuberculosis. 
This mechanism has been posited as a means by which vitamin D 
may play a role in fighting infection. Elevations in circulating PTH 
occur as circulating 25-OHD decreases, suggesting a mechanism by 
which 25- OHD deficiency might be defined. However, the threshold 
values of 25-OHD at which an increase in PTH levels occurs is quite 
variable [111] suggesting caution in using this measure as a general-
izable means of establishing vitamin D deficiency. Nevertheless, these 
findings, in sum, raise the issue of revising the threshold for 25-OHD 
level as a measure of optimal vitamin D status, and toxicity informa-
tion in adults appear to indicate that modest increases in supplemen-
tation is safe. Data is not yet available to establish a clear benefit to 
this approach, and the application of such measures to infants and 
children needs to be carefully examined. Indeed, the administration 
of vitamin D to infants and children at the increased levels recently 
suggested for supplementation in adults could be risky. We have ob-
served hypercalcaemia in a newborn infant given 1400 units of sup-
plemental vitamin D daily, with concomitant circulating 25-OHD 
levels over 90 ng/ ml (225 nmol/ L) and thus support a conservative 
definition of vitamin D deficiency, using threshold values for 25(OH)
D of 20 ng/ ml (50 nmol/ L). In the normal healthy term infant, we 
advise adherence to current recommendations of a daily vitamin D 
intake of 400 IU, and 600 IU in children 1 year of age and older.

Treatment: Vitamin D in dosages of 1000– 2000 IU per day is a 
standard approach to the initial treatment of vitamin D deficiency. 
As rachitic lesions heal, the dosage is decreased to 600 IU per day, 
the generally recognized recommended daily allowance. An assess-
ment after 8– 12 weeks of therapeutic dosing is indicated, with ex-
tension of therapeutic doses if healing is insufficient. Consideration 
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of an alternative diagnosis may also be an important consideration 
at this stage. A single intramuscular dose of 600 000 units of vitamin 
D, or in two oral doses of 300 000 units each can be given in the 
outpatient clinic if the clinical situation would indicate that limited 
follow- up will occur.

The specialty clinician may happen to evaluate such a patient after a 
change in season, and sunlight exposure has concomitantly increased 
since the disease onset, or after vitamin supplementation has begun. 
This situation should be recognized clinically, as low- normal values of 
the 25(OH)D level may confuse the diagnosis.
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Figure 4.7.3 The vitamin D biosynthetic pathway. The steroid nucleus of 7- dehydrocholesterol is converted in skin to pre- vitamin D3 with exposure 
to UVB light and rapidly isomerized to vitamin D3, which is found in ng/ ml concentrations in the circulation. This metabolite is converted to 25- 
OH D3 in hepatic microsomes, and is also found in ng/ ml amounts in the circulation. Measurement of circulating 25- OH D3 is a biomarker of total 
body vitamin D stores. 25- OH D3 is converted in renal mitochondria to the best- known active metabolite, 1,25 (OH)2 D3 which circulates in pg/ ml 
concentrations in serum. Conversion of 25- OH D3 to 24,25 (OH)2 D3 also occurs in renal mitochondria.

table 4.7.2 Laboratory findings in childhood syndromes presenting with hypocalcaemia

Serum biochemical measures1 Ca P Alk phos PTH 25D 1,25D

Vitamin D deficiency N,↓ N,↓ ↑ ↑ ↓ ↓,N,↑

Calcium deficiency N,↓ N,↓ ↑ ↑ N ↑

Vitamin D 1- α hydroxylase defect ↓,N ↓,N ↑ ↑ N ↓,N

Hereditary resistance to vitamin D ↓,N ↓,N ↑ ↑ N ↑

Hypoparathyroidism ↓ ↑ N ↓ N ↓N,↑

Pseudohypoparathyroidism ↓ ↑ N ↑ N ↓,N

1 Serum measures for calcium, phosphorus, alkaline phosphatase, parathyroid hormone, 25- hydroxyvitamin D, and 1,25 dihydroxyvitamin D are outlined. N, normal levels; ↓, 
decreased levels; ↑, increased levels.
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Radiographs may demonstrate a thin dense line of opacity at the 
metaphyses of long bones, which indicates that recent rapid min-
eralization has occurred at the edge of the growth plate.

As mentioned earlier, children with vitamin D deficiency often 
require supplemental calcium. Some children may manifest hungry 
bone syndrome, in which mineralization is rapid and serum cal-
cium levels may decrease as the bone mineralizes. Thus, supple-
mental calcium is given in many cases to provide a total daily intake 
of 30– 50 mg/ kg of elemental calcium. Vitamin D stores may be de-
pleted rapidly during calcium insufficiency [112], suggesting that 
dietary calcium deficiency itself may be yet another risk factor for 
the development of vitamin D deficiency.

Deficiency of 1α- hydroxylase is best treated with physiologic 
doses of 1,25 (OH)2D3. Hereditary resistance to vitamin D may re-
spond to high dosages of 1,25 (OH)2D3, but some patients require 
parenteral calcium infusions [113]. These heritable disorders are 
discussed in detail in Chapter 4.11.

Other Causes of Hypocalcaemia

Hypocalcaemia may also result from rapid loading of phosphate into 
the circulation. This phenomenon occurs in settings of tissue de-
struction, such as in tumour lysis syndrome observed during early 
phases of chemotherapy of large solid tumours. Rhabdomyolysis 
may decrease serum calcium levels for similar reasons. Several 
cases of hypocalcaemia and seizures have occurred following high- 
dose administration of phosphate either by enema or by the oral 
route. The use of phosphate- based cathartics in infants and small 
children is contraindicated. We are aware of a case in which severe 
hyperphosphataemia and hypocalcaemia occurred repetitively in 
a small child surreptitiously administered oral phosphate by her 
mother. Hypocalcaemia may also occur in the setting of pancrea-
titis due to precipitation of calcium- containing salts in the inflamed 
pancreatic tissue and it often correlates with the severity of the epi-
sode. Children with acute or chronic renal failure will also develop 
mild hypocalcaemia, which is due to a multitude of precipitating 
factors, such as hyperphosphataemia, and decreased 1- alpha hy-
droxylation of 25- hydroxyvitamin D. Hypocalcaemia has been as-
sociated with high volume (1.5 L or more per week) of soft drinks 
containing phosphoric acid [114]. Hypocalcaemia solely due to low 
dietary calcium intake has also been reported [115]. This syndrome 
has occurred in areas of South Africa in areas where food content 
is relatively low in calcium, and rickets is the usual presenting fea-
ture. The combination of dietary vitamin D and calcium deficiency 
is more commonly seen in North American children (see earlier).

Medications typically associated with the development of hypo-
calcaemia include bisphosphonates and aminoglycoside antibiotics. 
The use of intravenous bisphosphonates may precipitate hypocal-
caemia in children although this is not a frequent occurrence. The 
effect of reduction in osteoclast activity with this class of compounds 
results in limitations of movement of calcium in skeletal tissue to 
the circulation. The practice of providing calcium supplementation 
for several days following an infusion is commonly used to abrogate 
the risk of hypocalcaemia. In small children we suggest that oral 
supplementation of 50 mg/ kg of elemental calcium per day be pro-
vided in 2– 3 dividend doses for 4– 5 days following pamidronate or 
zoledronate infusions.

Aminoglycosides and cisplatin may affect renal tubular function 
and thereby result in hypocalcaemia due to renal tubular losses. 

Hypocalcaemia may occur in the setting of critical illness due to 
multiple mechanisms as described earlier. Transient hypocalcaemia 
often occurs post- thyroidectomy, due to manipulation of the para-
thyroid glands with disruption in their reverse function. Finally, the 
‘Hungry Bone syndrome’ has been observed in the setting of treat-
ment of severe nutritional rickets. This phenomenon is attributed to 
rapid uptake of calcium in the undermineralized skeleton following 
application of vitamin D therapy in the absence of providing con-
comitant calcium supplementation. Hungry Bone syndrome may 
also occur following parathyroidectomy when sudden removal of 
a parathyroid adenoma in a high bone turnover state reduces bone 
resorption in the setting where the remaining parathyroid glands 
have been chronically suppressed and unable to rapidly respond to 
the resultant hypocalcaemia. Continuous infusion of calcium may 
be necessary for several days in this clinical situation.

Disorders of Hypercalcaemia

Persistent hypercalcaemia is usually attributed to some combination 
of the following mechanisms: (1) excessive intestinal absorption of 
calcium; (2) excessive bone resorption of mineral; and (3) abnormal 
renal retention of calcium. Infants are usually asymptomatic with 
mild to moderate hypercalcaemia (11.0– 13.0 mg/ dl).

More severe hypercalcaemia may lead to failure to thrive, poor 
feeding, abdominal pain, constipation, hypotonia, vomiting, seiz-
ures, lethargy, polyuria, and hypertension. Hypercalcaemia is dis-
cussed in detail in Chapter 4.2. Congenital causes of hypercalcaemia 
are more frequent in children than acquired causes such as malig-
nancy, which are more common in adults. Several syndromes with 
specific childhood features are described next.

Severe neonatal hyperparathyroidism is a rare condition pre-
senting with hypercalcaemic symptoms in the first few days of 
life. Serum calcium levels may range as high as 15– 30 mg/ dl. The 
serum phosphate level is usually low, and serum PTH is elevated. 
The hypercalcaemia is predominantly due to increased bone re-
sorption, but elevated intestinal absorption of calcium, as well as in-
creased renal calcium retention probably occur. Radiographs of the 
clavicles typically reveal features of primary hyperparathyroidism. 
Nephrocalcinosis may be present on ultrasonographic examination. 
Severe neonatal hyperparathyroidism may occur in families with 
FHH. FHH is manifest by modest asymptomatic hypercalcaemia 
with relative hypocalciuria and normal or slightly increased serum 
PTH levels. FHH is an autosomal dominant, genetically hetero-
geneous disorder with three clinically indistinguishable variants 
acting in a negative manner on parathyroid cells (FHH1- FHH3) 
[116– 118]. FHH1 (OMIM #145980) is a loss- of- function mutation 
in the CASR gene (encoding the CaSR, a G- protein- coupled re-
ceptor) on parathyroid cells. FHH2 is due to loss- of- function muta-
tions of GNA11 which encodes G protein family member Gα11 and 
FHH3 (OMIM #600740) is due to loss of function of the adaptor- 
related protein complex 2, sigma 1 subunit (AP2σ1) [117, 118]. This 
gene product protein forms a heterotetramer with other subunits 
and mediates the endocytosis of the CaSR.

Severe neonatal hyperparathyroidism has been shown to re-
sult in homozygous or compound heterozygous of loss- of- function 
mutations in CASR [119]. This disorder usually requires emer-
gency parathyroidectomy. Intravenous bisphosphonates (such as 



SEction 4 Parathyroid, Calcium and Bone Metabolism Disorders720

pamidronate) has been used for treatment while waiting for surgery 
[120]. Another approach has employed cinacalcet, a calcimimetic, 
or positive allosteric modulator of CaSR, that partially restores the 
sensitivity of a mutant CaSR to calcium. However, this approach 
is not effective in the setting where homozygous null mutations of 
CaSR are present [116,  121]. Severe hypercalcaemia that requires 
surgery has also been described in infants in FHH families that have 
only one mutant copy of the CaSR gene.

In severe Williams syndrome (OMIM #194050) symptoms may 
be present from the neonatal period, but more frequently recognized 
later in the first few years of life. Infantile hypercalcaemia may be a 
presenting feature, in addition to pre-  and postnatal growth failure. 
Characteristic unusual facies are often present, as well as cardiovas-
cular abnormalities (usually supravalvular aortic stenosis or periph-
eral pulmonic stenosis), delayed psychomotor development, and 
selective mental deficiency. The genetic marker of the syndrome 
is a deletion at chromosome 7q11.23 involving elastin and LIM- 
Kinase genes [122]. The serum calcium levels may range as high as 
12– 19 mg/ dl. The hypercalcaemia usually subsides spontaneously 
by the age of 4 years. The pathogenesis of hypercalcaemia is uncer-
tain, although various metabolic disturbances have been described 
including abnormal 1,25(OH)2D production, and decreased calci-
tonin production [123, 124]. Treatment has traditionally consisted of 
placing the child on a low calcium diet, free of vitamin D. Short- term 
therapy with corticosteroids has been applied, however a more re-
cent approach employs intravenous bisphosphonate therapy, which 
has been quite effective in controlling hypercalcaemia in Williams 
syndrome patients in our hands. We usually use pamidronate at a 
dose of 0.25– 0.5 mg/ kg/ dose, and have found that one to three doses 
have been sufficient to manage this problem permanently.

Jansen’s metaphyseal chondrodysplasia (OMIM #156400) is an 
autosomal dominant disease with short limbs, severe hypercalcaemia, 
and hypercalciuria (despite normal or undetectable PTH and PTHrP 
levels) due to heterozygous mutations of the PTH/ PTHrP receptor, 
causing ligand- independent activation of the receptor [125].

Hypophosphatemia increases circulating levels of 1,25(OH)2D 
due to the decreased levels of the phosphate- regulating hormone, 
fibroblast growth factor 23 (FGF23). FGF23 regulates the genes 
that encode the vitamin D 1α -  and 24- hydroxlyases (CYP27B1 and 
CYP24A1, respectively) in reciprocal fashion, such that in the setting 
of low FGF23, 1α- hydroxylase activity increases and 24- hydroxylase 
decreases. This results in higher circulating levels of 1,25(OH)2D. 
This phenomenon is evident with loss- of- function mutations in 
SLC34A1 (OMIM #616963), which encodes a major renal proximal 
tubal phosphate transporter (NaPi- IIa), as recently identified in 
some forms of idiopathic infantile hypercalcaemia (IIH).

Idiopathic infantile hypercalcaemia (IIH) may also result from 
loss- of- function mutations in the CYP24A1 (OMIM #616963) re-
sulting in reduced catabolism of both 25- OHD and 1,25(OH)2D. 
Most forms of this disorder result from biallelic mutations although 
milder phenotypes have been attributed to heterozygous mutations. 
The degree of hypercalcaemia can be quite variable among children 
with a classic phenotype [126].

Subcutaneous fat necrosis is a self- limited disorder which pre-
sents in infancy with symptoms of hypercalcaemia and erythema-
tous or violaceous discoloration of the skin and firm indurated 
tissue palpable underneath. There is often a history of birth trauma 
or asphyxia. It is thought that the insult to the fat tissue causes 

cellular necrosis and infiltration of mononuclear cells and macro-
phages which may become granulomatous in nature. Small calcified 
areas may be present. Increased production of 1,25(OH)2D by the 
inflammatory cells has been considered in some cases as the cause 
of hypercalcaemia [127]. Thus, a vitamin D- free, low calcium diet 
and glucocorticoids have traditionally been used to treat this dis-
order. However, like with Williams syndrome, dietary restriction 
of calcium intake alone may not be sufficient to correct the serum 
calcium level, indicating that a component of bone resorption must 
play a role in the development of hypercalcaemia. Therefore, we 
have used bisphosphonates (e.g. pamidronate) to successfully con-
trol persistent hypercalcaemia in this condition. Often a single dose 
is sufficient.

Intoxication with vitamin D or vitamin A should be excluded 
in the older infant with hypercalcaemia [128– 131]. In vitamin D 
intoxication, it is important to measure the circulating level of 25- 
OHD, the most abundant circulating vitamin D metabolite. Levels 
of 1,25(OH)2D are usually low. Toxicity may be mediated by the 
overwhelming large dosages of 25- OHD interacting with the 
VDR. Alternatively because 25- OHD has a far greater affinity than 
1,25(OH)2D for the circulating vitamin D binding protein (DBP), 
it has been proposed that the latter, more active metabolite is dis-
placed from DBP, with toxicity resulting from the increase in free 
levels of 1,25(OH)2D. Excess intestinal absorption of calcium is pre-
sent, and there may also be evidence for increased bone resorption. 
Elevated circulating 1,25(OH)2D levels can cause hypercalcaemia 
but are not usually elevated in typical cases of vitamin D intoxica-
tion. Malignant and granulomatous diseases may cause extrarenal 
synthesis of 1,25(OH)2D and resultant hypercalcaemia may ensue. 
Likewise, endogenous overproduction of 1,25(OH)2D has been 
described in twins with cat- scratch disease induced granulomata 
[132]. Vitamin A intoxication results in bone pain, hypercalcaemia, 
headache, pseudotumor cerebri, and a characteristic erythematous 
skin rash with exfoliation. Alopecia and profuse ear discharge may 
be present. The hypercalcaemia is thought to be mediated by osteo-
clastic bone resorption [133]. Although toxicity is not thought to 
occur when less than 50 000 units of vitamin A or equivalent is in-
gested on a daily basis, reports of toxicity with less ingestion have 
been recorded in children [134]. Unrecognized liver disease may 
decrease the tolerance of vitamin A. In order to establish the diag-
nosis of vitamin A intoxication, serum retinyl ester levels should be 
determined in addition to the more common test for serum retinol.

Other conditions in which hypercalcaemia may be manifest 
in children include Down’s syndrome, renal tubular acidosis, 
and osteogenesis imperfecta. Indeed, we have observed mild ele-
vations in serum calcium during infancy in association with a 
variety of skeletal dysplasias. This appears to be a transient phe-
nomenon. Endocrinopathies including pheochromocytoma, 
Addison’s disease [135], thyrotoxicosis [136], and severe con-
genital hypothyroidism [137, 138] may be associated with devel-
opment of hypercalcaemia.

Other major causes of hypercalcaemia include those commonly 
encountered in adults:  immobilization, malignancy, and acquired 
hyperparathyroidism including parathyroid adenomas.

Treatment of Hypercalcaemia

Acute:  The medical management of acute symptomatic 
hypercalcaemia consists of the administration of intravenous saline. 
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Intravenous infusion of bisphosphonates has also been useful in 
this setting. Specific long- term therapy depends on the specific 
hypercalcaemic disorder.

The use of bisphosphonate therapy in children has increased in 
recent years, both when associated with childhood cancers [139], 
and in the treatment of hypercalcaemia in Williams syndrome and 
subcutaneous fat necrosis, as noted earlier. Side effects are minimal 
and that the therapy appears to be safe. One should be aware of 
the potential complications of electrolyte disturbances, particularly 
hypocalcaemia, hypophosphataemia, and hypomagnesaemia.

One interesting approach in patients with IIH due to biallelic mu-
tations of CYP24A1 employs daily rifampin administration. The ap-
proach relies on the capacity of rifampin to induce overexpression 
of CYP3A4, which encodes an enzyme serving as an alternate mech-
anism for vitamin D inactivation in patients who lack CYP24A1 
function [140].
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importance

Osteoporosis affects an estimated 75 million people in Europe, the 
United States, and Japan combined [1] . It is a preventable and a 
treatable condition, yet many patients with fractures remain unrec-
ognized and untreated.

Definition

Definitions for osteoporosis have usually been conceptual. An ex-
ample was produced by a Consensus Development Conference [1]  
as ‘a systemic skeletal disease characterized by low bone mass and 
microarchitectural deterioration with a consequent increase in 
bone fragility and susceptibility to fracture’. This definition is ele-
gant but difficult to apply to an individual patient. An operational 
definition of osteoporosis has been proposed by a Working Group 
of the World Health Organization (WHO) [2]. This defines osteo-
porosis by the patient’s bone mineral density (BMD) in relation 
to the mean value in normal, young subjects. Specifically, osteo-
porosis is a value for BMD level equal to or less than 2.5 standard 
deviation (SD) below the mean value in young subjects (T score 
≤2.5) (Figure 4.8.1). This definition is useful as an entry criterion 
to a clinical trial or as a tool to study the epidemiology of osteo-
porosis, but it has limitations in clinical practice. It elevates a risk 

factor for fracture to the status of a diagnostic criterion, it ignores 
the importance of other determinants of bone strength [3], it ig-
nores higher fracture risk associated with a certain level of BMD 
in older women, and it does not specify the technique or the site at 
which BMD should be measured. Bone density results can also be 
compared to the mean value in normal subjects of the same age (Z 
score). A Z score below – 0.67 would indicate a value in the lowest 
25% of the reference range, a level indicating a high lifetime risk of 
fracture. A Z score below – 2 would indicate a value in the lowest 
2.5% of the reference range, a level likely to be associated with a 
high risk factor for osteoporosis.

It is now possible to determine individuals’ risk of osteoporosis 
using a combination of BMD and clinical risk factors as proposed 
by a WHO working group [4] . A prediction algorithm is available 
(FRAX, which allows estimation of 10- year risk) and treatment 
guidance may be based on this (http:// www.shef.ac.uk/ FRAX). In 
the United Kingdom, the threshold for treatment differs by age [4]. 
In other countries, such as the United States, treatment is recom-
mended in a woman with osteopaenia (BMD T score – 1.0 or less, 
and either a 10- year risk of hip fracture of 3% or 10- year risk of 
major osteoporotic fractures of 20% [5].

Epidemiology

The commonest osteoporosis- related fractures are the proximal 
femur (hip), vertebrae (spine), and distal forearm (wrist). Hip 
fracture rate increases exponentially with age and is three times 
more common in women than men. About 50% of hip fractures 
occur after age 80  years. There is an excess mortality of 18% fol-
lowing a hip fracture. Vertebral fractures are asymptomatic in over 
half of cases, and so their epidemiology is more difficult to define. 
Morphometric approaches have been applied to large population 
samples. Up to 25% of women over age 50 years have vertebral frac-
tures and the prevalence in men is similar. Most vertebral fractures 
in women are a consequence of mild- to- moderate trauma, but in 
men almost half result from severe trauma. Wrist fracture incidence 
increases at the time of the menopause but reaches a plateau after 
age 70 years. There is no increase with age in men and 85% of wrist 
fractures occur in women. This plateau may be explained by a cessa-
tion of bone loss after age 70 years at the wrist or to a different way 
of falling in older people.



SEction 4 Parathyroid, Calcium and Bone Metabolism Disorders728

These fractures carry a large cost to the Health Service, £1.7 bil-
lion in the United Kingdom. With the ageing of the population (and 
a secular increase in age- specific fracture incidence) the burden will 
increase in the future.

Pathophysiology of Postmenopausal 
osteoporosis

Osteoporosis- related fractures result from a combination of de-
creased BMD and a deterioration in bone microarchitecture.

A BMD T score of – 2.5 or less indicating osteoporosis is present 
in about 50% of patients presenting with wrist, spine, or hip fracture. 
A BMD below average for age can be considered a consequence of 
inadequate accumulation of bone in young adult life (low peak bone 
mass) or of excessive rates of bone loss. The microarchitectural changes 
occur in parallel with the bone loss but will be considered separately.

Determinants of Peak Bone Mass

The increase in bone mass that occurs during childhood and pu-
berty results from a combination of growth of bone at the endplates 
(endochondral bone formation) and of change in bone shape (mod-
elling) [6] . The rapid increase in bone mass at puberty is associated 
with an increase in sex hormone levels and the closure of the growth 
plates. Within 3 years of menarche, there is little further increase 
in bone mass. The small increase in BMD over the next 5– 15 years 
is referred to as ‘consolidation’. The resulting peak bone mass is 
achieved by age 20– 30 years old [7].

Genetic factors are the main determinants of peak bone mass 
[8] . This has been shown by studies made on twins or on mother– 
daughter pairs. Hereditability appears to account for about 50– 85% 
of the variance in bone mass, depending on the skeletal site. Variants 
in the genes encoding factors known to regulate bone mass (such 
as oestrogen receptor- α (ERα), vitamin D receptor, transforming 
growth factor- β (TGFβ), low- density lipoprotein receptor- related 
protein 5 (LRP5) and LRP6 (both involved in WNT signalling) and 
bone matrix components (e.g. collagen type I  α1) were found to 

be associated with bone mass and fracture risk, but these variants 
could be used to explain only very little of the interindividual vari-
ation. The non- genetic factors include low calcium intake during 
childhood, low body weight at maturity and at 1 year of life, seden-
tary lifestyle, and delayed puberty. Each of these results in decreased 
bone mass.

Bone Loss

Mechanisms of Bone Loss

Bone loss occurs in the postmenopausal woman as a result of an 
increase in the rate of bone remodelling and an imbalance between 
the activity of osteoclasts and osteoblasts. Bone remodelling oc-
curs at discrete sites within the skeleton and proceeds in an orderly 
fashion with bone resorption always being followed by bone forma-
tion, a phenomenon referred to as ‘coupling’. In cortical and can-
cellous bone, the sequence of bone remodelling is similar [9] . The 
quiescent bone surface is converted to activity (origination) and 
the osteoclasts resorb bone (progression) forming a cutting cone 
(cortical bone) or a trench (cancellous bone). The osteoblasts syn-
thesize bone matrix which subsequently mineralizes. The sequence 
takes up to 8 months. If the processes of bone resorption and bone 
formation are not matched then there is ‘remodelling imbalance’. 
In postmenopausal women, this imbalance is magnified by the in-
crease in the rate of initiation of new bone remodelling cycles (ac-
tivation frequency).

Remodelling imbalance results in irreversible bone loss. There are 
two other causes of irreversible bone loss, referred to as ‘remodelling 
errors’. First is excavation of overlarge haversian spaces in cortical 
bone [10]. Radial infilling is regulated by signals from the outer-
most osteocytes and is generally no more than 90 µm. Hence, large 
external diameters, which may simply occur randomly, lead to large 
central haversian canals, which then accumulate with age, leading 
to increased cortical porosity. In a similar way, osteoclast penetra-
tion of trabecular plates, or severing of trabecular beams, removes 
the scaffolding needed for osteoblastic replacement of resorbed 
bone. In both ways random remodelling errors tend to reduce both 
cancellous and cortical bone density and structural integrity.
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Figure 4.8.1 The risk of fracture increases by a factor of 2 for every 1– SD decrease in bone mineral density (BMD). The WHO definition of 
osteoporosis is based on the BMD in relation to SDs from the young normal mean (the T score). Osteoporosis is defined as a BMD that is equal to or 
less than 2.5 SD below the young normal mean.
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Causes of Bone Loss

Oestrogen Deficiency

Bone loss in the postmenopausal woman occurs in two phases [11]. 
There is a phase of rapid bone loss that lasts for 5 years (about 3% 
per year in the spine). Subsequently, there is lower bone loss that is 
more generalized (about 0.5% per year at many sites). This slower 
phase of bone loss affects men, starting at about age 55 years. The 
rapid phase of bone loss in women is caused by oestrogen defi-
ciency. The circulating level of oestradiol decreases by 90% at the 
time of the menopause. This bone loss can be prevented by the ad-
ministration of oestrogen and progestins to the postmenopausal 
woman. It has been estimated that this rapid phase of bone loss 
contributes 50% to the spinal bone loss across life in women. The 
main effect of oestrogen deficiency is on bone, where it increases 
activation frequency, and may contribute to the remodelling imbal-
ance. Oestrogen deficiency may increase bone resorption by stimu-
lating the synthesis of RANKL by osteoblasts (or their precursors). 
RANKL binds to its receptor RANK on the osteoclast and promotes 
differentiation to osteoclasts, increases osteoclast activity, and in-
hibits osteoclast apoptosis. Oestrogen deficiency also increases the 
apoptosis of osteoblasts and osteocytes.

Oestrogen deficiency may be a determinant of bone loss in men 
[12]. Decreased BMD has been reported in men with an inactivating 
mutation of the genes for the oestrogen receptor or for aromatase 
(the enzyme that converts androgens to oestrogens). In older men, 
oestrogen levels correlate more closely with BMD than testosterone 
levels. In men with osteoporosis, oestradiol (but not testosterone) 
levels have been reported to be decreased.

Ageing

The slow phase of bone loss is attributed to age- related factors such 
as an increase in parathyroid hormone (PTH) levels (Figure 4.8.2) 

and to osteoblast senescence. An increase in PTH levels (and ac-
tion) occurs in both men and women with ageing. PTH levels cor-
relate with those of biochemical markers of bone turnover and both 
may be returned to those found in young adults by the intravenous 
infusion of calcium. The increase in PTH results from decreased 
renal calcium reabsorption and decreased intestinal calcium ab-
sorption. The latter may result from vitamin D deficiency (e.g. in 
the housebound elderly), decreased 1α- hydroxylase activity in the 
kidney resulting in decreased synthesis of 1,25- dihydroxyvitamin 
D, or resistance to vitamin D. Whatever the cause, a diet high in 
calcium returns both PTH and bone turnover markers to levels 
found in healthy young adults. It has been proposed that the age- 
related increase in PTH could result from indirect effects of oes-
trogen deficiency [11]. This proposal is based on the following 
evidence. In older women treated with oestrogen, [1]  there is a 
decrease in bone turnover markers and PTH levels; [2] there is an 
increase in calcium absorption, possibly mediated by an increase 
in 1,25- dihydroxyvitamin D; [3] there is an increase in the PTH- 
independent calcium reabsorption in the kidney; and [4] there is a 
decrease in the parathyroid secretory reserve.

Accelerating Factors

A number of diseases and drugs are clearly related to accelerated 
bone loss (Box 4.8.1). Their effects are superimposed on those de-
scribed just now. Thus, a patient starting on corticosteroid therapy 
is more likely to have an osteoporosis- related fracture if she has low 
BMD resulting from low peak bone mass and the accelerated bone 
loss of the menopause.

identification of Mechanism of Bone Loss 
in an individual

In a woman presenting with osteoporosis at age 70 years it is often 
possible to identify several reasons for the low BMD (Figure 4.8.3). 
Some of these may be identified from history taking (early meno-
pause, drugs that accelerate bone loss), but some cannot be identi-
fied in retrospect (low peak bone mass and rapid losers).

other Determinants of Bone Strength

Bone Geometry

Bone geometry has a major effect on fracture risk [3] . One example 
is hip axis length, the distance from the lateral surface of the tro-
chanter to the inner surface of the acetabulum, along the axis of 
the femoral neck. Short hip axis length results in an architecturally 
stronger structure for any given bone density. This is probably the 
reason why Japanese and other Orientals have about half the hip 
fracture rate of Caucasians, despite similar bone density values.

Fatigue Damage

Fatigue damage consists of ultramicroscopic rents in the basic bony 
material, resulting from the inevitable bending that occurs when a 
structural member is loaded. Fatigue damage is the principal cause 
of failure in mechanical engineering structures; its prevention is the 
responsibility of the remodelling apparatus which detects and re-
moves fatigue- damaged bone. Fractures related to fatigue damage 
occur whenever the damage occurs faster than remodelling can re-
pair it or whenever the remodelling apparatus is defective. March 
fractures and the fractures of radiation necrosis are well- recognized 
examples of fractures due to these two mechanisms.

Decreased secretion
of growth hormone

Decreased intestinal
calcium absorption

Increased PTH secretion

Decreased oestrogen

Inpaired osteoblast
function

Bone loss

Increased bone turnover

Decreased secretion of effect
of 1,25-(OH)2D or deficiency
of vitamin D

Decreased physical
activity

Figure 4.8.2 The causes of bone loss with ageing.
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Loss of Trabecular Connectivity

Bone structures loaded vertically, such as the vertebral bodies and 
femoral and tibial metaphyses, derive a substantial portion of their 
structural strength from a system of horizontal, cross- bracing 
trabeculae which support the vertical elements and limit lateral 
bowing and consequent snapping under vertical loading. Severance 
of such trabecular connections is known to occur preferentially 
in postmenopausal women and is considered to be an important 
reason for the large female/ male preponderance of low- trauma ver-
tebral fractures.

Risk Factors for osteoporosis

A number of risk factors have been identified for osteoporosis (Box 
4.8.1). Bone loss can be stopped, or reversed, if risk factors such as 
primary hyperparathyroidism (see Chapter 4.3) are identified and 
treated. The patient who presents with a vertebral fracture and low 
BMD is likely to have had one of four causes (Figure 4.8.3). It is im-
possible to know the importance of peak bone mass and the rate of 
bone loss in retrospect. Questions can be asked about early meno-
pause and about the drugs and diseases known to accelerate bone 
loss. We usually assess risk factors by administering a questionnaire 
before first attendance at the clinic, by carrying out a limited bio-
chemical work- up before the clinic visit (Box 4.8.2), and, after the 
clinical, evaluation exploring alternative diagnoses.

Genetic Factors

Family History

A maternal history of hip fracture increases the risk of hip fracture 
in an individual.

Osteogenesis Imperfecta

Late- onset forms (e.g. Sillence type I) may present with vertebral 
fracture. The clinical clues are the blue sclerae, hypermobile joints, 
lax skin, cardiac murmurs, and deafness (see Chapter 4.12).

Box 4.8.1 Risk factors for osteoporosis 
in postmenopausal women

• Genetic factors
— First- degree relative with low- trauma fracture (e.g. mother with 

hip fracture)
 • Environmental factors

— Cigarette smoking
— Alcohol abuse
— Physical inactivity or prolonged immobilization
— Thin habitus (e.g. less than 57 kg)
— Diet low in calcium (e.g. less than 500 mg/ day)
— Little exposure to sunlight (e.g. housebound elderly)

 • Menstrual status
— Early menopause, that is, before age 45 years
— Previous amenorrhoea (e.g. anorexia nervosa, 

hyperprolactinaemia)
 • Drug therapy

— Glucocorticoids (e.g. 7.5 mg/ day of prednisolone or more,  
for 6 months or more)

— Antirejection therapy after organ transplantation  
(e.g. ciclosporin)

— Antiepileptic drugs (e.g. phenytoin)
— Excessive substitution therapy (e.g. thyroxine, hydrocortisone)
— Anticoagulant therapy (e.g. heparin, warfarin)
— Aromatase inhibitors and gonadotropin- releasing hormone 

agonist therapy for breast (and prostate) cancer
 • Endocrine diseases

— Primary hyperparathyroidism
— Thyrotoxicosis
— Cushing’s syndrome
— Addison’s disease

 • Haematological diseases
— Multiple myeloma
— Systemic mastocytosis
— Lymphoma, leukaemia
— Pernicious anaemia

 • Rheumatological diseases
— Rheumatoid arthritis
— Ankylosing spondylitis

 • Gastrointestinal diseases
— Malabsorption states (e.g. coeliac disease, Crohn’s disease,  

surgery for peptic ulcer)
— Chronic liver disease (e.g. primary biliary cirrhosis)

Low peak bone mass
•  Genetic
•  Poor diet (calcium)
•  Inactive

Early menopause
•  Surgery
•  Pituitary tumour

Rapid bone loser
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Figure 4.8.3 The possible causes of low bone mass in a 70- year- old woman. Note how peak bone mass is attained about the age of 30 years and 
the phase of accelerated bone loss begins at the menopause. The lower the bone density falls, the greater the risk of fracture.
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Environmental Factors

Cigarette Smoking and Chronic Obstructive 
Pulmonary Disease

Smoking results in lower oestrogen levels and early menopause, and 
smokers often have a slender stature (see next). Chronic lung dis-
ease is associated with chronic respiratory acidosis and decreased 
physical activity.

Alcohol Abuse

The relationship between alcohol and bone loss is complex (and 
there may even be a protective effect at a low level of intake) [13]. 
Alcoholism results in low BMD because of poor nutrition and 
pseudo- Cushing’s syndrome, and a direct suppressive effect of al-
cohol on osteoblasts. Fractures result from the increased propensity 
to fall.

Physical Inactivity and Immobilization (Neurological)

Athletes have high BMD. However, bone loss only results from 
complete immobilization (or space flight). The bone loss after par-
alysis (e.g. stroke) is regional.

Thin Habitus

This is a risk factor for fracture through decreased oestrogen pro-
duction from adrenal androgens (in adipose tissue) and through 
decreased padding (to cushion a fall). Women with hip fracture 
weigh about 8 kg less than the average woman.

Diet— Low Dietary Calcium

Low dietary calcium and high dietary sodium are considered risk 
factors for osteoporosis. Calcium requirement increases during 
growth and in the postmenopausal period. A  postmenopausal 
woman should take 1500 mg/ day of calcium.

Little Exposure to Ultraviolet Light

Ultraviolet light (UVB) acts on the skin as the main source of 
vitamin D (see Chapter 4.11). The housebound are liable to vitamin 
D insufficiency. This does not result in clinical osteomalacia, but 

the decreased calcium absorption (see earlier) results in secondary 
hyperparathyroidism.

Menstrual Status

Early Menopause

A menopause before the age of 45  years is associated with in-
creased risk of fracture. A menopause before the age of 40 years is 
often associated with some endocrine cause and should be inves-
tigated further.

Amenorrhoea

A late onset of the menarche and periods of amenorrhoea of any 
cause (e.g. exercise related, are associated with decreased bone mass 
later in life).

Anorexia Nervosa

This is associated with bone loss and increased risk of fracture. 
The bone loss is probably irreversible after 4  years of amenor-
rhoea. The mechanism of the bone loss is not just oestrogen defi-
ciency. The diet is low in calcium and serum IGF- 1 levels are low, 
and cortisol secretion may be increased.

Hyperprolactinaemia

This results in oestrogen deficiency. Not all studies have reported 
bone loss, and it may be that prolactin has some beneficial effects 
on calcium homeostasis, such as an increase in calcium absorption.

Drug Therapy

Corticosteroids

In the United Kingdom, over 250 000 patients take continuous 
oral glucocorticoids, yet no more than 14% receive any therapy to 
prevent bone loss, a serious complication of glucocorticoid treat-
ment. Bone loss is rapid, particularly in the first year, and fracture 
risk may double [14]. The mechanism of the bone loss is mainly a 
suppression of osteoblast activity. This differs from oestrogen de-
ficiency, in which the mechanism is mainly increased activation 
frequency. A treatment algorithm has been presented for adults re-
ceiving glucocorticoid doses for 6  months or more [15]. General 
measures (e.g. alternative glucocorticoids and routes of administra-
tion) and therapeutic interventions such as bisphosphonates, are re-
commended. Glucocorticoid- induced osteoporosis is discussed in 
greater detail in Chapter 4.12.

Antiepileptic Drugs

Phenobarbitone and phenytoin are known to affect vitamin D me-
tabolism and result in osteomalacia. More commonly, they may 
cause secondary hyperparathyroidism and osteoporosis.

Excessive Substitution Therapy

Thyroxine doses sufficient to suppress thyroid- stimulating hor-
mone, and hydrocortisone doses that result in 24- h urinary free 
cortisol above the reference range, have adverse effects on bone 
turnover and bone density (see Chapter 4.9).

Anticoagulant Drugs

Heparin stimulates bone resorption by a direct effect on osteoclasts. 
Its long- term use (e.g. in pregnancy) results in bone loss at the spine 

Box 4.8.2 Diagnostic evaluation of osteoporosis

 • Establish presence of low- trauma fracture (fall from standing height 
or less)
— Spine radiographs

 • Evaluate degree of bone loss
— Bone densitometry (see Box 4.8.3)

 • Laboratory tests to exclude secondary osteoporosis
— Primary hyperparathyroidism (serum calcium)
— Thyrotoxicosis (thyroid- stimulating hormone)
— Multiple myeloma (erythrocyte sedimentation rate, protein 

electrophoresis, and urinary Bence Jones protein)
— Osteomalacia (serum calcium, phosphate (fasting, morning), 

alkaline phosphatase, 24- h urinary calcium and creatinine)
— Malabsorption syndrome (full blood count and, if necessary, red cell 

folate, serum vitamin B12, antiendomysial antibodies, magnesium)
— Hypogonadism in men (testosterone and, if necessary, sex 

hormone binding globulin, luteinizing hormone, follicle- 
stimulating hormone, prolactin)



SEction 4 Parathyroid, Calcium and Bone Metabolism Disorders732

and hip of 8– 10% over 6 months. Warfarin may interfere with the 
γ- carboxylation of bone proteins, and its use is associated with an 
increased risk of fracture.

Endocrine Diseases

Primary Hyperparathyroidism

This is associated with an increase in bone turnover and a decrease 
in bone mass, particularly at sites rich in cortical bone. It is likely 
that there is an increase in fracture rates. These changes are revers-
ible with surgical removal of the tumour (see Chapter 4.3).

Thyrotoxicosis

This topic is discussed in Chapter 4.9.

Cushing’s Syndrome

Cushing’s disease may present with vertebral fracture. The bone loss 
in the first few years after pituitary surgery is between 10% and 20% 
at the spine.

Addison’s Disease

This is associated with decreased bone mass, resulting from excess 
substitution therapy and deficiency of adrenal androgens (precursors 
for oestrogen synthesis in men and postmenopausal women).

Haematological Diseases

Multiple Myeloma

This may present with vertebral fracture. It is usually identified with 
serum protein electrophoresis, and urinary Bence Jones testing, but 
occasionally the myeloma may be non- secretory and can usually be 
diagnosed by bone marrow examination.

Systemic Mastocytosis

This may cause decreased or increased bone density. It can be iden-
tified by urticaria pigmentosa, and mast cells are identified in the 
bone biopsy (see Chapter 6.15).

Pernicious Anaemia

This has been associated with low bone density and increased risk 
of fractures. The mechanism is unclear, as the absorption of calcium 
from food is normal despite the absence of gastric acid.

Rheumatological Diseases

Rheumatoid Arthritis and Ankylosing Spondylitis

The immobility may be an important cause, as may be the local 
(and circulating) cytokines, which promote bone resorption. The 
corticosteroid therapy for rheumatoid arthritis may also contribute.

Gastrointestinal Diseases

Malabsorption Syndrome

Diseases such as coeliac disease may present with osteoporosis. 
Other inflammatory bowel diseases, such as Crohn’s disease, may 
require treatment with corticosteroids. Patients who have had peptic 
ulcer surgery have low bone density and increased risk of fracture. 
This may also be due to their habits— such patients are usually thin, 
commonly smoke, and may take excess alcohol.

Chronic Liver Disease

Chronic obstructive liver diseases, such as primary biliary cirrhosis, 
are associated with osteoporosis. Bilirubin has been associated with 
osteoblast suppression in vitro. Liver transplantation results in fur-
ther bone loss and about one- third of patients suffer fractures [16]. 
This bone loss is likely to be related to the immunosuppression (cor-
ticosteroids and cyclosporine).

clinical Presentation of Vertebral Fracture

Osteoporosis does not cause pain or deformity in the absence of 
fractures. Its importance lies in the fact that it greatly increases 
the risk of fracture, notably forearm (Colles’) fracture, hip frac-
ture, and vertebral fracture. The commonest presentation in clin-
ical practice is vertebral fracture and so this will be described in 
more detail.

History of Back Pain

The back pain of vertebral fracture has some characteristic features. 
The pain often comes on within a day of some strain on the back, 
such as lifting a suitcase or a grandchild, a jolt on a bus or working 
in the garden. The pain soon becomes very severe and the patient 
may need to stay in bed for several days. The pain is usually local-
ized to the back and it is uncommon for pain to radiate into the legs, 
and symptoms of cord compression such as bladder dysfunction are 
rare. The pain is present throughout the day and night. The pain 
gradually eases and goes by 4 to 6 months. If pain persists longer, 
or if there is a second peak of pain during the first 6 months, this 
usually indicates a second vertebral fracture. This is not an un-
common occurrence. Patients commonly do not complain of back 
pain. Indeed, it has been estimated that at least half of vertebral frac-
tures are asymptomatic. These asymptomatic fractures appear to be 
particularly common in patients taking corticosteroids. Episodes of 
back pain may have been forgotten. The patient commonly recalls a 
painful episode when confronted with the appearance of a fracture 
on the spinal radiograph. This incontrovertible evidence prompts 
the recall of a painful event occurring many decades previously, 
often in relation to heavy manual work in a man or after pregnancy 
in a woman.

Loss of Height

Loss of height is an effect of ageing, resulting from the change of 
posture caused by degenerative changes in the intervertebral discs. 
Patients do not report this symptom often and it needs to be sought 
by asking the patient’s height in early adult life. The patient may 
have noticed that it is more difficult to reach high shelves. It is un-
usual to have sudden height loss as the presenting complaint for 
vertebral fracture.

Kyphosis

This may have been noticed by a relative or the patient may report 
being ‘round- shouldered’. Clothes may no longer fit. These symp-
toms are not specific to vertebral fracture and are more commonly 
caused by disc degeneration. In a young person, kyphosis may be 
caused by Scheuermann’s disease (see next).
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other Symptoms of Vertebral Fracture

Vertebral fractures in the lumbar region result in decreased abdom-
inal volume. This causes the abdomen to protrude. Patients with 
osteoporosis are commonly slender, so this appearance is new. They 
may also result in impingement of the costal margin on the iliac 
crest. This ‘iliocostal friction syndrome’ causes pain and a grating 
sensation. This pain is postural, occurring on sitting. Vertebral frac-
tures in the thoracic spine result in reduced lung volume. This may 
result in respiratory symptoms, such as dyspnoea, or in delayed re-
covery from chest infections.

clinical Examination

Two aspects of the clinical examination are useful in the patient 
with suspected vertebral fracture. The first relates to the location 
of the pain. It is often assumed that the deformity on the radio-
graph and the patient’s back pain are associated. However, a careful 
palpation of the spinal processes counting down from vertebra 
prominens (seventh cervical vertebra) often reveals that the site 
of the pain does not correspond with the level of the deformity on 
the radiograph. It is helpful to evaluate the size of the gap between 
the costal margin and the iliac crest. This is normally three finger’s 
breadths (as measured by the patient’s fingers).

Diagnostic Evaluation

Spinal Radiographs

See Box 4.8.2. Plain radiographs are required of the thoracic and 
lumbar spine in the anteroposterior and lateral position. It is a 
common mistake to take the radiograph only of the painful area. 
This would miss asymptomatic fractures in other parts of the spine. 
It is common only to take lateral radiographs. The anteroposterior 
radiograph is useful to identify the vertebral level of the fracture and 
to exclude other causes of deformity, such a malignancy (associated 
with absent pedicles). The critical feature of an osteoporosis- related 
vertebral fractures is fracture of the vertebral endplate.

Types of Deformity

Vertebral deformities may be wedge, endplate (‘biconcave’, when 
both endplates are affected), and compression (also called ‘crush’) 
[17]. Wedge deformities are particularly common in the thoracic 
spine, because the normal kyphosis in this region results in the 
main force running anteriorly. Biconcavity deformities are particu-
larly common in the lumbar spine, because the normal lordosis re-
sults in the main force running through the middle of the vertebra. 
There appears to be no association between the type of deformity 
and the severity of pain or with the level of BMD. The level of the 
deformities should be recorded to allow comparison at follow- up 
visits.

Deformities that Mimic Fractures

The most common deformity to mimic fracture is Scheuermann’s 
disease. This is a form of epiphysitis that occurs during adolescence 
(‘juvenile epiphysitis’) and gives the appearance of wedging and 
elongation of the vertebral bodies. The characteristic feature is the 
wavy appearance of the superior and inferior borders.

Malignancy may cause vertebral deformity. The isotope bone 
scan is particularly useful in this situation as it is unusual to have a 
single bone lesion. Increased uptake in multiple sites in the skeleton 
is typical of malignancy. This may occur in prostate cancer, which 
affects the sacrum, lumbar spine, and ribs (via Batson’s venous 
plexus). Malignancy may cause erosion of the pedicle, a typical ap-
pearance not found with osteoporotic vertebral fractures.

Paget’s disease of bone commonly affects the spine (see Chapter 
4.10). The bone may appear sclerotic, but it is weak and can fracture. 
The bone texture has a disorganized appearance and the vertebra 
may be enlarged.

Osteomalacia may result in vertebral deformities (see 
Chapter 4.11). Often adjacent vertebrae are affected and the endplates 
are deformed. This gives rise to a ‘cod- fish’ appearance. There may be 
other radiological clues, such as the ground- glass appearance of the 
vertebral body bone and the presence of pseudofractures (Looser’s 
zones) in the pelvis, long bones, or ribs.

Use of Vertebral Morphometry in the Clinic

Dual- energy X- ray absorptiometry (DXA) can be used to image the 
spine as well as to obtain a measurement of bone density (see next). 
Vertebral fractures may be identified by careful focus on the appear-
ance of the vertebral endplate [17]. Fracture is likely if the endplate 
is deformed and should be confirmed with a radiograph.

Isotope Bone Scan

This can be a useful diagnostic tool in certain cases. There is in-
creased isotope uptake in a vertebra for at least 6 months after it 
has fractured and typically has a uniform distribution in the ver-
tebral body. This can be useful if the radiological appearances are 
borderline and yet the symptoms are characteristic. In patients with 
a suspicion of malignancy (previous breast cancer and history of 
weight loss) the scan is helpful in that metastases often affect many 
bones. The scan is helpful in a patient with corticosteroid- induced 
osteoporosis with pelvic pain. These patients commonly develop in-
sufficiency fractures and these show up as symmetrical appearance 
affecting the sacral alae and the pubic rami. Single photon emission 
computed tomography is a variant of the isotope bone scan and is 
particularly useful in identifying the cause of back pain. If the facet 
joints show increased uptake then the patient may benefit from an 
injection of local anaesthetic into the facet joint.

Magnetic Resonance Imaging

This approach can be useful in identifying a recent deformity 
and distinguishing a fracture from a malignant deposit. It is very 
useful in identifying cord compression. It is an essential test before 
kyphoplasty or vertebroplasty are considered (see next); only recent 
fractures clearly benefit from these procedures.

Bone Density Measurement

See Table 4.8.1. DXA is precise, accurate, involves exposure to only 
low doses of X- rays, and allows measurement of sites of clinical 
interest (that is, lumbar spine and proximal femur). In DXA, two 
energy peaks of X- rays are absorbed to different extents by bone and 
soft tissue, and the density of bone is calculated, in g/ cm2, using sim-
ultaneous equations. The measurement is compared with two refer-
ence ranges— one for young adults (age 30 years) to give T scores 
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and one for age- matched adults to give Z scores. This has become 
the standard technique for bone density assessment and guidelines 
have been proposed (Box 4.8.3). The two sites most commonly used 
in practice are lumbar spine and total hip. Low BMD at the total hip 
is a strong predictor of hip fracture [18].

Single energy X- ray (or photon) absorptiometry has similar ad-
vantages to DXA, and the equipment is less expensive. However, the 
sites in which bone density can be measured (distal forearm and 
calcaneum) may not be of clinical interest.

Quantitative computed tomography (CT) allows three- 
dimensional measurements of the bone density of the lumbar spine. 
This technique also allows measurement of trabecular bone alone 
(i.e. the type of bone usually lost first in the development of osteo-
porosis). In the research setting, finite element modelling can be ap-
plied to the information provided by this technique to estimate bone 
strength. However, quantitative CT is more expensive, less precise, 
and involves a higher radiation dose then DXA. Reformatting of 
routine CT scans of chest and abdomen can help identify vertebral 
fractures.

Quantitative ultrasound measurements are usually made on the 
calcaneum. The ultrasound signal has a lower frequency (200– 
600 kHz) than that used in obstetrics (more than 1 MHz). The at-
tenuation of the signal (broad- band ultrasound attenuation) may 
reflect both the density and the architecture of bone, and the vel-
ocity of the signal reflects the density and biomechanical properties 
(elasticity). Quantitative ultrasonometry is currently used only in 
research but, if recent studies of its predictive ability in osteoporosis 
are confirmed, it could become an established technique.

Investigating Secondary Osteoporosis

A secondary cause is present in approximately 40% of women 
and 60% of men with osteoporosis. The most commonly found 

abnormalities are those of low vitamin D and either high or low 
urinary calcium [19]. Investigations to identify a secondary cause 
are recommended if the BMD is more than 2 SD below the age- 
matched mean or if the patient has low- trauma vertebral fractures 
(Box 4.8.2).

Bone Biopsy

This may be useful in unusual forms of osteoporosis (e.g. idiopathic 
osteoporosis in young adults). It provides information about the 
rate of bone turnover and the presence of secondary forms of osteo-
porosis (e.g. systemic mastocytosis). Patients with high bone turn-
over usually respond better to antiresorptive drugs.

Biochemical Markers of Bone Turnover

These reflect the processes of bone resorption and bone formation 
(Box 4.8.4). Markers that are specific to bone (e.g. osteocalcin and 
deoxypyridinoline) may be useful for monitoring the effect of drugs 
used in the treatment of osteoporosis [20]. Biochemical markers of 
bone resorption (such as chest X- ray) may be particularly useful be-
cause they are maximally suppressed by 3 months’ treatment with 
oestrogens or bisphosphonates (see next and Chapter 4.10). They 
could be more useful than bone density for monitoring treatment 
because changes in bone density may not be detected for 2 years and 
not all patients have access to bone densitometry.

table 4.8.1 Techniques for the non- invasive measurement of bone mass

Technique Site Comments

Single (or dual) energy  
X- ray absorptiometry

Forearm and heel Inexpensive, precise, uses low doses of radiation, measures sites unresponsive to therapy

Dual- energy X- ray 
absorptiometry

Lumbar spine Fairly expensive, precise, uses low doses of radiation, measures site responsive to therapy, needs skilled 
operator, subject to artefacts (spondylosis)

Proximal femur Fairly expensive, less precise, uses low doses of radiation, measures site best for fracture prediction, needs 
skilled operator

Total body Expensive, precise, uses low doses of radiation, measures sites unresponsive to therapy, needs skilled 
operator, allows assessment of body composition

Quantitative computed 
tomography

Spine Expensive, less precise, uses high doses of radiation, measures sites responsive to therapy, needs skilled 
operator, allows assessment of trabecular bone alone

Forearm and ankle Inexpensive, precise, uses low doses of radiation, measures sites unresponsive to therapy, does not need 
skilled operator

Ultrasonometry Heel, fingers, etc. Inexpensive, less precise, uses no radiation, measures sites unresponsive to therapy, does not need skilled 
operator, fairly portable

Box 4.8.3 Clinical indications for bone densitometry

 • Presence of strong risk factors (see Box 4.8.1)
 • Radiological evidence of vertebral fracture or osteopaenia
 • Previous fragility fracture of the spine, hip, or wrist (after age 

40 years)
 • Monitoring of therapy

Box 4.8.4 Biochemical markers of bone turnover

 • Bone formation markers (products of the osteoblast)
— Serum alkaline phosphatase (bone isoform)
— Serum osteocalcin
— Serum C-  and N- propeptides of type I collagen

 • Bone resorption markers (degradation products of type I collagen  
or enzymes)
— Urinary excretion of pyridinium cross- links of collagen (e.g. 

deoxypyridinoline)
— Serum or urinary excretion of C-  and N- telopeptides of type  

I collagen
— Serum or urinary excretion of galactosyl hydroxylysine
— Urinary excretion of hydroxyproline
— Serum tartrate- resistant acid phosphatase
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treatment

General Measures

The treatment of acute back pain due to a recent vertebral fracture 
includes:

 • bed rest (as short as possible), back support
 • analgesics/ non- steroidal anti- inflammatory drugs (NSAIDs)
 • heat and gentle massage
 • insertion of cement into the vertebral body (balloon kyphoplasty 

or percutaneous vertebroplasty; https:// www.nice.org.uk/ guid-
ance/ ta279/ chapter/ 1- Guidance)

The treatment of chronic back pain due to vertebral fractures is dif-
ficult but includes:

 • analgesics/ NSAIDs
 • physiotherapy
 • intermittent use of spinal support for some activities
 • exercise programme to maintain muscle strength and flexibility of 

the spine
 • injection of local anaesthetic into the facet joints of the spine

In all patients (with or without fractures), it is important to treat 
diseases that can increase bone loss and contribute to osteoporosis 
(Box 4.8.1). An important part of the management of patients with 
osteoporosis, especially those following hip fracture or other frail 
patients, consists of attention to their general health status, such as 
ensuring adequate dietary protein intake, and measures to decrease 
the risk of falls or the degree of trauma that results from falling. 
These included better lighting, provision of handrails, removal of 
obstacles, attention to drugs such as sedatives and antihypertensives 
that may predispose to falls, or carpeted surfaces rather than hard 
floors. Regular exercise may be of value in maintaining mobility 
and improving muscle mass, thus reducing the risk of falling. 
Heavy weight- bearing and vigorous exercise programmes should 
be avoided by patients with osteoporosis as they may trigger the 
occurrence of a new fracture.

calcium and Vitamin D

Low calcium intake and vitamin D deficiency should be prevented 
or effectively treated in all patients. As many hip fractures occur in 
patients over age 80 years and this population is particularly prone 
to low calcium intake and vitamin D deficiency (see Chapter 4.11), 
it is particularly important to ensure that these patients receive 
adequate calcium and vitamin D as part of their management. 
Ambulatory patients who receive periodic sunlight exposure gen-
erally produce sufficient vitamin D through skin photoconversion, 
but others should receive a supplement containing at least 800 IU of 
vitamin D daily. It is best to avoid high dose, infrequent dosing as 
this may increase the risk of falls. Total intake of calcium, including 
supplements if necessary, should be at least 1000 mg. It is best to 
obtain this with diet, as there has been an association described of 
high dose calcium supplements and myocardial infarction. Despite 
the necessity of adequate calcium and vitamin D for bone health, 
it should be appreciated that treatment with calcium and vitamin 
D alone is insufficient to prevent postmenopausal bone loss or to 
markedly reduce fracture risk in patients with osteoporosis.

Pharmacological intervention

Drugs to increase bone mass inhibit bone resorption or stimulate 
bone formation. Most drugs approved for use in osteoporosis in-
hibit bone resorption, but some of these (e.g. hormone replacement 
therapy (HRT), bisphosphonates) increase BMD by 5– 10% over the 
first 2 years of treatment [21].

Antiresorptive drugs— bisphosphonates— are considered the 
treatment of choice (Table 4.8.2). Their strict dosing instruc-
tions may reduce compliance in older people. In the United 
Kingdom, five agents are currently approved for use in osteopor-
osis:  etidronate, alendronate, risedronate, ibandronate, zoledronic 
acid, and raloxifene. The most effective alternative treatments are 
raloxifene and HRT.

 • Calcium, 1000  mg/ day, and vitamin D, 500  IU/ day, have been 
shown to prevent hip fracture in housebound, elderly patients. 
This treatment is safe and inexpensive, and does not require 

table 4.8.2 Antifracture efficacy of approved treatments for postmenopausal women 
with osteoporosis when given with calcium and vitamin D

Intervention Vertebral fracture Non- vertebral fracture Hip fracture

Alendronate A A A

Risedronate A A A

Ibandronate A A* NAE

Zoledronic acid A A A

Denosumab A A A

Raloxifene A NAE NAE

HRT A A A

Calcitriol A NAE NAE

Teriparatide A A NAE

Abaloparatide A A NAE

A, grade A recommendation; NAE, not adequately evaluated; HRT, hormone replacement therapy; A*, in subset 
of patients only (post hoc analysis).
Modified from: Compston J, Cooper A, Cooper C, Gittoes N, Gregson C, Harvey N, Hope S, Kanis JA, McCloskey EV, 
Poole KES, Reid DM, Selby P, Thompson F, Thurston A, Vine N; National Osteoporosis Guideline Group (NOGG). UK 
clinical guideline for the prevention and treatment of osteoporosis. Arch Osteoporos. 2017 Dec;12(1):43.
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monitoring. It is commonly given with other treatments for 
osteoporosis.

 • Alendronate is given in a dose of 10  mg/ day continuously or 
70 mg once weekly. Alendronate must be taken at least 30 min-
utes before breakfast (to help absorption) with a full glass of 
water, and the patient must not lie down after taking the tablet (to 
avoid oesophagitis). Alendronate is equally effective on the hip, 
forearm, and spine, and has been shown to prevent fracture at all 
of these sites.

 • Risedronate is given in a dose of 5 mg/ day continuously or 35 mg 
once weekly. Risedronate can be taken at least 30 min before 
breakfast or 2 h after a meal. It has been shown to prevent spine, 
hip, and other fractures.

 • Ibandronate is given in a dose of 150 mg once monthly; calcium 
recommendations and instructions for use are as for risedronate. 
Ibandronate reduces the risk of vertebral fracture (and other frac-
tures, if the BMD T score is ≤3). This treatment can also be given 
by intravenous injection (3 mg) given every 3 months.

 • Zoledronic acid is given by intravenous infusion (5 mg over 15 
min) given every 12 months. It reduces fractures at the spine and 
hip and all other fracture sites; it has been shown to reduce fur-
ther fractures in patients presenting with hip fractures.

 • Denosumab is given by subcutaneous injection (60  mg) every 
6 months. It reduces fractures at the spine and hip and all other 
fracture sites for up to 10 years on treatment.

 • Raloxifene is given in a dose of 60 mg/ day continuously. Raloxifene 
has been shown to reduce the risk of spine (but not other) frac-
ture, and may reduce the risk of breast cancer. It may increase the 
risk of deep vein thrombosis and does not prevent hot flushes.

 • HRT is no longer recommended for the first- line prevention of 
osteoporosis because the risks outweigh the benefits. Risks with 
HRT include breast cancer (50% increase in risk after 10 years’ 
treatment) and deep vein thrombosis (threefold increase in risk, 
particularly in patients with previous deep vein thrombosis); it 
is associated with increased risk of stroke and ischaemic heart 
disease. The benefits of HRT include relief of hot flushes and va-
ginal dryness. Tibolone has the advantage that it reduces fractures 
(spine and non- vertebral) and the risk of breast cancer, but it does 
increase the risk of stroke.

 • Testosterone therapy is effective in men with hypogonadism. It is 
not currently used in eugonadal men, because of concerns about 
the increased risk of prostate cancer and ischaemic heart disease 
(via lowering of high- density lipoprotein).

One other agent can be useful in special circumstances:

 • Calcitriol stimulates calcium absorption and may stimulate osteo-
blasts directly. It appears to be effective in corticosteroid- induced 
osteoporosis, in which it can be considered an alternative to HRT 
or bisphosphonates, particularly in younger patients and in pa-
tients with chronic kidney disease. Regular monitoring of serum 
calcium is required because hypercalcaemia is a common adverse 
effect.

Formation- stimulating drugs have been licensed for osteoporosis:

 • Use of a recombinant fragment of PTH (teriparatide) may be ad-
vised by specialists in osteoporosis for patients who have failed to 
respond to antiresorptive therapy or are intolerant of it and have 

severe osteoporosis. Teriparatide treatment increases the thick-
ness of cortical bone and the connectivity of trabecular bone. 
These improvements in bone quality (and in quantity— spine 
BMD is increased by about 9% on average at 1 year) are associated 
with reductions in fractures of the spine and elsewhere. The treat-
ment is given by daily subcutaneous injection (20 µg/ day), with 
calcium supplementation for a period of 2 years. Abaloparatide is 
an analogue of PTH- related protein and is licensed in some coun-
tries as an anabolic treatment.

 • An antibody to sclerostin (romosozumab) has recently become 
available in some countries for the treatment of osteoporosis. It 
is more effective in preventing fractures than alendronate alone 
[22]. The treatment is given as a subcutaneous injection (210 mg) 
every month for a year and then is followed by an antiresorptive 
treatment such as alendronate or denosumab. It should not be 
used in patients at high risk of myocardial infarction or stroke.

Follow- up

Once patients have been identified and treatment initiated, it is im-
portant to ensure adequate follow- up to reinforce the importance 
of compliance to treatment and evaluate response. At a minimum, 
all treated patients should be seen initially after 3 to 6 months and 
thereafter at least annually. The importance of adherence to treat-
ment should be stressed. After several years of therapy, the potent 
antiresorptive therapies (alendronate, risedronate, ibandronate, 
zoledronic acid, and denosumab) have been associated with an in-
creased risk of atypical femur fracture and osteonecrosis of the jaw. 
Thus, if the risk of fracture is low after five years (e.g. femoral neck T 
score is above – 2.5) then treatment is stopped for bisphosphonates 
(a drug holiday) or switched for denosumab (e.g. zoledronic acid); if 
the risk of fracture is high then treatment is continued for ten years 
and then stopped [23].

Monitoring of response to therapy can be achieved with the 
use of biochemical markers or repeated BMD measurements, and 
may be of value in assessing compliance and providing feedback 
to patients. Although not required, treatment response to oral 
antiresorptive treatments, such as bisphosphonates, can be evalu-
ated after 3 to 6  months by assessing the change in biochemical 
markers of bone turnover, such as N- terminal or C- terminal cross- 
links of type I  collagen, serum osteocalcin or serum procollagen 
I N- propeptide (Box 4.8.4). In most patients these markers decrease 
by more than 30% relative to pretreatment baseline measurements, 
and/ or are reduced to within the premenopausal reference range, 
providing evidence that the treatment is having its desired effect 
to decrease bone turnover. Amino- terminal propeptide (PINP) 
has proven to be particularly useful in clinical practice as it has 
little diurnal rhythm and is stable. Changes in BMD occur over a 
longer time frame, and it is generally not useful to repeat the BMD 
measurement before the end of 1 to 2 years of therapy, and every 
2 years thereafter (Figure 4.8.4). Most patients receiving efficacious 
therapy can be expected to have a measurable increase in BMD at 
the spine and total hip after 2 years of treatment. The increases in 
BMD are small at the peripheral sites of measurement, such as the 
heel or forearm, in relation to the precision of these measurements. 
Therefore, peripheral sites are unreliable for assessing response in 
individual patients.
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other Forms of Primary 
osteoporosis— Male osteoporosis

Although osteoporosis is generally regarded as a disease of women, 
up to 30% of hip fractures and 20% of vertebral fractures occur in 
men [12]. The risk factors for osteoporotic fractures in men in-
clude low body mass index, smoking, high alcohol consumption, 
corticosteroid therapy, physical inactivity, diseases that predispose 
to low bone mass, and conditions increasing the risk of falls. The 
key drugs and diseases that definitely produce a decrease in BMD 
and/ or an increase in fracture rate in men are long- term cortico-
steroid use, hypogonadism, alcoholism, and transplantation. 
Age- related bone loss may be a result of declining renal function, 
vitamin D deficiency, increased PTH levels, low serum testosterone 
levels, low calcium intake, and absorption. Osteoporosis can be 
diagnosed on the basis of radiological assessments of bone mass 
or clinically when it becomes symptomatic. Various biochemical 
markers have been related to bone loss in healthy and osteoporotic 
men. Their use as diagnostic tools, however, needs further investi-
gation. A practical approach would be to consider a bone density 
more than 2.5 SD below the young normal mean value (T ≤– 2.5) 
as an indication for therapy [18]. The treatment options for men 
with osteoporosis include agents to influence bone resorption or 
formation and specific therapy for any underlying pathological 
condition. Testosterone treatment increases BMD in hypogonadal 
men and is most effective in those whose epiphyses have not closed 
completely. Bisphosphonates (such as alendronate and risedronate) 
are the treatment of choice in idiopathic osteoporosis [24, 25], with 
teriparatide in more severe cases [26].
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introduction

Osteoporosis is defined as a bone mineral density (BMD) of 2.5 or 
more standard deviations below that of a young adult (T- score ≤ 
−2.5). It is characterized by reduced bone mass, low BMD, deterior-
ation of bone microarchitecture, and an increased susceptibility to 
fragility fracture. The prevalence of postmenopausal osteoporosis 
increases with age from 6% at 50 years of age to over 50% at age 80 
and the lifetime incidence of fracture for a 50- year- old in the United 
Kingdom is 50% for women and 20% for men [1] . Osteoporosis is a 
worldwide public health burden that costs an estimated $16 billion 
in the United States and €37 billion in Europe per annum [2, 3].

Bone strength and fracture susceptibility are determined by the 
acquisition of peak bone mass and the rate of bone loss in adult-
hood. Risk factors for osteoporosis and fracture include low BMD, 
a prior or parental history of fracture, low body mass index (BMI), 
use of glucocorticoids, smoking, and excessive alcohol consump-
tion. Euthyroid status is essential for skeletal development, bone 
mineralization, acquisition of peak bone mass, and the regula-
tion of bone maintenance in adults. Accordingly, large population 
studies have shown that hypothyroidism, thyrotoxicosis, and even 
subclinical hyperthyroidism are associated with an increased risk 
of fracture.

Thyroid disease is common and, similar to osteoporosis, is more 
prevalent in women and with increasing age. The prevalence of 
hypothyroidism is between 1 and 2% while 0.5– 2% of women have 
thyrotoxicosis. As a result, thyroid replacement is very common 
for either primary hypothyroidism or the consequences of surgical 

or radioiodine treatment for thyrotoxicosis. Subclinical hypo-
thyroidism (defined by the presence of an increased circulating 
thyroid- stimulating hormone (TSH) but normal thyroid hormone 
concentrations) may affect up to 10% of women over 55 and such 
patients may be overtreated [4, 5].

In children, hypothyroidism results in delayed bone age and 
growth arrest. Treatment with thyroxine (T4) reverses these changes 
by inducing rapid ‘catch- up’ growth. Juvenile Graves’ disease, the 
commonest cause of thyrotoxicosis in children, is characterized 
by advanced bone age and accelerated growth that results in short 
stature due to premature fusion of the growth plates [6] . In adults, 
histomorphometry studies reveal that hypothyroidism results in re-
duced bone turnover, however a prolonged remodelling cycle may 
cause a net gain in bone mass. Thyrotoxicosis increases bone re-
sorption and formation but induces a net 10% loss of bone per re-
modelling cycle [7].

thyroid Hormone Action

Circulating thyroid hormone levels are maintained in the euthyroid 
range by a classical negative feedback loop. Thyrotropin releasing 
hormone (TRH) is synthesized in the paraventricular nucleus of 
the hypothalamus and stimulates synthesis and secretion of TSH by 
the anterior pituitary gland. TSH, acting via the G- protein coupled 
TSH receptor, stimulates growth of thyroid follicular cells and the 
synthesis and release of thyroid hormones. Thyroid hormones act 
via thyroid hormone receptors in the hypothalamus and pituitary to 
inhibit TRH and TSH synthesis and secretion. This feedback loop 
maintains circulating thyroid hormones and TSH in a physiological 
inverse relationship that defines the hypothalamic- pituitary- thyroid 
(HPT) axis set point [6] .

The thyroid gland secretes the pro- hormone T4 and a small 
amount of the active hormone 3,5,3′- L- triiodothyronine (T3). 
Circulating T4 levels are maintained at approximately 3– 4- fold 
higher concentrations than T3. Intracellular availability of T3 is de-
termined by active uptake by specific cell membrane transporters 
including monocarboxylate transporter- 8 (MCT8), MCT10 and 
organic acid transporter protein- 1c1 (OATP1c1), and by the activ-
ities of the type 2 and 3 deiodinase enzymes (D2 and D3). D2 con-
verts T4 to T3 by catalysing removal of a 5′- iodine atom. By contrast, 
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D3 prevents activation of T4 and inactivates T3 by removal of a 5- 
iodine atom to generate the metabolites 3,3′,5′- L- triiodothyronine 
(reverse T3) and 3,3′- diiodothyronine (T2), respectively. Thus, the 
relative levels of D2 and D3 determine the concentration of intra-
cellular T3 available to the nuclear receptors (TRs) [8] .

TRs act as hormone inducible transcription factors that regulate 
expression of T3- responsive target genes. The THRA and THRB 
genes encode three functional TRs, TRα1, TRβ1, and TRβ2. TRα1 
and TRβ1 are widely expressed but with developmental and tissue 
specific regulation of their relative levels. Expression of TRβ2 is 
mainly restricted to the hypothalamus and pituitary where it medi-
ates inhibition of TRH and TSH expression [7] .

Skeletal Development and Bone Maintenance

Long bones form by endochondral ossification, in which a cartilage 
anlage develops from mesenchyme condensations to form a scaffold 
for subsequent bone formation. Mesenchyme progenitor cells dif-
ferentiate into chondrocyte precursors, which undergo a sequence 
of clonal expansion, proliferation, hypertrophic differentiation, and 
apoptosis. Chondrocytes secrete a cartilage matrix that mineralizes 
and is subsequently remodelled by bone- resorbing osteoclasts and 
bone- forming osteoblasts to form the diaphysis. Linear growth oc-
curs by a similar process within the epiphyseal growth plates, lo-
cated at the proximal and distal ends of long bones. By contrast, 
the skull vertex forms by intramembranous ossification, in which 
mesenchymal cells differentiate directly into osteoblasts resulting in 
bone formation in the absence of a cartilage scaffold. Linear growth 
continues until fusion of the growth plates during puberty but bone 
mineralization and consolidation of bone mass accrual continues 
into early adulthood when peak bone mass is achieved [9] .

Functional integrity of the skeleton is maintained by the process 
of bone remodelling, which is achieved by the integrated activities of 
osteocytes, osteoclasts, and osteoblasts. Osteocytes derive from dif-
ferentiated osteoblasts that have become embedded in bone matrix 
and comprise 90– 95% of all adult bone cells. The osteocyte network 
senses changes in mechanical load and regulates bone remodelling 
by the release of cytokines and chemotactic signals that stimulate 
differentiation and recruitment of osteoclasts to sites of altered 
mechanical load or microdamage. Osteoclasts excavate a resorption 
cavity until this process is terminated by apoptosis. Subsequently, 
osteoblasts mature, secrete, and mineralize osteoid to replace the re-
sorbed bone. Signalling between osteoclasts and osteoblasts couples 
their activities to result in skeletal homeostasis with preservation of 
bone strength [10].

thyroid Hormone Action in Bone

TRα1 and TRβ1 are expressed in growth plate chondrocytes, 
bone marrow stromal cells, and osteoblasts but it is uncer-
tain whether they are present in osteoclasts [6,  11]. Expression 
of TRα1 is around ten times higher than TRβ1 in bone, sug-
gesting the major T3 actions in bone are mediated via TRα1 [12]. 
Osteoblasts, osteoclasts, and chondrocytes also express thyroid 
hormone transporters to regulate local availability of thyroid hor-
mone within bone [13].

In vivo and in vitro studies have shown that T3 acts to inhibit 
growth plate chondrocyte proliferation and stimulate hypertrophic 
chondrocyte differentiation. In childhood hypothyroidism, growth 
arrest and delayed bone formation are consequences of gross dis-
ruption of growth plate architecture (epiphyseal dysgenesis) and 
a failure of hypertrophic chondrocyte differentiation. By contrast 
thyroid hormone excess accelerates chondrocyte differentiation re-
sulting in advanced bone formation [6, 11].

In osteoblasts, T3 increases proliferation and differentiation via 
complex cytokine and growth factor signalling pathways. For ex-
ample, T3 induces FGFR1 in osteoblasts. Consistent with this, 
activating mutations of FGFR1 cause Pfeiffer’s craniosynostosis syn-
drome, and craniosynostosis is a recognized manifestation of se-
vere juvenile thyrotoxicosis [14]. Thyroid hormone also stimulates 
osteoclast proliferation and activity, but it is uncertain whether this 
is a direct cellular response to T3 [7] .

The TSH receptor is expressed on osteoblasts, chondrocytes, 
and osteoclasts, however TSHα/ β expression has not been detected 
within bone [15– 17]. Direct actions of TSH on bone are uncertain. 
TSH may either inhibit or have no effect upon osteoclast differen-
tiation, promote or have no effect upon osteoblast differentiation 
[17, 18] and promote chondrocyte differentiation [16, 19].

Studies in Genetically Modified Mice

Studies in mutant mice have demonstrated that TRα1 mediates T3 
action in bone. Mutation or deletion of TRα causes skeletal hypo-
thyroidism due to disrupted T3 action resulting in transient growth 
retardation, impaired ossification, and reduced bone mineral-
ization during growth (Table 4.9.1). In adults there is a defect in 
bone remodelling, a marked increase in bone mass and increased 
bone mineralization [7,  20]. By contrast, mutation or deletion of 
TRβ disrupts the HPT axis leading to elevated levels of thyroid 
hormone which act upon TRα in bone causing skeletal hyperthy-
roidism. Mice display accelerated growth, advanced ossification 
with increased mineralization during growth but short stature from 
premature quiescence of the growth plates (Table 4.9.1). In adults 
increased bone remodelling results in osteoporosis and reduced 
bone mineralization [7, 12]. Together, these features indicate that 
thyroid hormones exert anabolic actions during skeletal growth but 
catabolic responses in adult bone [7, 21].

Control of T3 availability is also required for normal postnatal 
skeletal development and strength. Mice lacking D2 have brittle 
bones with increased bone mineral content as reduced T3 pro-
duction within osteoblasts leads to decreased thyroid hormone 
action in bone [22]. Mice lacking the thyroid hormone trans-
porter MCT8 have normal prenatal skeletal development but de-
layed endochondral ossification due to impaired T3 transport into 
chondrocytes [23].

Mouse models, however, have been less clear regarding direct ef-
fects of TSH on bone. TSH receptor (TSHR) knockout mice have 
congenital hypothyroidism with undetectable T3 and T4 and ele-
vated TSH. They show decreased BMD and increased bone turn-
over only partially normalized by thyroid supplementation from 
three weeks [15]. However, the extent to which this is due to TSH 
acting as a direct negative regulator of bone turnover or whether it 
results from thyroid hormone deficiency at a critical early period of 
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development followed by catch- up growth remains uncertain [7] . 
However, intermittent administration of TSH to ovariectomized 
animals has been shown to prevent bone loss associated with the 
hypogonadal state [18, 24]. Nevertheless, comparison of two mouse 
models of congenital hypothyroidism, suggests that the effects of 
thyroid hormone may predominate over those of TSHR signalling 
during skeletal development. Pax8 knockout mice lack a transcrip-
tion factor that is essential for thyroid follicular cell development 
and have undetectable thyroid hormone levels, a 2000- fold eleva-
tion of TSH and a fully functional TSHR. By contrast, hyt/ hyt mice 
have congenital hypothyroidism also accompanied by a 2000- fold 
increase in TSH but they harbour a loss- of- function point mutation 
in the Tshr gene leading to complete loss of TSHR protein function. 
Both mutants display a similar phenotype of growth retardation 
and delayed ossification typical of hypothyroidism despite the di-
vergence in TSH signalling [7].

Skeletal consequences of Altered thyroid Status 
in Humans

children

Childhood Hypothyroidism

Congenital hypothyroidism results in growth arrest, epiphyseal 
dysgenesis, delayed bone age, and short stature. Thyroxine replace-
ment induces rapid catch- up growth and children that are treated 
early reach their predicted adult height and achieve normal BMD 
after 8.5 years follow- up [25, 26]. Nevertheless, a single study sug-
gested that adult BMD may be reduced despite treatment from the 
neonatal period [27]. Children with juvenile acquired hypothy-
roidism also display growth arrest, delayed bone maturation and 
short stature [28]. T4 replacement induces rapid catch- up growth, 
but these individuals may fail to achieve final predicted height and 
the resulting permanent height deficit is related to the duration of 
thyroid hormone deficiency prior to replacement [28]. A study of 
25 children and adolescents with untreated subclinical hypothy-
roidism for over 3 years showed no significant effect of moderately 
raised TSH (4.58– 8.88 IU/ L) on BMD [29].

Childhood Hyperthyroidism

Juvenile thyrotoxicosis results in accelerated growth, advanced 
bone age, and short stature due to accelerated skeletal maturation. 

In severe cases in young children, early closure of the cranial 
sutures may result in craniosynostosis [30]. Thyrotoxicosis in 
children causes increased bone resorption, reduced BMD with 
major effects on cortical bone, and increased urinary N- terminal 
telopeptide of type I collagen (NTX) [31, 32]. After 1– 2 years of 
antithyroid treatment, BMD and bone turnover markers return to 
normal [32– 34].

Impaired Sensitivity to Thyroid Hormone

Impaired sensitivity to thyroid hormone can be caused by mutations 
affecting thyroid hormone action (thyroid hormone action defects 
(THAD), including RTHα and RTHβ), transporters (thyroid hor-
mone cell membrane transporter defects, THCMTD) or generation 
of T3 from T4 (Thyroid hormone metabolism defects: THMD) [35]. 
Resistance to thyroid hormone (RTH) β is an autosomal dominant 
condition caused by a dominant negative mutation of THRB [36]. 
The mutant TRβ disrupts negative feedback in the HPT axis leading 
to increased circulating thyroid hormone concentrations in the 
presence of inappropriately normal or elevated TSH levels. The syn-
drome results in a complex mixed phenotype of hyperthyroidism 
and hypothyroidism depending on the target tissue studied and the 
specific mutation. Thus, an individual patient can have features of 
both thyroid hormone deficiency and excess with skeletal abnor-
malities similar to both hyper and hypothyroidism. These include 
craniofacial abnormalities, craniosynostosis, delayed or advanced 
bone age, short stature, increased bone turnover, osteoporosis, and 
fracture [7] .

RTHα results from dominant negative mutations in THRA. 
Affected individuals have features of congenital hypothyroidism 
due to lack of response in TRα expressing tissues. Unlike RTHβ, 
there is no disruption to the negative feedback mechanisms of the 
HPT axis: serum TSH is normal, T4 is normal/ low and T3 is normal/ 
high resulting in a reduced T4:T3 ratio [7] . Skeletal features include 
disproportionate short stature due to short lower limbs, delayed 
tooth eruption, delayed closure of fontanelles, delayed bone age, 
epiphyseal dysgenesis and a thickened calvarium [7, 37, 38].

Sec insertion sequence binding protein 2 (SBP2) is a key factor 
mediating selenocysteine incorporation into thyroid hormone 
deiodinases, essential for their normal function. SBP2 mutations 
result in defective conversion of T4 to T3, resulting in low T3 des-
pite high T4 levels. Skeletal consequences include prepubertal 
growth retardation, transient delayed bone age and craniofacial 
dysmorphism [39, 40].

table 4.9.1 Skeletal phenotypes of thyroid hormone receptor mutant mice

TRα mutant mice TRβ mutant mice

Systemic thyroid status Euthyroid Elevated T4, T3, and TSH

Skeletal thyroid status Hypothyroid Thyrotoxic

Juvenile skeleton Transient growth delay
Delayed endochondral and intramembranous ossification
Impaired chondrocyte differentiation
Reduced calcified bone

Persistent short stature
Advanced endochondral and intramembranous ossification
Enhanced chondrocyte differentiation
Increased calcified bone

Adult skeleton Osteosclerosis
Increased bone volume
Increased mineralization
Reduced osteoclastic bone resorption

Osteoporosis
Reduced bone volume
Reduced mineralization
Increased osteoclastic bone resorption

See review [7] .
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Mutations in the thyroid transporter MCT8 result in low T4, 
variable TSH, and elevated total T3 levels, with a neurological 
phenotype of dystonia and hypotonia and severe developmental 
delay [41,  42]. The bone phenotype of these individuals has not 
been studied in detail.

Adults

Many studies have investigated the skeletal consequences of altered 
thyroid function in adults. Early studies frequently lacked statis-
tical power because of small numbers of patients and the absence of 
long- term follow- up. Some were further confounded by inclusion 
of patients with a variety of thyroid diseases and by comparison of 
mixed cohorts of patients that included pre-  and postmenopausal 
women or men. Other unadjusted confounders included prior or 
family history of fracture, BMI, physical activity, use of oestrogens, 
glucocorticoids, bisphosphonates, and vitamin D, smoking, or al-
cohol intake. Nevertheless, a number of meta- analyses have at-
tempted to reconcile this heterogenous literature (Table 4.9.2).

Normal Individuals

Bone Turnover Markers

A study of 60 euthyroid postmenopausal women reported that high 
circulating TSH correlated with low urinary deoxypyridinoline 
concentrations but not with serum procollagen type I C propeptide 
(PICP) levels [43]. However, the number of subjects was small and 
included patients with treated hypothyroidism, subclinical hyper-
thyroidism, and secondary hyperparathyroidism. Two larger studies 
of euthyroid postmenopausal women [44] and euthyroid men over 
70 years of age [45] showed no association between TSH and serum 
osteocalcin, procollagen type 1 N- terminal propeptide (P1NP),  
β- C- terminal telopeptide (CTX), and urinary NTX.

BMD and Fracture

A variety of mainly cross- sectional population studies have inves-
tigated the relationship between thyroid status and BMD (Table 
4.9.3). With the exception of one prospective study of 4936 men and 

women over 65 years of age that showed no significant association 
with BMD [46], the others all reported an association between TSH 
or T4 levels and BMD in either hip or lumbar spine.

Other studies have investigated the association of thyroid status 
with fracture risk, including longitudinal cohort studies (Table 
4.9.4). The majority demonstrated an association between hyper-
thyroidism and fracture risk that was related to disease duration, 
although several large studies found no association between thyroid 
status and fracture risk.

Patients with Hypothyroidism

Bone Turnover Markers and BMD

Histomorphometry analyses have demonstrated that bone turnover 
is decreased in hypothyroidism [47] and the bone resorption markers 
urinary pyridinoline and deoxypyridinoline are lower in patients 
newly diagnosed with severe hypothyroidism [48]. Consistent with 
histomorphometric data showing normal bone volume in hypothy-
roidism, BMD was normal in newly diagnosed patients [49].

Fracture

Large population studies have mostly demonstrated an association 
between hypothyroidism and long- term fracture risk (Table 4.9.4). 
Patients with a prior history of hypothyroidism have been shown to 
have a 2– 3- fold increased risk of fracture, which persists for 10 years 
following initial diagnosis [49– 51]. In a recent study of 8414 hypo-
thyroid adults, though elevated baseline TSH was not associated 
with hip fracture or major osteoporotic fracture, in post- hoc ana-
lysis, fracture risk was increased in postmenopausal women relative 
to the cumulative time they were over- replaced with levothyroxine, 
and was increased in all hypothyroid men below 75 years of age [52].

Patients with Thyrotoxicosis

The severe bone disease associated with uncontrolled thyrotoxicosis 
in now rare because of early diagnosis and treatment, although sev-
eral studies have investigated the skeleton in thyrotoxic patients ei-
ther prior to treatment, or by observing epidemiological data.

table 4.9.2 Meta- analyses and literature reviews

Reference Population Studies (n) Type Conclusions

Vestergaard  
2003 [56]

Thyrotoxicosis 20 BMD
5 Fracture

Meta- analysis Spine and hip BMD reduced in untreated thyrotoxicosis. 
Fracture risk increases with age at diagnosis

Wirth 2014
[62]

Population cohort 7 Fracture Meta- analysis No significant association of thyroid status with fracture 
risk (NB heterogenous study design)

Blum 2015
[105]

Population cohort 13 Fracture Individual participant 
data meta- analysis

Subclinical hyperthyroidism associated with increased risk 
of hip and other fractures

Yan 2016
[106]

Population cohort 5 Fracture Meta- analysis Subclinical hyperthyroidism associated with fracture risk 
over 60 years of age, but no association with subclinical 
hypothyroidism

Papaleontiou   
2016
[107]

Suppressive T4 25 BMD Literature review Greater evidence of reduced BMD in postmenopausal 
than premenopausal women; no association with reduced 
BMD in men

Yang 2017
[108]

Population and subclinical 
thyroid dysfunction cohorts

19 Fracture 
and/ or BMD

Meta- analysis Subclinical hyperthyroidism associated with fracture risk 
and reduced BMD

Aubert 2017  
[109]

Euthyroid individuals 13 Fracture Individual participant 
data meta- analysis

Low- normal TSH and high- normal T4 associated with 
increased risk of hip fracture

Segna 2018
[110]

Population cohort 6 BMD Individual participant 
data meta- analysis

Subclinical hyperthyroidism associated with reduced BMD
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Bone Turnover Markers and BMD

The effect of thyrotoxicosis on bone turnover markers is consistent 
with histomorphometric data that shows high turnover of trabecular 
bone with net increase in bone resorption [53]. Levels of resorption 
markers such as carboxy terminal telopeptide of type l collagen, 
urinary pyridinoline and deoxypyridinoline are increased, and for-
mation markers including bone specific alkaline phosphatase and 
osteocalcin are also elevated [54]. Studies have shown that BMD at 
the time of diagnosis of thyrotoxicosis is reduced compared to age- 
matched controls [54– 56].

Fracture

Various observational studies have identified an association be-
tween fracture and a prior history of thyrotoxicosis (Table 4.9.4). 
Most studies did not determine whether the increased frac-
ture risk could be accounted for by reduced BMD. Nevertheless,  
other studies failed to demonstrate an association between thyro-
toxicosis and fracture, though they may have lacked statistical 
power (Table 4.9.4).

Individuals with Subclinical Hyperthyroidism

Bone Turnover Markers and BMD

Elevated levels of urinary deoxypyridinoline, pyridinoline, 
osteocalcin and alkaline phosphatase have been reported in patients 
with subclinical hyperthyroidism [57– 59]. Subclinical hyperthy-
roidism has also been associated with reduced BMD at the fem-
oral neck and other sites (Table 4.9.3), although other studies have 
been negative [46, 60]. Meta- analyses have supported an association  
with reduced BMD that is strongest in postmenopausal women 
(Table 4.9.2).

Fracture

Prospective studies have suggested that suppressed TSH levels 
may be associated with an increased risk of hip fracture (Table 
4.9.4), and this has been corroborated by meta- analyses (Table 
4.9.2). A subanalysis of the Fracture Intervention Trial demon-
strated that TSH suppressed below 0.5 mU/ L was associated with 
increased risk of vertebral fracture [61], though some subjects 
may have had untreated thyrotoxicosis. A  minority of smaller 

table 4.9.3 Large studies of thyroid status and BMD

Reference Study design Subjects (n) Patient group Fracture risk

BMD associated with TSH

Jamal 2005
[61]

Cross- sectional 15 316 women Postmenopausal
women

Low TSH associated with decreased hip 
BMD

Kim 2006
[111]

Cross- sectional 959 women Postmenopausal
women

Low- normal TSH associated with 
decreased spine and hip BMD

Morris 2007
[112]

Cross- sectional 581 women Postmenopausal
women

Low- normal TSH associated with 
decreased spine BMD

Grimnes 2008
[113]

Cross- sectional 968 men
993 women

Men and women >55 years of 
age

Low- normal TSH associated with 
decreased forearm BMD

Kim 2010
[114]

Cross- sectional 1478 men Men of 22– 85 years of age with 
no history of thyroid disease

Higher TSH associated with higher lumbar 
spine BMD

Noh 2015
[115]

Cross- sectional 756 women Women >65 years of age Lower TSH associated with lower BMD in 
lumbar spine

Lee 2016
[116]

Cross- sectional 343 men
674 women

Men and women >65 years of 
age

Low- normal TSH associated with reduced 
hip BMD in women

Acar 2016
[117]

Cross- sectional 1217 women Postmenopausal women Low TSH associated with decreased hip 
BMD

BMD associated with T4

Van der Deure 2008
[97]

Prospective cohort 479 men
672 women

Men and women >55 years of 
age

T4 negatively associated with spine and 
hip BMD

Murphy 2010
[44]

Prospective cohort 593 women Postmenopausal women Higher T3 and T4 associated with lower 
BMD, but no association with TSH

Roef 2011
[118]

Cross- sectional 677 men Healthy men at peak bone mass 
(25– 45 years of age)

Higher T4 and T3 associated with lower 
BMD, but no association with TSH

Lin 2011
[119]

Cross- sectional 1343 men
1614 women

Men and women >45 years of 
age

No association with TSH, but T4 correlated 
with BMD in older females

van Rijn 2014
[120]

Cross- sectional 2584 women Perimenopausal women with no 
history of thyroid disease

High- normal T4 levels associated with 
decreased BMD, but no association with 
TSH

Hwangbo 2016
[121]

Cross- sectional 648 women
728 men

Postmenopausal women and 
age- matched men

High- normal T4 associated with higher 
trabecular bone score in women

No association with BMD

Garin 2014
[46]

Prospective cohort 598 men and 719 women Men and women >65 years of 
age

No association of TSH with BMD
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studies failed to show a significant association with fracture risk, 
as did one meta- analysis that included only seven population- 
based studies [62].

Patients Treated with Suppressive Doses of Thyroxine

The long- term management of patients with differentiated thy-
roid cancer involves treatment with doses of thyroxine that 
suppress TSH and which may have detrimental effects on the 
skeleton [63].

Bone Turnover Markers and BMD

Small studies have investigated the effect of suppressive doses 
of T4 on bone turnover, reporting increased levels of markers 
of bone resorption [64,  65] and bone formation [66– 68]. Most 
studies of BMD show an association of TSH suppression therapy 
with reduced BMD at the lumbar spine, femur, or radius only in 
postmenopausal women [65, 69], and studies have shown no ef-
fect in men [70]. The reduction in BMD also correlates with dur-
ation of TSH suppression [71]. These findings are supported by 

table 4.9.4 Large studies of thyroid status and fracture risk

Reference Study design Subjects (n) Patient group Fracture risk

Positive studies

Bauer 2001
[122]

Prospective longitudinal 686 women, including 397 
women with previous fracture

Women >65 years
of age

Suppressed TSH associated with 
increased risk of hip and vertebral 
fracture

Vestergaard 2002 [49] Cross- sectional 11 776 thyrotoxic
4473 hypothyroid
48 710 controls

National register Increased risk of femur fracture at 
time of diagnosis of thyrotoxicosis and 
hypothyroidism

Sheppard 2002 [79] Cross- sectional 23 183 patients and 92 732 
matched controls (88% 
female)

Patients prescribed T4 
replacement

Increased risk of femur fracture in 
males only, but no adjustment for TSH 
and T4 levels

Vestergaard 2005 [50] Cross- sectional fracture 
case control

124 655 men and women 
with current fractures
373 962 fracture- free controls

All fractures; 52% female Fracture risk increased within 5 years 
after thyrotoxicosis and 10 years after 
hypothyroidism diagnosis

Jamal 2005 [61] Cross- sectional 15 316 women Postmenopausal
women

Low TSH associated with increased risk 
of vertebral fracture

Flynn 2010
[78]

Retrospective cohort 17 684 patients on T4 
replacement

15 196 female cases and 2488 
male cases

Both suppressed and high TSH 
associated with fracture risk

Murphy 2010
[44]

Prospective cohort 1278 euthyroid individuals Postmenopausal women Increased T3 and T4 associated with 
increased fracture risk; increased TSH 
associated with reduced fracture risk

Lee 2010 [123] Prospective cohort 3567 subjects including 
714 with subclinical thyroid 
dysfunction

1372 men and 2195 women  
over 65 years of age

Subclinical hypothyroidism and 
hyperthyroidism associated with 
hip fracture in men but no clear 
association in women

Waring 2013 [124] Prospective cohort 397 men with fracture and 
1420 men without fracture

Men >65 years of age Low- normal TSH associated with 
increased risk of hip fracture but not 
with other non- spine fractures

Abrahamsen 2014
[125]

Prospective cohort 9217 hyperthyroid 222 138 
controls

6629 female cases and 2588  
male cases

Thyrotoxicosis associated with 
increased risk of hip fracture, 
proportionate to disease duration

Abrahamsen 2015
[52]

Prospective cohort 8414 hypothyroid 222 138 
controls

2386 male cases, and 6027  
female cases

Association of hypothyroidism with 
fracture only in men below 75 years 
of age; in postmenopausal women, 
fracture associated with cumulative 
time over- replaced

Negative studies

Van den Eeden 2003
[77]

Cross- sectional case 
controlled

501 women hospitalized for 
hip fracture
533 controls

Women >65 years of age No association of T4 replacement with 
fracture risk

Van der Deure 2008
[97]

Prospective cohort 479 men
672 women

>55 years of age No association of TSH or T4 with 
fracture risk

Svare 2013
[126]

Prospective cohort 25 205 normal individuals 16 610 women and 8595 men 
aged 40 years or more

No association of TSH with fracture risk

Garin 2014
[46]

Cross- sectional 2765 women
2171 men

>65 years of age No association of TSH with fracture risk

Siru 2018
[45]

Prospective cohort 4248 men >70 years of age No association of TSH or T4 with 
fracture risk
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meta- analyses (Table 4.9.2). Of several cross- sectional studies 
that included male patients, only one reported a reduction in 
lumbar spine and femur BMD in subjects receiving suppressive 
doses of T4 [72].

With the long- term effects of suppressive doses of T4 on BMD 
most severe in postmenopausal women, monitoring of BMD in 
such patients has been recommended [73]. In addition, inter-
national thyroid cancer guidelines now recommend risk- stratifying 
patients and limiting the use and severity of TSH suppression in 
low- risk differentiated thyroid cancer [63].

Fracture

There are no studies with sufficient statistical power to determine 
the effect of treatment with suppressive dose of T4 on fracture risk, 
except for one study showing markedly increased risk of radio-
logical vertebral fracture [74].

Patients Treated for Hypothyroidism

Bone Turnover Markers and BMD

Histomorphometric studies have suggested an increase in bone 
turnover in response to T4 replacement in hypothyroidism [47] 
and studies of bone turnover markers have shown that low levels 
of urinary pyridinoline and deoxypyridinoline in hypothyroidism 
normalize with treatment [48]. Once stabilized on treatment, 
bone turnover markers are comparable with normal controls [75], 
but plasma CTX correlates with the T4 replacement dose [76]. 
Observational studies that include patients receiving long- term T4 
replacement for hypothyroidism have not identified any significant 
effect on BMD, particularly when adjusted for circulating thyroid 
hormone levels.

Fracture

Population studies have not identified an overall association be-
tween T4 replacement therapy and fracture risk [77]. In one large 
prospective study investigating the effects of T4 replacement, in-
creased fracture risk was found to be associated with cumulative 
time of T4 overreplacement in postmenopausal women [52]. In 
another observational cohort, fracture risk was increased in pa-
tients with suppressed (≤0.03  mU/ L) or high TSH, but not low 
TSH (0.04– 0.4 mU/ L) [78]. One study showed an association of T4 
treatment with fracture only in males, but thyroid hormone levels 
were neither measured nor adjusted for [79]. Overall, fracture risk 
appears not to be affected in patients receiving physiological T4 re-
placement, and this conclusion is consistent with studies of patients 
treated for subclinical hypothyroidism [80].

Patients Treated for Thyrotoxicosis

Studies of patients with thyrotoxicosis have shown that elevated 
resorption and formation markers return to normal two months 
after initiation of antithyroid medication [81– 83]. A meta- analysis 
investigating the effect of treatment for thyrotoxicosis on BMD [56] 
demonstrated that the low BMD at diagnosis returned to normal 
within one to four years, and subsequent studies have shown treat-
ment for thyrotoxicosis results in a 4% increase in BMD within one 
year [84– 86]. Nevertheless, one large population study reported 
that an increased risk of fracture persisted for 5  years following 
diagnosis [50].

Human Genetics

BMD is a highly heritable trait, and genome- wide association studies 
have identified numerous genes associated with BMD. However, 
no thyroid related genes have yet been identified in these studies 
[87– 93]. Thyroid status is also a complex genetic trait. In healthy 
individuals, T3, T4, and TSH levels fluctuate over a range that is less 
than 50% of the normal reference range and each individual has 
their own HPT axis set point [94]. Heritability of T3 concentration 
is 23– 64%, T4 is 39– 65%, and TSH is 64– 65% [95, 96].

Candidate gene studies have shown variable but contradictory 
association of thyroid pathway genes with bone parameters. The 
D727E polymorphism in TSHR has been associated with increased 
femoral neck BMD [68, 97] but has been reported at increased fre-
quency in those with osteoporosis [98]. A recent large study found 
no association between polymorphisms at the TSHR locus and fem-
oral neck or lumbar spine BMD. Using Mendelian randomization to 
avoid confounding and reverse causation, this study also found no 
evidence for a causal relationship between circulating TSH concen-
trations and BMD [99].

Polymorphisms in THRB have been associated with trabecular 
but not cortical BMD at the hip [100], but no studies have associated 
THRA variants with BMD or fracture [101– 103]. A polymorphism in 
DIO2 has been linked to reduced femoral neck BMD and increased 
markers of bone turnover in a small study. However, the significance 
of this is unclear as no such association was found in a study of a 
larger group of individuals and no DIO2 mutations were identified 
in 100 women with high BMD [103, 104]. The clinical significance of 
genetic variants in thyroid hormone metabolism and receptors is cur-
rently unclear and studies in very large populations will be required.

conclusions

 • A  negative feedback loop maintains circulating thyroid hor-
mones and TSH in an inverse relationship that defines the HPT 
axis set point.

 • The skeleton is exquisitely sensitive to thyroid status. T3 exerts 
anabolic responses during skeletal growth and has catabolic ef-
fects on adult bone.

 • Bone strength and fracture susceptibility are determined by peak 
bone mass acquisition during growth and the rate of bone loss in 
adulthood.

 • Population studies indicate that thyroid status in the upper 
normal range is associated with decreased BMD and fracture.

 • Untreated hyperthyroidism results in increased bone turnover, 
reduced BMD, and an increased risk of fracture. A prior history of 
thyrotoxicosis may be associated with reduced BMD and a long- 
term increased risk of fracture.

 • Subclinical hyperthyroidism is associated with increased bone 
loss, decreased BMD, and an increased risk of fracture.

 • Treatment with suppressive dose of T4 results in decreased BMD 
especially in postmenopausal women.

 • Physiological T4 replacement in hypothyroidism does not affect 
BMD or fracture risk.

 • Overreplacement of patients with hypothyroidism is associated 
with an increased risk of fracture.
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introduction

In 1876, Sir James Paget presented to the Royal Medical and 
Chirurgical Society of London an account of his experience with a 
previously unrecognized disease of the skeleton, which he termed 
osteitis deformans and has since born his name. Paget’s disease of 
bone is a focal skeletal disorder which progresses slowly and leads 
to changes in the shape and size of affected bones and to skeletal, 
articular, and vascular complications. In some parts of the world it 
is the second most common bone disorder after osteoporosis. The 
disease is easily diagnosed and effectively treated but its pathogen-
esis is incompletely understood.

Epidemiology

Paget’s disease affects typically older people, slightly more men 
than women, and seldom presents before the age of 35  years. Its 
prevalence increases with age and it affects 1 to 5% of those above 
50  years of age. However, only a small proportion of individuals 
with Paget’s disease comes to clinical attention, most commonly 
these with symptomatic or severe disease [1– 3]. There is a dis-
tinct geographical distribution; the disease is common in central, 
western, and parts of southern Europe, the United States, Australia, 
New Zealand, and some countries of South America, while it is un-
common in Scandinavia, Asia, and Africa. There may also be vari-
ations in prevalence in regions within the same country [4] . For 
example, in northeast USA the prevalence is about fivefold higher 
than in south USA [5] and in parts of northwest England in 1974 

the age-  and gender- standardized prevalence rate was 8.3% com-
pared to 4.6% in southern towns and cities [6]. Notably, a more 
recent radiographic survey in the same centres with identical meth-
odology [7] reported a decline in the overall prevalence of the dis-
ease, as has also been observed in other, but not all, countries where 
comparative studies were performed. In addition, reports from New 
Zealand, United Kingdom, and Spain suggested that the clinical se-
verity of the disease has attenuated in recent years [2, 8, 9]. These 
changes in prevalence and severity of the disease strongly suggest 
that environmental factors are involved in its pathogenesis.

Pathogenesis

normal Bone Metabolism

The adult skeleton is continuously renewed throughout life by the 
process of bone remodelling. Old bone is removed by the osteoclasts 
whereas new bone is formed in the same location by the osteoblasts. 
This occurs in an orderly fashion through temporary anatomic 
structures called basic multicellular units (BMUs). A basic multicel-
lular unit comprises a team of osteoclasts at the front and a team of 
osteoblasts at the back supported by blood vessels, nerves, and loose 
connective tissue. Osteoclasts and osteoblasts are derived from dif-
ferent precursors in the bone marrow. Osteoclasts originate from 
haematopoietic precursors of the monocyte/ macrophage lineage 
while osteoblasts originate from multipotent mesenchymal stem 
cells, which give also rise to bone marrow stromal cells, chondro-
cytes, adipocytes, and muscle cells. The formation and lifespan of 
bone cells are controlled by mechanical, systemic, and local factors. 
Important regulators of osteoclast formation and activity belong to 
a ligand/ receptor/ soluble (decoy) receptor system involving pro-
teins of the TNF receptor superfamily [10,  11]. These are RANK 
ligand, RANK, and OPG. RANKL is produced by osteocytes and 
osteoblastic/ stromal cells, reacts with RANK, which is localized in 
haematopoietic osteoclast precursors, stimulates the formation and 
activity of osteoclasts, and prolongs their lifespan. OPG is a sol-
uble receptor which counteracts the biological effects of RANKL 
preventing its binding to RANK and thereby suppressing bone 
resorption.
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Pathology

Paget’s disease of bone is a focal disorder of bone remodelling char-
acterized by an increase in the number and size of osteoclasts in 
affected sites while the rest of the skeleton remains normal. The 
typically large osteoclasts, which may contain up to 100 nuclei per 
cell, induce excessive bone resorption associated with an increased 
recruitment of osteoblasts to the remodelling sites, resulting in in-
creased bone formation and, hence, an overall increase in the rate of 
bone turnover. The increase in bone formation is thought to be sec-
ondary to the increased rate of bone resorption due to the coupling 
of the two processes. Some evidence, however, suggests that osteo-
blastic/  stromal cells might also be primarily affected in Paget’s dis-
ease and contribute to the increased rate of bone formation [12, 13]. 
The accelerated rate of bone turnover is responsible for the depos-
ition of bone with disorganized architecture and structural weak-
ness. The bone packets lose their lamellar structure and are replaced 
by woven bone with a characteristic mosaic pattern while bone 
marrow is infiltrated by fibrous tissue and blood vessels.

cell Biology

In clinical studies the likelihood of a bone being affected by Paget’s 
disease was related to the amount of bone marrow present in that 
bone, leading to the postulation that the development of bone le-
sions may be related to specific properties of pagetic bone marrow 
[14]. In bone marrow cultures from patients with Paget’s disease the 
rate of formation of osteoclasts and their number is markedly in-
creased, suggesting that intrinsic abnormalities of the bone marrow 
microenvironment and/ or of osteoclast precursors may contribute 
to the upregulation of osteoclastogenesis. A number of studies sup-
ported these notions and documented two major abnormalities. 
First, pagetic osteoclasts and their precursors express high levels of 
osteotropic factors (e.g. IL- 6), a bone resorbing cytokine which has 
been proposed as a possible paracrine/ autocrine factor contributing 
to the pathogenesis of the disease [13, 15, 16]. In addition, enhanced 
expression of RANKL was detected in bone marrow stromal cells 
from patients with Paget’s disease and might contribute to the in-
creased number of osteoclasts [17]. Second, compared to controls, 
bone marrow and peripheral cells from patients are hypersensitive 
to the action of RANKL and calcitriol [18,  19] and there is evi-
dence suggesting that TAFII- 17, a component of the transcription 
complex that binds vitamin D receptor, may be responsible for the 
hypersensitivity to calcitriol [20]. Thus, while the molecular char-
acteristics of the cellular abnormalities of the disease are currently 
understood, the precise mechanism(s) that trigger these changes re-
main to be elucidated.

Aetiology

Several, not mutually exclusive, hypotheses have been proposed 
to explain the pathology of the disease, the most relevant being 
the viral and the genetic hypotheses. Studies of the distribution of 
bone lesions in patients with Paget’s disease showed that the prob-
ability of a bone being affected is very similar to the probability of a 
bone being affected with haematogenous osteomyelitis, suggesting 
that the disease may be caused by a circulating infectious agent. 
An infection by a slow virus of the paramyxovirus family (mea-
sles virus, respiratory syncytial virus, canine distemper virus) was 
supported by the detection of nuclear and cytoplasmic inclusions 

resembling paramyxoviral nucleocapsids in osteoclasts and of mea-
sles virus nucleocapsid transcripts in bone marrow and peripheral 
blood monocytes from patients with the disease [21]. However, 
paramyxoviral- like structures have also been found in specimens 
from patients with other bone diseases, questioning the specificity 
of this finding. In addition, further search for viral presence in the 
osteoclasts provided conflicting results [22] and in a large cohort of 
patients with Paget’s disease no evidence supporting an association 
between the disease and persistent infection with measles or other 
paramyxoviruses was found [23]. There is, however, good evidence 
that paramyxoviruses and viral proteins can promote the formation 
of osteoclasts with features similar to those of pagetic osteoclasts 
[24– 26].

In familial aggregation studies the risk of first- degree relatives of 
patients with Paget’s disease to develop the disorder was seven to 
ten times greater than the risk of individuals without such relatives. 
Furthermore, a positive family history has been reported in up to 
40% of patients with Paget’s disease [27– 29]. Familial Paget’s dis-
ease is inherited as an autosomal dominant trait and initial genetic 
analyses showed evidence of linkage to chromosome 18q21– 22 in 
some families [30,  31]. This chromosome also contains the locus 
of the rare disease familial expansile osteolysis, which resembles 
Paget’s disease and was found to be associated with activating mu-
tations in the gene TNFRSF11A, which encodes RANK [32], while 
abnormalities of the same gene are responsible for another rare skel-
etal disease, expansile skeletal hyperphosphatasia [33]. Subsequent 
studies, however, failed to detect such mutations in patients with 
familial or sporadic Paget’s disease. Other abnormal genes that have 
been identified in diseases with bone phenotypes similar to that of 
Paget’s disease include TNFRSF11B, which encodes OPG in juvenile 
Paget’s disease [34], and VCP, which encodes p97 in the syndrome 
of inclusion body myopathy associated with Paget’s disease of bone 
and frontotemporal dementia [35]. All these genetic defects have 
in common the up- regulation of the NF- kB signal transduction, 
an essential process in the differentiation and activation of osteo-
clasts. These genes have also been investigated in patients with 
familial or sporadic Paget’s disease but no mutations were identi-
fied. Analysis of families with Paget’s disease identified further pos-
sible loci in other chromosomes indicating genetic heterogeneity. 
However, studies in different parts of the world identified mutations 
in the SQSTM1 gene, located on chromosome 5q35, in up to 50% 
of patients with familial Paget’s disease and up to 10% of those with 
sporadic disease [3, 22, 28, 36]. SQSTM1 encodes p62, an adaptor 
protein that binds ubiquitin and is involved in various signalling 
pathways including the NF- κB pathway. The most common muta-
tion of SQSTM1 associated with Paget’s disease (P329L) has been 
detected in patients from different European countries suggesting 
a founder gene defect [37]. In addition, animals overexpressing 
this mutation in cells of the osteoclast lineage formed more osteo-
clasts, which were hypersensitive to RANKL but did not develop 
bone lesions resembling those of Paget’s disease in one study while 
in another they did [22]. In addition, genetic studies of patients 
with Paget’s disease and no SQSTM1 mutations identified seven loci 
that contribute substantially to the risk of developing the disease 
as well as affecting its severity in combination with mutations of 
SQSTM1. These variants include genes important in the differenti-
ation and function of osteoclasts (e.g. CSF1) but also genes that have 
not been implicated in the regulation of bone metabolism [38– 41]. 
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The functional significance of these polymorphisms is unknown. 
Whether mutations of genes associated with Paget’s disease are the 
cause of the disease or whether individuals with a mutation have 
an increased susceptibility to the disease when exposed to environ-
mental factors, such as paramyxoviruses, is currently unclear.

clinical Manifestations

The most commonly affected bones are the pelvis, the spine, the 
femora, and the skull but practically any bone of the skeleton may 
be affected and there is remarkable similarity in the frequency of 
affected bones in large series of patients from different countries [1, 
42, 43]. About one- third of patients have only one lesion (Figure 
4.10.1) but the frequency of single lesions varies among series, 
probably reflecting referral patterns, and is higher in asymptom-
atic patients. Notably, the anatomical spread of skeletal lesions in 
Paget’s disease is log normally distributed and the commonly used 
distinction in clinical practice to monostotic and polyostotic dis-
ease is not pathophysiologically appropriate. The anatomical spread 
of the disease is not related to age or gender, shows no particular 
symmetry in the body, and remains largely unchanged throughout 
life. The disease progresses slowly within the affected bone but does 
not generally appear in other bones. Patients with limited bone in-
volvement should, therefore, be reassured that the disease will not 
progress to other bones with time.

The majority of patients are asymptomatic and the disease may 
be diagnosed incidentally during investigation of an unrelated com-
plaint by skeletal radiographs or by the finding of an unexplained 

elevation of serum alkaline phosphatase activity [44]. About 5– 10% 
of affected patients have symptoms. Skeletal morbidity in Paget’s 
disease is determined by the damage caused and the progression of 
the disease in affected sites as well as by the number and the local-
ization of the lesions. Extensive disease, as originally described by 
Sir James Paget, occurs in about 5% of symptomatic patients. This is 
in agreement with the limited chance of an individual to develop ex-
tensive disease, as predicted by the distribution of lesions, but chan-
ging patterns of the disease to milder forms may also contribute 
to that.

The symptoms and complications of Paget’s disease,(summarized 
in Table 4.10.1) [34], can have great impact on the quality of life of 
affected individuals [45,  46]. In the majority of patients, the pre-
senting complaint is pain. This is related to the extent and site of the 
disease, it is usually persistent and present at rest, but is not specific. 
Pain due to secondary osteoarthritis is common and may hamper 
assessment of the relative contribution of bone and joint pains to 
the patient’s disability. The origin of such pain can be assessed only 
retrospectively after treatment which reduces mainly the disease- 
related pain, having a rather limited effect on the arthritic pain. 
Deformities are present in about 15% of patients at the time of diag-
nosis and affect mainly weight- bearing bones, the most common 
deformity being bowing of the lower limbs. About 9% of patients 
present with fractures, which can be complete or fissure (incom-
plete) fractures. The latter occur more frequently, can be multiple, 
can cause pain, and may develop to complete fractures. Fractures 
heal generally well although in an older report of 182 fractures 
of the femur the incidence of non- union was 40% [47]. The skin 
overlying an affected bone may be warm as a result of increased 

(a) (b) (c)

Figure 4.10.1 Monostotic Paget’s disease illustrated by bone 
scintigraphy: (a) right pelvis; (b) right tibia (with deformity and fracture); 
(c) vertebra.

table 4.10.1 Symptoms and complications of Paget’s disease 
of bone

System Complication

Musculoskeletal Bone pain
Bone deformity
Osteoarthritis of adjacent joints
Acetabular protrusion
Fractures
Spinal stenosis

Neurological Hearing loss
Cranial nerve deficits (rare)
Basilar impression
Increased cerebrospinal fluid pressure
Spinal stenosis
Vascular steal syndrome

Cardiovascular Congestive heart failure and angina
Increased cardiac output
Aortic stenosis
Generalized atherosclerosis
Endocardial calcification

Metabolic Immobilization hypercalcaemia
Hypercalciuria
Hyperuricaemia
Nephrolithiasis

Neoplasia Sarcoma (osteosarcoma, chondrosarcoma, and 
fibrosarcoma)

Giant cell tumour

Reproduced with permission from Lyles KW, Siris ES, Singer FR, Meunier PJ. A clinical 
approach to diagnosis and management of Paget’s disease of bone. J Bone Miner Res 
2001; 16: 1379– 87. Copyright © American Society for Bone and Mineral Research (34).
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(a) (b) (c)

Figure 4.10.2 Radiographs of patients with Paget’s disease: (a) distal femur showing extensive and flame- shaped osteolysis; (b) lumbar spine; (c) tibia 
with characteristic deformity.

blood flow and bone turnover locally and hypervascularity of af-
fected bones may cause ischaemia of adjacent structures (steal 
syndrome). Irreversible hearing loss is the most common neuro-
logical complication occurring in about one- third of patients with 
skull involvement. This is thought to be related to structural and/ 
or density changes in the cochlear capsule bone [48]. Neoplastic 
transformation of pagetic bone is rare (less than 1%) and includes 
osteosarcoma and giant cell tumours associated more frequently 
with familial clustering of the disease [49]. Pathogenic mutations 
of the ZNF687 gene were identified in a family with Paget’s disease 
with increased prevalence of giant cell tumours of bone but also in 
patients with or without SQSTM1 mutations [50, 51]. The ZNF687 
gene is highly expressed during osteoclast and osteoblast differen-
tiation and patients with missense mutations of the gene had an 
earlier clinical expression and more severe bone disease.

investigations

Radiographic changes are characteristic of the disease (Figure 
4.10.2). Increased bone resorption may be detected as a decrease in 
the density of affected bones; sometimes a wedge-  or flame- segment 
of bone resorption may be seen in long bones and extensive osteo-
lytic areas in the skull (osteoporosis circumscripta). The osteolytic 
changes in long bones progress at a rate of about 1 cm/ year. Older le-
sions usually have a mixed sclerotic and lytic appearance and in the 
last stage of the disease sclerotic lesions predominate. The involved 
parts of the skeleton are enlarged and deformed, and the cortex can 
be thickened and dense. The radiological changes can be considered 
pathognomonic but in some cases differential diagnosis may include 
fibrous dysplasia and bone metastases, particularly from prostate 
cancer. Bone scintigraphy is used to assess the extent of the disease. 
It is not specific but it is more sensitive than plain radiographs; up 
to 15% of lesions detected by bone scintigraphy may have normal 

radiographic appearance. Bone scintigraphy should always be in-
cluded in the investigation of patients with Paget’s disease and plain 
radiographs of the areas of increased radioisotope uptake should be 
subsequently made to confirm the diagnosis (Figure 4.10.3).

The pathology of Paget’s disease is reflected in the proportional 
increase in biochemical indices of bone turnover [52]. In the past, 
urinary hydroxyproline excretion was used as an index of bone re-
sorption and serum total alkaline phosphatase activity as an index 
of bone formation. These can be markedly increased in patients with 
extensive disease but can be also found within the reference range 
in patients with limited bone involvement. Patients with skull in-
volvement tend to have the highest values of serum alkaline phos-
phatase activity. More specific and sensitive biochemical indices 
of bone formation include the bone- specific isoenzyme of alkaline 
phosphatase and the N- terminal extension peptide of collagen type 
I (procollagen I N- terminal peptide, P1NP). Serum osteocalcin con-
centrations are within the normal range in about half of the patients 
with elevated serum alkaline phosphatase values and should not be 
used in the management of patients with Paget’s disease. Urinary 
hydroxyproline is neither specific nor sensitive enough and its deter-
mination depends on specific dietary advice. Peptides of the cross- 
linking domains of collagen type I, such as the N- telopeptide (NTX) 
or the C- telopeptide (CTX), measured in urine or serum are the 
most sensitive biochemical markers of bone resorption. Impaired 
isomerization of C- telopeptide has been reported in patients with 
Paget’s disease but not in patients with increased bone turnover 
from other causes, leading to the postulation that this abnormality 
may reflect the defect in bone structure [53]. Degradation products 
of collagen type II are not increased in urines of patients [54].

In Paget’s disease, despite the marked changes in the rate of bone 
turnover, extracellular calcium homeostasis is generally maintained 
but some disturbances may occur. Hypercalcaemia may develop in 
immobilized patients with active, extensive disease or may be due to 
concurrent primary hyperparathyroidism, the incidence of which 
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is thought to be higher in Paget’s disease compared to the general 
population. Secondary hyperparathyroidism is present in about 
20% of patients while serum concentrations of calcitriol are gener-
ally normal. Hypercalciuria and renal stone disease occur also more 
frequently in patients with Paget’s disease.

Management

During the past 40 years, the management of patients with Paget’s 
disease has changed dramatically due to the discovery of the thera-
peutic potential of the calcitonins and later of the bisphosphonates. 
Other, less frequently used treatments were plicamycin 
(mithramycin) and gallium nitrate. Bisphosphonates are currently 
the preferred treatment of Paget’s disease.

Aims and indications of treatment

Classically treatment is given to patients with Paget’s disease to re-
lieve symptoms and improve their quality of life. The disease, how-
ever, is progressive and patients with symptoms were previously 
asymptomatic (Figure 4.10.4). It is currently impossible to iden-
tify patients who will develop symptoms and complications or to 
quantify the risk of complications in an individual. While this may 
change in the future with the use of genetic markers, anecdotal evi-
dence indicates that patients with localizations close to large joints, 
in weight- bearing bones and the skull or with high levels of serum 
alkaline phosphatase activity are at higher risk for complications 
with time. Treatment with potent bisphosphonates does not only re-
lieve symptoms due to the disease but restores bone quality and im-
proves or even normalizes radiological appearances. Moreover, the 
bulk of evidence obtained with bisphosphonates strongly suggests 

that complications can be prevented if bone turnover is adequately 
suppressed, whereas there are indications that the contrary is true 
if bone turnover does not normalize [55]. Firm evidence, however, 
from prospective randomized controlled trials is lacking. A study of 
a large cohort of patients randomized to intensive bisphosphonate 
treatment (risedronate) or symptomatic management reported no 
differences in clinical outcomes between the two groups [56, 57]. 
Limitations of the study included the already advanced disease in 
most of the patients, use of bisphosphonates by the majority of pa-
tients before trial entry, and the fact that the disease was in bio-
chemical remission in about half of the patients [58, 59].

These considerations led to the following treatment recommenda-
tions: (1) symptomatic disease, to reduce complaints and improve 
the quality of life; (2) preoperative treatment in preparation for an 
orthopaedic procedure on pagetic bone to reduce the increased 
blood flow and excessive bleeding; (3) treatment of asymptomatic 
patients with skeletal localizations at higher risk of future compli-
cations, such as those adjacent to large joints, in the skull, the spine, 
and the weight- bearing bones; and (4)  young patients. Studies of 
treatment of asymptomatic patients with SQSTM1 mutations are 
underway. The goal of treatment should be to normalize bone turn-
over, suppress serum alkaline phosphatase activity well within the 
normal range, and keep it adequately suppressed, if necessary with 
additional courses of treatment. Retreatment is generally advocated 
when a previously normal value of serum alkaline phosphatase ac-
tivity exceeds the upper limit of normal or when it increases by 20– 
25% above its nadir value.

Bisphosphonates

The following properties render bisphosphonates as ideal agents for 
the treatment of Paget’s disease:  selective uptake at active skeletal 
sites; specific inhibition of bone resorption; short plasma half- life 
and lack of circulating metabolites; and persistence of the effect 
after stopping treatment. The general structure of the molecule of 
germinal bisphosphonates allows numerous substitutions, which 
has led to the synthesis of a variety of compounds with considerable 
differences in potency, activity to toxicity ratio, and mechanism of 
action [60]. Bisphosphonates are divided into two groups according 
to the presence or absence of a nitrogen atom in the molecule. The 
nitrogen increases the potency of the bisphosphonates and deter-
mines their mechanism of action. Compounds without a nitrogen 
atom in the side chain are etidronate, clodronate, and tiludronate. 
Nitrogen- containing bisphosphonates include alendronate, 
ibandronate, incadronate, neridronate, olpadronate, pamidronate, 
risedronate, and zoledronate. Practically all bisphosphonate, either 
approved or in clinical development, have been used in the treat-
ment of Paget’s disease, which in turn has served as a human model 
for investigating the pharmacological properties of these agents. 
Bisphosphonates approved around the world for the treatment of 
Paget’s disease are listed in Table 4.10.2.

Pharmacodynamics

For the design of optimal therapeutic strategies of Paget’s disease 
with bisphosphonates their pharmacodynamic properties need to 
be taken into consideration [61]. When a potent bisphosphonate 
is given to a patient with Paget’s disease, the first measurable ef-
fect is the suppression of bone resorption. This occurs within a 
few days of starting treatment. During this initial period, bone 

(a)
(b)

Figure 4.10.3 Bone scintigram of a patient with Paget’s disease 
showing two areas of increased uptake of the isotope. Radiographs of 
these areas were diagnostic.
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formation does not change. This will decrease secondarily, at a 
slower rate, due to the coupling of bone resorption to bone forma-
tion, so that a new equilibrium will be reached after 3– 6 months 
(Figure 4.10.5). Thus, adequate suppression of bone resorption 
will be predictably followed by an adequate suppression of bone 
formation. Suppression of biochemical indices of bone resorp-
tion early during the course of treatment provides, therefore, an 
indication of the pharmacological efficacy of the bisphosphonate 
and can subsequently determine the length of treatment [62]. 
Because of the predictable changes in bone remodelling that 

follow bisphosphonate therapy in Paget’s disease, it is not neces-
sary to prolong treatment until the lowest level of serum alkaline 
phosphatase is reached and short courses are usually sufficient to 
achieve remissions. Moreover, the retention of bisphosphonate in 
the skeleton is proportional to disease activity and inversely pro-
portional to renal function [63]. Therefore, dose adjustments may 
be required in patients with impaired renal function, but no spe-
cific studies have addressed this issue. In addition, the wide vari-
ability of disease activity of affected patients strongly suggest that 
treatment needs to be individualized.
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Figure 4.10.4 (upper panel) Serial radiographs (anteroposterior view) of the tibia of an untreated 68- year- old man with Paget’s disease illustrating 
the progression of the disease. (lower panel) Sequential measurements of serum alkaline phosphatase (ALP) activity (U/ L) over 20 years in a 51- 
year- old woman with Paget’s disease of the pelvis. Note the progressive threefold increase in serum ALP activity on no treatment. Arrow indicates 
treatment with oral olpadronate 200 mg/ day for 1 month inducing complete, long- lasting remission. Horizontal line represents the upper limit of 
the normal range. At the time of intervention, the patient had already developed osteoarthritis and required total hip arthroplasty despite successful 
treatment. BP, bisphosphonate.
Upper panel is reproduced with permission from Siris ES, Feldman F. Natural history of untreated Paget’s disease of the tibia. J Bone Miner Res 1997; 12: 691– 2. Copyright © 
1997 American Society for Bone and Mineral Research.
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The long- term efficacy of treatment is best assessed by measuring 
biochemical indices of bone formation, serum alkaline phosphatase 
activity being still the most commonly used. In the past, the efficacy 
of treatment was evaluated by its ability to decrease serum alkaline 
phosphatase activity by more than 50% of its initial value. With the 
available potent bisphosphonates, this is no longer appropriate and 
treatment efficacy should be assessed only by its ability to decrease 
serum alkaline phosphatase values to the normal range (remission). 
In clinical practice there is no need to measure serum alkaline phos-
phatase activity earlier than 3 months after the start of treatment, 
6 months being the optimal time.

During the initial phase of bisphosphonate treatment, when bone 
resorption and bone formation are still dissociated, the increased 
retention of calcium in the skeleton leads to changes in calcium 
metabolism. There is a fall in serum calcium concentration, which 
stimulates the secretion of parathyroid hormone secretion and con-
sequently the renal production of calcitriol. These hormones, in 
turn, increase the renal tubular reabsorption of calcium (parathy-
roid hormone) and its intestinal absorption (calcitriol). The result is 
a marked, but transient, increase in calcium balance. The concomi-
tant decrease in serum phosphate concentrations is due to the renal 
action of parathyroid hormone. Such responses are not observed 
during etidronate treatment, which has a weak action on bone 

metabolism. With the attainment of the new equilibrium of bone 
remodelling, calcium balance returns towards pretreatment levels 
and the values of the biochemical indices of calcium metabolism 
normalize. The adaptive changes of calcium metabolism to the 
marked alterations in bone remodelling prevent the development of 
symptomatic hypocalcaemia in calcium- replete patients. However, 
elderly patients frequently have calcium- deficient diets and some 
investigators advocate the use of calcium supplements during treat-
ment of Paget’s disease with potent bisphosphonates, especially if 
these are given intravenously or the disease is very active. Support 
for this logical assumption by clinical trials is, however, limited.

treatment Responses

Clinical responses to treatment include the disappearance or clear 
improvement of pain in more than 80% of treated patients, when 
this is due to the activity of the disease. A decrease of bone pain is 
generally observed 1 to 3 months after the start of treatment and 
the effect is maximal after 6 months and is maintained for as long 
as biochemical indices of bone turnover remain within the normal 
range. Soon after the start of therapy with a potent bisphosphonate, 
particularly if given intravenously, there may be a transient increase 
in pain at affected sites and patients should be reassured. Pain due 
to osteoarthritis is unresponsive to treatment in about 75% of pa-
tients; non- steroidal anti- inflammatory drugs can then be used. If 
the hip joint is affected, hip arthroplasty may be required to control 
the symptoms. Back pain resulting from involvement of lumbar ver-
tebrae is frequently not relieved by treatment. About half of the pa-
tients with pain associated with deformity of the femur or the tibia 
will respond favourably to bisphosphonate therapy but pain may 
persist and a corrective osteotomy may be necessary. Deafness is 
usually not affected but its progression appears to be arrested. There 
have been also reports of improvement of spinal cord compression 
with bisphosphonate therapy and fracture frequency of pagetic 
bones appears to decrease with treatment.

Improvement in bone histology and formation of bone with 
normal lamellar structure and no evidence of a mineralization 
defect has been reported with currently used bisphosphonates. 
Radiologically, an arrest of the progression of the disease is usu-
ally seen. Radiological improvement can be dramatic, however, if 
lesions are lytic and are localized in long bones or in the skull. In 
other areas, improvement is slow and sometimes difficult to dem-
onstrate by non- experienced radiologists. Treatment induces an ex-
ponential decrease in isotope uptake on bone scintigrams. However, 
even with normalization of disease activity, only about 10– 30% of 
lesions normalize completely and residual uptake (up to 20% of the 
original) is detected [64]. Notably, more recent case studies showed 
normalization of radioisotope uptake in affected bones in most pa-
tients treated with zoledronate [65]. The possible relation of these 
scintigraphic changes to future recurrences has not been adequately 
studied but some investigators advocate normalization of bone 
scintigrams as one of the aims of treatment.

These clinical, histological, and radiological responses empha-
size the need for an intervention with a bisphosphonate early in the 
course of the disease and before the development of complications.

All bisphosphonates given to patients with Paget’s disease sig-
nificantly decrease biochemical indices of bone turnover [66– 
73]. Considerable differences exist, however, in their ability to 
induce remissions. Generally, potent bisphosphonates induce better 

table 4.10.2 Bisphosphonates approved for the treatment 
of Paget’s disease

Generic name Dose

Alendronate Oral, 40 mg daily for 6 months

Clodronate Oral, 1600 mg daily for 3 to 6 months

Etidronate Oral, 400 mg daily for 6 months

Neridronate Intravenous 100 mg daily for 2 days

Pamidronate Intravenous, 30– 60 mg daily for 3 daysa

Risedronate Oral, 30 mg daily for 2 months

Tiludronate Oral, 400 mg daily for 3 months

Zoledronate Intravenous, 5 mg (one 15 min infusion)b

a Lower dose recommended by the pharmaceutical industry, higher dose 
recommended by investigators; b Preferred treatment.
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Figure 4.10.5 Schematic presentation of the changes in 
biochemical indices of bone resorption and bone formation following 
bisphosphonate treatment of Paget’s disease.
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responses. Head to head clinical trials have been performed with 
etidronate 400  mg daily for 6  months as comparator. In all these 
clinical trials, etidronate was less effective. The limited efficacy, 
relative to other bisphosphonates, together with the increased risk 
of osteomalacia, have made etidronate a treatment of the past. 
Normalization of serum alkaline phosphatase activity has been re-
ported with tiludronate 400 mg daily for 3 months (35%), clodronate 
1600 mg daily for 6 months (up to 70%), alendronate 40 mg daily 
for 6 months (63%), risedronate 30 mg daily for 2 months (up to 
70%), and pamidronate, intravenously or orally in variable regi-
mens (up to 90%). It should be noted that comparison of results 
obtained in different studies is not appropriate due to different se-
lection criteria and disease activity of treated patients. The results 
of these studies showed, in addition, that despite the availability of 
effective and convenient treatment regimens with bisphosphonates, 
there was still need for further improvement. More recently, the ef-
ficacy and tolerability of a single 15- min intravenous infusion of 
zoledronate was compared to oral risedronate 30  mg per day for 
2 months in patients with Paget’s disease of moderate activity [74]. 
Results showed that zoledronate was significantly more efficacious 
than risedronate in inducing biochemical remission that lasts long 
[75] associated with improvements in some aspects of the quality 
of life of the patients. Zoledronate is currently considered the treat-
ment of choice of Paget’s disease.

Follow- up of patients in remission is indicated every 6– 
12 months. Remissions, estimated from the time of normalization 
of serum alkaline phosphatase activity, can be long and can last even 
longer than 10 years in some patients. We have observed, however, 
recurrences 12 or 13 years after induction of complete biochemical 
remission which illustrates the need for continuous follow- up. The 
duration of remission is determined by the degree of suppression 
of serum alkaline phosphatase activity and the number of affected 
bones but is not related to the length or to the mode of treatment 
(oral or intravenous) as long as a potent, efficacious bisphosphonate 
is given [70, 76– 78]. The lower the serum alkaline phosphatase ac-
tivity reached with treatment, the longer the period of remission. 
Suppression of serum alkaline phosphatase activity well within the 

normal range is a prerequisite for long- term remissions and should 
be part of treatment strategies. Notably, in a study of 152 (83% with 
pain complaints) patients with Paget’s disease and median time of 
biochemical remission 78.9 months after short- term treatment with 
the bisphosphonate olpadronate, worsening of pain scores were sig-
nificantly related to biochemical relapse probability [78]. These ob-
servations underscore the relationship between biochemical indices 
of bone turnover with pain and the need to retain them within the 
normal range.

Resistance to Bisphosphonate treatment

Impaired response to repeated treatment courses with 
bisphosphonates is usually referred to as acquired resistance and 
should be distinguished from an intrinsic resistance to a particular 
compound. Acquired resistance has been reported for etidronate 
and pamidronate [79,  80] but the underlying mechanism is not 
known and it is important to differentiate between real and apparent 
resistance. Some patients may not respond to oral bisphosphonate 
but may show a prompt response to the same compound given 
intravenously. In such cases, factors interfering with the already 
low intestinal absorption of the drug are most likely responsible for 
the impaired response to oral treatment. Patients retreated with the 
same bisphosphonate during a recurrence of their disease may show 
a reduced fractional decrease in biochemical indices of bone turn-
over compared to earlier treatments. Some consider this response 
compatible with development of resistance to therapy. However, it 
has been shown in studies with clodronate and pamidronate that 
the actual level, rather than the fractional decrease of biochemical 
indices of bone turnover following every treatment, should be com-
pared to those obtained after the initial therapy (Figure 4.10.6). This 
is because patients who are offered a new treatment course have 
generally a lower rate of bone turnover compared to that before the 
first treatment. Finally, in patients with Paget’s disease and concur-
rent hyperparathyroidism, completeness of response is generally 
less and recurrences occur quicker which might be considered re-
duced responsiveness. For optimal responses of patients with Paget’s 
disease and autonomous hyperparathyroidism to bisphosphonates, 
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Figure 4.10.6 Apparent resistance to bisphosphonate therapy in Paget’s disease. Absolute and percent changes of urinary hydroxyproline excretion 
(UOHP) and serum alkaline phosphatase (ALP) activity after first treatment with pamidronate or retreatment with the same bisphosphonate for a 
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parathyroidectomy should be considered. However, real resistance 
to pamidronate can develop. We showed, for example, progressive 
reduction in responsiveness to this bisphosphonate, which was 
mainly related to the extent of skeletal involvement but not to the 
dose of pamidronate or to the biochemical activity of the disease. 
Patients with three or more affected bones were most likely to de-
velop resistance to pamidronate, a finding consistent with other 
reports. These patients respond readily to other bisphosphonates. 
There are scarce data of resistance to other nitrogen- containing 
bisphosphonates. Using the same approach as in the pamidronate 
studies, we found no resistance to consecutive treatments of patients 
with Paget’s disease with olpadronate. Thus, within the limitations 
of existing studies, it appears that acquired resistance is specific for 
pamidronate and is limited to patients with extensive disease. Such 
resistance does not seem to occur with other nitrogen- containing 
bisphosphonates but the evidence for that is still weak. Finally, pri-
mary resistance to a specific bisphosphonate, if it exists, is rare.

Adverse Effects

All bisphosphonates given at very high doses can impair the min-
eralization of newly formed bone and induce osteomalacia. In clin-
ical practice this is, however, relevant only for etidronate. Doses of 
potent nitrogen- containing bisphosphonates that induce osteomal-
acia exceed, by many orders of magnitude, those required for ef-
fective suppression of bone turnover. Consequently, in all reported 
controlled studies no adverse effects on bone mineralization have 
been observed. In only a few patients treated with intravenous 
pamidronate, at doses higher than those recommended, has im-
paired bone mineralization been reported. Histological osteomal-
acia induced by either etidronate or pamidronate is reversible.

In some patients treated for the first time with nitrogen- 
containing bisphosphonates there is a rise in body temperature and 
flu- like symptoms during the first 3 days of treatment. These symp-
toms are transient and subside with no specific measures even when 
treatment is continued [81,  82]. This response is dose- dependent 
and is associated more frequently with intravenous than oral treat-
ment. Moreover, it does not generally recur upon retreatment, 
and, if it does, it is of lower intensity. Previous exposure to another 
nitrogen- containing bisphosphonate, but not to etidronate, pre-
cludes the development of this response. Laboratory findings are 
consistent with an acute phase reaction [82]. There is a transient 
decrease in blood lymphocytes and a transient increase in serum 
C- reactive protein, possibly due to increases in proinflammatory 
cytokines, such as IL- 6 and TNF- α produced by γ,δ T lymphocytes 
in response to a metabolite of the mevalonate pathway, upstream 
farnesyl pyrophosphate synthase, which is inhibited by nitrogen- 
containing bisphosphonates [82, 83]. Rarely, high doses of nitrogen- 
containing bisphosphonates may induce ophthalmic reactions such 
as conjunctivitis, iritis, or uveitis. There are case reports of ototox-
icity and central nervous toxicity after intravenous pamidronate. 
Allergic skin reactions have been occasionally observed with most 
of the bisphosphonates.

Mild gastrointestinal complaints occur with low frequency 
with the use of all bisphosphonates. Some nitrogen- containing 
bisphosphonates can induce more severe symptoms such as heart-
burn, nausea, and vomiting in a few patients, associated with oe-
sophagitis or gastritis. The use of oral alendronate 40  mg daily 
was associated with higher frequency of epigastric complaints in 

an open, but not in a controlled, study and the latter was also the 
case with oral risedronate 30 mg daily. In a comparative study of 
alendronate 40  mg/ day and risedronate 30  mg/ day gastric ulcers 
and/ or large numbers of gastric erosions were detected endo-
scopically in approximately 3% of patients, and their occurrence 
was comparable with both bisphosphonates. Nitrogen- containing 
bisphosphonates should be administered orally with one full glass 
of water and the patient should remain in an upright position for 
half an hour to allow quick passage through the oesophagus and 
to avoid oesophageal irritation. Rapid intravenous injection of 
bisphosphonates may chelate calcium in the circulation and form 
complexes, which can be nephrotoxic or can damage directly the 
renal tubule. Bisphosphonates should, therefore, be given by slow 
infusion. Zoledronate is administered by short intravenous infusion 
(15 min) because of the low effective dose. Aminobisphosphonates 
should not be injected intramuscularly because they can cause se-
vere local irritation and necrosis but clodronate has been given 
intramuscularly. Osteonecrosis of the jaw is extremely rare in pa-
tients with Paget’s disease treated either with oral or intravenous 
bisphosphonates.

Notably, impaired renal function is a contraindication for 
bisphosphonate treatment and zoledronate should not be admin-
istered to patients with creatinine clearance <35 ml/ min. There is, 
therefore, an unmet therapeutic need of such patients. Anecdotal 
evidence suggests that treatment with the RANKL inhibitor, 
denosumab, which is not eliminated by the renal route, might be 
efficacious in patients with Paget’s disease [84], an observation that 
needs, however, to be confirmed in appropriate patient groups.
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introduction

Background

Mineralization of newly formed organic matrix within the skeleton 
is a complex and highly ordered process. Fundamentally, it requires 
both adequate extracellular concentrations of calcium (Ca2+) and 
phosphorous as inorganic phosphate (Pi) as well as normal function 
of cartilage- forming chondrocytes and bone- forming osteoblasts. 
Compromise of either aspect can impair how well bones grow and 
harden. In fact, the causes and mechanisms for impaired skeletal 
mineralization are many and complex. The term ‘rickets’ describes 
the consequences of undermineralization of cartilage and bone ma-
trix (primary spongiosa and osteoid, respectively) throughout a 
growing skeleton. Infants, children, and adolescents can be affected. 
The term ‘osteomalacia’ refers to what follows from impaired bone 
mineralization in adult life after the growth plates have fused and 
cartilage mineralization is no longer an issue. However, neither 
‘rickets’ nor ‘osteomalacia’ denotes a specific aetiology. Both are 
generic labels for what follows from too little deposition of hydroxy-
apatite crystals into skeletal tissue. Nevertheless, there are several 
useful ways that rickets and osteomalacia can be classified. Nearly 
all individuals with rickets or osteomalacia have low circulating 
(extracellular) levels of Ca2+ and/ or Pi. Often, inadequate vitamin 
D is involved. Sometimes there is instead impaired endogenous 
bioactivation of adequate vitamin D.  Alternatively, kidney tubule 
dysfunction can lead to urinary Pi wasting and hypophosphataemia, 
often including impaired renal bioactivation of vitamin D. Skeletal 
cell- based explanations for undermineralization of cartilage and 
bone are rare and involve defective synthesis of constituents or 

conditioners of bone matrix. Hence, the number of disorders that 
cause rickets or osteomalacia is considerable; some are acquired, 
and others inherited (Box 4.11.1).

In contrast to osteomalacia in which predominantly bone remod-
elling (turnover) is impaired, rickets compromises all three compo-
nents of skeletal formation:

 • Growth: For long bones to lengthen and certain axial bones to 
enlarge, chondrocytes within their growth plates (i.e. physes, 
apophyses) must proliferate, hypertrophy, and then degenerate 
and the matrix they produced mineralize (i.e. endochondral bone 
formation).

 • Modelling:  Correct shaping of growing long bones requires 
deposition and removal of mineralized osseous tissue at their 
outer and inner cortical margins (periosteum and endosteum, 
respectively).

 • Remodelling: On innumerable occasions over a lifetime, micro-
scopic areas of mineralized cortical (compact) and trabecular 
(spongy) bone are resorbed and then reformed so that the 
skeleton’s metabolic, structural, and repair roles can be fulfilled.

Hence, rickets often features short stature (physeal dysfunction), 
long bone bowing and metaphyseal widening (modelling defects), 
and frequent and poorly healing fractures (remodelling failure). 
These disturbances lead to diagnostic radiographic changes. In con-
trast to rickets, osteomalacia that begins in adult life is usually not 
deforming unless there are fractures. Because growth plates have 
fused and bone modelling has largely ceased, disturbed skeletal re-
modelling becomes paramount in osteomalacia. Osteomalacia is 
less apparent clinically and has few distinctive radiographic findings 
compared to rickets. In either disorder, however, defective bone 
turnover (remodelling) can manifest radiographically as general-
ized osteopaenia. Occasionally, if skeletal tissue accumulates, there 
can be hyperostosis (cortical bone widening) and osteosclerosis 
(trabecular bone thickening). The principal clinical, radiographic, 
and histological features of rickets or osteomalacia are largely 
shared among the numerous causes.

Alternatively for some years now, the term ‘rickets’ has been used 
by some histologists and clinicians strictly for the disturbance of 
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Box 4.11.1 Causes of rickets or osteomalacia

Vitamin D deficiency
 • Deficient endogenous (cutaneous) synthesis

 — Inadequate sunshine
 — Other factors, e.g. ageing, pigmentation, sunscreens,  

clothing
 • Dietary

 — Classic ‘nutritional’
 — Fat- phobic
Malabsorption

 • Gastric
 — Partial gastrectomy

 • Intestinal
 — Small bowel disorders, e.g. coeliac disease (gluten- sensitive 

enteropathy)
 • Hepatobiliary

 — Cirrhosis
 — Biliary fistula
 — Biliary atresia

 • Pancreatic
 — Chronic pancreatic insufficiency

Disorders of Vitamin D bioactivation and action
 • Hereditary

 — Vitamin D- hydroxylation deficient rickets, type 1A  
(OMIM #264700) (1α- hydroxylase deficiency)

 — Vitamin D- hydroxylation deficient rickets, type 1B  
(OMIM #600081) (25- hydroxylase deficiency)

 — Vitamin D- dependent rickets, type 2A  
(OMIM #277440) (vitamin D receptor defect)

 — Vitamin D- dependent rickets, type 2B  
(OMIM %600785) (intact vitamin D receptor)

 • Acquired
 — Anticonvulsant therapy
 — Renal insufficiency

 • Acidosis
 • Distal renal tubular acidosis (classic, type I)

 — Primary (specific aetiology not determined)
 • Sporadic
 • Familial

 — Secondary
 • Galactosaemia
 • Hereditary fructose intolerance with nephrocalcinosis
 • Fabry disease

 — Hypergammaglobulinaemic states
 — Medullary sponge kidney
 — Postrenal transplantation

 • Acquired
 — Ureterosigmoidostomy
 — Ileal conduit
 — Obstructive uropathies
 — Drug- induced
 — Acetazolamide
 — Ammonium chloride

Chronic renal failure
Phosphate depletion
 • Dietary

 — Low phosphate intake
 — Antacid excess using aluminium hydroxide or other  

non- absorbable hydroxides
 • Impaired renal tubular phosphate reabsorption (‘phosphate diabetes’)

 — Hereditary

 • X- linked hypophosphataemia (OMIM# 307800)
 • Autosomal dominant hypophosphatemic rickets
 • Autosomal recessive hypophosphatemic rickets, types I and II
 • Syndrome of lipoatrophic diabetes, vitamin D resistant rickets, per-

sistent Müllerian ducts
 • Dent disease (OMIM #300009) (hypercalciuria, nephrolithiasis, 

X- linked)
 — Acquired

 • Oncogenic (tumour- induced)
 • Neurofibromatosis
 • McCune– Albright syndrome
 • Ifosfamide treatment
 • Cutaneous skeletal hypophosphatemic syndrome (epidermal 

nevus syndrome)

General renal tubular disorders (Fanconi’s syndrome)
 • Primary renal

 — Idiopathic
 • Sporadic
 • Familial

 — Associated with a systemic metabolic disease
 • Cystinosis
 • Glycogenosis
 • Lowe’s syndrome

 • Systemic disorder with associated renal disease
 — Hereditary

 • Inborn errors
 • Wilson’s disease
 • Tyrosinaemia

 — Acquired
 • Multiple myeloma
 • Nephrotic syndrome
 • Transplanted kidney

 — Toxins
 • Cadmium
 • Lead
 • Outdated tetracycline

Primary mineralization defects
 • Hereditary

 — Hypophosphatasia (OMIM #241500, #146300, #241510)
 — Osteogenesis imperfecta, type VI
 — Congenital sclerosing osteomalacia with cerebral calcification (‘Raine 

syndrome’)
 • Acquired

 — Bisphosphonate (etidronate) toxicity
 — Skeletal fluorosis
 — Aluminium or strontium intoxication
 — Gallium intoxication

States of rapid bone formation

 — Postoperative hypoparathyroidism with osteitis fibrosa cystica

Defective matrix synthesis
 • Fibrogenesis imperfecta ossium

Miscellaneous
 • Mg2+- dependent
 • Calciopaenic
 • Steroid- sensitive
 • Axial osteomalacia
 • Osteopetrosis (‘osteopetrorickets’)
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endochondral bone formation at physes, and ‘osteomalacia’ for the 
impaired remodelling typically observed using non- decalcified 
bone histology after tetracycline ‘labelling’. In this context, rickets 
and osteomalacia both would be present in paediatric patients with 
impaired skeletal mineralization.

The fundamental pathogeneses of rickets or osteomalacia can be 
broadly but usefully considered:  (1) primary Ca2+ deficiency (i.e. 
nutritional inadequacy for the mineral itself, or more commonly 
disrupted vitamin D homeostasis leading to inadequate absorption 
of dietary Ca2+) and called hypocalcaemic rickets or osteomalacia; 
(2) primary phosphorous deficiency (i.e. binding and malabsorp-
tion of Pi within the gastrointestinal tract, or increased renal Pi 
clearance) and called hypophosphataemic rickets or osteomalacia; 
and (3) aberrant hydroxyapatite crystal deposition due to skeletal 
cell dysfunction or abnormal mineral composition.

Medical therapy for rickets or osteomalacia will have greatest 
success if the aetiology can be identified and thereby reveal a cure 
(e.g. environmental vitamin D deficiency) [1– 3]. Failing a cure, pre-
cise understanding of the pathogenesis becomes key for safe and 
effective treatment. For some underlying disturbances of mineral 
homeostasis, directly circumventing the pathogenesis may be pos-
sible (e.g. providing the deficient form of vitamin D in certain in-
born errors of vitamin D bioactivation, or alkaline phosphatase 
(ALP) in hypophosphatasia). Except for dosage, pharmacological 
approaches for the specific types of rickets or osteomalacia will gen-
erally be alike regardless of patient age. However, additional dis-
tinctive complications often trouble paediatric patients with soft 
bones, and the goals for treatment and necessary follow- up differ 
from adults. Management of rickets is especially complex and likely 
to require multidisciplinary skills including orthopaedic care and 
dentistry. Fortunately, all forms of rickets or osteomalacia now have 
some type of medical treatment and all patients can benefit.

Vitamin D and Mineral Metabolism

Vitamin D

Much is now understood concerning the biosynthesis, bioactivation, 
and peripheral actions of vitamin D [2, 3] and regulation of mineral 
homeostasis [4] . Sufficient antirachitic activity in people can come 
from cutaneous synthesis in sunshine of vitamin D3 [5] derived from 
7- dehydrocholesterol, but this is often not achieved so fortification 
of select foods with vitamin D2 or vitamin D3 (e.g. 400 IU per quart 
of milk or infant formula in the United States) acts as a ‘safety net’ in 
several countries. Ergocalciferol (vitamin D2) is the product of UV 
irradiation of ergosterol extracted from animal or plant substances, 
and is used in supplements or as a pharmaceutical [2, 3]. For other 
individuals 290– 310  nm ultraviolet (UV) light lamps are used for 
cutaneous synthesis of cholecalciferol (vitamin D3). Age, skin pig-
mentation, and clothing as well as the angle, intensity, and duration 
of sunshine all condition how much vitamin D3 is synthesized [5].

Vitamin D should be regarded as a fat- soluble steroid hormone 
rather than as a nutrient (i.e. ‘vitamin’) because cholecalciferol or 
ergocalciferol undergo two bioactivation (hydroxylation) steps to 
become the fully potent 1,25- dihydroxyvitamin D that circulates 
to target organs where it binds to the vitamin D receptor (VDR) 
[6– 8]. Vitamin D2 and D3 are, therefore, both prohormones that are 

transported in the blood by their high- affinity binding protein to 
muscle or fat for storage, or to the liver and subsequently to the 
kidney for bioactivation or deactivation through targeted hydrox-
ylation steps [2, 3]. The notion that this hormone is a vitamin came 
from cures of vitamin D- deficiency rickets by giving fish oils (e.g. 
cod liver oil) rich in this ‘vital’ substance. This bioactivation oc-
curs first, with little regulation, when cholecalciferol or ergocalcif-
erol are hydroxylated in hepatocyte mitochondria by the enzyme 
P450c25 to form 25- hydroxyvitamin D, called calcidiol. Then, with 
precise control reflecting circulating Ca2+, Pi, and parathyroid hor-
mone (PTH) levels, 25- hydroxyvitamin D is further hydroxylated 
by kidney proximal convoluted tubule cell mitochondrial P450c1α, 
more commonly called 25- hydroxyvitamin D,1α−hydroxylase (or 
1α−hydroxylase) to 1,25- dihydroxyvitamin D, called calcitriol. Low 
circulating levels of Ca2+ and Pi and elevated circulating levels of 
PTH all activate renal 1α- hydroxylase in order to increase 1,25- 
dihydroxyvitamin D biosynthesis [6– 8]. Other cells can contain 
1α- hydroxylase:  for example, keratinocytes, macrophages often 
in granulomas, some tumour cells, and placental decidual cells 
[7,  8]. However, under physiological conditions other than preg-
nancy, extrarenal production of 1,25- dihydroxyvitamin D does 
not significantly contribute to its circulating levels. Hydroxylation 
at carbon 24 to produce 24,25- dihydroxyvitamin D or 1,24,25- 
trihydroxyvitamin D (calcitroic acid) occurs in a wide range of 
healthy tissues and is important for the deactivation and elimination 
of vitamin D. All of these hydroxylases are mitochondrial mixed- 
function oxidases containing cytochrome P450 with ferredoxin and 
haem- binding domains. Vitamin D2 and D3 seem equally suscep-
tible to these hydroxylation steps, and their bioactivated forms are 
essentially equipotent in conditioning mineral homeostasis [2, 3], 
although some evidence suggests vitamin D3 is more effective than 
vitamin D2 in humans.

In tissues targeted by vitamin D, genomic and non- genomic 
actions of 1,25- dihydroxyvitamin D can occur [9] . There, 1,25- 
dihydroxyvitamin D couples to the VDR encoded by its gene that 
is a member of the nuclear hormone receptor gene superfamily. 
The VDR has both 1,25- dihydroxyvitamin D- binding and DNA- 
binding domains. After the complex combines with a retinoid X 
receptor (RXR) heterodimeric partner, transcription of genes in 
bone, kidney, and enterocytes is activated to assure adequate extra-
cellular concentrations of minerals [9]. 1,25- dihydroxyvitamin D is 
considered the active metabolite of vitamin D by its rapidity of ac-
tion and potency to augment gut absorption of Ca2+. Urinary Ca2+ 
reclamation by the kidneys and bone resorption to provide Ca2+ 
are also increased. However, 1,25- dihydroxyvitamin D suppresses 
PTH synthesis within the feedback loop [2, 3]. The nomenclature of 
vitamin D and its activated forms emphasizes the hormonal nature 
of these secosterols (Table 4.11.1).

Minerals

Extracellular levels of both Ca2+ and Pi are maintained principally 
by three organs:  intestine (mainly by absorption), bone (by rapid 
fluxes as well as slower bone resorption and formation), and kidney 
(by ultrafiltration and then modulation of tubular reabsorption) [4] . 
Three hormones interact significantly to achieve mineral homeo-
stasis: (1) PTH activates osteoblasts directly and osteoclasts indir-
ectly, increases renal tubular reabsorption of Ca2+ while causing 
phosphaturia, and promotes 1,25- dihydroxyvitamin D production 
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in proximal renal tubule cells; (2)  1,25- dihydroxyvitamin D pro-
motes Ca2+ (and Pi) absorption from the gut by increasing synthesis 
of the Ca2+ transport protein calbindin, probably activates osteo-
clasts, and regulates the biosynthesis of PTH and the phosphatonin 
fibroblast growth factor 23 (FGF23) [10]; (3) FGF23, produced by 
cells of the osteoblast lineage, circulates and then diminishes renal 
tubular reabsorption of Pi while inhibiting the biosynthesis of 1,25- 
dihydroxyvitamin D [7]. Thus, changes in circulating (i.e. extracel-
lular) Ca2+ levels attributable to PTH come from its direct actions 

on the skeleton and kidneys and indirect action on the gut mediated 
instead by 1,25- dihydroxyvitamin D production [2, 3]. Extracellular 
Pi levels are regulated primarily by the kidney [11] where PTH and 
FGF23 cause phosphaturia, but to what degree other factors control 
Pi homeostasis is less well understood. Now, they include action by 
potentially a variety of phosphatonins [10], discovered from studies 
of a number of acquired or heritable forms of hypophosphataemic 
rickets or osteomalacia. Nevertheless, the precise interplay among 
these three hormones creates a means for controlling mineral 
homeostasis both acutely and long term, but with circulating levels 
of Ca2+ being more tightly controlled than Pi concentrations [4].

Diagnosis

Medical History

Disturbances in vitamin D and mineral homeostasis that cause 
rickets or osteomalacia can lead to a considerable number and var-
iety of signs, symptoms, and complications— some of which depend 
importantly on the patient’s age. These can be viewed as metabolic 
or skeletal in origin (Box 4.11.2), and become more likely as cir-
culating Ca2+ or Pi levels become progressively lower (Box 4.11.3). 
Reduced levels or ineffective actions of vitamin D are particularly 
harmful for growing infants and young children (Boxes 4.11.2 
and 4.11.3). Osteomalacia in adults is less apparent than rickets 
in children. Both disorders, however, can cause diffuse skeletal 
achiness and tenderness with focal worse pain due to fractures or 
pseudofractures. Some symptoms can instead be vague. The import-
ance of a detailed medical history from, and then complete physical 
examination of, the patient to capture what is needed for diagnosing 
and treating all metabolic bone diseases was reviewed in 2018 [12], 
and cannot be overemphasized for rickets and osteomalacia.

Physical Examination

Rickets compromises especially the most rapidly growing bones 
[13,  14]. Thus, the nature of the skeletal changes depends on the 
patient’s age when the metabolic perturbations began. Congenital 
forms of rickets may go unnoticed at birth because Ca2+ and Pi levels 
in the fetal circulation are controlled by placental transport from the 
mother. Such patients with healthy mothers usually develop phys-
ical features of rickets during the first 2 years of life. During infancy, 
the changes involve especially the cranium, ribs, and wrists causing 
widened cranial sutures, frontal bossing, posterior flattening of the 
skull (craniotabes), bulging of the costochondral junctions (rachitic 
rosary), indentation of the ribs at the insertion of the diaphragm 

table 4.11.1 Nomenclature of vitamin D (calciferol) and its metabolites

Chemical Vitamin Abbreviation

Cholecalciferol Vitamin D3 D3

Ergocalciferol Vitamin D2 D2

25- Hydroxycholecalciferol 25- hydroxyvitamin D3 25(OH) D3

25- Hydroxyergocalciferol 25- hydroxyvitamin D2 25(OH) D2

1α- Hydroxyergocalciferol 1α- hydroxyvitamin D2 1α(OH) D2

1,25- Dihydroxycholecalciferol 1,25- dihydroxyvitamin D3 1,25(OH)2D3

1,25- Dihydroxyergocalciferol 1,25- dihydroxyvitamin D2 1,25(OH)2D2

Throughout the text, unless specified, the abbreviations D, 25- hydroxyvitamin D, and 1,25- dihydroxyvitamin D refer to either the D2 or D3 compound, or a mixture of both.

Box 4.11.2 Vitamin D deficiency: age- dependent signs 
and symptoms

 • Metabolic
 — Hypocalcaemia
 — (See Box 4.11.3)

 • Muscle
 — Proximal myopathy
 — Waddling gait
 — Asthenia
 — Pot belly with lumbar lordosis

 • Dental
 — Delayed eruption
 — Enamel defects
 — Caries

 • Skeletal
 — Frontal bossing
 — Widened cranial sutures
 — Craniotabes (skull asymmetry)
 — Harrison’s groove
 — Rachitic rosary
 — Sternal indention or protrusion
 — Rib deformity → respiratory compromise
 — Pneumonia
 — Limb deformity
 — Flared wrists and ankles
 — ‘String- of- pearls’ deformity in hands
 — Bone tenderness
 — Fracture
 — Short stature
 — Kyphosis
 — Low back pain
 — Dystocia
 — Hypotonia
 — Lax ligaments
 — Listlessness
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(Harrison’s groove), and distally widened forearm bones. The rib 
cage may become so deformed (‘bell- shaped’) that this predisposes 
to recurrent pneumonias and respiratory failure. Eruption of the 
dentition is delayed and defective mineralization (‘shell teeth’) can 
include enamel hypoplasia [13, 14]. After infancy, with standing and 
continued rapid linear growth, skeletal deformities can become se-
vere in the lower limbs. Bowlegs (genu varum), or less often knock- 
knees (genu valgum), of variable severity develop together with 
widening of the ends of long bones due to physeal and metaphyseal 
expansion. Occasionally, the lower limbs bend in the same direc-
tion (‘windswept’ legs) [13]. However, extremity deformity may not 
occur if the rachitic child is too ill to bear weight or is not growing. 
When the bones first soften later in childhood or during the ado-
lescent growth spurt, knock- knee deformity becomes particularly 
common. If unsuccessfully treated, rickets may compromise adult 
height, predispose to fractures, and leave permanent skeletal de-
formities that lead to osteoarthritis. Focal bone pain and tenderness 
can result from fracture. In osteomalacia, pressure on the sternum, 
percussion over the vertebrae, and squeezing of the ribs and long 
bones may elicit tenderness.

Skull shape and size can be distorted. Premature fusion of cranial 
sutures causing craniosynostosis is common in early- onset rickets. 
In X- linked hypophosphataemia, dolichocephaly often occurs 
due to closure of the sagittal suture, but is usually only a cosmetic 
finding unless additional sutures became prematurely fused. In 
severe instances of hypophosphatasia from ALP deficiency, ‘func-
tional’ craniosynostosis from profound hypomineralization of the 
calvarium, or later due to true bony fusion of all cranial sutures, 
can lead to a scaphocephalic skull sometimes complicated by raised 
intracranial pressure [15].

In oncogenic (tumour- induced) rickets or osteomalacia, the 
causal neoplasm is usually benign and may be visible if not palp-
able, although some are smaller than pea- size and located es-
sentially anywhere. Some have occurred intravaginally or in the 
nasopharynx, and not infrequently originate within the skeleton. 

Because extirpation of these tumours is curative, thorough phys-
ical examination to find them is essential. If the neoplasm remains 
elusive, including on radiological studies, the patients should peri-
odically undergo physical examination for subcutaneous bumps be-
cause the tumours grow slowly and may appear.

Maternal dystocia due to a narrowed birth canal resulting from 
childhood vitamin D deficiency was a major cause of obstetrical 
mortality at the turn of the past century [14]. This deformity should 
be considered for women of childbearing age with a history of 
rickets.

Total alopecia represents an important finding concerning man-
agement and prognosis in patients with hereditary resistance to 
1,25- dihydroxyvitamin D [6, 7].

Hypocalcaemia, if present, can enhance neuromuscular excit-
ability [4] . Infants with compromised vitamin D homeostasis and 
hypocalcaemia are often ‘floppy’, hypotonic, listless, and irritable 
[13]. Symptoms and signs of latent or overt tetany may be reported 
during the medical history or elicited during the physical examin-
ation, respectively (Box 4.11.3). Such findings are particularly likely 
with severe and/ or rapid reductions in circulating Ca2+ levels. There 
can be paresthesia of the lips and fingertips and spontaneous muscle 
contractions in the face, limbs, or elsewhere. Carpopedal spasm 
features thumb adduction, metacarpophalangeal joint flexion, and 
interphalangeal joint extension. Latent tetany can be unmasked 
if there is a positive Chvostek’s sign or Trousseau’s sign, yet both 
can be negative despite severe hypocalcaemia. Profound hypocal-
caemia can also cause mental status changes, epileptic seizures, 
lethal stridor from laryngeal muscle spasm, and cardiomyopathy 
(Box 4.11.3) [4].

Additional problems from deranged vitamin D homeostasis 
and hypocalcaemia include a ‘metabolic myopathy’ with reduced 
muscle tone and strength as well as a waddling gait, but no (or non- 
specific) changes on electromyography [13]. Weakness is a prom-
inent feature of vitamin D deficiency and tumour- induced rickets 
or osteomalacia. Proximal muscle weakness is suspected when there 
is difficulty negotiating stairs, combing hair, or standing from sit-
ting. Gower’s sign detects muscle weakness if patients must push up 
with their hands on their thighs to stand. There can also be lax liga-
ments and pectus excavatum from diaphragmatic and intercostal 
muscle traction. Validated assessments of muscle strength by func-
tional testing or dynamometry before treatment commences may 
be useful for follow- up if therapy will not be curative.

Radiological Studies

For rickets of any type, an anteroposterior radiograph of a knee and 
a posteroanterior radiograph of a wrist (perhaps non- dominant 
side) before treatment begins best document the characteristic 
physeal and metaphyseal abnormalities and will be an important 
basis to judge the patient’s response to therapy [16]. Early on, rickets 
broadens growth plates uniformly (Figures  4.11.1a and b) and 
metaphyses are splayed and concave with their epiphysis appearing 
as though held within a ragged cup (Figure 4.11.1b). However, with 
chronic disease and long bone deformity mechanical forces acting 
on the lower limbs can cause asymmetrical widening of growth 
plates especially at the knees (Figure 4.11.1c). For a few years 
after the major appendicular growth plates fuse, rachitic changes 
may still be discernible in the apophyses of the ischium and ilium 
[16]. Long cassette radiographs of the lower limbs, taken while 

Box 4.11.3 Signs and symptoms of acute or 
chronic hypocalcaemia

 • Nervous system
 — Increased irritability from latent or overt tetany
 — Seizures
 — Mental status change, retardation
 — Basal ganglia calcification

 • Cardiovascular
 — Prolonged ST interval with arrhythmia
 — Cardiomyopathy with congestive heart failure
 — Hypotension

 • Other
 — Papilloedema
 — Lenticular cataracts
 — Intestinal malabsorption
 — Dysplastic teeth
 — Rickets/ osteomalacia
 — Integument changes
 — Joint contractures
 — Vertebral ligament calcification

Updated after reproduction with permission from Whyte MP. Hypocalcemia. 
In: Metabolic Bone and Stone Disease, 3rd edn. Nordin BEC, Need AG, Morris HA, 
eds. Edinburgh: Churchill Livingstone, 1993: 147−62.
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the patient stands with reproducible positioning (ankles or knees 
together), help to explain, quantify, and follow bowing or knock- 
knee deformity. Now, low- dose X- ray imaging is available for this 
purpose.

Radiographs can also provide clues to the aetiology or pathogen-
esis of rickets [12, 16]. Disturbances in vitamin D homeostasis cause 
secondary hyperparathyroidism often featuring osteopaenia and 
sometimes evidence of subperiosteal bone resorption. Conversely, 
in X- linked hypophosphataemia changes of hyperparathyroidism 
are less usual, but increased skeletal radiodensity is not uncommon. 
Remarkable osteosclerosis and hyperostosis are characteristic of 
autosomal recessive hypophosphataemic rickets, type 1 due to 
dentin matrix protein 1 (DMP1) deficiency. In rickets from ALP 
deficiency in hypophosphatasia, peculiar ‘tongues’ of radiolucency 
commonly project from physes into metaphyses at the knees and 
elsewhere and there can be patchy osteosclerosis (Figure 4.11.2) 
[15]. However, not all disorders that cause radiographic growth 
plate distortion and limb deformity are forms of rickets [16]. 
Epiphyseal and metaphyseal dysplasias and Blount’s disease may 
suggest rickets, but they do not compromise vitamin D or mineral 
homeostasis or cause osteomalacia [4] .

In osteomalacia, pseudofractures (Looser’s zones or Milkman 
fractures) can occur anywhere except in the skull, and most often 
involve the pubic and ischial rami, ribs, scapulae, and the medial 
cortex of the proximal femora (Figure 4.11.3). Intervertebral discs 
may compress softened vertebral endplates causing biconcave (‘cod 
fish’) vertebrae [16].

Radiographic signs of secondary hyperparathyroidism are seen 
best as subperiosteal erosions involving the radial border of the 
middle phalanx of the index finger, distal ends of the clavicles, and 
symphysis pubis [16].

The rapidity of radiographic response to therapy may be of diag-
nostic significance for rickets. In primary vitamin D deficiency, im-
provement occurs just several weeks after a single large oral dose of 
vitamin D [13]. Other forms of rickets often take months to improve 

radiographically, especially those due to renal Pi wasting treated 
with conventional medical therapy involving multiple daily doses 
of oral phosphate salts together with a bioactive form of vitamin D 
such as 1,25- dihydroxyvitamin D3 [11].

Bone scintigraphy is useful for uncovering abnormalities in the 
skeleton, but does not provide a diagnosis. This procedure is usu-
ally unnecessary in children with rickets because radiographs are 
particularly useful. However, when physical examination fails to 
disclose the cause of tumour- induced rickets or osteomalacia, con-
ventional bone scanning may help to detect the neoplasm. In gen-
eral for this procedure, enhanced radioisotope uptake occurs where 
there is increased blood flow, osteoidosis, or rapid bone remodel-
ling. In rickets or osteomalacia, a ‘superscan’ can result, featuring 
no apparent radioisotope within the kidneys and in osteomalacia 
will disclose complications such as fractures and pseudofractures. 
Octreotide scanning or (PET)/ computed tomography (CT) are es-
pecially useful for detecting and locating the causal tumour [17]. 
Rarely, selective venous sampling with FGF23 assay is needed.

Bone densitometry using dual- energy X- ray absorptiometry 
(DXA) can be imprecise and difficult to interpret in rickets or osteo-
malacia because of short stature, skeletal deformities or fractures, 
and osseous tissue accumulation that mineralizes with effective 
treatment and then undergoes removal when remodelling resumes.

Biochemical Investigation

Laboratory investigation to differentiate among the three aforemen-
tioned principal types of rickets or osteomalacia is straightforward. 
Quantitation of serum Ca2+, Pi, PTH, Mg2+, and ALP is essential. If 
needed, assay of circulating 1,25- dihydroxyvitamin D, FGF23, and 
electrolyte levels and 24- hour urinary Ca2+ and Pi excretion will 
help to distinguish among the types of primary hypophosphataemia 
featuring defects in renal tubular Pi reabsorption.

Hypocalcaemia is usually more severe in vitamin D- deficiency 
rickets versus osteomalacia, and sometimes results paradoxically 
in hyperphosphataemia rather than in hypophosphataemia [13]. 

(b) (c)(a)

Figure 4.11.1 Rickets: (a) Before treatment, uniform physeal widening and metaphyseal irregularity and flaring are apparent in this knee of a 2- 
year- old child with vitamin D deficiency, poor dietary Ca2+ intake, and seizures treated with phenobarbital. (b) Physes are widened and metaphyses 
are irregular and flared in this wrist of a 2- year- old girl with untreated X- linked hypophosphataemia. A ‘ball- in- cup’ deformity is developing at her 
distal radius. (c) Physeal widening is less apparent in this knee of this 2- year- old girl beginning treatment for X- linked hypophosphataemia. The 
asymmetrical physeal widening and ‘beaking’ of the medial tibial metaphysis are due to the bowing deformity of the lower limbs.
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Secondary hyperparathyroidism may cause a mild hyperchloraemic 
metabolic acidosis reflecting enhanced renal excretion of bicar-
bonate due to the elevated circulating PTH level. Significant meta-
bolic acidosis, however, suggests Fanconi syndrome and therefore a 
different aetiology [11].

Although quantitation separately of circulating vitamin D2 and D3 
might help to identify any predominance for an exogenous versus 
endogenous source, assays for these prohormones are not readily 
available [2, 3]. Fortunately, measuring serum 25- hydroxyvitamin 
D is a good surrogate for determining if there is vitamin D defi-
ciency, sufficiency, or toxicity. Assay of serum 25- hydroxyvitamin D 
is offered by many commercial or hospital laboratories and typically 
detects 25- hydroxyvitamin D2 and 25- hydroxyvitamin D3 together. 
Assays for serum 1,25- dihydroxyvitamin D are also available com-
mercially, but their utility for distinguishing among various types 
of rickets or osteomalacia is somewhat limited because the level 
can be low, normal, or high when there is vitamin D deficiency and 
depending upon the severity of secondary hyperparathyroidism and 
how much 25- hydroxyvitamin D substrate remains despite acceler-
ated 1,25- dihydroxyvitamin D production [13,  14]. Quantitation 
of both 25- hydroxvitamin D and 1,25- dihydroxyvitamin D is, 
however, essential for differentiating among the various genetic 
disturbances in vitamin D bioactivation, including resistance to 
1,25- dihydroxyvitamin D (Table 4.11.2).

Serum ALP activity (bone isoform) from chondrocytes and 
osteoblasts is elevated in most patients with rickets or osteomalacia. 
The striking exception is hypophosphatasia, which instead features 
hypophosphatasaemia [15] from deficiency of both the bone and 
liver isoforms of the ‘tissue non- specific’ isoenzyme of ALP. Blood 
and urine levels of other markers of skeletal turnover can be difficult 
to interpret in rickets or osteomalacia, and need not be measured 
routinely.

Histopathological Findings

Although the patient’s medical history, physical findings, and re-
sults from routine radiographic and biochemical studies usually 
suffice to diagnose and to treat rickets or osteomalacia, if necessary 
histopathological assessment of bone tissue can provide definitive 
evidence of the expected defect in mineralization [1] .

In clinical practice, the specimen used to detect impaired skel-
etal mineralization is routinely taken by trephine biopsy from the 
iliac crest. Beforehand, two 3- day courses of oxytetracycline or 
demeclocycline hydrochloride (20  mg/ kg body weight per day in 
divided doses) are given orally (separated by a 2- week interval) for 
in vivo tetracycline labelling of mineralizing bone surfaces. The final 
dose is swallowed several days before the biopsy. The specimen must 
not be decalcified (see next). The histological picture is described 
as osteomalacia by histomorphometrists when excessive osteoid 
(‘hyperosteoidosis’) is present together with proof of defective bone 
matrix mineralization using time- spaced tetracycline labelling [18]. 
Histopathological confirmation of rickets is rarely necessary and 
would require risky biopsy of a growth plate.

Transiliac biopsy is performed at a standard anatomic site:  2  cm 
behind the anterosuperior iliac spine and just below the crest. The 
trephine has a 5.0 or 7.5 mm inner diameter for adults, and a 5 mm 
or narrower internal diameter for children depending on body size. 
Ideally, the specimen contains the outer and inner cortex connected by 
unbroken intervening trabeculae. It is fixed in 70% ethanol/ 30% water 

Figure 4.11.2 Hypophosphatasia: Characteristic tongues of 
radiolucency (arrows) project from the physes into the metaphyses of 
this 5- year- old girl who survived the infantile form of this heritable type 
of rickets.

Figure 4.11.3 Pseudofracture: This 20- year- old woman with X- linked 
hypophosphataemia has a ‘Looser zone’ (arrow), characteristic of an 
osteomalacia, in her medial proximal femur.
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and then embedded in methylmethacrylate, sectioned undecalcified, 
and examined both unstained and with different stains. Histological 
assessment may include quantitation of various parameters compared 
to reference values (i.e. histomorphometry) (Figure 4.11.4).

Bone histology can be important in osteomalacia because radio-
graphic studies are not characteristic as in rickets that is documented 
radiographically [16]. In osteomalacia or rickets, biopsy allows the 
increased width and extent of unmineralized osteoid covering min-
eralized bone surfaces to be quantitated (Figure 4.11.4a). Also, 
fluorescence microscopy will fail to show at osteoid/ mineralized 
bone interfaces two discrete fluorescent tetracycline ‘labels’ pro-
duced if there is ongoing mineralization (Figure 4.11.4b). Instead, 
indistinct or absent fluorescence banding characterizes rickets or 
osteomalacia. Commonly used ‘static’ histomorphometric param-
eters [18] include trabecular bone volume, osteoid volume, osteoid 
surface, osteoid thickness, osteoblast surface, osteoclast surface, and 
osteoclast number whereas ‘dynamic’ parameters include double- 
labelled bone surface, mineral appositional rate, bone formation 
rate, and mineralization lag time.

Guidelines for therapy and Follow- up

The last type of rickets or osteomalacia to acquire a medical therapy, 
hypophosphatasia, obtained one in 2015 [19]. Now, all forms of rickets 
or osteomalacia can be treated with at least some success. Ideally, the 
aetiology is corrected (e.g. vitamin D deficiency) (Box 4.11.1) and 
there is a cure. However, this is often not possible, and instead the 
pathophysiology must be understood and addressed for safe and 
effective treatment. Certain heritable forms of rickets or osteomal-
acia now have a pharmacological treatment aimed at a fundamental 
element of their pathogenesis; e.g. bone ALP replacement therapy 
for hypophosphatasia, monoclonal antibody treatment to decrease 
excessive circulating levels of the phosphatonin FGF23 in X- linked 
hypophosphatemia, and vitamin D metabolites to bypass errors in 
vitamin D bioactivation (see next). A correct diagnosis with appro-
priate follow- up is essential for a favourable clinical outcome while 
avoiding potential toxicities or complications. Pharmacological doses 
of cholecalciferol or ergocalciferol (or replacement doses of an active 
metabolite), sometimes with mineral supplementation, will be neces-
sary when there is deranged bioactivation of vitamin D. Availability 

table 4.11.2 Biochemical parameters of mineral and skeletal homeostasis in rickets/ osteomalacia, by aetiology

Aetiology Biochemical properties

Serum concentrations

Calcium Phosphorous PTH Bone- specific ALP 24th urinary Ca2+ 
excretion

Hypocalcaemic, e.g. vitamin D deficiency Low to low- normal Low Elevated Elevated Low

Hypophosphataemic, e.g.
X- linked hypophosphataemia

Normal Low Normal to elevated Elevated Low to elevated

Tissue defects, e.g. hypophosphatasia Normal or elevated Normal or elevated Normal to Low Low Normal to elevated

PTH, parathyroid hormone; ALP, alkaline phosphatase.

(a) (b)

Figure 4.11.4 Pseudofracture: This 20- year- old woman with X- linked hypophosphataemia has a ‘Looser zone’ (arrow), characteristic of an 
osteomalacia, in her medial proximal femur.
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of four vitamin D pharmaceuticals in the United States: vitamin D2 
and D3, 25- hydroxyvitamin D3, and 1,25- dihydroxyvitamin D3 make 
it possible to replace, substitute for, or bypass various disturbances 
of vitamin D access, storage, or activation. They differ importantly 
in potency and biological half- life (Table 4.11.3). Alfacalcidol (1α- 
hydroxyvitamin D3), rather than 1,25- dihyroxyvitamin D3, is available 
in some countries recognizing it would undergo 25- hydroxylation in 
the liver. Dihydrotachysterol is no longer prescribed in the United 
States or the United Kingdom.

Rickets and osteomalacia have numerous and diverse explan-
ations (Box 4.11.1). Successful treatment requires a correct diag-
nosis with an understanding of the aetiology and pathogenesis, 
including any deficiency or impaired bioactivation of vitamin 
D.  Also, the nature of the deranged mineral metabolism must be 
appreciated. Wisely chosen, medical therapy for rickets or osteo-
malacia can greatly benefit the patient. For rickets, the three dis-
turbances of skeletal development can often be improved, even 
corrected [1] . Given sufficient time before growth plate closure, re-
versal of deformity is a major goal of treatment. Relief from bone 
pain and fracture prevention also follow, and represent important 
goals of treating osteomalacia. Preventing short stature is also often 
a concern. Optimum therapy corrects or circumvents the under-
lying problem. However, a narrow range of safe and effective doses 
using appropriate pharmaceuticals and/ or supplements should be 
anticipated for some patients. For hypophosphatasia and X- linked 
hypophosphatemia, weight- based dosing is prescribed precisely 
for their newer treatments [20– 24]. Significant adverse conse-
quences (failed treatment, hypercalcaemia, hyperphosphatemia, 
nephrocalcinosis, kidney stones, renal damage, and secondary or 
tertiary hyperparathyroidism) may result from an incorrect diag-
nosis or excessive and unmonitored therapy.

Physical examination provides important information. Supine 
length is measured in infants. Linear growth rates are monitored in 
infants, children, and adolescents. Height is determined best with a 
wall- mounted stadiometer, with several measurements averaged for 
distractible young children. Rapid changes in body size and weight 
during the pubertal growth spurt can increase dose requirements 
for chronic forms of rickets, and if not dealt with will worsen limb 
deformity and compromise final height. Furthermore, inordinate 
weight gain in girls can accelerate puberty and thereby close growth 
plates. When growth is complete, dosage requirements may di-
minish for various regimens.

Measurements of height and arm span as well as upper and lower 
body segment lengths will help to quantify skeletal distortion. With 
heritable forms of rickets, treatment will be necessary throughout 
growth, and months may pass before clinical improvement is 
achieved. It may be the individual who sees the patient perhaps 
every 6  months who best recognizes any changes in deformities. 
Accordingly, clinical photography, gait analysis, and videotaping 
can help assess for gradual changes. Radiographic alterations, such 
as widening of the growth plates and metaphyseal irregularity, are 
essential for diagnosing rickets and serve as important landmarks 
during follow- up to judge the efficacy of any medical treatment. 
Other radiographic findings are less helpful. Osteopaenia and 
coarsening of trabecular bone are observed in some patients [16]. 
Pseudofractures can heal with successful treatment.

The biochemical parameters used to diagnose rickets or osteo-
malacia are then followed to evaluate treatment. Typically, these are 
serum Ca2+, Pi, 25- hydroxyvitamin D, ALP, and PTH. Depending 
on the aetiology and pathogenesis of this disorder, serum 1,25- 
dihydroxyvitamin D concentrations may or may not be helpful. 
Excretion of Ca2+ in 24- h urine collections (corrected for creatinine 
content) helps guide therapy as normal levels are aimed for, but also 
helps to monitor for excesses or toxicities. Eventual normalization 
of urinary levels of Ca2+ can indicate that treatment is now fully ef-
fective. If incomplete healing of rickets or osteomalacia is suspected, 
non- decalcified iliac crest histomorphometry will be definitive [1] .

Treatment with vitamin D will be the appropriate way to over-
come its deficiency, but pharmacologic doses can also help some-
what when there is defective bioactivation of vitamin D [7] . 
However, giving the correct active metabolite of vitamin D can cir-
cumvent such disturbances and therefore is useful for hereditary 
defects in vitamin D synthesis (see next) [7]. These pharmaceuticals 
are more potent than vitamin D2 or D3, have more rapid onset of 
action, and have shorter biological half- lives (Table 4.11.3). Thus, 
toxicity can appear sooner but will correct faster [7]. Nevertheless, 
they cannot replete deficient stores of vitamin D.  Many different 
Ca2+ and Pi supplements are available [18]. The dose and type of 
Ca2+ may reflect the primary disturbance. CaCO3 given orally is 
least expensive, but Ca2+ citrate is generally better absorbed. Ca2+ 
gluconate is especially costly. For the disorders that feature renal Pi 
wasting, conventional therapy has involved oral administration of 
Pi salts and bioactive vitamin D. Tablets rather than liquid prepar-
ations for oral Pi supplementation are more convenient, taste better, 

table 4.11.3 Pharmaceutical preparations of vitamin D and active metabolites

Ergocalciferol Dihydrotachysterola Calcifediolb Calcitriol Alfacalcidol

Abbreviation D2 DHT 25(OH) D3 1,25(OH)2D3 1α(OH)D

Dosage form Capsules: 1.25 mg
Liquid: 200 µg/ ml
Intramuscular
injection: 12.5 mg/ ml in 
sesame oil (not in USA)

Tablets: 0.125, 0.200, and 
0.400 mg
Liquid: 0.250 mg/ ml

Capsules: 20 and 
50 µg

Capsules: 0.25 and
0.50 µg
Liquid: 1.0 μg/ ml
Injection: 1.0 µg/ ml

Capsules: 0.25 and
1.0 µg
Liquid: 0.20 µg/ ml
Injection: 2.0 µg/ ml in 
propylene glycol

Time to reach maximum 
biological effects

4– 10 weeks 2– 4 weeks 4– 20 weeks 0.5– 1 week 0.5– 1 week

Persistence of biological 
effect after cessation

6– 30 weeks 2– 8 weeks 4– 12 weeks 0.5– 1 week 0.5– 1 week

a This form of vitamin D is no longer generally available, but is listed for historical interest.
b Also called calcidiol.



SEction 4 Parathyroid, Calcium and Bone Metabolism Disorders772

and seem less prone to cause diarrhoea. Those with high amounts 
of sodium are best avoided. Now, since 2018, the anti- FGF23 mono-
clonal antibody, burosumab, has been available multinationally to 
treat X- linked hypophosphatemia [23, 24], and is effective for fur-
ther types of FGF23- mediated rickets or osteomalacia.

Follow- up clinic visits are required for all types of rickets and 
osteomalacia, but the number and interval should reflect the spe-
cific diagnosis and therapeutic response. Because rickets and osteo-
malacia reflect deficient skeletal mineral content, decreases in 
treatment dose(s) might be necessary when healing is complete and 
maintenance becomes the principal issue. Because hypocalciuria 
characterizes most, but not all, forms of rickets or osteomalacia, 
urinary Ca2+ levels rising into the normal range will help to in-
dicate effective therapy. Satiation of ‘hungry bones’ indicates the 
skeleton is no longer such an avid sump for mineral deposition. 
Normalization of previously aberrant biochemical findings could 
herald hypercalciuria as the definitive marker calling for dose re-
duction. Unless there is renal failure or fixed elevation in circu-
lating PTH levels (reclaiming Ca2+ from the glomerular filtrate), 
hypercalciuria would precede hypercalcaemia. Cessation or lower 
maintenance doses of vitamin D and mineral supplements may 
then be needed. Thus, 24- h urine collections while consuming the 
usual diet, not random urine specimens, assayed for Ca2+ and cre-
atinine can become important for patient follow- up and safety.

Consultation from the orthopaedic surgeon can be often helpful 
in managing rickets. As medical treatment is underway, he/ she 
may consider leg bracing, physeal stapling (epiphysiodesis), or 
osteotomy to improve physical function and protect joint integ-
rity. Straight lower limbs when growth ceases, with alignment of 
their physes parallel to the ground, helps prevent osteoarthritis. 
Intramedullary rodding may be necessary to heal pseudofractures 
and prevent fracturing for some adults with osteomalacia [25].

Pharmacological regimens for specific disorders are provided in 
the following sections that represent the three principal types of 
rickets or osteomalacia (i.e. hypocalcaemic, hypophosphataemic, 
and those with other pathogeneses).

Acquired Rickets and osteomalacia

Primary Vitamin D Deficiency

Pathogenesis

Vitamin D deficiency reflects inadequate biosynthesis with insuffi-
cient acquisition from the diet, sometimes coupled with losses into 
the gastrointestinal tract. Primary (‘nutritional’) rickets or osteo-
malacia is a human- made disorder due to social, economic, and/ or 
cultural factors that prevent sufficient exposure to sunlight for photo-
synthesis of vitamin D3 in the skin. In modernity, hypovitaminosis 

D may also reflect too little intake from dietary (nutritional) sources 
or supplements containing vitamin D. Secondary deficiency could be 
from intestinal malabsorption of vitamin D3 or D2. Increased vitamin 
D clearance can result from accelerated catabolism, mainly in the 
liver, or increased loss via the intestine or the kidneys.

Vitamin D3 synthesis in the skin requires UV light with a max-
imal effective wave length between 290 and 310 nm, and is affected 
by the intensity of the radiation, surface area of the exposed skin, 
and intrinsic properties of the epidermis [5] . At extreme latitudes 
during winter, almost no UV light reaches the ground. In the north 
of the United States, Canada, and north- western Europe, practically 
no vitamin D3 is produced by exposed skin between October and 
March. Clothing, smog, window glass, plastic, and sunscreens [5] 
effectively block UV radiation and prevent cutaneous synthesis of 
vitamin D3. Furthermore, vitamin D3 production is less in people 
with dark skin (because melanin absorbs UV radiation), and in 
older people despite ‘thin’ skin [5]. Nevertheless, it has been esti-
mated that 20- minute exposure thrice times weekly of the skin of 
the head and arms to summer sunshine prevents vitamin D defi-
ciency in older people.

Vitamin D content of various unfortified food substances is 
very low, with the exception of cod liver oil and fatty fish such 
as herring and mackerel. During unfortified food consump-
tion, it is estimated that less than 20% of total circulating 25- 
hydroxyvitamin D is from dietary sources. In some countries, 
therefore, dietary vitamin D is increased by supplementation 
of certain food products. In the United States, milk is fortified 
with 400  IU per quart. Improved vitamin D intake could result 
from multivitamins, which usually contain 400 IU or 800 IU per 
capsule, or some Ca2+ salt preparations that also contain vitamin 
D.  These supplements will increase the relative contribution of 
dietary vitamin D to the total body pool, and be beneficial when 
cutaneous production is limited. Now in the United States, sub-
stantially higher doses of vitamin D can be obtained in various 
shops without a prescription.

Diagnosis

Hypovitaminosis D is diagnosed by assaying the serum concentra-
tion of 25- hydroxyvitamin D, which is a reliable measure of vitamin 
D status in almost all clinical situations. However, the necessary 
level of circulating 25- hydroxyvitamin D and the terms used to de-
scribe various low- end serum concentrations are not recognized 
universally. In fact, many of the clinical signs and symptoms and 
biochemical perturbations reflecting bone and mineral metabolism 
from hypovitaminosis D are shared among the disorders of vitamin 
D action and Ca2+ deficiency (Tables 4.11.2 and 4.11.4), including 
the subsequent low to low- normal serum Ca2+ levels, secondary 
hyperparathyroidism, hypocalciuria, hypophosphataemia, and the 

table 4.11.4 Serum levels of vitamin D metabolites in disorders of vitamin D action, by aetiology

Aetiology Serum levels

25- hydroxyvitamin D 1,25- dihydroxyvitamin D

Vitamin D deficiency Low Low to elevated

25- hydroxyvitamin D, 1α- hydroxylase deficiency Normal to elevated Very low

Resistance to 1,25- dihydroxyvitamin D Normal to elevated Markedly elevated
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hyperphosphatasaemia that seems to reflect enhanced willingness 
of the skeleton to ossify. Therefore, these biochemical parameters 
can support but not establish the diagnosis of rickets or osteomal-
acia, help assess the severity, and direct vitamin D dosing depending 
on the severity of the vitamin D requirement and the response to 
treatment. Importantly, circulating levels of 1,25- dihydroxyvitamin 
D can vary from low to elevated (Table 4.11.4), and thus are un-
helpful for establishing this particular diagnosis.

In 1998, investigation of patients on a general medicine ward in 
Boston, Massachusetts, USA revealed that secondary hyperpara-
thyroidism was common when serum 25- hydroxyvitamin D levels 
were at or below 15 ng/ ml [26]. This led to studies to define vitamin 
D ‘insufficiency’ and ‘deficiency’. Population- based reference values 
for serum 25- hydroxyvitamin D levels have been, for a considerable 
time, debatable. They could reflect age, geography, season, dress, 
eating habits, confinement to bed or home, local regulations con-
cerning food fortification, and customs of vitamin supplementation. 
An alternative, however, was to define health- based concentrations 
(i.e. circulating 25- hydroxyvitamin D levels below which adverse 
health outcomes could occur). This would represent an intervention 
threshold to prevent detrimental effects on the skeleton, including 
relatively mild hypovitaminosis D not sufficient to compromise 
matrix mineralization but instead disrupt mineral homeostasis, 
cause secondary hyperparathyroidism, increase bone turnover, and 
lead to bone loss [27]. Multiple studies aimed to define serum 25- 
hydroxyvitamin D concentrations below which serum PTH levels 
increase, or for which vitamin D supplementation significantly de-
creased serum PTH concentrations [27]. Both approaches yielded 
similar functional thresholds. Accordingly, vitamin D ‘adequacy’ is 
accepted by most clinicians as serum 25- hydroxyvitamin D at or 
above 75 nmol/ L (30 ng/ ml), whereas some argue that the threshold 
level is instead between 50 and 75  nmol/ L (20 and 30  ng/ ml). 
However, serum 25- hydroxyvitamin D below 50 nmol/ L (20 ng/ ml) 
is considered ‘inadequacy’. Vitamin D inadequacy has been subdiv-
ided into vitamin D ‘insufficiency’ when levels are between 25 nmol/ 
L (10  ng/ ml) and the threshold value, and vitamin D ‘deficiency’ 
when levels are below 25 nmol/ L (10 ng/ ml). Vitamin D deficiency 
represents a state in which Ca2+ homeostasis begins to fail (i.e. de-
creased serum Ca2+ levels despite increased serum PTH concentra-
tions), with the high risk of developing rickets or osteomalacia. The 
same serum 25- hydroxyvitamin D threshold of ~75 nmol/ L (30 ng/ 
ml) was observed for additional physiological variables, such as 
intestinal Ca2+ absorption, changes in bone mineral density, and 
lower extremity physical performance [28]. Reduction of falls and 
fractures was positively correlated to the serum 25- hydroxyvitamin 
D level (up to a certain concentration) [29].

Prevalence of Vitamin D Insufficiency and Deficiency

Although the biosynthetic and bioactivation pathways for vitamin 
D are known, primary deficiency still seems common worldwide 
[14, 30]. In the United Kingdom, hypovitaminosis D resurged in the 
1970s within the immigrant Asian community [13]. Those most vul-
nerable cannot move freely, and are at the beginning or end of life. 
In multiple studies worldwide, vitamin D deficiency was detected in 
35 to 65% of older people; more so in institutionalized individuals 
[31]. In people hospitalized for an osteoporotic fracture, deficiency 
was recorded in 20– 68%; only 1– 3% had levels above 75  nmol/ L 
(30 ng/ ml). However, any age can be affected, especially when there 

are physical or mental handicaps. Additionally, the ‘safety net’ cre-
ated in some countries by fortifying certain foods with vitamin D 
may not be available [13,  30]. Among adults, institutionalized or 
housebound individuals, the poor, older people, food faddists, and 
some religious groups (because of diet and dress) are at enhanced 
risk. Infants who are breastfed beyond 6  months of age or drink 
non- fortified milk or formula are also susceptible [5, 13]. In some 
populations, low dietary Ca2+ intake can be an important or exacer-
bating factor (‘calciopaenic rickets’) [30].

In postmenopausal women treated for osteoporosis in various 
regions of the world, vitamin D ‘inadequacy’; that is, serum 25- 
hydroxyvitamin levels <75 nmol/ L (30 ng/ ml), was found in 52% of 
those in North America, 58% in Europe, 53% in Latin America, 71% 
in Asia, and 82% in the Middle East [32]. Pronounced differences 
in prevalences were observed among countries, ranging from 30% 
in Sweden in the summer to ~ 90% in Japan and South Korea in 
the winter and summer. Vitamin D ‘deficiency’ was, however, much 
less common; ~1% in North America, and ~6% and 8% in Latin 
America and the Middle East, respectively. Values below 25 nmol/ 
L (10 ng/ ml) were reported in ~40% of those tested in Sri Lanka 
and Beijing, and 18% in Hong Kong [33]. But, serum levels below 
50 nmol/ L (20 ng/ ml) were observed in 78% of healthy hospital staff 
in India, and 90% of young women in Beijing and Hong Kong.

Of special concern is the high prevalence, in some geographic 
regions, of vitamin D deficiency in pregnant women, their children, 
and adolescent girls. Maternal serum 25- hydroxyvitamin D levels 
correlate positively with 25- hydroxyvitamin D levels in cord blood.

Fortunately, the prevalence of osteomalacia from hypovitaminosis 
D is lower than for the vitamin itself, but depends on the criteria 
for diagnosis (i.e. clinical, biochemical, bone histology, or bone 
histomorphometry). In a review of multiple publications describing 
histomorphometry of the femoral head or iliac crest in approxi-
mately 1400 patients with hip fracture, osteomalacia ranged from 
none to over 30% of patients. Perhaps this reflects different popu-
lations and magnitudes and durations of vitamin D deficiency, but 
also the histological criteria used to define osteomalacia.

Treatment

Although patient or parent education and correction of causal 
socioeconomic factors might seem best for preventing and treating 
primary vitamin D deficiency, this is often difficult to achieve. 
Fortunately, pharmacological or supplementation therapy should be 
inexpensive, effective, and work rapidly. Vitamin D deficiency should 
be treated using vitamin D2 or D3. Although 25- hydroxyvitamin 
D3, 1α- hydroxyvitamin D3, and 1,25- dihydroxyvitamin D3 are 
more potent and act more rapidly than cholecalciferol or ergocal-
ciferol, these active metabolites do not correct the depleted stores of 
vitamin D and their therapeutic windows are narrow and may not 
be sustained.

Adequate vitamin D intake has been recommended by the 
National Osteoporosis Foundation of the USA to be 800– 1000 IU/ 
day in adults age 50 years or older [34]. The recommendation for 
infants was increased to 400 IU/ day of vitamin D3. However, these 
goals are often unachievable unless certain foods are fortified with 
vitamin D.

Treatment should recognize those at greatest risk. Vitamin D sup-
plementation for infants up to 1  year of age is required in many 
countries. However, supplementation may not be routine for older 
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people. Nursing home residents, institutionalized and hospitalized 
elderly, patients with hip fractures, and those with neurological dis-
orders are among those in greatest jeopardy [31].

For vitamin D treatment to be fully effective, the recommended 
daily Ca2+ allowance should be achieved, including by Ca2+ salt 
supplementation if necessary. In fact, low dietary Ca2+ intake, es-
pecially common in some regions of Africa and North China, may 
itself cause rickets (‘calciopaenic rickets’) or exacerbate vitamin D- 
deficiency rickets.

The typical oral maintenance dose of vitamin D is 800 to 1000 IU 
daily. For patients with severe vitamin D deficiency causing symp-
tomatic hypocalcaemia, it is helpful to administer a ‘loading dose’ 
of vitamin D2 to replete body stores rapidly. Ca2+ intake must also 
be supplemented. Insufficient Ca2+ for a suddenly mineralizing 
skeleton could exacerbate the hypocalcaemia. A  single oral dose 
of 5000  IU of vitamin D per kg body weight can be given. For a 
70 kg adult, this is 350 000 IU of vitamin D. Although this quantity 
of vitamin D seems great, it illustrates the body’s storage capacity 
for vitamin D [2, 3]. With symptomatic hypocalcaemia, Ca2+ can 
be given intravenously over 24 hours (as much as 20 mg of elem-
ental Ca2+ per kg of body weight per day). Ca2+ infusions should be 
administered continuously, or slowly in portions, and always regu-
lated by serum Ca2+ levels determined several times daily. Oral Ca2+ 
supplementation (1– 2 g of elemental Ca2+ each day) can be initi-
ated at this time. For patients who are not lactose intolerant and no 
longer hypocalcaemic, three to four glasses of milk each day will 
provide both Ca2+ and Pi to help remineralize the skeleton. In severe 
vitamin D deficiency, 4000– 8000  IU could be given daily for the 
first 4– 6 weeks. Alternatively, 50 000 IU of vitamin D could be ad-
ministered two or three times a week for the first 2 weeks, followed 
by lower doses. Because vitamin D is stored in fat and released 
slowly, and the circulating half- life of 25- hydroxyvitamin D is 2– 3 
weeks, dosing can be once weekly, monthly, or every 3– 6 months. 
An oral dose of 100 000 IU every 4 months for 5 years increased 
serum 25- hydroxyvitamin D to adequate levels. This approach can 
improve compliance by seeing the prescribed dose taken, both for 
independent elderly and for dependent institutionalized patients. 
However, experience with this high- dose regimen is relatively 
limited.

The response to vitamin D supplementation will depend on the 
severity of its deficiency and the consequent changes in mineral 
and skeletal homeostasis. Serum 25- hydroxyvitamin D should re-
turn to normal, but the timeframe will reflect the severity of the 
initial vitamin D deficiency. When the rickets or osteomalacia is 
severe, symptoms, signs, and laboratory parameters can change 
rapidly. Bone pain and muscle weakness will improve quickly, 
pseudofractures can heal, and serum Ca2+, Pi, and PTH should re-
turn towards normal levels. In mild vitamin D deficiency or insuf-
ficiency, the response can be more subtle. Bone mineral density can 
increase, and the incidence of fractures should decrease and their 
rate of healing improve.

For infants and young children with vitamin D- deficiency rickets, 
liquid preparations of vitamin D2 are available (Table 4.11.3) and 
can be dosed at 4000 IU (100 µg) orally each day for several months 
[13,  14]. If capsules can be chewed or swallowed directly, one 50 
000 IU (1.25 mg) dose of vitamin D2 orally each week for three or 
four doses is an inexpensive and straightforward regimen. It seems 
prudent that the physician observe that at least the first capsule is 

swallowed. Biochemical and radiographic improvement then typic-
ally occurs within just a few weeks [13, 14].

After healing their rickets, children who have inadequate sunlight 
exposure should receive 400  IU vitamin D2 or D3 per day, either 
by consuming fortified foods or using an over- the- counter multi-
vitamin or vitamin D supplement [2, 3].

Failure to show biochemical and radiographic improvement 
with persistently low serum 25- hydroxyvitamin D levels could 
reflect failed compliance or malabsorption. Use of inexpensive 
vitamin D capsules may help to assure that the medication is taken. 
Alternatively, and if available, a single intramuscular injection of 
vitamin D in sesame oil will assure long- term access to antirachitic 
activity if patient compliance for oral treatment is poor, or if there 
is malabsorption (Table 4.11.3). Visits to a ‘tanning salon’ have also 
proved effective. If skeletal disease persists despite sustained correc-
tion of circulating 25- hydroxyvitamin D levels, calciopaenia, or one 
of the vitamin D- dependent or resistant syndromes (Box 4.11.1) 
must be considered (see next) [7, 9, 13, 30].

Prophylaxis against vitamin D- deficiency rickets could involve 
outdoor activity in sufficient sunshine but without sunburn, con-
sumption of vitamin D- fortified foods, vitamin D supplements, 
or brief direct exposure to UV light wearing protective goggles 
[2, 3]. ‘Stoss’ therapy, used in Europe for children, consists of one 
depot intramuscular injection of 600 000 IU of vitamin D2 during 
the autumn. However, this dose given once orally has caused 
hypercalcaemia and renal damage [35].

Secondary Vitamin D Deficiency

Vitamin D deficiency due to enhanced clearance is usually ex-
plained by systemic disorders (e.g. protein- losing nephropathy, 
intestinal malabsorption) or increased liver catabolism sometimes 
caused by certain drugs (e.g. barbiturates, other antiepileptics, etc.). 
Gastrointestinal malabsorption interferes with uptake of fat- soluble 
vitamin D from the gut, but sometimes disrupted enterohepatic re-
circulation of vitamin D metabolites contributes to the loss. Thus, 
intestinal malabsorption may decrease input and increase excretion 
of vitamin D.

Vitamin D deficiency from malabsorption may overcome normal 
amounts of sunlight exposure [5] . Gastrointestinal, pancreatic, or 
hepatobiliary disease may be at fault (Box 4.11.1) [2,  3], but the 
mechanism for the vitamin D deficiency and associated derange-
ments in mineral metabolism is often complex. Malabsorption by 
the gut may also interfere with the uptake of dietary minerals.

Vitamin D is a fat- soluble secosterol, bile salts enable its ab-
sorption, and there is enterohepatic circulation of vitamin D and 
its derivatives [2,  3]. Hence, hepatobiliary or pancreatic disease 
or short bowel syndrome can cause deficiency of bile salts, stea-
torrhoea, and malabsorption leading to depletion of vitamin D 
stores. Furthermore, the small bowel mediates dietary Ca2+ up-
take, and malabsorption of Ca2+ can exacerbate the consequences 
from vitamin D deficiency. With secondary hyperparathyroidism, 
conversion of 25- hydroxyvitamin D to both 1,25-  and 24,25- 
dihydroxyvitamin D is enhanced, and 25- hydroxyvitamin D is de-
pleted also by this mechanism. In fact, vitamin D deficiency and 
its clinical and biochemical consequences may be the first sign of 
occult malabsorption due, for example, to coeliac disease (non- 
tropical sprue). Nevertheless, in some conditions where osteo-
malacia might be anticipated (e.g. primary biliary cirrhosis), the 
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associated osteopathy is often osteoporosis. Iliac crest histology is 
especially useful for such patients.

Although the pathogenesis of secondary vitamin D- deficiency 
rickets or osteomalacia can be complicated, pharmacological 
therapy with appropriate follow- up should give gratifying results. 
As these patients reflect heterogeneous disturbances of wide- 
ranging severity, individualized therapy is key. Assay of serum 
25- hydroxyvitamin D documents vitamin D status and is essen-
tial for monitoring progress [26]. Doses of vitamin D2 or D3 given 
orally should prove sufficient to correct any deficiency, and are 
relatively inexpensive. Repletion of vitamin D stores is a principal 
goal. Then, cholecalciferol or ergocalciferol can be converted to 25- 
hydroxyvitamin D, even if there is parenchymal liver disease (2, 3). 
Here too, a single oral ‘loading’ dose of about 125 µg (5000 IU) of 
vitamin D per kg of body weight can expedite treatment prior to 
maintenance dosing. Intravenous Ca2+ for symptomatic hypocal-
caemia (as much as 20 mg of elemental Ca2+ per kg of body weight 
daily) over 24 hours by continuous infusion, or slowly in divided 
doses, is regulated by frequent measurements of serum Ca2+ and 
would be helpful for ‘hungry bones’. Serum Mg2+ should be as-
sayed for newly diagnosed hypocalcaemia, and treated if levels are 
low, as this may cause peripheral resistance to PTH or impair PTH 
biosynthesis [18].

After the loading dose(s) of vitamin D, patients with secondary 
vitamin D deficiency will require supplemental vitamin D unless the 
primary disorder can also be corrected. If not, it is impossible to pre-
dict the maintenance dose, and therefore clinical and biochemical 
follow- up is mandatory. Initially, outpatients should be evaluated 
every few weeks. Adjustments in dosing will be needed when the 
rickets or osteomalacia heals, or the gastrointestinal, hepatobiliary, 
or pancreatic disturbance evolves or responds to treatment, but 
considerable time may pass before the patient achieves a ‘steady 
state’ of vitamin D repletion.

For mild disease, a reasonable starting dose of vitamin D2 or D3 
is 50 000 IU (1.25 mg) orally twice weekly. Assay of the circulating 
25- hydroxyvitamin D level about 1  month later, and about every 
4 months thereafter, will determine what dose of vitamin D proves 
useful. Serum 25- hydroxyvitamin D levels should be maintained 
somewhat above a threshold value of 75  nmol/ L (30  ng/ ml). If 
hypocalcaemia with secondary hyperparathyroidism is persisting, 
Ca2+ supplements can be added. Then, assay periodically of the 
Ca2+ and creatinine content of a 24- h urine collections, aiming for 
a normal calcium/ creatinine ratio, can be used to optimize therapy. 
Attention to urinary Ca2+ levels will help to guard against vitamin D 
toxicity manifesting as hypercalciuria. This approach should show 
correction of hypocalciuria unless circulating levels of PTH (which 
reclaims urinary Ca2+) are persistently elevated due to parathyroid 
gland hyperplasia and do not suppress with treatment. In this situ-
ation, assay of serum rather than urine Ca2+ levels becomes espe-
cially important.

Although oral vitamin D therapy at some dose is nearly always suc-
cessful (unless there has been almost complete resection of the small 
intestine requiring total parenteral nutrition), intramuscular injec-
tion (if available) of depot vitamin D2 in oil can be an alternative. 
Here, 12.5 mg of vitamin D2 (500 000 IU) dissolved in 1 ml of sesame 
oil (Table 4.11.3) will provide sustained bioavailability of vitamin D 
[36]. An increment in the circulating 25- hydroxyvitamin D level may 
not appear for several weeks after the injection, but vitamin D2 release 

will persist for months. Injections of 500 000 IU of vitamin D2 every 
few months should provide effective and continuous supplementa-
tion for an adult, but biochemical monitoring is important.

Hypophosphataemia due to secondary hyperparathyroidism 
with renal Pi wasting contributes importantly to the pathogenesis 
of defective mineralization of skeletal matrix in most patients, but is 
not treated directly. Notably, some individuals with hypocalcaemia 
alone from hypoparathyroidism or pseudohypoparathyroidism de-
velop rickets or osteomalacia despite elevated serum Pi levels.

calciopaenic

Severe deficiency of dietary Ca2+ despite intact stores of vitamin 
D can also lead to defective skeletal mineralization [13,  30]. 
Calciopaenic rickets has been described in children fed a cereal- 
based diet [13] and in premature infants [14]. Several religious, 
ethnic, and other groups have vegetarian members who are at risk 
because they do not consume dairy products. Also, poor dietary 
Ca2+ intake can exacerbate vitamin D- deficiency rickets [30]. 
Altering the diet significantly, or using Ca2+ supplements, should 
readily reverse the disorder.

Drug- induced

Anticonvulsant- Induced

Rickets and osteomalacia have been reported in institutionalized 
people receiving anticonvulsants, especially when multiple types [2, 
3, 14]. Phenobarbital can alter hepatic vitamin D metabolism pre-
disposing to vitamin D depletion [2, 3]. Also, primary deficiency of 
vitamin D affects many such individuals.

If their serum 25- hydroxyvitamin D level is low, the individual 
who takes phenobarbital or some other anticonvulsant can receive a 
50 000 IU dose of vitamin D orally once weekly for several months, 
thereafter adjusted by following their serum 25- hydroxyvitamin D 
concentration.

Phosphate Binder- Induced

Osteomalacia, and rarely rickets, can result from excessive use of 
Pi- binders (e.g. magnesium and aluminium hydroxide antacids) 
[18]. Craniosynostosis together with rickets has been documented 
when such antacids were added to infant formula to treat colic [37]. 
Significant hypophosphataemia can occur. Assay of urinary phos-
phorous will reveal low levels, rather than seemingly normal or in-
creased levels when defective skeletal mineralization is from renal 
phosphate wasting causing hypophosphatemia. Such patients may 
also hyperabsorb dietary Ca2+ and become hypercalciuric because 
their hypophosphataemia physiologically stimulates renal 25- 
hydroxyvitamin D, 1α- hydroxylase activity to increase biosynthesis 
of 1,25- dihydroxyvitamin D. Kidney stones can develop. Despite the 
increased dietary Ca2+ absorption, the hypophosphataemia alone 
impairs skeletal mineralization. Elimination of Pi- binder use will 
rapidly correct the disrupted mineral homeostasis and heal the skel-
etal defects. Pi supplementation or vitamin D therapy will not be ne-
cessary. It may take several months for serum ALP activity to correct.

Ifosfamide

This chemotherapeutic drug can cause transient or per-
manent kidney tubule damage leading to urinary Pi wasting and 
hypophosphataemic skeletal disease [38].
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Intravenous Iron

Patients with iron deficiency anaemia given iron intravenously have 
developed rickets or osteomalacia. Circulating levels of biologic-
ally active FGF23 can rapidly increase and lead to renal phosphate 
wasting and suppressed 1,25- dihydroxyvitamin D synthesis causing 
secondary hyperparathyroidism [39].

Etidronate

This first- generation bisphosphonate used for Paget’s bone disease 
and hypercalcaemia of malignancy can, with excessive or prolonged 
exposure, cause rickets or osteomalacia. Etidronate retains sufficient 
chemical similarity to the natural inhibitor of biomineralization, in-
organic pyrophosphate, to inhibit hydroxyapatite crystal formation 
and growth [4] .

Strontium- Induced

High skeletal levels of strontium have been associated with de-
fective bone mineralization in haemodialysis patients [40]. 
Rickets seems more prevalent where soil contain high levels of 
strontium [41].

Toxin- induced

Rickets or osteomalacia can follow long- term exposure to several 
other inhibitors of skeletal mineralization.

Aluminium

Patients with uraemia exposed to aluminium- containing ant-
acids, contaminated dialysate, or parenteral feedings containing 
aluminium have developed osteomalacia [18]. Treatment with 
deferoxamine has been helpful [18]. With use of newer agents for Pi 
binding and pure dialysate and feedings, this disorder is now rare.

Fluoride

Excessive fluoride from well water, industrial or ‘huffing’ inhalation, 
inordinate amounts of tea drinking, or sodium fluoride given for 
osteoporosis can cause rickets or osteomalacia [18, 42]. Defective 
bone mineralization will respond gradually to cessation of fluoride 
exposure, perhaps helped by oral Ca2+ supplementation [43].

Oncogenic

Oncogenic rickets or osteomalacia is a rare, sporadic, acquired dis-
order that is typically caused by a benign ‘mixed mesenchymal’ tu-
mour in soft tissues (Figure 4.11.5) [11, 18]. However, a considerable 
variety of indolent neoplasms, non- ossifying fibroma, and (rarely) ma-
lignant bone tumours or other cancers can cause this condition [18]. 
These tumours secrete FGF23 and sometimes other phosphatonins 
that cause phosphaturia and inhibit renal 25- hydroxyvitamin D, 1α- 
hydroxylase activity (10). Low circulating 1,25- dihydroxyvitamin 
D levels can cause malabsorption of dietary Ca2+ and mild hypo-
calcaemia, secondary hyperparathyroidism, and hypocalciuria. 
Hypophosphataemia is, however, the principal biochemical abnor-
mality, and lowers the blood Ca2+ × Pi product sufficiently to impair 
skeletal mineralization. Patients are often profoundly weak.

Definitive diagnosis of oncogenic rickets or osteomalacia is 
achieved by resection of the neoplasm and subsequent cure. 
Therefore, thorough diagnostic evaluation for this entity is especially 
important when there is sporadic acquired hypophosphataemic 

skeletal disease, particularly in an adult. If a soft tissue tumour is 
not apparent on physical examination, bone scintigraphy, whole 
body magnetic resonance imaging, octreotide scanning, or positron 
emission tomography CT using specific tracers with high sensitivity 
or high specificity have proven extremely useful [17, 18].

When removal of the causal neoplasm is not possible or unsuc-
cessful, Pi supplementation together with 1,25- dihydroxyvitamin 
D3 or 1α- hydroxyvitamin D3 treatment can reverse patient weakness 
and heal the skeleton. In 2020, the anti- FGF23 monoclonal anti-
body, burosumab, gained approval for this disorder, and is prom-
ising for the similar condition cutaneous skeletal hypophosphatemia 
syndrome [44].

Metabolic Acidosis

Metabolic acidosis can cause rickets or osteomalacia (Box 
4.11.1). The pathogenesis is not well understood but complex. 
Nevertheless, the skeletal disease responds well to vitamin D and 
alkali therapy. Ca2+ and potassium supplementation may be ne-
cessary at the onset of alkali therapy to prevent hypocalcaemia 
and hypokalaemia. Vitamin D (50  000  IU orally thrice weekly) 
can be used for adults, with careful follow- up until healing oc-
curs. Alkali therapy should be continued after the mineralization 
defect is corrected. Urinary Ca2+ and creatinine levels must be 
monitored frequently because metabolic acidosis per se causes 
hypercalciuria.

Renal Failure

In uraemia, skeletal disease usually reflects the associated secondary 
or tertiary hyperparathyroidism leading to rapid bone remodelling 
(osteitis fibrosa cystica) [4] . However, some patients have instead 
manifested osteomalacia caused by aluminium or strontium exposure 
or excessive treatment that has suppressed calcitriol biosynthesis.

Aluminium Intoxication

Aluminium is toxic to osteoblasts and inhibits skeletal mineralization 
[4] . Contamination of dialysate with this metal has caused ‘Newcastle 
bone disease’. Also, uraemic patients who used aluminium- containing 
antacids to bind dietary Pi deposited the metal into their skeletal 
tissue. Serum assays and bone histochemistry for aluminium support 
the diagnosis [4]. Therapy includes changing to be newer Pi- binders. 
Deferoxamine has been a useful chelating agent [18].

Figure 4.11.5 X- linked hypophosphataemia: Severe lower extremity 
bowing deforms an untreated mother and her daughters.
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Hypophosphataemia From Phosphate Binders

Excessive use of Pi- binders in uraemic patients can cause 
hypophosphataemia leading to rickets or osteomalacia.

Parathyroid Insufficiency

Severe osteomalacia has occurred in chronic renal failure after ex-
cessive parathyroidectomy for secondary or tertiary hyperparathyr-
oidism [4] . PTH is necessary for bone turnover in uraemia.

Epidermal nevus Syndrome

Infants and children with epidermal nevus syndrome (cutaneous 
skeletal hypophosphataemia syndrome) can develop rickets due to 
renal Pi wasting [44]. 1,25- dihydroxyvitamin D3 and Pi supplemen-
tation therapy is effective for the generalized impairment of skeletal 
mineralization, but not for the underlying focal pathogenetic bone 
disease. If circulating FGF23 levels are elevated, burosumab therapy 
may be useful [44].

Miscellaneous Disorders

Several rare sporadic conditions manifest with osteomalacia des-
pite normal circulating concentrations of Ca2+, Pi, PTH, and 25- 
hydroxyvitamin D [18]. There is no established therapy. A correct 
diagnosis is important in part because excessive doses of vitamin 
D or an active metabolite and Ca2+ supplementation could cause 
hypercalcaemia and hypercalciuria.

Fibrogenesis imperfecta ossium, reported in about a dozen pa-
tients, is an enigmatic acquired abnormality of the skeletal matrix. 
Growth hormone may be an effective treatment [45]. Axial osteo-
malacia is characterized radiographically by coarsening of tra-
becular bone in the axial skeleton, seemingly from a primary defect 
in osteoblasts, and may be heritable [46].

Heritable Rickets and osteomalacia

Genetic disorders that cause rickets or osteomalacia are numerous 
(Box 4.11.1). Some feature renal Pi wasting, some reflect disturb-
ances in the bioactivation or action of vitamin D, and some are in-
born errors of metabolism due to enzyme deficiencies (throughout 
this section, heritable disorders are referred to by their McKusick 
symbol and OMIM number provided in Online Mendelian 
Inheritance In Man) [46].

Hypophosphataemic Bone Disease

Several heritable forms of rickets or osteomalacia reflect disturb-
ances in vitamin D metabolism that lead to reduced levels of 
Ca2+ in the extracellular fluids [14]. These disorders can also di-
minish extracellular Pi concentrations partly from phosphaturia 
due to secondary hyperparathyroidism. Hypocalcaemia and 
hypophosphataemia together engender a decreased blood Ca2+ × Pi 
product that explains why there is impaired mineralization of newly 
synthesized osteoid [1] .

The importance of Pi alone for skeletal mineralization is, 
however, best illustrated by the types of rickets or osteomalacia 
due to renal phosphate wasting without significant decreases in 
circulating Ca2+ levels [11]. ‘Hypophosphataemic bone disease’ 
is a generic term that emphasizes the skeletal consequences 
of this biochemical disturbance. Although pharmacological 

treatment for these disorders shares certain themes, optimal re-
gimens may differ.

X- linked Hypophosphataemia

X- linked hypophosphataemia (XLH) is the most common heritable 
form of rickets or osteomalacia (OMIM #307800) [11]. Its preva-
lence in North America is approximately 1:20 000 live births. All 
races have affected individuals.

XLH was first identified in 1937 when vitamin D- deficiency 
rickets, a plague of Northern industrialized cities at the turn of 
the last century, became treatable with vitamin D [47]. Discovery 
of vitamin D in 1919, and then successful therapy and preventive 
measures for ‘nutritional’ rickets, represented a triumph of med-
ical science [2,  3]. Nevertheless, some cases of refractory rickets 
were puzzling because they were not cured even by massive doses 
of vitamin D2 [47]. Therefore, XLH was at first called ‘vitamin D- 
resistant rickets’ until 1958 when its X- linked dominant inherit-
ance became appreciated [48]. Females and males are affected in a 
2:1 ratio with no male- to- male transmission. Hypophosphataemia 
from renal Pi wasting became appreciated as a key pathogenetic 
factor in 1969 [49]. Inappropriately normal circulating levels of 
1,25- dihydroxyvitamin D despite hypophosphataemia was recog-
nized in 1982. In 1995, an international consortium identified the 
causal gene designated PHEX (phosphate- regulating gene with 
homology to endopeptidases on the X- chromosome) [50].

XLH causes short stature and bowing of the lower limbs beginning 
in affected toddlers when they bear weight to walk (Figure 4.11.6). 
Subsequently, they may seem clumsy, yet strong and are generally 
well in contrast to nearly all other forms of rickets. The skull is often 
dolichocephalic from early closure of the sagittal suture and Chiari 

Figure 4.11.6 X- linked hypophosphataemia: Severe lower extremity 
bowing deforms an untreated mother and her daughters.
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1 malformation from craniosynostosis can occur. The chest and 
upper extremities are not deformed. Fractures during childhood 
are uncommon. Occasionally, the skeletal disease presents later in 
childhood with knock- knees. Without treatment, height Z scores 
will be minus 2– 3 standard deviations [51, 52].

Adults with XLH typically suffer five principal complications [51]. 
Arthralgias, primarily involving the lower limbs and especially the 
knees, are explained by osteoarthritis. The degree of residual lower 
extremity rachitic deformity predicts the likelihood of this knee 
joint deterioration [51]. Bone pain palpable in the thighs is often ex-
plained by femoral pseudofractures (Figure 4.11.3). Pseudofractures 
can occur elsewhere. Dental abscesses develop because brittle ‘shell’ 
teeth form early in life due to defective mineralization of dentine. 
Enthesopathy (calcification of tendons, ligaments, joint capsules, 
etc.) is common and spinal stenosis may be a result, but it is unclear 
how often symptoms develop. Sensorineural hearing loss seems to 
have increased prevalence. Obstetrical histories seem benign, but 
as for all types of rickets dystocia should be considered a potential 
problem [51]. The impact of XLH in older people is being studied. 
Life expectancy is probably not compromised.

Radiographs of children with XLH show physeal widening, that 
in the knees becomes especially pronounced medially when there is 
bowing deformity of the lower limbs (Figure 4.11.1c). Osteopaenia 
and evidence of secondary hyperparathyroidism are generally ab-
sent unless dietary Ca2+ intake is poor. In fact, the skeleton often 
appears radiographically dense, contrasting with other forms of 
rickets that characteristically increase circulating PTH levels. In 
adults with XLH, axial skeletal mass is typically normal, although 
sclerotic bones are not uncommon [53].

The biochemical hallmark of XLH is hypophosphataemia from 
selective renal Pi wasting [11]. Serum Ca2+ levels are low- normal, 
but usually not distinctly reduced [51,  52]. Hypophosphataemia 
must be documented recognizing important age- related effects on 
reference ranges for serum Pi. Healthy children have considerably 
higher serum Pi concentrations (and ALP activity) compared with 
healthy adults. Because circulating Pi levels may increase or decrease 
depending upon what is eaten, fasting blood specimens are best for 
assay [52]. In XLH, quantitation of renal Pi reclamation by calcu-
lating the transport maximum for phosphorous per glomerular fil-
tration rate (TmP/ GFR) shows that the hypophosphataemia reflects 
decreased renal tubular reabsorption (‘phosphate diabetes’) [51, 52]. 
Occasionally, trace glucosuria is detected, however, other param-
eters of proximal renal tubule function (e.g. serum potassium, bicar-
bonate, uric acid levels) are normal; that is, Fanconi’s syndrome (see 
later) is absent. Serum 1,25- dihydroxyvitamin D levels in XLH are 
generally normal or low- normal despite the hypophosphataemia, 
which physiologically increases renal 25- hydroxyvitamin D, lα- 
hydroxylase activity [11]. During treatment, unless Pi supplements 
are insufficiently matched by doses of 1,25- dihydroxyvitamin D3 to 
prevent malabsorption of dietary Ca++ (see next), circulating PTH 
levels are usually normal [51, 52]. Without treatment, serum ALP is 
increased in children, but not always in adults. Serum FGF23 levels 
are elevated in nearly all untreated XLH patients, in keeping with 
this key factor in the disorder’s pathogenesis [10].

Histopathological examination of the skeleton shows rickets or 
osteomalacia in untreated patients with XLH (Figure 4.11.4a) [51]. 
Elevated circulating PTH levels predict features of hyperparathyr-
oidism, including abundant osteoclasts and peritrabecular fibrosis. 

Additionally, in appropriately stained non- decalcified sections [1] , 
there are halos of hypomineralized bone surrounding osteocytes 
(Figure 4.11.4a) [51]. This peculiarity has been considered charac-
teristic of XLH, reflecting an osteoblast defect that persists despite 
successful 1,25- dihydroxyvitamin D3 and Pi therapy when these 
cells become osteocytes. Accumulation of osteopontin seems to be 
the explanation [54].

The aetiology of XLH is loss- of- function mutation of PHEX, 
but the pathogenesis is incompletely understood [10, 11]. Kidney 
transport of Pi is diminished across proximal tubule cells where 
normally PTH and FGF23 decrease urinary Pi reclamation [11]. 
Here, Pi movement across the brush border membrane is the 
rate- limiting step. In XLH, there is diminished Na+- dependent Pi 
transport [11]. However, blunted response to the activators of 1,25- 
dihydroxyvitamin D biosynthesis is also present in kidney mitochon-
dria [11] where Pi deprivation and supplementation physiologically 
accelerate and suppress, respectively, 1,25- dihydroxyvitamin D for-
mation. Nevertheless, the precise intracellular disturbances that di-
minish renal Pi transport and alter vitamin D bioactivation are not 
known [10, 11]. Parabiosis and renal transplantation studies using 
the Hyp mouse implicated a phosphaturic factor(s) [55], now appre-
ciated to be an excess of circulating FGF23 [10]. Malabsorption of 
dietary Ca2+ in XLH is poorly understood, but considered a feature 
of the vitamin D resistance.

In XLH, no gene dosage effect emerged from a study of pre-
pubertal heterozygous girls and hemizygous boys (Figure 4.11.6) 
[56]. Nevertheless, the complications of pseudofracture and 
enthesopathy seem more severe in men compared to women [51]. 
Accordingly, gender (sex steroids and/ or physical labour, etc.) may 
condition long- term outcomes [51].

XLH maps to chromosome Xp22.31– 21.3 [46]. Many dif-
ferent mutations involving the coding sequence or splice sites of 
PHEX have been discovered in XLH worldwide [46]. They are ex-
pected to diminish PHEX protein function. An early preliminary 
study indicated that defects compromising the exons encoding 
the PHEX protein per se cause more severe XLH [57]. Indeed, 
a missense mutation within the PHEX 3’UTR has been found 
to cause a distinctly mild variant of XLH in American patients 
[58]. Nevertheless, the putative substrate for PHEX remains un-
certain [10, 11]. PHEX could act at cell surfaces to inactivate a 
phosphaturic factor, or activate a suppressor of phosphatonins 
such as FGF23 [10, 11, 59].

Renal Pi wasting is the key pathogenetic abnormality that causes 
defective skeletal mineralization in XLH. TmP/ GFR correlates posi-
tively with height Z score in paediatric patients [56], and decreases 
reflect the degree of bowing deformity in affected adults [51]. 
Accordingly, in conventional therapy, this disturbance is targeted 
together with decreases in 1,25- dihydroxyvitamin D biosynthesis.

Bioactivated forms of vitamin D have been used for decades to 
treat XLH because high doses of vitamin D (e.g. 100 000 IU daily) 
can somewhat improve, but will not heal, the rickets [60]. Large 
doses of vitamin D2 are readily converted to 25- hydroxyvitamin D, 
however, the affinity of the VDR for 25- hydroxyvitamin D is two 
to three orders of magnitude lower than for 1,25- dihydroxyvitamin 
D [2, 3]. Furthermore, excessive vitamin D2 given to patients with 
XLH sometimes caused prolonged hypercalcaemia, hypercalciuria, 
nephrocalcinosis, and renal failure [61] reflecting the long biological 
half- life of vitamin D (Table 4.11.3). Hypercalcaemia can persist for 
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months, requiring dietary Ca2+ restriction and glucocorticoid treat-
ment. Additionally, high- dose vitamin D2 therapy has required ces-
sation months in advance of osteotomy to avoid hypercalciuria or 
hypercalcaemia if postoperative immobilization is prolonged.

When the pathogenetic renal Pi wasting of XLH became ad-
dressed, improved clinical, biochemical, and radiographic responses 
were noted [49, 52]. Transient augmentation of circulating Pi levels 
was achieved using frequent oral Pi dosing to supply, depending on 
body size, about 1– 2 g of phosphorous (as Pi) each day. Combined 
use of 1,25- dihydroxyvitamin D3 or 1α- hydroxyvitamin D3 and Pi 
supplementation became the best regimen for XLH [52]. The active 
metabolite of vitamin D would augment both Ca2+ and Pi uptake 
from the gut, while better Ca2+ absorption would prevent secondary 
or tertiary hyperparathyroidism provoked by Pi lowering blood 
Ca2+ levels directly or binding Ca2+ in the intestine. Nevertheless, 
this regimen only transiently corrected hypophosphatemia and 
rarely would safely fully correct the radiographic rickets [23, 24]. 
This conventional therapy required a medical/ orthopaedic ap-
proach for XLH best provided by experienced centres where 1,25- 
dihydroxyvitamin D3 and Pi supplementation could improve the 
defects in skeletal growth, modelling, and remodelling in compliant 
patients [52]. However, since 2018, the human anti- FGF23 mono-
clonal antibody burosumab (Crysvita®), that neutralizes circulating 
FGF23, has been commercially available multinationally to better 
treat XLH in patients aged 6 months or older [23, 24].

There are two principal goals of therapy for XLH: (1) correc-
tion of limb deformity by the time growth plates fuse to prevent 
osteoarthritis; and (2) satisfactory height. The principal compli-
cations of active vitamin D and Pi treatment are:  (1) secondary 
or tertiary hyperparathyroidism that compromise clinical out-
comes and perhaps necessitate partial parathyroidectomy; and 
(2) nephrocalcinosis that may cause renal compromise.

This treatment may begin for toddlers to help promote their 
growth and to avoid lower extremity distortions, but oral dosing and 
monitoring is understandably difficult especially at first. Control, 
but not complete correction, of the rickets seemed a reasonable ob-
jective. Both 0.25 and 0.50 µg capsules of 1,25- dihydroxyvitamin D3 
are commercially available. The contents can be put into applesauce, 
etc., but a liquid preparation is also now marketed (Table 4.11.3). 
Approximately 40 ng (i.e. 0.040 µg) per kg of body weight of 1,25- 
dihydroxyvitamin D3 daily (divided doses are ideal) may be achieved 
safely over 2 to 3 months by gradually increasing the dose and moni-
toring its biochemical effects. In the United Kingdom and Europe, 
a solution of 1α- hydroxyvitamin D is available. Pi supplementa-
tion, given three to four times daily, is introduced simultaneously 
and also gradually increased. Tablets of neutral sodium/  potassium 
phosphate (e.g. K- Phos Neutral; Beach Pharmaceuticals, Tampa, 
FL) are most convenient and generally well tolerated. Occasionally, 
Pi causes diarrhoea. In some ways, 1,25- dihydroxyvitamin D3 and 
Pi produce opposite effects on Ca2+ homeostasis [52]. Accordingly, 
if either Pi or 1,25- dihydroxyvitamin D3 is stopped, both should 
stop. Sudden decreases (or especially cessation) in Pi supplemen-
tation alone should be avoided, because 1,25- dihydroxyvitamin D 
effects can persist and urinary and then blood Ca2+ levels may rap-
idly rise. Accordingly, patients should be cautioned not to run out 
of these medications.

Careful biochemical surveillance is essential because 
1,25- dihydroxyvitamin D3 is especially potent in enhancing 

gastrointestinal Ca2+ absorption. Ca2+ and creatinine should be as-
sayed in 24- hour urine collections (not random specimens) [52]. 
Initially, monitoring should occur monthly, but then every 3 months. 
Urinary Ca2+ to creatinine ratios of about 150– 180 mg/ g reflect ad-
equate gut effects of 1,25- dihydroxyvitamin D3 helping to suppress 
circulating PTH levels. If hypocalciuria is a persisting problem, in-
creased dairy consumption or Ca2+ supplementation may be helpful. 
Unless PTH levels are elevated and non- suppressible (predicting 
hypercalcaemia before hypercalciuria), hypercalciuria will herald 
excessive 1,25- dihydroxyvitamin D3 or 1α- hydroxyvitamin D3 
dosing. Fortunately, they both have short biological half- lives, per-
mitting rapid corrections of excessive effect (Table 4.11.3). Urine 
levels of approximately 3.0  g phosphorous per g creatinine have 
been a good target in our experience, and seem less likely than 
greater values to cause nephrocalcinosis. Renal ultrasonography, 
creatinine clearance, and serum PTH levels should be monitored at 
least yearly. Dosage increases will be necessary as the child grows. 
Nephrocalcinosis in XLH seems to represent Ca2+– Pi deposits, and 
this emphasizes the importance of Pi levels in this complication. 
However, it seems that subradiographic nephrocalcinosis does not 
compromise renal function [60]. Partial parathyroidectomy may be-
come necessary if elevated serum PTH levels become persistent and 
are associated with hypercalcaemia. Some have used calcimimetics 
to control hyperparathyroidism. Hypercalciuria (>4 mg Ca2+ per kg 
of body weight, or >220 mg Ca2+ per g creatinine) can occur when 
skeletal mineralization is fully restored or when growth plates fuse. 
Lower doses may provide maintenance therapy until skeletal ‘con-
solidation’ is complete and cessation of medical treatment can be 
considered.

Orthopaedic evaluation should occur at least yearly during child-
hood, and twice yearly during the adolescent growth spurt, because 
limb bracing or epiphysiodesis may be helpful. Osteotomies are 
sometimes postponed until growth ceases to minimize the possi-
bility of postoperative deformity. Unless patients are weight- bearing 
within 2 days of surgery (or fracture, etc.), 1,25- dihydroxyvitamin 
D3 and then Pi therapy should be held until standing resumes to 
avoid immobilization hypercalciuria and hypercalcaemia.

Closure of physes after puberty does not mean that XLH is cured 
[51]. The metabolic derangements persist lifelong. Accordingly, af-
fected adults should be followed perhaps yearly. Some may benefit 
from continuing 1,25- dihydroxyvitamin D3 and Pi therapy to pre-
vent fractures or worsening deformity [51].

In 2018, the medical treatment possibilities for paediatric and 
adult XLH changed substantially with the multinational approval 
of burosumab (Crysvita®) [23,  24]. Subcutaneous injection every 
two or four weeks, respectively, of this fully human monoclonal 
antibody against FGF23 rapidly and safely increases TmP/ GFR 
and corrects hypophosphatemia with only a small increase within 
the normal range of circulating 1,25- dihydroxyvitamin D levels. 
Radiographic rickets can improve compared to continuing conven-
tional therapy with oral 1,25- dihydroxyvitamin D and Pi supple-
mentation [23, 24]. Growth and functionality also benefit [23, 24]. 
In adults with XLH given burosumab, pseudofractures may heal to-
gether with osteomalacia seen on iliac crest biopsy.

Dent’s Disease

X- linked recessive hypophosphataemia (Dent disease 1) 
(OMIM #300009) maps to chromosome Xp11.22 and is due to 
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deactivation of the CLCN5 gene involved in chloride transport [62]. 
Hypercalciuria nephrocalcinosis, β2- microglobinuria, and progres-
sive glomerular disease affect hemizygous males. Renal Pi wasting 
sometimes causes mild rickets. Treatment consists of Pi supplemen-
tation with caution not to cause hyperparathyroidism or to exacer-
bate nephrocalcinosis. Dent disease 2 (OMIM #300009) is caused 
by mutation of the OCRL gene.

Autosomal Dominant Hypophosphataemic Rickets

This rare form of renal Pi wasting (OMIM #193100) causes relatively 
mild rickets appearing during adolescence. The disorder maps to 
chromosome 12p13 and involves activating mutations in the gene 
encoding FGF23 (59). Treatment is similar to XLH, but lower doses 
of 1,25- dihydroxyvitamin D3 and Pi are required. Treatment of any 
iron deficiency can be important.

Autosomal Recessive Hypophosphataemic Rickets

Deactivating mutations in the gene that encodes dentine matrix 
protein 1 (DMP1) causes a very rare autosomal recessive form of 
hypophosphataemic rickets featuring elevated circulating FGF23 
and a diffusely sclerotic skeleton (OMIM #241520) [63]. A second 
type (OMIM #613312) involves deactivation of ENPP1 gene.

Fanconi’s Syndrome

Fanconi’s syndrome features renal Pi wasting causing hypophosphatemia 
together with other manifestations of proximal renal tubule dysfunction 
including low serum levels of potassium, bicarbonate, and uric acid as 
well as aminoaciduria. There are many aetiologies including cystinosis, 
tyrosinaemia, and Lowe’s syndrome (Table 4.11.1). Therapy with 1,25- 
dihydroxyvitamin D3 and Pi supplementation (see XLH) seems helpful, 
but urinary Ca2+ levels must be monitored especially carefully because 
hypercalciuria can be present.

McCune– Albright Syndrome

McCune– Albright syndrome (OMIM #174800) often causes ac-
quired hypophosphataemic rickets [18]. Treatment with 1,25- 
dihydroxyvitamin D3 and Pi helps control only the rachitic skeletal 
disease superimposed on polyostotic fibrous dysplasia, but therapy 
in affected adults may be especially difficult to assess because of 
premature closure of growth plates and the underlying widespread 
fibrodysplastic disease. In fact, bone biopsy looking for osteo-
malacia may be challenging because of the fibrous dysplasia pre-
cluding a suitable biopsy site. Renal Pi wasting may diminish as the 
fibroblastic disease ‘burns out’ in middle age.

Vitamin D- Dependent Rickets

Vitamin D- dependent rickets (VDDR) types I  and II (VDDR I  and 
VDDR II) are rare, autosomal recessive disorders (OMIM #264700, 
#600081, #277440, %600785) that mimic vitamin D- deficiency rickets 
[5– 8, 64]. However, there is no deficiency in cutaneous synthesis or ac-
celerated loss of vitamin D. Patients are typically replete with vitamin 
D as shown by normal circulating levels of 25- hydroxyvitamin D [65].

VDDR I  and II feature diminished biosynthesis of, and target 
tissue resistance to, 1,25- dihydroxyvitamin D, respectively. 
Because there is either disturbed conversion of 25- hydroxyvitamin 
D to 1,25- dihydroxyvitamin D (VDDR I) or peripheral resist-
ance to 1,25- dihydroxyvitamin D (VDDR II), serum levels of 
1,25- dihydroxyvitamin D are low and high, respectively (Table 

4.11.4) [5– 8,  64]. Nevertheless, both types of VDDR alter min-
eral homeostasis in a similar way. Dietary Ca2+ is malabsorbed, 
leading to hypocalcaemia, secondary hyperparathyroidism, and 
hypophosphataemia. Decreased extracellular fluid levels of Ca2+ 
and Pi together impair mineralization of skeletal matrix. Because 
the pathogenesis of VDDR I involves defective production of 1,25- 
dihydroxyvitamin D by the kidney, physiological doses of 1,25- 
dihydroxyvitamin D3 control the disorder [64]. However, in VDDR 
II even enormous doses of 1,25- dihydroxyvitamin D3 may prove in-
effective and Ca2+ may need to be administered intravenously [5– 8]. 
Both VDDR I and II are understood at the gene level and as indi-
cated next, now have more informative names [18, 46].

25- Hydroxyvitamin D, 1α- Hydroxylase Deficiency (Vitamin 
D- Dependent Rickets, Type I)

1,25- dihydroxyvitamin D deficiency can be defined as low cir-
culating levels of this hormone despite normal or elevated 
(depending on preceding vitamin D therapy) concentrations 
of 25- hydroxyvitamin D.  In theory, this situation could re-
sult from decreased production or increased clearance of 
1,25- dihydroxyvitamin D.  Indeed, decreased production of 
1,25- dihydroxyvitamin D can be hereditary, but in other circum-
stances acquired. Acquired deficiency is usually explained by sys-
temic disease, such as chronic renal failure or acquired Fanconi’s 
syndrome, etc., which affect bone and mineral metabolism in 
multiple and complex ways. In contrast, increased clearance is 
uncommon and typically accompanies loss of other vitamin D 
metabolites, such as 25- hydroxyvitamin D, and would therefore 
fit within the definition of secondary vitamin D deficiency. The 
genetic entity discussed here (OMIM #264700) is now also called 
hereditary 1,25- dihydroxyvitamin D deficiency, and is an inborn 
error of metabolism featuring defective enzymatic biosynthesis of 
1,25- dihydroxyvitamin D.

Prader and colleagues first characterized this disorder when they 
described two young children who showed all of the usual clin-
ical features of vitamin D deficiency despite adequate intake of the 
vitamin. Complete remission depended upon continuous therapy 
with high doses of vitamin D— thus, the term ‘vitamin D- dependent 
rickets’. They had instead coined the term ‘pseudovitamin D de-
ficiency’. Remission could, however, be achieved by physiological 
(microgram) doses of 1α- hydroxylated vitamin D metabolites 
[66, 67]. VDDR I is now understood at the molecular level and is, 
therefore, best described as 25- hydroxyvitamin D, 1α- hydroxylase 
deficiency [64].

Patients with 1α- hydroxylase deficiency appear healthy at birth. 
Subsequently, features consistent with nutritional rickets are usually 
noticed before 2 years of age, and often during the first 6 months of 
life. There is growth retardation and poor gross motor development. 
Muscle weakness, irritability, pneumonia, seizures, and failure to 
thrive are prominent findings.

Serum 1,25- dihydroxyvitamin D levels are low or undetectable 
despite normal levels of 25- hydroxyvitamin D.  Malabsorption of 
dietary Ca2+ leads to hypocalcaemia, secondary hyperparathyr-
oidism, and hypophosphataemia. Serum ALP activity is elevated.

The radiographic changes are in keeping with nutritional rickets. 
In addition to growth plate abnormalities and rachitic deformities, 
osteopaenia, and other features of secondary hyperparathyroidism 
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are present. Undecalcified bone documents defective matrix 
mineralization and secondary hyperparathyroidism including 
osteoclastosis and peritrabecular fibrosis [64].

Early reports of affected siblings in inbred kindreds indicated that 
VDDR I is an autosomal recessive condition, especially prevalent in 
French- Canadians [46]. A founder effect seems to have occurred in 
this population and, in 1990, linkage studies mapped the disorder 
to chromosome l2q14 [64]. The molecular defect compromises 
the kidney’s mitochondrial cytochrome P450clα enzyme respon-
sible for rate- limiting, hormonally regulated, 25- hydroxyvitamin D 
bioactivation to 1,25- dihydroxyvitamin D (i.e. 25- hydroxyvitamin 
D, lα- hydroxylase). Actually, this enzyme has several components, 
cytochrome P- 450D10t, ferredoxin, and ferredoxin reductase 
[64]. A variety of mutations have been found in the P450clα gene 
(CYP27B1:  OMIM 609506)  [66]. French- Canadian patients are 
commonly homozygous for a 958ΔG defect in this single copy gene. 
None of these mutations engenders an enzyme with decreased (ra-
ther than absent) activity [66].

Serum concentrations of 25- hydroxyvitamin D are normal 
in VDDR I  (elevated if pharmacological doses of vitamin D or 
25- hydroxyvitamin D are given), yet 1,25- dihydroxyvitamin D 
levels are low, or remain only partially corrected by vitamin D 
or 25- hydroxyvitamin D therapy [63]. Because pharmacological 
doses of vitamin D2 or D3 or 25- hydroxyvitamin D3 produce 
therapeutic responses in VDDR I  similar to physiological (re-
placement) doses of 1,25- dihydroxyvitamin D3, it is apparent that 
25- hydroxyvitamin D (or some metabolite) at sufficient levels can 
activate the VDR. Alternatively, perhaps enhanced local 1,25- 
dihydroxyvitamin D biosynthesis occurs with pharmacological 
doses of the prohormones.

The 1α- hydroxylase gene from more than 25 families with this 
disorder has been studied by site- directed mutagenesis and cDNA 
expression in transfected cells. All patients had homozygous mu-
tations. Most French- Canadian patients have the same mutation 
causing a frame shift and a premature stop codon in the putative 
haem- binding domain. However, the same mutation was then ob-
served in additional families of diverse origin. All other patients had 
either a base- pair deletion causing a premature termination codon 
upstream from the putative ferredoxin and haem- binding domains, 
or missense mutations. No 1α- hydroxylase activity was detected 
when the mutant enzyme was expressed in various cells. The 1α- 
hydroxylase gene sequence in keratinocytes and peripheral blood 
mononuclear cells is identical with the renal gene.

The differential diagnosis for VDDR I  includes especially de-
fects in the VDR- effector system, where serum concentrations of 
1,25- dihydroxyvitamin D and the response to treatment with 1α- 
hydroxylated vitamin D metabolites are greatly different (Table 
4.11.2).

Clinical remission has followed daily, high- dose therapy with 
1– 3  mg of vitamin D2, or with 0.2– 0.9  mg of 25- hydroxyvitamin 
D.  Because there is no defect in hepatic conversion of vitamin D 
to 25- hydroxyvitamin D, vitamin D rather than 25- hydroxyvitamin 
D is cheap yet effective. However, a physiological (‘replacement’) 
dose of 1,25- dihydroxyvitamin D, 0.25– 1.0 µg daily, bypasses the 
lα- hydroxylase defect and provides an effective and direct treatment 
[49]. Although 25- hydroxyvitamin D3 or 1,25- dihydroxyvitamin D3 
therapy is expensive, it has advantages. The physiological half- lives 
of these metabolites are much shorter than vitamin D, and excessive 

dosing will respond more rapidly to temporary cessation of therapy. 
Most patients, however, can be managed with vitamin D, but follow- 
up is essential for any regimen.

Hereditary Resistance to 1,25- Dihydroxyvitamin D  
(Vitamin D- Dependent Rickets, Type II)

This disorder was characterized in 1978 when a patient with fea-
tures of ‘pseudovitamin D deficiency’ (see earlier) was found in-
stead to have high serum levels of 1,25- dihydroxyvitamin D [66]. 
Thus, ‘hereditary resistance to 1,25- dihydroxyvitamin D’ or VDDR 
II refers to this condition (OMIM #277440) [5, 6]. Autosomal reces-
sive inheritance is well established, and parental consanguinity has 
been reported in approximately 50% of cases [46].

There is a striking clustering of patients around the Mediterranean, 
including patients reported form Europe and America who ori-
ginated from the same area [7, 8]. A notable exception is a cluster 
of kindreds from Japan [46]. Obligate heterozygotes do not have 
clinical or biochemical manifestations. Patients appear normal at 
birth, but typically then develop features resembling vitamin D de-
ficiency during the first year of life [5– 8]. Although several sporadic 
cases first manifested skeletal disease as late as their teenage years 
or middle age, they represent the mildest form of the disease and 
had complete remission when treated with vitamin D or its active 
metabolites. It was unclear if the adult- onset patients belong to this 
entity. In general, the earlier the presentation, the more severe the 
clinical and biochemical features [5– 8].

Hypocalcaemia causes secondary hyperparathyroidism, 
hypophosphataemia, and elevated serum ALP activity. However, 
1,25- dihydroxyvitamin D levels are elevated, sometimes as much 
as 10- fold [5– 8]. This abnormality reflects peripheral resistance to 
1,25- dihydroxyvitamin D causing malabsorption of dietary Ca2+ 
and the subsequent combined effects of three activators of renal 
25- hydroxyvitamin D, lα- hydroxylase activity: hypocalcaemia, in-
creased circulating PTH, and hypophosphataemia together with di-
minished feedback inhibition by 1,25- dihydroxyvitamin D on the 
kidney 1α- hydroxylase.

The radiographic and histological findings of VDDR II resemble 
those of nutritional rickets, as described before, including growth 
plate disturbances, rachitic deformities, osteopaenia, fractures, and 
evidence of secondary hyperparathyroidism.

A peculiar feature, appearing in more than half of the affected in-
dividuals, is total alopecia or sparse hair. Alopecia usually manifests 
during the first year of life and there may be additional ectodermal 
anomalies including oligodontia, epidermal cysts, and cutaneous 
milia [5– 8]. In a patient with total alopecia, hair follicles were 
present.

Alopecia seems to be a marker for a more severe form of the dis-
ease, as judged by earlier onset, severity of the clinical features, pro-
portion of patients who do not respond to treatment with high doses 
of vitamin D or its active metabolites, and the extremely elevated 
serum levels of 1,25- dihydroxyvitamin D during therapy. Although 
some patients with alopecia achieve clinical and biochemical remis-
sion of their bone disease, none have shown hair growth. The no-
tion that total alopecia reflects a defective VDR- effector system is 
supported by the fact that alopecia has only been associated with 
hereditary defects in the VDR system (i.e. with end- organ resist-
ance to the action of the hormone. Indeed, hair follicles normally 
contain the VDR).
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Patients with VDDR II with normal hair can respond fully to high 
doses of bioactive vitamin D metabolites. However, only some with 
total alopecia do so. Remarkably, some patients with VDDR II may 
no longer need 1,25- dihydroxyvitamin D3 therapy, or require lower 
doses, later in life [5– 8]. A VDR- positive mild variant has been re-
ported in Columbia, South America (OMIM % 600785) [46, 68].

The nature of the resistance to 1,25- dihydroxyvitamin D and ab-
errations in the VDR/ effector system have been elucidated [5– 8, 9]. 
A  variety of VDR, or post- VDR, defects block the peripheral ac-
tion of 1,25- dihydroxyvitamin D. There can be absence of the VDR, 
diminished binding capacity or binding affinity of the VDR for 
1,25- dihydroxyvitamin D, or failure of the 1,25- dihydroxyvitamin 
D– VDR complex to localize to the nucleus or bind to DNA [8] . 
Patients without hormone or DNA binding by the VDR are the 
most difficult to treat [5, 6]. A mouse model has been developed by 
targeted ablation of the VDR gene.

If untreated, most patients with VDDR II die in early child-
hood [5– 8]. However, good control of the disorder is possible with 
therapy, especially in individuals without alopecia. Depending upon 
severity, VDDR II may require calciferols that enhance endogenous 
production of 1,25- dihydroxyvitamin D, administration of high 
doses of both calciferols and Ca2+ to compensate for the target tissue 
resistance to 1,25- dihydroxyvitamin D, or high doses of Ca2+ alone 
(given orally or intravenously) to circumvent the target cell 1,25- 
dihydroxyvitamin D resistance [8, 60]. Whereas most patients may 
respond to very high oral doses of 1,25- dihydroxyvitamin D3 (10– 
40 µg daily), some can have clinical, radiographic, and biochemical 
corrections with high doses of vitamin D2 or 25- hydroxyvitamin D3 
[5– 8]. Some patients have unexplained disease fluctuation.

Before therapy, serum 1,25- dihydroxyvitamin D concentrations 
range from the upper normal limit to markedly elevated. With 
vitamin D treatment, they may reach the highest levels found in any 
living system (≥100 times the upper normal limit).

The near ubiquity of a similar if not identical VDR- effector 
system among various cell types helped clarify the nature of the 
intracellular and molecular defects in these patients [7, 8]. A defect 
that compromises RXR heterodimerization with the VDR (essential 
for nuclear localization and probably for recognition of the vitamin 
D responsive element in the DNA as well) was characterized in sev-
eral kindreds with and without alopecia [7, 8]. In kindreds with de-
fects in VDR binding to DNA, different single nucleotide mutations 
in the DNA- binding region were found [7, 8]. All point mutations 
affected the region of the two zinc fingers of the VDR essential for 
functional inter action of the hormone receptor complex with DNA. 
Interestingly, all altered amino acids are highly conserved in the 
steroid receptor superfamily. In all such patients, no response fol-
lowed very high doses of vitamin D or its active 1α- hydroxylated 
metabolites.

Normal hair is usually associated with milder and usually complete 
clinical and biochemical remission on high doses of vitamin D or its 
metabolites [7, 8]. In contrast, only ~50% of patients with alopecia 
have satisfactory clinical and biochemical remission to high doses of 
vitamin D or its active 1α- hydroxylated metabolites, and the dose re-
quirement is about 10- fold higher than those with normal hair.

It seems that defects characterized as deficient hormone binding 
affinity and deficient heterodimerization with RXR achieve remis-
sion on high doses of vitamin D or its active 1α- hydroxylated me-
tabolites. Most with other defects could not be cured.

Typical clinical and biochemical features (Table 4.11.4) support the 
diagnosis. The issue becomes more complicated when the clinical fea-
tures are atypical, i.e. late onset, sporadic cases, and normal hair. Failure 
of a therapeutic trial with Ca2+ and/ or physiological replacement doses 
of vitamin D or its active metabolites may support the diagnosis but 
now mutation analysis should reveal the aetiology and pathogenesis.

Based on the clinical and biochemical features, the following 
additional disease states should be considered: (1) extreme Ca2+ de-
ficiency, and (2)  severe vitamin D deficiency, because during the 
initial stages of vitamin D therapy in children with severe vitamin 
D- deficient rickets, the biochemical picture may resemble 1,25- 
dihydroxyvitamin D resistance, but this is a transient condition 
differentiated by the history of vitamin D deficiency and the final 
therapeutic response to vitamin D.

An adequate therapeutic trial must include vitamin D at suf-
ficient doses to maintain high serum concentrations of 1,25- 
dihydroxyvitamin D because patients can produce high serum 
1,25- dihydroxyvitamin D levels if supplied with substrate. If high 
serum levels are not achieved, 1α- hydroxylated vitamin D metab-
olites should be given in daily doses up to 6 µg/ kg weight or a total 
of 30– 60 µg and up to 3 g of elemental Ca2+ orally daily; therapy 
must continue for a period sufficient to mineralize the abundant 
osteoid (usually 3– 5 months). Therapy may be considered a failure 
if no change in the clinical, radiological, or biochemical param-
eters occurs while serum 1,25- dihydroxyvitamin D concentrations 
are maintained at approximately 100 times average normal values. 
Several patients have shown unexplained fluctuations in response to 
therapy or at presentation of the disease [7, 8].

In some patients unresponsive to vitamin D or its metabolites, 
clinical and biochemical remission, including catch- up growth, ac-
companied administration of large amounts of Ca2+ achieved by 
long- term (months) intracaval infusions of up to 1000 mg of Ca2+ 
daily. Alternatively, increasing oral Ca2+ intake was used success-
fully in only very few patients and this approach was limited by dose 
and patient tolerability [69].

Hypophosphatasia

In 1948, ‘hypophosphatasia’ (OMIM #241500, #146300, #241510) 
was coined to distinguish a rare heritable form of rickets charac-
terized biochemically by hypophosphatasaemia due to deficient 
activity of the tissue non- specific (liver/ bone/ kidney) isoenzyme 
of ALP (TNSALP) [15]. More than 400 different mutations in the 
ALPL gene (OMIM *171760) have been discovered in patients with 
hypophosphatasia (HPP) worldwide [70]. HPP is the instructive in-
born error of metabolism that confirmed the theory promulgated 
by Robert Robison, PhD beginning in 1923 that ALP promotes the 
mineralization of cartilage and bone.

More than 800 cases of HPP have been reported. The severity 
is remarkably broad- ranging and spans intrauterine death from 
profound skeletal hypomineralization to loss of teeth or cal-
cific arthritis in adults [15]. Now, six clinical forms are reported 
depending primarily on patient age when skeletal disease is docu-
mented. Perinatal, infantile, mild, or severe childhood, and adult 
HPP feature skeletal complications [15]. Children and adults who 
manifest tooth loss without skeletal disease (radiographically or 
on bone biopsy) have odonto HPP. Although artificial, this clinical 
classification provides information concerning recurrence risks 
and prognosis.
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Perinatal HPP is diagnosed at birth and is almost always rap-
idly lethal [15,  70]. Stillbirth is common. Profound skeletal 
hypomineralization with caput membranaceum and short and 
deformed limbs is obvious. Severe osteogenesis imperfecta or 
cleidocranial dysplasia may be suspected, but can be distinguished 
radiographically and by gene testing [16]. Occasionally, bony spurs 
protrude from the shafts of major long bones. Failure to gain weight, 
irritability with a high- pitched cry, unexplained fever, anaemia, 
periodic apnoea with bradycardia, and intracranial haemorrhage 
can occur. Respiratory compromise proves fatal from chest weak-
ness and deformity and perhaps pulmonary hypoplasia.

Infantile HPP becomes clinically apparent postnatally before 
6 months of age with failure to thrive, poor feeding, rickets, widened 
fontanelles, hypotonia, and sometimes vitamin B6- dependent seiz-
ures [15]. Hypercalcaemia and hypercalciuria may explain bouts of 
vomiting and nephrocalcinosis, sometimes with significant renal 
impairment. Rachitic deformity of the chest and rib fractures pre-
dispose to recurrent pneumonias. Seizures and spells of apnoea may 
occur. Despite the impression from palpation or radiographs that 
cranial sutures are widely open, functional craniosynostosis from 
skull hypomineralization is common. Infantile hypophosphatasia 
often features progressive clinical and radiographic deterior-
ation, and untreated ~50% of patients die within the first year of 
life. However, the prognosis seems better if there is survival past 
infancy spontaneously, although persisting skeletal disease seems 
likely [15].

Childhood HPP is especially variable [14]. Premature loss of de-
ciduous teeth (age <5 years) from hypoplasia and hypomineralization 
of cementum may be the most remarkable clinical manifestation. 
Cementum anchors dentition to the periodontal ligament, there-
fore, deciduous teeth in HPP are shed without root resorption. 
Mandibular incisors are usually lost first, but the entire dentition can 
be exfoliated early. Enlarged pulp chambers and root canals result in 
‘shell’ teeth characteristic of disorders that cause rickets. Skeletal de-
formity can include scaphocephaly with frontal bossing, a rachitic 
rosary, bowed legs or knock- knees, short stature, and wrist, knee, 
or ankle enlargement. When radiographs disclose rickets, delayed 
walking and a characteristic waddling gait are common. Childhood 
HPP may improve clinically when growth plates fuse after puberty, 
but recurrence of symptoms seems likely sometime during adult life 
[15, 70].

Adult HPP presents during middle age [15, 70]. Approximately 
50% of these patients recall being told of rickets and/ or prema-
ture loss of teeth during childhood. Often, there are recurrent, 
poorly healing, metatarsal stress fractures. Subtrochanteric femoral 
pseudofractures may be found proximally in the lateral cortices 
[25]. Chondrocalcinosis is common and inorganic pyrophosphate 
deposition may also cause arthritis including pseudogout.

Radiographic findings in HPP are helpful for diagnosis, espe-
cially in paediatric patients. Perinatal HPP features pathognomonic 
changes as the skeleton can be so hypomineralized that only the 
skull base is apparent. Individual vertebrae can be ‘missing’, and 
bony spurs may protrude from major long bones. Alternatively, 
severe rachitic changes are seen. Calvarial bones can be mineral-
ized only centrally, giving the illusion that sutures are widely patent. 
Fractures are common. In infants, abrupt transition from well min-
eralized diaphyses to hypomineralized metaphyses suggests sudden 
metabolic deterioration. Relentless skeletal demineralization with 

worsening rachitic disease and progressive bony deformity and 
fracturing as well as vitamin B6- dependent seizures predict a le-
thal outcome. Bone scintigraphy showing little tracer uptake in 
widely separated cranial ‘sutures’ suggests functional suture closure. 
Severely affected patients who survive infancy can develop true 
premature cranial sutures fusion causing a ‘beaten copper’ radio-
graphic appearance and raised intracranial pressure (Figure 4.11.7). 
In affected children, characteristic ‘tongues’ of radiolucency extend 
from physes into metaphyses of major long bones where there can 
also be patchy osteosclerosis (Figure 4.11.2). Adult HPP causes 
recurrent, poorly healing, metatarsal stress fractures and femoral 
pseudofractures that appear laterally (rather than medially as in 
other forms of osteomalacia). There can also be osteopaenia and 
chondrocalcinosis with changes of pyrophosphate arthropathy.

Subnormal serum ALP activity for age and sex (hypopho s-
phatasaemia) is the biochemical hallmark of HPP. Generally, the 
levels reflect disease severity [15,  70]. Patients with odonto HPP 
have mild but discernible hypophosphatasaemia. In fact, this 
finding is especially impressive because rickets or osteomalacia 
typically cause hyperphosphatasaemia [14]. Several other condi-
tions, some with skeletal manifestations, lower blood ALP levels 
[15], but are distinguished from HPP partly because the patients 
do not accumulate TNSALP substrates (see next). Serum levels 
of Ca2+ and Pi are not diminished in HPP. In fact, hypercalciuria 
and hypercalcaemia often complicate the infantile form where the 
pathogenesis seems to involve a ‘dyssynergy’ between gut absorp-
tion of dietary Ca2+ and defective skeletal mineralization; however, 
skeletal demineralization may also become a factor. Serum levels 
of PTH, 25- hydroxyvitamin D, and 1,25- dihydroxyvitamin D are 
usually unremarkable in HPP unless there is hypercalcaemia or 
renal compromise. Serum Pi concentrations are above control mean 
levels, and mild hyperphosphataemia occurs in more than half of 

Figure 4.11.7 Hypophosphatasia: The ‘beaten copper’ skull of this 
2- year- old boy with the childhood form of hypophosphatasia results 
from premature closure of cranial sutures. Previously, he underwent 
craniotomy.
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affected children and perhaps adults. The pathogenesis involves en-
hanced renal reclamation of Pi [70].

Three phosphocompounds, natural substrates for TNSALP, 
accumulate endogenously in HPP:  phosphoethanolamine, in-
organic pyrophosphate (PPi), and pyridoxal 5′- phosphate 
(PLP) [15,  70]. Assays are commercially available for urinary 
and blood phosphoethanolamine and plasma PLP. Mild 
phosphoethanolaminuria occurs in several metabolic bone dis-
eases [15]. Fortunately, increased plasma PLP concentration is a 
particularly sensitive and specific marker for HPP. However, pa-
tients must not be taking vitamin B6 for at least one week be-
fore tested. Endogenous accumulation of PPi seems to be the key 
pathogenetic factor accounting for the defective hard tissue min-
eralization (see next), yet quantitation of PPi remains a research 
technique.

Defective skeletal mineralization occurs in all clinical forms of 
HPP except odonto HPP [2] . Unless evaluation of the ALP activity 
in the skeleton is undertaken, the histopathological findings are 
those of other types of rickets or osteomalacia lacking secondary 
hyperparathyroidism.

HPP occurs in all races, and is especially prevalent among 
Mennonites and Hutterites in Canada. In North America the inci-
dence of severe disease is ~ 1/ 100 000 live births [15]. Perinatal and 
nearly all cases of infantile HPP are transmitted as an autosomal 
recessive trait. Carriers can have diminished or low- normal levels 
of serum ALP activity, and sometimes modest elevations in plasma 
PLP levels [15, 70]. The inheritance pattern(s) for childhood, adult, 
and odonto HPP is autosomal recessive or autosomal dominant. 
Generation- to- generation transmission is typically associated with 
relatively mild clinical expression.

The ALPL gene has 12 exons and to exists as a single copy in 
the haploid genome on the tip of the short arm of chromosome 
1 (lp36.1– lp34). In 1988, a missense mutation was identified in 
a severely affected infant from an inbred Canadian kindred [70]. 
Subsequent studies have disclosed > 400 different ALPL mutations 
[70]. Most are missense defects. Perinatal and infantile HPP reflect 
homozygosity or compound heterozygosity for these mutations. 
The childhood and adult forms of HPP can be the ‘same’ disease 
[15]. Mouse models first recapitulated the infantile form of HPP 
[71], but now some match the mild forms.

ALP (orthophosphoric monoester phosphohydrolase (alka-
line optimum), EC 3.1.3.1), found in nearly all organisms, is a 
glycosylated, plasma membrane- bound enzyme [70]. Discovery 
of the endogenous accumulation of phosphoethanolamine, 
PPi, and PLP in HPP revealed how TNSALP functions [15, 70]. 
Accumulation of PLP, the principal cofactor form of vitamin B, in-
dicated that TNSALP acts as a cell- surface enzyme. Patients with 
HPP typically do not have symptoms or signs of vitamin B6 de-
ficiency or toxicity despite their markedly increased plasma PLP 
levels.

In 1965, discovery of elevated urinary and then blood levels of 
PPi in HPP disclosed the pathogenesis of the rickets and osteomal-
acia. PPi is a potent inhibitor of biomineralization. Matrix vesicles 
are devoid of ALP activity in HPP, but do contain hydroxyapatite 
crystals [4] . However, only a few isolated crystals are observed out-
side these extracellular structures. The excess PPi in HPP blocks 
hydroxyapatite crystal formation in the extracellular matrix of 
affected bone.

Unless documented, conventional treatments for rickets or 
osteomalacia are generally best avoided in HPP because patients 
are usually vitamin D replete and serum levels of Ca2+ and Pi are 
not low [15]. Indeed, such treatment could exacerbate or provoke 
hypercalcaemia and hypercalciuria. Hypercalcaemia in infantile 
HPP generally responds to reduction in dietary Ca2+ intake, but may 
require glucocorticoid therapy. Supportive therapy is important 
for HPP. Fractures do mend, but delayed healing after casting or 
osteotomy has been observed. In affected adults, placement of 
intramedullary rods, rather than load- sparing devices (e.g. plates), 
seems to be preferable for the acute or prophylactic treatment of 
fractures and pseudofractures [25]. Expert dental care is especially 
important for children, because their nutrition can be impaired by 
premature tooth loss. Craniotomy may be crucial for children with 
craniosynostosis. Fetuses that are severely affected (perinatal form) 
can be detected in utero early on by ultrasonography, but a relatively 
mild ‘benign prenatal’ form of non-lethal HPP must be considered. 
ALPL gene mutation testing has improved diagnosis [15].

Enzyme replacement by intravenous infusion of various natural 
soluble forms of ALP has generally been disappointing for HPP [70]. 
Two infants who seemed destined to die from infantile HPP showed 
clinical and radiographic improvement following transplantation 
of marrow or bone- derived cells [72]. This suggested that TNSALP 
must be increased within the skeleton itself. Hydroxyapatite- targeted 
enzyme replacement therapy (Strensig®) using subcutaneous injec-
tions of a recombinant TNSALP fusion protein (asfotase alfa) was 
approved multinationally in 2015 typically for paediatric- onset HPP 
[73]. Results of clinical trials of HPP patients of all ages have docu-
mented clinical and skeletal improvements [20– 22].
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introduction

Over the past two decades, significant advances in our under-
standing of glucocorticoid- induced osteoporosis (GIO), the most 
common form of secondary osteoporosis in women and men, 
have been made [1] . While it can be caused by endogenous gluco-
corticoid excess, as seen in Cushing’s syndrome [2], GIO is almost 
always due to exogenous glucocorticoids which are used in a wide 
variety of disorders including autoimmune, pulmonary, and gastro-
intestinal diseases, as well as in patients following organ transplant-
ation and in individuals with malignancies. Despite the widespread 
therapeutic use of glucocorticoids, and its acknowledged major role 
in causing osteoporosis, many patients receiving long- term gluco-
corticoid therapy neither undergo an evaluation for skeletal health 
nor do they often receive specific preventive or therapeutic agents 
when indicated [2].

This chapter deals with the pathophysiological, clinical, and 
therapeutic aspects of exogenous and endogenous GIO.

Epidemiology

Despite advances in targeted therapies for many autoimmune dis-
orders, long- term use of glucocorticoids occurs in an estimated 1% 
of the population [3] . In a multinational population- based pro-
spective, observational study of 60  393 postmenopausal women 
who had visited their primary care medical provider within the last 
2 years, the Global Longitudinal Study of Osteoporosis in Women, 
up to 4.6% were currently taking oral glucocorticoids [4]. Vertebral 
fractures are the hallmark of GIO and they occur in about one- 
third of patients exposed to glucocorticoid excess [5]. After starting 

glucocorticoid therapy, fracture risk, a function also of dose and 
duration of use, increases rapidly. Prolonged exposure to doses of 
prednisolone— or the equivalent— as low as 2.5– 5 mg daily are as-
sociated with an increased risk of hip and vertebral fractures [6]. 
In Amiche et al.’s Bayesian meta- analysis of fracture risk associated 
with oral glucocorticoid use, the annual incidences of vertebral 
fracture were 5.1% and 3.2% in individuals with exposure to gluco-
corticoid therapy shorter or longer than 6 months, respectively [7]. 
As expected, the greatest increase in fracture incidence was seen 
in postmenopausal women and elderly men. Even for those whose 
glucocorticoid exposure is cyclic, the risk of osteoporotic fractures 
remains increased [8]. It is noteworthy that fracture risk decreases 
after discontinuation of oral corticosteroids, although the time it 
takes to reduce risk is variable [1].

Inhaled glucocorticoids have effects on skeletal markers of bone 
metabolism and on bone mineral density (BMD), but the effects are 
variable and their significance as it relates to fracture risk is uncer-
tain [9, 10]. Dose, duration of treatment, and degree of absorption, 
as well as the underlying disease, are all confounding factors.

Endogenous hypercortisolism is less frequently a cause of GIO 
because the disease itself is uncommon [11]. However, up to 10% 
of subjects attending an outpatient clinic of osteoporosis were sus-
pected to have subclinical Cushing’s syndrome [12]. Either clinical or 
subclinical fragility fractures can be the presenting manifestation of 
Cushing’s syndrome [13]. In cross- sectional studies, the prevalence 
of fractures has been reported to be 15– 50%, with the most frequent 
site of fracture involving the ribs and vertebrae [13]. These rates are 
likely to be an underestimation of real fracture risk in endogenous 
hypercortisolism, since not all patients underwent a complete mor-
phometric and radiological evaluation to detect asymptomatic 
vertebral and rib fractures [13]. In fact, when searched by a system-
atic radiological approach, to detect vertebral fractures, the preva-
lence in those with Cushing’s disease was a remarkable 78%, with 
only half clinically evident with pain, functional limitation, and 
loss of height [14]. Even among young patients with endogenous 
hypercortisolism, fracture prevalence is high [15]. Vestergaard 
et al. reported a sixfold increase in the risk of clinical fractures in 
the 2 years prior to the diagnosis of endogenous hypercortisolism, 
without a significant difference between Cushing’s syndrome due to 
pituitary or adrenal disease [16]. High risk of fractures was reported 
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even in patients with subclinical endogenous hypercortisolism [17]. 
When Cushing’s syndrome is effectively treated, recovery of bone 
loss occurs but it is gradual and often incomplete [13].

Pathophysiology

The effects of glucocorticoids on bone are biphasic. Under physio-
logical conditions, endogenous glucocorticoids can be positive regu-
lators of mesenchymal cell differentiation into mature osteoblasts, 
as suggested by some in vitro studies [13]. Cultures overexpressing 
11β- hydroxysteroid dehydrogenate type 2 (11β- hsd2), are re-
sistant to glucocorticoids and exhibit reduced osteoblastogenesis 
and predominant adipogenesis when compared with wild- type 
cultures [18]. Consistent with these observations, transgenic mice 
overexpressing 11β- hsd2 in mature osteoblasts exhibit vertebral 
osteopaenia [19].

In human subjects, the pathophysiology of bone loss in the con-
text of glucocorticoid excess involves direct and indirect deleterious 
effects on the skeleton [20].

The central pathophysiological mechanism of GIO is reduced 
bone formation, due to actions that affect osteoblast differentiation 
and function. The early effect, however, is a significant increase in 
bone resorption, this mechanism perhaps accounting for the early 
increase of risk of fractures.

Direct Effects of Glucocorticoids on Bone cells

Glucocorticoids decrease the number and the function of osteo-
blasts. These effects lead to a suppression of bone formation, a cen-
tral feature of the pathogenesis of GIO. Glucocorticoids decrease 
the replication of cells of the osteoblastic lineage, reducing the pool 
of cells that may differentiate into mature osteoblasts. The mech-
anism by which this occurs may relate to redirecting multipotential 
bone marrow stromal cells into the adipocyte line and away from 
osteoblast lineage precursors. Thus, glucocorticoids impair osteo-
blastic differentiation and maturation at the early stages of osteo-
blast development.

Mechanisms involved in this redirection of stromal cells include 
induction of nuclear factors of the CAAT enhancer binding pro-
tein family and the induction of peroxisome proliferator- activated 
receptor γ 2 (PPARγ 2), both of which play essential roles in 
adipogenesis [21].

A fundamental mechanism by which glucocorticoids in-
hibit osteoblast cell differentiation is by opposing Wnt/ β- catenin 
signalling. Wnt signalling has emerged as a key regulator of 
osteoblastogenesis [21] and osteoclastogenesis [22]. In skeletal 
cells, the canonical Wnt/ β- catenin signalling pathway operates. 
When Wnt is absent (or inhibited), β- catenin is phosphorylated by 
glycogen- synthase kinase- 3β (GSK- 3β), and then degraded by ubi-
quitination in the cytoplasm, thus preventing translocation into the 
nucleus. The binding of Wnt to specific receptors, called Frizzled, 
and to coreceptors, such as low- density lipoprotein receptor related 
proteins (LRP)- 5 and - 6, leads to an inhibition of GSK- 3β activity. 
When GSK- 3β is not active, stabilized β- catenin is able to translocate 
to the nucleus, where it associates with transcription factors to regu-
late gene expression. Inactivation of either Wnt or Ctnnb (encoding 
for β- catenin) results in impairment of osteoblastogenesis, and in-
creased osteoclastogenesis, since canonical Wnt signalling results in 

a direct inhibitory effect on osteoclast progenitors and induction 
of osteoprotegerin (OPG) production [22,  23]. The Wnt pathway 
can be opposed by Wnt antagonists, such as Dickkopf-1 and 
sclerostin that prevent Wnt from binding to its receptor complex. 
Glucocorticoids enhance Dickkopf-1 and sclerostin expression, and 
maintain GSK 3- β in an active state, leading ultimately to the inacti-
vation of β- catenin [21]. The importance of sclerostin in mediating 
the effects of glucocorticoids on bone formation is emphasized by 
the demonstration, in mice with sclerostin deficiency, that bone in-
tegrity is maintained in the presence of glucocorticoid excess [24].

Glucocorticoids also suppress bone morphogenetic protein 
(BMP) signalling in osteoblasts either directly [25] or indirectly 
by microRNAs which are small endogenous single- stranded non- 
coding ribonucleic acids (RNAs) that repress gene expression and 
bind to mRNA [26]. BMPs are members of the transforming growth 
factor β (TGF- β) superfamily of polypeptides, which includes TGF- 
βs, activins, and inhibins [27]. BMPs signal through the small mol-
ecules against decapentaplegic (SMADs) and the mitogen activated 
protein kinase signalling pathways [28].

Notch is a family of transmembrane receptors regulating cell 
fate decisions. In immature cells of the osteoblastic lineage, 
Notch suppresses cell differentiation by inhibiting Wnt signal-
ling and by interacting with Runx2 to prevent osteoblast matur-
ation [29]. Although glucocorticoids stimulate Notch1 and Notch2 
expression in osteoblasts, Notch signalling is not induced by 
glucocorticoids [30].

In addition to inhibiting the differentiation of osteoblasts, gluco-
corticoids inhibit the function of the differentiated mature cells dir-
ectly, and indirectly by suppressing the expression of insulin- like 
growth factor 1 (IGF1) by skeletal cells [31]. Glucocorticoids inhibit 
osteoblast- driven synthesis of type I  collagen, the major compo-
nent of the bone extracellular matrix, with a consequent decrease in 
bone matrix available for mineralization. The decrease in type I col-
lagen synthesis occurs by transcriptional and post- transcriptional 
mechanisms [20].

Glucocorticoids have pro- apoptotic effects on osteoblasts 
and osteocytes due to activation of caspase 3, a common down-
stream effector of several apoptotic signalling pathways. Caspases 
are synthesized as proenzymes and are activated through auto-
catalysis or a caspase cascade. Active caspases contribute to 
apoptosis by cleaving target cellular proteins. Caspase 3 is a key 
mediator of apoptosis and is a common downstream effector of 
multiple apoptotic signalling pathways. The inhibitory effects of 
glucocorticoids on osteoblastic cell replication and differentiation 
and the increased apoptosis of mature osteoblasts, all contribute to 
the depletion of the osteoblastic cellular pool and decreased bone 
formation [20].

Osteocytes serve as mechanosensors, and play a role in the re-
pair of bone microdamage [32]. Loss of osteocytes disrupts the 
osteocyte- canalicular network resulting in failure to detect signals 
that normally stimulate processes associated with the replacement 
of damaged bone. Disruption of the osteocyte- canalicular net-
work can disrupt fluid flow within the network adversely affecting 
the material properties of the surrounding bone, independently of 
changes in bone remodelling or architecture. Glucocorticoids affect 
the function of osteocytes, by modifying the elastic modulus sur-
rounding osteocytic lacunae. Glucocorticoids induce the apoptosis 
of osteocytes. As a result, the normal maintenance of bone through 
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this mechanism is impaired and the biomechanical properties of 
bone are compromised [20].

The initial bone loss occurring in patients exposed to glucocortic-
oids may be secondary to increased bone resorption. In fact, gluco-
corticoids increase the expression of receptor activator of NF- k B 
ligand (RANKL) and decrease the expression of its soluble decoy re-
ceptor, OPG in stromal and osteoblastic cells [20]. The combination 
of an increase in RANKL, a necessary signal for osteoclastogenesis, 
and a reduction in OPG, an inhibitor of RANKL action, leads to the 
initial phase of rapid bone loss. Glucocorticoids also enhance the ex-
pression of macrophage colony- stimulating factor (M- CSF), which 
in the presence of RANKL induces osteoclastogenesis. Moreover, 
glucocorticoids upregulate receptor subunits for osteoclastogenic 
cytokines of the gp130 family. Furthermore, glucocorticoids may 
decrease apoptosis of mature osteoclasts. Consequently, there is 
increased formation of osteoclasts with a prolonged life span ex-
plaining, at the cellular level, the enhanced bone resorption ob-
served in the initial phases of GIO.

indirect Effects of Glucocorticoids on Bone Metabolism

Calcium- phosphate homeostasis is usually impaired in patients ex-
posed to glucocorticoid excess. Glucocorticoids impair the com-
plex process of transcellular calcium absorption in the duodenum 
which is regulated by the epithelial Receptor Potential– Vanilloid 
6 (TRPV6) and TRPV5 (D ECaC1) and then by calcium binding 
calbindin- D9K [33]. Moreover, glucocorticoids inhibit renal tubular 
calcium reabsorption favouring calcium renal loss, leading to nega-
tive calcium balance. In addition to these effects on calcium me-
tabolism, glucocorticoids elicit phosphaturia by reducing tubular 
reabsorption of phosphate through antagonism of the tubular ex-
pression of the sodium gradient- dependent phosphate transporter 
[34]. The abnormalities of calcium- phosphate homeostasis in GIO 
may be favoured by the effects of glucocorticoids on vitamin D me-
tabolism and activity. Glucocorticoids do not directly compete with 
1,25- dihydroxyvitamin D binding to its receptor, but rather regulate 
vitamin D receptor expression [35]. Prolonged exposure to gluco-
corticoids was associated with diminished expression of duodenal 
vitamin D receptor which in turn causes a` decrease in transcrip-
tion of duodenal calbindin- D9K, TRPV5, or TRPV6 activity [36]. 
Glucocorticoids also modulate vitamin D metabolism with a de-
crease of 1α- hydroxylase and an increase in 24- hydroxylase activity 
[37]. Moreover, glucocorticoids inhibit hydroxylation of vitamin D3 
in the liver which can lead to reduced plasma 25- hydroxyvitamin D 
levels [38].

Parathyroid hormone (PTH) and the PTH receptor play a major 
role in regulating calcium homeostasis. PTH regulates the con-
version of 25- hydroxyvitamin D to the active metabolite 1,25- 
dihydroxyvitamin D.  PTH activates dihydropyridine- sensitive 
channels that mediate calcium entry into the cell. 1,25- 
dihydroxyvitamin D inhibits PTH secretion and parathyroid cell 
proliferation via the vitamin D receptor. PTH secretion is regulated 
by serum ionized calcium levels. While negative calcium balance 
is expected to cause a secondary hyperparathyroidism in GIO, 
glucocorticoids do not induce hypertrophy of parathyroid glands 
in experimental animals [36]. Moreover, fasting PTH values are not 
consistently reported to be increased in patients exposed to gluco-
corticoid excess [39]. Perhaps more revealing than static measure-
ments of PTH after glucocorticoid exposure are studies related to 

the pulsatility of PTH [39]. Chronic glucocorticoid exposure is 
associated with a redistribution of spontaneous PTH secretory dy-
namics by reducing tonic and amplifying pulsatile secretion of PTH 
[40]. This finding may be clinically relevant since it can represent 
either a compensatory or a pathophysiological mechanism [39].

Glucocorticoids modulate growth hormone secretion (GH) 
by various and competing effects on the hypothalamus and pitu-
itary gland, all dependent on hormone concentrations and time 
of exposure [41]. Specifically, under physiological conditions, 
glucocorticoids stimulate GH secretion either by direct effects 
on pituitary cells or by increasing their GH secretory response to 
GH- releasing hormone [42]. However, when glucocorticoid levels 
exceed the physiological range, an increase in hypothalamic som-
atostatin tone may occur with a consequent impairment of GH se-
cretion [41]. This inhibitory effect on pituitary GH secretion was 
observed even when glucocorticoid excess was mild, as in patients 
treated with inhaled corticosteroids and in those with subclinical 
endogenous hypercortisolism [2] . Moreover, glucocorticoid excess 
may suppress the peripheral expression of GH receptors impairing 
the GH- mediated synthesis of IGF- 1 and thus amplifying the im-
pact of a functional GH deficiency (GHD) on target tissues [2]. On 
the other hand, there is a cross- talk between glucocorticoids and 
the GH- IGF- I axis, since peripheral metabolism of glucocorticoids 
by 11- βHSD is modulated by GH and activation of cortisone to cor-
tisol in target tissues is amplified by GHD [13]. The real impact of 
GHD on fracture risk in GIO is largely unknown. However, since 
GH is an osteoanabolic hormone, one could argue that GHD may 
contribute to the impairment in bone quality in patients exposed 
to glucocorticoid excess [41]. As a matter of fact, both exposure to 
glucocorticoid excess and GHD are associated with ‘low- turnover 
osteoporosis’ and high risk of vertebral fractures [13].

Glucocorticoids inhibit the release of gonadotropins, and as a 
result oestrogen and testosterone production [20]. Central hypo-
gonadism may contribute to bone loss and fractures in GIO not 
only via negative effects on bone mass but also on muscle func-
tion. In particular, hypogonadism may enhance the glucocorticoid- 
induced sarcopenia, thereby increasing the likelihood of falls and 
consequent fractures.

Effects on Muscle

In addition to the direct effects of glucocorticoids on bone cells, 
the catabolic effects of glucocorticoids on muscle may contribute 
to fracture risk since these steroids cause muscle weakness, which 
can increase the incidence of falls [20]. Glucocorticoid- induced 
myopathy may occur following early or chronic exposure to gluco-
corticoids. Chronic glucocorticoid- induced myopathy is generally 
manifested by weakness particularly of the pelvic girdle muscles 
and may affect up to 60% of patients treated with glucocorticoids. 
The myopathy involves muscle loss due to glucocorticoid- induced 
proteolysis of myofibrils. This is mediated by activation of nega-
tive regulators of muscle mass, such as myostatin [43] and NF- κB- 
inducing kinase [44].

Effects of the Underlying chronic Disease

An important point that should be considered is that many dis-
orders for which the glucocorticoids are prescribed are themselves 
a cause of osteoporosis. One has to take into account, therefore, the 
underlying disease itself along with the use of glucocorticoids when 
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considering the management of GIO. Inflammatory bowel disease, 
rheumatoid arthritis, and chronic obstructive pulmonary disease 
(COPD), for example, all are associated with bone loss, independent 
of glucocorticoid treatment [20]. The systemic release of inflamma-
tory cytokines, which affect bone formation and bone resorption 
seems to underlie the pathophysiology of the bone loss in these set-
tings [20]. However, there are additional factors that may play a role 
in the bone loss. In inflammatory bowel disease, bone loss may be 
due, in part, to malabsorption of vitamin D, calcium and other nutri-
ents [20]. In COPD, hypoxia, acidosis, reduced physical activity, and 
smoking may all contribute to bone loss, independent of the use of 
glucocorticoids [20].

Differential Skeletal Susceptibility to Glucocorticoids

Individual susceptibility to glucocorticoids varies considerably, pos-
sibly because of differences in the absorption, distribution, or me-
tabolism of the steroid, or because of differences in the number and 
affinity of glucocorticoid receptors. Polymorphisms of the gluco-
corticoid receptor gene are associated with differences in BMD 
and body composition [45]. An attractive explanation to account 
for interindividual variability among those exposed to glucocortic-
oids is related to peripheral enzymes that interconvert active and 
inactive glucocorticoid molecules [46]. 11- βHSD regulate the inter-
conversion of the inactive hormone cortisone and hormonally ac-
tive cortisol. This enzyme plays a critical role in the regulation of 
glucocorticoid activity [46]. Two distinct 11- βHSD enzymes have 
been described in humans. 11- βHSD type 2 is expressed in tissues 
with high levels of glucocorticoid receptors, such as liver and adi-
pose tissue, and acts as an inactivating enzyme by converting cor-
tisol to cortisone. This enzyme was identified also in rat and human 
osteosarcoma cells where glucocorticoid inactivation by this mech-
anism was demonstrated. In contrast, 11- βHSD type 1 is primarily 
a glucocorticoid activator, converting cortisone to cortisol. This en-
zyme is widely expressed in target tissues of glucocorticoid action, 
including bone. The activity of 11- βHSD type- 1 and its potential to 
generate cortisol from cortisone in human osteoblasts is increased 
by pro- inflammatory cytokines and by glucocorticoids [46]. These 
effects of glucocorticoids appear to be mediated by the C/ EBP 
family of transcription factors. An inverse relationship between 
11- βHSD type 1 activity and osteoblast differentiation appears to 
exist, although mice with targeted deletions of 11- βHSD type- 1 do 
not develop a skeletal phenotype [45]. An increase of 11- βHSD type 
1 activity occurs with ageing, possibly providing an explanation 
for the enhanced glucocorticoid effects in the skeleton of elderly 
subjects [45].

clinical Manifestations

Despite the recognition that glucocorticoids can cause bone loss 
and fractures, many patients receiving, or being considered for, 
long- term glucocorticoid therapy are not evaluated for their skel-
etal health [2] .

Fractures occur more frequently at sites enriched in cancellous 
bone, such as the vertebrae and femoral neck. As with vertebral 
fractures occurring in postmenopausal osteoporosis, vertebral 
fractures associated with glucocorticoid therapy or endogenous 
hypercortisolism often are asymptomatic, in which case a 

radiological approach with morphometric analysis is often necessary 
[5] , as is the case with many causes of secondary osteoporosis [13]. 
Vertebral fractures occur early after exposure to glucocorticoids, at 
a time when BMD declines rapidly. However, a direct relationship 
between BMD and fracture risk in GIO has not been established. 
It is likely to be different from that established in postmenopausal 
osteoporosis because fractures in GIO occur at higher BMD values 
[47]. This point has to be considered when making treatment deci-
sions in GIO, since therapeutic intervention should be considered at 
T- scores that may be in the osteopaenic range [48].

Trabecular bone score (TBS) provides an indirect index of tra-
becular bone architecture that can be obtained from bone densi-
tometry (DXA) images of the lumbar spine, and has predictive 
value for fracture independent of BMD [49]. In postmenopausal 
women exposed to glucocorticoid excess, TBS was significantly 
lower as compared to control subjects, notwithstanding comparable 
BMD T- scores [50]. Interestingly, decreases in TBS are substantial 
in individuals with fractures [51], supporting the concept that TBS 
values may be useful for predicting fractures in this clinical setting 
[1] . A more direct measurement of bone architecture and strength 
can be provided by high- resolution peripheral computed tomog-
raphy, but data in subjects with exogenous and endogenous GIO 
using this approach are sparse [52, 53].

Fracture Risk Assessment (FRAX), an algorithm that calculates 
the 10- year probability of major osteoporotic and hip fractures, can 
be used to estimate fracture risk in GIO. However, its value was ini-
tially limited by the fact that the use of glucocorticoids is entered as 
a dichotomous risk factor without considering the dose or length of 
exposure to glucocorticoids. Ways to correct for this limitation have 
been proposed [54], but this modification has not been rigorously 
tested. Another confounder to the utility of FRAX in the context of 
glucocorticoid exposure is the use of the femoral neck BMD which 
may result in underestimation of fracture risk in patients with dif-
ferentially low spine BMD. A correction factor for this discordance 
when there is a greater than a 1 T- score difference between lumbar 
spine and femoral neck BMD has been proposed [55]. Assessment 
of fracture risk using FRAX is recommended in several guidelines 
for the management of GIO, including those from the National 
Osteoporosis Guideline Group (NOGG) [56], the updated recom-
mendations by the American College of Rheumatology (ACR) [57] 
and those published by the International Osteoporosis Foundation 
(IOF) and the European Calcified Tissue Society (ECTS) [58]. 
However, FRAX can be used only in individuals at age 40 and older. 
In children and young adults, fracture risk assessment should be 
performed using BMD measurement, together with consideration 
of other risk factors, particularly previous fractures [1] . It should 
also be recognized that in children and young adults, their young 
age is a powerful protection against what otherwise in older subjects 
would be substantial fracture risk. Based on radiological/ historical 
assessment of prevalent fractures, glucocorticoid dose, age of pa-
tients, BMD values, and FRAX calculations, the guidelines pro-
posed a stratification of fracture risk in GIO for identifying patients 
for whom treatment with bone- active drugs is cost- effective and 
indicated (Table 4.12.1) [56– 58]. It is unclear whether these algo-
rithms may simplify the approach to the prevention and treatment 
of GIO in real- life clinical practice.

The guidelines recommend evaluation of calcium metabolism 
in all subjects in order to select those for whom vitamin D and/ or 



 4.12 Glucocorticoid-Induced Osteoporosis 791

calcium supplementation are indicated [58]. The role of biochem-
ical markers of bone turnover in the diagnostic work- up in GIO 
has not been established, and their levels vary and are dependent 
on the different stages of the disease. Following the initial exposure 
to glucocorticoids, there is an increase in biochemical markers of 
bone resorption, which is followed by a prolonged suppression of 
markers of bone formation and bone resorption.

The assessment of gonadal function may be useful for the sub-
sequent treatment of GIO. In men receiving glucocorticoids, low 
total and free- testosterone concentrations are frequently found. 
Combined with low or normal serum gonadotropin levels, such 
low testosterone levels are likely to be as manifestation of secondary 
hypogonadism [45].

therapy

Various guidelines advocate the following measures for the pre-
vention and treatment of GIO: general health awareness, admin-
istration of sufficient calcium and vitamin D, use of the minimal 
effective dose of corticosteroids and, when indicated, therapeutic 
intervention with bisphosphonates and other agents [57,  58]. 
A  cost- effectiveness analysis demonstrated that treatment of 
GIO is cost- effective in patients with a prior fracture, in individ-
uals ≥ 75 years of age or in younger subjects with T- scores ≤– 2.0 
[59]. Recent guidelines emphasize the importance of starting 
bone protective therapy early in high- risk individuals, because 
of the rapidity with which bone loss and increased fracture risk 
occur [56– 58]. It is unknown whether such recommendations 
may be adapted to patients with endogenous GIO, since it is dif-
ficult to translate corticosteroid dosages to different degrees of 
endogenous hypercortisolism and there are no data on validation 
of the FRAX stratification method in patients with endogenous 
hypercortisolism [60].

Despite several guidelines and consensus recommendations 
stating that patients are at increased fracture risk, little attention is 
being paid to this risk and less than 50% of patients meeting guide-
line criteria for treatment are indeed being treated [61, 62].

Various pharmacological agents have been assessed for the 
prevention and treatment of GIO. In most studies, the primary 
endpoint was a change in BMD; fracture outcomes were measured 
in selected studies as secondary endpoints.

calcium and Vitamin D

The negative calcium balance induced by glucocorticoids provides 
a rationale for maintaining a daily calcium intake of about 1200– 
1500 mg in patients with GIO [58]; the upper limit of daily calcium in-
take set by the Institute of Medicine is 2500 mg [63]. However, calcium 
alone does not prevent glucocorticoid- induced bone loss, even when 
administered at high doses [64]. Vitamin D is a key adjunct to the 
therapeutic use of calcium in GIO, particularly with regard to moni-
toring by BMD [65]. Vitamin D increases the intestinal absorption of 
calcium and reabsorption of calcium in the distal renal tubules leading 
to increased bone mineralization. Because glucocorticoids inhibit the 
25 hydroxylation of vitamin D, the use of calcitriol or alfacalcidol has 
been proposed in place of vitamin D in individuals with GIO but the 
results have been variable [66, 67]. Since the potential advantages of 
using active analogues of vitamin D are unclear, native vitamin D3 is 
considered the gold standard for treatment of hypovitaminosis D in 
patients exposed to glucocorticoid excess [68]. In patients with higher 
body mass index and in those receiving higher doses of glucocortic-
oids, calcidiol was shown to be more effective than cholecalciferol to 
reach adequate 25- hydroxyvitamin D levels most probably bypassing 
the inhibition of 25 hydroxylase of chronic corticosteroid therapy [69]. 
Moreover, some trials have demonstrated an advantage of calcidiol in 
improving BMD in transplant patients [70].

It is important to note that subjects receiving glucocorticoids may 
display vitamin D resistance. Consequently, patients often require 
up to 1000– 2000 IU of vitamin D3 daily, to maintain supraoptimal 
25 hydroxyvitamin D3 levels of ≥40 ng/ ml or 110 nmol/ L [71].

Hormonal Replacement therapy

GIO can be associated with suppressed gonadal function in men 
and women since glucocorticoids inhibit gonadotropin release and 
as a consequence oestrogen and androgen synthesis. In men with 
GIO, testosterone administered intramuscularly induced a sig-
nificant increase in lumbar spine BMD, without significant effects 
on BMD at the femoral neck. The studies had BMD as primary 
endpoint, whereas no information on bone fractures is available. 
Testosterone also was shown to improve muscular performance and 
quality of life in men with GIO [72]. Therefore, substitution treat-
ment of hypogonadism in men and in women may prove beneficial 
in the management of GIO. However, potential benefits should be 
weighed against the risks of side effects.

table 4.12.1 Criteria proposed for starting treatment with bone- active drugs in patients exposed to glucocorticoid treatment

criteria* ACR [57] IOF/  ECTS [58] NOGG [56]

Clinical fractures/ morphometric 
vertebral fractures

YES
At any age

YES
At any age

YES
At any age

Age of patients NS ≥70 yrs ≥70 yrs

Glucocorticoid dose** ≥30 mg/ day (≥30 yrs) ≥7.5 mg/ day (≥50 yrs) ≥7.5 mg/ day (≥50 yrs)

BMD T- score ≤– 2.5 SD (≥50 yrs)
Z score ≤– 3.0 SD (≤40 yrs)
≥10%/ year loss (≤40 yrs)

T- score ≤– 1.5 SD (≥50 yrs) NS*

FRAX 10- year risk of major fracture ≥10% (≥40 yrs)
10- year risk of hip fracture ≥1% (≥40 yrs)

10- year risk of major fracture ≥ 
threshold*** (≥50 yrs)

10- year risk of major fracture ≥ 
threshold**** (≥50 yrs)

ACR, American College of Rheumatology; BMD, bone mineral density; ECTS, European Calcified Tissue Society; FRAX, Fracture Risk Assessment; IOF, International Osteoporosis 
Foundation; NOGG, National Osteoporosis Guideline Group; NS, not specified; SD, standard deviation; yrs, years. *, one criterion is sufficient for starting treatment; **, expressed as 
daily dose of prednisolone; ***, variable according to the country and age of patients; ****, variable according to age of patients and dose of glucocorticoids.
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Bisphosphonates

Bisphosphonates are currently the major class of drugs used for 
the treatment of osteoporosis, including GIO [73] and current 
guidelines recommend these drugs as first- line therapy in patients 
receiving glucocorticoids [56– 58]. There are no specific guide-
lines for the management of skeletal fragility in individuals with 
endogenous hypercortisolism [13] since evidence of efficacy and 
safety of bone- active drugs in this specific clinical setting is insuf-
ficient based on results of few clinical studies evaluating the effects 
of bisphosphonates in patients with Cushing’s syndrome [13, 60]. 
Obviously, correction of the endogenous glucocorticoid excess is 
a key therapeutic approach, if possible. Bisphosphonates are stable 
analogues of naturally occurring inorganic pyrophosphate and have 
been shown to be effective in postmenopausal osteoporosis and in 
osteoporotic men.

The evidence of benefit for bisphosphonate therapy is weaker 
than for postmenopausal osteoporosis, since fracture reduc-
tion has not been a primary end point of any study. This reflects 
the acceptance by regulatory authorities of bridging studies, 
using BMD, for agents proposed for GIO that reduce fractures 
in postmenopausal osteoporosis [74]. Oral alendronate (5 or 
10 mg daily or 70 mg once weekly) and risedronate (5 mg daily 
or 35  mg once weekly), and intravenous zoledronic acid (5  mg 
once yearly by intravenous infusion) are approved for treatment 
of GIO. A  meta- analysis performed on nine studies including 
1134 patients revealed that alendronate increased BMD at the 
lumbar spine (mean difference  =  3.66%), total hip (mean differ-
ence  =  2.08%) and trochanter (mean difference  =  1.68%), how-
ever alendronate had no effect on vertebral and non- vertebral 
fractures due to lack of statistical power [75]. Indeed, in some 
studies, bisphosphonates induced a significant decrease of ver-
tebral fracture risk [76– 78]. This effect was confirmed by an ob-
servational cohort study of 11 007 women aged >65 years treated 
with glucocorticoids and receiving alendronate or risedronate 
[79]. The incidence of fractures was significantly decreased in 
both alendronate (33% lower at non- vertebral sites and 59% 
at vertebral sites) and risedronate (28% lower at non- vertebral 
sites and 54% at vertebral sites) cohorts. Moreover, in three 
matched cohorts derived from healthcare administrative data 
from Ontario, Canada, Amiche et  al., reported that in individ-
uals initiating long- term glucocorticoid therapy treated during 
the first six months with alendronate or risedronate there was a 
decrease in incident hip fractures (hazard ratios 0.49 and 0.58, for 
alendronate and risedronate, respectively) [80].

Zoledronic acid was shown to have a greater effect on BMD 
than risedronate in both prevention and treatment trials [81] but 
the fracture rate was too limited to assess antifracture efficacy.

The use of bisphosphonates in eugonadal premenopausal women 
has to be considered carefully, since bisphosphonates may cross the 
placenta and affect embryonic skeletal development. The guidelines 
recommend to use bisphosphonates in eugonadal premenopausal 
women with a history of fragility fractures, or in those continuing 
glucocorticoid treatment for more than 6 months at a dose of higher 
than 7.5 mg/ day who have either a hip or spine BMD Z score <– 3 
SD or bone loss of at least 10% yearly at the hip or spine as assessed 
by dual X- ray absorptiometry [57].

Denosumab

Denosumab is a human monoclonal antibody that binds and neu-
tralizes the activity of human RANKL similar to the action of en-
dogenous OPG. In postmenopausal osteoporosis, denosumab 
increases BMD and reduces vertebral, non- vertebral, and hip 
fracture risk [82]. In a recent phase 3, randomized, double- blind, 
double- dummy, active- controlled study, denosumab was both non- 
inferior and superior to risedronate in increasing BMD at lumbar 
spine (+2.2% vs. risedronate after 12 months) and total hip (+1.5% 
vs. risedronate after 12 months) with a comparable safety profile, 
in 505 glucocorticoid- continuing and 290 glucocorticoid- initiating 
patients at moderate to high risk of fractures [83]. The increase in 
lumbar spine BMD induced by denosumab was of similar mag-
nitude as the effect observed with alendronate or zoledronic acid 
in former studies on GIO [81,  84]. Denosumab is approved by 
the Food and Drug Administration and the European Medicines 
Agency for use in GIO.

osteoanabolic therapy

PTH is an attractive candidate for the treatment of GIO because it 
protects against osteoblast apoptosis and increases osteoblast cell 
number and activity [85]. PTH rapidly stimulates osteoblastic func-
tion, inducing an upregulation of osteoblast- derived RANKL, which 
eventually leads to osteoclast differentiation and bone resorption [21].

The efficacy of teriparatide was demonstrated in a randomized, 
double- blind, controlled study directly comparing teriparatide at 
20 µg/ day with alendronate at 10 mg/ day for 18 months [84]. The 
study enrolled men and women with GIO whose average T- score 
was – 2.5 SD, almost half of whom had evidence for non- vertebral 
fractures. Teriparatide induced a greater increase in BMD than 
alendronate at the lumbar spine, hip, and femoral neck. While not 
a prespecified endpoint, there was a significantly greater reduction 
in morphometric vertebral fractures in subjects on teriparatide than 
in those treated with alendronate. This statistically significant dif-
ference was present after 18 and 36  months of intervention [86]. 
Clinically evident vertebral fractures were statistically lower after 
36  months in subjects receiving teriparatide than those receiving 
alendronate. The results were independent of the amount of gluco-
corticoid exposure [87]. Subgroup analyses showed BMD changes 
favouring teriparatide among men and premenopausal women 
in the same manner as postmenopausal women [88]. Similarly, 
teriparatide caused larger increments in spinal BMD as compared 
to risedronate along with greater effects on mechanical parameters 
of bone strength, as assessed by high- resolution peripheral quan-
titative computed tomography [89]. In addition to the favourable 
effects on bone structure and strength, an improvement of glucose 
homeostasis was demonstrated in patients with diabetes and GIO 
undergoing treatment with teriparatide [90].

Unresolved issues with the use of teriparatide and other forms 
of PTH in GIO are its use in the prevention of GIO, its use in pa-
tients who are resistant to bisphosphonate therapy, its use in 
younger populations with open epiphyses (e.g. theoretical risk of 
osteosarcoma), and whether teriparatide should be followed by 
antiresorptives in GIO, as it is recommended in postmenopausal 
osteoporosis. Moreover, there are no clinical studies evaluating the 
effects and safety of teriparatide in endogenous hypercortisolism, 
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while only anecdotal data showed favourable effects of this drug on 
BMD and TBS after cure of Cushing’s syndrome [13].

GH or IGF- I administration could revert some of the negative 
effects of chronic glucocorticoids on the skeleton [31]. However, 
glucocorticoids decrease the activity of GH on skeletal cells and 
there are no controlled trials to determine the effectiveness of either 
GH or IGF- I as treatments for GIO. Increases in serum osteocalcin, 
carboxy- terminal propeptide of type I  procollagen, and carboxy- 
terminal telopeptide of type I  collagen are observed following 
short- term use of recombinant human GH treatment in a selected 
population of patients receiving chronic corticosteroid treatment 
for non- endocrine diseases [91]. Combined therapy of GH and 
IGF- I counteracts selected negative effects of glucocorticoids on 
bone in healthy volunteers, receiving short- term glucocorticoid 
therapy [41]. Observational and controlled studies in children re-
ceiving glucocorticoid therapy for juvenile idiopathic arthritis 
demonstrated that GH restored normal height velocity with a con-
comitant enhancement of bone mineralization [41]. However, the 
efficacy and safety of GH and IGF- I treatment in GIO is unknown 
and well- designed prospective controlled studies are necessary be-
fore their use can be recommended.
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Introduction

Evaluating the adrenal gland with imaging can be challenging. 
The adrenal glands may be morphologically within normal limits 
even in the presence of clear hyperfunction. Hyperplasia and small 
nodules may coexist. Non- functioning nodules are frequent and 
need to be differentiated from hyperfunctioning adenomas or ma-
lignancy. However, the high- resolution anatomical imaging pro-
vided by computed tomography (CT) and magnetic resonance 
imaging (MRI), together with the functional characterization af-
forded by radionuclide imaging, allows correlation with clinical and 
endocrine parameters.

Anatomy

Embryologically, the adrenal cortex derives from coelomic meso-
derm and the medulla from neural crest cells. Development is inde-
pendent of the kidney and adrenal glands will normally be present 
even in the absence of a kidney. In the newborn, the adrenal glands 
are large, being one- third of the size of the kidneys. The fetal adrenal 
zones involute rapidly, however, and in the adult the adrenal glands 

are small. They are situated in the retroperitoneum immediately 
above and anteromedial to the upper pole of the kidneys. The right 
adrenal lies immediately behind the inferior vena cava, alongside 
the right diaphragmatic crus. The left adrenal lies behind the splenic 
vein, lateral to the left crus.

The normal adrenal has a characteristic inverted Y-  or V- shape, 
with the two limbs fusing anteromedially. The most cranial section 
has a triangular appearance. Cross- sectional appearance varies 
according to the exact level. Each limb measures 2.5– 4  cm in 
length and 3– 6 mm in thickness. Accessory adrenal tissue (rests) 
may be found in the kidney, testis, or ovary, and elsewhere in the 
retroperitoneum, arising from the fetal urogenital ridge during its 
separation into adrenal and gonads.

Arterial supply is from three sources: superior– multiple arteries 
from the inferior phrenic artery; middle— direct from the aorta; 
and inferior arising from the renal artery. A single vein drains each 
adrenal. The left is a tributary of the left renal vein, the right leads 
directly to the cava, although rarely may join a hepatic vein first. The 
right adrenal vein is short.

Imaging Modalities

The diagnosis of hyperfunction is made clinically and endo-
crinologically, not radiologically. Imaging is reserved for localiza-
tion and characterization of adrenal lesions [1, 2].

Radiography

The adrenals may be calcified as a result of previous haemor-
rhage, infarction, or granulomatous infection (e.g. tuberculosis). 
Adrenal cysts may be large and show calcification of the wall. Of 
adrenal tumours, 10– 14% are calcified on CT, but this is rarely 
demonstrable on plain films. Large adrenal masses may be in-
ferred from displacement or distortion of bowel gas or adjacent 
organs such as the kidney. Rarely, malignant adrenal lesions will 
invade the kidney and masquerade as a renal tumour on intra-
venous urography.

Ultrasonography

Ultrasonography is widely available, and does not involve ex-
posure to ionizing radiation. It is, however, very poor at visu-
alizing the normal adrenal or small masses, and a normal 
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examination would therefore not exclude an adenoma, adrenal 
hyperplasia, or small malignant tumours. It could be expected 
to demonstrate tumours of 2  cm or more in size if the exam-
ination is technically complete (Figure 5.1.1) It is more helpful 
in children where body fat is less of a problem, and when it is 
particularly desirable to avoid the radiation exposure of a CT 
examination.

computed tomography

CT is the mainstay of adrenal imaging. The normal adrenal gland 
can almost always be visualized. The right may be more difficult 
to identify, being in close apposition to the back wall of the cava 
and the overlying liver. Modern multidetector scanners routinely 
use thin (1 mm) slices and are capable of resolving tumours as small 
as 5 mm. Multiplanar reconstructions can clarify anatomy or adja-
cent organ involvement. The use of contrast media is not necessary 
for detection of adrenal masses, the anatomical demonstration is 
sufficient. In some instances, however, the pattern of enhancement 
may help characterize the lesion (e.g. phaeochromocytomas) may 
be vascular and enhance strongly.

Staging of malignant adrenal tumours requires scanning of the 
chest, abdomen, and pelvis for local organ invasion, lymphaden-
opathy, and metastases. Intravenous contrast medium is necessary 
for maximum sensitivity for hepatic metastases. Hypervascular me-
tastases (e.g. phaeochromocytoma) may be more conspicuous with 
scans obtained in the arterial phase rather than the portal venous 
phase of enhancement.

Magnetic Resonance Imaging

As with CT, MRI allows visualization of the normal and abnormal 
adrenal gland in the majority of cases. It does not involve exposure 
to ionizing radiation and hence is preferred in children, the young 
adult, and the pregnant patient. It has a valuable role particularly in 
characterization of the indeterminate adrenal lesion using chem-
ical shift imaging. The ability to image in multiple planes allows 
improved recognition of adjacent organ involvement, and possibly 
determination of the suprarenal origin of a mass (Figure 5.1.2). 
However, when staging malignancy, it is usually difficult to evaluate 
the whole body as the examination time would be prolonged, and it 
is poorly sensitive to small metastases in the lung.

(a) (b)

(c)

Figure 5.1.1 (a) 2 cm right adrenal Conn's adenoma (arrowed) adjacent to liver. (b) Large adrenocortical carcinoma (measured), with a 
heterogeneous appearance due to central necrosis (c) A v- shaped hyperplastic adrenal (arrowed) in congenital adrenal hyperplasia.
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Radionuclide Imaging

The functional information afforded by imaging with radio-
isotopes is complementary to the anatomical demonstrations 
of CT and MRI. Various radiopharmaceuticals are available. 
Standard isotope imaging of the adrenal medulla uses the nor-
adrenaline analogue meta- iodobenzylguanidine (MIBG) [3] . The 
tracer is actively taken up in postsynaptic nerve terminals where 
it is resistant to degradation and can hence be used to demon-
strate accumulation in such tissue as in phaeochromocytomas, 

paragangliomas, and neuroblastomas. Other neuroendocrine 
tumours such as carcinoid and medullary thyroid tumours also 
take up the radiopharmaceutical. MIBG is labelled with 123I-  or 
131I- iodine; 123I gives a lower radiation dose and better quality im-
ages but is less readily available and more expensive. A number 
of drugs inhibit MIBG uptake: opioids, tricyclic antidepressants, 
sympathomimetics, antipsychotics, cocaine, and, importantly, 
antihypertensive agents including labetalol and calcium channel 
blockers, and such drugs need to be withdrawn, if possible, before 
this examination [3].

MIBG scans are usually performed at 24 h and 48 h.  Planar 
whole- body images are best supplemented by SPECT- CT (single 
photon emission computed tomography- computed tomography), 
an image fusion technique of isotope and CT data, giving increased 
sensitivity, specificity and anatomical localization (Figure 5.1.3) [4] . 
Physiological uptake is seen in liver, spleen, myocardium, and sal-
ivary glands. Occasionally, bowel uptake is seen which may hinder 
interpretation, although SPECT- CT usually resolves any difficul-
ties. Normal adrenal glands are usually not well visualized although 
there may be faint uptake.

An alternative radiopharmaceutical used for neuroendocrine tu-
mours is the somatostatin analogue octreotide acetate labelled with 
123I or 111In (indium), which localizes to somatostatin receptor- 
bearing tumours including phaeochromocytomas and neuroblas-
tomas [3] . However new positron emission tomography (PET) 
pharmaceuticals are supplanting octreotide and MIBG [3].

Historically isotope imaging of the adrenal cortex has used la-
belled cholesterol analogues:  6- β- iodomethyl- 19- norcholesterol 
labelled with 131I (NP- 59). Adrenocortical scintigraphy is not now 
widely available or used [5] . This may be due to the number of pa-
tient visits required, the lag time to final result, a relatively high ra-
diation dose, limited availability, but perhaps most importantly the 
use of endocrine assessments in conjunction with high- resolution 
anatomical imaging with CT, and metabolic information from PET. 
Recent work has used radionuclides containing metomidate, de-
rived from the specific CYP11B1/ 2 inhibitor etomidate, thereby 
targeting uptake to adrenocortical tissues. Both [123I]- metomidate 
SPECT- CT [6] and [11C]- metomidate PET- CT [7] have been used, 

Figure 5.1.2 Large phaeochromocytoma (arrows). Sagittal T2- weighted 
magnetic resonance image with flowing blood and areas of fluid 
necrosis (arrowhead) as white. Note anterior displacement of inferior 
vena cava (star) and heterogeneity of tumour.

(a) (b)

Figure 5.1.3 MIBG scan (a) showing a large MIBG avid left upper quadrant phaeochromocytoma (arrowed) also shown on the CT- SPECT fused 
image (b) with an FDG avid liver metastasis (arrowhead).
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but are not yet widely available, pending full assessment of their 
diagnostic potential in the assessment of adrenocortical tumours.

PET has an increasingly recognized role in the assessment of ad-
renal masses [8– 10]. The most commonly used radiopharmaceutical 
is [18F]2- fluoro- 2- deoxy- D- glucose (FDG), a glucose analogue that 
is actively taken up and trapped in hypermetabolic cells, usually re-
flecting malignancy. FDG- PET can thus be used to detect metas-
tases to the adrenals, to indicate that the likelihood that a mass is 
malignant, and whole- body staging. (Figure 5.1.4) [10]. Although 
not widely available, other fluorinated pharmaceuticals such as 18F- 
fluorodopamine, 18F- fluoroDOPA have been used for evaluation 
of adrenal and other neuroendocrine tumours [10,  11]. Gallium 
68 (68Ga) 1,4,7,10- tetraazacyclododecane- 1,4,7,10- tetraacetic 
acid (DOTA)– octreotate (DOTATATE) uses a different positron 
emitter (68Ga) conjugated with a somatostatin receptor imaging 
agent [12, 13]. This is used for neuroendocrine tumour imaging— 
detection of primary tumours and staging. The physiological af-
finity of DOTATATE is greater than octreotide. The resolution, 
sensitivity, and specificity afforded by PET are much greater than 
that of octreotide CT- SPECT. Other similar analogues are avail-
able (DOTATOC (GaToc), and DOTANOC (GaNoc)). Therapeutic 
octreotide administration should be discontinued prior to imaging 
to avoid competitive inhibition of uptake. Physiological uptake is 
seen in the spleen, liver, urinary tract, salivary glands, thyroid, and 
the pituitary. There is high uptake in phaeochromocytoma and 
paragangliomas, and it is now the functional imaging technique 
of choice for neuroendocrine tumours (Figure 5.1.5). FDG- PET 
is complementary as it will highlight more aggressive tumours, 

Figure 5.1.4 FDG- PET showing hypermetabolic mass above the right 
kidney (arrowhead).

(a) (b)

Figure 5.1.5 MIBG (a) and 68Ga DOTATATE (b) scans showing a left sided phaeochromocytoma with only mild uptake on the MIBG scan, but 
marked avidity on DOTATATE (cross hairs). A second tumour is seen above the right kidney on the DOTATATE scan coronal image.
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whereas somatostatin receptor imaging shows better differentiated 
functioning tumours [14].

Arteriography

The vascular supply and drainage have been described in the 
anatomy section. Arteriography is rarely indicated for diagnostic 
purposes. Occasionally it may help indicate an adrenal origin of an 
uncertain abdominal mass, or be used as a prelude to embolization 
of vascular tumours.

Venous Sampling

Sampling of the adrenal effluent is used to determine whether al-
dosterone production originates from one or both adrenals, and to 
determine if nodules detected on CT are functional or not in pa-
tients with primary hyperaldosteronism (Conn’s syndrome). The 
left adrenal vein is relatively easy to cannulate via the renal vein but 
the anatomy of the right is less favourable (direct drainage to the 
inferior vena cava between the T11 and L1 vertebrae.) and success 
rates between 74% and nearly 100% have been reported [15– 17]. 
The venogram images are not used for diagnosis but to confirm cor-
rect catheter placement (Figure 5.1.6). Optimal results arise from 
close collaboration between clinicians, radiologists and laboratory 
staff; intraprocedural rapid cortisol measurement can improve the 
success rate. Extravasation and venous infarction may complicate 
injection of the adrenal veins.

Biopsy

The indeterminate lesion that is discovered when imaging for 
other purposes may need histological evaluation. However, 
endocrine assessment and the newer CT and MR character-
ization techniques have significantly reduced the requirement 
for biopsy [18]. Biopsy accuracy rates range between 80% and 
100% [18,  19]. However, it is important to note that biopsy 
cannot differentiate between an adrenocortical adenoma and 
an adrenocortical carcinoma and thus should be avoided if an 
adrenocortical carcinoma is suspected. Also there is a risk of tu-
mour seeding of the track and a higher likelihood of recurrence 
and metastasis if the capsule has been violated [20]. However, 

biopsy can be helpful in other scenarios (e.g. to differentiate be-
tween a tumour of adrenal origin and an adrenal metastasis of 
a solid organ tumour distinct from the adrenal). Haemorrhage 
and pneumothorax are the most common complications of ad-
renal biopsy.

CT guidance is usual except where the tumour is relatively 
large when ultrasonography is a good alternative. A posterior ap-
proach with the patient prone is the least hazardous but the pos-
terior costophrenic angles may be deep, and transgression of the 
lungs may be unavoidable with consequent risk of pneumothorax. 
A  transhepatic approach is an alternative on the right, or on rare 
occasions a safe anterior approach may be identified. Endoscopic 
ultrasound guided transgastric approach gives access to the left ad-
renal (Figure 5.1.7).

Most operators remain reluctant to biopsy adrenal masses that 
may be phaeochromocytomas due to the risk of precipitating a 
hypertensive crisis [16]. Prior blood or urine biochemistry for ex-
clusion of catecholamine excess is therefore mandatory before any 
adrenal biopsy.

(a) (b)

Figure 5.1.6 Adrenal vein sampling (a) right direct from the cava (b) left via the left renal vein.

Figure 5.1.7 Left adrenal mass (between arrows) undergoing 
endoscopic biopsy (needle indicated by arrowhead, endoscopic probe 
by star).
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cushing’s Syndrome

Cushing’s syndrome is the result of overproduction of cortisol by 
the adrenal cortex. The distinction between pituitary or ectopic 
adrenocorticotrophic hormone (ACTH)- driven cortisol produc-
tion and primary adrenal disorders is made on a clinical and bio-
chemical basis and imaging directed appropriately.

MRI is the best imaging modality for pituitary tumours, which 
account for about 80% of cases of Cushing’s (Figure 5.1.8a). The 
multiplanar presentation is ideal, and intravenous contrast medium 
administration mandatory, for the detection of small tumours. CT 
is a reasonable alternative. Thin- section coronal examinations with 
intravenous contrast are most sensitive for small tumours. There 
is no justification for imaging the adrenals in pituitary- driven or 
ectopic Cushing’s, although bilateral adrenal hyperplasia can be 
expected (Figure 5.1.8b). Adrenal hyperplasia is manifest as thick-
ening and elongation of the limbs of the adrenal gland. The hyper-
plasia may be smooth or multinodular, but the glands may look 
normal.

Adrenal tumours are the cause of Cushing’s syndrome in 15– 25% 
of cases and are well shown with CT and MRI [21]. Adenomas are 
usually between 2 cm and 4 cm in size. They are uniform in attenu-
ation, rounded, and well demarcated (Figure 5.1.8c), identical to 
non- functioning tumours. They may be large enough to be seen on 
ultrasonography although increased body fat may hinder the exam-
ination. An active adrenal adenoma will be accompanied by atrophy 
of the rest of the gland and the contralateral adrenal. Carcinomas 
are usually larger (more than 4 cm) and may show necrosis, haem-
orrhage, or calcification [21]. Histology cannot be definitive of ma-
lignancy but large tumours are predictive of subsequent malignant 
behaviour, that is, metastasis or recurrence.

Rarely Cushing’s syndrome is the result of primary pigmented 
nodular hyperplasia when multiple small nodules are shown 
arising from an otherwise atrophic gland; or ACTH- independent 
macronodular hyperplasia when the glands are markedly enlarged 
and nodular but maintain their shape [21].

There are other radiological features of Cushing’s syndrome. 
Increased body fat may be evident, especially on CT and MRI. 

(a) (b)

(c)

Figure 5.1.8 (a) Cushing’s disease: pituitary adenoma (arrowhead) on coronal gadolinium- enhanced MR image. (b) Cushing’s syndrome due to 
ectopic ACTH production. Marked bilateral adrenal hyperplasia (arrows) secondary to an unidentified source of ectopic ACTH. The patient was 
subjected to bilateral adrenalectomy for treatment. (c) Adrenal Cushing’s syndrome: unenhanced CT. Low attenuation, 3 cm left adrenal mass (arrow).
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Chronic glucocorticoid overproduction results in skeletal osteo-
porosis. Diagnosis of osteoporosis is best done by bone min-
eral densitometry usually with DEXA (dual energy X- ray 
absorptiometry).

Primary Hyperaldosteronism (conn’s Syndrome)

Conn’s syndrome results from overproduction of aldosterone either 
from an adrenal adenoma or bilateral hyperplasia [16]. The distinc-
tion is crucial as it directly affects surgical management. A unilat-
eral adrenalectomy is often curative for unilateral secretion while 
bilateral hyperaldosteronism is usually treated medically. The pitfall 
is to remove an incidental non- functional nodule from the innocent 
side. Adrenal venous sampling is therefore required. Conn’s is very 
rarely (less than 1%) the result of an adrenocortical carcinoma, usu-
ally presenting as a larger tumour (>4 cm).

Aldosterone- producing adenomas are often small (less than 
2 cm), compared to cortisol- producing adenomas requiring thin- 
section CT for detection (Figure 5.1.9a). The average diameter 
is between 12  mm and 18  mm and 20% are less than 10  mm. 
Tumours less than 1  cm can be difficult to identify. Conn’s tu-
mours are characteristically lipid rich and usually have the lowest 
attenuation values of all hyperfunctioning adenomas (Figure 
5.1.9b) [22].

Hyperplastic glands may appear normal or show obvious sym-
metric enlargement. MRI has no real advantage over CT although 
high signal returned from a lesion on T2- weighted imaging may aid 
detection.

The definitive test is adrenal venous sampling with an accuracy 
rate of close to 100% (Figure 5.1.6) [15– 17]. The ratio between al-
dosterone and cortisol in the venous blood from each adrenal is 
compared with peripheral samples. Samples following ACTH stimu-
lation may be taken in some centres though no consensus exists 
whether this improves diagnostic accuracy. A lateralizing result for 
a functioning adenoma is achieved if the aldosterone:cortisol ratio 
is four times the opposite side [16, 17].

11C metomidate PET is not widely available but appears to be 
non- invasive alternative to adrenal venous sampling (AVS) for lat-
eralization [23], pending more detailed, prospective evaluation of 
accuracy.

Androgen excess and oestrogen excess

Androgen excess may be of ovarian (rarely testicular) or adrenal origin. 
Tumorous adrenal causes are mostly malignant. Imaging choices are 
similar to the investigation of Conn’s syndrome, that is, CT or MRI 
with venous sampling (with the addition of ovarian venous aspirates).

Feminization, for example gynaecomastia, due to adrenal oes-
trogen excess is rare. As with androgen excess of adrenal origin, the 
cause is most often an adrenocortical carcinoma of such a size that 
CT and ultrasonography are invariably helpful.

Adrenocortical carcinoma

This may be responsible for any of the aforementioned syndromes 
or be clinically non- functional. They are readily seen on ultrason-
ography, CT, or MRI, as tumours are usually large at presentation 
although hyperfunctioning tumours present at a smaller size, as 
a result of the endocrine effects [24]. Heterogeneity of some de-
gree is usual. Calcification occurs in 30%. An adrenal origin may 
be difficult to determine on standard axial CT imaging if the tu-
mours are large and invasive, but CT reconstructions or MRI are 
more informative, using multiple planes and different sequences. 
Significant growth over time, local invasion of adjacent organs or 
metastatic disease are features of malignancy (Figure 5.1.10a, b). 
As with renal cell carcinoma, there may be invasion of the adrenal 
vein and extension into the cava (Figure 5.1.10c, d). They rarely 
contain significant amounts of intracellular lipid, which can be ex-
ploited diagnostically as malignant tumours do not therefore show 
low attenuation density values (<10 Hounsfield units (HU)) on CT 
and rarely lose signal on opposed- phase MRI.

(a) (b)

Figure 5.1.9 (a) Small Conn’s tumour: enhanced CT showing a small mass (arrow) arising from the medial limb of the left adrenal. (b) Large Conn’s 
tumour: unenhanced CT showing a typically low attenuation left adrenal mass (arrowhead).
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Addison’s Disease

This term refers to adrenal insufficiency. Autoimmune mech-
anisms are the commonest cause now that the incidence of tu-
berculosis has reduced. CT may show atrophy or calcification. 
Tuberculous infection in the subacute stage produces enlarged 
adrenals (Figure 5.1.11a), which may show peripheral enhance-
ment around central necrosis. In the long term the glands calcify 
(Figure 5.1.11b). Histoplasmosis produces similar appearances 
and half of patients with disseminated disease develop Addison’s 
disease [25].

Bilateral adrenal metastases, even when large, can result in ad-
renal insufficiency, however usually in less than 20% of cases. This 
carries the risk that symptoms of Addison’s disease may be confused 
for those of the underlying malignancy (Figure 5.1.12) [26].

Acute adrenal insufficiency as the result of bilateral adrenal 
haemorrhage or severe hypotension may complicate shock, sepsis, 
or bleeding disorders. High- attenuation swelling of the adrenals is 
the finding on CT performed acutely.

Rare causes of hypoadrenalism include haemochromatosis, 
when CT may demonstrate increased attenuation of liver and 
pancreas as a result of iron deposition and Wolman’s disease 

(lipid storage abnormality due to a deficiency of liposomal acid 
lipase) when the adrenals are enlarged and show diffuse punctate 
calcification.

Phaeochromocytomas

These tumours arise from the chromaffin cells of the sympathetic 
nervous system. Thus, they most commonly arise in the adrenal 
medulla (=phaeochromocytoma), but can also be extra- adrenal 
(=paraganglioma) in the neck, the mediastinum (including 
intrapericardiac), in a para- aortic position, in an accumulation of 
sympathetic ganglia at the base of the inferior mesenteric artery 
known as the organ of Zuckerkandl, and in the pelvis and bladder 
(Figure 5.1.13) [27].

At least about 25% of apparently sporadic tumours are associated 
with familial conditions such as neurofibromatosis, von Hippel– 
Lindau and multiple endocrine neoplasia (MEN) syndromes. These 
patients are more likely to have bilateral or multiple lesions (Figure 
5.1.14) [28].

Phaeochromocytomas are usually, but not always, benign. As with 
other adrenal tumours, benign and malignant phaeochromocytomas 

(a) (b)

(c) (d)

Figure 5.1.10 (a) CT shows an adrenocortical carcinoma, initially small (arrows). demonstrating growth over time (b, arrows). (c) Adrenocortical 
carcinoma: CT showing a large mass in the left suprarenal region, invading left renal vein (stars) and inferior vena cava on CT and ultrasound 
(d) (arrows). Measurement marks show length of uninvolved hepatic cava.
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are distinguished by behaviour (i.e. metastasis or local invasion) ra-
ther than histology or radiology [29]. However, the results of gen-
etic analysis are usually predictive of malignancy risk and determine 
screening and follow- up strategies.

Adrenal medullary tumours are usually sizeable (greater than 
5 cm) except when associated with the MEN syndromes. Therefore 
they can often be shown with ultrasonography and appear either 
homogeneous or heterogeneous with cystic or necrotic elements. 
CT is preferred, however, and will demonstrate the majority of 
adrenal phaeochromocytomas [28]. About 10% may show calci-
fication. These lesions usually enhance strongly on CT and het-
erogeneity corresponding to haemorrhage or necrosis is better 
appreciated after contrast medium enhancement. They are charac-
teristically of high signal on T2- weighted MR sequences [24]. The 
older intravenous iodinated ionic contrast agents could precipitate 
hypertensive crisis in the absence of pharmacological alpha-  and 
β- blockade [30]. The almost ubiquitous non- ionic contrast media 
used now do not carry the same risk and blockade is not now re-
garded as necessary anymore [31– 33].

CT is generally used to evaluate the adrenals and to search for 
ectopic sources. MRI does not usually have any additional benefit. 
However, surgical planning for large or locally invasive tumours 
is helped by the multiplanar facility of MRI (Figure 5.1.2) (CT 
also now offers multiplanar reconstructions). The tumour can be 

(a) (b)

Figure 5.1.11 (a) CT— Active tuberculosis of adrenals— swollen peripherally enhancing adrenals (arrows). (b) Unenhanced CT in a different patient 
presenting with adrenal insufficiency shows calcified enlarged adrenals (arrows) following previous tuberculous infection.

Figure 5.1.12 Bilateral adrenal metastases (arrows) that resulted in 
adrenal failure.

(a) (b)

Figure 5.1.13 Bladder phaeochromocytoma. (a) Coronal MR of bladder showing a polypoid tumour (arrow) arising from the left side of the bladder 
dome (and an enlarged metastatic left pelvic node— arrowhead). (b) Corresponding anterior whole- body MIBG images at 1, 2 and 3 days show an 
MIBG avid tumour (arrow) above excreted activity in the bladder.
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markedly hyperintense on T2- weighted imaging (‘lightbulb’ sign) 
[29, 34,  35]. These lesions are often heterogeneous and vascular. 
Haemorrhage may occur leading to fluid– fluid levels and areas of 
high signal on T1- weighted images. Extension of abdominal tu-
mours into the inferior vena cava is shown with flow- sensitive 
sequences, or with intravenous contrast enhancement [27,  35]. 
Mediastinal tumours, and especially intrapericardiac lesions, are 
well shown with electrocardiographically gated MRI.

The functional technique of MIBG scanning is of value in the 
imaging of phaeochromocytomas. It is especially useful for the 
detection of extra- abdominal tumours and for the staging of ma-
lignant lesions, as the metastases are active [2, 3, 25]. Whole- body 
imaging is supplemented by SPECT- CT (Figure 5.1.3) and may 
be used for the initial imaging test, or to search for an ectopic tu-
mour following a negative adrenal CT (Figure 5.1.15) [4] . MIBG 
is not specific for phaeochromocytoma; other tumours of neural 
crest origin such as neuroblastoma, carcinoid tumours, medul-
lary carcinoma of the thyroid, Merkel- cell skin tumours, and 
non- functioning paragangliomas also show uptake, but this is not 
usually a clinical dilemma.

As discussed earlier, other radionuclide methods used to dem-
onstrate phaeochromocytomas include 111In- octreotide scan-
ning and PET with FDG (Figure 5.1.16). 111In octreotide is 
more useful for demonstration of metastatic disease than be-
nign tumours [1] . FDG and MIBG scanning are complementary 
depending on the degree of differentiation and malignant poten-
tial [8]. Other radiopharmaceuticals such as 18F- fluoroDOPA, 18F- 
fluorodopamine, and particularly Ga- 68 DOTATATE are being 
utilized [6, 10, 11, 36, 37]. Ga- 68 DOTATATE is now the functional 
imaging agent of choice for neuroendocrine tumours), offering 
greater anatomical resolution and sensitivity (Figure 5.1.5) [12, 14].

neuroblastoma

This tumour of infancy and childhood can arise in the adrenals 
(50%), in the abdominal sympathetic chain, or in the mediastinum. 
MIBG uptake is a feature, and can therefore be used for assessment 

Figure 5.1.14 MEN type 2 associated bilateral phaeochromocytoma. 
Enhanced CT showing a large left adrenal and smaller right adrenal 
masses (arrowed) both showing typical marked peripheral enhancement, 
with central necrosis.

(a)

(c)

(b)

Figure 5.1.15 Paracardiac paraganglioma (arrow) demonstrated on (a) CT (not prospectively identified), (b) MIBG, and (c) 18- FDG- PET scans.
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of metastatic disease, although CT or MRI is more appropriate 
for the assessment of the local disease. Tumours are often non- 
homogeneous on CT and MRI, and calcification is characteristic 
(which helps differentiate it from Wilm’s tumour of the kidney). 
Local invasion into the spine, and skeletal metastatic disease, can 
occur. The multiplanar capability of MRI allows demonstration of 
vascular and liver involvement, intraspinal spread, and marrow 
disease [37].

the Incidental Adrenal Mass

With the exponential increase in the use of modern cross- sectional 
imaging techniques, adrenal masses are increasingly incidental find-
ings (4– 6%). They may be functional in terms of hormone synthesis 
and this is determined endocrinologically. The vast majority are, 
however, endocrinologically irrelevant, and are likely, statistically, 
to be benign if small. They are much more likely to be malignant if 
there is known primary, extra- adrenal malignancy, although even 
in this situation less than 50% are metastatic. The differentiation of 
metastasis or malignancy from an incidental adrenal adenoma is 
therefore very important [38].

Comparison with old scans or follow- up examination is 
important— a lesion that significantly changes in size over 3– 
6 months is highly likely to be malignant. Biopsies are helpful to 
clarify whether a new adrenal lesion is a metastasis of a known 
extra- adrenal malignancy; however, a biopsy is not useful for 
differentiating benign from malignant adrenocortical lesions 
[39] and should only ever be performed if the results are cer-
tain to affect management and after biochemical exclusion of 
phaeochromocytoma.

The CT appearance may give some indication of the nature of 
an incidentally discovered adrenal mass. It may be evidently a cyst 
(i.e. thin- walled, well- defined, and of fluid density). If solid, be-
nign lesions are usually homogeneous, although there may rarely 
be calcification. Frank areas of fat is virtually diagnostic of a benign 
myelolipoma, particularly if calcification is also present. Malignant 
lesions may be irregular in outline, heterogeneous, perhaps with 
necrotic areas. The morphological appearance following contrast 
may be of value. Adjacent organ invasion or demonstration of me-
tastasis is diagnostic of malignancy.

The presence of a high proportion of intracellular fat in 70% of 
adenomas is an important finding allowing the use of CT density 
measurements and chemical shift MR imaging to diagnose a benign 

(a) (b)

(c)

Figure 5.1.16 (a) Unenhanced CT showing bilateral low attenuation adrenal tumours (subjectively less than liver and spleen and less than 10 HU on 
measurement indicative of bilateral benign lipid- rich adenomas). MR showing marked signal loss (arrowed) on opposed- phase T1- weighted MR (b); 
compared to the in- phase study (c); and therefore a lipid- rich right adrenal adenoma.
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lesion. Adenomas are often readily apparent as hypoattenuating 
compared to kidney or liver on unenhanced CT (Figure 5.1.8c, 9b, 
and 16a). Mean attenuation values of adenomas are 2 HU, and of 
non- adenomas 30 HU [40]. Phaeochromocytomas invariably pre-
sent with attenuation <10 HU [41]. On thin- section unenhanced 
scans a density of 10 HU or less is indicative of a high proportion 
of intracellular fat, which suggests an adenoma with high specifi-
city (98%) though poorer sensitivity (71%) [42, 43]. Lipid content 
cannot be assessed on single phase contrast- enhanced scans where 
density measurement is not of any value (unfortunately, as these le-
sions are often incidental findings on enhanced scans).

Quantitative enhancement and washout characteristics have been 
used by many and relates to the fact that benign lesions lose en-
hancement more rapidly than malignant. The most commonly used 
threshold is >40% relative washout on a 15 min delayed scan, or 
>60% absolute washout [38, 44, 45]. Phaeochromocytomas, how-
ever, may also show early washout [45]. Refinements using dual 
energy subtraction techniques to generate a virtual unenhanced 
CT from an enhanced study has been promising, but dual energy 
scanners are not widely available [45– 47]. However, in contrast 
to unenhanced CT attenuation, the evidence base for the use of 
washout CT in differentiating benign from malignant adrenal le-
sions is very limited [48].

Early users of MRI suggested that high signal intensity on T2- 
weighted images indicated a malignant lesion, benign lesions gen-
erally having signal intensity similar to normal adrenal; however, it 
became apparent that there was too much overlap (20– 30%) for this 
to be a useful feature. Gadolinium contrast medium enhancement 
was likewise unreliable, even with the use of dynamic acquisitions. 
The most robust technique appears to be the use of chemical shift 
imaging [38, 45, 49]. This utilizes the fact that the presence of fat 
within benign adenomatous cells alters the local magnetic envir-
onment, and hence the resonant frequency of the processing pro-
tons. This results in a reduction of signal intensity of benign lesions 
(whose cells contain both lipid and water) on out- of- phase imaging 
(Figures 5.1.16b and c). It appears to be useful in cases where CT 
attenuation is less than 30HU [34, 45]. Normal adrenals also dis-
play this phenomenon but non- adenomatous lesions do not. The 
principle is entirely different to saturation sequences used for fat 
suppression, which apply to macroscopic fat. Visual assessment can 
be supplemented by quantification (e.g. signal intensity index of ad-
renal/ spleen intensity ration but results are similar).

There is work indicating that MR spectroscopy can characterize 
adrenal masses as adenomas, carcinomas, phaeochromocytomas, or 
metastases but at present this can only be used for masses larger 
than 2 cm [50, 51].

FDG- PET relies on the altered metabolism of cancer cells trap-
ping this radiopharmaceutical which enters the glycolytic pathway 
in the place of glucose. It has been shown to accurately differentiate 
benign and malignant adrenal masses in the cancer patient with 
specificities of 90– 96%, and sensitivities of 93– 100% [8, 9]; however, 
this is best on series of limited numbers. It is the most accurate test 
therefore to confirm that an adrenal mass is metastatic in the patient 
with an underlying extra- adrenal malignancy.

A meta- analysis found little evidence for clear superiority of any 
imaging test for characterization of incidental adrenal masses (al-
though unenhanced CT was of value) [48]. A reasonable approach 
to the incidentally discovered adrenal lesion, whether in the setting 

of a known malignancy or not, is to perform density measurement 
on thin- section unenhanced CT. On unenhanced CT if the density 
is less than 10 HU, malignancy is almost certainly excluded. In the 
range 10– 20 HU in-  and out- of- phase MRI might be helpful. If 
greater than 20 HU, MRI is less likely to resolve the issue due to the 
lack of intracellular lipid, and FDG- PET may be helpful [52].

non- Adenomatous Adrenal Abnormalities

Myelolipomas are benign and contain elements of fat and bone 
marrow [38]. The fat is diagnostic and can be demonstrated on 
ultrasonography (hyperechoic), CT (low attenuation), or MRI (high 
signal on T1- weighting, focal loss of signal on fat- suppressed images, 
but not on opposed- phase sequences) (Figure 5.1.17). However, fat 
is not always a dominant feature and the appearance of the lesion is 
then non- specific. Calcific elements may be present. Haemorrhage 
may complicate the imaging features.

Adrenal cysts are endothelial (lymphangiomas and haemangi-
omas), epithelial (retention cysts, embryonal, or cystic aden-
omas), pseudocysts (resulting from previous haemorrhage), or 
echinococcal (hydatid). Of adrenal cysts, 15% show mural calcifica-
tion, particularly in hydatid disease [53, 54].

The CT appearance of acute adrenal haemorrhage is of high- 
attenuation material expanding the adrenal gland or periadrenal 
haemorrhage leading to stranding, and an indistinct adrenal con-
tour (Figure 5.1.18a). The high attenuation may not be appreciated 
if only contrast- enhanced scans are available. Subacute haematomas 
are isodense with normal adrenal tissue and indistinguishable from 
adenomas. Old adrenal haematomas may lead to calcification. 
Because of the paramagnetic effects of blood such as haemosiderin 
and methaemoglobin, MRI can be diagnostic of adrenal haema-
toma, although there will be a complex variation depending on the 
age of the lesion (Figure 5.1.18b, c, and d).

Figure 5.1.17 Adrenal myelolipoma. CT showing a left adrenal mass 
with macroscopic fat (dark grey elements) and small foci of calcium.
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Adrenal Rests

Adrenal tissue can be found in ectopic sites such as the coeliac 
plexus region, the broad ligaments, the testes, and the ovaries. These 
rests arise during fetal development when the urogenital ridge sep-
arate into adrenals and gonads, therefore, often have properties of 
both. Hence, adrenal rest tissue may enlarge due to ACTH stimu-
lation (e.g. in pathological conditions such as congenital adrenal 
hyperplasia; Figure 5.1.19) [55], or Addison’s or ectopic Cushing’s 
disease. This phenomenon may lead to the misdiagnosis of tes-
ticular or other tumours [56], in particular in congenital adrenal 
hyperplasia.

(a) (b)

(c) (d)

Figure 5.1.18 (a) Acute haemorrhage into both adrenals caused by excess anticoagulation. The non- enhanced CT scan shows increased density and 
expansion of both adrenals, diagnostic of haemorrhage (arrows). (b– d) Acute haemorrhage into the right adrenal caused by excess anticoagulation 
(arrows). Although an enhanced CT scan there is increased density and expansion of the right adrenal on indicating fresh blood. The T1- weighted MRI 
(c) shows peripheral high signal consistent with blood products and high signal centrally on T2- weighting (d) indicative of fluid.

Figure 5.1.19 Bilateral adrenal rest ‘tumours’ in the testicles of a 
patient with congenital adrenal hyperplasia (arrows) (same patient as 
Figure 5.1.1b).
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table 5.2.1 Timeline of understanding the role of adrenal glands

1552 The adrenal glands were first described by Bartholomaeus 
Eustachius in his Opuscula Anatomica as ‘glandulae renis 
incumbentes’ (glands lying on the kidney)

1629 Jean Riolan of Paris introduced the term capsulae suprarenales

1716 the Academie des Sciences de Bordeaux offered a prize for the 
answer to the question ‘What is the purpose of the suprarenal 
glands?’ but no progress was achieved

1805 Cuvier defined the anatomic division into a cortex and a medulla

1855 Thomas Addison of Guy’s Hospital published his clinical 
observations of 11 patients with destruction of both adrenal 
glands and described the eponymous clinical syndrome

1856 Brown- Séquard performed adrenalectomy in animals and 
provided the first experimental confirmation of Addison’s theory 
that the adrenal glands were essential to life

1901 Epinephrine was purified from the adrenal gland

1904 Epinephrine and norepinephrine were first synthesized by Frank 
Stolz in Germany

1950 Edward Kendall, Tadeus Reichstein, and Philip Hench receive the 
Nobel Prize in Physiology or Medicine for the discovery of the 
hormones of the adrenal cortex, their structure, and biological 
effects
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Introduction

The last two decades have witnessed a significant increase in 
the diagnosis of both functioning and non- functioning  adrenal 
 tumours. The widespread use of cross- sectional imaging has 
unveiled a previously undiagnosed reservoir of as many as 
10% of adults with enlarged adrenal glands. Increasingly sensi-
tive oncological staging has led to the identification of patients 
with previously undiagnosed solitary adrenal metastases. The 
(slow) acceptance of screening of hypertensive populations for 
hyperaldosteronism has been encouraged by the recognition of 
the potential benefits of adrenal surgery in hyperaldosteronism. 
All of these changes have increased the number of patients con-
sidered for adrenal surgery.

The operative approach to the adrenal gland, in particular for be-
nign lesions, has now been consolidated towards one of two main 
minimal access approaches proven to be associated with a faster re-
covery and reduced morbidity compared to traditional open sur-
gery. However, studies in both the United Kingdom and United 
States have demonstrated that the results of adrenal surgery tightly 
correlate with surgical volume and that most surgeons undertaking 
an adrenalectomy have unacceptably small volume practices [1, 2]. 
The centralization of adrenal surgery remains one of the challenges 
for the future.

Despite the changes in adrenal practice over the years, the surgical 
principles in adrenal disease remain unchanged and the periopera-
tive management of adrenal patients mandates a multidisciplinary 
collaboration with colleagues in endocrinology, biochemistry, and 
radiology. The key principles in adrenal surgery are that:

 • Functional studies are used to confirm or exclude a syndromic 
diagnosis;

 • The patient should be made safe with the appropriate pharmaco-
logical treatment;

 • Radiological studies are required to confirm the anatomical char-
acteristics of the abnormality;

 • The need for surgical intervention should be ratified in the con-
text of a multidisciplinary team meeting.

This chapter will focus primarily on the background history, func-
tional embryology, and anatomy of the adrenal glands and the sur-
gical aspects of treatment. The pathology of adrenal disease, details 
of biochemical and radiological investigations, and the non- surgical 
modalities of treatment are covered elsewhere.

Historical Perspective

Landmark events in our knowledge about the existence and func-
tion of the adrenal glands are summarized in Table 5.2.1. While 
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the Italian anatomist Bartholomaeus Eustachi first described the ad-
renals in the sixteenth century, another 300 years passed until the 
role of the adrenal gland was clarified and the clinical impact of some 
adrenal tumours understood. In 1865, DeCrecchio first reported 
congenital adrenal hyperplasia in a female pseudohermaphrodite. 
In 1886, Frankel described a type of tumour for which the patholo-
gist Pick in 1912 proposed the name phaeochromocytoma, from 
the Greek phaios (dark or dusky) and chroma (colour). In 1912, 
Harvey Cushing described the classic features of his eponymous 
syndrome and, in 1955, Conn reported the first patient with pri-
mary hyperaldosteronism.

The first reported adrenalectomy was performed by Knowsley- 
Thornton, in London in 1889, for what is presumed to have been an 
adrenal malignancy. The first successful adrenalectomy for a phaeo-
chromocytoma is attributed to Cesar Roux, in 1926 in Switzerland, 
and phaeochromocytoma surgery was immediately recognized to 
be associated with a high morbidity and mortality. This remained 
the case at least until the arrival of adrenergic receptor blockers in 
the 1960s, which, along with improved surgical technique, probably 
made the largest impact on the safety of this type of surgery [3] . 
Starting from the 1990s adrenal surgery has benefited greatly from 
technological advances of fibreoptic scopes and laparoscopic instru-
ments and devices that allow laparoscopic and retroperitoneoscopic 
surgery to be performed safely in all but the largest adrenal tumours.

Surgical embryology

The adrenal gland has a dual origin:  the cortex arises from the 
mesoderm and the medulla is neuroectodermal.

The cortex starts to develop in the fifth week of gestation as a 
proliferation of coelomic mesothelium close to the urogenital ridge 
(the mesonephros and the developing gonad). In the initial phase 
the adrenogonadal primordium is distinguished and after the eighth 
week of gestation it separates into two distinct structures, the ad-
renal and the gonadal primordial. The cortex is divided into three 
layers: the outer zona glomerulosa, the middle zona fasciculata, and 
the inner zona reticularis, predominantly secreting aldosterone, 
cortisol, and sex steroids, respectively.

The medulla develops after the fourth week of embryonic life, 
when a portion of the neuroectoderm adjacent to the neural tube 
separates and remains between the neural tube and the definitive 
ectoderm as the neural crest. Cells derived from the neural crest 
(sympathogonia, primitive spinal ganglia) migrate ventrally from the 
apex of the neural tube to the dorsal aorta (where they aggregate and 
differentiate into neuroblasts to form sympathetic neurons) or to the 
adrenal primordia (where they differentiate into pheochromoblasts 
to form chromaffin cells). Some primitive adrenal medulla cells re-
main closely associated with the developing sympathetic nervous 
system and give rise to the extra- adrenal chromaffin cells and chro-
maffin bodies. The adrenal medulla functions as postganglionic 
neural tissue, secreting catecholamines and their metabolites.

Surgical Anatomy

The adrenal glands are golden- brown in colour (Figure 5.2.1) and 
located in the retroperitoneum in relation to the upper poles of the 

kidneys at the level of the T11– T12 vertebrae (Figure 5.2.1). The 
right adrenal gland is a distorted pyramidal structure that lies an-
terior to the diaphragm and the right kidney and partially posterior 
to the inferior vena cava and the right lobe of the liver (Figures 
5.2.2 and 5.2.3). Superiorly, the gland is in contact with the bare 
area of the liver. The left adrenal gland is semilunar in shape and 
extends further inferiorly on the medial margin of the kidney. It 
is related anteriorly to the stomach and pancreas and posteriorly 
to the diaphragm and posterior abdominal wall. Surgeons regularly 
undertaking adrenal surgery will become aware of not infrequent 
ectopic adrenal tissue or adrenal rests which may exist along the 
path of testicular descent in males and near the broad ligament and 
uterus in females but which may only become apparent as a source 
of continued cortisol production after bilateral adrenalectomy or in 
rare adrenal malignancies found separate from the adrenal gland 
(Figure 5.2.2).

Both adrenal glands are enclosed in a layer of fat within Gerota’s 
fascia that envelops the kidney and perinephric fat. The adrenals are 
supplied by three main groups of arteries: the inferior phrenic ar-
tery, the aorta, and the renal artery. In addition to these three regular 
sources of blood supply, pathological glands may have additional 
vessels due to neovascularization and on occasion also branches 
originating from the intercostal, the left ovarian, or the left internal 
spermatic arteries. Arterial branches ramify over the capsule before 
entering the gland and divide within to form a subcapsular plexus 
from which short cortical arteries give rise to an extensive network 
of sinusoidal capillaries in the interstices among clusters of cells. 
The venous drainage of the gland is usually into a single large supra-
renal (central) vein on the right, which tends to be short and drains 
directly into the inferior vena cava on its posterior aspect. Control 
of this vessel can be hazardous. On the left side, the suprarenal vein 
is longer and is usually joined by the inferior phrenic vein, often de-
scribed surgically as the accessory adrenal vein, before draining to-
gether into the left renal vein. The lymphatic drainage of the adrenal 
is irregular and profuse and ends in the lateral aortic lymph nodes 
and in the para- aortic nodes near the crus of the diaphragm and the 
origin of the renal artery. Given the absence of a defined lymphatic 
pathway radical surgical lymphadenectomy is of unproven value in 
adrenal malignancy. Some lymphatic vessels pierce the diaphragm 
and drain towards the thoracic duct or the posterior mediastinum, 
which explains the development of distant and early metastases of 
cortical malignant tumours.

Indications for Adrenal Surgery

Adrenalectomy is indicated for clinically significant functional 
tumours of the adrenal medulla or cortex and/ or the presence of 
suspected or established primary or solitary secondary malignant 
tumours.

Of the functional tumours, phaeochromocytoma represents the 
commonest indication for adrenalectomy among surgeons sub-
mitting data to the British Association of Endocrine and Thyroid 
Surgery national registry, but with the growing diagnosis of pri-
mary hyperaldosteronism this may change in time. However, de-
partment of health Hospital Episode Statistics (HES) data for 
England suggests that surgery for apparently non- functioning 
adrenal tumours is particularly common among lower volume 
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surgeons. Bilateral adrenalectomy for familial cases with bilateral 
phaeochromocytomas tumours is uncommon (22 of 446 cases re-
corded on the BAETS database) and the cortex sparing or subtotal 
adrenalectomy is an option in such cases. Extra- adrenal chromaffin 
tumours (paragangliomas) represent approximately 10% of cases 
and may be treated in a similar fashion although their risk of malig-
nancy is considerably higher than in adrenal phaeochromocytomas.

Cushing’s syndrome or ACTH- independent hypercortisolism 
accounts for approximately 1 in 6 patients with endogenous 
hypercortisolism. Most patients with adrenal Cushing’s syndrome 
have an underlying benign adrenocortical adenoma but the presence 
of mixed steroid secretion and combination with androgenization 

or feminization increase the index of suspicion for a functional 
adrenocortical carcinoma. Bilateral adrenalectomy is sometimes 
also considered in ACTH- independent hypercortisolism in patients 
with bilateral nodular hyperplasia or primary pigmented nodular 
adrenal disease (Figure 5.2.4). The role of surgery in patients with 
subclinical Cushing’s syndrome is unclear and the current sub-
ject of a multicentre pan- European randomized controlled trial. 
The only randomized controlled trial (RCT) published to date was 
from a single centre and included only 45 patients recruited over a 
decade [4] . These results suggested that adrenalectomy resulted in 
significant improvement, not only of biochemical parameters, but 
also associated medical conditions such as diabetes, hypertension, 

(a)

(b)

(c)

(d)

Figure 5.2.1 Macroscopic appearance of the adrenal gland.
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hyperlipidaemia, and obesity, which was supported by a systematic 
review [5] and a recent meta- analysis [6], albeit based on low- to- 
moderate quality evidence.

Cushing disease or ACTH- dependent hypercortisolism sec-
ondary to unsuccessfully treated pituitary tumours or paraneo-
plastic ectopic ACTH secretion may also require a bilateral 
adrenalectomy, especially when severe and when alternative treat-
ment options have been attempted. The results of pituitary surgery 
have improved with centralization but medium- term recurrence 
remains a problem after trans- sphenoidal pituitary surgery even 
in the best hands [7, 8]. In both Cushing’s syndrome and bilateral 
adrenalectomy for Cushing’s disease, the hypercortisolaemia needs 
to be controlled for a prolonged preoperative period of at least one 
month to minimize the deleterious effects of excess glucocorticoids 
on perioperative morbidity. This can be achieved with metyrapone 
or ketoconazole. These patients also require steroid hormone re-
placement postoperatively since a cortisol secreting adrenal ad-
enoma causes profound suppression of contralateral adrenal cortical 
activity as a result of inhibition of ACTH secretion, which may take 
up to 1 year to recover. The arrival of minimal access adrenal sur-
gery has reduced the need for high perioperative steroid doses with 
physiological hydrocortisone replacement at 10/ 5/ 5 mg daily usually 
achieved within days. Patients that have undergone bilateral adrenal 
surgery require hydrocortisone as well as fludrocortisone for life.

Primary hyperaldosteronism is an increasingly frequent indi-
cation for adrenal surgery because of the realization that up to 10% 
of hypertensive patients may have primary hyperaldosteronism. 
Of these, up to 60% of have unilateral or dominant unilateral al-
dosterone hypersecretion that may benefit from adrenal surgery. 
Confirmation of lateralization still requires selective adrenal vein 
sampling (AVS) in all patients except younger patients with a clear 
adrenal adenoma. However, AVS requires interventional radio-
logical skills that are not universally available; therefore, a reliable 
noninvasive lateralization imaging method would be welcome. It 
is hoped that the advent of 11C- metomidate PET- CT or other mo-
dalities may fill this gap in the coming years, thus allowing more 
patients to benefit from intervention [9] . If patients are appropri-
ately diagnosed with unilateral disease, 90% will benefit from the re-
moval of the disease- causing adrenal, with as many as 50% coming 
off all hypertensive medication. The patients most likely to benefit 
are young and with a short history of hypertension and/ or hypokal-
aemia. Another 40% achieve a reduction in their antihypertensive 
burden and lose the need for potassium supplements if present 
preoperatively [10].

Adrenal metastasectomy currently accounts for approximately 
one- tenth of the almost 800 adrenalectomies performed in England 
each year. Previously the presence of metastasis was treated as 
a terminal event but adrenal surgery is now considered a part of 
multimodality treatment in several malignancies. Lung cancer, 
colon cancer, renal cancer, melanoma are the most common causes 
of solitary adrenal metastases considered for surgery. Adrenal me-
tastases should also be considered in the radiologically identified 
asymptomatic and non- functioning adrenal lesions in patients 
with a previous history of malignancy. Indeed, patients with a 
known history of cancer have a 50% chance of an incidentally dis-
covered adrenal lesion being a metastasis, especially when the ma-
lignancy was recently diagnosed. The benefits of a solitary adrenal 
metastasectomy are contested and, therefore, decisions should be 
individualized in the context of risk- benefit analysis, especially if an 
R0 resection is unlikely [11].

A special category is represented by the unfortunately named ad-
renal ‘incidentaloma’. Few diseases have been defined and named 
by their modality of discovery. Adrenal incidentaloma describes a 
clinically non- functioning adrenal lesion detected incidentally on 
imaging performed for reasons other than suspected adrenal dis-
ease. These lesions are usually solid and less frequently cystic and 

Figure 5.2.2 Anatomical view during a right laparoscopic 
adrenalectomy.

(a) (b)

Figure 5.2.3 Anatomical view during a left retroperitoneoscopic adrenalectomy.
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the vast majority are benign. Computed tomography can usually aid 
in the definition of these lesions as benign, especially when of low 
density, indicating a high fat content, or the less frequent but more 
challenging radiological diagnosis of ganglioneuroma. Once iden-
tified, adrenal masses require pragmatic management with a func-
tional endocrinological assessment. Functional adrenal adenomas 
are treated like any other functional adenoma. Most adenomas 
discovered incidentally are non- functioning and their subsequent 
management depends on their malignancy risk, with surgery con-
sidered only when the balance of risk and benefit shifts towards 
the risk of missing a malignancy. Data based on removed tumours 
demonstrates that the size of an adrenal growth appears to correlate 
with the risk of malignancy— less than 2% in lesions smaller than 
4 cm in size but a significant climb in risk as the diameter increases 
[12]. Surgery is indicated for indeterminate lesions larger than 
4 cm in size, but improvements in imaging may desirably reduce 
the amount of diagnostic adrenal surgery. Low density (less than 10 
Hounsfield units on unenhanced CT) and well- defined MRI lesions 
are likely to be benign. A negative FDG PET scan may also permit 
a conservative approach, especially when used in combination with 
conventional imaging, and can allow patient discharge. The role of 
a multidisciplinary team (MDT) discussion to avoid overtreatment 
in such patients cannot be overemphasized.

Adrenal tumours presenting at a young age, those with rapid 
enlargement at any age and/ or a picture of mixed hormonal secre-
tion with virilizing or feminizing features represent those with the 
highest risk of being malignant. Surgery is the mainstay of treat-
ment and the only potential cure for adrenocortical cancer (ACC). 
Even with optimal care, ACC has a dismal prognosis and an overall 
5- year survival of less than 30%. Locally advanced tumours re-
quire an en- bloc compartmental resection that mandates an open 
adrenalectomy approach (Figure 5.2.5). The complex perioperative 
decisions necessary for such patients have recently been reviewed in 
guidelines written by a collaboration between the European Society 
of Endocrine Surgeons (ESES) and European Network for the Study 

of Adrenal Tumours (ENSAT) [13]. Surgery may be considered in 
patients with locally advanced or recurrent tumours as resection 
may improve control of hormonal symptoms; however, recurrence 
within 12  months of primary surgery usually indicates a rapidly 
growing tumour that might suggest consideration of medical rather 
than surgical options. Non- surgical options such as radiofrequency 
ablation for local recurrence have been used with success [14] and 
may also be considered.

Minimal access adrenalectomy, whether laparoscopic or 
retroperitoneoscopic, is now the gold standard for benign tumours 
so long as tumour size does not affect the technical feasibility for a 
safe resection. There is no universally accepted maximum size since 
this will depend on the patient body size and habitus, the perceived 
malignancy risk, and the experience of the operating surgeon. The 
gold standard of open adrenalectomy for malignant adrenal tumours 
has in recent years been challenged in smaller tumours without local 
invasion where malignancy is suspected but not certain. The same 
applies to adrenal metastases from primaries elsewhere.

Surgical Preparation

In addition to the specific preparation described earlier, all pa-
tients undergoing adrenalectomy require a thorough preoperative 
clinical assessment to determine comorbidities that may need op-
timization prior to surgery. Hypertension is common in all adrenal 
hyperfunction syndromes and diabetes and ischaemic heart disease 
are frequent sequelae of long- standing cortisol excess. A full blood 
count, renal and liver function tests, clotting screen, and blood 
grouping are performed. For patients with large tumours/ phaeo-
chromocytoma, critical care facilities, while not always required, 
should be available. Patients with cortisol excess tend to have vis-
ceral obesity and have skin and musculoskeletal fragility such that 
special care is required to avoid soft tissue injury pre- , intra-  and 
postoperatively. Single dose antibiotic prophylaxis and prophylaxis 
against venous thromboembolism with low molecular weight hep-
arin (especially in patients with hypercortisolism) is given unless 
specifically contraindicated.

Figure 5.2.4 Bilateral pigmented micronodular hyperplasia.

Figure 5.2.5 Large ACC resected with spleen, kidney, tail of pancreas.
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Particular emphasis is placed on the perioperative care of phaeo-
chromocytoma patients that require pharmacological controlled 
vasodilatation with restoration of blood volume with oral fluid intake. 
In the United Kingdom, this is most typically achieved with a non- 
competitive α- blocker such as phenoxybenzamine, with a β- blocker 
such as propranolol to control the tachycardia that may follow. 
Alternatives include a selective α1- blocker such as doxazosin to re-
duce the side effects such as nasal stuffiness, postural hypotension, 
and somnolence that may occur with phenoxybenzamine. Calcium 
channel blockade is another alternative that is widely used in main-
land Europe. Whichever pharmacological approach is adopted, pre-
operative hospital admission for at least 24 hours prior to surgery to 
optimize blockade is preferable. Ideally patients can achieve a sys-
tolic blood pressure of ≤120 mmHg with a postural drop without a 
postural tachycardia. Despite optimal blockade some intraoperative 
cardiovascular instability is commonplace and requires expert anaes-
thesia. Postoperatively, close observation is also required since post-
operative hypotension requiring treatment beyond i.v. fluids may be 
required. This should not continue beyond several hours and ongoing 
hypotension in an ideally prepared patient necessitates the investiga-
tion for other causes of the hypotension. Postoperative hypertension 
is rarer still, and may suggest undetected bilateral or extra- adrenal 
disease. Hypoglycaemia may occasionally occur in diabetics, as a re-
sult of the withdrawal of the anti- insulin effects of catecholamines.

The process of informed consent of patients undergoing adrenal 
surgery requires careful explanation so that the patient is fully aware 
of indications, benefits, consequences, and risks of surgery quanti-
fied based on the surgeon’s personal practice. A clear explanation of 
the alternatives to surgery where present is mandatory.

Surgical techniques

open Anterior Approach

Minimal access approaches— laparoscopic and retroperitoneo-  
scopic— to the adrenal are now the gold standard approach so a 
direct adoption of an open approach is reserved for those cases 
where minimal access surgery is inappropriate. Currently open 
adrenalectomy is reserved for tumours that are technically too large 
to remove safely via minimal access approaches and those with 
characteristics suggestive of ACC. There is no absolute size criterion 
for the technical limitation of a laparoscopic approach since this will 
depend also on the size of the patient, the consistence of the tumour 
and the experience of the surgeon.

The open transperitoneal approach invariably involves a long in-
cision that may be a curved transverse incision (‘roof top’) or unilat-
eral subcostal incision extended to the flank. Other options include 
a vertical usually midline incision.

Left adrenalectomy for large left adrenal tumours requires mo-
bilization of parietal peritoneum lateral to the left colon, continued 
upward, dividing the splenorenal ligament up to the diaphragm 
to allow the medial rotation of the spleen, tail of the pancreas and 
colonic flexure (Figure 5.2.5). Alternative potential routes to con-
sider are through the gastrocolic omentum, opening the lesser sac 
(without injury of the gastroepiploic arcade) or through the left 
mesocolon but these are options in smaller tumours only.

Right adrenalectomy requires the mobilization of the hepatic 
flexure of the colon and the right lobe of the liver is carefully re-
tracted upward and rotated medially. This is achieved via division 
of the falciform ligament and the right triangular ligaments. The 
duodenum is mobilized in its second portion (Kocher’s man-
oeuvre) by incision on its lateral avascular peritoneal reflection, 
allowing exposure of the inferior vena cava, the right adrenal 
gland, and the upper pole of the right kidney. The critical step is 
the clamping of the right adrenal vein because it is short, leaves 
the gland on its anterior aspect, and enters the vena cava on its 
posterior surface.

Complex multidisciplinary operations. Malignant tumours 
invading the IVC (Figure 5.2.6) create operative challenges that are 
beyond the scope of this chapter. There is concern that such patients 
could be labelled as inoperable in centres where there has been no 
previous experience with such operations and where a collaboration 
with cardiac or liver surgeons is not feasible.

Laparoscopic transperitoneal Adrenalectomy

Right laparoscopic adrenalectomy is achieved in the same way 
as an open adrenalectomy but via four ports of 10 mm and 5 mm 
under the right rib cage. The hepatic mobilization is performed in 
the same way, but without the need for the division of the falciform 
ligament. The peritoneum is divided under the liver edge— the 
right coronary ligament— and along the inferior vena cava (IVC). 
A ‘groove’ is created between the IVC and the adrenal gland, which 
is mobilized laterally (Figure 5.2.2). In this groove, the right adrenal 
vein can be identified, clipped, and divided. The lower border of the 
adrenal gland is dissected off the renal pole.

Left laparoscopic adrenalectomy is performed usually with 
three ports inserted below the left rib cage. The descending colon 
is mobilized by dividing the peritoneal reflection and identifying 
the plane in front of the Gerota’s fascia. This plane facilitates mo-
bilization of the splenic flexure and the division of the spleno- colic 
ligament. The spleen is mobilized by dividing the lateral peritoneal 
reflection with care shown to avoid injury to the diaphragm or the 
short gastric vessels, which can be encountered at the superior pole 
of the spleen. Gerota’s fascia is incised vertically and the dissection 
aims to create a ‘groove’ with the spleen and the tail of the pan-
creas medially and with the adrenal and the perinephric fat laterally. 
A small left adrenal gland might not become apparent until the pos-
terior aspect of the kidney is demonstrated.

Retroperitoneoscopic Adrenalectomy

This technique allows direct access to the adrenal gland via the 
retroperitoneum. The patient is placed in a prone position with hip 
flexion. Three ports are inserted using the twelfth rib as a landmark. 
A space is created using high- pressure insufflation of 20 mmHg (or 
more). The upper pole of the kidney is identified, and the anterior 
aspect of the kidney is mobilized. On the left the dissection continues 
towards the left renal vein to allow the identification of the left ad-
renal vein and from this landmark the dissection continues upwards 
to mobilize the entire adrenal gland (Figure 5.2.3). On the right the 
aim is to demonstrate the IVC and to identify the short right adrenal 
vein. Retroperitoneoscopic adrenalectomy unquestionably presents 
a challenging learning curve due to the need to familiarize with 
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anatomical relationships and landmarks seen from another perspec-
tive due to the approach from the posterior abdominal wall.

Summary

Adrenal surgery is required for the treatment for syndromes of hor-
monal excess arising from the adrenal gland and adrenal tumours or 
neoplasms with malignant potential. A multidisciplinary approach 
with protocolled perioperative planning, and an experienced sur-
geon are essential for good outcomes. Most of the controversies in 
adrenal surgery have been resolved but some areas remain contro-
versial. These include:

 • the appropriateness of laparoscopic surgery when malignancy is 
likely (but without adrenal malignancy)

 • the role of surgery in subclinical Cushing’s syndrome
 • the use of cortical sparing/ subtotal adrenalectomy
 • the role of adrenalectomy in patients with adrenal metastasis
 • the centralization of services based on the volume- outcome data

The rarity of adrenal disease, the heterogeneity of clinical conditions, 
and the multifactorial influences on outcome makes it unlikely that 
surgical decisions can be based on evidence from randomized trials. 
The best available quality data from observational series and the in-
sight and judgement of experienced endocrine surgeons and multi-
disciplinary working represents the best acceptable alternative.
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Figure 5.2.6 PET scan of patient with adrenocortical cancer extending 
to the IVC and the right atrium.
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Introduction

Adrenal incidentalomas are adrenal tumours discovered inciden-
tally on around 5% of cross- sectional imaging studies performed for 
indications unrelated to adrenal disease [1, 2]. The incidental dis-
covery of an adrenal mass has evolved into a common problem, be-
cause of the increasingly widespread use of cross- sectional imaging 
in current clinical practice. Over the last two decades, the number 
of abdominal computed tomography (CT) and magnetic reson-
ance imaging (MRI) imaging studies performed for various reasons 
quadrupled, and increasing resolution of these imaging studies al-
lows for detection of ever smaller tumours, explaining the growing 
numbers of patients with adrenal incidentaloma [3] . Any patient 
with a newly detected adrenal mass requires further evaluation to 
assess: (1) whether the adrenal mass is functioning (i.e. overprodu-
cing adrenal hormones), and (2) whether the adrenal mass is ma-
lignant or benign.

epidemiology

In autopsy series, the mean prevalence of clinically inapparent ad-
renal masses is around 2.0%, ranging from 1.0% to 8.7% [4] . This 
variability reflects different definitions and also the difficulty in 
distinguishing larger nodules within adrenal hyperplasia from dis-
tinct adrenocortical adenomas. Large radiological series reported 

a 4.4– 5.0% prevalence of adrenal tumours [1, 2]. In patients with a 
history of extra- adrenal malignancy the prevalence of adrenal tu-
mours can be as high as 50– 75%, as the adrenal gland is frequently 
targeted by metastatic spread [5, 6]. Adrenal metastases originate 
most frequently from lung cancer, kidney cancer, gastrointestinal 
cancer, melanoma, and lymphoma [7– 10].

Adrenal tumours demonstrate different pathology distribution in 
the population dependent on the patient’s age and sex. In clinical 
reports, adrenal incidentalomas show a peak incidence between 50 
and 60 years of age [4] . This pattern could merely reflect a higher 
number of diagnostic procedures in these age decades or be the 
consequence of the ageing process of the adrenal glands, which 
may lead to increased formation of cortical nodules secondary to 
vascular changes [4]. The frequency of adrenal incidentalomas is 
very low in childhood and adolescence (0.3– 0.4% of all neoplasms 
in children) [11].

While previous studies reported a higher proportion of women 
with adrenal tumours, possibly explained by a referral bias (i.e. 
more imaging studies are done in women due to higher prevalence 
of biliary disease), more recent studies describe a roughly equal 
sex distribution in patients with adrenal tumours overall, though 
higher in certain adrenal tumour subtypes (such as female pre-
dominance in patients with adrenocortical carcinoma and male 
predominance in patients with other adrenal malignancies) [1, 4, 
12, 13]. Adrenocortical adenomas are more frequent on the left side 
and can be bilateral in 14– 18% of cases, while no significant lat-
eralization is observed in pheochromocytomas, adrenocortical car-
cinomas and other benign and malignant adrenal tumours [12, 14]. 
Adrenal metastases may affect both adrenal glands in 22–42% of 
patients [8, 10,  12], however bilateral adrenal involvement is less 
frequent in patients with pheochromocytoma (8– 10%), other be-
nign tumours (10%), and almost never observed in patients with 
adrenocortical carcinomas [12, 15].

Aetiology

Aetiology of adrenal incidentalomas includes both benign and ma-
lignant lesions. However, an adrenal incidentaloma is most likely 
benign, representing an adrenal adenoma in approximately 80– 90% 
of cases (of which cortisol- secreting adenomas are seen in 1.0– 2.9% 
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and aldosterone- secreting adenomas in 1.6– 2.3%) [16,  17]. The 
frequency of pheochromocytoma is estimated to be 1.5– 23%, that 
of adrenocortical carcinoma varies from 1.2% to 11% [16,  17]. It 
is important to note that despite the fact that the majority of ad-
renal incidentalomas are adrenocortical adenomas, 40– 60% of 
adrenocortical carcinomas, pheochromocytomas, and adenomas 
with biochemically overt hormonal excess are diagnosed inciden-
tally [12,  15]. The risk of an adrenal incidentaloma being an ad-
renal cancer is proportional to tumour size, especially in patients 
with adrenocortical lesions, as most adrenocortical carcinomas are 
larger than 4– 6 cm (median size 10 cm), while most adrenocortical 
adenomas are smaller than 4 cm (median size of 1– 3 cm) [2, 12, 
14, 17, 18]. Other benign causes of adrenal incidentaloma are ad-
renal cysts, ganglioneuromas, myelolipomas, haematomas, while 
malignant causes include metastases of other malignancies, sar-
comas, and primary adrenal lymphomas. Certain genetic syn-
dromes predispose to an increased likelihood of developing an 
adrenal mass. Pheochromocytomas are common in patients with 
multiple endocrine neoplasia type 2, Von Hippel Lindau syndrome, 
Neurofibromatosis type 1, and Succinate dehydrogenase mutations 
[15, 19, 20] (see Chapter 5.5.1). Moreover, adrenal lesions are found 
in inherited endocrine cancer syndromes (McCune– Albright syn-
drome, multiple endocrine neoplasia type 1), and in suboptimally 
controlled congenital adrenal hyperplasia.

In a multi- institutional, retrospective survey performed in Italy 
including 1004 patients, of whom 380 underwent surgery, the most 
frequent pathological diagnoses were adrenocortical adenoma 
(52%), adrenocortical carcinoma (12%), phaeochromocytoma 
(11%), and myelolipoma (8%) (6). However, in more recent cohorts, 
lower prevalence of malignancy and pheochromocytoma was noted 
[12, 21] (Figure 5.3.1). Distribution of adrenal pathologies differs 
based on tumour size. For example, in a large retrospective single 
centre consecutive series of 705 patients with large adrenal tumours 
(>4 cm), 31% were malignant tumours (ACC— 18%, other malig-
nant tumours— 13%), 22% pheochromocytomas, and 47% benign 
adrenal tumours [12].

Differential Diagnosis

The differential diagnosis of adrenal masses should take several key 
factors in consideration, including demographics, mode of discovery, 

clinical, and biochemical presentation, presence of any genetic pre-
disposition syndrome, as well as imaging characteristics (Table 
5.3.2). While prevalence of adrenal tumours in children is <0.5% 
[11, 17], risk of malignancy is high, with up to 60– 80% represented by 
adrenocortical carcinomas [11]. Overall, adrenocortical carcinoma 
represents 1.3% of all malignancies in patients younger than 20 years 
of age [4] . Adrenal tumours discovered incidentally are less likely to be 
malignant or hormonally active in comparison to patients presenting 
with symptoms suggestive of hormone excess or undergoing imaging 
for the purposes of cancer staging [2, 8, 12]. However, malignant tu-
mours and pheochromocytomas are not infrequently discovered in-
cidentally, as was reported in 42– 54% of large tumours, reflecting the 
non- specific of symptoms and/ or subclinical presentation of adrenal 
hormonal excess [12]. See Table 5.3.1 and Figure 5.3.2.

Risk of malignancy increases with the size of the adrenal mass 
[12, 22– 24]. In a multicentre study of 1096 patient with inciden-
tally discovered adrenal tumours, sensitivity of tumour size cut- off 
of >4 cm to diagnose adrenocortical carcinoma was 93%, though 
specificity was only 42%. A higher cut- off of 6 cm improved spe-
cificity to 71– 73%, but at a cost of lower sensitivity of 61– 74% 
[12, 24]. In a large retrospective cohort of patient with adrenal tu-
mours >4  cm, prevalence of malignancy was reported to be 31% 
(18% adrenocortical carcinoma and 13% other malignant tu-
mours). Similarly, 20% of patients with adrenal tumours >4 cm were 
found to have adrenocortical carcinomas in a prospective cohort of 
patients [21].

Radiological Assessment

In addition to tumour size, imaging characteristics are helpful in 
diagnosis of adrenal malignancy. Unenhanced CT is the most com-
monly used in evaluation of adrenal tumours. Unenhanced at-
tenuation values of less than 10 Hounsfield Units (HU) indicates 
a lipid- rich benign adrenocortical adenoma, while HU values 
>10HU, and especially >20HU are suspicious of malignancy. HU 
values can only be determined in homogeneous tumours, thus, het-
erogeneous tumour appearance on CT also has to be considered 
suspicious. CT washout studies do not have a sufficient evidence 
base for reliable use in clinical practice, as demonstrated in a re-
cent meta- analysis [13]. MRI also evaluates tumour fat content, 
similarly to CT, where the loss of signal intensity between in- phase 
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Figure 5.3.1 Distribution of diagnoses among patients with adrenal tumours.
(Adapted from [2, 12, 16, 17, 21, 22]).
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and out- of- phase T2- weighted sequences (chemical shift ana-
lysis; also see Chapter  5.1) indicates a lipid- rich adrenal tumour. 
If an adrenal mass is considered indeterminate on CT or MRI, 
Fluorodeoxyglucose positron emission tomography (FDG- PET) 
can be considered in patients with and without a history of extra- 
adrenal malignancy. FDG- PET/ CT offers superior specificity (84% 
for an adrenal- liver- ratio (ALR) >1.8 of the maximum standard-
ized uptake value, SUVmax) for diagnosis of malignant adrenal 
mass [25– 27]; however, at present, this is based on limited data. 

Additional imaging features such as irregular borders, heterogen-
eity of the adrenal mass, signs of local invasion, or evidence of rapid 
growth indicate underlying adrenal malignancy. See Table 5.3.3.

Adrenal Biopsy

Guidelines on the management of adrenal incidentalomas devel-
oped by the European Society of Endocrinology (ESE) and the 

table 5.3.1 Key points on the differential diagnosis of adrenal incidentalomas: consider history, demographics, clinical presentation, 
adrenal mass imaging phenotype, and any presence of genetic predisposition syndromes

•  History of extra- adrenal malignancy/ active extra- adrenal malignancy → higher likelihood of adrenal metastasis

• Genetic syndromes →  higher likelihood of pheochromocytoma (e.g. VHL, NF- 1, MEN, SDH) or 
adrenocortical carcinoma (e.g. TP53, Lynch syndrome)

• Young age →  higher likelihood of adrenocortical carcinoma

• Signs and symptoms of adrenal hormonal excess →  adrenocortical adenoma, carcinoma, or pheochromocytoma, based on type 
of hormonal excess

• Bilateral adrenal masses →  higher likelihood of bilateral metastases, bilateral adrenocortical adenomas, 
macronodular hyperplasia, or bilateral pheochromocytomas

→ extremely unlikely to be adrenocortical carcinoma

• Large tumour size (>4– 6 cm) →  higher likelihood of adrenocortical carcinoma, sarcoma, lymphoma, 
pheochromocytoma, as well as other benign tumours, such as myelolipomas

•  Imaging characteristics: unenhanced CT attenuation <10 HU, or  
present chemical shift on MRI

→  extremely unlikely to be pheochromocytoma, adrenocortical carcinoma or 
any kind of malignancy, very likely to be lipid- rich adenoma or myelolipoma,

• Imaging characteristics: unenhanced CT attenuation 10– 20 HU →  low likelihood of malignancy and pheochromocytoma, likely a cortical adenoma

•  Imaging characteristics: unenhanced CT attenuation >20 HU or absent 
chemical shift on MRI

→  higher likelihood of pheochromocytoma, adrenocortical carcinoma or other 
malignancy

Imaging characteristics
• Maximum tumour diameter (4 cm cut-off of suspicion)
• Unenhanced CT with measurement of attenuation in tumour are (HU)
• Alternatively, MRI with chemical shift analysis; (rarely) FDG-PET
• Tumor/growth (if at least 2 imaging studies)

‘Benign’ imaging characteristics
• Unenhanced CT HU <10
• Presence of MRI chemical shift
• FDG-PET Adrenal-Liver-Ratio of signal
• uptake value (SUV) <1.3
• No tumour growth

• Differential diagnosis include lipid rich
   adenoma or other benign mass
   (commonly adrenal myelolipoma)
→ Usually no further management is
required

• Consider serum or urine steroid
   precursor profiling: abnormal in ACC
• Consider adrenal biopsy (if ACC is
   unlikely and pheochromocytoma
   biochemically excluded)
• Consider adrenalectomy

• Lipid poor adenoma (small size, no
   growth)
• Other benign adrenal masses (most
   commonly adrenal ganglioneuroma,
   schwannoma, cysts)

• ACC, sarcoma, primary adrenal
   lymphoma other malignant adrenal
   mass (large unilateral mass)
• Adrenal metastasis (history of extra-
   adrenal malignancy, bilateral
   involvement)

• Unenhanced CT HU>10 (commonly >20)
• Absence of MRI chemical shift
• FDG-PET Adrenal-Liver-Ratio of signal
   uptake value (SUV) > 1.5
• Rapid tumour growth

• Cortisol, aldosterone, or androgen excess
• Catecholamine excess

• Differential diagnosis include lipid
   poor adenoma, pheochromycytoma,
   or ACC → further management
   according to endocrine evaluation
   (frequently adrenalectomy)

No YesIndeterminate adrenal mass on imaging

Adrenal mass

Adrenal hormone excess?

Differential diagnosis includes:

Figure 5.3.2 CT images of (a) adrenocortical carcinoma, (b) phaeochromocytoma, and (c) metastases from extra- adrenal cancer.
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European Network for the Study of Adrenal Tumors (ENSAT) in 
2016 recommend adrenal biopsy only for patients with an inde-
terminate adrenal mass and a high suspicion for metastasis, infec-
tion, or another infiltrative process [16, 28]. The adrenal glands are 
common sites of metastases, mainly from lung, kidney, gastrointes-
tinal, breast cancers, but also lymphomas and melanomas [10, 29]. 
While only 2– 13% of adrenal incidentalomas represent metastases, 
the risk is 28– 75% when patients have a history of and/ or active 
extra- adrenal malignancy [5, 6, 12, 30– 32]. In situations where an 
adrenal mass remains indeterminate after initial imaging, adrenal 
biopsy can be rarely considered for diagnostic purposes, especially 
in patients at high risk for metastatic disease [13, 33] (i.e. patients 
who underwent imaging as part of cancer staging or follow- up 
monitoring).

Adrenal biopsy is an invasive procedure with a 5% non- diagnostic 
rate. In addition, it is important to consider the risk of adrenal bi-
opsy complications that was reported in 0 to 13%, likely dependent 
on location, technique, and experience [7– 9, 34].

It is mandatory to exclude pheochromocytoma before proceeding 
with adrenal biopsy, even in the presence of extra- adrenal malig-
nancy. Pheochromocytomas present with indeterminate imaging 
characteristics, similar to malignant adrenal tumours [23, 35, 36] 
and can present incidentally, without symptoms suggestive of cat-
echolamine excess [15, 37]. Biopsy of pheochromocytoma may lead 
to hypertensive crisis, haemorrhage, and even death [37–40].

Guidelines do not recommend adrenal biopsy for suspected 
adrenocortical carcinoma in a patient with a unilateral, large adrenal 
mass, especially when evidence of adrenal hyperfunction is present. 

There are several reasons for this recommendation, including sub-
optimal diagnostic performance in adrenocortical tumours (with 
pathologists often struggling to make a diagnosis of ACC on the 
whole tumour specimen) and risk of the needle track tumour dis-
semination [15, 33, 41– 44]. Biopsy performs best in confirming  
metastasis of an extra- adrenal tumour, in particular if histology of 
the primary is available.

Hormonal Assessment

Around 15% of adrenal tumours present with adrenal hormone 
excess including clinically pheochromocytoma, overt Cushing 
syndrome, primary hyperaldosteronism and, uncommonly, ad-
renal androgen excess [4,  24]. Every patient with adrenal mass 
should undergo clinical and biochemical assessment for adrenal 
hormone excess (Table 5.3.4). Independent of clinical presenta-
tion, work- up should include diagnostic tests for Cushing syn-
drome and pheochromocytoma, while work- up for primary 
hyperaldosteronism should be performed in all patients with 
hypertension, whether hypokalaemia is present or not. In add-
ition, presentation with hirsutism or virilization in a woman 
with adrenal mass is suspicious for adrenocortical carcinoma, 
and should prompt work- up for androgen excess. In very rare 
instances, isolated adrenal androgen excess can be seen in the 
context of a benign adrenal adenoma, but in most cases an 
adrenocortical carcinoma is the root cause, which can be taken 
as proven if androgen excess is combined with overproduction 
of other steroid hormones, such as cortisol, or also aldosterone 
or oestradiol.table 5.3.3 Diagnostic accuracy of commonly employed adrenal 

imaging studies

Diagnostic test Sensitivity Specificity

Tumour size >4 cm 80– 93% 34– 61%

Tumour size >6 cm 61– 74% 71– 73%

Unenhanced CT (HU >10) 93– 100% 33– 72%

Unenhanced CT (HU >20) 96– 98% 64– 70%

MRI, loss of signal intensity 86– 99% 85– 93%

PET ALR (adrenal to liver ratio) SUV max 87– 100% 84– 96%

PET SUV max 87– 93% 69– 73%

(Adapted from [7, 12, 13, 16, 26]).

table 5.3.4 Initial work- up for adrenal hormone excess

Type of hormone excess Initial diagnostic work- up

Cortisol excess (Cushing 
syndrome or MACS)

1 mg dexamethasone suppression test, 
consider 24 h urine cortisol, plasma 
ACTH, midnight serum, or salivary cortisol

Primary aldosteronism (in 
patients with hypertension)

Paired plasma renin and plasma 
aldosterone, serum potassium

Catecholamine excess Plasma or 24 h urine metanephrines

Androgen excess (in patients with 
hirsutism or virilization)

Serum DHEAS, androstenedione, 
testosterone

table 5.3.2 Differential diagnosis of adrenal tumours

Adrenocortical 
adenoma

Other benign  
tumour

Pheochromocytoma Adrenocortical 
carcinoma

Other malignant 
tumours

Age, median, years 50– 60 Wide spectrum Wide spectrum 40– 50 60– 70

Women, % 50– 60% 50% 50% 65% 35%

Genetic predisposition syndrome Very rare Very rare Up to 40% Rare Very rare

Incidental mode of discovery 85% 90% 50– 60% 40% 20– 50%

Tumour size Usually <4 cm Wide spectrum Usually >4 cm Usually >6 cm Wide spectrum

Unenhanced attenuation Most <20 HU Most <20 HU >20 HU >20 HU >20 HU

Bilateral 15– 20% 10% 10% <1% 20– 42%

Hormone excess 10– 50% 0% >95% 50% 0%

(Adapted from [7, 8, 10, 11, 12, 15–17, 23–25]).
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Steroid profiling has recently emerged as a promising tool for dif-
ferential diagnosis of adrenocortical carcinoma [21, 45]. In a proof- of- 
concept study published in 2011, authors reported on urinary steroid 
profiling by gas chromatography- mass spectrometry (GC- MS) com-
bined with computational data analysis utilizing a machine learning- 
based approach [46]. This study revealed a distinct steroid pattern 
that diagnosed an adrenocortical carcinoma with 90% sensitivity and 
specificity. The three most informative steroid metabolites included 
the glucocorticoid precursor metabolite tetrahydro- 11- deoxycortisol 
(THS) derived from 11- deoxycortisol, as well as pregnanediol (5- 
PD) and pregnanetriol (5- PT), derived from pregnenolone and 17- 
hydroxypregnenolone, respectively. Recently, a large prospective 
international multicentre test validation study (EURINE-ACT) 
carried out within the European Network for the Study of Adrenal 
Tumours (ENSAT) has been successfully completed and demon-
strated that urine steroid metabolomics has superior accuracy to 
commonly used imaging tests in the detection of adrenocortical car-
cinoma [45]. Once introduced into clinical practice, steroid profiling 
will allow a noninvasive diagnosis of adrenocortical carcinoma in pa-
tients with indeterminate adrenal masses.

Mild Autonomous cortisol Secretion (Previously 
Known as Subclinical cushing’s Syndrome)

Mild autonomous cortisol secretion (MACS, or also mild autono-
mous cortisol excess, MACE) is a syndrome characterized by a 
spectrum of hypothalamic- pituitary- adrenal axis abnormalities in 
a patient with adrenal mass presenting without clinically overt fea-
tures of Cushing’s syndrome [16]. The diagnosis of MACS repre-
sents a challenge due to limitations of the currently used diagnostic 
tests, differences in the definitions, and unclear clinical implications 
of MACS. Multiple definitions have been proposed for diagnosis 
of MACS [47]. These include dexamethasone suppression tests, 
24 h urine cortisol measurements, midnight salivary and serum 
cortisol measurements, morning and afternoon cortisol meas-
urements to assess cortisol secretory circadian rhythm, measure-
ments of adrenocorticotrophic hormone (ACTH) (corticotropin), 
and dehydroepiandrosterone sulphate (DHEAS). The recent ESE- 
ENSAT guidelines on the management of adrenal incidentalomas 
suggested using the 1  mg overnight dexamethasone suppression 
test as a first step, with ‘possible’ MACS diagnosed when post- 
dexamethasone serum cortisol is >50  nmol/ L and ‘confirmed’ 
MACS if cortisol is >140 nmol/ L [16], in the absence of clinically 
overt signs of Cushing’s syndrome. Guidelines further suggest that 
low or suppressed plasma ACTH and DHEAS concentrations can 
help confirm MACS [16, 48].

The reported prevalence of MACS among patients with adrenal 
incidentaloma ranges from 5–50% [16, 17, 49, 50]. This heterogen-
eity is explained, at least in part, by the different work- up protocols 
and variable criteria used to define MACS as well as in different in-
clusion criteria and probably referral bias of the reported series [7] .

MACS very rarely progresses towards overt Cushing syndrome, 
however, patients with MACS present with increased prevalence of 
cardiovascular comorbidities, cardiovascular events, osteopaenia, 
osteoporosis, and fractures, as well as increased mortality [16, 25, 
47, 51–57]. Rates of hypertension, prediabetes, or diabetes mellitus 
type 2, dyslipidaemia, obesity, and fractures have been reported 

to be higher than in controls or patients with non- functioning 
adrenal tumours [24, 47,  58]. Limited data on the effectiveness 
of adrenalectomy suggests that this leads to improvement of car-
diovascular risk factors and decrease in fractures in patients with 
MACS, especially when the degree of cortisol abnormality is higher 
[25, 48, 57]. However, identifying patients most likely to benefit is 
still challenging and many patients with MACS are age- advanced 
and have multiple comorbidities, which increases the potential risk 
of surgery. At present, approach to patients with MACS remains 
both a diagnostic and management challenge. Diagnostic criteria 
for MACS are summarized in Box 5.3.1, and the major areas of un-
certainty are summarized in Box 5.3.2.

natural History and Management

Management of adrenal incidentaloma is a complex decision- 
making process, which involves considering a range of possible 
diagnoses as opposed to respective natural history, and weighing 
the risks and benefits of interventions in light of the patient’s age 
and the tumour size and imaging characteristics. Surgery is the ap-
propriate therapeutic measure for ACC, pheochromocytoma, and 
other functional adrenal tumours causing overt glucocorticoid, 
mineralocorticoid, or adrenal sex hormone excess; treatment of me-
tastasis depends on individual clinical circumstances and the nature 
of the primary extra- adrenal cancer.

The available follow- up data of patients with clinically inapparent 
adrenal mass suggests that the large majority of adrenal lesions clas-
sified as benign at diagnosis remain stable over time [16, 24, 25]. 
The risk of malignant transformation at long- term follow- up is 
very low, estimated at 0 to <1:1000 incidentalomas [16, 24,  25]. 
Tumour growth or decrease in size over time may occur in benign 
tumours (around 5%) [4, 16, 24, 25]. Guidelines for management 
of adrenal incidentaloma suggest against imaging follow- up for 
adrenal tumours <4 cm and clear benign imaging characteristics, 
while in patient with an indeterminate adrenal mass, options in-
clude (1)  adrenalectomy or (2)  either another imaging by a dif-
ferent modality or repeat imaging after 6– 12 months [16]. Similarly, 
guidelines recommend against repeated hormonal work- up in pa-
tients with normal initial evaluation unless new signs suggestive 

Box 5.3.1 Diagnostic criteria for MACS

 1 Incidentally discovered adrenocortical adenoma
 2 Lack of features suggestive of overt Cushing syndrome (moon facies, 

proximal myopathy, striae, abdominal fat redistribution)
 3 Abnormal cortisol after 1 mg overnight dexamethasone suppression 

test (>50 nmol/ L), low ACTH, and DHEAS

Box 5.3.2 Unsolved issues with subclinical Cushing’s syndrome

 • Individualized diagnostic criteria to diagnose clinically 
relevant MACS?

 • Identification of patients at risk of developing comorbidities related 
to MACS?

 • Identification of patients with MACS to benefit from adrenalectomy 
prior to development of MACS- related comorbidities
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of adrenal hormonal excess develop [16]. Management of patients 
with MACS requires an individual approach based on the degree 
of hypercortisolism and presence of comorbidities, with options 
including adrenalectomy or annual clinical reassessment for cor-
tisol excess [16], with medical strategies for reducing cortisol excess 
currently undergoing evaluation by research studies.
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essential Information

Adrenocortical cancer (ACC) is a rare tumour with an overall poor 
prognosis, with a 5- year survival rate lower than 35% in most series. 
By contrast, adrenocortical tumours (especially non- hypersecreting 
benign adenomas) are frequent, emphasizing the importance of a 
correct diagnosis of malignancy in incidentally discovered adrenal 
masses. Recent advances in the molecular genetics of adrenal tu-
mours demonstrate the importance of genomic alterations in 
ACC tumorigenesis. Integrated genomic studies identify different 
subgroups of ACC, characterized by distinct genomic alterations, 
including specific patterns of gene expression, chromosome alter-
ations, and DNA methylation profiles, as well as somatic mutations 
in p53 (TP53, CDKN2A) or ß- catenin (CTNNB1, ZNRF3) path-
ways. These genomic subgroups are remarkably associated with 
patient outcomes. Correct management of ACC requires a multi-
disciplinary specialist team. The diagnosis and extensive work- up of 
a malignant adrenocortical tumour is an important step, and relies 
on careful investigations of clinical, hormonal, and imaging fea-
tures before surgery, and precise pathological examination after tu-
mour removal. Most tumours appear steroid- secreting after careful 
hormonal investigations. Mixed steroid excess, most frequently 
the cosecretion of androgens and cortisol, is highly suggestive of 
a malignant tumour. ACC are most often large, heterogeneous tu-
mours with a low lipid content on computed tomography (CT) 
or magnetic resonance imaging (MRI). Imaging investigations 

are also important for preoperative tumour staging and follow- 
up. 18F- fluorodeoxyglucose positron emission tomography ((18)- 
FDG- PET) is increasingly used for that purpose. Stage 1 and 2 
tumours are limited to the adrenal and present a better prognosis. 
Histopathological analysis with the use of the Weiss score is im-
portant for ACC diagnosis, especially in such localized tumours. 
Ki- 67 immunostaining is useful for ACC prognostication. Stage 3 
and 4 tumours extend locally or present with distant metastases, 
mainly liver, lung, lymph nodes, and bone. These advanced tumours 
are most often associated with a poor survival. Surgery by an ex-
pert surgeon aiming at complete tumour removal and avoiding tu-
mour spillage is the best initial treatment, when achievable. In case 
of tumour recurrence or in metastasized ACC, medical therapy 
with the adrenolytic drug mitotane is used, alone or in combination 
with etoposide- doxorubicin- platinum cytotoxic chemotherapy. 
Mitotane should be considered as adjuvant therapy after complete 
removal of a tumour with a significant risk of recurrence. It is ex-
pected that a better understanding of the pathophysiology of ACC 
and the use of molecular tools for tumour classification will bene-
ficially impact patient management in the near future. Similarly, 
international efforts in therapeutic trials will help to better define 
the respective roles of the various medical therapies currently avail-
able and facilitate the development of new targeted therapies. For 
this goal; as this is often the case for aggressive rare diseases, patient 
management in coordination with expert centres and networks of 
clinical research are important drivers of progress.

Introduction

Adrenocortical cancer (ACC) is among the most aggressive endo-
crine tumours with an overall poor prognosis. Morbidity and mor-
tality can be secondary to tumour- related steroid hormone excess 
and/ or tumour growth and metastases. This potentially poor out-
come explains why the early detection of adrenocortical malignancy 
is paramount for the investigation of adrenal masses, alongside ex-
clusion of hormone excess. The diagnosis of adrenocortical car-
cinoma relies on careful investigations of clinical, endocrine, and 
imaging features before surgery, and histopathological examination 
after tumour removal. Appropriate management and follow- up by 
an expert multidisciplinary team is critical to improve prognosis 
and drive progress for this rare cancer.
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Pathogenesis and Genetics

Germline Alterations: Acc and Hereditary 
tumour Syndromes

ACC can occur in the context of several tumour susceptibility syn-
dromes (Table 5.4.1).

Historically, ACC has been first described as part of Li– Fraumeni 
syndrome in 1969 [1] , which was later linked to germline TP53 
mutations [2]. This syndrome displays dominant inheritance and 
confers susceptibility to breast cancer, soft- tissue sarcoma, brain tu-
mours, osteosarcoma, leukaemia, and ACC. Germline mutations in 
TP53 have been observed in 50– 80% of children with apparently 
sporadic ACC in North America and Europe. In Southern Brazil, 
a founder germline mutation, R337H in exon 10, is observed in al-
most all paediatric cases [3]. Germline TP53 mutations are found 
much more rarely in adult ACC (<5%).

Another historic germline alteration is observed in the imprinted 
11p15 region, carrying IGF2. This locus is altered most often 
through uniparental disomy, with loss of the maternal allele, respon-
sible for IGF2 overexpression, implicated in Beckwith– Wiedemann 
syndrome [4,  5]. This overgrowth disorder is characterized by 
macrosomia, macroglossia, organomegaly and developmental ab-
normalities (in particular abdominal wall defects with exomphalos), 
nephroblastoma, ACC, neuroblastoma, and hepatoblastoma.

More recently, ACC was described as part of other tumour sus-
ceptibility syndromes, such as Lynch syndrome and multiple endo-
crine neoplasia type 1 (MEN1). The MEN1 gene, located at the 

11q13 locus, is a tumour suppressor gene. A heterozygous inacti-
vating germline mutation of MEN1 is found in about 90% of fam-
ilies affected by multiple endocrine neoplasia type 1. The principal 
clinical features of this autosomal dominant syndrome include para-
thyroid (95%), endocrine pancreas (45%) and pituitary (45%) tu-
mours and thymic carcinoids. Benign adrenocortical tumours and/ 
or hyperplasia are common (25– 40%), whereas ACC is rarely ob-
served in MEN1 patients (<2%) [6] . Lynch syndrome is dominantly 
inherited and due to germline mutations in DNA mismatch repair 
genes MLH1, MSH2, MSH6, and PMS2. This syndrome typically 
confers an increased risk for colorectal, endometrial, small bowel, 
and upper tract urothelial cancers (Amsterdam Criteria), but also 
for sebaceous tumours, ovarian and pancreatic cancers, and ACC. 
Lynch syndrome accounts for up to 5% of ACC cases [7].

ACC has been described in several other hereditary tumour 
syndromes, including APC, NF1, PRKAR1A, FLCN, or BRCA2 
germline mutations [8] .

Overall, germline predisposition affects 10% of adult ACC pa-
tients. Therefore, patient with newly diagnosed ACC should be con-
sidered for a genetic evaluation. In the absence of obvious inherited 
genetic syndrome, a next generation sequencing panel including 
MSH2, MSH6, PMS2, MLH1, EPCAM, MEN1, APC, and TP53 
could be proposed [8] .

Somatic Alterations: IGF2, tP53, and Wnt/ β- catenin 
Pathways

In various cancers, the study of chromosomal rearrangement led 
to the identification of the oncogenes or tumour suppressor genes 

table 5.4.1 Main genetic predispositions to adrenocortical tumours and the molecular genetics of sporadic ACC. The table describes 
the main hereditary syndromes associated with adrenocortical tumours for which the locus and/ or genes have been identified at the 
germline level. The alterations of these genes and chromosomal regions as somatic defect observed on tumour DNA of sporadic tumours 
are listed.

Genetic hereditary syndrome  
and MIM reference number

Genes, chromosomal localization, and 
type of defect

Tumours and non- tumoural 
manifestations observed in the 
hereditary syndrome

Somatic genetic defect observed in 
sporadic adrenocortical tumours

Li– Fraumeni syndrome
(MIM 151623)

TP53 (17p13)
Inactivative heterozygous mutations of 
the tumour suppressor gene TP53

Soft- tissue sarcoma, breast cancers, 
brain tumours, leukaemia, ACC

TP53 somatic mutations in sporadic 
ACC (30%)
17p13 LOH in sporadic ACC (>80%)

Multiple endocrine neoplasia type 1
(MIM 131100)

MEN1 (11q13)
Inactivative heterozygous mutations of 
the tumour suppressor gene Menin

Parathyroid, pituitary, pancreas 
tumours, adrenal cortex (25– 40%), 
among which are adrenocortical 
adenomas, adrenocortical 
hyperplasia, and rare ACC

Very rare somatic menin gene 
mutations in sporadic adrenocortical 
tumours
Frequent 11q13 LOH in ACC (90%)

Beckwith– Wiedemann syndrome
(MIM 130650)

11p15 locus alterations
IGF2 overexpression
p57kip2 (CDKN1C) (genetic defect)
KCNQ1OT (epigenetic defect)
H19 (epigenetic defect)

Exomphalos, macroglossia, 
macrosomia, hemihypertrophy, 
nephroblastoma, ACC

Frequent 11p15 LOH in ACC (>80%)
Frequent IGF2 overexpression in ACC 
(>85%)

Familial adenomatous polyposis
(MIM 175100)

APC (5q12- 22) 
Inactivating heterozygous mutations of 
the tumour suppressor gene APC

Multiple adenomatous polyps and 
cancer of the colon and rectum. 
Possible extracolonic manifestations 
include periampullary cancer, 
thyroid tumours, hepatoblastoma. 
Adrenocortical tumours can be 
diagnosed as adrenocortical 
adenomas, possibly multiples and/ or 
bilateral, and ACC

Transcriptome analysis shows 
overexpression of targets of the 
Wnt- signalling pathway in ACC 
Immunohistochemistry shows 
abnormal localization of β- catenin 
in ACC, suggesting activation of the 
Wnt/  β- catenin pathway. β- catenin 
activating somatic mutations in ACC 
(20– 30%)

LOH, loss of heterozygosity. ACC, adrenocortical cancer; MIM, Mendelian inheritance in man.
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involved in their development. However, so far in ACC, such genes 
have been mostly identified by candidate gene approaches through 
the study of familial diseases responsible for adrenocortical tumours. 
Nevertheless, the loci of these genes are frequently altered in spor-
adic ACC, suggesting the importance of these loci and genes in the 
development of these tumours (Table 5.4.1). Studies using microsat-
ellite markers in ACC have demonstrated a high percentage of loss 
of heterozygosity (LOH) or allelic imbalance at 11p15 (≥ 90%) and 
17p13 (≥ 85%), corresponding respectively to IGF2 and TP53 loci. 
Indeed, IGF2 is strongly overexpressed in 90% of sporadic ACC [9]  
and somatic mutations of TP53 are found in 25% of adult ACC [10].

Genetic alterations of the Wnt- signalling pathway were initially iden-
tified in familial adenomatous polyposis coli and have been extended 
to a variety of cancers. Furthermore, familial adenomatous polyposis 
coli patients with germline mutations of the APC (adenomatous polyp-
osis coli) gene that lead to an activation of the Wnt- signalling pathway, 
may develop adrenocortical tumours. The Wnt- signalling pathway 
is normally activated during embryonic development. ß- catenin is 
a key component of this signalling pathway. In ACC, ß- catenin de-
localization can be observed, consistent with an abnormal activation 
of the Wnt- signalling pathway. This is explained in a subset of ACC 
(25%) by somatic activating mutations of CTNNB1, the ß- catenin 
gene [11]. Recently, exome sequencing and single- nucleotide poly-
morphism (SNP) array studies revealed alterations— mostly homozy-
gous deletions— of ZNRF3 in 20% of sporadic ACC [12, 13]. ZNRF3 
encodes an E3- ubiquitin ligase and is a known inhibitor of the Wnt/ 
ß- Catenin pathway, by regulating the Wnt receptor turnover [14].

Genomics: Recent Advances towards a new 
classification of Acc

The development of genomics in the last decade has been a source 
of new progress both for tumour classification and pathogenesis 
understanding.

Gene expression profile (i.e. transcriptome), of benign tumours 
differs markedly from that of ACC[15, 16]. IGF2 appeared as one 
of the most highly expressed genes in ACC. Adenomas display 
a steroidogenic signature, whereas ACC are characterized by a 

proliferative signature, suggesting that a dedifferentiation process 
might occur during malignant transformation [17]. The differences 
in gene expression profiles offer new diagnostic tools to discrim-
inate benign from malignant adrenocortical tumours [16].

Moreover, studies analysing genomic (exome and chromosome 
alterations), epigenomic (micro- RNA expression and methylation) 
and transcriptomic (gene expression) profiles provided a complete 
high- throughput molecular characterization of adrenal tumours, in 
particular two large scale, integrated genomic studies, one from the 
European Network for the Study of Adrenal Tumours (ENSAT) net-
work [12], and the other from The Cancer Genome Atlas (TCGA) 
programme [13]. These studies converge in an unsupervised classifi-
cation of ACC into three groups, characterized by distinct molecular 
alterations and associated with very different outcomes (Figure 5.4.1). 
The first group is characterized by the combination a ‘C1A’ transcrip-
tome profile (with upregulation of proliferative genes), a CpG island 
hypermethylation, a ‘noisy’ chromosome alteration profile (i.e. nu-
merous and anarchic alterations), and an accumulation of muta-
tions in cell- cycle and Wnt/ ß- catenin related genes. This subgroup 
is associated with very poor outcome. Conversely, a second group 
of ACCs is characterized by a ‘C1B’ transcriptome profile (enriched 
in immune- related genes), no hypermethylation, a ‘chromosomal’ 
genome profile (i.e. extended patterns of LOH), and low mutation 
rate. This subgroup is associated with a better outcome. Finally, a 
third group of ACCs is characterized by ‘C1A’ transcriptome, and ei-
ther hypermethylation or ‘noisy’ profile but not both, and shows an 
intermediate prognosis. These findings led to the development of new 
molecular markers for the prognostication of ACC [16, 18].

epidemiology

ACC is a rare tumour with an estimated incidence between 1 and 
2 per million and per year in adults in North America and Europe. 
The prevalence has been estimated between 4 and 12 per million 
[19]. As for many rare tumours, the incidence is difficult to de-
termine, and the true numbers might be higher than the current 
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Figure 5.4.1 Genomic classification of adrenocortical cancer. This figure presents a schematic view of the genomic classification of ACC. Tumours 
are divided into three groups based on their transcriptome ‘C1A’ or ‘C1B’, chromosome alterations ‘Noisy’ or ‘Chromosomal’, and methylome— CIMP 
(CpG islands methylator phenotype) or non- CIMP profiles. These three groups are associated with very different prognosis. IGF2 is overexpressed in 
90% of ACC in all molecular groups. Activation of the Wnt- βcatenin pathway (including CTNNB1 and ZNRF3 alterations) and alterations in cell- cycle 
genes (including TP53 and CDKN2A) are found mostly in aggressive ACC subgroups.
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estimations. For instance, the prevalence of adrenal incidentaloma 
range in the general population from 1% in subjects younger than 
30 years to 7% in subjects older than 70 years. Among the group of 
adrenal incidentaloma selected for surgery the frequency of ACC 
range between 2 to 12%.

In children, the incidence of ACC is considered as ten time lower 
as in adults, except in South Brazil where there is a higher incidence 
of paediatric ACC. This high incidence is explained by a specific 
germline TP53 mutations as just discussed.

In some series, there is a slightly increased female to male ratio 
[20], although not always reported. Among female patients with 
Cushing’s syndrome diagnosed during pregnancy, the frequency of 
ACC is higher than in non- pregnant female patients with Cushing’s 
syndrome [21].

clinical Features and Hormonal Investigations

circumstances Leading to the Initial Diagnosis

Symptoms leading to the diagnosis of ACC can be due to steroid ex-
cess and/ or tumour mass and metastases [22]. Although ACC is not 
the most frequent diagnosis of incidentalomas, nowadays the diag-
nosis of ACC is more often made during the diagnostic work- up of 
an adrenal incidentaloma. This circumstance is important since it 
might be a way to diagnose an ACC at an earlier stage and to improve 
the prognosis by an early complete surgical removal. This under-
lines the need for careful investigations of adrenal incidentalomas 
in order to decide on timely surgery if malignancy is suspected. 
Other specific features may be associated with rare genetic diseases 
such as the Li– Fraumeni and Beckwith– Wiedemann syndromes 
where ACC is part of a more complex syndrome as just discussed.

Less than a third of ACC are really ‘non- hypersecreting’ after 
careful hormonal investigations [22, 23]. In these cases, one should 
be cautious not to overdiagnose a tumour of the adrenal area as an 
ACC. These non- hypersecreting ACC can be diagnosed after investi-
gation of adrenal incidentalomas or discovered by the manifestations 
of the tumour growth or extension: local symptoms (pain, palpation 
of a tumour, venous thrombosis), or distant metastases (liver, lung, 

bones). Fever may occur in some after tumour necrosis. However, in 
non- functional ACC, the general wellbeing of the patient is usually 
preserved until at a very late stage when the tumour causes signs and 
symptoms due to tumour expansion, which likely explains that non- 
hypersecreting ACC are typically diagnosed at a late stage.

Steroid excess

Most patients will present with signs of steroid excess. Cushing’s 
syndrome associated with signs of androgen excess with rapid onset 
and progression of clinical symptoms is the most characteristic 
presentation (Figure 5.4.2). Signs of mineralocorticoids or oes-
trogen excess are less frequent but highly suggestive of the diagnosis 
of ACC in a patient with an adrenal mass above 3 cm.

More than three- quarters of ACC are secreting tumours when as-
sessed by careful hormonal investigations with current plasma and 
urine assays. In the absence of steroid excess, one should be cau-
tious before diagnosing a mass of the adrenal area with suspicious 
imaging findings as an ACC. Hormonal investigations also provide 
important information for patient management and can serve as a 
tumour marker for follow- up. In 2018, the ACC guideline of the 
European Society of Endocrinology (ESE) and ENSAT has recom-
mended a minimal hormonal work- up in patient with ACC [24] 
(Box 5.4.1).

In contrast to benign adrenocortical tumours, which usually 
oversecrete a single steroid, usually either cortisol or aldosterone, 
ACC can secrete various types of steroids. Cosecretion of andro-
gens and cortisol is the most frequent and is highly suggestive of 
a malignant adrenocortical tumour. Cortisol oversecretion will in-
duce centripetal obesity, protein wasting with skin thinning and 
striae, muscle atrophy (myopathy), and osteoporosis. Cortisol ex-
cess can also cause increased infections, diabetes, hypertension, 
psychiatric disturbances, and gonadal dysfunction in men and 
women. Androgen oversecretion may induce various manifest-
ations in women:  hirsutism, menstrual abnormalities, infertility, 
and eventually frank virilization (alopecia, deepening of the voice, 
clitoris hypertrophy). ACC can also secrete mineralocorticoids and 
steroid precursors. Oversecretion of oestrogens can be observed in 
rare cases and is very suggestive of ACC in a male patient with an 

Precursors alone
Other mixed

secretion with
oestradiol or
aldosterone

Cortisol &
aldosterone

Cortisol,
androgens &
aldosterone

Androgens

Cortisol

Cortisol &
androgens

Figure 5.4.2 Steroid secretion. The figure shows the frequency of each steroid secretion profile (expressed as percentage) according to hormonal 
investigations in secreting ACC (Cochin endocrinology department series, investigated as reported in Abiven et al. 2006 [22]). Note that almost half of 
the secreting tumours are associated with mixed secretion of cortisol and androgens.
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adrenal tumour. Oestrogen excess is responsible for gynaecomastia 
in male.

Adrenocorticotrophic hormone (ACTH)- independent cortisol 
oversecretion is easily demonstrable: increased urinary cortisol ex-
cretion that is not suppressible with high doses of dexamethasone, 
and associated with undetectable ACTH plasma levels. Plasma 
17- hydroxyprogesterone is often elevated at baseline and/ or after 
ACTH stimulation, as well as the adrenal androgen precursor 
dehydroepiandrosterone sulphate (DHEA-S), which can lead to tes-
tosterone excess in females. Secretion of aldosterone by ACC is not 
frequent and can be detected by plasma aldosterone and renin assays.

Recently, mass spectrometry approaches have allowed detailed 
steroid profiling including precursor steroids usually not captured 
with routine assays, revealing a pattern of predominantly imma-
ture, early- stage steroidogenesis in ACC versus ACA and healthy 

controls [25]. Interestingly, urinary steroid metabolite profiling de-
tected abnormal steroid precursor excretion even in ACC that were 
considered as non- hypersecreting using routine biochemical work- 
up. Thus, urine steroid metabolomics can be used as a biomarker 
tool for detecting malignancy in adrenal tumours [25].

Imaging Investigations

computed tomography and Magnetic 
Resonance Imaging

Imaging is an essential diagnostic step for ACC, especially in cases of 
adrenal incidentaloma. It is important both for the diagnosis of ma-
lignancy of an adrenal mass but also for the staging work- up. Adrenal 
CT is a very informative imaging procedure for adrenocortical tu-
mours [26]. In ACC, it usually shows a unilateral mass, that is most 
often large (above 5– 6 cm, and typically 10 cm and above), lowering 
the kidney. Apart from the size of the tumour, the features suggestive 
of malignancy are the lack of homogeneity with foci of necrosis and 
irregular margins or, in relatively homogenous tumours examined by 
unenhanced CT, an increased attenuation above 10 HU, indicating a 
low fat content (Figure 5.4.3). CT also informs about presence of 
local invasion and/ or distant metastases, most frequently in liver and 
lung and all patients with suspected ACC should undergo preoperate 
staging of thorax, abdomen, and pelvis. Locoregional vessel invasion 
through the renal veins and the inferior vena cava can proceed up to 
the right atrium and result in metastatic pulmonary embolism [27]. 
Magnetic resonance imaging (MRI) is particularly useful for the de-
tection of liver metastasis and venous invasion.

nuclear Imaging

More recently, studies have demonstrated that many if not most 
ACC demonstrate a high uptake of 18F- fluorodeoxyglucose ((18)- 
FDG). Thus (18)- FDG Positron Emission Tomography ((18)- 
FDG- PET) can help to distinguish between benign and malignant 
adrenal tumours [28] and provide useful information in pre-  and 
postoperative staging [29] (Figure 5.4.4). It is especially informative 
in combination with CT.

Box 5.4.1 Hormonal investigations in patients with ACC

These assays are adapted from the recommendation of the guideline of the 
European Society of Endocrinology (ESE) and the European Network for 
the Study of Adrenal Tumors (ENSAT). The steroids in italics are not part of 
the minimal work- up. This imply prior exclusion of a pheochromocytoma 
by the assay of urinary or plasma metanephrine and normetanephrine.
 1 Glucocorticoid excess (a minimum of two tests):

 • 24 hour urinary free cortisol and urinary creatinine
 • Dexamethasone overnight suppression test (1 mg)
 • Basal ACTH (plasma)
 • Basal cortisol

2 Sex steroids:
 • Testosterone (in women)
 • Oestradiol (in men and postmenopausal women)
 • Androstenedione
 • DHEA- S (or DHEA)

3 Precursors:
 • 17- hydroxyprogesterone
 • 11- deoxycortisol
 • 11- desoxycorticosterone

4 Mineralocorticoids excess:
 • Potassium
 • Plasma aldosterone and renin (patients with hypertension or 

hypokalaemia) 

Figure 5.4.3 Computed tomography scan of an adrenocortical cancer. The white arrow points to an ACC arising from the left adrenal gland. 
The maximum diameter of the tumour is 10 cm. Unenhanced CT attenuation (left) is 27 HU (above the 10 HU cut- off for benign adenoma). After 
injection (right), the mass appears heterogeneous and the wash- out of contrast agent is below 50%.
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Bone scintigraphy may help evaluate bone metastases. 
However, in patients with Cushing’s syndrome, bone remodelling 
and/ or fracture can induce false positive results and the wider 
use of (18)- FDG- PET may replace it in the future. New adrenal 
cortex- specific radiolabelled tracers, such as [123I]- metomidate, 
are currently investigated and may be promising options in the 
near future [30].

Diagnostic criteria and Prognosis

Pathological Diagnosis and the Weiss Score

As just discussed, clinical, hormonal, and imaging investigations 
can be very suggestive of an ACC. Large adrenocortical tumours 
(>6  cm) are more likely to be malignant (Figure 5.4.5), but tu-
mour size is clearly not a valid criterion to diagnose or exclude 
malignancy. On the other hand, a presentation with a large adrenal 
mass with ACTH- independent steroid excess is almost pathogno-
monic. However, pathological diagnosis is always a very important 
step. In the case of non- hypersecreting and/ or localized tumours, 
pathology is key to diagnose both the adrenocortical origin and 
the malignant nature. The adrenocortical origin of the tumour is 
based on the histological analysis but also immunohistochemistry. 
Immunohistochemical markers are also employed to exclude 
other type of tumour, for instance a pheochromocytoma will stain 
positive for chromogranin A  antibody while an ACC will not. 
Positive immunostaining in an adrenocortical tumour is either 

non- specific (e.g. Melan A) or not used on a routine basis (e.g. SF- 1 
or steroidogenic enzymes).

As often the case with endocrine tumours, the diagnosis of the 
malignant nature of an adrenocortical lesion can be difficult for 
the pathologist. There is not a single pathological feature which 

Figure 5.4.4 18F- fluorodeoxyglucose positron emission tomography ((18)- FDG- PET) of a metastatic adrenocortical cancer. Left panel: the left 
adrenal tumour shows a high uptake on the (18)FDG- PET scan (light orange arrow) and pulmonary metastases are detected = (dark orange arrows) 
at diagnosis of this stage 4 tumour. Right panel: combination of the PET imaging with a CT- scan shows the adrenal primary tumour (top) and the 
pulmonary metastases (bottom). For a colour version of this figure, please see colour plate section.

Figure 5.4.5 Macroscopic view of an adrenocortical cancer. The length 
of each scale is 1 cm. Note the characteristic large and heterogeneous 
aspect of the tumour.
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allows to conclusively diagnose a malignant adrenal cortical tumour. 
Combinations of various histological parameters that allow to es-
tablish a ‘score’ for a given tumour have been developed. The most 
widely used is the Weiss score comprising nine different items [31] 
(Box 5.4.2). Each item is given a value of one when it is present, zero 
when it is absent. The score represents the sum of the value for each 
individual item. It is assumed that a score equal or above 3 is most 
likely associated with a malignant tumour. Other approaches based 
on microscopic feature analysis have been developed, but are much 
less widely used and, therefore, less validated than the Weiss score. 
However, as all these approaches suffer limitations and are highly 
dependant on the experience of the pathologist, there is an effort to 
develop molecular markers of malignancy. As just described, IGF2 
overexpression and allelic losses at 17p13 have been suggested as po-
tential molecular ACC markers [9] . More recently, large scale tran-
scriptome analysis using DNA chips was used to develop molecular 
markers based on the expression level of two genes (DLGAP5-PINK1) 
for the diagnosis of malignancy [16, 32]. It is expected that in the near 
future such translational research programmes will have important 
impact for the classification and management of these tumours.

tumour Staging

Tumour staging is the most important prognostic factor in ACC. 
Different staging classifications have been proposed over the years. 
The 2008 ENSAT staging provides superior survival stratification 
[33, 34] and is now the most commonly used classification. Four 

different stages are differentiated with this score. Stage 1 and stage 
2 tumours are localized to the adrenal cortex and present with a 
maximum diameter below or above 5  cm, respectively. Stage 3 
tumours present with local infiltration reaching the surrounding 
tissue, invasion into adjacent organs or lymph nodes. Stage 4 tu-
mours are associated with distant metastases. The prognosis of 
stage 1 and 2 tumours is better than that of stage 3 or 4 tumours 
[33] (Figure 5.4.6).

outcome and Long- term Survival

The metastatic spread of ACC mostly involves liver and lung, ob-
served in about 35 to 50% of the patients. Bone metastases are diag-
nosed in 10 to 15% of the cases. Metastatic spread to other organs 
is rare [22, 35].

The overall survival of patients with ACC is poor, with a 5- year 
survival rate below 35% in most series [36]. However, survival de-
pends on tumour stage at diagnosis. It is likely that progress in the 
medical management of incidentalomas and better investigations of 
subtle degrees of steroid excess will increase the detection of local-
ized ACC (stages 1 or 2). This should improve the overall survival 
rate. A better survival has been reported in younger patients, but this 
is not a constant finding [22]. Cortisol- secreting tumour appear to 
be associated with a poorer prognosis [22]. This could be due to the 
morbidity associated with Cushing’s syndrome and/ or to different 
tumour behaviour with more rapid progression. Some pathological 
features, such as a high mitotic rate or atypical mitotic figures as well 
as a high Ki- 67 labelling, have been shown to be associated with a 
poor prognosis [37– 40]. Recently, a Ki- 67 proliferation index ≥10– 
20% was identified as a major indicator of poor prognosis in stage 
1– 3 ACC after apparently complete surgery [39]. The routine evalu-
ation of Ki- 67 expression in the pathology report is now recom-
mended for the standard prognostic assessment of every resected 
ACC [24]. However, one limitation of Ki- 67 is the low interobserver 
and intraobserver concordance for intermediate indices (10– 30%) 
[41], which correspond to the cut- offs used for patient management.

Following the recent progress in genomics, targeted molecular 
markers have been developed for ACC prognostication [36] and 
may complete the standard pathology assessment. In particular, the 
prognostic markers derived from the analysis of transcriptome— 
differential expression of two genes (BUB1B- PINK1) [16, 32]— and 

Box 5.4.2 The nine criteria of the Weiss score for the diagnosis 
of malignancy of an adrenocortical tumour

The presence of three or more criteria classifies the tumour as a malignant 
one.

 • High nuclear grade
 • Mitotic rate above 5 per 50 high- power fields
 • Atypical mitosis
 • Less than 25 % of clear cells
 • Diffuse architecture
 • Necrosis
 • Venous invasion
 • Sinusoidal structures invasion
 • Tumour capsule invasion
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Figure 5.4.6 Survival of patients with adrenocortical cancer according to initial staging. The figure shows the disease- specific survival time 
(expressed in years) according to the ENSAT stage at presentation
Adapted with permission from Fassnacht M, Johanssen S, Quinkler M et al. Limited prognostic value of the 2004 International Union Against Cancer staging classification for 
adrenocortical carcinoma: proposal for a Revised TNM Classification. Cancer 2009;115: 243– 50 [33].
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from methylome— methylation level of four genes (PAX5, PAX6, 
GSTP1, and PYCARD) [18]—  have demonstrated independent 
prognostic value from ENSAT stage and Ki- 67, now also reported 
by large validation studies on the use of molecular markers for ACC 
prognostication [42, 43].

treatment

Treatment aims to correct both steroid oversecretion and its clin-
ical consequences in steroid- producing ACC, and, importantly, to 
eradicate the malignant tumour. The best way to achieve both goals 
is the complete removal of the tumour if possible, depending on tu-
mour stage and the patient’s condition (Figure 5.4.7).

Steroid oversecretion, when clinically significant and not cur-
able by tumour removal, requires therapeutic intervention, in par-
ticular in the case of cortisol excess. Mitotane is the drug most often 
used in this context, because it also has a cytotoxic effect on the 
adrenocortical cells as discussed next. In the situation of clinically 
severe Cushing’s syndrome requiring rapid control of steroid ex-
cess, other drugs can be also used, eventually in combination with 
mitotane, including ketoconazole, metyrapone, and etomidate [44].

Surgery

Surgery of the adrenal tumour is the major treatment of stage 1 
to 3 ACC. It can also be discussed in stage 4 patients. The initial 
surgery is a crucial therapeutic step in the management of ACC. 
Therefore, it should be performed by highly trained specialist 

Adrenocortical tumour:
Imaging and hormonal work-up

Stage 1,2 or 3

Surgery

Tumour free

Tumour analysis: pathology, molecular markers

Consider mitotane Adjuvant mitotane

Tumour free

Add first/second line
chemotherapy

Progressive disease

Mitotane ±
local therapies Mitotane + EDP

Residual, inoperable, or
recurrent tumour

Surgery?
(including metastases)

Stage 4

Low/intermediate-risk
Stage 1–2 and Ki-67 ≤ 10%

Patient imaging and biochemical work-up
every 2 to 3 months

High-risk
Stage 3–4 or Ki-67 > 10%

Figure 5.4.7 Schematic view of the management of patient with adrenocortical cancer. Surgery is the primary approach in patients with localized 
tumours (ENSAT stage 1, 2, and 3). Adjuvant mitotane is recommended for tumours with high risk of recurrence. In patients with distant metastases 
(stage 4), surgery of the primary tumour should be considered to reduce tumour mass, in particular if steroid excess is present, and also removal 
of metastases, if feasible, i.e. if no disseminated metastasis is present. Local recurrence without distant metastases usually requires surgery. Local 
treatments include: radiotherapy (especially for bone metastasis), chemoembolization (mostly for liver metastasis), radiofrequency thermal ablation of 
lung or liver metastasis, as well as surgical removal of limited metastasis. The delay between imaging and biochemical work- up can be extended to 3– 
4 months in patients presenting with complete remission and good prognostic factors and might be extended up to 6- month intervals after 2– 3 years 
if there is still no recurrence. Mitotane and cytotoxic chemotherapy with etoposide, doxorubicin, platinum (EDP) is proposed for patients with rapidly 
progressive metastatic disease.
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surgeons, experienced in the management of adrenal tumours and 
embedded into a multidisciplinary team, to achieve complete tu-
mour removal without tumour spillage. Complete tumour removal 
is very important to increase the probability of long- term remission 
[24, 27, 45]. Open adrenalectomy is currently the standard of sur-
gical care, with many advocating locoregional lymphadenectomy 
[46, 47]. Laparoscopic removal of malignant adrenocortical tumours 
could be associated with a high risk of peritoneal dissemination and 
should be restricted to suspected malignant adrenal masses with a 
diameter of less than 6 cm without evidence of local or lymph nodes 
invasion and surgical management by a high- volume centre [45]. 
Glucocorticoid replacement therapy should be started immediately 
after the removal of cortisol- secreting tumours to prevent acute ad-
renal deficiency as the contralateral adrenal cortex will be dormant 
consequent to the longstanding suppression of corticotroph ACTH 
secretion by the chronic cortisol oversecretion related to ACC.

In stage 4 patients with distant metastases, tumour debulking 
with removal of the adrenal tumour can be discussed, in order to 
both improve prognosis and reduce steroid excess. Surgery should 
be discussed considering tumour bulk and spread, as well as the 
velocity of observed tumour progression. However, it is important 
to consider the postoperative recovery period and the expected 
residual tumour mass as cytotoxic chemotherapy cannot be intro-
duced in freshly operated patients. When the number of metas-
tasis is limited, their surgical removal can also be discussed and 
downstaging by chemotherapy can also represent a feasible option 
in some cases.

Surgery is the primary approach in case of local recurrences, if 
operable. In general, recurrences occurring more than 12 months 
after the primary ACC surgery appear to be associated with a 
better prognosis, while early recurrence indicates a rapidly growing 
tumour.

Local therapies and Radiotherapy

Radiofrequency thermal ablation of liver and lung metastasis with a 
maximum diameter less than 5 cm can be an alternative to surgical 
removal [48]. Bone metastasis can be operated to reduce fracture 
risk or neurological symptoms due to spinal metastasis. Radiation 
therapy has often been considered as not very effective to control 
tumour growth. However, it has been suggested that it could help 
to prevent local recurrence and potentially prolong survival [35]. 
Since all studies investigating radiotherapy in ACC are observa-
tional with potential confounding effects, adjuvant radiotherapy is 
not recommended for stage 1– 2 tumours after complete tumour re-
section, but should be considered in addition to mitotane therapy 
in patients at high risk of recurrence, i.e. with uncomplete resection 
or stage 3 tumours [24].

Medical therapy of Acc

When complete tumour removal is not possible or in case of re-
currence, medical treatment with o,p’DDD (ortho, para’, dichloro- , 
diphenyl- , dichloroethane, or mitotane) is recommended [24].

Mitotane has a specific cytotoxic effect on adrenal cortical cells 
[49]; it also inhibits steroid synthesis and, therefore, is usually 
effective for the control of steroid excess in ACC. Most studies 
reporting on the efficacy of mitotane in ACC are retrospective ana-
lyses, with variable results on tumour progression. An objective 
tumour regression could be observed in 25% of the cases [50]. 

Patients with a cortisol- secreting ACC might have a better survival 
when treated with mitotane in the 3 months following the surgery 
of the adrenal tumour [22]. A mitotane blood level of at least 14 
mg/ L seems to improve the tumour response rate [51]. However, 
the side effects of mitotane (mainly gastrointestinal and neuro-
logic) can limit the ability to reach this suggested optimal level. The 
daily mitotane dose required to achieve this 14 mg/ L level varies 
from patient to patient. Therefore, close monitoring of mitotane 
plasma levels is very helpful to remain in the narrow range between 
14 and 20 mg/ L, considered by most authors as the therapeutic 
range of mitotane in ACC, with lower levels rarely preventing tu-
mour growth and higher levels associated with neurologic tox-
icity. Since mitotane invariably induces adrenal insufficiency, 
glucocorticoid replacement has to be initiated concurrently with 
mitotane and should be administered at increased doses (e.g. 40– 
80 mg per day) as mitotane strongly induces CYP3A4, which re-
sults in rapid inactivation of cortisol [52]. It is generally accepted 
that adjuvant therapy with mitotane should be proposed in patients 
considered to be at high risk of tumour recurrence. However, the 
benefit of mitotane treatment as an adjuvant medical treatment in 
low- intermediate risk ACC, i.e. stage 1– 3, after ‘complete’ surgical 
removal, with Ki- 67 index below 10%, remains to be demonstrated. 
Retrospective analysis have reported conflicting results [53]. This 
important point is expected to be clarified by an international ran-
domized trial (ADIUVO, NCT00777244).

Several cytotoxic chemotherapy regimens have been used in 
ACC. Recently, the randomized phase III FIRM- ACT trial has es-
tablished the association of mitotane with etoposide, doxorubicin, 
and platinum (EDP) chemotherapy as the best option for patients 
with unresectable disease [54]. The choice of first- line therapy, 
either mitotane alone or in combination with cytotoxic chemo-
therapy, depends on prognostic parameters. Mitotane mono-
therapy is usually recommended in case of slow progressive disease 
whereas cytotoxic chemotherapy is proposed as first- line for pa-
tients with rapidly progressive tumours, and as second- line therapy 
for patients with tumour progression despite therapeutic mitotane 
plasma levels or presenting with severe side effects limiting the 
use of mitotane [24]. The role of adjuvant Etoposide- Cisplatin 
chemotherapy will be investigated in the ADIUVO2 phase III trial 
(NCT03583710).

Several targeted therapies have been investigated in advanced 
ACC, with disappointing results. Antiangiogenic tyrosine kinase 
inhibitors such as sunitinib failed to demonstrate efficacy in ad-
vanced ACC, although drug efficacy might could have been ham-
pered by pharmacologic interaction with mitotane [55]. Although 
inhibitors of the insulin- like growth factor (IGF) receptor seemed 
very attractive, given the major role of IGF2 overexpression in the 
pathogenesis of ACC, the phase III GALACCTIC trial showed that 
linsitinib, an IGF1R inhibitor, did not improve progression- free or 
overall survival versus placebo [56].

conclusion

Although ACC is a rare condition, significant advances have been 
made in the last decade to understand its pathophysiology. These 
have been important both for improving diagnosis of ACC and 
for a better assessment of disease prognosis. However, much more 
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progress needs to be achieved with regard to therapeutic options. 
Due to the rarity of ACC, collaborative work performed in national 
and international networks dedicated to adrenocortical tumours 
will be important, with ENSAT working very successfully in this 
field in Europe.

Areas of Uncertainty or controversy

The pathological diagnosis of malignancy of an adrenocortical tu-
mour can be difficult in some cases. Although careful analysis by 
an expert pathologist solves most cases, there are still some suspi-
cious tumours with a borderline Weiss score [31] that are difficult 
to classify.

The prognosis of a tumour diagnosed as a malignant one, espe-
cially after complete surgical resection of a stage 1 or 2 ACC, is het-
erogeneous and still difficult to predict.

The surgical procedure has not been defined in a homogeneous 
way. The benefit of large ‘en bloc’ aggressive surgical resection that 
could lead to kidney ablation and the strategy for lymph node re-
moval require further studies. The possibility to use laparoscopic 
resection of small ACC restricted to the adrenal gland by expert 
surgeons without increasing the risk of local recurrence or peri-
toneal metastasis need to be determined.

The benefit of radiotherapy remains uncertain. The place for 
radiotherapy as adjuvant or curative therapy will have to be 
established.

The benefit of mitotane as adjuvant therapy is most often accepted 
but needs to be demonstrated in prospective trials, in particular for 
ACC with lower risk of recurrence.

Likely Developments over the next 5– 10 Years

The development of new immunohistochemical markers should 
improve the pathological diagnosis and prognostication of ACC.

Genomic studies have revealed a new classification of 
adrenocortical tumours leading to the development of molecular 
markers for the classification and prognostication of these tumours. 
The use of these markers in clinical practice, including its applica-
tion to formalin- fixed and paraffin- embedded tissue is expected to 
improve patient management. Genomics studies are also giving new 
insights on the pathophysiology of ACC and this should help to de-
fine new targeted therapies.

The use of mass spectrometry for urinary steroid metabolite pro-
filing has shown great promises in the diagnosis and follow- up of 
ACC, in particular when combined with machine learning- based 
algorithm- driven data analysis. Further studies will analyse the 
value of non- targeted metabolome and proteome analysis in ACC.

The development of new specific scintigraphies (as 123I- 
iodometomidate ou 11C- metomidate) is in progress and should im-
prove tumour diagnosis and follow- up. Radiolabelled tracers could 
also be used for metabolic radiotherapy.

The results of ADIUVO study should clarify the role of adjuvant 
mitotane in low/ intermediate risk patients after complete surgery.

The ADIUVO2 study will determine the role of adjuvant cyto-
toxic chemotherapy in patients at high risk of relapse.

New targeted therapies are currently in preclinical and clin-
ical studies. Among them, new antiangiogenics inhibitors such as 
cabozantinib (NCT03612232) will be evaluated after mitotane dis-
continuation to prevent drug interactions.
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Introduction

Phaeochromocytomas, paragangliomas, and neuroblastomas are 
the main primary tumours that arise from the autonomic nervous 
system. The autonomic nervous system is subdivided into the sym-
pathetic and parasympathetic systems. Phaeochromocytomas arise 
from sympathetic nervous system (chromaffin) cells in the adrenal 
medulla. Paragangliomas may arise from the sympathetic or parasym-
pathetic system. Parasympathetic ganglia- derived paragangliomas 
(herein referred to as head and neck paraganglioma, HNPGL) de-
velop along branches of the vagal and glossopharyngeal nerves (e.g. 
carotid body tumours, glomus jugulare) and are only rarely secretory. 
Phaeochromocytoma, paraganglioma, and HNPGL are rare in child-
hood but neuroblastomas, which are derived from neuroblasts in the 
developing sympathetic nervous system and are most common in 
children under the age of 5 years. Familial forms of neuroblastoma are 
rare but a major feature of phaeochromocytoma and paraganglioma 
(PPGL) and HNPGL is the high frequency of inherited cases and the 
major inherited syndromic and non- syndromic disorders that predis-
pose to these tumours are described in Chapter 6.12.

Phaeochromocytoma and Paraganglioma

clinical and Pathological Features

The estimated incidence of PPGL is 2 to 8/ million of the popula-
tion per year, giving an estimated annual incidence of 130– 520 new 

patients a year in the United Kingdom [1] . Presenting symptoms of 
these rare tumours are most commonly related to catecholamine 
excess, and include headache, palpitations, paroxysmal hyperten-
sion, anxiety, abdominal pain, and excessive sweating. PPGL are 
often diagnosed incidentally following cross- sectional imaging 
studies [2].

Paragangliomas in the abdomen and pelvis commonly arise from 
the aortic bifurcation or the so- called organ of Zuckerkandl, but can 
also occur in the urinary bladder. Mediastinal paraganglioma are 
rare but can develop from para- aortic (middle mediastinum) and 
para- vertebral (posterior mediastinum) sympathetic chain ganglia 
[3] . PPGL and HNPGL may be familial and/ or multifocal (in which 
case a genetic cause should be suspected) and/ or there may be a pre-
vious history of wild- type gastrointestinal stromal tumour (GIST) 
or renal cell carcinoma (which are each associated with germline 
mutations in succinate dehydrogenase (SDH) subunit genes (see 
next)). Although most PPGL are benign (~85– 90%), current pre-
dictors of malignant or aggressive tumours are imprecise and there-
fore in 2017, the World Health Organization (WHO) classification 
of adrenal tumours abolished the term ‘benign’ for PPGL, stating 
that all PPGL should be considered to have metastatic potential [4].

Histologically, PPGL are identified microscopically by a character-
istic ‘zellballen’ pattern, referring to nests of polygonal/ spindle shaped 
cells on a rich vascular network and immunohistochemical stains such 
as; synaptophysin, chromogranin A and S100 are used to confirm a 
diagnosis of PPGL [5] . In 2017, the first staging system for PPGL (but 
not HNPGL) was proposed by the American Joint Committee on 
Cancer (AJCC) and includes tumour size, lymph node metastases, and 
distant metastases [6]. Tumour size (>5 cm), local invasion and extra- 
adrenal abdominal location are predictors of malignancy [7] as is the 
detection of a germline pathogenic SDHB variant [8].

Surgery remains the first line treatment option for PPGL and, 
when possible, a minimally invasive approach is favoured. In the 
genomics era, surgical management can also be tailored based on 
the genetic aetiology of PPGL. Patients with certain hereditary 
syndromes (e.g. multiple endocrine neoplasia type 2 [MEN2], von 
Hippel Lindau disease [VHL], neurofibromatosis type 1 [NF1]) are 
at risk of bilateral phaeochromocytomas (Chapter  6.12) and cor-
tical sparing surgery reduces the morbidity associated with bilat-
eral adrenalectomy and requirement for lifelong glucocorticoid and 
mineralocorticoid replacement. Although patients with SDH sub-
unit gene (SDHX) mutations and MAX gene mutations may develop 
bilateral phaeochromocytoma, the higher risk of malignancy neg-
ates the benefit of cortical sparing surgery and total adrenalectomy 
should be considered for these patients [9] .
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Long- term surveillance strategies are influenced by the tu-
mour location and the detection of a germline predisposition. 
Current guidelines recommend lifelong surveillance for young pa-
tients, patients with a large or an extra- adrenal tumour and those 
with a known hereditary predisposition. Patients with a small 
(<5 cm) presumed sporadic phaeochromocytoma undergo a min-
imum of 10 years clinical surveillance for disease recurrence [10]. 
Postoperative surveillance includes annual biochemical testing for 
patients with secretory PPGL or cross- sectional imaging with CT/ 
MRI every 1– 2 years for patients with non- secretory PPGL [10].

Genetics

Despite clinical studies suggesting that PPGL is familial in ~10% of 
patients, the application of molecular genetic studies to PPGL has 
revealed that around 40% of individuals with PPGL will harbour 
a germline mutation in a PPGL predisposition gene and that most 
of these will not have a family history. The most common causes 
of inherited predisposition to PPGL are germline mutations in the 
various succinate dehydrogenase subunit genes (SDHX), VHL, RET, 
and NF1 genes, but mutations in multiple other genes (including 
MAX, TMEM127, HIF2A/ EPAS1, FH, MDH2, SLC25A11) have also 
been described to predispose to PPGL. The clinical characteristics of 
germline mutations in different inherited PPGL genes differ and are 
described in detail in Chapter 6.12.

The somatic (acquired) genetic and epigenetic alterations asso-
ciated with PPGL tumourigenesis have been described in both in-
herited and sporadic forms of PPGL. Most inherited PPGL genes are 
classed as tumour suppressor genes and the germline mutations are 
loss of function variants. Initiation of tumourigenesis requires inacti-
vation of the wild- type allele and this can occur through a variety 
of mechanisms including large chromosomal deletions (most often), 
somatic mutations, or promoter methylation with transcriptional si-
lencing. For example, PPGL from patients with von Hippel– Lindau 
disease frequently demonstrate loss of the short arm of chromosome 
3p (so the wild- type (non- mutated) VHL allele at 3p25 is lost) and 
in PPGL from patients with NF1 chromosome 17q loss is found (the 
NF1 tumour suppressor gene is located at 17q11.2). As germline RET 
mutations activate the oncogenic function of RET, chromosome 10 
deletions are not a feature of phaeochromocytomas from patients 
with MEN2. Secondary epigenetic alterations (e.g. genome- wide 
hypermethylation) are a characteristic feature of PPGL associated 
with germline mutations in SDHX, FH, MDH2, and SLC25A11. The 
gene products of these genes encode key components of cellular 
metabolic pathways and their inactivation leads to accumulation of 
metabolites (e.g. succinate with SDHX and fumarate with FH muta-
tions) that inhibit alpha- ketoglutarate- dependent enzymes including 
the TET (ten- eleven translocation) proteins that are require for ac-
tive DNA demethylation and lead to silencing of tumour suppressor 
genes through aberrant promoter methylation [11, 12].

Various genome- wide copy number abnormality studies have 
demonstrated recurrent areas of loss and gain in PPGL including 
chromosome 1p, 3p, 3q 11p, 17, 21q, and 22q loss. Interestingly 
11p loss in PPGL preferentially affects the maternally inherited 
chromosome suggesting that imprinted genes (e.g. the paternally 
expressed IGF2 and maternally expressed CDKN1C) are implicated 
in the pathogenesis of PPGL and the parent- of- origin effects on 

tumour risks seen with mutations in the chromosome 11q SDHD 
and SDHAF2 genes (see Chapter 6.12).

Large- scale next- generation sequencing studies of somatic mutations 
in sporadic PPGL have identified mutations in a wide variety of genes 
including genes known to be associated with inherited PPGL (VHL, 
NF1, RET) and also genes in which only somatic mutations occur [13]. 
Though some important inherited PPGL tumour suppressor genes map 
to regions of recurrent copy number loss in sporadic PPGL (including 
SDHB to 1p36, VHL to 3p25, and NF1 to 17q11.2) the frequency of 
somatic mutations in inherited PPGL genes in sporadic PPGL varies 
markedly. For example, whereas somatic mutations in NF1 and VHL 
are relatively common, somatic mutations in SDHX subunit genes are 
infrequent. Gain of function mutations in RET and HIF2A/ EPAS1 can 
occur as both germline and somatic mutations. The most strongly acti-
vating mutations (e.g. RET M918T which is associated with MEN2B) 
are more often found as somatic than germline variants. Polycythaemia 
and PPGL can be features of somatic (rarely germline) HIF2A mutations 
[14]. Importantly, HIF2A variants have been associated with mosaicism 
and, therefore, if an HIF2A variant is identified in an apparently spor-
adic tumour, it is recommended that efforts are made to further clarify 
the presence of the variants in other tissue types, to inform the extent of 
disease and the appropriate surveillance approach for the patient and 
relatives [15]. Somatic mutations in HIF2A (which encodes the alpha 
subunit of the heterodimeric HIF- 2 hypoxia responsive transcription 
factor) usually occur at or adjacent to the proline residue (P531) that 
is critical for binding to the VHL gene product (pVHL). The pVHL 
protein has a key role in targeting the HIF2A protein for proteosomal 
degradation and somatic inactivating mutations in VHL and activating 
mutations in HIF2A will both result in stabilization of HIF2A and acti-
vation of hypoxic gene response pathway [16]. Furthermore, SDHX and 
FH mutations are also associated with stabilization of HIF2A as both 
are associated with an inhibition of Pro531 hydroxylation which is re-
quired for pVHL binding and there are rare reports of PPGL patients 
with germline mutations in EGLN1/ PHD2 which encodes one of the 
proline hydroxylase enzymes that act on HIF2A.

A wide variety of genes have been reported to be somatically mu-
tated in PPGL but not implicated in familial PPGL [13]. These in-
clude activating mutations in the HRAS and BRAF proto- oncogenes 
and CSDE1 (a wnt- pathway regulator). In a comprehensive gen-
omic study, a further wnt- pathway related abnormality, MAML3 
fusion genes was identified in PPGL [13]. Other reported targets 
for somatic mutation include SETD2, FGFR1, TP53, ATRX, ARNT, 
IDH1, H3F3A, MET [13, 17] (see Figure 5.5.1.1). Though a large 
number of genes have been reported to harbour germline and/ or 
somatic mutations in PPGL, the number of driver mutations per 
tumour is low and in many cases only a single event is detected [13]. 
Somatic HRAS mutations can be detected in about 10% of sporadic 
PPGL and, interestingly, it seems that somatic HRAS mutations and 
germline inherited PPGL gene mutations are usually mutually ex-
clusive [18]. It has therefore been suggested that somatic mutation 
profiling of PPGL to identify driver gene mutations can facilitate 
management of patients with PPGL. If a mutation in an inherited 
PPGL gene is identified, then germline sequencing can be under-
taken to determine if the mutation is somatic or germline. However, 
if a HRAS mutation is detected in the tumour then the risk of in-
herited disease will be low.
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Genotype- Function correlations

Genomic profiling of PPGL has facilitated the diagnosis of her-
editary cases, enabled a better understanding of the molecular 
pathways implicated in tumour development and provided an op-
portunity to develop new therapeutic approaches. Transcriptomic 
analysis of PPGL suggested two distinct categories: Cluster 1 (the 
‘pseudohypoxic cluster’), characterized by upregulation of hyp-
oxia signalling pathways [19] and ‘cluster 2’, characterized by an 
upregulation of kinase signalling pathways [20]. Tumours caused 
by pathogenic variants in the VHL, FH, SDHX, MDH, SLC25A11, 
and EPAS1 genes fall into the pseudohypoxic cluster [21], which is 
characterized by transcriptional upregulation of genes implicated 
in angiogenesis, and cellular proliferation secondary to hypoxia in-
ducible factor (HIF) complex stabilization [19]. Cluster 2 tumours 
are associated with germline and somatic mutations in RET, NF1, 
TMEM127, MAX, and HRAS, which activate kinase pathways 
including the (i) PI3K/ AKT, (ii) RAS/ RAF/ ERK, and (iii) mTORC1 
pathways. More recently a Cancer Genome Atlas (TCGA) study 
has extended the molecular classification of PPGL to also include 
a Wnt- pathway altered cluster (associated with somatic CSDE1 
mutations and MAML3 fusion genes and a small fourth category 
of cortical admixture PPGL) [13]. Included in this category were 
a small number (2)  of MAX mutated tumours, but the relevance 
of this category as a distinct biological category remains under re-
view. Looking at the somatic variant landscape of PPGL in isola-
tion, the most common molecular pathway implicated is the RAS/ 
RAF/ ERK pathway [22]. This pathway is commonly implicated in 
tumourigenesis and consists of a series of serine- threonine kinases 
functional in a sequential pathway to regulate cell cycle factors. See 
Figure 5.5.1.2.

Reduced activity of PHD then stabilizes hypoxia inducible factor 
subunit alpha (HIFα) and upregulates HIF and downstream HIF 
targets.

Figure Figure 5.5.1.2B shows the interaction between PI3K/ AKT, 
RAS/ RAF/ ERK, mTORC1 pathways, and the regulation of these 
pathways by known PPGL predisposition genes.

Genotype- Phenotype correlations

Histopathology and Immunohistochemistry (IHC)

Biallelic inactivation of any of the SDHX genes usually results 
in destabilization of the SDH enzyme complex (Chapter  6.12), 
which can be detected by loss of staining for the SDHB protein 
by IHC [23]. Thus, SDHB IHC can be used to identify PPGL and 
HNPGL harbouring a SDHX mutation, provides a guide to likely 
of pathogenicity of an uncharacterized SDHX variant and is an 
indicator of malignancy risk [24]. IHC for SDHA expression can 
predict the presence of pathogenic variants in the SDHA gene 
and is also utilized in clinical practice. IHC may also be util-
ized for other hereditary causes of PPGL including assessment 
of MAX expression and the diagnosis of a pathogenic variant in 
FH is facilitated by IHC to detect protein succinylation (a post- 
translational modification resulting from the reaction of excess 
fumarate with cysteine residues to generate S- (2- succinyl)- 
cysteine (2SC)) [25].

Biochemistry

Biochemical testing is an integral component of the diagnostic 
pathway for PPGL and guidelines recommend urinary or plasma 
metanephrines and plasma 3- methoxytyramine (3MT) as the first 
line biochemical tests in the diagnosis of PPGL [1] . The pattern 
of catecholamine secretion can be determined by paraganglial 
cell differentiation and therefore biochemistry can be used to 
predict genotype and or malignant potential. Pseudohypoxic 
PPGL, including those tumours caused by TCA gene muta-
tions and VHL, are characterized by poor differentiation of 
paraganglia cells and reduced expression of a key catecholamine 
conversion enzyme; Phenylethanolamine N- methyltransferase 
(PNMT) which results in reduced conversion of noradrenaline to 
adrenaline and a predominant noradrenergic secretory pattern 
[26]. In contrast, ‘cluster 2’ tumours are predominantly located 
within the adrenal gland and have a more mature phenotype as-
sociated with normal or elevated PNMT expression and a mixed 
or predominately adrenergic secretory pattern [26]. In addition 
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Figure 5.5.1.1 Summary of findings from a comprehensive genomic analysis of phaeochromocytoma and paraganglioma by Fishbein et al. [13].
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to reduced expression of PNMT, SDHX mutated tumours also 
have reduced activity of the enzyme dopamine- β- hydroxylase, 
responsible for the conversion of dopamine to norepinephrine in 
the catecholamine synthesis pathway. Therefore, elevated levels 
of dopamine or its metabolite 3- methoxytyramine is character-
istic of SDH- deficient tumours [27]. Elevated dopamine is not 
typically associated with clinical symptoms but is a significant 
indicator of poor paraganglia cell differentiation and elevated 3- 
methoxytyramine levels have been validated as an independent 
biomarker of malignant disease [26]. Finally, non- secretory 
PPGL are also more commonly associated with SDHX mutations 
and these tumours frequently have reduced or absent activity of 
tyrosine hydroxylase, the rate limiting enzyme in catecholamine 
synthesis [27].

Radionuclide Imaging

Nuclear imaging techniques have been utilized as adjuncts to 
morphological cross- sectional imaging studies, in the diag-
nosis and management of PPGL for the past four decades and 
the tracers can be subclassified based on their target ligand into 
three groups; (i)  catecholamine storage and synthesis (123I- 
metaiodobenzylguanidine, 18F- fluorodopamine (18F- FDA), and 
18F- fluorodihydroxyphenylalanine (18F- FDOPA)), (ii) som-
atostatin receptor (111Indium- pentetreotide and 68Ga- labelled 
somatostatin analogue peptides) and iii) glucose metabolism (18F- 
FDG) (Figure 5.4.1.3). It is widely accepted that the selection of 
the most appropriate tracer for surveillance or diagnosis can be 
guided by the mutational status of the PPGL [28]. The tracer 123I- 
metaiodobenzylguanadine (MIBG) is taken up by the noradrenaline 
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transporter (NET) however, the sensitivity of 123I- MIBG scintig-
raphy is affected by tumour de- differentiation associated with meta-
static or aggressive disease, as this is associated with loss of NET 
expression, therefore increasing the risk of false- negative results 
using 123I- MIBG scintigraphy. Furthermore, mutations in SDHX 
are associated with a higher risk of false- negative results because 
of an associated downregulation of the NET transporter in SDH- 
deficient tumours [29]. Therefore, current recommendations ad-
vise that 123I- MIBG scintigraphy should be reserved for those cases 
being investigated for suitability of treatment with 123I- MIBG radio-
nuclide therapy [10]. Similar issues with sensitivity are seen with the 
tracer 18F- FDA, also taken up by the NET transporter.

I8F- FDG PET- CT is currently recommended as the molecular 
imaging modality of choice for the localization of primary and 
metastatic PPGL [1] . Intriguingly, the sensitivity of 18F- FDG PET- 
CT also differs depending on the molecular pathways implicated 
in the development of PPGL, with tumours in the ‘pseudohypoxic’ 
cluster demonstrating increased standard uptake values (SUV) 
of 18F- FDG due to attenuated glycolysis. Recently, evidence has 
emerged that pseudohypoxic TCA cycle– related PPGL have a high 
expression of somatostatin receptor type 2 (SSTR2) which improves 
the sensitivity of somatostatin receptor imaging studies such as 
68Ga- DOTATATE PET/ CT, which recently demonstrated a sen-
sitivity of 98.6– 100% and superior sensitivity to 18F- FDG in two 
studies [17]. An added benefit of using 68Ga- DOTATATE PET/ CT 
is its predictive value in determining the efficacy of peptide receptor 
radionuclide therapy (PRRT) with 177Lu- DOTATATE and in the fu-
ture this may provide an additional therapeutic option for patients 
with malignant disease.

Chemotherapeutics

Some 10– 20% of patients with PPGL will develop malignant disease 
with the highest risk in patients with germline pathogenic SDHB 
variants [8] . The 5- year survival if malignant disease develops is less 
than 50% [8]. After surgical resection, effective treatment options 
are limited and are aimed at controlling tumour proliferation but 
also tumour secretion of catecholamines to reduce the morbidity as-
sociated with excess catecholamines. Systemic treatments currently 
available include:  cytotoxic chemotherapy consisting of a regime 
of cyclophosphamide, vincristine, and dacarbazine (CVD) and 
PRRT with radiolabelled (131)I- metaiodobenzylguanidine (MIBG) 
therapy. Recent advances in genomics have suggested novel targeted 

approaches to molecular therapies for patients with metastatic 
PPGL. Thus in patients with cluster 1 (pseudohypoxic) PPGL the 
tumours are characterized by stabilization of HIF and upregulation 
of glycolytic genes and vascular epidermal growth factor. Receptor 
tyrosine kinase inhibitors such as sunitinib and other antiangiogenic 
agents would be predicted to be suitable for PPGL and other tu-
mours harbouring HIF2A mutations as well as germline and som-
atic variants in other cluster 1 genes. Hypermethylation is another 
unique biological feature of PPGL driven by mutations in the TCA 
cycle genes and phase 2 clinical trials for demethylating agents 
are in progress for patients with SDHX or FH mutated PPGL. In 
addition, it has been suggested that TCA cycle gene mutation- 
associated PPGL might be vulnerable to targeting with poly(ADP)- 
ribose polymerase (PARP) inhibitors [30]. In contrast, for cluster 2 
PPGL, though malignant disease is rare in this category, targeted 
therapies might be directed towards specific kinase pathways (e.g. 
tyrosine kinase inhibitors (RET), ERK1/ 2 inhibitors (RAS), or MEK 
inhibitors (NF1)).

Head and neck Paragangliomas

clinical

HNPGL (parasympathetic- derived paragangliomas) are most 
common in the fourth and fifth decades and are more frequent in 
females than males. More than 50% of HNPGL arise in the carotid 
body (known as carotid body paraganglioma or chemodectoma) 
and, in contrast to sympathetic paragangliomas, metastatic disease 
is infrequent (<5%). Carotid body HNPGL usually present with a 
slowly enlarging neck mass and only rarely secrete catecholamines. 
Glomus jugulare or glomus tympanicum tumours may be associ-
ated with partial or complete hearing loss and pulsatile tinnitus. 
HNPGL may be familial or bilateral (in which case a genetic cause 
should be suspected) and/ or there may be a previous history of 
PPGL, wild- type gastrointestinal stromal tumour (wtGIST) or renal 
cell carcinoma (which are each associated with germline mutations 
in SDHX genes. In patients with sporadic HNPGL, about 20% of 
patients may have a genetic cause [31].

Genetics

Familial and/ or multicentric HNPGL most often results from 
germline mutations in the SDH complex genes (SDHA, SDHB, 
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SDHC, SDHD, and SDHAF2). Which SDHX gene harbours a mu-
tation is critical for determining the risk to other family members. 
The most commonly mutated gene in HNPGL, SDHD, displays a 
parent- of- origin effect in penetrance such that individuals who in-
herit a SDHD mutation from their father are at high risk of HNPGL 
(and also PPGL) whereas if the mutation is inherited from their 
mother the risk of disease is very low (see Chapter 6.12). Inherited 
SDHAF2 mutations show similar parent- of- origin effects on tumour 
risk. Mutations in SDHB, SDHC, and SDHA do not demonstrate any 
parent- of- origin effects and are inherited in a conventional auto-
somal dominant manner. Though each of these genes encodes an 
SDH complex protein the tumour- specific risks vary (e.g. for SDHD 
and SDHC the risks of HNPGL are higher than those for PPGL 
whereas the reverse is true for SDHB mutations). While SDHA muta-
tions are infrequent in patients with HNPGL and PPGL it is the most 
commonly mutated gene in wtGIST [32]. Individuals presenting 
with a HNPGL who are found to harbour a SDHX gene mutation are 
at risk of further HNPGL and other SDHX- related tumours and re-
quire lifelong surveillance and their relatives should be offered gen-
etic investigations/ surveillance also (see Chapter 6.12). Occasionally 
HNPGL may be associated with other inherited causes of PPGL (e.g. 
VHL, TMEM127, MAX) [33].

Management

Symptomatic HNPGL are usually treated by surgery but in 
some locations (e.g. carotid body tumours, vagal, and jugular 
paragangliomas) resection of more advanced tumours can be asso-
ciated with a significant risk of vascular/ cranial nerve damage and 
external beam radiotherapy may be preferable [34]. Small asymp-
tomatic HNPGL may be detected in hereditary mutation carriers 
and, if multiple, may be kept under surveillance though the risk of 
malignancy in SDHB mutation carriers should be considered.

neuroblastoma

clinical

This tumour of developing postganglionic sympathetic neurons oc-
curs in the adrenal medulla or paraspinal ganglia and is the most 
common solid extracranial tumour in children. Most tumours arise 
in the abdomen. Mean age at diagnosis is 1.5 years and 90% of cases 
occur before the age of 10 years [35]. The prognosis is variable with 
survival ranging from 95% to 50% in low-  and high- risk groups, 
respectively. A variety of clinical, pathological, and molecular char-
acteristics (e.g. age at diagnosis, histopathology, tumour MYCN 
amplification, and chromosomal deletions) are used to categorize 
affected children into several groups (low to ultra- high) and guide 
management. A striking feature of neuroblastoma in some patients 
(particularly young infants) is spontaneous regression, even if meta-
static disease is present [35]. Most cases are sporadic and familial 
cases are rare (up to 2% of all cases) but have provided important 
insights into the molecular basis of this disorder.

Genetics of Familial neuroblastoma

Inherited susceptibility to neuroblastoma may be occur as part 
of well- recognized syndromes such as Beckwith– Wiedemann 

syndrome and hemihypertrophy, NF1 and RASopathy disorders, 
congenital central hypoventilation syndrome (Ondine’s course) and 
Hirschsprung disease [36]. In addition, familial (non- syndromic) 
neuroblastoma may be inherited as an autosomal dominant trait 
with incomplete penetrance.

Genetic linkage studies in kindreds with familial non- syndromic 
neuroblastoma localized a gene to chromosome 2p23– p24 and 
sequencing of the ALK (anaplastic lymphoma kinase) proto- 
oncogene identified recurrent missense variants that act as 
activating mutations in the ALK tyrosine kinase domain [37]. 
Germline pathogenic variants in ALK are found in about 80% of 
familial neuroblastoma kindreds [38]. In addition, about 10% of 
sporadic neuroblastomas harbour somatic ALK mutations [39]. 
Functional studies of mutant ALK have identified genotype- 
phenotype- functional correlations such that the familial muta-
tions with stronger activating effects (e.g. R1275Q) are associated 
with more complete penetrance than those with weaker activating 
effects (G1128A) and somatic mutations with the strongest acti-
vating effects (e.g. F1174* and F1245*) have only very rarely 
been detected in the germline but were associated with severe 
neurodevelopmental anomalies [36].

Idiopathic congenital central hypoventilation syndrome (CCHS) 
is a rare autosomal dominantly inherited disorder characterized 
by abnormal autonomic control of ventilation resulting in cyan-
osis and hypercapnia during sleep. Additional features may include 
Hirschsprung disease and other features of autonomic nervous 
system dysfunction (excessive sweating, pupillary abnormalities, 
disordered body temperature regulation, etc.) [40]. Though the 
disorder may be fatal in the neonatal period, long- term survivors 
have been reported. CCHS is the most frequent syndromic cause of 
neuroblastoma and, in 2003, idiopathic CCHS was shown to be as-
sociated with germline mutations in the paired- like homeobox gene 
PHOX2B [37].

RASopathy disorders comprise a group of rare congenital syn-
dromes that result from mutations in genes that encode com-
ponents of the RAS signalling pathway. These disorders include 
Costello syndrome (caused by activating mutations in the HRAS 
proto- oncogene), Noonan syndrome (PTNP11, KRAS, NRAS, 
SOS1, BRAF, RAF1, MEK1, RIT1), Cardiofaciocutaneous syn-
drome (BRAF, MAP2K1, MAP2K2, KRAS) and NF1 [41]. Of these 
disorders, the cancer risk is highest in Costello syndrome, which 
is characterized by developmental delay, short stature (though 
birth weight may be increased), facial dysmorphisms, and cardiac 
anomalies.

Beckwith– Wiedemann syndrome (BWS) is a congenital dis-
order characterized by variable features including macroglossia, 
anterior abdominal wall defects, pre- and/ or postnatal overgrowth, 
neonatal hypoglycaemia, lateralized overgrowth (hemihypertrophy 
and embryonal tumour predisposition in 5– 10% of cases. BWS is a 
human imprinting disorder that is characterized by altered expres-
sion/ function of the IGF2 growth suppressor and/ or the CDKN1C 
growth suppressor. BWS can be caused by several molecular mech-
anisms and the embryonal tumour risk varies between molecular 
subgroups [42]. Overall, the most common embryonal tumour as-
sociated with BWS is Wilms tumour, but the neuroblastoma is the 
most frequent tumour in children with germline CDKN1C muta-
tions (~4% of cases) [42].
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Neuroblastoma has been associated with germline TP53 mu-
tations in a few cases (though neuroblastoma is not considered a 
characteristic Li- Fraumeni syndrome tumour) and rarely has oc-
curred with a germline SDHB mutation [41]. In addition, investiga-
tions of familial neuroblastoma to identify rare variants in inherited 
neuroblastoma genes, investigators have undertaken genome- wide 
association studies (GWAS) in sporadic cases to identify common 
variants predisposing to neuroblastoma variants. More than 15 sus-
ceptibility loci have been identified including variants at (or close 
to) BARD1, MLF1, CPZ, CASC15, LIN28B, LMO1, HSD17B12, 
and TP53 [36]. Several of the genes linked to neuroblastoma sus-
ceptibility by GWAS studies have also been implicated in tumour 
behaviour.

Somatic Genetics of neuroblastoma

More than 30  years ago, amplification of the MYCN proto- 
oncogene was identified as a key driver of neuroblastoma onco-
genesis [35]. MYCN amplification is associated with advanced 
tumour stage and poorer patient survival and evaluation of tu-
mour NMYC status is a key component of pretreatment evalu-
ation protocols that use clinical and biological data to categorize 
patients into the risk groups that determine individual clinical 
management. A number of recurrent copy number abnormalities 
have been described in neuroblastoma including loss of 1p, 4p, 6q, 
11q, and 14q and gain at 1q, 2p, and 17q. Loss of 1p and 11q are 
features of high risk neuroblastoma but whereas 1p loss and 17q 
gain are correlated with MYCN amplification, 11q loss is inversely 
correlated with MYCN amplification [35]. Other somatic findings 
in neuroblastoma include ALK amplification (ALK and MYCN are 
both map to 2p24) and mutations, ATRX, ARID1A, and ARID1B 
mutations, and TERT promoter rearrangements. Though investi-
gation for tumour MYCN status and copy number abnormalities 
(e.g. 11q loss) is routinely performed to establish risk group and 
guide treatment, other genomic profiling investigations (e.g. ALK 
mutation analysis) are not universal though will likely be adopted 
as targeted therapies become available. A well- recognized feature 
of neuroblastoma is the occurrence of spontaneous regression in 
a subset of cases. Several mechanistic aetiologies have been sug-
gested but no genomic biomarker has been identified to date to 
predict which cases will regress.

Genetic testing and Surveillance

In non- syndromic patients, testing for germline mutations associ-
ated with inherited neuroblastoma is indicated if there is a family 
history of neuroblastoma or if there are multifocal or bilateral tu-
mours. In addition, the presence of clinical features of a syndrome 
associated with neuroblastoma predisposition is an indication for 
specific genetic testing to be initiated.

The neuroblastoma risk in individuals with a germline ALK or 
PHOX2B mutation has been estimated at up to 50% and such in-
dividuals should be offered regular surveillance as recommended 
by AACR Childhood Cancer Predisposition Group and including 
abdominal ultrasound, measurement of urinary catecholamine me-
tabolites (VMA and HVA) and chest radiography until age 10 years 
[41]. An International Consensus Group recommended three 
monthly abdominal ultrasound scans until age 7 years in children 
with BWS and a CDKN1C mutation [41]. Routine screening for 

neuroblastoma is generally not indicated in RASopathy disorders 
but should be considered in Costello syndrome (though elevated 
urinary VMA and HVA can occur in the absence of a tumour) [41]. 
About 15% of cases of familial neuroblastoma do not have an identi-
fiable germline mutation and surveillance should also be considered 
for at risk children with a strong family history.

conclusions

PPGL, HNPGL, and neuroblastomas are all tumours of the auto-
nomic nervous system but display differing clinical and molecular 
characteristics. In the past two decades there has been important 
progress in elucidating the molecular basis of familial and spor-
adic forms of these disorders and this information has increasingly 
been used to inform the management of affected individuals and, 
in inherited cases, their families. For example, the identification of 
germline mutations in patients with PPGL and HNPGL is now rec-
ognized as an important aspect of clinical care. The identification of 
individuals with inherited neuroblastoma is also important but for 
this tumour, the characterization of somatic genetic changes (e.g. 
MYCN and 11q deletion status) is an established part of routine 
clinical management and the role of molecular characterization for 
prognostic and treatment stratification will undoubtedly continue 
to expand.
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Introduction

Definition

A phaeochromocytoma is a rare neuroendocrine tumour arising 
from adrenomedullary chromaffin cells that produces one or more 
catecholamines:  adrenaline, noradrenaline, and dopamine [1] . 
The name is derived from the Greek terms phaios (dark, dusky) 
and chroma (colour), referring to the chromium staining char-
acteristics of tumour tissue when treated with chromium salts. 
Paragangliomas are histologically similar to phaeochromocytomas 
and also derived from the neural crest, but they do not arise from 
the adrenal medulla but develop from extra- adrenal sympathetic- 
derived chromaffin tissues, in particular sympathetic paravertebral 
ganglia of the thorax, abdomen, and pelvis. Phaeochromocytoma 
and paraganglioma together will be referred to here as PPGL. 
The majority of PPGLs, around 80– 85%, are located in the ad-
renal gland. Typical locations for extra- adrenal PPGLs are: (1) the 
Zuckerkandl body, a sympathetic ganglion located at the root of the 
inferior mesenteric artery; (2) the sympathetic plexus of the urinary 
bladder, the kidneys and the heart; (3) the sympathetic ganglia in 
the mediastinum. Head and neck paragangliomas, located along 
the glossopharyngeal and vagal nerves in the neck and at the base 
of the skull, represent the parasympathetic counterparts of PPGL. 
They are also known as glomus tumours and they mainly derive 
from the glomus caroticum, glomus (jugulo- )tympanicum, and 
glomus vagale. In general they do not produce clinically significant 
amounts of catecholamines.

epidemiology

The prevalence of PPGL in patients with hypertension in general 
outpatient clinics varies between 0.2% and 0.6%. In children with 
hypertension, the prevalence is estimated at 1.7%. Autopsy studies 
demonstrate undiagnosed PPGLs in 0.05– 0.1% of cases and up to 
50% of these unrecognized tumours may have contributed to mor-
tality. Therefore, the true prevalence is probably higher. PPGLs are 
increasingly diagnosed following the incidental discovery of an ad-
renal mass on abdominal imaging studies for unrelated disorders, 
nowadays in approximately 30% of cases. Around 7% of adrenal 

incidentalomas prove to be a phaeochromocytoma [2] . PPGLs can 
occur at any age, but they mostly present in adults between the ages 
of 20 and 50 years. Both genders are affected equally. In at least one- 
third of all patients, PPGL is part of a hereditary syndrome caused 
by germline mutations. The genetic aspects of PPGL and associated 
syndromes are discussed in Chapter 5.5.1. Patients with hereditary 
PPGLs more often present with multifocal disease and at a younger 
age than those with sporadic neoplasms.

clinical Significance

The secretion of catecholamines by PPGLs can be devastating due to 
potentially lethal cardiovascular complications. Therefore, prompt 
diagnosis is essential for effective treatment, usually by surgical re-
section, which is curative in most cases. A  subset of PPGLs have 
malignant potential. Metastases develop in around 10– 17% of pa-
tients, but the malignancy rate is highly variable among different 
hereditary subforms. Considering the high prevalence of under-
lying genetic disorders, the diagnosis of PPGL may trigger the dis-
covery of neoplasms in family members. For these reasons, it is 
crucially important to recognize symptoms and signs and apply an 
optimal strategy for biochemical testing, tumour localization, and 
management. In 2014, an Endocrine Society USA clinical practice 
guideline on the diagnosis and management of PPGL has become 
available [3] .

Pathogenesis

The pathophysiology of PPGL is largely driven by genomic al-
terations [4] . At least 35% of PPGLs occur as part of a hereditary 
disorder. In contrast to sporadic PPGLs, which usually involve a 
unilateral adrenal lesion, familial PPGLs are more often bilateral, 
extra- adrenal, multifocal, and occur at a younger age. In the context 
of hereditary disease, PPGL may concurrently present with other 
syndromal features, including tumours of other neuroendocrine or 
non- neuroendocrine tissues [5]. The genetic and syndromal aspects 
of PPGL are discussed in detail in Chapter 5.5.1.

The principal genetic drivers in hereditary PPGL are germline 
mutations in tumour susceptibility genes, in particular succinate de-
hydrogenase (SDH) subunits A, B, C, and D and assembly factor 2, 
Von Hippel– Lindau (VHL), RET (causing multiple endocrine neo-
plasia type 2), neurofibromatosis type 1 (NF1), MAX, TMEM127, 
and more recently discovered fumarate hydratase and malate de-
hydrogenase 2. Besides these germline mutations, tumourigenesis 
in 30– 40% of PPGLs is driven by somatic mutations, mainly in 
HRAS, NF1, EPAS1/ HIF2A, RET, VHL, and CSDE1, or by fusions of 
mastermind- like transcriptional coactivator 3 (MAML3).

Based on transcriptional profiling studies, PGLs can be classified 
into different clusters [6] . Tumours in the first cluster include those 
associated with SDH, VHL, fumarate hydratase, malate dehydro-
genase, and EPAS1/ HIF2A and are characterized by increased ex-
pression of genes involved in (pseudo)hypoxia, cell proliferation, 
angiogenesis, electron transport chain, and the Krebs cycle and ab-
normal function of oxidoreductases. Tumours in the second cluster 
include those associated with RET, NF1, TMEM127 and MAX show 
an increased expression of genes involved in kinase signalling, pro-
tein synthesis, endocytosis, and maintenance of a differentiated 
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chromaffin cell catecholamine biosynthetic and secretory pheno-
type. The third cluster involves alterations in the Wnt signalling 
pathway of tumourigenesis and is driven by MAML3 and CSDE1.

SDH subunit B mutations are of particular interest, because they 
have been associated with large sized aggressive tumours and in-
creased risk of malignancy. SDH is part of the tricarboxylic acid 
(TCA) cycle where it converts succinate to fumarate and it also 
serves as complex II of the mitochondrial electron transport chain. 
SDH mutations result in the accumulation of succinate which acts 
as an oncometabolite and triggers the stabilization of hypoxia- 
inducible transcription factors which induce the expression of genes 
with hypoxia response elements that support tumour progression 
via different signalling pathways [7] . In addition, DNA methylation 
profiling revealed that SDH subunit B mutated PPGLs are charac-
terized by a pattern of global histone and DNA hypermethylation 
[8]. These epigenetic changes are also induced by succinate through 
inactivation of histone demethylases and account for several of the 
characteristics of this subset of tumours, including cell migration/ 
metastatic capacity and catecholamine secretory profile.

Pathology

In general, PPGLs are well- circumscribed, encapsulated tumours 
[9, 10]. Most PPGL range in size from 3 to 5 cm, but diameters up 
to 20 cm have been reported. Incidentally discovered PPGLs and 
those diagnosed during tumour screening in mutation carriers are 
usually smaller. PPGLs may show a variety of architectural patterns. 
Typical patterns include nests of cells (‘Zellballen’), anastomosing 
trabecular cords of cells or, most commonly, a mixture of both. See 
Figure 5.5.2.1.

Occasionally, composite tumours, usually consisting of PPGL 
combined with ganglioneuroblastoma or ganglioneuroma, are seen. 
The tumour cells are usually polygonal with an intermediate amount 
of lightly coloured eosinophilic granular cytoplasm. Cells may vary 
in size from small to large. Nuclei are well demarcated and generally 
eccentric in location. Nuclear pleomorphism with enlargement and 
hyperchromatism may be seen.

According to the revised 2017 WHO classification of endocrine 
tumours, the qualifiers ‘benign’ or ‘malignant’ have no meaning in 
the context of PPGLs since these tumours all have some metastatic 
potential, regardless of location or histology [9] . Lesions that qualify 
as metastases occur in non- chromaffin tissues such as bone, lung, 
liver, and lymph nodes. Features that are associated with the de-
velopment of metastases include extra- adrenal tumour location, tu-
mour size larger than 5 cm and succinate dehydrogenase subunit 
B mutations. In addition, various histological features of the pri-
mary tumour may help to stratify the risk of subsequent develop-
ment of metastatic disease. These include the presence of invasion 
of soft tissue, vascular penetration, hypercellularity, comedo- type 
necrosis, and a high mitotic count or Ki- 67 proliferation index. 
Coarse nodularity, decreased numbers of sustentacular cells, or ab-
sence of hyaline globules may also be associated. On an individual 
basis, it is difficult to quantify the risk, however. Several histological 
grading systems have been proposed, such as the most well- known 
Phaeochromocytoma of the Adrenal Scaled (PASS) score. These 
scores are hampered by considerable interobserver variability 
among pathologist and require validation in independent cohorts. 

Currently there are also no reliable molecular markers for malig-
nancy of PPGL.

The pathological differential diagnosis of PPGL includes 
oncocytic adrenocortical tumours and (metastases of) renal cell 
carcinoma and, in case of extra- adrenal paraganglioma, low- 
grade neuroendocrine tumours. Most, but not all PPGLs show 
immunohistochemical expression of chromogranin in tumour 
cells and S100 in sustentacular cells. Presence of steroidogenic 
factor- 1 expression reliably distinguishes adrenocortical tumours 
from phaeochromocytoma. Staining patterns of keratins may 
be helpful to distinguish paragangliomas from neuroendocrine 
tumours.

clinical Features

Symptoms and Signs

The manifestations of PPGL are diverse, and the tumour can mimic 
a variety of conditions, often resulting in erroneous diagnoses. 
Most but not all the clinical signs and symptoms of PPGL are due 
to the direct actions of secreted catecholamines and the associ-
ated short- term activation of the sympathetic nervous system [1] . 
Hypertension, tachycardia, pallor, headache, and feelings of panic 

Figure 5.5.2.1 Histology of PPGL. High power view of left adrenal 
phaeochromocytoma showing typical nested growth pattern 
(‘Zellballen’). Upper panel: haematoxylin & eosin stain. Lower 
panel: S- 100 stain.
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or anxiety, usually dominate the clinical presentation. See Table 
5.5.2.1.

Hypertension in patients with PPGL can be either persistent or 
paroxysmal, but is absent in a minority of patients. Metabolic ef-
fects include hyperglycaemia, lactic acidosis, and weight loss. Less 
common signs and symptoms are nausea, fever, and (pale) flushing. 
Hypertension is often paroxysmal in nature, in some patients 
occurring on a background of sustained hypertension, whereas 
others can have normal blood pressure between paroxysms. 
Hypertensive episodes can be severe and result in hypertensive 
emergencies. Blood pressure can also be consistently normal, espe-
cially in case of early discovery of small tumours as well as in (very) 
rare cases of dopamine secretion only or biochemically silent PPGL. 
Occasionally, patients with predominantly epinephrine- secreting 
tumours and/ or cosecretion of other vasodilatory neuropeptides 
present with hypotension or even shock. Other substances besides 
catecholamines that can be secreted by PPGL include vasoactive 
intestinal peptide, serotonin, histamine, calcitonin, insulin- like 
growth factor- 2, and adrenocorticotrophic hormone, the latter 
causing ectopic Cushing’s syndrome in rare cases. Catecholamine 
excess may also trigger cardiovascular emergencies, such as myo-
cardial infarction, cardiac arrhythmias, dissecting aortic aneurysm, 
toxic cardiomyopathy, hypertensive encephalopathy, cerebrovas-
cular accident, neurogenic pulmonary oedema, and even sudden 
death. See Table 5.5.2.2.

Anaesthesia and tumour manipulation are the most well- known 
stimuli to elicit a catecholaminergic crisis. Tyramine containing 
foods, micturition (urinary bladder PPGL), and various drugs such 
as metoclopramide, tricyclic antidepressants, and glucocorticoids 
might also induce paroxysms. See Table 5.5.2.3.

Usually, however, spells are unpredictable. For most patients 
they last between several minutes and one hour. Intervals between 
attacks may vary from hours to months.

As in adults, PPGLs in children usually present with hyperten-
sion and symptoms of catecholamine excess, but the clinical picture 
may be dominated by central nervous system disturbances such as 
syncope, cyanotic episodes, cerebral encephalopathy, and blurred 
vision.

Differential Diagnosis

The individual symptoms are quite non- specific, in particular head-
aches, palpitations, and sweating, which are the most frequent. This 

table 5.5.2.1 Clinical features of PPGL

Symptoms Signs

Headaches Sustained hypertension

Palpitations Paroxysmal hypertension

Sweating (‘diaphoresis’) Tachycardia or reflex bradycardia

Anxiety/ panic Hyperglycaemia

Tremulousness Postural hypotension

Nausea/ vomiting Weight loss

Abdominal pain Pallor

Chest pain Tremor

Tiredness/ weakness Increased respiratory rate

Dizziness Decreased gastrointestinal motility

Heat intolerance Psychosis (rare)

Paraesthesiae Flushing (rare)

Constipation

Dyspnoea

Visual disturbances

Seizures, grand mal (rare)

Symptoms and signs are listed in order of decreasing frequency

table 5.5.2.2 Catecholamine- related complications of PPGL

Organ system Complication

Cardiovascular Hypertensive crisis

Shock

Acute heart failure

Myocardial infarction

Arrhythmias

(Takutsubo) cardiomyopathy

Dissecting aortic aneurysm

Limb ischaemia

Pulmonary Pulmonary oedema

Abdominal Abdominal haemorrhage

Paralytic ileus

Acute intestinal obstruction

Bowel ischaemia and perforation

Mesenteric vascular occlusion

Acute pancreatitis

Cholecystitis

Megacolon

Neurologic Stroke

Encephalopathy

Renal Acute renal failure

Metabolic Diabetic ketoacidosis

Lactic acidosis

Multisystem Multiple organ failure, fever

table 5.5.2.3 Medications that are contraindicated in PPGL 
because of potential adverse effects

Dopamine D2 receptor antagonists (antiemetics and antipsychotics)

Sympathomimetics (e.g. ephedrine)

Non- selective β- adrenoreceptor 
blockers

Opioid analgesics

Noradrenaline reuptake inhibitors (including tricyclic antidepressants)

Monoamino oxidase inhibitors

Corticosteroids (particularly if high doses are given)

Peptides (e.g. ACTH, glucagon)

Neuromuscular blocking agents (used for anaesthesia)

Serotonin reuptake inhibitors (rare)
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can cause a considerable delay in the diagnosis in many patients. 
Nevertheless, if all three symptoms present together, the specificity 
of this combination is reported to be more than 90%. Differential 
diagnostic considerations are provided in Box 5.5.2.1.

These include anxiety or panic disorder, drug use, baroreflex 
failure, hyperthyroidism, hypoglycaemia, menopausal flushes, and 
migraine must also be considered. Many of these conditions can 
be excluded readily on the basis of a good history and physical 
examination. When paroxysms involve chest pain, differentiation 
from an acute myocardial infarction may be difficult because an-
gina pectoris and myocardial damage may occur in the absence of 
coronary artery disease in a patient with PPGL. Many non- specific 
electrocardiographic changes have been reported, as well as various 
supraventricular and ventricular tachycardias. Hypertension from 
a PPGL during pregnancy can mimic pre- eclampsia.

Biochemical Diagnosis

clinical Settings for testing

Testing for PPGL should be considered in several clinical settings 
[3] . The diagnosis should be prompted by symptoms of PPGL, in 
particular when they are paroxysmal and when they are precipi-
tated by the use of medications that affect catecholamine release. 
See Table 5.5.2.3. Screening for PPGL should also be performed in 
all (non- symptomatic) patients with an accidentally discovered ad-
renal mass, regardless of the presence of hypertension. In addition, 
periodic testing is performed in patients with a relevant hereditary 
predispositions (see Chapter 5.5.1) or a history of previous PPGL 
[11]. Not all patients who present with new onset hypertension need 
to be tested but only those with additional clues for catecholamine 

excess. Initial testing is also required in patients with unexplain-
able variability of blood pressure or a paradoxical blood pressure 
response to anaesthesia, surgery, or medications.

catecholamine Synthesis and Metabolization

The diagnosis of PPGL primarily relies on the measurement of cat-
echolamine metabolites in plasma or urine. Biosynthesis of catechol-
amines starts with conversion of tyrosine to dihydroxyphenylalanine 
(DOPA) by the enzyme tyrosine hydroxylase. See Figure 5.5.2.2.

DOPA is converted to dopamine which is translocated from the 
cytoplasm into catecholamine storage vesicles of chromaffin cells. 
The presence of the enzyme dopamine- ß hydroxylase within these 
vesicles is responsible for conversion of dopamine to noradrenaline. 
In adrenal medullary chromaffin cells, noradrenaline is further con-
verted to adrenaline by phenylethanolamine- N- methyltransferase. 
Since this enzyme is only present in these cells and requires the 
presence of cortisol as a cofactor, adrenaline is nearly exclusively 
produced within the adrenal medulla. Metabolism— and thereby 
inactivation— of catecholamines occurs through different pathways 
resulting in numerous metabolites. The majority of circulating nor-
adrenaline is derived from noradrenergic neurons of the central and 
sympathetic nervous system. Deamination of neuronal noradren-
aline occurs by monoamine oxidase after neuronal reuptake or 
after leakage of the transmitter from storage vesicles into the neur-
onal cytosol. Noradrenaline is also partially metabolized in extra- 
neuronal tissues and adrenal chromaffin cells, where it is converted 
to normetanephrine by catechol- O- methyltransferase. Adrenaline 
is mainly metabolized within adrenal chromaffin cells into the O- 
methylated metabolite metanephrine. Metabolism of dopamine fol-
lows other pathways resulting in production of the O- methylated 
metabolite methoxytyramine. Plasma- free metanephrines and 

Box 5.5.2.1 Differential diagnosis of PPGL

Cardiovascular
Arrhythmias
Angina pectoris
Heart failure
Baroreflex failure
Postural orthostatic tachycardia syndrome
(Pre)eclampsia

Endocrine
Thyrotoxicosis
Carcinoid
Menopausal syndrome
Hypoglycaemia
Mastocytosis
Medullary thyroid carcinoma

Neurological
Migraine
Stroke
Focal epilepsy
Intracranial lesions
Cerebral vasculitis

Miscellaneous
Anxiety disorder
Related to medication
Related to illegal drugs (e.g. cocaine)
Factitia
Porphyria

Tyrosine hydroxylase

DOPA decarboxylase

Dopamine beta-dryxoxylase

Phenylethanolamine N -
methyltransferase

Adrenaline

Noradrenaline

Dopamine

DOPA

Tyrosine

Figure 5.5.2.2 Catecholamine synthesis pathway. Tyrosine is converted 
to dihydroxyphenylalanine (DOPA) then to dopamine, noradrenaline, 
and adrenaline. The conversion of noradrenaline to adrenaline is 
catalysed by the enzyme phenoxyethanolamine N- methyltransferase in 
the adrenal medulla, which is dependent on cortisol as a cofactor.
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methoxytyramine are subsequently conjugated to sulphates by gut 
wall enzymes and then excreted by the kidneys.

choice of Biochemical test

Measurements of plasma- free metanephrines or 24 h urinary frac-
tionated metanephrines are the tests of first choice since they have a 
higher diagnostic accuracy than the measurement of catecholamines 
or other metabolites [3] . It is well established that measurements of 
urinary and plasma catecholamines are insufficiently reliable since 
catecholamine secretion in PPGLs is often episodic or even neg-
ligible in asymptomatic patients. This higher diagnostic accuracy 
of metanephrines can be attributed to continuous intratumoural 
production and secretion of metanephrines into the circulatory 
compartment. This secretion is independent of highly variable cat-
echolamine release caused by the tumour or by sympathoadrenal 
excitation. Both plasma- free and 24- h urinary fractionated 
metanephrines offer high sensitivities between 96% and 99% and 
a specificity between 69% and 93% [12]. In children, the diagnostic 
performance of plasma or urine metanephrines is similarly high. 
Plasma concentrations of metanephrine on average are higher in 
children than in adults, but also higher in boys than in girls. It is ad-
vised to apply sex and age adjusted reference intervals [13].

The measurement of metanephrines can be achieved by several 
analytical techniques. Earlier procedures utilizing radioenzymatic 
assays have generally been superseded by highly sensitive and spe-
cific high- performance liquid chromatography methods utilizing 
electrochemical detection or, more efficient, in combination with 
tandem mass spectrometry.

Interpretation of Biochemical test Results

The interpretation of biochemical test results for the diagnosis of 
PPGL can be challenging and several pitfalls need to be considered. 
Elevated plasma levels of catecholamines or metanephrines are not 
specific for PPGL and do not always prove the presence of PPGL 
but could also reflect increased sympathetic activity. Several pre- 
analytical factors may affect test results, such as exercise, posture, 
food, stress, caffeine, smoking, hypoglycaemia, and medications; 
these factors may alter production or disposition of catechol-
amines and their metabolites. A  blood sample for measurement 
of metanephrines should ideally be taken after supine rest in a 
quiet room for at least 20– 30 minutes, since samples obtained in 
sitting position without preceding rest provide a lower diagnostic 
accuracy. Numerous food products, including banana, pineapple, 
nuts, and cereals, contain substantial quantities of biogenic amines 
that may produce false- positive test results. Dietary restrictions 
prior to testing, however, appear warranted for the measurement of 
the dopamine metabolite methoxytyramine only.

Medications and intoxications can interfere analytically, 
pharmacodynamically, and pharmacokinetically, resulting in usu-
ally false- positive test results. See Box 5.5.2.2.

Analytical interference can occur with some, but not all, liquid 
chromatography with electrochemical detection assays. Tandem 
mass spectrometry is less susceptible to analytical interference. 
Pharmacodynamic and pharmacokinetic interference involves the 
effects of drugs on secretion, metabolism, and excretion of catechol-
amines or metabolites. Numerous drugs are known to increase cat-
echolamine and metabolite concentrations, resulting in falsely 
elevated test results [14]. Examples are sympathomimetic agents 
such as ephedrine, amphetamine, cocaine, caffeine, and nicotine, 

agents that inhibit reuptake of noradrenaline such as serotonin/ nor-
adrenaline reuptake inhibitors and tricyclic antidepressants, agents 
that inhibit catecholamine metabolism such as monoamino oxidase 
inhibitors and vasodilators such as calcium- channel blockers and α-  
and β- adrenergic receptor blockers. False- positive results can also 
occur with Levodopa, used in Parkinson’s disease.

clonidine Suppression test

Initial test results of plasma- free metanephrines are not always im-
mediately conclusive. When metanephrines are mildly elevated 
(<3– 4 times the upper reference limit) the question arises whether 
the test result is true or false- positive. First, measurements of 
plasma- free metanephrines can be repeated after optimizing sam-
pling conditions and elimination of potential interfering drugs 
and substances which may be responsible for false- positive results. 
If the tests are still inconclusive, a clonidine suppression test can 
be performed [15]. Clonidine suppresses release of neuronal nor-
adrenaline (and thereby of normetanephrine) by stimulating brain 
and prejunctional neuronal α2- adrenergic receptors. For the test, 
clonidine is administered orally at a dose of 300 µg/ 70  kg body 
weight. An abnormal test result indicating a PPGL includes an ele-
vation of plasma normetanephrine at 3 hours after clonidine ad-
ministration and a less than 40% decrease in levels compared with 
baseline. If these criteria are not met, sympathetic activation rather 
than PPGL is the cause of elevation. Both sensitivity and specificity 
of the test are high. Since clonidine may induce hypotension, blood 
pressure should be intermittently monitored throughout the pro-
cedure. The glucagon stimulation test, previously used to unmask 
the presence of a PPGL, is obsolete due to substantial risk of hyper-
tensive complications and insufficient sensitivity.

Biochemical Phenotype

Once biochemical diagnosis of PPGL is established, tumours can be 
divided into three groups according to their biochemical phenotype. 

Box 5.5.2.2 Medications that may cause false 
elevated metanephrines

Pharmacodynamic or pharmacokinetic interference
Tricyclic antidepressants
Phenoxybenzamine
Monoamine oxidase inhibitors
Levodopa
Alpha- methyldopa
Sympathomimetics
Calcium- channel blockers
Caffeine
Nicotine
Sympathomimetics

Analytical interference (with some LC- ECD assays)
Coffee (including decaffeinated coffee)
Labetalol
Paracetamol
Sotalol
Alpha- methyldopa
Buspirone
Sulphasalazine
Levodopa
Alpha- methyldopa
Sympathomimetics
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Noradrenergic tumours secrete mainly noradrenaline while adren-
ergic tumours secrete mainly adrenaline in addition to a varying 
amount of noradrenaline. The third group is formed by tumours 
which (co)secrete dopamine. The secretion of metanephrines is rela-
tively higher in noradrenergic tumours than adrenergic tumours and 
is positively correlated with tumour size [16]. The biochemical pheno-
type can also be an indicator of tumour location since adrenaline and 
metanephrine secretion is usually confined to adrenal PPGLs, whereas 
extra- adrenal tumours secrete predominantly or exclusively noradren-
aline and normetanephrine. These differences are attributed to the 
paracrine action of cortisol, which induces the expression of adrenal 
phenylethanolamine- N- methyltransferase, the enzyme that converts 
noradrenaline to adrenaline. The biochemical phenotype also strongly 
depends on the underlying genotype. PPGLs in the context of mul-
tiple endocrine neoplasia type 2 and neurofribromatosis type 1 are ad-
renergic, whereas those related to Von Hippel– Lindau syndrome and 
succinate dehydrogenase mutations are almost always noradrenergic 
and in the latter case regularly also dopaminergic [17]. Dopamine ex-
cess typically does not cause endocrine manifestations.

tumour Localization

Anatomical Imaging

Localization of PPGL should be initiated only if a biochemical diag-
nosis has been established. In patients with a hereditary predispos-
ition, less compelling biochemical evidence might justify imaging 
studies. Particularly, familial PPGLs related to mutations in suc-
cinate dehydrogenase subunit B and D can be completely nega-
tive on biochemical testing and therefore imaging represents the 
principal means for diagnosis. The same applies to most head and 

neck paragangliomas. The goals of imaging studies are localization 
of the primary tumour, detection of multiple primary tumours and 
of metastases. First line anatomical imaging modalities for imaging 
are computed tomography (CT) and magnetic resonance imaging 
(MRI), the latter being preferred in children and young adults to 
limit radiation exposure. Both techniques provide a high sensitivity 
(88– 100%) and allow precise tumour delineation, which is critical 
for presurgical evaluation. Use of ultrasound is usually not recom-
mended due to its suboptimal sensitivity. The administration of both 
CT and MRI contrast agents is safe and does not require adrenergic 
blockade [18]. The radiological appearance of PPGL is variable. The 
tumours can be homogeneous or heterogeneous, including features 
of necrosis, haemorrhage, cystic changes, and calcifications. In rep-
resentative areas of the tumour, however, unenhanced attenuation on 
CT is almost invariably >10 Hounsfield units as opposed to most ad-
renal adenomas [19, 20]. Contrast washout is unreliable to distinguish 
between PPGL and adenoma. Disadvantages of CT besides radiation 
burden are contrast related allergies and nephropathy. On MRI, a 
high intensity (bright) T2- weighted signal is typical of PPGL, but this 
occurs in only one- third of the tumours. Artefacts due to surgical 
clips of previous surgery may hamper the localization of recurrent 
disease by MRI. In addition, the specificity of anatomical imaging is 
limited and therefore functional imaging can be of additional value.

Functional Imaging

Lesions detected by anatomical imaging can be specifically identi-
fied as PPGL by functional imaging agents that target the catechol-
amine synthesis, storage, and secretion pathways of chromaffin 
tumour cells [21]. In this respect, the most widely used imaging 
modality is [123I]- metaiodobenzylguanidine (MIBG) single- photon 
emission computed tomography (SPECT). See Figure 5.5.2.3.

(a) (b)

(c)

Figure 5.5.2.3 Imaging results in patient with left adrenal phaeochromocytoma. (a) [18F]- FDG PET; (b) [123I]- MIBG single- photon emission computed 
tomography; (c) computed tomography (CT).
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The norepinephrine analogue MIBG targets the norepinephrine 
transporter of the PPGL cell membrane and the vesicular monoamine 
transporters in the membrane of intracellular vesicles. See Table 5.5.2.4.

[123I]- MIBG is typically preferred to [131I]- MIBG for imaging be-
cause [123I] lacks β emissions and has a shorter half- life (13.2 hours 
compared with 8 days), resulting in overall lower radiation exposure 
for the patient. Alternative tracers that accumulate in the tumour 
cells through the same mechanisms, but are detected by positron 
emission tomography (PET), are 6- [18F]- fluorodopamine, [11C]- 
epinephrine and [11C]- hydroxyephedrine. However, the availability 
of these latter radiotracers for clinical practice is limited. MIBG 
scanning can be used in patients with an increased risk for metastatic 
disease due to large size of the primary tumour or to extra- adrenal, 
multifocal or recurrent disease [22]. Its use is essential in patients 
with metastatic PPGL when radiotherapy using [131I]- MIBG is 
planned. Because up to 50% of normal adrenal glands demonstrate 
physiological uptake of MIBG, false- positive results can occur when 
the uptake is asymmetric. The sensitivity of MIBG scans to detect 
PPGL is 85– 88% for adrenal, 56– 75% for extra- adrenal and 56– 83% 
for metastatic tumours. False negative results are most common 
(~50%) in PPGLs related to mutations in succinate dehydrogenase. 
Practical disadvantages of MIBG scintigraphy are a delay in scan-
ning until 24 h post- injection, potential drug interference (e.g. false 
negative results due to labetalol, tricyclic antidepressants, sympatho-
mimetics, and calcium- channel blockers) and the need for thyroid 
protection by pretreatment with iodine.

A clearly better sensitivity for detection of metastases than that 
achieved by MIBG SPECT can be provided by PET. 2- [18F]- Fluoro- 
2- deoxy- D- glucose (FDG) PET provides an index of intracellular 
glucose metabolism and is taken up by the tumour cell through the 
membranous glucose transporters. Its routine application is recom-
mended for the staging and monitoring of metastatic PPGL, in par-
ticular when caused by SDH subunit B mutations [23]. Similar or 
even higher sensitivities can be accomplished by using [18F]- fluoro- 
L- 3,4- dihydroxyphenylalanine (DOPA), which targets the amino 
acid transporters of neuroendocrine cells, or by using the [68Ga] or 
[111In] labelled somatostatin analogues DOTATATE, DOTANOC, 
or DOTATOC [24]. Moreover, for comprehensive localization of 
metastases of the bone, a frequent site of involvement in malignant 
PPGL, PET is superior to anatomical imaging.

treatment and Prognosis

Medical and Surgical Management

Optimal management of PPGL warrants a multidisciplinary team of 
(paediatric) endocrinologists, surgeons, anaesthesiologists, genetic 

counsellors, radiologists, and cardiologists with expertise in the field. 
This calls for centralization of care for these patients. Non- metastatic 
PPGL can be cured by surgical resection. However, before any sur-
gery is undertaken, the deleterious effects of catecholamine secretion 
should be under control. The main goals of preoperative manage-
ment are to relieve symptoms and signs of catecholamine excess, 
including normalization of blood pressure and heart rate, volume re-
pletion and prevention of anaesthesia and surgery- induced catechol-
amine storm and its consequences on the cardiovascular system [25]. 
Potentially lethal complications, including hypertensive crisis, myo-
cardial infarction, congestive heart failure (e.g. due to (Takutsubo) 
cardiomyopathy) and cerebrovascular events, should be minimized. 
Retrospective studies suggested that risk factors for haemodynamic 
instability during surgery include large tumour size, high noradren-
aline concentration, and high preoperative blood pressure. There are 
no evidence- based protocols for the medical management. Local 
practices are wide ranging and there are international differences in 
available and approved medical therapies. An example approach to 
the preoperative management is provided in Box 5.5.2.3.

There is extensive clinical experience with the irreversible and 
non- selective α- adrenergic receptor blocker phenoxybenzamine. 
Treatment is primarily aimed at blocking catecholamine- mediated 
vasoconstriction. Adverse reactions include postural hypotension, 
syncope, nasal congestion, reflex tachycardia, drowsiness, and fa-
tigue. Over at least 2– 4 weeks prior to surgery, doses are gradually 
increased until blood pressure is steadily controlled. This preopera-
tive medical preparation takes place either in the outpatient or in-
patient clinic, depending on patient- related factors (e.g. disease 
severity, geographical considerations) and local experience. In gen-
eral, suggested targets are a supine systolic/ diastolic blood pressure 
below 130/ 80 mmHg and a systolic blood pressure in the upright 
position between 90 and 110 mmHg. Doses of phenoxybenzamine 
up to 70 mg twice daily maybe necessary. Alternatively, doxazosin, 

table 5.5.2.4 Radiopharmaceuticals for the functional imaging 
of PPGL

Molecular targets Tracers

Norepinephrine transporter [123I]- MIBG, 6- [18F]- fluorodopamine,  
[11C]- epinephrine, [11C]- hydroxyephedrine

Neutral amino acid transporter 
System L

[18F]- fluoro- L- 3,4- dihydroxyphenylalanine

Somatostatin receptors [68Ga]- DOTATATE, DOTANOC, DOTATOC

Glucose transporters [18F]- fluorodeoxyglucose

Box 5.5.2.3 Preparation for PPGL surgery (to be customized 
for the individual patient)

Start α- adrenoreceptor blocker at least 14 days before surgery
(e.g. phenoxybenzamine 10 mg twice daily or doxazosin 4 mg once daily)

Monitor side effects, supine and upright blood pressure, and heart rate 
(at least twice daily) and body weight (daily)

Oral salt and fluid loading
(e.g. NaCl 250 mmol = 15 grams daily)

Gradually increase α- adrenoreceptor blocker until haemodynamic 
goals* are met
(e.g. until maximum dose of phenoxybenzamine 70 mg twice daily or 
doxazosin 24 mg twice daily)

Add β- adrenoceptor blocker after at least 3– 4 days of β- adrenoreceptor 
blocker, when significant tachycardia or a catecholamine- induced 
arrhythmia occurs
(e.g. metoprolol, atenolol, or propranolol)

Gradually increase β- adrenoceptor blocker until haemodynamic goals* 
are met

Add calcium- channel antagonist when haemodynamic goals* are not 
met despite maximum α- adrenoreceptor- blockade
(e.g. nipedipine or amlodipine)

Administer a saline infusion (e.g. 2L NaCL 0.9% in 24 hours) 24 h before 
surgery

* Haemodynamic goals:  supine systolic/ diastolic blood pressure <130/ 80 mmHg, 
systolic blood pressure in the upright position between 90 and 110 mmHg, heart
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prazosin, or terazosin may be used. These are all competitive and 
selective α1- adrenergic receptor blockers, with no effect on pre-
synaptic α2- adrenergic receptors and therefore the negative feed-
back on catecholamine release is preserved, reducing the risk of 
reflex tachycardia. Doxazosin may need to be titrated up to 24 mg 
twice daily. Retrospective studies demonstrated that α1- selective 
adrenergic receptor blockers were associated with lower preopera-
tive diastolic blood pressure, a lower intraoperative heart rate, 
better postoperative haemodynamic recovery and fewer adverse ef-
fects than non- selective α- adrenergic blockers [26]. Another study 
did not show any difference between the two classes of drugs [27]. 
Prospective trials investigating the effectiveness and safety of dif-
ferent α- adrenergic blocking therapies are under way.

Β- adrenergic blocking agents such as propranolol, atenolol, and 
metoprolol are needed only when significant tachycardia occurs 
after α- blockade or for treatment of catecholamine- induced ar-
rhythmia. Suggested targets for heart rate are below 80 beats per 
minute in the supine position and <100 beats per minute while 
standing. A (non- selective) β- blocker should never be used in the 
absence of sufficient α- adrenergic blockade because the former will 
exacerbate epinephrine- induced vasoconstriction by inhibiting β2- 
mediated vasodilation. This will make hypertensive episodes worse 
in subjects on a β- blocker alone. The use of labetalol is not recom-
mended because of a fixed ratio of α-  to β- antagonistic activity (1:5).

Α- methyl- paratyrosine (metyrosine) is a competitive inhibitor of 
tyrosine hydroxylase, the rate- limiting step in catecholamine bio-
synthesis. It can also be used in the treatment of patients with meta-
static PPGL. The drug is not generally available in all countries and 
institutions. Side effects such as sedation, depression, anxiety, and 
extrapyramidal manifestations relate to inhibition of catecholamine 
synthesis in the brain and can be severe. Alternatively, calcium- 
channel blockers such as nifedipine, amlodipine, and verapamil can 
be used or added, if maximum doses of α- adrenergic blockers are 
insufficient.

Usually, oral salt and fluid loading or intravenous fluids are given 
to expand blood volume to prevent preoperative orthostatic hypo-
tension and severe postoperative hypotension. The rationale behind 
this recommendation is based on the notion that PPGL is associated 
with a decreased intravascular volume, which is restored under in-
fluence of treatment with α- adrenoceptor antagonists. It is common 
practice to administer a saline infusion (e.g. 2L NaCL 0.9% in 24 
hours) during the 24 h before surgery [27]. Medications that can 
elicit a catecholamine surge should be avoided. See Table 5.5.2.3.

There is no consensus on the optimal anaesthetic management, 
as randomized controlled trials on this subject are not avail-
able. As a minimum requirement, anaesthesiologic management 
should be in experienced hands. Despite preoperative blockade, 
intraoperative blood pressure can vary widely, necessitating the 
use of short acting drugs such as phentolamine, nicardipine, and 
sodium nitroprusside. Perioperative glucocorticoid stress dosing 
to avoid Addison crisis should be applied in case of bilateral 
adrenalectomy, (partial) rest- adrenalectomy, and the rare event of 
preoperative Cushing syndrome due to mixed pheochromocytoma/  
adrenocortical adenoma or ectopic adrenocorticotrophic hormone 
(ACTH) production [28].

With regard to the surgical resection of both adrenal and extra- 
adrenal retroperitoneal PPGL, open surgery has been largely re-
placed by minimally invasive laparoscopic surgery via either the 

retroperitoneal or transperitoneal route. Open resection is recom-
mended for large (e.g. >6 cm) or invasive PPGLs to ensure com-
plete tumour resection, prevent tumour rupture and avoid local 
recurrence [3] . The optimal surgical approach for extra- adrenal 
paraganglioma depends on the tumour location, invasion of sur-
rounding structures and size. In one of the largest surgical series re-
ported so far, perioperative mortality and morbidity were 2.4% and 
23.6%, respectively [29]. In the setting of bilateral adrenal PPGL or 
a high chance of developing contralateral disease and a low chance 
of metastases, for example in case of multiple endocrine neoplasia 
type 2, cortex- sparing partial adrenalectomy can be attempted. The 
latter approach particularly pertains to situations where contralat-
eral adrenalectomy has already been performed previously and loss 
of adrenocortical function and subsequent hormone replacement 
could be prevented. However, this is at the cost of an increased risk 
of local recurrence.

Postoperatively, the patient is monitored in the ICU for at least 24 
hours to manage potential complications such as rebound hypoten-
sion and hypoglycaemia. Hypotension can be overcome by volume 
loading and vasopressor therapy with noradrenaline under strict 
monitoring of haemodynamic parameters. Post- surgical hyper-
tension on the other hand can occur as a consequence of non- 
radical resection, pain, or volume overload and should be treated 
accordingly.

Follow- up After Surgical excision

In 2016, a European Society of Endocrinology clinical practice 
guideline on the follow- up of patients operated on for a PPGL was 
published [30]. These recommendations were based on a systematic 
review of the literature regarding the incidence of recurrence (local 
or metastatic) or new tumours in patients operated on for PPGL 
with apparently complete tumour resection. The 5- year incidence of 
recurrence was estimated at 4.7% (95% CI: 4.0, 6.1), distributed as 
follows: new tumours 22%, local recurrences 23% and metastatic re-
currences 55%. The risk of new events persists in the long- term and 
is higher for patients with genetic or syndromic diseases. Plasma 
or urinary metanephrines should be determined between 2 and 6 
weeks after recovery from surgery to establish biochemical cure. 
Subsequently, a minimum follow- up of 10 years by yearly clinical 
and biochemical investigations is recommended. In high- risk pa-
tients, i.e. young patients and those with a hereditary disease, a large 
tumour, and/ or an extra- adrenal PPGL, lifelong annual follow- up 
should be offered. For patients with known genetic diseases, follow- 
up should be tailored to the specific condition. For patients with a 
familial paraganglioma syndrome due to succinate dehydrogenase 
mutation, the follow- up should also include periodic imaging, re-
gardless of the results of metanephrines, to screen for biochemically 
silent PPGL and head and neck paraganglioma, as well as other 
associated tumours such as renal cell carcinoma, gastrointestinal 
stromal tumours, pituitary adenoma, carcinoid tumours and, rarely, 
neuroblastoma.

Metastatic PPGL

A minority of patients with PPGL (10– 17%) develop metastatic dis-
ease. In around half of these patients metastases are already present 
at the initial diagnosis (‘synchronous’), whereas metachronous me-
tastases may develop in the course of years or decades after sur-
gery. Predictors of a malignant course include large tumour size, 
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extra- adrenal tumour location, and presence of a germline muta-
tion in SDH subunit B. The TNM staging for PPGL has adopted a 
cut- off of 5 cm as well as extra- adrenal location as important deter-
minants of the risk of metastasis [31]. See Box 5.5.2.4.

Reliable histological and molecular markers to predict a malig-
nant course in individual patients are lacking. Distant metastases 
of mainly occur in the lymph nodes (80%), skeleton (72%), liver 
(50%), and lungs (50%) [32]. See Figure 5.5.2.4.

Local infiltration of the liver, pancreas, kidneys, gastrointestinal 
tract, and adipose tissue may also occur. Metastases to the brain, 
breasts, skin, and ovaries have rarely been described.

The natural course of the disease is highly heterogeneous. The 
overall 5- year survival rate varies between 34% and 60% [33]. 
Overall survival, progression- free survival, and clinical outcome 
are difficult to predict on an individual basis. Some patients 
have indolent disease, despite the presence of extensive distant 
metastases, especially when confined to the skeleton. These pa-
tients may have an excellent quality of life and may need little or 
no therapeutic intervention for a prolonged period of time. In a 
French series, half of therapy- naive patients with metastatic PPGL 
achieved stable disease at 1 year without treatment [34]. On the 
other hand, some patients exhibit very aggressive disease and lack 
of response to systemic therapy. Most patients exhibit intermediate 
outcomes with progressive disease that will require intervention 
at some point. Several factors have been associated with survival. 
This includes the presence of a germline mutation in SDH subunit 
B [35], with a prevalence of 30% in patients with metastatic PPGL 
and up to 90% if the tumour originates from an extra- adrenal lo-
cation. Other negative predictors of survival are overall tumour 
burden, timing, and location of metastases, and the degree of cat-
echolamine excess.

No official guidelines on the treatment of metastatic PPGL exist. 
In any case, successful management again requires a multidis-
ciplinary approach, involving endocrinology, oncology, surgery, 
radiotherapy, interventional radiology, and pathology. The goals of 
treatment are to reduce tumour size, treat catecholamine- related 
adverse events, palliate symptoms related to tumour burden and 
prevent tumour progression. In case of limited metastatic disease 

such as local malignant lymphadenopathy, surgical metastasectomy 
can be undertaken with curative intent. Even in the presence of in-
curable disease, resection (or debulking) of the primary tumour has 
been shown to be of benefit for survival. Other local therapies in-
clude external beam irradiation, radiofrequency ablation, tumour 
embolization, cryotherapy, and percutaneous microwave coagula-
tion, which can be applied for local symptom relief. Patients with 
epidural cord compression may benefit from spine surgery as well 
as external beam irradiation, or a combination of both. Stable com-
pression fractures can be safely treated with percutaneous cement 
injection. Spinal instability can be treated only with surgery. Prior to 
these interventions, patients with hormonally active PPGL must be 
treated with α-  and β- adrenergic blockers. Very importantly, these 
medications are also given to control symptoms of catecholamine 
excess. In some cases α- methyl- paratyrosine (metyrosine) might 
be added. Besides hypertension and other cardiovascular mani-
festations, patients with metastatic PPGL may suffer from severe 
constipation caused by the inhibitory effects of catecholamines on 
bowel movement, in particular noradrenaline. This requires vig-
orous treatment with laxatives.

In case of MIBG positive metastatic lesions on diagnostic scan-
ning, targeted radiotherapy with [131I]- MIBG can be applied. Both 
high- dose regimens and fractionated low- dose regimens have 
been shown to be effective in achieving a therapeutic response. 

Box 5.5.2.4 TNM classification of malignant PPGL

Primary tumour size
Tx Primary tumour cannot be assessed
T1 Tumour <5 cm in greatest dimension, no extra- adrenal invasion
T2  Tumour ≥5 cm or extra- adrenal paraganglioma of any size, no extra- 

adrenal invasion
T3  Tumour of any size with invasion into surrounding tissues (e.g. liver, 

pancreas, spleen, kidney)

Regional lymph nodes
Nx Regional lymph nodes cannot be assessed
N0 No lymph node metastasis
N1 Regional lymph node metastasis

Distant metastasis
M0 No distal metastasis
M1 Distant metastasis
M1a: to only bone
M1b: to only distant lymph nodes/ liver or lung
M1c: to bone plus multiple other sites

Figure 5.5.2.4 [18F]- FDG PET in patient with widespread bone 
metastasis of extra- adrenal PPGL due to succinate dehydrogenase 
subunit B mutation.



SectIon 5 Adrenal Diseases860

A  meta- analysis on the effectiveness of different regimens of 
[131I]- MIBG radiotherapy, yielded the following response data:  a 
complete response in 3% of patients, a partial response in 27% of 
patients, and stable disease in 52% of patients [36]. Biochemical 
responses were as follows: 11% complete response, 40% partial re-
sponse, and 21% stable disease. [131I]- MIBG treatment is gener-
ally well- tolerated, although high- dose regimens may cause bone 
marrow toxicity. Recently, positive effects have also been reported 
for ultratrace iobenguane, a more efficiently radiolabelled form of 
[131I]- MIBG. The use of radiolabelled somatostatin analogues for 
peptide receptor radionuclide therapy for patients with PPGL me-
tastases that are positive on [68Ga] DOTATATE, DOTANOC, or 
DOTATOC has not been systematically evaluated but may be ef-
fective in some cases.

Regarding chemotherapy, different agents have been used for 
metastatic PPGL, including mainly cyclophosphamide, doxo-
rubicin, vincristine, dacarbazine, temozolomide, 5- fluorouracil, 
methotrexate, ifosfamide, streptozotocin, and platinum com-
pounds. The best examined protocol, albeit in retrospective studies 
only, is a combination of cyclophosphamide, vincristine, and 
dacarbazine, usually administered in 21- day cycles. Complete and 

partial radiological response rates were 11% and 44%, respectively 
[37]. It was shown that besides yielding a potential survival benefit, 
this combination chemotherapy can facilitate control of blood pres-
sure as well as symptoms [38]. On the other hand, the side effects 
may negatively impact the patient’s quality of life. Patients likely to 
benefit from chemotherapy are those with rapidly progressive dis-
ease and tumour related symptoms that cannot be easily controlled 
by supportive therapies. The role of chemotherapy in a (neo)adju-
vant setting of PPGL remains to be determined. As an oral alter-
native, temozolomide has been successfully applied to treat SDH 
subunit B related PPGL [39].

In a subset of patients, antiangiogenetic treatment with tyrosine 
kinase inhibitors such as sunitinib has been associated with par-
tial response, disease stabilization and improved blood pressure 
control [40]. Prospective clinical trials are now ongoing (http:// 
clinicaltrials.gov/ ). For future treatment, in the context of a tu-
mour that is highly variable in its genotype, growth- rate, and prog-
nosis, a multiomics approach is being investigated to better stratify 
PPGLs and guide tailor- made strategies [6] . A proposed algorithm 
for currently available treatments of metastatic PPGL is provided 
in Figure 5.5.2.5.

Metastatic PPGL

Adrenocereceptor
blockade (in some
cases metryrosine)

Prevention of
constipation

Consider: debulking
surgery and/or

metastasectomy

Limited and stable
disease Local complications

Consider: surgery,
radiofrequency

ablation, external
beam irradiation,
cement injection,

tumour embolization,
cryotherapy,
percutaneous

microwave
coagulation

Extensive disease
(soft tissue) and/or
slow progression

Rapid progression

Consider:
chemotherapy

(cyclolphosphamide,
vincristine,

dacarbazine/
temozolomide),
tyrosine kinase

inhibitor or other
targeted treatment

Consider:
(131l)-MIBG

radiotherapy when
(123l)-MIBG scan
positive, peptide

receptor radionuclide
therapy with
somatostatin

analogues when
DOTATATE/NOC/TOC

PET positive

Consider: watchful
waiting, symptomatic

treatment

Figure 5.5.2.5 Proposed algorithm for the management of metastatic PPGL.
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PPGL in children

Considering the scarcity of PPGL in children, often in the context 
of hereditary disease, paediatricians face an even stronger challenge 
in diagnosing and treating this condition in an evidence- based way.

Although PPGLs are the most common endocrine tumours in 
children, they account for no more than 10% of all PPGLs, with 
an incidence of less than 2 per million per year [41]. As compared 
to adults, PPGLs in children are more commonly familial (80%), 
extra- adrenal (66%), multifocal (32%), and metastatic (49%) [42]. 
These features are probably interrelated. Childhood PPGLs peak 
at 10 to 13 years, with a male predominance (male vs. female, 2:1) 
before puberty. Regarding management, drug doses and haemo-
dynamic treatment goals need to be adjusted according to age-  and 
weight specific standards.

PPGL in Pregnancy

PPGL in pregnancy is extremely rare, occurring in around 0.002% 
of all pregnancies [43]. If undiagnosed, maternal and fetal mor-
tality is around 50%. Confusion with the much more prevalent 
forms of pregnancy- related hypertension such as (pre)eclampsia 
is the main cause of overlooking the diagnosis. With early detec-
tion and proper treatment during pregnancy, mortality can be 
considerably decreased. For the biochemical diagnosis, plasma or 
urinary metanephrines can be used since they have a high nega-
tive predictive value. For localization, only MRI is suitable. When 
the diagnosis is made in the first 24 weeks of gestation, it should 
be (laparoscopically) removed after medical preparation. If the 
tumour is diagnosed in the third trimester, the patient should be 
managed using adrenoreceptor blockade until the fetus is viable and 
Caesarean section with tumour removal in the same session or at a 
later stage is then preferred.
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Introduction

Arterial hypertension is a major cardiovascular risk factor. 
Identification of secondary forms of hypertension is key for tar-
geted management and prevention of cardiovascular complications. 
Aldosterone plays a major role in regulating blood pressure and 
electrolyte homeostasis, and primary aldosteronism (PA) has been 
recognized as the most frequent form of secondary arterial hyperten-
sion. The prevalence of PA has been estimated to be around 4 to 6% 
of hypertensives in primary care [1, 2] and 10% in reference centres 
[1] . PA is associated with a suppressed renin- angiotensin system 
and often hypokalaemia; it is due mainly to unilateral aldosterone- 
producing adenoma (APA) or to bilateral adrenal hyperplasia. In 
addition to aldosterone excess, some rare disorders affecting cor-
ticosteroid production in the adrenal gland or their actions in the 
kidney also lead to steroid dependent hypertension. These include 
11β- hydroxylase (CYP11B1) and 17α- hydroxylase (CYP17A1) defi-
ciencies, as well as activating mineralocorticoid receptor mutations 
and the syndrome of apparent mineralocorticoid excess.

Aldosterone regulates blood pressure and electrolyte homeo-
stasis by activating the mineralocorticoid receptor (MR) in the 
so- called aldosterone sensitive distal nephron (late distal convo-
luted tubule, connecting tubule and collecting duct), which plays 

an important role in fine- tuning renal sodium excretion by reab-
sorbing around 5– 10% of the filtered sodium load [3] . The MR is 
a ligand dependent transcription factor, member of the nuclear 
receptor superfamily [4]. Following hormone binding, the MR 
activates transcription of a number of genes coding for proteins 
involved in regulating transepithelial sodium transport, including 
the epithelial sodium channel ENaC and the Na+,K+- ATPase [5]. 
Importantly, the MR binds aldosterone, 11- deoxycorticosterone 
(DOC), corticosterone and cortisol with very similar and high af-
finity [6], with certain differences in their efficiency of activating 
gene transcription [7]. Cortisol circulates in plasma at ≈1000- fold 
higher levels than aldosterone [8]. In epithelial aldosterone target 
tissues like the distal parts of the kidney, aldosterone selectivity of 
MR binding is made possible by the action of 11β- hydroxysteroid 
dehydrogenase type 2 (HSD11B2), an enzyme which converts cor-
tisol to its inactive metabolite cortisone [9, 10]. In tissues not ex-
pressing 11β- HSD2, or in cases where the enzyme is inactive, the 
MR is mainly bound by cortisol and acts as a bona fide high affinity 
glucocorticoid receptor.

Aldosterone is synthetized from cholesterol through sequen-
tial enzymatic steps in the adrenal zona glomerulosa (ZG). The 
enzyme aldosterone synthase (CYP11B2), is the rate- limiting en-
zyme for aldosterone biosynthesis and is expressed exclusively in 
the ZG. It catalyses the three terminal reactions involving 11β- 
hydroxylation of DOC to corticosterone and its subsequent 18- 
hydroxylation and 18- oxidation to 18- hydroxy- corticosterone 
and aldosterone. Cortisol, the main glucocorticoid in human, is 
produced in the zona fasciculata (ZF) of the adrenal, where ex-
pression of 17α- hydroxylase mediates conversion of 17- deoxy- 21- 
carbon steroids into 17- hydroxylated precursors of cortisol. In the 
ZF, 11β- hydroxylase (CYP11B1) catalyses 11- hydroxylation of 11- 
deoxycortisol to cortisol.

Aldosterone biosynthesis is tightly regulated to maintain sodium, 
potassium, and fluid homeostasis by the kidney. The principal regu-
lators are the renin- angiotensin system (RAS), extracellular potas-
sium concentration, and, to a lesser extent adrenocorticotrophic 
hormone (ACTH) [11]. The RAS responds to changes in renal per-
fusion and sodium concentrations; increased levels of angiotensin II 
(AngII) bind to AT1 receptors expressed in the ZG and activate al-
dosterone production via a Gαq- phospholipase C mediated pathway, 
increasing inositol 1,4,5- triphosphhate (IP3) and 1,2- diacylglycerol 
concentrations [12]. IP3 increases intracellular calcium concen-
trations by calcium release from intracellular stores. Extracellular 
potassium is a major regulator of aldosterone biosynthesis. Indeed, 
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the main ionic conductance of ZG cells is that of K+ and their cell 
membrane potential closely follows the equilibrium potential of K+ 
over a wide range of extracellular K+ concentrations [13]. Increased 
extracellular K+ leads to cell membrane depolarization and opening 
of voltage- dependent calcium channels, followed by increase of 
intracellular calcium concentrations. AngII also inhibits potassium 
channels and the Na+,K+- ATPase, inducing cell membrane depolar-
ization and activation of voltage- gated calcium channels [12] (see 
online Figure 5.6.1.1, left panel). Increase in intracellular calcium 
induced by either AngII or potassium activates calcium signalling, 
the main trigger for aldosterone biosynthesis [12]. This mediates, in 
particular, activation of protein kinases regulating the phosphoryl-
ation and activity of different transcription factors, which increase 
CYP11B2 transcription and aldosterone synthase expression [14].

Inherited Forms of Primary Aldosteronism

Although the majority of cases of PA is sporadic, in 1– 5% of cases 
familial inheritance can be observed, which is due to different 
Mendelian forms of the disease (see online Table 5.6.1.1). Those 
diseases are essentially classified according to the underlying gen-
etic defect as familial hyperaldosteronism (FH) type I  to x, with 
additional numbers being used each time a new gene is identified. 
In particular, the most frequent group classified as FH- II most 
likely represents a genetically heterogeneous population, with pa-
tients sharing a similar phenotype but different genetic defects, 
many of which still remain to be identified. Genetic testing of in-
herited forms of PA is routinely performed in some genetic labora-
tories and family screening is useful for early diagnosis and targeted 
management.

Familial Hyperaldosteronism type I

Familial hyperaldosteronism type I (FH- I), also called glucocorticoid- 
remediable aldosteronism (GRA), is an autosomal dominant disease 
characterized by severe hypertension typically occurring during 
childhood [15, 16]. Patients present with PA of variable severity, bi-
lateral adrenal hyperplasia, with associated adrenal nodules in some 
cases, and high production of the hybrid steroids 18- hydroxycortisol 
and 18- oxocortisol [15– 17]. The genetic abnormality underlying 
FH- I is a chimeric gene generated by an unequal crossing- over 
event, fusing the regulatory regions of CYP11B1 to the coding 
sequence of CYP11B2 [18, 19]. This leads to ectopic expression of 
CYP11B2 throughout the adrenal cortex, with inappropriate regu-
lation of aldosterone biosynthesis by ACTH, following the circadian 
rhythmicity of cortisol production [17, 20]. Patients respond well to 
treatment with exogenous glucocorticoids, which inhibit ACTH pro-
duction [21]. The prevalence of FH- I has been estimated at around 
0.6% of PA patients [22, 23]. However, the frequency seems to be 
higher in the hypertensive paediatric population, where a prevalence 
of the chimeric CYP11B1/ CYP11B2 gene of 3% has been reported 
[24]. Among the peculiar features of FH- I is the high morbidity and 
mortality at early age, due to the occurrence of early- onset haemor-
rhagic stroke and ruptured intracranial aneurysms [25].

Familial Hyperaldosteronism type II

FH- II is the most common form of familiar hyperaldosteronism. It 
is clinically and biochemically indistinguishable from sporadic PA, 

not remediable by glucocorticoids, and diagnosis is based on the 
presence of two or more affected family members and autosomal 
dominant transmission [26, 27]. Patients show varying aldosterone 
responses on postural test and to AngII within a given family, and dif-
ferent PA subtypes (APA or bilateral adrenal hyperplasia) are found 
[23, 27]. Its prevalence is estimated to be 1.2% to 6% in adults with 
PA [23, 27– 29]. The phenotypic variability of FH- II has suggested 
that FH- II may be associated with a variety of genetic defects [27]. 
Indeed, following the first description of KCNJ5 mutations in FH- 
III [30], germline KCNJ5 gene mutations were reported in patients 
with a moderate phenotype resembling FH- II [31]. In particular, 
affected members of three families carrying the KCNJ5 p.Gly151Glu 
mutation and affected members from one family carrying the 
KCNJ5 p.Tyr152Cys mutation exhibited a mild phenotype compat-
ible with FH- II [32– 34]. Somatic mutations of KCNJ5 were also re-
ported in APA in patients with familial hyperaldosteronism initially 
diagnosed as FH- II [33], suggesting that in some cases FH- II may 
represent familial aggregation of sporadic PA, given the high fre-
quency of PA in patients with hypertension.

The large original family with FH- II described by Stowasser et al. 
[26] has been linked to a locus on chromosome 7p22 [35], although 
genetic heterogeneity had been shown subsequently [36]. It was 
only very recently that germline mutations in CLCN2, coding for 
the voltage- gated chloride channel ClC- 2, have been identified in 
young onset PA and in the very same family with FH- II [37, 38]. 
CLCN2 is expressed in the human and mouse adrenal cortex and is 
the main chloride conductor of resting glomerulosa cells [37]. The 
ClC- 2 mutations affect different amino acids located in well con-
served domains of the protein. In particular, the ClC- 2 p.Gly24Asp 
mutation, found in a 9- year- old girl with PA, is located in a domain 
whose inactivation leads to ‘open’ ClC- 2 channels. Functional ana-
lysis of the mutant channel indicated that the mutation abolished the 
voltage-  and time- dependent gating of ClC- 2, strongly increasing 
chloride currents at resting potential. In adrenocortical cells, this 
induced increased aldosterone production, which was mediated 
by plasma membrane depolarization, opening of voltage- gated cal-
cium channels, increased intracellular Ca2+ concentrations and in-
creased expression of CYP11B2 [37] (see online Figure 5.6.1.1, right 
panel). The family described by Stowasser carried a p.Arg172Gln 
mutation, which was identified in four other cases; four additional 
mutations were identified in unrelated subjects with early- onset PA 
[38]. Again, the mechanism of autonomous aldosterone production 
involved gain- of- function mutations, promoting cell membrane de-
polarization, and opening of voltage- gated calcium channels [38]. 
These data identify a new genetic defect in patients with early- 
onset PA and a subset of FH- II and highlight the important role for 
chloride currents in regulating aldosterone biosynthesis.

Familial Hyperaldosteronism type III

Patients with FH- III show severe early- onset hypertension, usu-
ally before age 20, resistant to medical treatment, and associated 
with severe hypokalaemia. Urinary concentrations of hybrid ster-
oids 18- oxocortisol and 18- hydroxycortisol are elevated and al-
dosterone production is not suppressed by dexamethasone [39]. 
Hyperaldosteronism is typically due to massive bilateral ad-
renal hyperplasia and requires bilateral adrenalectomy to control 
blood pressure [39]. The genetic cause of FH- III are mutations 
in the KCNJ5 gene, coding for the G protein- activated inward 
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rectifier potassium channel GIRK4 [30]. In particular, mutations 
p.Gly151Arg, p.Thr158Ala, p.Ile157Ser and p.Glu145Gln all are as-
sociated with a severe form of the disease [31]; other mutations are 
found in patients with moderate hyperaldosteronism resembling 
FH- II [32– 34]. More recently, aldosterone and cortisol cosecretion 
has been observed in a patient carrying a germline p.Glu145Gln 
KCNJ5 mutation [40]. The patient had shown severe hypertension 
and hypokalaemia at the age of 2 years and subsequently developed 
Cushing’s syndrome at the age of 20 years, due to massive bilateral 
adrenal hyperplasia.

KCNJ5 mutations are located within or near the selectivity filter of 
the channel, which confers the K+ selectivity to GIRK4. Functional 
studies have shown that mutations change its ion selectivity, leading 
to sodium influx into the cell and cell membrane depolarization. 
This leads to activation of voltage- dependent Ca2+ channels, in-
creased intracellular Ca2+ concentrations, activation of calcium sig-
nalling promoting increased expression of steroidogenic enzymes 
and aldosterone production [30,  41] (see online Figure  5.6.1.1, 
right panel). Abnormal coexpression of steroidogenic enzymes, 
particularly aldosterone synthase (CYP11B2) and 17α- hydroxylase 
(CYP17A1), in the hyperplastic adrenal cortex of patients with FH- 
III may explain the abnormally high secretion rate of hybrid ster-
oids in FH- III [42].

Familial Hyperaldosteronism type IV

Whole exome sequencing in subjects with early- onset PA has 
identified a recurrent germline mutation p.Met1549Val in 
CACNA1H (coding for the pore- forming α1 subunit of the T- type 
voltage- dependent calcium channel Cav3.2) in five children with 
PA manifesting before the age of 10 years [43]. Analysis of their 
relatives showed that the mutation was inherited in an autosomal 
dominant manner in four cases, with an incomplete penetrance 
of the phenotype. In two CACNA1H mutation carriers, develop-
mental delay or attention deficit disorder was subsequently ob-
served. Affected patients had normal adrenal imaging findings, 
but in one case histological examination of the adrenal gland fol-
lowing adrenalectomy showed micronodular adrenal hyperplasia 
[43]. Functional studies showed that the mutation shifts the activa-
tion of the calcium channel towards more negative potentials with 
loss of normal inactivation, producing increased intracellular cal-
cium entry into the cell due to prolonged opening of the channel 
[43] (see online Figure 5.6.1.1, right panel). Adrenocortical cells 
expressing the mutated channel had higher aldosterone produc-
tion and increased CYP11B2 mRNA expression, which were re-
duced by treatment with the T- type calcium channel blocker 
mibefradil, suggesting that T- type calcium channel inhibitors may 
be useful for treating patients with CACNA1H gain- of- function 
mutations [44].

Subsequently, four different germline CACNA1H mutations were 
identified in patients with different phenotypic presentations of PA 
[45]. They included a patient with early- onset hypertension and 
hyperaldosteronism associated with multiplex development dis-
order, who carried a de novo germline p.Met1549Ile CACNA1H 
mutation. A  germline p.Ser196Leu and a p.Pro2083Leu mutation 
were identified in two kindreds diagnosed as FH- II, and a germline 
CACNA1H missense variant (p.Val1951Glu) was identified in a 
patient with APA [45]. In all cases, the electrophysiological prop-
erties of the channel were affected, with gain- of- function leading 

to increased calcium entry into the cell. Again, this was followed 
by increased expression of steroidogenic enzymes and aldosterone 
production in adrenocortical cells [45] (see online Figure 5.6.1.1, 
right panel). Identification of CACNA1H mutations in patients with 
different phenotypic presentations of PA, including FH- II, suggests 
that CACNA1H may be a susceptibility gene for different forms of 
the disease.

cAcnA1D Mutations in a Rare Disease of PA, Seizures, 
and neurological Abnormalities (PASnA)

De novo germline CACNA1D mutations were described in two 
children with a new form of hyperaldosteronism associated with 
a complex neurologic disorder (Primary Aldosteronism, Seizures 
and Neurologic Abnormalities, PASNA) [46]. The syndrome is 
characterized by early- onset PA, severe hypertension, and hypo-
kalaemia in children showing a complex neurologic syndrome 
including cerebral palsy and epileptic seizures, with no adrenal 
hyperplasia visible on imaging. In one patient, treatment with a 
calcium channel blocker normalized blood pressure, with cure 
of hypertension and PA on follow up [47]. The CACNA1D gene 
codes for Cav1.3, the voltage- dependent L- type calcium channel 
subunit alpha- 1D, which is commonly mutated in APA at the 
somatic level [46]. Mutations affect highly conserved residues lo-
cated in domains responsible for channel opening. They modify 
channel voltage sensitivity, promoting L- type calcium channel 
opening at lower voltages. Activation at less depolarizing poten-
tials increases intracellular calcium influx and activates calcium 
signalling, thereby enhancing aldosterone production (see online 
Figure 5.6.1.1, right panel).

Somatic Mutations in Aldosterone- Producing 
Adenoma

Sporadic forms of PA represent the majority of cases and are due 
either to bilateral adrenal hyperplasia or APA. APA are found in 
approximately one- third of patients, although frequency may vary 
depending on diagnostic criteria and thresholds used for subtype 
identification [2, 48,  49]. By applying whole exome sequencing 
to paired tumour and germline DNA samples, it has been pos-
sible to identify recurrent somatic mutations in different genes 
coding for ion channels (KCNJ5 [30] and CACNA1D [46,  50]) 
and ATPases (ATP1A1 and ATP2B3, [50, 51]) regulating intracel-
lular ionic homeostasis and cell membrane potential (see online 
Figure 5.6.1.1, right panel). Mutations of KCNJ5 and CACNA1D 
are similar to those identified in FH- III and PASNA and lead to 
increased intracellular calcium concentrations, which activate 
calcium signalling and aldosterone biosynthesis. Mutations in 
ATP1A1, coding for the α1 subunit of the Na+,K+- ATPase, lead to 
a loss of pump activity and inward proton or sodium leak, which 
increase aldosterone production through cell membrane depolar-
ization and increased calcium influx [50, 51] or increased intracel-
lular acidification [52]. ATP2B3 codes for the plasma membrane 
calcium- transporting ATPase 3 (PMCA3). Mutations lead to loss 
of the physiological pump function and reduced Ca2+ export; they 
also lead to severely depolarized membrane potential [51], which 
is explained by a pathological sodium leak associated with or con-
ducted by the mutant PMCA3 [53]. Finally, somatic mutations in 
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CTNNB1, coding for β- catenin which plays an important role in 
adrenal cortex development and tumorigenesis, are found in 2– 5% 
of APA [46, 54,  55], and mutations in PRKACA (coding for the 
cAMP- dependent protein kinase catalytic subunit alpha) in rare 
cases [56]. Mutations in those genes are also found in cortisol- 
producing adenoma and adrenocortical cancer; the mechanisms 
whereby the same mutations lead to different hormonal pheno-
types remain yet to be established [57].

KCNJ5 mutations are the most prevalent mutations found 
in ≈40% of APA, with a higher prevalence in Asian populations 
[58, 59]. Carriers of KCNJ5 mutations are younger and more often 
women [58, 59]. Some studies also report larger tumour size, a ZF- 
like cellular phenotype, and higher plasma aldosterone levels when 
compared to non- carriers [59,  60], but these results, as well as 
other genotype- phenotype correlations, are not replicated in other 
studies [58, 61– 64]. ATPase mutations were reported to be more 
frequent in men [51] and CACNA1D mutations are associated 
mainly with smaller tumours [46, 50, 51, 54, 58, 65, 66]. CTNNB1 
mutations seem to be more prevalent in women [46, 54, 55, 67].

Recent data indicate that the frequency of somatic mutations in 
APA might be much higher than previously described, due to tu-
mour heterogeneity and the presence of multiple nodules, which 
do not all express aldosterone synthase. Indeed, aldosterone syn-
thase immunohistochemistry- guided targeted sequencing on DNA 
extracted from formalin- fixed paraffin embedded adrenal samples 
revealed an overall frequency of somatic mutations of 88%, with a 
similar mutational spectrum then in previous studies [68, 69].

Genetic testing in patients with APA prior to surgery is chal-
lenged by the difficulty of detecting somatic mutations from per-
ipheral blood. This could be circumvented by identifying surrogate 
biomarkers of the mutation status. Genotype- specific steroid 
profiles have been recently associated with APA, in particular a 
7- steroid fingerprint able to correctly classify 92% of the APA ac-
cording to genotype [70]. Future use of this type of screening could 
allow to select patients for adrenal vein sampling and to apply tar-
geted treatments, once these approaches have been prospectively 
validated. Indeed, mutated KCNJ5 channels have peculiar pharma-
cological characteristics and are blocked by calcium- channel 
blockers, such as verapamil, and Na- channel blockers, such as 
amiloride at high therapeutic doses [71]. Macrolide antibiotics, 
including roxithromycin, potently inhibit mutant channels as 
well as CYP11B2 expression and aldosterone production in 
adrenocortical cells [72] and in primary cell lines from APA [73]. 
Current studies are ongoing to test whether these compounds can 
be used to identify and treat patients with PA due to APA with 
KCNJ5 mutations [74].

Hypertension Due to congenital 
Adrenal Hyperplasia

Congenital adrenal hyperplasia (CAH) is a group of autosomal re-
cessive diseases of adrenal steroidogenesis caused by mutations in 
genes encoding enzymes or cofactors involved in cortisol biosyn-
thesis. For a detailed description of CAH variants see Chapter 5.9, 
here we briefly describe those variants that are associated with in-
creased mineralocorticoid receptor activation. While the most 
frequent form of CAH, 21- hydroxylase deficiency (21OHD), is 

characterized by salt wasting and hypotension, 11β- hydroxylase de-
ficiency (11OHD) and 17α- hydroxylase deficiency (17OHD), are 
associated with hypertension (see online Table 5.6.1.1).

11β- Hydroxylase Deficiency

11OHD is the second most frequent cause of CAH, accounting for 
2– 5% of cases (overall incidence 1 in 100 000– 200 000 live births) 
[75, 76]. The enzyme 11β- hydroxylase (CYP11B1) catalyses the con-
version of 11- deoxycortisol to cortisol and DOC to corticosterone 
in the ZF. Defective cortisol biosynthesis results in ACTH secretion 
leading to accumulation of 11- deoxycortisol and DOC, which binds 
the MR with high affinity. Although a slightly less potent mineralo-
corticoid than aldosterone [7] , the excessive production of DOC in 
11OHD causes sodium retention, volume expansion and hyperten-
sion in 30– 60% of cases [75, 77, 78]. Renin production is suppressed 
secondary to mineralocorticoid- induced sodium retention and 
volume expansion and aldosterone levels are decreased due to low 
serum potassium and low plasma renin (see online Table 5.6.1.1). 
Because newborns are relatively resistant to mineralocorticoids, 
hypertension might not become apparent during the neonatal period 
[79]. Increased ACTH  secretion leads also to adrenal androgen ex-
cess resulting in fetal female virilization and precocious pseudo- 
puberty in boys. 11OHD is caused by inactivating mutations in the 
CYP11B1 gene located on chromosome 8q21 and is transmitted as 
an autosomal recessive trait [77]. CYP11B1 is located in tandem with 
the highly homologous CYP11B2 gene. Opposite to FH- I, unequal 
crossing- over between those genes, where the CYP11B1 coding 
sequence is under the control of the CYP11B2 promoter responding 
to angiotensin II and not ACTH, also results in a phenotype of classic 
11OHD [80]. 11OHD treatment is based on cortisol replacement to 
normalize ACTH, which in turn removes the drive for overproduc-
tion of DOC, leading to remission of hypertension.

17α- hydroxylase Deficiency

17OHD is a rare form of CAH accounting for less than 1% of cases 
[81]. The enzyme 17α- hydroxylase (CYP17A1) is expressed in adrenal 
glands and gonads and catalyses 17α- hydroxylation of pregnenolone 
and progesterone as well as the 17,20 lyase reaction catalysing con-
version of 17- hydroxypregnenolone to dehydroepiandrosterone 
(DHEA) and, with less efficiency, that of 17- hydroxyprogesterone 
to androstenedione. 17OHD shifts steroidogenesis towards the 
mineralocorticoid pathway, with accumulation of corticosterone 
and DOC. Patients exhibit hypokalaemic hypertension, male 
undervirilization at birth in affected 46,XY individuals, primary 
amenorrhea in 46,XX patients, and hypergonadotropic hypo-
gonadism in both sexes [82]. 17OHD is caused by inactivating mu-
tations in CYP17A1, located on the long arm of chromosome 10 
[83]. To date, more than 100 mutations have been reported, 75% 
of which are missense mutations [84]. 17OHD treatment is based 
on partial glucocorticoid replacement to reduce DOC production, 
antihypertensive management, mainly with MR antagonists, and sex 
steroid replacement according to age and sex of rearing.

Apparent Mineralocorticoid excess

Apparent mineralocorticoid excess (AME) is an autosomal reces-
sive disease first described in a 3- years old boy with hypertension, 
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hypokalaemia, low plasma renin activity, and aldosterone concen-
tration, and responsiveness to spironolactone [85], with a decreased 
rate of conversion of active cortisol to cortisone suggesting a de-
fect in the oxidation of cortisol [86]. AME is caused by inactivating 
mutations in the HSD11B2 gene encoding 11β- hydroxysteroid de-
hydrogenase type 2 (HSD11B2) [87]. Given that plasma free cor-
tisol levels are ∼1000- fold those of aldosterone and cortisol binds 
with high affinity to MR, lack of HSD11B2 is responsible for cortisol 
binding to MR in the distal nephron of the kidney and a phenotype 
of pseudohyperaldosteronism [88, 89].

In early life, AME is characterized by severe hypertension, sup-
pressed renin and plasma aldosterone, and an elevated ratio of 
urinary cortisol to cortisone metabolites. Affected children may 
also exhibit lower birth weight, polydipsia, polyuria, failure to 
thrive, poor growth, hypokalaemia, and persistent metabolic al-
kalosis [90, 91]. AME is associated with variable organ damage, 
potentially affecting kidneys, retina, heart, and central nervous 
system [92]. A  milder phenotype has been described in adults 
with hypertension and milder biochemical abnormalities [93]. 
The phenotypic variability is associated with different extents of 
impairment of HSD11B2 activity with distinct mutations [94, 95]. 
Differential diagnosis includes excessive ingestion of liquorice, 
which contains glycyrrhetinic and glycyrrhizic acid, both being po-
tent competitive inhibitors of HSD11B2 activity [96]. Inadvertent 
overexposure to potent synthetic mineralocorticoids also mimics 
AME [97]. AME treatment is based on MR antagonism with spir-
onolactone or eplerenone. Other antihypertensive drugs such as 
amiloride, calcium channel blockers, and thiazides, which can 
help to normalize blood pressure and lower hypercalciuria, may 
be associated [92]. The importance of early diagnosis and treat-
ment was reinforced by the description of significant improve-
ment in end- organ damage in patients who had undergone two to 
13 years of treatment [90].

Activating Mutations of the Mineralocorticoid   
Receptor

A Mendelian form of human hypertension was described by Geller 
et al. in 2000, caused by an activating mutation of the NR3C2 gene, 
coding for the MR. The heterozygous MR p.Ser810Leu mutation 
was identified in a 15- year- old boy with severe hypertension associ-
ated with suppressed plasma renin and low aldosterone levels [98]. 
Screening of his family showed that the p.Ser810Leu mutation was 
transmitted as an autosomal dominant trait and cosegregated with 
early- onset hypertension (before age 20)  in 11 subjects. Two fe-
male carriers of the mutation had their pregnancies complicated by 
marked exacerbation of hypertension, accompanied by low serum 
potassium levels and undetectable aldosterone levels, but without 
signs of preeclampsia.

The MR p.Ser810Leu mutation is located in the MR ligand 
binding pocket, inducing a major change in its conformation 
and ligand specificity. While there is no difference in mutant or 
wild- type MR activity in response to aldosterone, both proges-
terone and spironolactone, two MR antagonists, are able to acti-
vate transcription via the p.Ser810Leu MR mutant. These findings 
suggest that progesterone may contribute to the exacerbation of 
hypertension during pregnancy [98]. The endogenous steroids 
responsible for hypertension in men and non- pregnant women 
carrying the p.Ser810Leu mutation were identified to be cortisone 

and 11- dehydrocorticosterone, the main cortisol and cortico-
sterone metabolites produced by the action of HSD11B2 in the 
distal nephron, which bind with high affinity to the mutant MR 
and are potent activators of mutant MR- dependent transcription 
[98]. Given the much higher concentration of plasma cortisol 
than corticosterone, the authors suggested that cortisone is the 
endogenous steroid binding and activating the mutant MR [98]. 
While one study reported a high frequency of MR p.Ser810Leu 
in hypertensive pregnant women from Mexico [100], no further 
family carrying this mutation was described. Furthermore, the mu-
tation is not listed in the large database of genetic variants ExAC 
(The Exome Aggregation Consortium, http:// exac.broadinstitute.
org) and its frequency is not described on the 1000 genomes pro-
ject (http:// www.internationalgenome.org). The use of MR antag-
onists such as spironolactone or eplerenone should be avoided in 
patients carrying the p.Ser810Leu mutation as they act as agonists 
on the mutant MR. In contrast, the third- generation MR antagon-
ists BR- 4628 and finerenone, both derived from dihydropyridines, 
are also antagonists on the mutant receptor [101, 102]. Finrenone, 
currently approved for clinical use, might be an option to treat 
carriers of the MR p.Ser810Leu mutation.
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Introduction

The successful management of PA involves important contributions 
from primary, secondary, and tertiary physicians, clinical biochem-
ists, cross- sectional and interventional radiologists, endocrine sur-
geons, specialist nurses experienced in conducting complex dynamic 
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testing and, increasingly, endocrine histopathologists who provide 
retrospective, molecular information as to the accuracy of the pre-
ceding clinical evaluation. Such collaborative, multidisciplinary 
working, involving mutual trust and shared learning over time, lends 
itself well to high- quality clinical care but complicates comparison 
of results between centres. Variations in assays for aldosterone and 
renin, subjective interpretation of adrenal imaging, and differences in 
the protocols for adrenal vein sampling (AVS), contrast with, for in-
stance, evaluations of osteoporosis therapy. In PA, there is no equiva-
lent to the strict, standardized bone mineral density scores used in 
osteoporosis as both entry criteria and outcome measures. The au-
thors take the view that there is no ‘perfect’ way to manage PA, but 
we attempt to provide a balanced view of a fast- moving field. Where 
personal opinion is presented, it is done with appropriate caveats.

evaluation of Published evidence in PA

A decade after his original description [1] , Conn published 145 cases 
of PA and suggested that the syndrome may account for up to 20% of 
patients with hypertension. He later revised this estimate down to 10% 
[2], which approximates to recent evidence suggesting a prevalence of 
5– 8% in unselected hypertensive populations. Allowing for inevitable 
variability between studies, the accepted prevalence of PA now stands 
on a par with type 1 diabetes and hepatitis B. In both of these examples, 
robust, prospective, outcome studies are plentiful and, indeed, man-
dated before any new intervention can receive approval for funding 
by most healthcare providers. Strikingly, the published long- term out-
come data on PA are sparse and their quality substantially inferior to 
the two comparator conditions quoted. The vast majority of outcome 
data available for analysis are retrospective. To date, there exists only 
one published prospective intervention study in PA, discussed below 
[3], and it was only recently that international consensus data were 
produced defining what constitutes surgical ‘cure’ [4]. In contrast, the 
recent explosion of data on the molecular pathogenesis of PA [5– 8] is 
incontrovertibly of high quality and provides an example of how such 
insights can re- energize an area of clinical research that had advanced 
only modestly in the preceding decades; and of how such findings can 
lead to the re- challenging of old ‘dogmas’ and ‘rules’.

Suspicion of PA: case Finding

Symptoms and physical signs (other than hypertension) are few in 
PA. Contrary to historical teaching, hypokalaemia occurs in only a 
minority of patients but, if present, may cause muscle weakness and 
cramps, palpitation, and, consequent upon an induced renal con-
centrating defect, symptoms of frequency and nocturia. Given that 
PA is most commonly diagnosed in middle age, these symptoms are 
often dismissed as consequent upon prostatic enlargement or child-
birth. Transient hypokalaemia precipitated by the use of thiazide or 
other potassium- wasting diuretics is a common scenario, but this 
is often attributed to the drug alone, rather than raising suspicion 
that the diuretic is unmasking PA by increasing sodium delivery to 
the site of aldosterone action downstream in the nephron. When 
groups of patients with PA are compared with those with essential 
hypertension or other forms of endocrine- mediated hypertension, 

greater degrees of left ventricular hypertrophy (LVH), higher rates 
of atrial fibrillation and greater urinary albumin excretion are dem-
onstrable, although none is diagnostically sensitive or specific. 
This bland clinical picture does not lend itself easily to diagnosis in 
the primary care setting, in which most cases of hypertension are 
seen, and mandates a more ‘algorithmic’ approach to case finding. 
Current consensus guidelines [9]  recommend screening for PA in 
certain scenarios, shown in Box 5.6.2.1.

These guidelines for screening are not underpinned by a pub-
lished body of evidence indicating that they favourably impact on 
morbidity, mortality, or quality of life. To date, no prospective study 
exists to demonstrate that widespread testing for PA is cost effective. 
The ‘targeted strategy’ recommended by those experienced in the 
field, towards groups of patients ‘enriched’ with PA, represents a 
compromise between the cost and logistical challenge of screening 
huge numbers of patients and the consequences of a missed/ delayed 
diagnosis on the development of hypertension that is more severe 
and/ or resistant to medical or surgical treatment.

There is little dispute about the biochemical investigations with 
which to undertake case finding for PA. Like other areas of endo-
crinology, paired measurement of both limbs of the feedback 
system (in this case aldosterone and renin, with which to calcu-
late an aldosterone:renin ratio, ARR) is needed; isolated measure-
ments of potassium, aldosterone, and renin are demonstrably less 
accurate. Individual centres use different assays for both plasma 
aldosterone concentration (PAC) and renin (either plasma renin 
activity, PRA, or direct renin concentration, DRC) with slightly dif-
ferent reference ranges. Hence (like other endocrine conditions), 
implicit in the cut- off values for ARR given in Table 5.6.2.1 [9]  is 
advice to clinicians to be acquainted with their own institution’s 
assay performance. The clinical use of the ARR grew out of recog-
nition that many patients with PA do not have plasma aldosterone 
levels above earlier thresholds for diagnosis, and that a reduction in 
these would lead to false positives unless an elevated ARR was also 
required; and it has an intrinsic flaw due to the logarithmic distri-
bution of plasma renin, but arithmetic distribution of aldosterone. 
The limitations of the use of a ratio as a screening tool are self- 
evident; when denominator (renin) levels are low the ARR may 
be high even if the PAC is also low and conceptually incompatible 

Box 5.6.2.1 Indications for testing for PA

Consensus guidance on when to test for primary aldosteronism 
(PA)
• Hypertension and spontaneous or diuretic- provoked hypokalaemia
•  Hypertension resistant to three conventional antihypertensive drugs 

(including a diuretic)
•  Hypertension controlled by the use of four conventional 

antihypertensive drugs (including a diuretic)
• Hypertension and an adrenal incidentaloma
• Hypertension and sleep apnoea
•  Hypertension and a family history of early onset hypertension or 

stroke <40 years
• All hypertensive first- degree relatives of patients with diagnosed PA
Adapted with permission from Funder JW, Carey RM, Mantero F, et al. The Management 
of Primary Aldosteronism: Case Detection, Diagnosis, and Treatment: An Endocrine 
Society Clinical Practice Guideline. J Clin Endocrinol Metab 2016; 101(5): 1889– 916; 
to which the reader is referred for a more detailed discussion.
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with a diagnosis of PA. To account for this issue, the concept of a 
‘minimum’ PAC is advocated by some, although the precise value 
below which PA is excluded is not well defined.

The ARR test performs best when patients have been ambulant 
for at least 2 hours in the morning, with liberal salt intake in the pre-
ceding days and with hypokalaemia corrected if originally present. 
Blood is usually drawn with the patient seated for 10– 15 minutes. 
The test should not be performed if a patient is taking spironolactone, 
epleronone, or high dose amiloride; discontinuation for a minimum 
of 4 weeks is mandatory for these drugs. However, in patients with 
difficult hypertension, safety is the first concern. Spironolactone has 
long- acting metabolites that have some activity even 6 weeks after 
discontinuation, whereas eplerenone and amiloride have shorter 
half- lives and no active metabolites. As a screening test, it is accept-
able to measure the ARR on diuretics, angiotensin converting en-
zyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs), 
although the potential effect of these drugs to de- repress renin levels 
dictates that many patients will subsequently require further, con-
firmatory testing if PA is strongly suspected. Conversely, this gen-
erates a useful clinical practice point; the finding of a suppressed 
value during therapy with one of this class of drug is very suspicious 
of PA. β- adrenergic antagonists reduce renin levels, but aldosterone 
values also fall so the overall performance of the ARR as a screening 
tool is acceptably preserved.

It should be emphasized that the ARR is a ‘case finding’/ screening 
tool that is particularly effective at excluding PA in drug- naïve patients. 
It is accepted, in a substantial proportion of patients, that, because of 
indeterminate results and/ or the effect of interfering medications, one 
of a choice of confirmatory tests will subsequently be required.

confirmation of PA: Diagnostic testing

The cut- off values for the ARR place a high priority on not missing 
a diagnosis of PA, so many patients will require a subsequent con-
firmatory test if the screening investigation does not confidently 
exclude autonomous aldosterone secretion. Conversely, for some 
patients the results will be sufficiently convincing not to require 
further testing. Published guidance on this is, perhaps, surprisingly 
strict (documented hypokalaemia, PAC>550  pmol/ L and plasma 
renin below detection levels) [9]  and many experienced clinicians 
adopt a more pragmatic approach.

Four confirmatory tests are in common use; each, in a slightly 
different way, seeks dynamically to interrogate the suspected 

abnormal prevailing physiology. None has been convincingly 
demonstrated to be superior to any other and individual choice 
is usually on the basis of pragmatic considerations such as local 
expertise and cost.

The oral sodium load and saline infusion tests are similar in 
concept; the provision of a surplus of sodium should, with a 
normally functioning renin– angiotensin– aldosterone feedback 
system, result in marked suppression of aldosterone production. 
In the former case, urinary aldosterone excretion is measured on 
day 3 of a diet that includes at least 200 mmol/ day of sodium and 
during which correction of induced hypokalaemia is crucial. In 
the latter test, 2 L of 0.9% saline are infused over 4 hours into a 
fasted patient, with a single measurement of PAC at the conclu-
sion of the infusion. Both tests have high reported sensitivities 
and specificities, and both carry the potential hazard, in patients 
with marked hypertension or cardiac failure, of precipitating clin-
ical deterioration. The use of antihypertensive medications that 
do not interfere with the renin– angiotensin axis (e.g. doxazosin, 
verapamil, hydralazine) is therefore recommended to achieve 
blood pressure control prior to either of these confirmatory tests.

In the fludrocortisone suppression test, 0.1 mg fludrocortisone 
acetate is administered 6 hourly for 4  days, together with high 
doses of sodium and potassium supplements. In hypertensive pa-
tients without PA, PAC falls to below a generally agreed cut- off of 
170 pmol/ L; above this level, PA is highly likely. For precision and 
safety, many centres advocate conducting this test as an inpatient, 
which increases its cost considerably.

Where there is concern about tests that may exacerbate hyperten-
sion and/ or precipitate cardiac failure, the captopril challenge test 
(CCT) is a potentially attractive alternative. Samples for PAC and 
renin are drawn at time zero and 1– 2 hours after an oral dose of 
25– 50 mg captopril. PAC should fall by >30% during the test; failure 
to achieve this, in combination with a persistently suppressed renin 
value, is highly suggestive of PA. Head- to- head comparison of 
CCT with saline suppression testing suggests that failure to reduce 
plasma aldosterone to <230 pmol/ L is a more accurate threshold. 
There are suspicions that the CCT may yield false positive results 
and, in clinical practice, the principle of the investigation is more 
commonly exploited by performing a screening ARR in a patient 
already treated with a longer- acting ACEI.

The issue arises as to what constitutes the ‘gold standard’ against 
which the performances of the ARR and confirmatory tests at 
detecting/ diagnosing PA are compared. Many studies have com-
pared the ‘screening’ ARR with the results obtained during 

table 5.6.2.1 ARR cut- off values, depending on assay and based on whether PAC, PRA, and DRC are measured in conventional or SI units

PRA (ng/ ml/ h) PRA (pmol/ L/ min) DRC
(mU/ L)

DRC
(ng/ L)

PAC (ng/ dL) 20 1.6 2.4 3.8

30 2.5 3.7 5.7

40 3.1 4.9 7.7

PAC (pmol/ L) 750 60 91 144

1000 80 122 192

Adapted with permission from Funder JW, Carey RM, Mantero F, et al. The Management of Primary Aldosteronism: Case Detection, Diagnosis, and Treatment: An Endocrine Society 
Clinical Practice Guideline. J Clin Endocrinol Metab 2016; 101(5): 1889– 916; to which the reader is referred for a more detailed discussion.
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subsequent confirmatory testing, but, in turn, the thresholds ap-
plied during those confirmatory tests are often based on the lowest 
values of PAC recorded in patients subsequently shown to have had 
normal renin– angiotensin– aldosterone physiology restored after a 
unilateral adrenalectomy. Two problems arise from this (enforced) 
approach. First, if a patient with suspected PA has equivocal/ in-
determinate results from one of the confirmatory tests but does 
not undergo surgery, he/ she can never contribute to the data set 
that gives rise to a diagnostic threshold. Second, in analysing data 
for a diagnostic threshold, the importance placed on data derived 
from patients who eventually undergo surgery (with histology and 
postoperative biochemical re- evaluation reasonably regarded as 
‘gold standard’) assumes that the physiology of ‘surgical’ and ‘non- 
surgical’ PA is identical. This assumption may or may not be correct.

Subtyping of PA

Once the diagnosis of PA is securely established, the next stage of 
its management is accurate subtyping. Although rare causes of PA 
exist (adrenocortical carcinoma and various familial forms), the 
vast majority is accounted for by a benign, unilateral aldosterone- 
producing adenoma (APA) or bilateral adrenal hyperplasia (BAH). 
For this reason, the following discussion deals with the investiga-
tions and their interpretation that assist with the distinction be-
tween these two entities. This distinction is crucial because most 
patients with APA are managed by unilateral adrenalectomy, 
whereas patients with BAH should be treated medically. Unilateral 
adrenal hyperplasia (UAH) also exists and is grouped in with this 
discussion because, although much less common, the results from 
AVS and response to unilateral adrenalectomy are similar to APA.

cross- Sectional Imaging

The role of adrenal imaging in the management of PA is to exclude a 
large, potentially malignant mass and provide anatomical informa-
tion to the surgeon in the event of an adrenalectomy. By facilitating 
reconstruction of adrenal vein anatomy, it may also improve the 
success rates of AVS, although individual radiology opinion varies 
on this. No formal, prospective studies exist comparing computed 
tomography (CT) with magnetic resonance imaging (MRI), but 
most clinicians favour the former on account of its superior spa-
tial resolution. MRI may be preferable in women of childbearing 
age; this may become more important once functional imaging (see 
below) becomes widely used in place of AVS. Thin slice, high- quality 
contrast- enhanced CT (and, crucially, interpretation) provides im-
portant information about the presence of nodules (macro ≥ 10 mm; 
micro <10 mm), adrenal limb thickening, or normal anatomy; all 
of which contribute to decision- making. A detailed description of 
radiological features and interpretation is beyond the scope of this 
chapter, but most patients will fall into one of the categories shown 
in Table 5.6.2.2, together with some important practice points. From 
the table, it can be seen that (other than concern about a malignant 
mass) the only scenario in which AVS can be avoided for accurate 
subtyping is the presence of a clear- cut, typical macronodule with 
unequivocally normal anatomy in a young person. Anecdotally, it 

is the authors’ experience that it is the judgement of ‘normality’ in 
adrenal imaging that is often the most challenging issue. The detec-
tion of macronodules should be straightforward, but the molecular 
discoveries discussed in Chapter 5.6.1 have led to increasing rec-
ognition of ‘scanning occult’ microadenomas as important causes 
of PA (especially among African Caribbean patients), and of an in-
verse correlation between size of nodule and density of CYP11B2 
(aldosterone synthase).

It is important to appreciate the hazards of relying on imaging 
alone to guide clinical decision- making in PA. Errors occur in both 
directions: concluding that a nodule is the source of aldosterone ex-
cess may lead to erroneous adrenalectomy; whereas by relying on 
radiological appearances for a diagnosis of BAH patients may be de-
nied potentially curative surgery. Rates of ‘misdiagnosis by imaging 
alone’ vary between studies but are consistently substantial [10].

AVS

AVS is widely accepted as the criterion standard to distinguish be-
tween unilateral and bilateral aldosterone production in patients 
with PA. The test involves the catheterization, via a femoral vein 
puncture, of both adrenal veins, guided by fluoroscopy and with 
confirmation of correct catheter placement by injection of contrast 
medium. Blood is obtained from both adrenal veins and the inferior 
vena cava (IVC) well below the renal veins (some advocate using an 
iliac vein), with all samples assayed for cortisol and aldosterone. The 
left adrenal vein is a tributary of the inferior phrenic vein and this 
sample is usually taken from close to the junction of the two. The 
right adrenal vein is the more difficult to cannulate on account of its 

table 5.6.2.2 Adrenal appearances on CT imaging and decision- 
making in PA

Imaging appearances Interpretation/ clinical management

Normal appearances Does not imply BAH. Many APAs are 
small. AVS needed

Unilateral, typical macroadenoma 
and unequivocally normal 
contralateral gland

In young patients (<35 years), this 
is generally sufficient to avoid AVS 
and proceeding direct to unilateral 
adrenalectomy is reasonable.
In patients ≥40 years, the presence of a 
macronodule cannot assumed to be an 
APA. AVS needed*

Bilateral micro and/ or 
macronodules

Does not imply BAH. Some patients 
will have unilateral, surgically treatable, 
disease. AVS needed

Unilateral adrenal thickening Implies neither UAH nor BAH. AVS 
needed.

Unilateral micronodule May represent area of hyperplasia or be 
functionless. AVS needed

Unilateral nodule with ipsi-  or 
contralateral thickening

AVS needed

Unilateral large (usually >4 cm), 
often heterogenous mass

Concern about malignancy highly likely 
to mandate surgery without recourse to 
AVS. Tests for other hormonal secretion 
(cortisol, androgens) also needed

* Opinion varies as to whether 35 or 40 represents the most appropriate ‘threshold’ 
for the avoidance of AVS with this anatomical scenario
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length (approximately 2 mm), diameter (approximately 1 mm) and 
the fact that it enters the IVC posteriorly at an acute angle. It can 
sometimes be confused with adjacent small hepatic branches. With 
experience, repetition, persistence, and careful liaison with endo-
crine colleagues for feedback and audit, successful cannulation rates 
in the best centres rise above 90%. This process can be supported 
by intraprocedural rapid cortisol measurements, which provide the 
radiologists with additional information regarding correct catheter 
tip placement [11, 12]. Complication rates of AVS such as adrenal 
haemorrhage are low in high volume centres and are inversely cor-
related with radiological experience [13]. For clinical endocrin-
ologists, the limited number of radiologists able to work to a high 
standard is a major contributor to the small proportion of patients 
with PA that are fully investigated.

Ideally, patients should be taking either no antihypertensive therapy 
at all, but in the majority of cases clinical safety dictates that non- 
renin/ aldosterone interfering agents such as alpha1 adrenoceptor 
antagonists (doxazosin, terazosin) and/ or non- dihydropyridine cal-
cium antagonists (verapamil) and/ or hydralazine will be required for 
blood pressure control. Of note, a recent study showed good per-
formance of AVS in differentiating APA from BAH irrespective of 
intake of mineralocorticoid receptor antagonists [14]. Potassium 
concentrations should be normal, as hypokalaemia restrains aldos-
terone secretion. Discontinuation of antiplatelet therapy is not ne-
cessary. Discontinuation of anticoagulants is at the discretion of the 
radiologist, although most experienced operators do not mandate 
it. In most centres, AVS is a day case procedure performed in the 
morning in order to allow sufficient time to elapse before safe dis-
charge given the femoral vein puncture.

Variations and Refinements in AVS Protocols

The aforementioned is a ‘generic’ description of the principle of 
AVS, but different, very experienced, centres advocate various, 
subtle refinements for which controlled, prospective, compara-
tive data are currently not available. Many units perform AVS 
under conditions of adrenocorticotrophic hormone (ACTH) 
stimulation, either continuously infused or administered as a 
bolus. Perceived advantages of this refinement include minim-
izing stress- associated fluctuations in cortisol and aldosterone; 
maximizing the gradient in cortisol from adrenal to peripheral 
(IVC or iliac) vein; and maximizing aldosterone secretion from 
an APA. The first of these is particularly relevant to the practice of 
sequential (as opposed to simultaneous) AVS, as a stress- induced 
surge of adrenal secretion has the potential to alter the results. 
Proponents of the unstimulated, bilateral simultaneous technique 
(a more challenging and prolonged protocol that slightly increases 
the risk of adrenal vein thrombosis if the catheters remain in pos-
ition for long periods) point to the pulsatile nature of aldosterone 
secretion and the possibility of generating erroneous gradients 
between adrenals with sequential sampling. Bilateral, sequential, 
unstimulated sampling is probably the least practised technique. 
The authors (at whose centre sequential, ACTH- stimulated sam-
pling is performed) take the pragmatic view that any subtle advan-
tages of one variation over another are comfortably outstripped by 
the benefits of a single, experienced radiologist achieving bilateral 
cannulation rates in excess of 90% using a protocol with which 
he/ she and the accompanying radiographer/ nursing staff are com-
fortable and familiar.

Interpretation of AVS Data

The success of cannulation is determined using the selectivity index 
(SI), defined as the ratio of the cortisol concentrations in the adrenal 
veins to that in IVC/ iliac vein. The ‘cut- offs’ used to determine suc-
cessful AV catheterization are, inevitably, somewhat arbitrary. It is 
clearly appropriate to use a lower SI with unstimulated as opposed 
to stimulated AVS and, with both protocols, the more stringent 
the value used, the lower will be the proportion of patients judged 
to have had adequate AVS. A  recent consensus statement recom-
mended values of 3 and 2: 1 for stimulated and unstimulated proto-
cols respectively [13]. In the authors’ institution, a SI of 5:1 is used, 
but this is applied flexibly on a case- by- case basis.

The PAC at each of the sample sites (adrenal veins and IVC/ 
iliac vein) is divided by the cortisol to generate a value termed the 
‘cortisol- corrected ratio’, although a few centres refer to a ‘normalized 
aldosterone’. ‘Corrected’ and ‘normalized’ denote the concept of cor-
recting for the dilutional effect of non- adrenal blood (notably the 
inferior phrenic and accessory hepatic veins on the left and right, 
respectively). The cortisol- corrected ratios in each adrenal are then 
compared to produce a lateralization index (LI) and this is used to de-
termine whether aldosterone excess is likely to be unilateral or bilat-
eral. No prospective, randomized trials are available for determining 
the best LI cut- off to use for clinical decision- making; all published 
data come from retrospective, observational studies. Consensus cri-
teria settle around LIs of 4.0 and 2.0 with and without ACTH stimula-
tion, respectively, above which PA is highly likely to be unilateral and 

Figure 5.6.2.1 PA was diagnosed in a 38-year-old woman with severe 
hypertension who wished to conceive: PAC 780 pmol/L; PRA <0.01 pmol/
ml/h. She was normokalaemic. CT confirmed a focal, hypodense nodule in 
the right adrenal, but concern about equivocal contralateral minor abnormal 
adrenal morphology mandated AVS, with results as shown in Table 5.4.4.3. 
The right adrenal vein was inadequately cannulated (SI 1.76), but the left 
adrenal vein: IVC cortisol-corrected aldosterone value was suppressed 
compared to that in the IVC (see Table 5.4.4.3). Together with the presence 
of the focal abnormality it was considered that this represented sufficient 
evidence, in a young patient, to offer a right adrenalectomy. She conceived 
shortly after surgery and remains normotensive several years later on no 
medication. In selected cases, careful interpretation of incomplete AVS may 
facilitate clinical decision-making.



5.6.2 Genetics of Primary Aldosteronism and Other Steroid-Related Causes of Endocrine Hypertension 875

Figure 5.6.2.2 A 54- year- old woman with longstanding hypertension resistant to three agents was investigated for secondary causes. After 
withdrawal of interfering medication, PA was confirmed: serum potassium 3.1 mmol/ L (normal 3.5– 5.1), serum bicarbonate 31 mmol/ L (normal 22– 
28), PRA <0.001 pmol/ ml/ hr, PAC 782 pmol/ L. CT scanning showed normal appearances of the right adrenal with a small, hypodense nodule within 
the left adrenal. She underwent AVS, with results as shown. Lateralization was not confirmed (LI<4) and she was treated medically with spironolactone. 
This case highlights that, in PA patients over the age of 35– 40, the presence of solitary, focal adrenal nodules cannot be assumed to imply a unilateral 
source of aldosterone excess.

table 5.6.2.3 Data for Figure 5.6.2.1

Vein Aldosterone (A), pmol/ L Cortisol (C), nmol/ L A/ C LI

Right adrenal vein 6620 1198 N/ A N/ A

Left adrenal vein 9230 13470 0.7 N/ A

Inferior vena cava 4148 682 6.2

table 5.6.2.4 Data for Figure 5.6.2.2

Vein Aldosterone (A), pmol/ L Cortisol (C), nmol/ L A/ C Lateralization index

Right adrenal vein 76700 23830 3.7 2.2

Left adrenal vein 50500 29450 1.7

Inferior vena cava 1368 1178 1.2

table 5.6.2.5 A 45- year- old man was referred to the authors’ institution for a second opinion after a right adrenalectomy for PA was 
quickly followed by recurrent, hypokalaemic hypertension. He had presented 2 years earlier with hypertension resistant to three agents  
and thiazide- provoked mild hypokalaemia (serum potassium 3.4 mmol/ L). PA was confirmed (PAC 1620 pmol/ L; PRA undetectable) 
and adrenal imaging was reported as normal. The results from AVS are shown below. On the basis of the LI, the patient was advised 
to undergo a right adrenalectomy. Two months after the operation, the blood pressure was unchanged from its presenting value, identical 
biochemistry was recorded and he was referred to the authors’ centre. Although the LI from right to left is >4, the contralateral (in this case 
left) adrenal vein A/ C value is not suppressed compared to the peripheral (IVC) and the absolute aldosterone value is substantially greater 
than background. The authors’ interpretation of this AVS is that there was bilateral aldosterone production, with predominance of the 
right over the left adrenal and that an adrenalectomy was unlikely to be curative. This case underscores the need to examine the raw data, 
in addition to calculating a LI. The patient continues MR antagonist therapy

Vein Aldosterone (A), pmol/ L Cortisol (C), nmol/ L A/ C LI

Right adrenal vein 1445800 14559 99.3 4.8

Left adrenal vein 88 300 4317 20.5

Inferior vena cava 3820 754 5.1
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patients should be considered for surgical treatment. With ACTH 
stimulation, a LI <3.0 is strongly indicative of bilateral disease; values 
between 3.0 and 4.0 represent an area of uncertainty. The authors, 
in general, work to the aforementioned consensus guidelines, but are 
mindful of the potential effects of cortisol cosecretion on AVS data 
and, in patients whose LI values fall close to the accepted cut- offs, also 
take into account, for any individual patient, the anatomy and other 
factors (age, PAC, severity of hypertension, marked hypokalaemia) 
that affect the a priori probability of PA being unilateral.

controversies and Uncertainties in AVS

Common to all centres, at present, is the use of cortisol as the denom-
inator for calculating a corrected ratio with which, subsequently, 
to determine a LI. This practice is increasingly being questioned, 
partly because of the growing recognition that cortisol cosecretion 
in PA affects a significant proportion of patients [15] and that this 
may influence AVS results. Low- grade autonomous cortisol secre-
tion from one adrenal, sufficient to lower ACTH such that cortisol 
production by the contralateral gland is partially or completely sup-
pressed, may result in the erroneous conclusion of failed cannula-
tion in that adrenal vein. This issue applies to both stimulated and 
unstimulated AVS techniques. Even if, with ACTH stimulation, the 
SI is satisfied, it may still be the case that cortisol output is relatively 
restrained. By reducing the value of the denominator on the ‘cor-
tisol suppressed’ side, the A/ C value may be augmented, potentially 
leading to the erroneous conclusion that aldosterone production is 
bilateral. This has led to interest in the use of androstenedione and 
metanephrines in place of cortisol [16, 17], although at present this 
is not widely practised.

The requirement to discontinue mineralocorticoid receptor (MR) 
antagonists for 4– 6 weeks prior to AVS poses problems for those 
patients whose severe hypertension is poorly responsive to other 
medications. This has led some groups to explore whether mean-
ingful data may be derived from patients who, for safety reasons, 
cannot discontinue spironolactone or epleronone in preparation 
for AVS. In one small series, four patients underwent a unilateral 
adrenalectomy on the basis of AVS results obtained while taking 
spironolactone [18]. Importantly, the renin values were not de- 
repressed by therapy and in all four patients the AVS correctly pre-
dicted the clinical and biochemical outcome after surgery. More, 
and larger, series will be needed before this practice can routinely 
be recommended and it represents a potential advantage of func-
tional adrenal imaging, discussed next.

Given the technical difficulties of AVS, the question arises as 
to whether useful data for decision- making can be derived from 
studies in which only one vein (usually the left) is successfully can-
nulated. It has been suggested that suppression of the left adrenal 
vein A/ C value ≤0.5 in comparison to the IVC value may imply 
that the source of aldosterone excess is the right adrenal and direct 
clinicians to recommend surgery [19]. Conversely, a left adrenal 
A/ C value sufficiently greater than the IVC (≥5.5) may imply that 
a contribution from the right adrenal to aldosterone excess is im-
probable. It is hard to know if these thresholds can safely be applied 
to other centres using different protocols and their application does 
not address the underlying issue, for many patients, of lack of ac-
cess to AVS.

Alternatives that Reduce the Requirement for AVS

Although the details and interpretation of AVS are debated, and 
some question its status as the ‘criterion standard’, most clinicians 
accept the need to divide PA patients into one of three groups: those 
with a high probability of unilateral disease, most of whom will be 
referred for surgery; those with a high probability of bilateral disease, 
treated medically; and those in whom there is sufficient uncertainty 
to require AVS. The discrepancy between the size of group 3 and the 
capacity for high- quality AVS has led to attempts to develop ‘pre-
diction scores’ that can help move some extra patients into group 
1.  One scoring tool (a clinical prediction score, CPS) combined a 
clear- cut macroadenoma on CT with hypokalaemia and a threshold 
GFR, with a relative ‘importance’ weighting of radiology>severe 
hypokalaemia>mild hypokalaemia>GFR [20]. However, the refer-
ence standard against which the CPS was developed was AVS rather 
than surgical outcome. Given that glomerular filtration rate (GFR), 
for many patients, represents a surrogate for duration of hyperten-
sion (and, in turn, age of the patient), the CPS adds little to the a 
priori suspicion that a patient with a clear, unilateral nodule and 
normal contralateral adrenal morphology, marked hypokalaemia, 
and younger age has a high likelihood of unilateral PA. Other groups 
have found the CPS less accurate [21] and it is not widely used.

nuclear Medicine Imaging in PA

The technical demands and lack of availability of AVS have, for 
many years, fuelled interest in the development of functional 
imaging in PA. The hazards of relying on CT imaging alone are 
discussed earlier, but combining anatomical detail with evi-
dence of functional activity is an attractive concept and one that 
has the potential to allow more PA patients to be fully investi-
gated. 131I- iodomethyl norcholesterol and 75Se- selenomethyl- 19- 
norcholesterol have been used in past, but their overall accuracy 
and the requirement for prolonged use of high dose dexametha-
sone to suppress non- autonomous adrenal activity renders them 
unsatisfactory as an alternative to AVS.

More promising is the development of positron emission tomog-
raphy (PET)- CT scanning, as it provides better spatial resolution 
than conventional planar scintigraphy. The most advanced tracer 
agent in use is metomidate, a methyl analogue of the anaesthetic 
agent etomidate. Metomidate is a potent inhibitor of CYP11B1 
(11β- hydroxylase) and CYP11B2 (aldosterone synthase) and can 
be C11H3- labelled as a PET radiotracer (11C- metomidate). The 
use of preparatory dexamethasone, to suppress non- adenomatous 
adrenal activity, appears to improve the diagnostic accuracy. In a 
non- randomized proof- of- concept study 11C- metomidate PET- CT 
performed similar to AVS in distinguishing unilateral from bi-
lateral PA [22]. Larger- scale, outcomes- based studies comparing 
metomidate PET- CT with AVS are awaited, but accumulated ex-
perience and published case reports suggest that a particular 
strength of the technique is its ability to identify small APAs, not 
easily visible on CT, whose histological architecture has a zona 
glomerulosa appearance and whose cells show high expression of 
CYP11B2 (aldosterone synthase). The requirement for an on- site 
cyclotron imposes limitations on the availability of this technique, 
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but newer tracers are in development and may be easier to de-
ploy if published evidence supports their use. Alternatively, [123I]- 
metomidate- SPECT- CT could be used, which has been evaluated 
for use in adrenal masses [23] but not yet systematically in primary 
aldosteronism; in this format local cyclotron facilities would not 
be required.

Other potential ligands for use in PET- CT scanning for PA 
include 68Ga- pentixafor (which targets the CXC chemokine 
receptor- 4) [24] and a compound with some structural homology 
to metomidate 8F- CDP2230 [25]). To date, published experi-
ence with these ligands is confined to nine patients and rodents, 
respectively.

Steroid Metabolomics

Historically, pathological analysis of resected APAs was limited to 
size, colour (typical canary yellow), presence or absence of spirono-
lactone inclusion bodies, and confirmation of benign histopath-
ology, sometimes with a comment about surrounding hyperplasia. 
Recently, it has become apparent that APAs fall into one of two, 
broad, groups:  those with cells that, paradoxically, resemble zona 
fasciculata (ZF) cells (often above the median for size) and those 
that resemble zona glomerulosa (ZG) cells. The latter type is often 
small and stains densely for CYP11B2 (aldosterone synthase). As 
described in Chapter  5.6.1, several somatic mutations have been 
described in APAs and there is an emerging consensus that KCNJ5 
mutations are frequently associated with ZF- like histopathology, 
whereas mutations in certain calcium channels and ATPases tend 
to produce smaller tumours with ZG- like morphology. Interest has 
grown in the possibility that distinct steroid ‘fingerprints’ are associ-
ated with particular APA genotypes [26– 29]. Increased concentra-
tions of the hybrid steroids 18- hydroxycortisol and 18- oxocortisol 
have been documented in the adrenal and peripheral vein samples 
of patients carrying KCNJ5 mutated APAs [28, 30]. This has an at-
tractive, plausible explanation: such tumours have increased expres-
sion of CYP11B1 (11β- hydroxylase) and CYP17A1, whereas these 
are absent from the ZG cells where aldosterone is physiologically 
produced. Increased availability of 11- deoxycortisol could result in 
its conversion by CYP11B2 to hybrid steroids, resulting in higher de-
tected levels compared to other APAs. Evidence is beginning to point 
to KCNJ5- mutant adenomas as the group most likely to be soli-
tary and unilateral, but these data will need to be robust before the 
finding of hybrid steroids reduces the requirement to perform AVS.

The use of liquid chromatography- tandem mass spectrom-
etry (LC- MS/ MS) to measure adrenal steroid levels including 
hybrid steroids in peripheral blood samples for the purpose of 
distinguishing APAs from BAH has been also tested. Statistically 
significant differences are demonstrable, although the degree of 
overlap is likely to limit the widespread use of this investigation. 
Again, such measurements, at best, can only provide information to 
suggest that BAH is likely (and therefore AVS is unnecessary) and it 
seems likely that advances in functional imaging will impact more 
on reducing AVS requirements and increasing the numbers of PA 
patients proceeding to surgery.

Surgical treatment of PA

Laparoscopic adrenalectomy (see Chapter  5.2 for details) is now 
well- established as the treatment of choice for the majority of pa-
tients in whom it is possible to demonstrate a unilateral source of 
aldosterone excess. Morbidity is low in experienced hands and its 
development and subsequent refinement through the 1980s and 90s 
radically altered the threshold for surgical referral. (Prior to laparo-
scopic surgery, open adrenalectomy involved a large flank incision 
and sometimes resection of the twelfth rib; morbidity and mortality 
rates were substantial.) Various techniques are described: anterior 
or lateral transperitoneal, lateral or posterior retroperitoneal and 
(in selected centres) a single port retroperitoneal approach. The 
lateral transperitoneal route is the commonly used technique and 
involves insertion of three or four ports with the patient in a left or 
right lateral decubitus position for right-  and left- sided operations, 
respectively. In both procedures the patient is flexed above the hip 
to open up the space between the iliac crest and rib cage. For a 
left adrenalectomy, ports are usually inserted below the rib cage 
along the anterior, posterior axillary, and mid- clavicular lines; for 
a right- sided procedure the ports are similarly sited, but with the 
addition of an extra subcostal midline port to facilitate liver retrac-
tion. Although cross- sectional imaging portrays the adrenal gland 
as being clearly distinct from the surrounding retroperitoneal fat, 
the reality is that, following mobilization of the surrounding struc-
tures (spleen, spleno- colic ligament, and tail of pancreas on the left; 
liver on the right) the adrenal gland may be challenging to iden-
tify, particularly if there is excess visceral fat. It is important to be 
aware of the surrounding structures and the planes which define 
the position of the adrenal gland, especially in patients with PA as 
the tumour may be too small to visualize and the adrenal gland is 
of normal dimensions. It is largely this ‘judgement’ aspect of ad-
renal surgery that dictates better results among more experienced 
surgeons, although no consensus exists as to what constitutes an 
appropriate minimum number of procedures per year to achieve 
good results. Unlike adrenal surgery for Cushing’s syndrome or 
phaeochromocytoma, few, if any, anaesthetic issues arise over and 
above other laparoscopic (e.g. gall bladder) procedures, but close 
liaison regarding the possibility of cortisol cosecretion and post-
operative contralateral adrenal suppression is important. Overt 
haemodynamic collapse due to postoperative adrenal insufficiency 
is rare, but described. Transient postoperative hyperkalaemia is 
well recognized and treated either with augmented sodium intake 
or temporary support with fludrocortisone.

Medical therapy of PA

Medical treatment of PA is indicated for patients whose imaging 
and/ or AVS results indicate that a unilateral adrenalectomy would 
be inappropriate or who, after careful discussion, are unfit/ unwilling 
to undergo surgery. Given that aldosterone has deleterious effects on 
the heart and vasculature independent of blood pressure, the goals 
of pharmacological therapy of PA are not just control of hyperten-
sion, but also effective blockade of the MR.
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General Measures

Although often overlooked and not formally studied, it is the au-
thors’ view that generic advice applicable to all patients with hyper-
tension should be reinforced to patients with PA. This includes 
restriction of dietary sodium, maintenance of a healthy body 
weight, abstinence from tobacco and excessive alcohol intake, and 
regular aerobic exercise. All are likely to make useful contributions 
to making pharmacological therapy more effective.

Spironolactone

This is the drug for which most clinical experience exists in PA. 
Although no placebo- controlled trials of its use exist, there is sufficient 
consensus about its efficacy that most physicians would now consider 
such a study to be unethical. Its mechanism of action is competitive 
inhibition of cytosolic MRs, thereby modifying both transcription 
and translation of proteins that act to mediate sodium retention by 
the epithelial cells of the distal nephron. The drug is well absorbed and 
undergoes rapid hepatic metabolism to several metabolites including 
7α- thiomethylspironolactone and canrenone. Both have a half- life 
substantially greater than the parent drug itself (1.4 hours) such that 
spironolactone is usually administered once daily. Oral canrenone is 
available in some countries but its use in PA is not widespread.

Individual physicians vary in their dosing strategies; the authors’ 
practice is to start at modest doses (typically 25 mg daily), increasing 
slowly as tolerated and with frequent monitoring of blood potassium 
levels. An important clinical point is that the full hypotensive effects of 
spironolactone (typically 2 months or more) lag by several weeks be-
hind the effect on potassium levels. An interesting, although not well 
studied, phenomenon is that, once blood pressure control is established, 
with time it is often possible to reduce the dose without loss of efficacy.

Various observational studies exist, some containing exclusively 
BAH patients and others a mixture of APA and BAH, to suggest ex-
cellent clinical efficacy either as monotherapy or by facilitating a re-
duction in other non- PA directed antihypertensive therapy. Dosing 
regimens vary markedly in the published series, from 25 to 400 mg 
daily, so rigid dosing protocols are hard to construct. Pragmatically, 
it is the blood potassium levels that govern dosing; once values ap-
proach the upper limit of the reference range further increments in 
dose are unlikely to be clinically beneficial without provoking prob-
lematic hyperkalaemia.

Spironolactone is not a ‘pure’ MR antagonist; its interaction 
with progesterone and androgen receptors explain its common, 
frequently dose- limiting, side effects of menstrual irregularity in 
premenopausal women and erectile dysfunction and painful gynae-
comastia in men. The last of these is clearly dose- related, but such 
side effects tend to be under- reported in observational studies, so 
reports of an incidence of 50% at doses of 150 mg daily are, in the 
authors’ view, improbably low. Other practical points about spir-
onolactone usage include the need for regular monitoring of serum 
creatinine and potassium in patients with abnormal baseline renal 
function and/ or diabetes mellitus, a reduction in efficacy with con-
comitant salicylate use and prolongation of its half- life with ad-
vanced liver disease or heart failure.

Inevitably, the relatively recent appreciation of adverse 
cardiometabolic consequences of aldosterone excess independent 

of blood pressure render historical observational reports of the ef-
ficacy of spironolactone somewhat incomplete. Although a system-
atic review suggested that regression of many of the adverse features 
of PA (LVH, proteinuria and renal function) were equivalent be-
tween medically and surgically treated patients [31], a recent, large, 
retrospective study suggested that current MR antagonist regimens 
do not restore the morbidity of PA to that of essential hyperten-
sion except (on subanalysis) in patients whose plasma renin was de- 
repressed by an adequate dose of spironolactone [32]. This remains 
an area of uncertainty in the field.

eplerenone

Developed and approved for the treatment of hypertension, this 
second- generation MR antagonist has fewer antiandrogen and 
antiprogesterone side effects than spironolactone consequent upon 
its 9.11- epoxide group which ensures more selective receptor affinity. 
It has few, if any, active metabolites and its half- life mandates twice 
daily dosing. Like spironolactone, no placebo- controlled studies for 
eplerenone exist in PA, but several trials have compared the two 
drugs against each other in this clinical setting [33]. Spironolactone 
appears consistently more effective at lowering blood pressure in PA, 
albeit at the expense of the side effects described earlier. One head- 
to- head study suggested a dose equivalence of 1:2 (spironolactone 50 
mg = eplerenone 100 mg), but there was substantial crossover from 
spironolactone to eplerenone during the study [34]. Together with 
its greater cost, eplerenone should be considered second line medical 
therapy for PA and a good alternative when adverse symptoms limit 
the use of spironolactone. The maximum licensed dose is 100 mg 
daily, but this is often insufficient to achieve blood pressure control. 
The requirement to monitor blood potassium and creatinine levels is 
similar between the two MR antagonist drugs.

non- MR Antagonist Medical therapies

If adverse symptoms and/ or cost and/ or availability dictate that 
neither spironolactone nor epleronone can be used, high dose 
amiloride is an alternative. Although many of the mechanisms of 
action of aldosterone outside the kidney remain to be fully elu-
cidated, at the distal tubule it is the amiloride- sensitive epithelial 
sodium channel (ENaC) that is the rate- limiting step on sodium re-
absorption. Its perceived modest effect in PA may, in part, be due 
to historical underdosing and the authors consider the drug to be 
a useful adjunctive to a maximum tolerated dose of spironolactone 
in a patient with troublesome side effects and/ or cost constraints 
on the use of MR antagonists. Sodium competes with amiloride for 
intraluminal binding to ENaC, such that the efficacy of amiloride 
can be improved by a reduction in sodium intake. The use of 
triamterene is uncommon, but, conceptually, is similar to amiloride.

Possible Future Medical therapies

Finerenone is a non- steroidal MR antagonist that has shown prom-
ising results in patients with heart failure, but has yet to undergo 
clinical studies in PA. Aldosterone synthase (CYP11B2) inhibitors 
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represent an attractive concept for the treatment of PA. Older drugs 
in this class were compromised by their poor selectivity between the 
CYP11B2 and CYP11B1 enzymes involved in aldosterone and cor-
tisol synthesis, respectively, whose structures are 93% identical. A few 
highly selective newer drugs are at the early stages of evaluation.

Decision- Making in PA: Medical or Surgical 
Management

An inevitable consequence of the way in which clinical trial and/ 
or departmental audit/ outcome data are presented is that decision- 
making can seem clear- cut to the point of ‘rigidity’. The reality, 
for many patients, is that imaging and biochemical data can be 
equivocal and choices about medical or surgical treatment dif-
ficult. It has become commonplace in clinical teaching to state 
that ‘decision- making should be within a multidisciplinary team 
(MDT)’. The authors subscribe to this practice, with some clarifying 
views. First, MDTs function best when constructive, robust audit 
programmes are embedded within the group culture, so that ex-
perience can be shared and augmented. Second, such audit and out-
come data should be generously shared around the PA community, 
lowering the threshold for collaborative studies to improve prac-
tice. Last, although discussion among colleagues about imaging and 
AVS results is always helpful, individual knowledge of the case and 
personal clinician responsibility are paramount to good decision- 
making and clinical care.

It should be emphasized that the SI and LI values quoted earlier 
are guides rather than ‘absolutes’. As with all endocrine testing (in-
ferior petrosal sinus sampling and MRI scanning of the pituitary for 
ACTH- dependent Cushing’s syndrome is another good example), 
results are always interpreted against a background of the a priori 
likelihood of a particular diagnosis. Careful review of the anatomy, 
results of AVS if performed, the presence or absence of cortisol 
cosecretion, patient age, severity of hypokalaemia (if present) and 
the diagnostic values of renin and aldosterone all contribute to an 
integrated decision- making process that improves with personal 
and shared experience.

clinical outcomes

The importance attached to distinguishing between unilat-
eral and bilateral disease assumes that the former may be cured 
by adrenalectomy while the latter will not. However, the differ-
ence in outcomes is not as clear- cut as might be expected, and 
advances in molecular understanding of the pathogenesis also 
point to a blurring between the unilateral and bilateral subtypes. 
Immunohistochemistry with specific antisera against CYP11B2 
shows most ‘hyperplasia’ to consist of discrete ‘aldosterone- 
producing cell clusters’, of which 30– 60% have the same mutations 
as reported in the smaller, ZG- type APAs [35]. The frequency of 
these clusters, reported in at least 30% of post- mortem adrenals, 
and of the gene mutations they harbour, raises suspicion that 
fewer patients have unilateral disease than originally thought; 
and that apparently successful surgery may be due to ‘debulking’ 
rather than ‘curing’ disease. It is well known that only 30– 60% 
of patients with rigorously proven unilateral PA are cured of 

hypertension, even though PA is biochemically cured in 90– 95% 
of such patients. The likely explanation is the long duration of PA 
(usually decades) before diagnosis, resulting in irreversible vas-
cular changes that sustain hypertension, even after the original 
cause is removed. This probably explains why younger patients, 
with less severe hypertension, have a greater likelihood of com-
plete cure from hypertension.

The commonly agreed practice of integrating anatomical infor-
mation and AVS results into clinical decision- making was recently 
challenged by the results of what is, to date, the only published 
prospective, randomized study in the field of PA and therefore 
worthy of particularly detailed discussion and analysis here. In 
SPARTACUS (Subtyping Primary Aldosteronism:  A Randomized 
Trial Comparing Adrenal Vein Sampling and Computed 
Tomography Scanning), 200 patients were enrolled and random-
ized to have their clinical decision regarding medical or surgical 
management determined by AVS (preceded by CT, to exclude ACC 
and provide anatomical information for surgery, where relevant) or 
CT alone [3] . For those randomized to CT- based decision- making, 
surgery was undertaken only in the event of a unilateral radiological 
abnormality with unequivocally normal contralateral appearances. 
Patients with any other radiological findings (normal, bilaterally 
enlarged adrenal glands or a focal nodule with subtle contralateral 
thickening) were treated medically. The data from 184 patients who 
completed the protocol separated into four groups: CT- determined 
medical and surgical management; and AVS- determined medical 
and surgical management, with, neatly, 46 in each group. The pri-
mary endpoint of SPARTACUS was the burden of antihypertensive 
treatment required to achieve a predefined target blood pressure at 
1 year.

There was no difference between the groups with regard to the 
intensity of antihypertensive drug treatment, mean blood pressure, 
proportion of patients reaching target blood pressure or quality 
of life at 1  year. The authors concluded that neither AVS nor CT 
scans should be considered as gold standard tests for identifying an 
APA and that the considerable expense of AVS could be jettisoned 
without compromising clinical outcomes.

The controversial nature of the reported findings has been asso-
ciated with some criticism of the study design. First, the choice of 
primary endpoint is strikingly different from other reported out-
come studies in PA and not in line with a recent international con-
sensus statement on the definition of cure following adrenalectomy 
[4] . Second, the patients recruited into the study were at the more 
severe end of the PA spectrum; a group known to have more 
marked target organ damage, including LVH, renal damage, and 
vascular remodelling, each of which may contribute to persist-
ence of hypertension after biochemically curative adrenalectomy. 
This, in turn, dictates that such patients would be less likely to be 
achieve satisfactory control of hypertension with either surgical 
or medical treatment, reducing the chances (with the size of study 
population) of detecting a difference between the randomized 
groups. Third, the perceived ‘burden’ of antihypertensive therapy 
depends, in part, on the choice of therapy for any residual, fixed 
hypertension as a consequence of longstanding PA or background 
essential hypertension, even if surgery leads to biochemical cure. 
In SPARTACUS, the antihypertensive medicines deployed in the 
study patients at 1  year was unusual. Fourth, the comparison of 
CT vs. AVS- determined medical therapy reduced the overall power 
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of the study and, given that APA patients respond perfectly sat-
isfactorily to MR antagonists, did not provide significant clinical 
information.

With all those caveats, SPARTACUS is, to date, the only pro-
spective, randomized study that has attempted to address/ chal-
lenge the issue of whether AVS can justify its status as the ‘criterion 
standard’ for dictating clinical management. The investigators ac-
cept that CT scanning is associated with significant misclassifi-
cation rates, but reasonably point out that, in their hands, AVS 
is flawed too and have re- energized the debate as to whether it is 
appropriate that a restricted, expensive investigation should con-
tinue severely to limit the access of PA patients to potentially cura-
tive surgery.

cortisol cosecretion in Primary Aldosteronism

Abnormal (non-ACTH mediated) cortisol secretion in PA has 
been known about for some time [35] but the availability of spe-
cific antisera to CYP11B1 has provided further insights. Total 
24-h urinary glucocorticoid excretion in primary aldosteronism 
significantly correlates with immunohistochemical expression of 
CYP11B1 in the corresponding APA tissue [15]. Further, clin-
ical surrogate parameters of metabolic risk, such as waist cir-
cumference and diastolic blood pressure, correlate significantly 
with cortisol, but not with aldosterone, production. This is po-
tentially clinically relevant as studies in large cohorts of PA pa-
tients have demonstrated an increased risk of type 2 diabetes and 
osteoporosis compared to population-based controls [37, 38]; 
adverse outcomes usually associated with glucocorticoid rather 
than mineralocorticoid excess. It is conceivable, but not proven, 
that cortisol cosecretion in PA drives these adverse metabolic 
outcomes [39]. Of note, a recent study suggested that both LVH 
at diagnosis of PA and its reversibility correlated with cortisol 
co-secretion as assessed as total 24-h urinary glucocorticoid ex-
cretion [40].

In a separate report, 45 of 175 patients who underwent a  post-
operative short synacthen test after surgery for PA,  29% were 
shown to have a suboptimal response [15]; a figure supported by 
a separate study [42]. The clinical significance of this is uncertain 
and reports of overt post-operative hypadrenalism are very rare 
[43], but subtle abnormalities of cortisol requiring hydrocortisone 
supplementation may be more common and clinical awareness is 
paramount. This rate of adrenal insufficiency was confirmed in a 
recent prospective series carried out in 100 consecutive patients 
with primary aldosteronism due to unilateral APA; 27% of pa-
tients failed the postoperative synacthen test and required hydro-
cortisone replacement therapy for several months, with significant 
adrenal crisis risk [42]. The increasing awareness of the possible 
clinical implications for cortisol co-secretion are likely to feature 
more prominently in future iterations of consensus guidelines for 
the management of PA.

There is no doubt that these findings will be considered when 
the next American and European consensus guideline revisions will 
be undertaken and given the observed prevalence of postoperative 
adrenal insufficiency, the integration of an early postoperative short 
synacthen test in surgically treated primary aldosteronism patients 
may be prudent.

Rare Forms of PA

The previous discussion of APA and BAH applies to around 98% of 
cases of PA. Rare forms are recognized and briefly described here, 
but are dealt with in more detail elsewhere.

Aldosterone- Secreting Adrenocortical 
carcinoma (Acc)

This diagnosis will be immediately apparent on cross- sectional 
imaging. Tumours are typically large (>4 cm) and often irregular, 
heterogeneous, and invasive. The only chance of cure is surgical 
resection. Other therapeutic options for non- curable ACC are 
covered in Chapter 5.4 and should be combined with MR antag-
onists and/ or high dose amiloride therapy to control hypertension 
and hypokalaemia. Pure aldosterone- secreting ACCs are rare; 
more common is for an array of secreted steroids to include de-
oxycorticosterone (DOC), but the principles of management re-
main the same.

Familial Forms of PA

Various forms of inherited PA exist, distinguished by their clinical 
features and genetic causes; a detailed description of these condi-
tions is provided in Chapter 5.6.1. The term is restricted to a small 
number of very rare conditions, in which germline mutation of a 
specific gene is identified. The current nomenclature, in which a dif-
ferent number is used for each genetic abnormality, is not practised 
in other areas of endocrinology and may not survive the discovery 
of further genes.

Special Situations in PA

As with many endocrine conditions, particular clinical situations 
arise for which few or no data exist to guide decision- making. 
Under these circumstances, physicians have to rely on judgement, 
backed up by collaborative discussion with experienced colleagues. 
Two such situations are the combination of PA and pregnancy and 
PA with advanced renal impairment.

PA in Pregnancy

The frequency with which PA occurs in pregnancy is not known. If 
the prevalence of hypertension in pregnancy (6– 8%) is combined 
with the prevalence of PA in unselected hypertensive populations, 
then approximately 0.5– 0.8% of pregnant women will have PA. One 
could argue that the majority of women with PA are diagnosed after 
childbearing years, making the aforementioned figure an overesti-
mate, but most PA is diagnosed opportunistically and the chances 
of detecting asymptomatic hypertension are higher in pregnancy as 
blood pressure monitoring accompanies most obstetric/ midwifery 
encounters. As discussed earlier, PA has few clinical features, so 
suspicion of PA arises in the context of hypokalaemia and/ or severe 
hypertension before 20 weeks of gestation (after which the like-
lihood of pre- eclampsia as a cause rises). Supportive biochemical 
evidence for a diagnosis of PA is largely restricted to a suppressed 
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renin, as PAC rises in normal pregnancy. Standard confirmatory 
tests (SIT, CCT) should wait until after delivery. If PA is strongly 
suspected, then medical therapy with MR antagonists should be 
commenced. Classical teaching is that the antiandrogen properties 
of spironolactone dictate this drug is contraindicated in pregnancy, 
but in fact only one case report exists of ambiguous genitalia in a 
male infant associated with use of the drug in the first few weeks of 
gestation [44]. Eplerenone has no antiandrogenic action but pub-
lished data on pregnancy outcomes are sparse. The authors recom-
mend epleronone for use in pregnancy and breast feeding if PA 
is suspected or confirmed, but if this drug is unavailable or not 
tolerated, then given that sexual differentiation is largely complete 
by the end of the first trimester, and considering the context of the 
hazards of uncontrolled hypertension in pregnancy, the benefits of 
spironolactone on blood pressure and potassium control after this 
time probably outweigh any theoretical issue with male fetal de-
velopment. If hypertension and/ or hypokalaemia cannot be con-
trolled medically and the diagnosis of PA is secured prepregnancy 
or strongly suspected during pregnancy on account of a suppressed 
renin measurement, then a mid- trimester adrenalectomy may be 
considered. Adrenal imaging should be with (non- ionizing) MRI; 
given the age of most pregnant women, incidental adrenal nodules 
are improbable, so the finding of a solitary nodule is usually suf-
ficient evidence with which to proceed. AVS should not be per-
formed in pregnancy.

PA and Renal Failure

The combination of PA and advanced renal failure presents par-
ticular diagnostic and therapeutic problems. Clinical suspicion 
is difficult, given that most patients with renal failure will have 
hypertension requiring therapy with more than one agent; the 
characteristic hypokalaemic alkalosis will be obscured by the 
renal disease; and secondary hyperaldosteronism is common as 
kidney function declines. Imaging quality may be compromised 
by the need to avoid iodinated contrast agents for CT scanning 
and some gadolinium containing agents are contraindicated in 
advanced renal disease because of the risk (albeit with repeated 
administration) of a characteristic dermopathy. Whereas some 
people may instinctively feel that, once renal failure is estab-
lished, investigation and treatment of PA is too late and futile, 
the authors take the reverse view. It is the combination of hyper-
tension and excess aldosterone exposure, in many cases, that has 
led to accelerated renal disease and correction of the latter al-
most invariably facilitates better treatment of the former, even in 
advanced cases. Further, in those patients who have progressed 
to end- stage renal disease (ESRD) requiring dialysis, it might be 
thought that the physician has a degree of control over salt and 
water balance and that the renal actions of aldosterone on so-
dium retention are irrelevant in an anuric patient. The fact that 
spironolactone improves blood pressure in patients with PA on 
dialysis provides compelling evidence for the extrarenal effects 
of aldosterone and that removing or pharmacologically blocking 
that excess will be clinically beneficial. In patients with ESRD 
contemplating transplantation, removal of an APA will prevent 
the scenario of a resumption of sodium and water retention and 
hypertensive damage to the grafted kidney. AVS requires the use 
of a modest volume of contrast agent and close nephrological li-
aison is advised.

newer techniques for treating Unilateral 
Aldosterone excess

Annual UK audit returns indicate that 250– 300 adrenalectomies 
per year are performed for PA. Using even the most conservative 
estimates of the prevalence of PA (approximately 300 000)  and 
assuming that 50% of cases are due to a unilateral APA, it is im-
mediately apparent that, if case detection and access to accurate 
lateralization investigations were dramatically to improve, then 
endocrine surgical services would quickly become overwhelmed. 
This, together with a desire to avoid removing a whole gland as 
treatment for a small, benign tumour has led to a search for less 
invasive methods of removing the source of aldosterone excess. 
Radiofrequency ablation (RFA) is an established technique for the 
treatment of liver deposits from large bowel, neuroendocrine, and 
other malignant tumours and some centres have developed proto-
cols to destroy functioning adrenal nodules. Slight variations are 
described, but, in general, patients are positioned prone in the lat-
eral decubitus position either heavily sedated or under full general 
anaesthesia. Under CT guidance a monopolar radiofrequency elec-
trode is introduced and, using a pulsed technique and generating a 
power of 50– 150 W, RFA is applied for several minutes. Periadrenal 
fat stranding is observed and technical success judged by lack of 
enhancement on a follow- up CT scan. Interestingly, although the 
nodule being treated is steroid- producing, intraprocedural, ur-
gent hypertensive episodes are not infrequent, necessitating con-
tinuous intra- arterial monitoring and appropriate pharmacological 
intervention.

No randomized studies are available that compare RFA with con-
ventional adrenalectomy, but reports exist of extensive, accumu-
lated single centre experience [45]; and a comparison of clinical 
outcomes between two neighbouring tertiary United States centres, 
one of which provides both surgery and RFA on the basis of pa-
tient choice [46]. The data are, at present, too preliminary to draw 
firm conclusions, but there is sufficient ‘momentum’ to justify a 
randomized study. Attractions of the technique include the possi-
bility of shorter hospital stays and the potential to treat bilateral dis-
ease. With experience and refinement, the availability of RFA may, 
in time, lower the threshold for intervening in unilateral disease; 
at present, the scenario of a ‘failed adrenalectomy’ (one in which 
hopes for complete cure of hypertension are not met) often leads to 
caution in recommending abdominal surgery for a benign condi-
tion. If an intervention considered to be less invasive were available, 
it is possible that the threshold for that procedure would be lower 
than at present. Areas of uncertainty and controversy regarding 
RFA include the lack of histological proof and complete molecular 
diagnosis provided by surgery; and the long- term consequences of 
leaving untreated areas of hyperplasia that often surround the easily 
visible APA.

conclusions

Conn’s prediction of the number of hypertensive patients who 
would have the syndrome he described was uncannily accurate. 
The excess cardiometabolic morbidity associated with PA over and 
above essential hypertension is now widely accepted; as is the cur-
rent shortfall in the rate of diagnosis, availability of subtyping in-
vestigations and access to potentially curative interventions. The 
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recent explosion in understanding of the molecular pathogenesis 
of the condition has fuelled a new wave of investigational protocols 
that promise to remove many of the barriers that currently block 
the management of patients with this condition. The authors predict 
that the next version of this chapter will look strikingly different.
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5.7

Cushing's Syndrome
John Newell- Price

table 5.7.1 Aetiology of Cushing’s syndrome

Cause of Cushing’s syndrome F:M %

ACTH- dependenta

Cushing’s disease 3.5:1b 70%

Ectopic ACTH syndrome 1:1 10%

Unknown source of ACTHc 5:1 5%

ACTH- independent

Adrenal adenoma 4:1 10%

Adrenal carcinoma 1:1% 5%

Other causes (PBMAH; PPNAD; 
McCune– Albright)

<2%

a In women 9:1 ratio of Cushing’s disease to ectopic ACTH.
b Male preponderance in children.
c Patients may ultimately prove to have Cushing’s disease.
PPNAD, primary pigmented nodular adrenal disease; AIMAH, ACTH- independent 
massive adrenal hyperplasia.
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Introduction and Historical Perspective

I would like to see the day when somebody would be appointed surgeon 
somewhere who had no hands, for the operative part is the least part of 
the work.

Harvey Cushing: Letter to Dr Henry Christian, 20 November 1911

Harvey Cushing described the first case of Cushing’s syndrome with 
a severe phenotype in 1912. Since that time, investigation and man-
agement of Cushing’s syndrome has remained a significant clinical 
challenge [1– 3] and patients suspected of this diagnosis warrant re-
ferral to major centres.

Endogenous Cushing’s syndrome is due the chronic, exces-
sive, and inappropriate secretion of cortisol. When presentation 
is florid, diagnosis is usually straightforward, but in modern prac-
tice Cushing’s syndrome is frequently and increasingly considered 
in mild cases in the absence of the classical signs in the context 
of osteoporosis, diabetes, hypertension as well as in the context 
of gynaecological and psychiatric clinics. Achieving a diagnosis 
can be difficult. Appropriate management of Cushing’s syndrome 
is dependent on correctly identifying the cause of excess cortisol. 
Separating ACTH- independent causes (adrenal tumours) from 
ACTH- dependent causes (pituitary or ectopic secretion of ACTH) 
is usually simple. However, many ectopic sources are occult and the 
identification of the source of ACTH secretion may require meticu-
lous and repeated investigations.

In most circumstances the mainstay of therapy remains surgery 
to either an ACTH- secreting tumour or directly to the adrenal 

glands, but additional treatment with cortisol- lowering or opposing 
drugs and tumour- directed therapy is often needed.

Aetiology, Genetics, Pathogenesis, and Pathology

Endogenous Cushing’s syndrome is usually sporadic and divided 
into ACTH- dependent, and ACTH- independent causes (Table 
5.7.1). Overall, ACTH- dependent causes account for approximately 
80% of cases, and of these 80% are due to corticotroph pituitary ad-
enomas (Cushing’s disease) with an excess female predominance, 
and the remaining 20% due to the ectopic ACTH syndrome with 
male predominance [1] . Cushing’s disease, the ectopic ACTH syn-
drome, and adrenal adenomas may also be found in the context of 
multiple endocrine neoplasia 1 (MEN 1).

cushing’s Disease

Most cases of Cushing’s disease are due to corticotroph micro-
adenomas, a few millimetres in diameter, only being larger than 
1  cm (macroadenoma) in 6% of cases [1, 3,  4]. These tumours 
express the proopiomelanocortin gene (POMC 176830), the pep-
tide product of which is subsequently cleaved to ACTH. POMC- 
processing is usually efficient in corticotroph microadenomas, 
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but less so in macroadenomas, which may secrete relatively large 
amounts of unprocessed POMC. Some pituitary macroadenomas 
are ‘silent corticotroph adenomas’, and may present with tumour 
mass effects (e.g. optic chiasm compression) alone; on follow- up, 
initial absence of cushingoid features may progress to overt clinical 
Cushing’s syndrome. Approximately 90% of tumours express the 
corticotropin- releasing hormone (CRH)- 1 receptor, as evidenced 
by the release of ACTH in response to exogenously administered 
CRH. Tumours also express the vasopressin- 3 receptor, and re-
spond to vasopressin and desmopressin.

Tumours causing Cushing’s disease are relatively resistant to the 
effects of glucocorticoids, but POMC expression and ACTH secre-
tion are reduced by higher doses of dexamethasone in 80% of cases 
[2, 5]. This may be caused by ‘miss- expression’ of the ‘bridging pro-
tein’ Brg1 (which is important for glucocorticoid inhibitory feedback 
on POMC expression) found in corticotroph tumours, and may be 
one event determining tumourigenesis [6] . Corticotroph tumours 
also show overexpression of cyclin E, low expression of the cyclin- 
dependent inhibitor, p27, and a high Ki- 67 expression, all indicative 
of a relatively high proliferative activity [7]. The excess number of 
reproductive- aged women with Cushing’s disease, and the fact that 
there is a male preponderance in prepubertal cases [8] suggest a po-
tential aetiological role for oestrogens. Recent data has emphasized 
the role of epidermal growth factor (EGF) and its receptor (EGFR), 
which increases POMC mRNA transcription, cell proliferation and 
ACTH secretion [9– 11]. Usually, EGFR is degraded by ubiquitin-
ation, but somatic missense mutations in ubiquitin- specific protease 
8 (USP8), present in approximately 40% of patients with Cushing’s 
disease, inhibits deubiquitinating activity and so EGFR is re- cycled 
and signalling is enhanced [9– 11]. Antagonists of EGFR may have 
therapeutic potential in Cushing’s disease.

ectopic ActH Secretion

Well differentiated neuroendocrine tumours from any source may 
cause the ectopic ACTH syndrome, and show a molecular pheno-
type close to that of pituitary corticotroph tumours. In contrast, data 
in small cell lung cancer cells have shown that POMC is activated by 
transcription factors distinct from those in the pituitary, including 
E2F factors [12], which are able to bind the promoter when it is in 
an unmethylated state [13], suggesting a different pathogenesis.

Adrenal Disease

Approximately 50% of adrenal adenomas causing overt Cushing 
syndrome exhibit hotspot mutations at L205R of PRKACA, which 
encodes the catalytic subunit of cAMP- dependent protein kinase 
A (PKA), and drives cortisol secretion [14– 17].

In primary bilateral macronodular adrenal hyperplasia 
(PBMAH), previously also termed AIMAH (for ACTH- 
independent macronodular hyperplasia), excess cortisol secretion 
may be associated with either ectopically- expressed receptors or 
increased eutopic receptor expression [18], and activation by lig-
ands not usually associated with adrenal steroidogenesis:  gas-
tric inhibitory peptide (food- dependent Cushing’s); vasopressin; 
interleukin- 1; luteinizing hormone; and serotonin. Activation of 
receptors increasing intracellular cAMP is thought to cause hyper-
plasia over many years, and hence Cushing’s syndrome. Recently, it 
has been demonstrated that steroidogenic cell clusters in PBMAH 
adrenals produce corticotropin, which stimulates cortisol produc-
tion by the adrenal in an intracrine/ paracrine fashion. Therefore, 

in PBMAH, cortisol excess seems to mediated by ACTH, albeit of 
adrenal rather than pituitary or extra- adrenal ectopic origin; there-
fore, PBMAH is not truly ACTH- independent. For this reason, 
the term PBMAH is now preferred over AIMAH. The nodules can 
vary in size and may be massive. Germline inactivating mutations 
of Armadillo repeat 5 (ARMC5) [19] have now been identified as 
a common cause of PBMAH. ARMC5 is a cytosolic protein and 
little is known about its function; in rodent models a more com-
plex phenotype ensued including compromised T- cell proliferation 
and differentiation; in humans, ARMC5 has also been reported to 
be associated with an increased incidence of meningioma along-
side Cushing’s syndrome. Characteristically, ARMC5 causes a mild 
Cushing’s phenotype with onset over years and decades, often re-
sulting in misdiagnosis as metabolic syndrome; family screening 
can reveal cases much earlier.

Primary pigmented nodular adrenal disease (PPNAD) causes 
small ACTH- secreting nodules on the adrenal, often not visualized 
on imaging. PPNAD can be sporadic or part of the Carney’s com-
plex and most cases occur in late childhood or in young adults, often 
with a mild or cyclical presentation [20, 21]. Germ line mutations of 
the regulatory subunit R1A of PKA (PRKAR1A) are present in ap-
proximately 45% of patients with Carney’s complex [22, 23] and as 
well as in sporadic PPNAD. Another causative gene locus maps to 
chromosome 2p16. Interestingly, these patients show a paradoxical 
increase in cortisol secretion in response to dexamethasone.

McCune– Albright syndrome is due to a postzygotic activating 
mutation in the GNAS1 gene. The resulting tissue mosaicism results 
in a varied phenotype, and the disease may present in the first few 
weeks of life. These mutations lead to constitutive steroidogenesis 
in the affected adrenal nodules [24]. Mutations of GNAS1 have also 
been found in cases of PBMAH.

epidemiology

The true prevalence of Cushing’s syndrome is difficult to quantify. 
Earlier data suggest an incidence from 0.7 to 2.4/ million popula-
tion per year depending on the population studied. Biochemical 
Cushing’s syndrome with no clear clinical features has, however, 
been shown to be common. Incidental adrenal lesions found on 
computed tomography (CT) scans are now a very common clin-
ical problem and approximately 1– 3% of the population aged 70 
or more will have evidence of low- grade hypercortisolaemia from 
such a lesion. In addition, Cushing’s syndrome has been reported in 
some series to be found in 1– 5% of obese patients with type 2 dia-
betes, and up to 10.8% of older patients with osteoporosis and verte-
bral fracture [25]. The difficulty here, however, is whether detection 
of mild Cushing’s syndrome in these populations is of clinical value 
as the outcomes of small and uncontrolled intervention studies 
are mixed. These data indicate that formal intervention trials are 
needed before widespread screening in these populations can be re-
commended, and there is a need for clinical decision- making tools 
to allow stratification for intervention on an individualized basis.

clinical Features of cushing’s Syndrome

Glucocorticoid receptors are present in virtually all cells, reflecting 
the diverse actions of cortisol, and hence the symptoms and signs 
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of hypercortisolaemia encompass all organ systems. Many of the 
symptoms associated with hypercortisolaemia are common and of 
little specificity, such as weight gain, lethargy, weakness, menstrual 
irregularities, loss of libido, hirsutism, acne, depression, and psych-
osis (Table 5.7.2). While each symptom itself may be mild, the pres-
ence of a greater number of features in any given patient increases 
the likelihood of Cushing’s syndrome. The signs most useful in dif-
ferentiating Cushing’s syndrome include the presence of proximal 
myopathy, and easy bruising, purplish striae, thinness, and fragility 
of the skin [1, 2, 25]. The sign of proximal weakness is most easily 
demonstrated by asking the patient to stand from sitting position 
without the use hands; an initial backwards movement of the but-
tocks is present in early myopathy, while in more severe cases rising 
from a chair may not be possible.

Presentation differs between genders, with purple striae, muscle 
atrophy, osteoporosis, and kidney stones being more common in 
men [26]. Gonadal dysfunction is common in both sexes. The ad-
verse effects of glucocorticoids on bone metabolism are evidenced 
by decreased bone mineral density, especially of the axial skeleton. 
Over 70% of patients with Cushing’s syndrome may present with 
psychiatric symptoms ranging from anxiety to frank psychosis; if 
present, depression is often agitated in nature, and some degree 
of psychiatric disturbance often persists following remission of 
Cushing’s syndrome [3] . Impairment in short- term memory and 
cognition is common and can persist for at least a year following 
treatment. Cortisol excess predisposes to hypertension and glucose 
intolerance.

Classically, the ectopic ACTH syndrome due to small cell lung 
cancer may have a rapid onset with severe features: profound weak-
ness, myopathy, hyperpigmentation, diabetes mellitus, and hypo-
kalaemic alkalosis, while there is often neither weight gain nor the 
classical cushingoid appearance. In contrast, the clinical phenotype 
and biochemical features of neuroendocrine tumours (of any tissue 

origin) may be indistinguishable from that of Cushing’s disease, 
causing diagnostic difficulty.

Clinical and biochemical features may commonly vary in a ‘cyc-
lical fashion’, causing diagnostic difficulty. Signs and symptoms 
fluctuate with circulating cortisol, such as facial plethora, myop-
athy, mood, blood pressure, and blood glucose, and all investiga-
tions may be normal when hypercortisolaemia is absent. Great care 
is needed to seek for evidence of ‘cyclicity’ in the clinical history.

clinical Investigation and Diagnostic criteria

Who to test

Most patients initially suspected of possibly having Cushing’s syn-
drome will not have this condition. The complete assessment of a 
patient known to have some form of Cushing’s syndrome is com-
plex, expensive, and often stressful for the patient, who is usually 
already significantly ill emotionally, psychologically, and physically. 
Thus efficient screening procedures are needed to identify the mi-
nority who will need intensive and expensive investigation leading 
to an accurate and precise differential diagnosis [1, 25].

It is recommended that clinical judgement is used to select pa-
tients for testing, which should be considered in:  (1) patients 
with features that are unusual for age, such as hypertension and 
osteoporosis; (2)  those with multiple and progressive features, es-
pecially if these include the signs that most reliably distinguish 
Cushing’s syndrome:  the presence of thin skin in the young, easy 
bruising, proximal myopathy, and purple striae; (3)  in children 
with increasing weight percentile and decreased linear growth; and 
(4) patients with adrenocortical lesions consistent with an adenoma 
found on CT scans performed for other reasons, so- called adrenal 
‘incidentaloma’ [25] (for details see Chapter 5.3).

It is essential that a careful drug history is taken prior to any 
biochemical testing seeking to exclude exogenous sources of 
glucocorticoids that may be present in prescribed oral, rectal, in-
haled, topical, or parenteral medication as well as in many ‘over 
the counter’ preparations, including skin creams, ‘skin- whitening’ 
agents, and various ‘tonics’ and herbal preparations.

Biochemical Assessment

The biochemical hallmark of Cushing’s syndrome is inappropriate 
cortisol secretion not subject to the normal negative feedback ef-
fects of circulating glucocorticoids on the regulatory centres, hypo-
thalamus, and pituitary. The tests are based on demonstration of 
excessive cortisol secretion, loss of its circadian rhythm, and the ab-
normal feedback regulation of the hypothalamic– pituitary– adrenal 
(HPA) axis (Figure 5.7.1).

In florid cases of Cushing’s syndrome the diagnosis may be ob-
vious, but biochemical confirmation is still needed. Investigation of 
Cushing’s syndrome is a two- step process. Hypercortisolaemia must 
be confirmed before then the cause is identified. Failure to follow this 
approach will result in inappropriate treatment and management.

Step 1: Diagnosis of Hypercortisolaemia

Several tests are usually needed. Investigation should be per-
formed when there is no acute concurrent illness, such as infec-
tion or heart failure, as these may cause false- positive results. The 
three main tests in use are:  24- h urinary free cortisol; ‘low- dose’ 

table 5.7.2 Clinical features of Cushing’s syndrome

Feature %

Obesity or weight gain 95

Facial plethora 90

Rounded face 90

Decreased libido 90

Thin skin 85

Decrease linear growth in children 70– 80

Menstrual irregularity 80

Hypertension 75

Hirsutism 75

Depression/ emotional lability 70

Easy bruising 65

Glucose intolerance 60

Weakness 60

Acne 50

Osteopenia or fracture 50

Nephrolithiasis 50
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dexamethasone- suppression tests; and assessment of midnight 
plasma or late- night salivary cortisol. The best approach is to per-
form at least two different tests; if concordantly positive or nega-
tive, Cushing’s syndrome is either likely or unlikely, respectively [1, 
3, 25]. When there are discrepancies between tests, further evalu-
ation and repeated testing is often required. Hypercortisolaemia 
is also found in some patients with depression, alcohol depend-
ence, anorexia nervosa, and late pregnancy. However, in contrast 
to true endogenous Cushing’s syndrome, the biochemistry of these 
pseudo- Cushing states improves when the underlying condition 
has resolved.

Urinary Free Cortisol

Urinary cortisol is a direct assessment of circulating free (biologic-
ally active) cortisol. Excess circulating cortisol saturates the binding 
proteins (cortisol- binding globulin, CBG) and is excreted in urine 
as free cortisol, and when collected for 24 h gives an integrated es-
timation of the level of hypercortisolaemia. A single measurement 
has low sensitivity, and three 24- h collections should be performed 
[2, 17]. There is a 50% day- to- day variability in urine- free cortisol 
(UFC) values in patients with Cushing’s syndrome, reinforcing the 
need for multiple collections [27]. Values fourfold greater than the 
upper limit of normal are rare except in Cushing’s syndrome. In 
contrast, if values are normal on repeated occasions, Cushing’s syn-
drome is unlikely. Specificity is a common problem with antibody- 
based assays, but [1, 2, 25] high performance liquid chromatography 
(HPLC) and tandem mass spectrometry improves diagnostic ac-
curacy, although substances such as digoxin and carbamazepine 
may produce peaks in the HPLC assay that give falsely high values 
[25]. Moreover, if there is renal impairment with a glomerular fil-
tration rate (GFR) of less than 30.0 ml/ min, or an incomplete collec-
tion, the urinary free cortisol may be falsely low [25]. Review of the 
collection volume and correction for creatinine concentration may 
be helpful in assessing whether the collection is complete. Use of 
urinary free cortisol is advised in the very rare situation of Cushing’s 
syndrome being considered during pregnancy.

Low- Dose Dexamethasone- Suppression Tests

Two tests are in common use. In the overnight dexamethasone- 
suppression test, 1 mg of dexamethasone is administered at 23.00 
hours and serum cortisol measured the next day at 08.00– 09.00 

hours. In the 48- h dexamethasone- suppression test, dexametha-
sone is administered at the dose of 0.5 mg every 6 hours for 2 days 
at 09.00, 15.00, 21.00, and 03.00 hours with measurements of serum 
cortisol at 09.00 hours at the start and end of the test. To exclude 
Cushing’s syndrome the serum cortisol value should be less than 
50  nmol/ L following either test [1– 3,  25]. The 48- h test, though 
more cumbersome, is more specific and with adequate regular in-
structions can easily be performed by outpatients. In both tests, 
caution needs to be exercised if there is potential malabsorption 
of dexamethasone or if patients are on drugs that increase hepatic 
clearance of dexamethasone, including carbamazepine, pheny-
toin, phenobarbital, or rifampicin. Simultaneous measurement of 
plasma dexamethasone may be useful to confirm compliance and 
adequate circulation levels, and a value of >3.3  nmol/ L as meas-
ured by LC- MS/ MS improves the accuracy of the test [28]. Patients 
taking oestrogen therapy, or who are pregnant, may have an in-
crease in the cortisol- binding globulin. As commercial cortisol as-
says measure total cortisol, this may give a false- positive result on 
dexamethasone- suppression testing. Oral oestrogens need to be 
stopped for a period of 4– 6 weeks so that cortisol- binding globulin 
may return to basal values. Even transdermal oestrogens may cause 
false- positive results, and tests should be repeated off transdermal 
oestrogens if positive results are obtained. In renal failure, suppres-
sion on dexamethasone testing is likely to exclude Cushing’s syn-
drome. It is important to note that 3– 8% of patients with proven 
Cushing’s disease show suppression of serum cortisol to less than 
50 nmol/ L on either test. Thus, if clinical suspicion remains high, 
repeated tests and other investigations are indicated.

Late- Night Salivary Cortisol or Midnight Plasma Cortisol

The normal circadian rhythm of cortisol secretion is lost in patients 
with Cushing’s syndrome. A single sleeping midnight plasma cor-
tisol of less than 50 nmol/ L effectively excludes Cushing’s syndrome 
at the time of the test. This is one of the harder tests to perform as 
it requires hospitalization for at least 48 hours, and lack of inter-
current illness, but it can be of great utility to exclude Cushing’s 
syndrome, especially when the patient is on drugs known to en-
hance metabolism of dexamethasone causing a false- positive on 
dexamethasone testing. Values above 50  nmol/ L when asleep or 
above 207 nmol/ L when awake are found in Cushing’s syndrome, 
even in those who suppress on dexamethasone [29, 30]. An elevated 
midnight plasma cortisol does not provide additional information 
if clinical signs are florid and there is clear lack of suppression on 
dexamethasone testing.

Late- Night Salivary Cortisol

Salivary cortisol reflects free circulating cortisol and its ease of col-
lection and stability at room temperature make it a highly suitable 
screening tool for outpatient assessment. The diagnostic ranges vary 
between reports due to the different assays and the comparison 
groups used to set cut- off points. The test has a sensitivity of be-
tween 95% and 98% [31, 32]. Comorbidities, such as poorly con-
trolled diabetes and hypertension, as well as advancing age may 
cause false- positive results [33]. As the values of salivary cortisol 
are an order of magnitude lower than serum cortisol, it is essential 
that the performance of the local assay be known and that the ap-
propriate cut- off point is utilized. The test is of particular use in the 
assessment of cyclical Cushing’s syndrome, and in children.

Clinical suspicion/
Decision to screen

Low-dose dexamethasone suppression tests (DST)
X2-3 Urinary free cortisol (UFC)
Midnight serum cortisol (Midnight F)
Late night salivary cortisol

• Cushing’s syndrome confirmed
if two concordant positive tests: 

•  Serum cortisol>50nmol/l on DST
•  UFC elevated above normal range
•  Midnight F >50nmol/l asleep or >  

207nmol/l awake
•  Salivary cortisol elevated

• Cushing’s syndrome excluded if
concordantly negative tests

Doubt
• ? Cyclical disease
• ? Other causes of hypercortisolaemia
(see text)

-Reassess, repeat tests, observe and
 repeat tests

Figure 5.7.1 Biochemical diagnosis of Cushing’s syndrome.
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Diagnostic Doubt

In cases of doubt the best option is to repeat the tests at a later date, 
or seek further opinion. The dexamethasone- suppressed CRH test, 
and the desmopressin test have been proposed as useful diagnostic 
tools but the dexamethasone- suppressed CRH test does not ap-
pear to be more accurate than the 48- h low- dose dexamethasone- 
suppression test [34– 36].

Step 2: establishing the Aetiology of cushing’s 
Syndrome: Differential Diagnosis

Once a diagnosis of Cushing’s syndrome is established the next 
step is establish the cause. Investigation will vary depending upon 
the availability of the biochemical tests and imaging and expertise 
detailed next.

The first key procedure is to measure plasma ACTH. The plasma 
should be separated rapidly and stored at  – 40C to avoid degrad-
ation and a falsely low result. Levels consistently below 5 ng/ L indi-
cate ACTH- independent Cushing’s syndrome and attention can be 
turned to imaging the adrenal with CT. Levels of ACTH persistently 
above 15 ng/ L almost always reflect ACTH- dependent pathologies 
and require investigation, as detailed next. The values between these 
two need cautious interpretation as patients with Cushing’s dis-
ease and adrenal pathologies may have intermediate values [1, 2]. 
A positive CRH test (see next) can identify an occasional patient 
with Cushing’s disease with low baseline ACTH plasma levels.

Non- ACTH- Dependent Cushing’s Syndrome

In established Cushing’s syndrome, when plasma ACTH has been 
sampled and handled carefully, and levels are persistently undetect-
able, the cause is of adrenal origin. The next diagnostic procedure is 
to proceed to imaging with CT or MRI, which will most likely show 
an adrenocortical adenoma or carcinoma. If imaging is negative, the 
diagnosis may either be PPNAD, or due to surreptitious hydrocor-
tisone absorption.

ACTH- Dependent Cushing’s Syndrome

Localization of the source of ACTH secretion in ACTH- dependent 
Cushing’s syndrome can constitute one of the most formidable 
challenges of clinical endocrinology. Neuroendocrine tumours may 
be clinically indistinguishable from Cushing’s disease, and are fre-
quently difficult to identify with imaging, especially if radiological 
(pituitary, thoracic, pancreatic) ‘incidentalomas’ complicate inter-
pretation. As a result, biochemical evaluation rather than imaging 
is used to differentiate between pituitary and non- pituitary causes. 
In women with ACTH- dependent Cushing’s syndrome, 9 out of 
10 cases will be due to Cushing’s disease. It is against this pre- test 
likelihood that the performance of any test needs to be judged. On 
occasion, despite all investigation, in some patients it may not be 
possible to locate the source of ACTH with confidence, and man-
agement of hypercortisolaemia may be needed without a precise 
diagnosis being reached.

Basal Testing: Plasma ACTH and Potassium

While very high levels of plasma ACTH may be seen in ectopic 
ACTH, the values frequently overlap those seen in Cushing’s dis-
ease. High levels of cortisol of any aetiology may overwhelm the 
11β- hydroxysteroid dehydrogenase type II enzyme in the kidney, 

allowing cortisol to act as a mineralocorticoid; approximately 70% 
of patients with ectopic ACTH syndrome due to carcinoid tumours 
have hypokalaemia, but it is also present in approximately 10% of 
patients with Cushing’s disease with extremely high cortisol pro-
duction [1, 2].

Dynamic Testing

The relative merits of each investigation will be discussed, but ul-
timately local experience of a given investigation, dependent on as-
says and radiological skill, will be an important determinant of the 
overall diagnostic success.

Dynamic Non- Invasive Tests

High- dose dexamethasone- suppression test: The high- dose 
dexamethasone- suppression test (2 mg given every 6 h for 48 h 
and serum cortisol measure at 09.00 h at the beginning and end, 
or a single 8 mg dose given at 23.00 h and serum cortisol measured 
the next day at 09.00 h) has been in widespread use for many years. 
The test relies upon the relative sensitivity of pituitary corticotroph 
adenomas to the effects of glucocorticoids, compared to the resist-
ance exhibited by non- pituitary tumours. Approximately 80% of 
patients with Cushing’s disease will demonstrate suppression of 
the serum cortisol to a value of less than 50% of the basal level 
[1,  2]. This is less than the pre- test likelihood of Cushing’s dis-
ease and, thus, by itself the high- dose dexamethasone- suppression 
test has little diagnostic utility. Moreover, when utilizing the 48- 
h low- dose dexamethasone- suppression test, if there has already 
been the demonstration of suppression of serum cortisol by more 
than 30%, there is no further advantage to utilizing the high- dose 
dexamethasone- suppression test. Therefore, continued routine 
use of the high- dose dexamethasone- suppression test can no 
longer be recommended except when bilateral inferior petrosal 
sinus sampling (BIPSS) is not available. The positive predictive 
value for Cushing’s disease is, however, high if there is a positive 
response (suppression of serum cortisol <50%) and a positive re-
sponse on CRH testing (see next and Figure 5.7.2), but the nega-
tive predictive value for exclusion of Cushing’s disease when both 
tests are negative, is low.

The corticotropin- releasing hormone (CRH) test: CRH was 
identified and sequenced in 1981, and is available for clinical prac-
tice as either the ovine (oCRH) or human sequence (hCRH) which 
differ by seven amino acid residues. oCRH has a longer duration 
of action and is the form available in North America, while the ex-
perience of hCRH dominates in Europe. In practice, the value of 
the test is the same [37, 38]. CRH is well tolerated, with side effects 
from systemic administration consisting of mild, short- lived facial 
flushing, a sensation of a metallic taste, and a transient sinus tachy-
cardia. A single intravenous bolus of CRH (100 µg or 1 µg/ kg) ad-
ministered at 09.00 hours stimulates pituitary ACTH and cortisol 
release in healthy individuals, excessively in patients with pituitary- 
dependent Cushing’s syndrome, but generally not in patients with 
ectopic ACTH secretion or adrenal tumours. A  >35% rise above 
in mean plasma ACTH at 15 and 30 minutes when using oCRH 
[38], or a >14% rise in mean serum cortisol measured at these time 
points when using hCRH [37] give the best discrimination between 
pituitary and ectopic disease.
Desmopressin testing: Since the vasopressin- 3 receptor is ex-
pressed in pituitary and many ectopic tumours secreting ACTH, the 
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desmopressin test is of limited utility in the differential diagnosis of 
ACTH- dependent Cushing’s syndrome.

Dynamic Invasive Testing

Bilateral inferior petrosal sinus sampling (BIPSS): If a patient 
has ACTH- dependent Cushing’s syndrome, with responses both 
on dexamethasone- suppression and CRH testing suggesting pitu-
itary disease, and the pituitary MRI scan shows an isolated lesion of 
6 mm or more, most will regard the diagnosis of Cushing’s disease to 
have been made. A major problem is that up to 40% of patients with 
proven Cushing’s disease have normal pituitary MRI scans [3] . In 
these cases, sampling of the gradient of ACTH from the pituitary to 
the periphery is the most reliable means for discriminating between 
pituitary and non- pituitary sources of ACTH, and is strongly recom-
mended for most cases of ACTH- dependent Cushing’s syndrome. 
Since the pituitary effluent drains via the cavernous sinuses to the 
petrosal sinuses and then jugular bulb, there is a gradient of the value 
of plasma ACTH compared to the simultaneous peripheral sample 
when there is a central source of ACTH. BIPSS is a highly skilled and 
invasive technique, requiring placement of catheters in both inferior 
petrosal sinuses. Plasma ACTH levels in peripheral blood fluctuate 
spontaneously by up to a factor of two, and hence a central to per-
ipheral ratio greater than 2 is required to have confidence that ACTH 
secretion is pituitary and not the result of random variation from 
either a pituitary or ectopic source. Via a needle in a femoral vein, 
two catheters are passed up the inferior and superior vena cava into 
the neck. One each is then placed in a jugular vein and advanced into 
the inferior petrosal sinus. Catheter position and venous anatomy 
require confirmation by venography, as non- uniform drainage is not 
uncommon. The diagnostic accuracy of the test is improved with 
the administration of CRH. A basal central: peripheral ratio of more 
than 2:1 or a CRH- stimulated ratio of more than 3:1 is consistent 
with Cushing’s disease. The combined data for many series indicate a 
sensitivity and a specificity of 94% [39]. Where CRH is unobtainable 
or too costly, desmopressin offers a reasonable alternative, but few 
patients with ectopic ACTH secretion have been studied in this way.

False- positive results may be caused by inadequate suppres-
sion of the normal corticotrophs; the duration and amount of 
hypercortisolism should be assessed prior to the test. For this 
reason pretreatment with cortisol- lowering agents prior to BIPSS 
is to be strongly discouraged as this increases the likelihood of a 
false- positive response in a patient with ectopic disease. ACTH se-
cretion will always be localized to the pituitary in normal individ-
uals and hence it is crucial to establish that all patients truly have 
ACTH- dependent Cushing’s syndrome before undertaking this 
procedure. A  false- negative result may be found in patients with 
cyclical Cushing’s disease if the procedure is undertaken when the 
disease is inactive, and thus it is imperative to measure serum cor-
tisol in the 24 hours prior to sampling to establish activity.

In adults, BIPSS is only 70% accurate for lateralization of the 
source of ACTH within the pituitary gland [1, 2], but in children 
it may have greater accuracy for this purpose than MRI [40]. False 
negatives may also occur if there is atrophic or plexiform venous 
drainage of the petrosal sinuses and this possibility should be 
checked for by venography at the time of BIPSS.

Imaging

Adrenal

CT gives the best resolution of adrenal anatomy (see Figure 5.7.3). 
Cortisol- secreting adenomas are typically less than 4 cm in diameter 
and associated with atrophy of the unaffected adrenal tissue, and 
the contralateral adrenal gland. Malignancy is more common with 
increasing tumour size, attenuation values of >10 on unenhanced 
CT and radiological evidence of vascular invasion, or cosecretion 
of sex steroids. In ACTH- dependent Cushing’s syndrome, sus-
tained stimulation of the adrenals may lead to the occurrence of 
adrenal nodules and adrenal hyperplasia that is not always sym-
metrical, causing diagnostic confusion with a unilateral primary 
adrenal cause if the biochemistry is not strictly assessed; in 30% of 
Cushing’s disease the adrenal glands appear normal, while in ec-
topic ACTH the adrenals are virtually always homogeneously en-
larged [41]. A recent report showed evidence for somatic mutations 

Measure Plasma ACTH

<5pg/ml on more
than two occasions

>15pg/ml

ACTH-independent
Cushing’s syndrome

ACTH-dependent Cushing’s syndrome

Adrenal Imaging
with CT

-Adenoma
-Carcinoma
-AIMAH

-PPNAD
-?exogenous

glucocorticoid

Adrenal
lesion

No adrenal
lesion

Cushing’s syndrome confirmed

Pituitary MRI and 
CRH test:

Adenoma >6mm
AND
Positive CRH response
AND
Suppression on
Dexamethasone

+ve ACTH
gradient

No ACTH
gradient

-Cushing’s disease
-Ectopic ACTH
-?Ectopic ACTH

Small/no
adenoma

BIPSS

CT/MRI thorax
and abdomen+/-

Somatostatin
scintigraphy

inconclusive

Figure 5.7.2 Diagnosis of cause of Cushing’s syndrome. BIPSS, bilateral inferior petrosal sinus sampling; PPNAD, primary pigmented nodular adrenal 
disease; PBMAH, ACTH- independent macronodular hyperplasia.
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in the PRKACA gene in nodular adrenal hyperplasia arising in 
two patients with long- standing adrenal stimulation due to long- 
standing Cushing’s disease, demonstrating transition from pituitary 
to adrenal Cushing’s.

Pituitary

Up to 40% of corticotroph adenomas causing Cushing’s disease 
in adults are not visible on MRI scanning [3] . Those that are vis-
ible usually fail to enhance following gadolinium on T1- weighted 
imaging. The use of dynamic MRI, with the administration of intra-
venous contrast media and rapid sequence acquisition following 
this, does not improve the overall diagnostic rate. There is also a 
10% rate of pituitary incidentalomas in the normal population [42], 
emphasizing the need for careful biochemical discrimination of pi-
tuitary from non- pituitary sources of ACTH. In the absence of a 
pituitary macroadenoma, an abnormal MRI alone is not conclusive 
evidence in favour of Cushing’s disease.

Imaging in the Ectopic ACTH Syndrome

Small cell lung cancer may be obvious, but in most cases thoracic 
and abdominal imaging by high resolution CT with 1  mm ‘cuts’ 
with imaging early after intravenous contrast administration is 
needed to identify small neuroendocrine tumours, which may be 
extremely hard to localize, as a source of ACTH [43, 44]. Other than 
small cell lung cancer, bronchial neuroendocrine tumours are the 
most common sources of ectopic ACTH secretion, and are usually 
less than 1  cm in diameter. However, small, typically enhancing 
neuroendocrine tumours may be confused with pulmonary vas-
cular shadows, but these tumours usually have high signal intensity 

on T2- weighted and short- inversion- time inversion recovery on 
MRI. ACTH- secreting thymic neuroendocrine tumours are gener-
ally larger than 2 cm and readily visualized by CT. Although ectopic 
ACTH- secreting tumours often express somatostatin receptors and 
can be seen on radiolabelled octreotide scintigraphy, they are also 
almost always identified by CT. [68Ga]- DOTATATE PET- CT is more 
sensitive and may detect tumours only a few millimetres in diam-
eter, although even then the lesion is usually seen on CT The excess 
circulating cortisol in Cushing’s syndrome may downregulate the 
sst2 receptor on the causative tumour and thus a period of medical 
therapy to lower cortisol, or offset the actions of cortisol, may result 
in a positive scan that had previously shown no uptake [45].

treatment and Prognosis

The Endocrine Society has produced evidence- based clinical prac-
tice guidelines for the treatment of Cushing syndrome [46]. To de-
liver high- quality treatment to patients with Cushing’s syndrome 
requires a team that includes specialized surgeons and physicians, 
radiologists, cytologists, histopathologists, and radiotherapists. The 
sustained hypercortisolaemia of Cushing’s syndrome, of any aeti-
ology, suppresses ACTH secretion from healthy corticotrophs and, 
hence, hypoadrenalism will be the consequence of complete exci-
sion of any tumour causing Cushing’s syndrome, be it adrenal, pi-
tuitary, or an ectopic source of ACTH secretion, and this may be 
prolonged.

Management is aimed at lowering cortisol levels, removing tu-
mour tissue, and, in the case of Cushing’s disease, causing the least 

)b()a(

(c)

Figure 5.7.3 Adrenal imaging in Cushing’s syndrome. (a) Non- contrast (= unenhanced) CT scan of left adrenal adenoma with low attenuation in the 
tumour area; (b) bilateral adrenal hyperplasia in ACTH- dependent Cushing’s syndrome; (c) right- sided adrenocortical carcinoma.
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harm to remaining pituitary function. Some centres use medical 
therapy to control hypercortisolaemia prior to surgery, and this 
makes intuitive sense, but there are no published data that this af-
fects overall outcome. Hypertension and diabetes require treatment 
on their own merits, but both tend to improve, often dramatic-
ally, with control of hypercortisolaemia. Severe hypokalaemia sec-
ondary to Cushing’s syndrome is extremely difficult to treat unless 
hypercortisolaemia is corrected. If it persists, or while cortisol con-
trol is being affected, triamterene or high- dose amiloride is helpful.

Medical therapies

A potential side effect of all drugs used to control cortisol secretion 
is hypoadrenalism, particularly in patients with cyclical Cushing’s 
syndrome, and hence all patients require close monitoring [47]. 
Although urinary free cortisol is easy to use for monitoring therapy, 
it has major limitations in that hypoadrenalism may be difficult to 
establish accurately, and failure to ensure a complete 24- h collection 
will result in spuriously low results. Calculation of the mean of five 
serum cortisol measurements across a single day, though cumber-
some offers both the ability to identify transient hypoadrenalism 
and allows accurate monitoring, since a mean serum cortisol be-
tween 150 and 300 nmol/ L has been demonstrated to equate to a 
normal cortisol production rate [48]. Measurement of salivary cor-
tisol may offer and alternative at greater convenience [49], but this 
has not been formally assessed in clinical practice.

Adrenal Steroidogenesis Inhibitors

Hypercortisolaemia of any cause may be controlled by drugs that 
act on the adrenal glands to reversibly inhibit cortisol secretion 
[50]. Metyrapone and ketoconazole are currently licensed for this 
purpose. These drugs are not curative, and cortisol oversecretion 
will recur when they are discontinued. Steroidogenesis inhibitors 
are usually used to regulate cortisol secretion in very specific cir-
cumstances, namely:  in preparation for surgery, in patients not 
cured by surgery, while waiting for radiotherapy to be effective, after 
chemotherapy, and to correct acute severe physical or psychiatric 
consequences of hypercortisolaemia. Cortisol- induced psychosis 
usually responds rapidly to lowering of circulating cortisol levels.

Metyrapone inhibits cortisol secretion by blocking the final step 
in cortisol synthesis, namely conversion from 11- deoxycortisol by 
the cytochrome P450 enzyme 11- hydroxylase (CYP11B1). Serum 
cortisol levels fall within 2 h of instigating therapy, but the effect is 
short- lived and metyrapone requires to be taken three times daily. 
Because 11- deoxycortisol levels are increased, it is best if LC- MS/ 
MS assays are used for monitoring due the potential cross- reactivity 
of the accumulating 11- deoxycortisol with cortisol in immuno-
assays [46], where even a small amount of cross- reactivity of 11- 
deoxycortisol will produce artificially elevated apparent serum 
cortisol, potentially masking hypoadrenalism. The drug is usually 
given in doses ranging from 250 mg twice daily to 1.5 g every 6 
hours, with lower doses for adrenal adenoma and higher for ectopic 
ACTH and overall, in clinical practice it is effective in around 50% 
of cases [51]. Nausea is a side effect that can be helped (if it is not 
caused by adrenal insufficiency) by giving the drug with milk.

Hypoadrenalism is the major unwanted effect of metyrapone and 
can occur for several reasons: overtreatment, inability to mount a 
cortisol response to intercurrent infection, and cyclical Cushing’s 
syndrome, but this issue is circumvented by using an assay based on 

mass spectrometry [52]. Hirsutism and acne, if present in women 
patients before treatment, may worsen due to the accumulation of 
adrenal androgenic precursor steroids secondary to the blockade of 
cortisol synthesis.

Ketoconazole is an imidazole that was used as an antifungal 
agent, but because it blocks a variety of steroidogenic cytochrome 
P450– dependent enzymes it thus lowers plasma cortisol levels. In 
contrast to metyrapone, adrenal androgen concentrations fall with 
treatment. Treatment is usually initiated with 200 mg three times 
per day and adjusted depending on serum cortisol concentrations; 
with between 400 and 1200 mg/ day required to normalize cortisol 
secretion rates in patients with Cushing’s disease, and an acidic 
stomach is needed for absorption; in clinical practice the drug is 
effective in around 50% of patients [53]. An additional desirable 
characteristic is that ketoconazole lowers serum cholesterol concen-
trations, which are characteristically raised in Cushing’s syndrome.

Ketoconazole is of slower onset of action than metyrapone, 
and dose adjustments should only be made every 2 to 3 weeks, al-
though in patients with adrenal adenomas responsiveness is more 
rapid and hypoadrenalism has occurred within 24 h. Ketoconazole 
consistently induces a reversible rise in liver transaminase and γ- 
glutamyltransferase levels and increases by 2– 3- fold are expected 
and should not preclude continuation of treatment, but rarely 
fulminant hepatic failure has been seen. Liver function must be 
monitored on initiation of treatment and closely thereafter [53]. 
Ketoconazole is teratogenic to male fetuses and is contraindicated 
in pregnancy.

Ketoconazole and metyrapone may be given in combination, 
allowing doses to be used that are lower than required as mono-
therapy, with ketoconazole lowering androgen levels and thereby 
greatly increases the acceptability of metyrapone in women. 
Combination therapy is also useful in cases of severe Cushing’s [54].

Etomidate is an imidazole, and its principal clinical use is as an 
anaesthetic agent, however, already at low, subhypnotic doses intra-
venous etomidate is a potent inhibitor of cortisol secretion. The use 
of intravenous etomidate at subhypnotic doses is an option when 
oral adrenolytic therapy is not possible, also in the context of pal-
liation (e.g. for metastatic cortisol- producing adrenocortical car-
cinoma). However, this usually requires ICU monitoring, though 
in some palliative situations cases of etomidate treatment via sub-
cutaneous pump have been reported. Doses between 1.2 and 2.5 
mg/ h lower serum cortisol, sometimes to undetectable levels, when 
the patient needs to be maintained on a ‘block and replace’ regimen 
with the concomitant use of intravenous hydrocortisone (1– 2 mg/ 
h) [55, 56].

High- dose o,p’DDD (ortho,para’ dichlorodiphenyl dichloro-
ethane, mitotane) has been used widely for the treatment of 
cortisol excess due to inoperable adrenocortical carcinoma, but 
when given at a lower dose is effective in controlling cortisol se-
cretion in Cushing’s syndrome due to benign causes. It has a direct 
adrenolytic action, destroying adrenocortical cells, but also blocks 
cortisol synthesis by inhibiting 11β- hydroxylation and choles-
terol side- chain cleavage. It is of slow onset of action; first effects 
are usually observed within 2 weeks but changes in dose usually 
require 6 weeks or more to be fully effective. Use of mitotane 
in adrenocortical cancer is addressed in Chapter  5.4. Low- dose 
treatment with mitotane for benign Cushing’s syndrome, with a 
starting dose of 0.5 to 1 g/ day, with gradual dose titration is well 
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tolerated with rare gastrointestinal upset and few neurological 
side effects, and is used more frequently for this purpose in main-
land Europe [57]. Currently, it is mainly used for Cushing’s dis-
ease only when metyrapone and ketoconazole cannot be used 
effectively. The major limitation of treatment is that it consistently 
causes hypercholesterolaemia, but if mitotane therapy is neces-
sary, then the hypercholesterolaemia can be reversed by the use of 
a statin or ketoconazole.

Osilodrostat is a newer inhibitor of 11β- hydroxylase (CYP11B1) 
with greater potency and longer duration of action compared to 
metyrapone, that shows promise for the treatment of Cushing’s dis-
ease. Phase 2 data indicates control, as assessed by UFC, in 80% of 
patients [58]. A large multinational phase 3 study is complete, but is 
yet to be formally reported.

Glucocorticoid Receptor Blockade

RU 486 (mifepristone) is a potent glucocorticoid receptor antagonist 
(GRA) that blocks cortisol action and reverses the consequences 
of hypercortisolaemia. It is licensed in the US for the treatment of 
hyperglycaemia associated with active endogenous Cushing’s syn-
drome [59]. Efficacy of action is determined by clinical assessment 
because levels of cortisol remain high, and this may result in hypo-
kalaemia through the action of cortisol binding to the mineralocor-
ticoid receptor [59]. Antagonism of the progesterone receptor can 

cause endometrial hyperplasia. Newer GRAs are in development 
that lack progesterone activity.

Therapies to Lower ACTH and Thus Cortisol 
in Cushing’s Disease

Somatostatin analogues such as octreotide and lanreotide that bind 
predominantly somatostatin receptor (sstr) subtype 2, are generally 
ineffective in Cushing’s disease. However, the multireceptor som-
atostatin analogue, pasireotide, which demonstrates high- affinity 
binding to sstr subtypes 1, 2, 3, and 5, normalizes urinary free cor-
tisol in 17– 40% of patients with Cushing’s disease depending on the 
severity of disease, with hyperglycaemia being a common side effect 
[60, 61].

Cabergoline has been assessed in Cushing’s disease, and lowers 
cortisol and hence ACTH and in the recent largest series 20– 25% 
of patients achieved good control of UFC using modest doses (1 mg 
per week) [62].

Surgery

Transsphenoidal Surgery

Transsphenoidal selective microadenectomy, by an experienced 
pituitary surgeon, is the treatment of choice for Cushing’s disease, 
as it offers the prospect of a dramatic, rapid, and long- lasting cure 
without other hormonal deficiency (Figure 5.7.4a, b) [46, 63].

(a) (c)

(b)

Figure 5.7.4 Resolution of clinical features following selective trans- sphenoidal microadenomectomy. (a) A 33- year- old man with florid Cushing’s 
syndrome; note truncal obesity, striae, proximal muscle wasting, and facial plethora. (b) Dramatic resolution of clinical features 4 months after 
selective removal of ACTH- secreting microadenoma. (c) T1- weighted gadolinium- enhanced MRI scan from the same patient showing 2.3 mm 
pituitary microadenoma causing Cushing’s disease. Note non- enhancement (arrow). Patient underwent bilateral inferior petrosal sinus sampling to 
confirm pituitary source of ACTH. (See also Plate 27.)
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In most cases, control of tumour volume is not a priority as the 
majority have either microadenomas (Figure 5.7.4c) or no vis-
ible tumour on MRI. Numerous series have reported the results 
and long- term follow- up following transsphenoidal surgery for 
Cushing’s disease. Taking all series in the world literature together, 
the initial remission rate is 70% to 90% for microadenomas and 50% 
for macroadenomas but with a relapse rate of up to 20% when fol-
lowed for many years, emphasizing the need for lifelong follow- up 
(Figure 5.7.5) [46, 63]. Rates for postoperative hypopituitarism and 
permanent diabetes insipidus depend on how aggressive the sur-
geon was in removing pituitary tissue.

It is likely that the variations in outcomes reflect surgical skill as 
well as the controversy regarding the characterization of remission or 
continuing disease in the postoperative period. Overall, with careful 
and prolonged follow- up (10 years) the long- term remission rate is 
approximately 60%; series suggesting rates higher than this usually 
either have shorter follow- up or less stringent criteria for remission. 
Patients who are hypocortisolaemic (low 09.00 h serum cortisol) in 
the immediate postoperative period require glucocorticoid therapy 
until the HPA axis recovers, usually 6– 18  months postoperatively. 
While long- term remission is most likely when postoperative serum 
cortisol is low (<50 nmol/ L), there is no threshold value that fully 
excludes possible recurrence [46, 63]. Care needs to be taken in the 
interpretation of postoperative serum cortisol in those patients who 
have received high- dose perioperative glucocorticoids, as these may 
suppress the level of cortisol in any remaining corticotroph tumour 
cells, with the patient appearing to be in remission, but then for the 
tumour cells to grow slowly and relapse appear years later. Similarly, 
suppression of normal serum cortisol levels on dexamethasone 
testing in the postoperative period is a poor indicator of long- term 
remission. Levels of basal 09.00 h postoperative serum cortisol of 

100– 200  nmol/ L do not necessarily indicate failure of surgery, as 
some patients may remain in long- term remission [46]. On the other 
hand levels above 200 nmol/ L will almost always indicate failure of 
surgery, although in some patients levels fall to very low levels 4– 6 
weeks after surgery Prompt postoperative assessment of the HPA 
axis is important, as in patients in whom hypercortisolaemia per-
sists after an initial operation, repeat surgery, within 10  days, will 
allow remission in a further 50% of patients having a second oper-
ation. Care is needed in assessment of patients who have been taking 
cortisol- lowering therapy in the preoperative period as this may ‘de- 
repress’ the suppressed normal corticotrophs and confound inter-
pretation [64]. There is no agreement as to whether the presence or 
absence of a microadenoma on MRI makes remission more likely.

Complications of pituitary surgery include cerebrospinal fluid 
leakage (less than 5%) or meningitis (under 2%), but are unusual 
in experienced hands. Hypopituitarism may occur, but successful 
microadenectomy will leave pituitary function intact in more 
than 50%. Pituitary function needs to be tested in full, pre- , and 
postoperatively. The importance of preserving pituitary func-
tion has to be balanced against fitness for surgery and the conse-
quences of deficiency, such as future fertility plans. It is important 
to note that functional deficiencies of growth hormone secondary 
to hypercortisolaemia may remain for 2  years after achieving re-
mission by surgery. Thus the frail elderly patient, in whom a second 
operation would not be possible, might need an attempted total 
hypophysectomy at first operation, whereas in a fit young patient 
the tumour may be treated by a more limited procedure to attempt 
selective removal of the apparent local microadenoma, on the 
understanding that a second operation may be necessary if cure 
does not follow the first attempt, with almost inevitable hypopituit-
arism afterwards.
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Figure 5.7.5 Modified from long- term outcome of transsphenoidal surgery for Cushing’s disease. Initial remission rates in grey, relapse in black. 
Note that the lower initial remission rates are frequently associated with less relapse on follow- up.
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Adrenal Surgery

For patients with an adrenocortical adenoma causing Cushing’s 
syndrome the treatment of choice is a laparoscopic adrenalectomy 
by an experienced surgeon, as this is a safe and well- tolerated 
procedure [46]. Higher volume surgeons have better outcomes 
with fewer complications [65] (for details on adrenal surgery see 
Chapter 5.2).

The adrenal contralateral to a cortisol- secreting adrenal tumour 
will be atrophic, and glucocorticoid, but not mineralocorticoid, 
replacement therapy may be required for months or sometimes 
years, in rare cases permanently. In any cause of ACTH- dependent 
Cushing’s syndrome, total bilateral adrenalectomy induces a rapid 
resolution of the clinical features. Following bilateral surgery, pa-
tients require lifelong treatment with glucocorticoid and mineralo-
corticoid replacement. With the low morbidity associated with 
laparoscopic adrenal surgery, this approach is being considered 
more frequently, and possibly even as primary therapy in some pa-
tients with Cushing’s disease, especially when disease is severe or be-
cause of patient preference, and also in ectopic Cushing’s due to an 
occult tumour; long- term outcomes are good [66, 67]. A major con-
cern following bilateral adrenalectomy in patients with Cushing’s 
disease is the development of Nelson’s syndrome, a locally aggres-
sive pituitary tumour that secretes high levels of ACTH, resulting 
in pigmentation. It remains controversial as to whether the tumour 
progression is a result of the lack of cortisol feedback following 
adrenalectomy, or whether the progression reflects corticotroph 
tumours that were always programmed to behave in an aggressive 
manner [68,  69]. If no tumour is visible on pituitary MRI at the 
time of adrenalectomy the likelihood of Nelson’s syndrome is much 
less. Monitoring is by MRI and measurement of plasma ACTH. The 
tumour itself may be treated with further surgery or radiotherapy. 
Some advocate pituitary radiotherapy at the time of adrenalectomy 
to reduce the risk of this syndrome, but others have not confirmed 

this [69]. In contrast to adrenal adenomas most adrenal carcinomas 
have a very poor prognosis.

Fractionated External Pituitary Radiotherapy

Conventional external- beam radiotherapy has been available for 
40 years, with large amounts of data demonstrating it to be safe and 
effective at controlling tumour growth and hormone secretion [46]. 
In Cushing’s disease, its use is reserved for patients not cured by 
surgery, those in whom surgery is deemed inappropriate, and in 
the treatment of Nelson’s syndrome. While waiting for the effect of 
radiotherapy to happen, which appears to be quicker in children, 
patients will usually require continued treatment with cortisol- 
lowering drugs, and regular biochemical assessment. Long- term 
hypopituitarism is likely in most cases, and fewer patients undergo 
radiotherapy than in previous decades [46].

Stereotactic Radiosurgery

Stereotactic radiotherapy, the most widely used variety being the 
‘Gamma Knife’, is a means of delivering a high dose of radiation to a 
small volume in a single session without surrounding tissues being 
exposed to significant radiation. The main advantages of stereotactic 
over conventional radiotherapy are the convenience of a single ses-
sion, more rapid correction of hypersecretion, and preservation of 
the function of surrounding healthy pituitary tissue. Rare, larger 
tumours are less easily treated, and the dose to the optic chiasm 
limited to less than 6– 8 Gy. Gamma knife radiosurgery is effective 
[70, 71] but there is a relapse rate that is not apparent after remis-
sion following fractionated radiotherapy. It is likely that this out-
come reflects case selection. In some circumstances Gamma Knife 
radiotherapy can be extremely effective, even as primary therapy, 
and may be more rapid in onset and in efficacy. This depends on 
absolute confidence in diagnosis, and an anatomically favourable 
lesion, especially if not approachable by surgery (Figure 5.7.6).

(b)(a)

Figure 5.7.6 Gamma knife stereotactic radiosurgery for Cushing’s disease. Figure shows diagnostic and planning MRI images of a patient with 
severe Cushing’s disease treated by Gamma Knife radiosurgery as the primary and only definitive therapy at the author’s institution, and who remains 
in remission with no pituitary deficit 10 years later. (a) Pretreatment the laterally placed tumour (arrow) was inaccessible to surgical approaches. 
(b) Tumour targeting with Gamma Knife 50% isodose to the tumour margin is shown; note the margin of safety from the 10% isodose to optic chiasm 
(outlined). (See also Plate 28.)
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Prognosis

Uncontrolled and severe Cushing’s syndrome has a 5- year survival 
of just 50%, with death due mainly to vascular and infective com-
plications. Despite modern management, cardiovascular risk per-
sists for many years after an apparent remission, but if remission 
is achieved at the first pituitary surgery the standardized mortality 
rate approaches the normal population, emphasizing the need for 
expert surgeons [72, 73].

Patients should be warned that they will often feel worse on cor-
rection of the hypercortisolism, with skin desquamation, profound 
lethargy, steroid- withdrawal arthropathy, and mood changes that 
may take several weeks or months to resolve [46]. These features 
can be ameliorated by a short- term increase in glucocorticoid re-
placement therapy. Patients are invariably growth hormone (GH) 
deficient, and GH replacement therapy may produce clinical 
benefit. Following pituitary surgery for a microadenoma the HPA 
axis is often suppressed for 9– 12 months, with gradual recovery as 
evidenced by measuring 09.00 h serum cortisol every 3  months; 
once this is greater than 200 nmol/ L it is reasonable to perform a 
synacthen test to assess the HPA axis. Once glucocorticoids are no 
longer needed patients need clinical and biochemical follow- up and 
surveillance for potential relapse. Even in remission, quality of life 
remains impaired and patients require careful counselling about 
this [74, 75].

childhood cushing’s Syndrome

Cushing’s syndrome should be considered in any child with 
obesity in combination with short stature, as children with simple 
obesity tend to be tall whereas hypercortisolaemia stunts growth. 
The elevated circulating androgens seen in Cushing’s syndrome, 

particularly in adrenal adenomas, can result in apparent puberty 
and virilization without gonadal enlargement (pseudoprecocious 
puberty). Contrary to earlier reports, bone age is normal in 80% of 
children with Cushing’s syndrome as although androgens accelerate 
bone maturation, with a consequent loss of linear growth potential, 
hypercortisolaemia appears to delay maturation.

The specific features that may be present on examination include 
inappropriate axillary or pubic hair, penile enlargement, scrotal 
pigmentation, and clitoral hypertrophy. Acne vulgaris can develop 
in children of any age. These features of hyperandrogenism are 
likely to be more pronounced with androgen- secreting adrenal tu-
mours, but also occur with ACTH- dependent Cushing’s syndrome. 
Primary or secondary amenorrhoea may be a feature in girls. Blood 
pressure is often mildly or moderately elevated, but diabetes mel-
litus is very unusual. School performance can suffer and psychiatric 
and emotional symptoms may occur.

Aetiology

The distribution of causes in childhood is different from that en-
countered in adults; there is a male predominance in Cushing’s dis-
ease [8] . Fetal-  and neonatal- onset Cushing’s syndrome have been 
described, but the diagnosis remains exceptionally rare until ap-
proximately 8 years of age. Under 2 years of age, adrenal carcinoma 
accounts for 80% of cases of Cushing’s syndrome, of which 80% 
occur in females [76].

Investigation in childhood

Cushing’s syndrome presenting in childhood is rare. Any child with 
weight gain and growth failure should be investigated but, as de-
scribed earlier, the presenting symptoms may vary. The investigative 
algorithm is as described for adults, and experience shows that it is 
not necessary to alter the dose of dexamethasone or CRH used in 

Figure 5.7.7 Growth charts of two children with Cushing’s disease treated with pituitary irradiation. GHT, growth hormone therapy; RT, radiotherapy; 
M, mother’s height; F, father’s height.
Reproduced with permission from Johnston L. Grossmann AB, Plowman PN, Besser GM, Savage MO. Clinical Endocrinology, 1998; 48: 663– 7.
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adults. Although more technically challenging in children, inferior 
petrosal sinus sampling is, as in adults, vital for localizing the source 
of ACTH secretion [40].

treatment

The principles of treatment of hypercortisolaemia are the same in 
children as in adults. Ketoconazole is preferable to metyrapone 
in children, as the former lowers, rather than increases, circu-
lating androgen levels, but both are safe. Transsphenoidal surgery 
achieves remission in the majority of children with Cushing’s dis-
ease. Pituitary radiotherapy is reserved for surgical failures, or 
those whose surgery is impossible because of the small size of the 
pituitary fossa; however, when required it controls ACTH secretion 
more promptly in children than in adults with Cushing’s disease, 
but residual pituitary function requires close monitoring to ensure 
normal pubertal development and growth. Growth hormone defi-
ciency occurs early after radiotherapy in children, but may recover 
in some [77].

Once hypercortisolaemia has been controlled, the management of 
growth and puberty is a major challenge. Glucocorticoids both in-
hibit growth hormone secretion and induce epiphyseal insensitivity 
to growth hormone action, and correction of hypercortisolaemia is 
a prerequisite to re- establishing linear growth. Adrenal androgen- 
induced pseudoprecocious puberty causes premature true 
gonadotropin- dependent puberty, and hence, even once adrenal 
androgen secretion has been controlled, bone age will continue to 
advance and potential for linear growth to diminish. These factors 
can be regulated by the combined use of gonadotropin- releasing 
hormone analogues to inhibit gonadotropin secretion and control 
puberty, and growth hormone treatment to induce linear growth. 
With effective treatment of hypercortisolaemia and careful manage-
ment of puberty and growth, children with Cushing’s syndrome will 
achieve a normal final height [78] (Figure 5.7.7).

Likely Developments over the next 5– 10 Years

There remains a clear need for novel approaches to medical therapy. 
Antisense approaches to the GR that inhibit in the periphery, but 
do not cross the blood- brain barrier and so still allow GR- mediated 
feedback, and antibody approaches to lower ACTH are in develop-
ment. Improved radiotracer ligands are likely to enhance the ability 
to discover occult sources of ACTH secretion.
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Introduction

Adrenal insufficiency refers to the inadequate secretion of gluco-
corticoids from the adrenal cortex, with or without mineralocor-
ticoid deficiency. The production of glucocorticoid, cortisol in 
humans, and corticosterone in rodents, is regulated by circulating 
levels of adrenocorticotropic hormone (ACTH) which is secreted 
by the anterior pituitary gland in response to hypothalamic signals. 
The hypothalamic– pituitary– adrenal (HPA) axis is under nega-
tive feedback control with cortisol acting to inhibit the secretion of 
corticotropin- releasing hormone (CRH) and ACTH from the hypo-
thalamus and pituitary, respectively.

Primary adrenal insufficiency is used to describe situations where 
the causal defect in glucocorticoid production lies within the ad-
renal gland, while in secondary adrenal insufficiency defects in the 
pituitary gland or hypothalamus lead to inadequate ACTH levels, 
with lack of adrenocortical stimulation resulting in secondary loss 
of cortisol production.

Causes of adrenal insufficiency can be genetic or non- genetic. 
Non- genetic causes are the most common (listed in Table 5.8.1.1) 
and include, autoimmune, infective, neoplastic, traumatic, and iat-
rogenic causes presenting at any age. Genetic causes, which are in-
herited or sporadic, as part of a syndrome or restricted to isolated 
adrenal insufficiency, generally present early in life although pres-
entation in adolescence and adulthood has been described.

The incidence of primary adrenal insufficiency is reported to be 4 
per million in Caucasian populations with a prevalence of 100– 140 
cases per million [1] . The most common cause of primary adrenal 
insufficiency in Western society is autoimmune adrenalitis while 

infective causes, especially tuberculous adenalitis, remain a leading 
cause of adrenal insufficiency worldwide. In comparison secondary 
adrenal insufficiency has an estimated prevalence of 150 to 280 per 
million [2, 3]. The most common cause of secondary adrenal insuf-
ficiency is suggested to be iatrogenic due to glucocorticoid therapy 
that leads to suppression of ACTH secretion and adrenal atrophy.

In this chapter we will focus on the causes of monogenic ad-
renal insufficiency. As expected, alterations in genes that play a 
direct role in the development and function of the HPA axis give 
rise to monogenic causes of adrenal insufficiency. More recently, 
defects in a number of ubiquitously expressed genes involved in 
a wide range of cellular processes have also been shown to cause 
adrenal insufficiency, providing novel insights into adrenal steroid 
regulation.

Genetics of Secondary Adrenal Insufficiency

There are many genetic causes of secondary adrenal insufficiency 
broadly categorized into those involved in pituitary development 
and genes involved in pro- opiomelanocortin (POMC) cell matur-
ation and POMC synthesis and processing (Table 5.8.1.2). Defects 
in genes involved in pituitary development give rise to combined 
pituitary hormone deficiency. Often there is relative sparing of 
corticotroph function in these disorders, which are described in 
more detail in Chapter  2.3.1 (‘Development of the Pituitary and 
Genetic Forms of Hypopituitarism’). Here we will focus on the few 
genes, in which alterations give rise to isolated ACTH deficiency.

Disorders of PoMc Synthesis and Processing

The paraventricular nucleus of the hypothalamus secretes vaso-
pressin and CRH, which regulate the synthesis of the precursor pro-
tein pro- opiomelanocortin (POMC) in the corticotropic cells of the 
anterior pituitary gland. POMC is then cleaved to produce ACTH, 
which binds to its unique receptor the ACTH receptor (also known as 
the melanocortin 2 receptor, MC2R) on the surface of adrenocortical 
cells to stimulate glucocorticoid secretion. POMC is also expressed 
in the arcuate nucleus of the hypothalamus where it is processed to 
generate melanocortin peptides, most importantly α- MSH. Central 
melanocortin signalling through the melanocortin 3 and 4 recep-
tors (MC3R and MC4R) regulates energy balance and satiety [4] . 
Peripheral melanocortin signalling through the melanocortin 1 re-
ceptor (MC1R) is involved in pigment production in melanocytes [5]. 
Biallelic loss- of- function mutations in POMC in humans have been 
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table 5.8.1.1 Non- genetic causes of adrenal insufficiency

Secondary adrenal insufficiency

Iatrogenic Adrenal suppression following exogenous steroid treatment

Adrenal suppression following treatment of endogenous hypercortisolaemia due to Cushing’s syndrome

Following transsphenoidal surgery for ACTH- producing adenoma

Pituitary irradiation and radiotherapy for brain tumours and craniospinal irradiation for other tumours

Tumours Pituitary tumours (mostly adenomas, rarely carcinomas)

Tumours affecting the hypothalamic– pituitary region (craniopharyngioma, meningioma, ependymoma, intra/ 
suprasellar metastasis)

Infiltration/ deposition Tuberculosis, actinomycosis, sarcoidosis, histiocytosis X, Wegener’s granulomatosis, Hemochromatosis

Autoimmune Autoimmune hypophysitis; most frequently in relation to pregnancy; commonly associated with 
panhypopituitarism, but also presenting with isolated ACTH deficiency

Infarction/ haemorrhage Pituitary apoplexy/ necrosis

Postpartum pituitary infarction (Sheehan’s syndrome)

Trauma Pituitary stalk lesions

Traumatic brain injury

Primary adrenal insufficiency

Infections leading to adrenalitis Tuberculosis

HIV, CMV

Cryptococcosis, histoplasmosis, coccidiomycosis, candidiasis, African trypanomiasis

Treponema pallidum

Bilateral adrenal haemorrhage Septic shock, specifically meningococcal sepsis (Waterhouse– Friderichsen syndrome)

Anticoagulants

Trauma

Adrenal infarction Primary antiphospholipid syndrome

Anticardiolipin syndrome

Lupus anticoagulant syndrome

Adrenal infiltration Adrenal metastases

Primary adrenal lymphoma

Sarcoidosis

Amyloidosis

Hemochromatosis

Bilateral adrenalectomy Management of intractable Cushing’s disease or ectopic ACTH secretion

Following nephrectomy for tumour

Treatment for bilateral pheochromocytoma

Drug- induced AI Mitotane (steroid synthesis inhibitor/ adrenolytic agent)

Mifepristone (Glucocorticoid Receptor Antagonist antagonist)

Abiraterone acetate (steroid synthesis inhibitor)

Trilostane (steroid synthesis inhibitor)

Etomidate (inhibits cortisol synthesis)

Ketaconazole/ fluconazole (inhibits cortisol synthesis)

Suramin (steroid synthesis inhibitor/ adrenolytic agent)

Aminoglutethiamide (inhibits cortisol synthesis)

Phenytoin (increased cortisol metabolism)

Phenobarbital (increased cortisol metabolism)

Rifampicin (enhanced autoimmunity)

St John’s wort (increased cortisol metabolism)

CTLA- 4 inhibitors (enhanced autoimmunity)

Thyroxine (accelerated cortisol metabolism and stimulation of 11-beta-hydroxysteroid dehydrogenase)

Genetic SAI
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demonstrated to lead to adrenal deficiency in the first few months of 
life. Hyperphagia, early onset obesity and hypopigmentation of skin 
and hair are invariably also present [6– 8]. Mutations in proprotein 
convertase 1 (PC1), a subtilisin- like enzyme responsible for the 
cleavage of POMC, gives rise to a  related phenotype of secondary ad-
renal insufficiency associated with obesity [9].

PoMc Lineage Differentiation and transcription Defects

Autosomal recessive genetic variants in the gene T-box 19 
(TBX19), which encodes a transcription factor, which is involved 
in the development of the POMC expressing cells of the anterior 
pituitary and the transcription of POMC, have been identified in 
patients with isolated ACTH deficiency, typically presenting with 
hypoglycaemia, seizures and prolonged jaundice in the neonatal 
period [10, 11].

Genetics of Primary Adrenal Insufficiency

The number of genes known to be involved in primary ad-
renal insufficiency has been steadily growing in light of recent 

breakthroughs in genetic techniques. These genes include those that 
affect adrenocortical cell function from ACTH signalling to defects 
in steroidogenesis. Other pathways such as redox and antioxidant 
mechanisms, and DNA replication and repair have more recently 
been shown to be important in the development of primary adrenal 
insufficiency. We have summarized the genes involved in primary 
adrenal insufficiency in Table 5.8.1.3 and selected those that affect 
specific pathways to discuss further here.

Defects in ActH Signalling

Familial glucocorticoid deficiency (FGD), also known as isolated 
glucocorticoid deficiency or hereditary unresponsiveness to ACTH, 
is a subtype of primary adrenal insufficiency characterized by ad-
renal resistance to ACTH. The hallmark of FGD is low to absent 
serum cortisol in the presence of preserved mineralocorticoid 
production and extremely high levels of plasma ACTH. FGD clas-
sically presents in the neonatal period or infancy with symptoms 
of hypocortisolaemia leading to hypoglycaemia, failure to thrive, 
coma, susceptibility to infections, and death if untreated. Intense 
hyperpigmentation is a feature of FGD due to the action of ACTH 
on MC1R in skin.

table 5.8.1.2 Genetic causes of secondary adrenal insufficiency

Disorder Gene OMIM Mechanism 
of action

Inheritance Additional phenotypic features

Pituitary development

Combined pituitary 
hormone deficiency

Prophet of Pit- 1  
(PROP1)

601538 Loss of 
function

AR Progressive development of combined pituitary hormone 
deficiency (CPHD) in the order GH, PRL, TSH, LH/ FSH, (ACTH—  
late onset); anterior pituitary may be hypoplastic, normal, or 
enlarged

Homeobox gene 1 
(HESX1)

601802 Loss of 
function

AR/ AD CPHD + optic nerve hypoplasia and midline brain defects/ 
agenesis of corpus callosum (septo- optic dysplasia); anterior 
pituitary hypoplastic or ectopic; 

LIM homeobox 3  
(LHX3)

600577 Loss of 
function

AR CPHD with involvement of GH, TSH, gonadotrophins, PRL; 
ACTH may be deficient; limited neck rotation, short cervical 
spine, sensorineural deafness; anterior pituitary hypoplastic, 
normal, or enlarged

LIM homeobox 4  
(LHX4)

602146 Loss of 
function

AD CPHD with involvement of GH, thyrotropin, and ACTH 
secretion, cerebellar abnormalities; anterior pituitary hypoplastic 
or ectopic

SRY- box 3 (SOX3) 313430 Loss of 
function

XLR Infundibular hypoplasia, CPHD, variable mental retardation

POMC synthesis and processing

POMC deficiency Pro- opiomelanocortin 
(POMC)

176830 Loss of 
function

AR Hyperphagia, early onset obesity, cholestasis, pigmentary defect, 
central hypothyroidism, GH deficiency, hypogonadotropic 
hypogonadism

Proprotein convertase  
1/ 3 deficiency

Proprotein convertase 
Subtilisin/ Kexin type 
1(PCSK1)

162150 Loss of 
function

AR Obesity, gastrointestinal disturbance, other pituitary deficiencies 
possible, elevated proinsulin, low insulin

POMC lineage differentiation and transcription defects

Congenital isolated  
ACTH deficiency

T- box transcription 
factor 19 (TBX19)

604614 Loss of 
function

AR Neonatal presentation

Other syndromes associated with secondary adrenal insufficiency

Prader– Willi syndrome Imprinted gene cluster 
15q11.2 (Including 
genes SNRPN, NDN)

- Loss of 
function

IC Syndrome of hypotonia, short stature, hyperphagia, obesity, 
hypogonadism, psychomotor delay, and sleep- related breathing 
disorders

Pallister-Hall syndrome GLI3 165240 Loss of 
function

AD Hypothalamic hamartomas, hypopituitarism, imperforate anus, 
and postaxial polydactyly

Genetic PAI
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table 5.8.1.3 Genetic causes of primary adrenal insufficiency

Disorder Gene OMIM Mechanism of action Inheritance Additional phenotypic features

Defects in ACTH signalling

Familial glucocorticoid deficiency 1 MC2R 607397 Loss of function AR Isolated GC deficiency, occasionally mild 
MC deficiency, absent adrenarche, and 
tall stature

Familial glucocorticoid deficiency 2 MRAP 609196 Loss of function AR Isolated GC deficiency occasionally mild 
derangement of RAA

Defects affecting the steroidogenic pathways

Congenital lipoid adrenal hyperplasia StAR 600617 Loss of function AR 46,XY sex reversal, partial or complete, 
gonadal insufficiency

Congenital lipoid adrenal hyperplasia due  
to cytochrome P450 SCC deficiency

CYP11A1 118485 Loss of function AR 46,XY sex reversal, partial or complete, 
gonadal insufficiency

Congenital adrenal hyperplasia due to  
3beta- HSD deficiency

HSD3B2 613890 Loss of function AR 46,XY DSD, 46,XX DSD,

Congenital adrenal hyperplasia due to  
21- hydroxylase deficiency

CYP21A2 613815 Loss of function AR 46,XX DSD, androgen excess

Congenital adrenal hyperplasia due to  
11beta hydroxylase deficiency

CYP11B1 610613 Loss of function AR 46,XX DSD, androgen excess, 
hypertension

Congenital adrenal hyperplasia due to  
17α- hydroxylase deficiency

CYP17A1 609300 Loss of function AR 46,XY DSD, gonadal insufficiency, 
hypertension

Congenital adrenal hyperplasia due to  
cytochrome P450 oxidoreductase deficiency

POR 124015 Loss of function AR 46,XY DSD, 46,XX DSD, gonadal 
insufficiency, dysmorphisms skeletal 
malformation, disorder of drug 
metabolism, developmental delay

Alterations in antioxidant mechanisms

Familial glucocorticoid deficiency 4, with or 
without mineralocorticoid deficiency

NNT 607878 Loss of function AR Variable presentation with or without 
mineralocorticoid deficiency

Familial glucocorticoid deficiency GPX1 138320 Loss of function AR or digenic

Familial glucocorticoid deficiency PRDX3 604769 Loss of function Possible Digenic

Familial glucocorticoid deficiency, type 5 TXNRD2 606448 Loss of function AR Possible structural cardiac abnormalities

Defects in metabolic pathways

Wolman disease and cholesteryl ester  
storage disease

LIPA 613497 Loss of function AR Malabsorption, gastrointestinal 
symptoms, liver dysfunction, 
atherosclerosis, serum lipid 
abnormalities, hypersplenism, 
xanthelasma, hypercholesterolemia, 
steatorrhea, enlarged adrenal glands with 
punctate calcifications

Smith– Lemi– Opitz disease DHCR7 602858 Loss of function AR Mental retardation, craniofacial 
malformations, growth failure, 
polydactyly, 46,XY DSD, renal hypoplasia, 
genital abnormalities

Abeta lipoproteinemia MTP 157147 Loss of function AR Hypocholesterolaemia and malabsorption 
of lipid- soluble vitamins leading to 
retinal degeneration, neuropathy, and 
coagulopathy. Hepatic steatosis

Familial hypercholesterolaemia LDLR 606945 Loss of function AD Tendinous xanthomas, corneal arcus, and 
coronary artery disease

Sitosterolemia (phytosterolemia) ABCG5, 
ABCG8

605459, 
605460

Loss of function AR Very high levels of plant sterols in the 
plasma and develop tendon and tuberous 
xanthomas, accelerated atherosclerosis, 
and premature coronary artery disease, 
short stature, gonadal failure

Adrenoleukodystrophy ABCD1 300371 Loss of function XLR Cognitive and behavioural problems, 
motor problems, visual impairment, 
headache, seizures, bowel and bladder 
disturbance, sexual dysfunction, elevated 
VLCFA’s

(continued)
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Disorder Gene OMIM Mechanism of action Inheritance Additional phenotypic features

Peroxisome biogenesis disorder  
1A (Zellweger)

PEX1 602136 Loss of function AR Congenital malformations, 
developmental delay, corneal clouding, 
retinal dystrophy, sensorineural 
hearing loss, neurological deficits, 
liver dysfunction, renal oxalate stones, 
failure to thrive, skeletal abnormalities, 
urogenital anomalies, liver dysfunction,

Sphingosine- 1- phosphate lyase  
deficiency

SGPL1 603729 Loss of function AR Steroid- resistant nephrotic syndrome, 
Ichthyosis, primary hypothyroidism, 
hypogonadism, cryptorchidism, and 
immune and neurological abnormalities

Kearns– Sayre syndrome mtDNA 
deletion

530000 Loss of function Maternal Ophthalmoplegia, pigmented 
retinopathy, cardiomyopathy, 
cerebellar ataxia, endocrinopathies, 
hypoparathyroidism, type 1 diabetes, 
rarely AI

Refsum disease PHYH 602026 Loss of function AR Retinitis pigmentosa, peripheral 
neuropathy, cerebellar ataxia, ichthyosis, 
and elevated protein levels in the 
cerebrospinal fluid (CSF) without an 
increase in the number of cells

DNA replication and repair disorders

Immunodeficiency 54, MCM4 602638 Loss of function AR Severe intra and extrauterine 
growth retardation, microcephaly, 
decreased numbers of natural killer 
cells, and recurrent viral infections, 
hepatosplenomegaly, hyperpigmentation, 
increased susceptibility to 
lymphoproliferative disorders, 
chromosomal breakage

Achalasia– Addisonian– alacrimia  
syndrome

AAAS 605378 Loss of function AR Microcephaly, short stature, neurological 
symptoms, alacrimia, autonomic 
dysfunction, developmental delay, 
hyperkeratosis, achalasia, optic atrophy

Monogenic causes of autoimmune adrenalitis

Autoimmune polyendocrinopathy  
syndrome, type I

AIRE 607358 Loss of function/ 
Dominant negative

AR/ AD Candidiasis, hypoparathyroidism, 
insulin dependent diabetes, alopecia, 
vitiligo, gastrointestinal complaints, eye 
abnormalities

Conditions associated with adrenal dysgenesis

Congenital adrenal hypoplasia NR0B1 
(DAX1)

300473 Loss of function XLR Genital abnormalities, hypogonadotropic 
hypogonadism, occasionally 
gonadotrophin independent precocious 
puberty, Duchenne muscular dystrophy + 
glycerol kinase deficiency (psychomotor 
retardation) for Xp21.2 contiguous gene 
syndrome

IMAGe syndrome CDKN1C 600856 Gain of function AD— maternal 
transmission 
only

Intrauterine growth restriction, 
metaphyseal dysplasia, adrenal 
hypoplasia congenita, hypogonadotropic 
hypogonadism, and genitourinary 
abnormalities in males, facial 
dysmorphism

MIRAGE syndrome SAMD9 610456 Gain of function AD Myelodysplasia, infection, restriction 
of growth, adrenal hypoplasia, genital 
phenotypes, and enteropathy, cognitive 
impairment, hypoplastic thymus, 
hyperpigmentation, skeletal anomalies, 
gastrointestinal problems,

Steroidogenic factor 1 deficiency NR5A1 184757 Loss of function AD 46,XY DSD, gonadal insufficiency, 46,XX 
Sex Reversal, Premature ovarian failure, 
Spermatogenic failure

table 5.8.1.3 Continued
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FGD is a rare autosomal recessive disorder, first described by 
Shepherd et  al. in 1959 [12], who reported siblings with ‘familial 
Addison’s disease’. This prompted subsequent reports of individ-
uals with isolated glucocorticoid deficiency and normal aldosterone 
production [13– 15]. The first inactivating mutation in the ACTH 
receptor was described some 30 years later [16, 17], made possible 
by the cloning of the receptor, the second melanocortin receptor 
to be cloned— hence the alternative name MC2R [18]. Since 1993 
over 40 variants have been described, predominantly missense mu-
tations spread throughout the length of the receptor [19]. Nonsense 
MC2R variants are less frequent and have been associated mild 
disturbance of the renin- angiotensin- aldosterone system [20, 21]. 
Mutations in MC2R account for approximately 25% of cases of 
FGD (FGD type 1). Tall stature has been associated with FGD type 
1; it is unclear whether this is due to ACTH action on bone or to 
hypocortisolaemia, it is not seen in all FGD type 1 individuals. 
Absent adrenarche, i.e. loss of accelerating adrenal androgen pro-
duction at age 6– 9  years, has also been described, demonstrating 
the importance of ACTH in this process [22].

In 2005, homozygosity mapping using SNP arrays in consanguin-
eous FGD families without causative mutations in MC2R enabled 
the identification of MRAP, melanocortin 2 receptor accessory 
protein [23]. It had long been suggested that the MC2R required 
an adrenal specific factor to enable expression at the cell surface. 
MRAP proved to be this factor. A small single transmembrane do-
main protein expressed in adrenal cells, MRAP was shown to be 
essential for the functional expression of the MC2R at the cell sur-
face. Intriguingly, it has now been shown that this protein adopts an 
antiparallel dimer conformation— the only eukaryotic protein, ex-
cept for its paralogue MRAP2, to do this [19]. Approximately 20% 
of cases of FGD are now known to be due to mutations in MRAP 
(FGD type 2). Unlike mutations in MC2R, MRAP mutations are 
usually nonsense or splice- site variations resulting in truncation 
or complete absence of the protein. As such, individuals with mu-
tations in MRAP present earlier than those with defects in MC2R 
[24]. Rare MRAP missense mutations have been described and are 
associated with milder, late onset disease [25].

Studying FGD type 3 and beyond, i.e. those individuals without 
mutations MC2R and MRAP, has identified novel genes and path-
ways in adrenal gland physiology (described next). Such gen-
etic discoveries have highlighted great phenotypic heterogeneity, 
prompting increased awareness of overlap in classical categoriza-
tions of primary adrenal insufficiency disorders.

Defects Affecting the Steroidogenic Pathways

The synthesis of steroid hormones in the adrenal cortex is dependent 
on the coordinated action of numerous enzymes [26]. Congenital 
adrenal hyperplasia (CAH) is a group of recessive conditions in 
which genetic alterations in the enzymes involved in steroid syn-
thesis result in impaired glucocorticoid production. Depending 
on the enzyme involved and the point at which steroidogenesis is 
disrupted this is associated with excess or inadequate androgen 
production, accompanied by varying degrees of mineralocorticoid 
deficiency.

CAH is the most common genetic cause of primary adrenal in-
sufficiency in childhood with mutations in CYP21A2 accounting 
for 95% of cases of CAH [27]. The carrier rate of 21- hydroxylase 
deficiency (21OHD) is estimated to be around 1 in 50, but is higher 

in certain ethnicities. CYP21A2 is located in a tandemly duplicated 
sequence within the human leukocyte antigen (HLA) cluster on 
chromosome 6 [28]. The region contains the C4A and C4B genes, 
which encode complement factor 4 as well as CYP21A2 and its 
pseudogene CYP21A1P [29]. The tandem arrangement of these 
genes with a high degree of sequence similarity makes this region 
susceptible to misalignment during meiosis which can result in 
deletions and duplications as well as gene conversion events. The 
tenascin X gene, TNXB, which encodes an important constituent 
of the connective tissue, is located next to CYP21A2. Deletions of 
CYP21A2 together with part or all of TNXB lead to connective tissue 
disease [30]. The high sequence similarly between CYP21A2 and its 
pseudogene precludes the use of direct sequencing approaches in 
cell- free DNA analysis as part of non- invasive prenatal diagnosis for 
CAH. Relative haplotype dosage analysis has now been successfully 
developed for this purpose.

The genetics of CAH is covered in detail in Chapter 5.9.1, here 
we will focus on those genes that have been identified in studies 
of FGD.

The first step in steroid synthesis in the adrenal gland involves 
the rate- limiting step of cholesterol transport from the outer mito-
chondrial membrane to the inner mitochondrial membrane by the 
steroidogenic acute regulatory protein (StAR). Defects in the STAR 
gene have long been known to cause lipoid CAH, whereby both 
glucocorticoid and mineralocorticoid deficiency are present to-
gether with defective gonadal steroidogenesis, the latter presenting 
as 46,XY DSD or gonadal insufficiency. In 46,XX females, lipiod 
CAH can present as progressive hypogonadism. However, it is now 
clear that 5– 10% of FGD patients harbour partial loss- of- function 
mutations in StAR which result in non- classical lipoid CAH and 
isolated glucocorticoid deficiency [31].

Once transported, cholesterol is converted to pregnenolone by 
the P450 side- chain cleavage enzyme (CYP11A1). Recessive genetic 
defects in the CYP11A1 gene are known to cause a similar pheno-
type to lipoid CAH. Partial loss- of- function mutations, with reten-
tion of up to 20% of wild type function can lead to delayed onset 
adrenal insufficiency with minor malformations of the external 
genitalia such as hypospadias [32– 34]. A relatively common variant 
in CYP11A1 among European populations, traditionally character-
ized as a benign variant, has recently been shown to affect splicing, 
thus demonstrating the difficulties in assigning pathogenicity to 
variants and the limited utility in using population frequencies to 
inform pathogenicity in recessive disease.

Alterations in Antioxidant Mechanisms

The redox milieu of a cell is maintained by a tissue specific range 
of antioxidant mechanisms. There is growing evidence that 
adrenocortical cells are particularly susceptible to oxidative stress. 
Steroid production not only generates substantial levels of reactive 
oxygen species (ROS) but is also itself exquisitely sensitive to the 
intracellular redox environment. ROS have been shown to supress 
the synthesis of StAR protein and the steroidogenic enzymes 
CYP11A1 and CYP11B2 utilize the reducing power of NADPH 
[35]. Under normal physiological conditions, this negative feed-
back mechanism may have a role in the regulation of glucocorticoid 
secretion, however, a number of disease states illustrate that gluco-
corticoid secretion can be compromised when the redox state of the 
adrenal tissue is disturbed.
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Examples of this include the discovery that mutations in the gene 
encoding Nicotinamide nucleotide transhydrogenase (NNT) account 
for 10% of FGD [36]. NNT is ubiquitously expressed in human tis-
sues and is responsible for generation of NADPH, a reducing agent 
for the glutathione and thioredoxin systems as well as the ferredoxin 
system to remove ROS. The discovery of a homozygous truncating 
mutation in thioredoxin reductase 2 (TXNRD2) as a cause of FGD in 
a consanguineous family of Kashimiri origin suggests that individual 
components of these networks provide a rich source of putative can-
didate genes for FGD [37]. Alterations in glutathione peroxidase 1 
(GPX1) and peroxiredoxin 3 (PRDX3) [38] have been described in a 
family with FGD, where they are hypothesized to have a synergistic 
effect. Furthermore, several observations suggest that oxidative stress 
may play a role in the pathogenesis of Triple A syndrome [39]. Seen in 
the context of the ubiquitous nature of these antioxidant pathways the 
narrow phenotype of FGD suggests that these antioxidant pathways 
are redundant/ less important in most other tissue types.

Genes Affecting Metabolic Pathways that Are essential 
for Steroid Synthesis

Esterified cholesterol and triglycerides are degraded by lysosomal 
acid lipase in lysosomes. The resulting non- esterified cholesterol 
can be used as a substrate for steroidogenesis. Lysosomal acid lipase 
(LAL) deficiency caused by biallelic genetic alterations in the gene 
LIPA leads to the accumulation of esterified cholesterol and trigly-
cerides in the lysosomes [40, 41]. The deficiency of intracellular chol-
esterol can lead to impaired steroidogenesis affecting glucocorticoid 
and mineralocorticoid production. A wide range of phenotypes are 
seen in LAL deficiency. The infantile onset form known as Wolman 
disease is characterized by malabsorption, hepatomegaly, and ad-
renal insufficiency [42]. The later onset forms collectively known as 
cholesteryl ester storage disease (CESD) may present in childhood 
in a similar manner to Wolman disease or in later life with lipid 
abnormalities, hepatosplenomegaly, and elevated liver enzymes. 
Adrenal insufficiency can occasionally be seen in CESD [43].

Peroxisomes are found in virtually all eukaryotic cells. Their 
principal function is the β- oxidation of very long chain fatty acids 
(VLCFAs), amino acids, and uric acid. They are also important 
in producing cholesterol and plasmalogens, a distinct class of 
glycerophospholipids. Disruption of peroxisome function results in 
adrenal insufficiency, ostensibly as a result of the accumulation of 
VLCFAs initiating apoptotic mechanisms and resulting in the gen-
eration of reactive oxidative species.

X- linked adrenoleukodystrophy (ALD), caused by alterations in 
the gene ABCD1 which mediates transport of VLCFA across the 
peroxisome membrane, manifests as a spectrum of different pheno-
types affecting the adrenal gland and the nervous system [44]. There 
are three main patterns of involvement seen in affected males. In 
the childhood cerebral form, inflammatory cerebral demyelination 
often presents with mild learning disability or behavioural prob-
lems that are progressive. In the adrenomyeloneuropathy form loss 
of axons and demyelination in the gracile and corticospinal tracts 
leads to progressive spasticity and leg weakness presenting in adult-
hood. In both of these forms of X- linked ALD, affected individuals 
generally have adrenocortical dysfunction by the time their neuro-
logical problems are apparent. The third common presentation of 
X- linked ALD is isolated adrenal insufficiency, which can present in 
childhood or adulthood. A significant proportion of heterozygote 

females manifest adrenomyeloneuropathy symptoms, but adrenal 
function appears to be preserved. There is no correlation between 
the molecular insult in the ABCD1 gene and the age of onset or 
severity of the resulting phenotype. The most common disease- 
causing alteration in ABCD1 is c.1415_ 1416delAG, which leads to a 
frameshift and premature truncation of the resultant protein.

Zellweger spectrum disorder (ZSD) caused by mutations in the 
PEX genes leads to a range of phenotypes [45]. The PEX genes en-
code peroxin proteins required for the assembly and maintenance 
of peroxisome membranes and the import of peroxisome matrix 
proteins. In severe disease infants are born with congenital mal-
formations, make poor developmental progress, and typically die 
in the first year of life. In milder disease progressive peroxisome 
dysfunction leads to retinal dystrophy, sensorineural hearing loss, 
neurological deficits, liver dysfunction, and renal oxalate stones. 
There is a high prevalence of adrenal insufficiency in ZSD [46]. The 
majority of cases of ZSD are related to alterations in PEX1. Two 
common variants in PEX1 have been identified p.Ile700TyrfsTer42 
and p.Gly843Asp [47, 48]. These variants are found within specific 
haplotypes implying that they have arisen as a result of the dissem-
ination of specific founder mutations [49].

DnA Replication and Repair Disorders Associated 
with Primary Adrenal Insufficiency

An autosomal recessive disorder characterized by adrenal insuffi-
ciency, severe intra-  and extrauterine growth retardation, micro-
cephaly, decreased numbers of natural killer cells, and recurrent 
viral infections has been described in a genetically isolated Irish 
population. This disorder is caused by genetic alterations in the 
gene MCM4 (minichromosome maintenance complex component 
4), which forms part of a helicase complex that is involved in DNA 
replication in the S phase of the cell cycle [50]. Affected individuals 
show increased chromosome breakage suggesting that DNA repair 
is compromised. To date, only one variant in MCM4 (c.71- 1insG, 
p.Pro24ArgfsTer4) has been shown to cause FGD, identified in the 
Irish traveller community. In some individuals, adrenal insuffi-
ciency has been shown to develop over time.

Monogenic causes of Autoimmune Adrenalitis

Autoimmune primary adrenal insufficiency also known as Addison’s 
disease accounts for almost 90% of cases of primary adrenal insuf-
ficiency. This can be isolated or can be found together with other 
autoimmune conditions associated with genetic factors such as 
the HLA-DR3 haplotype or common polymorphisms in CTLA-4 
(Chapter 1.7).

Monogenic causes of autoimmune adrenalitis are seen in polyglan-
dular syndromes. Classical cases of autoimmune polyglandular syn-
drome type 1 (APS- 1) characterized by hypoparathyroidism, adrenal 
insufficiency and chronic mucocutaneous candidiasis, are caused by 
genetic alterations in the autoimmune regulator gene AIRE [51, 52]. 
AIRE encodes a transcription factor, which is expressed in a subset 
of medullary T cells, where it mediates the expression of antigens 
leading to centrally mediated T cell tolerance. AIRE also appears to 
play a role in regulating the central and peripheral tolerance of B 
cells. Absence of functional AIRE resulting in APS- 1 was first de-
scribed as a recessive condition. However, dominant forms of the 
condition have now emerged, which are thought to be due to dom-
inant negative mutations in the SAND and PHD domains.



SectIon 5 Adrenal Diseases908

Autoimmune polyglandular syndrome type 2 is characterized by 
adrenal insufficiency, hypothyroidism, and diabetes. Other endo-
crine glands may also be involved. APS-2 seems to be inherited 
within families in a dominant fashion with incomplete penetrance. 
The genetic basis of APS-2 is not yet known.

Disorders Associated with Adrenal Dysgenesis

Alterations in several genes can cause adrenal dysgenesis. Among 
these conditions, alterations in CDKN1C are notable for their un-
usual pattern of inheritance which derives from the location of 
CDKN1C within an imprinted region of the genome.

There are two imprinted clusters of genes at chromosome 11p15 
which are known to regulate growth and development. Imprinting 
centre 1 regulates the expression of IGF2 which is a fetal growth 
factor, and H19, a non- translated RNA. Imprinting centre 2 regu-
lates the expression of CDKN1C, KCNQ1OT1 a non- coding RNA, 
and KCNQ1. Differential methylation of the imprinting centres on 
the maternal and paternal chromosomes results in expression of H19, 
CDKN1C, and KCNQ1 from the maternal chromosome and IGF2 and 
KCNQ1OT1 from the paternal chromosome. A  number of growth 
disorders including Russell– Silver syndrome, Beckwith– Wiedemann 
syndrome (BWS) and hemihypertrophy are caused by perturbations 
of gene expression with this region.

CDKN1C is a cyclin dependent kinase inhibitor which plays a 
role in cell– cycle regulation, DNA replication and repair, and acti-
vation of apoptosis and is expressed in the developing adrenal gland. 
The CDKN1C protein has three functional domains, the cyclin- 
dependent kinase (CDK) inhibitor domain, the PAPA domain, 
and the PCNA domain. Approximately 5% of cases of BWS are 
caused by loss- of- function genetic alterations in the maternal copy 
of CDKN1C which are distributed throughout the gene. A  broad 
spectrum of adrenal phenotypes are seen in BWS including cystic 
changes, adenomas, hyperplasia, and neuroendocrine tumours. In 
direct contrast, gain- of- function genetic alterations in the maternal 
copy of CDKN1C give rise to IMAGE syndrome characterized by 
intrauterine growth retardation, skeletal abnormalities, adrenal 
hypoplasia, and genital abnormalities in males [53, 54]. Adrenal in-
sufficiency can be of variable severity, presenting soon after birth 
with adrenal crisis or in infancy with mild, non- specific symptoms. 
Gain- of- function alterations are clustered tightly in the PCNA do-
main where they have been shown in in- vitro expression models to 
disrupt PCNA binding and its subsequent ubiquitination.

The gene NR0B1, also known as DAX1, is situated at position 
Xp21.2. The gene encodes a nuclear receptor protein which plays a 
role in the development and physiological function of several endo-
crine tissues including the adrenal gland, the pituitary gland, the 
hypothalamus, and the gonads. Alterations in NR0B1 are associated 
with X- linked adrenal hypoplasia congenita (AHC) a form of pri-
mary adrenal insufficiency resulting from the agenesis or under-
development of the adrenal gland [55, 56]. The condition classically 
presents in boys in early infancy or childhood with adrenal failure 
affecting both glucocorticoid and mineralocorticoid production. 
Absent or delayed pubertal development becomes apparent at ado-
lescence due to combined hypothalamic and pituitary dysfunction. 
A  subgroup of patients with AHC with precocious puberty have 
been described in whom a degree of sexual maturation may precede 
signs of adrenal insufficiency. Variants in NR0B1 which are located 
in the ligand like binding region around the hydrophobic core and 

around the repression helix domain can result in late onset forms of 
AHC [57, 58]. It has also been observed that nonsense variants in 
the amino terminal region of the protein can be bypassed by trans-
lational initiation from codon 83, leading to a protein with some 
residual function resulting in late onset disease [59]. Deletions 
and duplications of Xp21.2 have been described in human disease. 
Deletions involving NR0B1 lead to X- linked adrenal hypoplasia 
(AHC). When the neighbouring genes dystrophin and glycerol 
kinase are also involved contiguous gene deletion syndromes where 
features of AHC are compounded by the presence of muscular dys-
trophy, neurobehavioral features and the metabolic sequelae of gly-
cerol kinase deficiency are seen [60]. Duplications encompassing 
NR0B1 lead to 46,XY disorders of sexual development, indicating 
that NR0B1 plays a dosage sensitive role in sex determination [61].

The gene NR5A1 encodes the transcription factor SF1, which is 
involved in the development of the gonads and the adrenal glands 
[62]. Genetic alterations in SF 1 cause a spectrum of reproductive 
phenotypes ranging from 46,XY disorders of sexual development 
and hypospadias to male factor infertility or primary ovarian insuf-
ficiency. Disruption of SF 1 causing adrenal insufficiency has been 
described [63], but this is very rare.

Advances in Gene Discovery in Adrenal Insufficiency

The traditional approach to gene discovery in adrenal insufficiency 
centred on the sequencing of candidate genes implicated in ad-
renal development and/ or function. Subsequent use of gene arrays 
and linkage analysis in informative families helped narrow down 
a region of interest in which selected candidate genes could then 
be studied. However, more recently, the increased accessibility of 
whole exome sequencing has led to the identification of several 
genes in novel pathways which may not have been implicated in 
adrenal insufficiency using candidate gene approaches.

An example of recent success includes the study of syn-
dromic forms of adrenal hypoplasia, defined as MIRAGE syn-
drome (myelodysplasia, infection, restriction of growth, adrenal 
hypoplasia, genital phenotypes, and enteropathy), which has been 
shown to be caused by heterozygous variants in the gene SAMD9 
which is involved in endosome fusion [64, 65]. Although the ma-
jority of reported individuals with variants in SAMD9 have primary 
adrenal insufficiency, the adrenal phenotype of MIRAGE syn-
drome is emerging as being more variable than early reports would 
suggest [66].

Another example is the discovery of sphingosine- 1- phosphate 
(SGPL1), an intracellular and extracellular signalling mol-
ecule, which is involved in several fundamental cellular pro-
cesses including differentiation, migration, and survival as well 
as in angiogenesis. SGPL1 is responsible for the breakdown of 
sphingosine- 1- phosphate [67]. Recessive alterations in the SGPL1 
gene result in steroid- resistant nephrotic syndrome. Adrenal devel-
opment and steroidogenesis are also commonly affected leading to 
adrenal insufficiency [68, 69]. Ichthyosis, primary hypothyroidism, 
hypogonadism, cryptorchidism, and immune and neurological ab-
normalities have also been described in these patients. Recessive al-
terations in SGPL1 have recently been described in individuals with 
isolated adrenal insufficiency, and it remains to be seen whether 
these individuals will develop renal manifestations later in life [70].

Despite the list of genes associated with adrenal insufficiency 
continuing to grow, a significant proportion of cases of adrenal 
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insufficiency remain unsolved. This was illustrated by a recent 
study in which a molecular diagnosis was reached in approxi-
mately 80% of a large cohort of children with PAI recruited across 
multiple endocrine centres in Turkey [71]. As the challenge of 
novel gene discovery moves from the generation of sequence data 
to its accurate interpretation, it is important to appreciate that 
large scale databases of benign genetic variation may be subject to 
poor phenotyping for mild adrenal phenotypes. Furthermore, our 
understanding of how to use frequency data in the clinical inter-
pretation of genetic variants is predominantly derived from models 
of dominant conditions in outbred populations, neither of which 
may be appropriate assumptions in primary adrenal insufficiency.

conclusion

Our understanding of the genetic causes of adrenal insufficiency has 
greatly increased in recent years due to advances in sequencing tech-
niques. Despite this, there are still a significant proportion of patients 
where causative mutations have not been found. Novel mechan-
isms of inheritance, genetic variation in non- coding portions of the 
genome as well as oligogenic and synergistic mechanisms are likely 
to contribute. Ultimately, future advances in our understanding of 
the genetics of adrenal insufficiency, and rare disease as a whole, are 
likely to depend heavily on the careful, precise and purposeful inte-
gration of patient cohorts/ data and the coordinated mobilization of 
international resources and expertise to deal with the vast amount of 
data generated from advances in genetic technologies.
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Introduction

In 1855, Thomas Addison identified a clinical syndrome charac-
terized by wasting and hyperpigmentation as the result of adrenal 
gland destruction [1] . This landmark observation paved the way 
for progress in understanding and treating adrenal insufficiency, 
with the introduction of adrenal extracts for treatment of Addison’s 
disease by the groups of Hartman and Pfiffner in 1929. However, 
long- term survival of patients with adrenal insufficiency only be-
came possible after the seminal work of Edward Kendall, Philip 
Hench, and Tadeus Reichstein on the characterization and thera-
peutic use of cortisone. In 1946, Lewis Sarrett, a Merck scientist, 
achieved a partial synthesis of cortisone, which marked the begin-
ning of industrial- scale production of cortisone. In 1948, in a funda-
mental clinical experiment at the Mayo Clinic, the first patient with 
Addison’s received intravenous injections of Kendall’s Compound 
E, cortisone, resulting in ‘notable improvement of his condition’. 
This was followed by the ground- breaking trials on the use of cor-
tisone in rheumatoid arthritis, yielding unanticipated clinical im-
provements, which quickly led to the labelling of cortisone as ‘the 
wonder drug’. In November 1950, cortisone was made available to 
all physicians in the United States, a rapid translational develop-
ment process, which culminated in the award of the 1950 Nobel 
Prize in Medicine to Kendall, Hench, and Reichstein. This progress 
reached other countries with variable delay and widespread avail-
ability of cortisone in the United Kingdom was achieved by joint 
efforts of Glaxo and the Medical Research Council. Though almost 
150 years have passed since Addison’s landmark observations and 
60  years since the introduction of life- saving cortisone, there are 
still advances and challenges in the management of adrenal insuffi-
ciency, summarized in this chapter.

Physiology of Adrenal Steroid Synthesis

Adrenal Steroids and Steroidogenesis

When extracting steroids from the adrenal Kendall and Reichstein 
identified 28 separate steroids and today we classify the steroids 
produced by the adrenal glands, the corticosteroids, in three major 
classes— glucocorticoids (cortisol, corticosterone), mineralocor-
ticoids (aldosterone, deoxycorticosterone), and adrenal sex steroid 
precursors (dehydroepiandrosterone (DHEA), androstenedione).

Cholesterol is the precursor for all adrenal steroidogenesis. The 
principal source of cholesterol is provided from the circulation in 
the form of low- density lipoprotein (LDL) cholesterol. Uptake is by 
specific cell- surface LDL receptors present on adrenal tissue; LDL is 
then internalized via receptor- mediated endocytosis, the resulting 
vesicles fuse with lysozymes, and free cholesterol is produced fol-
lowing hydrolysis. However, it is clear that this cannot be the sole 
source of adrenal cholesterol as patients with abetalipoproteinaemia, 
who have undetectable circulating LDL, and patients with defective 
LDL receptors in the setting of familial hypercholesterolaemia still 
have normal basal adrenal steroidogenesis. Cholesterol can be gen-
erated de novo within the adrenal cortex from acetyl coenzyme 
A. In addition, there is evidence that the adrenal can utilize high- 
density lipoprotein (HDL) cholesterol following uptake through the 
HDL receptor, scavenger receptor.
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The biochemical pathways involved in adrenal steroidogenesis 
start with the rate- limiting step of the transport of intracellular 
cholesterol from the outer to the inner mitochondrial mem-
brane. Within the mitochondrion cholesterol is then converted to 
pregnenolone by the cholesterol side chain cleavage enzyme, cyto-
chrome P450scc (CYP11A1). The rapid transport of cholesterol 
into the mitochondria is importantly facilitated by steroidogenic 
acute regulatory protein, which is induced by an increase in intra-
cellular cAMP following binding of adrenocorticotrophic hormone 
(ACTH) to its receptor.

Steroidogenesis involves the concerted action of several en-
zymes, including a series of cytochrome P450 (CYP) enzymes 
(for schematic overview, see Chapter  5.9). CYP11A1 and the 
CYP11B1 and CYP11B2 enzymes are localized to the mitochon-
dria and require an electron shuttle system— provided through 
adrenodoxin/ adrenodoxin reductase— for functional activity. 
Other CYP enzymes involved in steroidogenesis, namely 17α- 
hydroxylase (CYP17A1) and 21- hydroxylase (CYP21A2), are lo-
calized to the microsomal/ endoplasmic reticulum fraction and 
depend on electron transfer from nicotinamide adenine dinucleo-
tide phosphate (NADPH) via the electron donor enzyme P450 
oxidoreductase (POR).

After the uptake of cholesterol to the mitochondrion, side chain 
cleavage of cholesterol by CYP11A1 forms pregnenolone, which is 
converted in the cytoplasm to progesterone by the type 2 isoenzyme 
of 3β- hydroxysteroid dehydrogenase. Progesterone is hydroxyl-
ated to 17- hydroxyprogesterone (17OHP) through the activity of 
17α- hydroxylase. 17- hydroxylation is an essential prerequisite for 
glucocorticoid synthesis. CYP17A1 also possesses 17,20 lyase ac-
tivity, which crucially facilitates the synthesis of the sex steroid pre-
cursor DHEA, a reaction that also requires allosteric interaction 
of the flavoprotein cytochrome b5 with both CYP17A1 and POR. 
In humans, 17OHP is not an efficient substrate for CYP17A1, and 
there is negligible conversion of 17- OH progesterone to andro-
stenedione. Adrenal androstenedione secretion is dependent upon 
the conversion of dehydroepiandrosterone to androstenedione by 

3β- hydroxysteroid dehydrogenase (3β- HSD). 21- hydroxylation of 
either progesterone (zona glomerulosa) or 17OHP (zona fasciculata) 
is carried out by 21- hydroxylase (CYP21A2) to yield deoxycortico-
sterone or 11- deoxycortisol, respectively. The final step in cortisol 
biosynthesis takes place in the mitochondria and involves the con-
version of 11- deoxycortisol to cortisol by 11β- hydroxylase activity 
of the enzyme CYP11B1. In the zona glomerulosa, 11β- hydroxylase 
may also convert deoxycorticosterone to corticosterone. However, 
the enzyme CYP11B2, or aldosterone synthase, may also carry 
out this reaction and, in addition, is required for the conversion 
of corticosterone to aldosterone via the intermediate 18- OH cor-
ticosterone. Thus, CYP11B2 can carry out 11β- hydroxylation, 18- 
hydroxylation, and 18- methyl oxidation to yield the characteristic 
C11– 18 hemiacetal structure of aldosterone.

Cortisol is inactivated to cortisone by action of the enzyme 11β- 
hydroxysteroid dehydrogenase type 2 (HSD11B2) mainly in the 
kidney, while the opposite reaction, activation of cortisone to cor-
tisol, is carried out by the type 1 isoenzyme, HSD3B1, mainly in the 
liver (Figure 5.8.2.1). Recent years have highlighted the important 
role of this system in the tissue- specific activation and inactivation 
of glucocorticoids. Without the action of hepatic HSD11B1, Kendall 
would have observed no activity of his ‘Compound E’, as cortisone 
does not bind the glucocorticoid receptor and conversion to cortisol 
by HSD11B1 is a mandatory requirement for its biological activity.

Glucocorticoids are secreted in relatively high amounts (cortisol 
10– 20 mg/ day) from the zona fasciculata, while mineralocorticoids 
are secreted in low amounts (aldosterone 100– 150 µg/ day) from 
the zona glomerulosa. The adrenal androgen precursors DHEA, 
its sulphate ester dehydroepiandrosterone sulphate (DHEAS), 
and androstenedione are produced in the adrenal zona reticularis 
and represent the most abundant steroids secreted by the adult 
adrenal gland (>20 mg/ day). Recent work has shown that andro-
stenedione is effectively converted to 11- hydroxyandrostenedione 
(11OHA4) by CYP11B1 and 11OHA4 is a major product of adrenal 
steroidogenesis, as measured in adrenal vein blood [2] . Adrenal 
zonal- specific steroidogenesis of the three different corticosteroid 

Figure 5.8.2.1 Schematic representation of adrenal zonation and steroidogenesis, depicting histology of the three adrenocortical and the 
major corticosteroids and the receptors mediating their action. While cortisol and aldosterone can bind and activate the glucocorticoid and 
mineralocorticoid receptor, respectively, DHEA requires conversion to active androgens and further aromatization to oestrogens prior to exerting sex 
steroid action. (See also Plate 29.)
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classes is facilitated by tissue- specific expression of the required 
steroidogenic enzymes. The zona glomerulosa generally does not 
synthesize cortisol because it does not express 17α- hydroxylase. 
In contrast, aldosterone secretion is largely confined to the outer 
zona glomerulosa through the restricted expression of CYP11B2. 
Although CYP11B1 and CYP11B2 share 95% homology, the 
5′ promoter sequences differ and permit regulation of the final 
steps in glucocorticoid and mineralocorticoid biosynthesis by 
ACTH and angiotensin II, respectively. DHEA is sulphated in the 
zona reticularis by the DHEA sulphotransferase (SULT2A1) to 
form DHEAS.

Regulation of Adrenal corticosteroid Synthesis

Classical endocrine feedback loops are in place to control the secre-
tion of both cortisol and aldosterone. Cortisol inhibits the secretion 
of both hypothalamic corticotrophin- releasing factor and pituitary 
ACTH, and the aldosterone- mediated increase in sodium retention 
inhibits renin secretion by the juxta- glomerular cells of the kidney 
(Figure 5.8.2.2).

Glucocorticoid synthesis is under negative feedback control of 
the hypothalamic– pituitary– adrenal (HPA) axis (Figure 5.8.2.2a). 
Adrenocorticotropic hormone (ACTH) secretion from the anterior 
pituitary is stimulated by hypothalamic corticotrophin- releasing 
hormone (CRH) following a circadian rhythm, with a peak 
around 03.00h to 04.00h. Other major effectors on CRH secre-
tions are various forms of stress, including hypoglycaemia, hypo-
tension, fever, trauma, and surgery. ACTH binds to its receptor 
(melanocortin receptor 2, MC2R) on the adrenocortical cell sur-
face and stimulates import of cholesterol into the mitochondrion by 

steroidogenic acute regulatory protein. In parallel, transcription of 
genes encoding steroidogenic enzymes and proteins of the electron 
transfer shuttle is increased.

Mineralocorticoid synthesis is mainly under the control of the 
renin– angiotensin– aldosterone system (RAAS) and a potassium 
feedback loop (Figure 5.8.2.2b). A variety of factors stimulate renin 
secretion from renal juxtaglomerular cells, with renal perfusion 
being the most important regulator. Several other stimulators (β- 
adrenergic stimulation, prostaglandins) and inhibitors (α- adrenergic 
stimulation, dopamine, atrial natriuretic peptides, angiotensin II) 
are known. Angiotensinogen is an α2- globulin synthesized within 
the liver which is cleaved by renin to form angiotensin I. Angiotensin 
I is converted to angiotensin II by angiotensin- converting enzyme 
in the lung and many other peripheral tissues. Angiotensin I has no 
apparent biological activity but angiotensin II is a potent stimulator 
of aldosterone secretion. In addition, angiotensin II acts as a potent 
vasoconstrictor. The rate- limiting step in the RAAS is the secretion 
of renin, which is also controlled through a negative feedback loop. 
Renin is secreted from juxtaglomerular epithelial cells within the 
macula densa of the renal tubule in response to underlying renal 
arteriolar pressure, oncotic pressure, and sympathetic drive. Thus, 
low perfusion pressure and/ or low tubular fluid sodium content, as 
seen in haemorrhage, renal artery stenosis, dehydration, or salt loss, 
increase renin secretion. Conversely, secretion is suppressed fol-
lowing a high salt diet and by factors that increase blood pressure. 
Hypokalaemia increases and hyperkalaemia decreases renin secre-
tion; in addition, potassium exerts a direct effect upon the adrenal 
cortex to increase aldosterone secretion. Angiotensin II and potas-
sium stimulate aldosterone secretion principally by increasing the 
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Figure 5.8.2.2 Negative feedback regulation of cortisol and aldosterone secretion. (a) Glucocorticoid feedback regulation by the hypothalamic– 
pituitary– adrenal (HPA) axis. CRH, corticotropin- releasing hormone; ACTH, adrenocorticotropic hormone; ADH, antidiuretic hormone. 
(b) Mineralocorticoid regulation by the renin– angiotensin– aldosterone system (RAAS). The extracellular fraction (ECF) of potassium has an important 
direct influence on aldosterone secretion. ACE, angiotensin- converting enzyme; ANP, atrial natriuretic peptide.
Schematic graph: Dr Nils Krone, Birmingham.
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transcription of CYP11B2 through common intracellular signalling 
pathways. The potassium effect is mediated through membrane de-
polarization and opening of calcium channels, and the angiotensin 
II effect following binding of angiotensin II to the surface AT1 re-
ceptor and activation of phospholipase C.

The separate control of glucocorticoid biosynthesis through the 
HPA axis and mineralocorticoid synthesis via the renin– angiotensin 
system has important clinical consequences. The overwhelming ma-
jority of patients with primary adrenal failure have both cortisol and 
aldosterone deficiency, whereas patients with ACTH deficiency due 
to pituitary disease have glucocorticoid deficiency only, as the intact 
renin– angiotensin system maintains normal aldosterone levels.

corticosteroid Hormone Action

Both cortisol and aldosterone exert their effects following uptake 
of free hormone from the circulation and binding to intracellular 
receptors, termed the glucocorticoid and mineralocorticoid re-
ceptors (GR, MR). These are both members of the thyroid/ steroid 
hormone– receptor superfamily of transcription factors, comprising 
a C- terminal ligand binding domain, a central DNA binding do-
main, interacting with specific DNA sequences on target genes, and 
an N- terminal hypervariable region. In both cases, although there 
is only a single gene encoding the GR and MR, splice variants have 
been described resulting in α and β variants.

The binding of glucocorticoid to the GR- α in the cytosol results 
in activation of the steroid– receptor complex through a process 
which involves the dissociation of heat- shock proteins HSP 90 and 
HSP 70. Following translocation to the nucleus, gene transcrip-
tion is stimulated or repressed following binding of dimerized 
GR– ligand complexes to specific DNA sequences (glucocorticoid- 
response element) in the promoter regions of target genes. The 
GR- β variant may act as a dominant negative regulator of GR- α 
transactivation.

In contrast to the diverse actions of glucocorticoids, mineralocor-
ticoids have a more restricted role, principally to stimulate epithelial 
sodium transport in the distal nephron, distal colon, and salivary 
glands. This is mediated through the induction of the apical sodium 
channel (comprising three subunits α, β, and γ) and the α1 and β1 
subunits of the basolateral Na+K+- ATPase through transcriptional 
regulation of a specific aldosterone- induced gene that encodes 
serum and glucocorticoid- induced kinase. Aldosterone binds to the 
MR, principally in the cytosol (though there is evidence for expres-
sion of the unoccupied MR in the nucleus) followed by transloca-
tion of the hormone– receptor complex to the nucleus.

The MR and GR share considerable homology— 57% in the steroid 
binding domain and 94% in the DNA binding domain. Therefore, 
it is perhaps not surprising therefore that there is promiscuity of 
ligand binding with aldosterone binding to the GR and cortisol 
binding to the MR. For the MR this is particularly impressive— in 
vitro the MR has the same inherent affinity for aldosterone, cortico-
sterone, and cortisol. Specificity upon the MR is conferred through 
the ‘prereceptor’ metabolism of cortisol via the enzyme HSD11B2 
in the kidney, which inactivates cortisol and corticosterone to 11- 
keto metabolites that do not activate the MR, thereby enabling al-
dosterone to bind to the MR.

For both glucocorticoids and mineralocorticoids, there is accu-
mulating evidence for so- called non- genomic effects involving hor-
mone response obviating the genomic GR or MR effects. A series 

of responses have been reported within seconds/ minutes of ex-
posure to corticosteroids and are thought to be mediated by, as yet 
uncharacterized, membrane- coupled receptors.

cortisol- Binding Globulin and corticosteroid 
Hormone Metabolism

Over 90% of circulating cortisol is bound, predominantly to the α2- 
globulin cortisol- binding globulin (CBG). This 383- amino acid pro-
tein is synthesized in the liver and binds cortisol with high affinity. 
Affinity for synthetic corticosteroids (except prednisolone, which 
has an affinity for CBG of approximately 50% of that of cortisol) 
is negligible. Circulating CBG concentrations are approximately 
700  nmol/ L; levels are increased by oestrogens and in some pa-
tients with chronic active hepatitis but generally reduced in patients 
with cirrhosis, nephrosis, and hyperthyroidism. The oestrogen ef-
fect can be marked, with levels increasing two-  to threefold across 
pregnancy, and this should also be taken into account when meas-
uring plasma ‘total’ cortisol in pregnancy and in women taking oes-
trogens. Inherited abnormalities in CBG synthesis are much rarer 
than those described for thyroid- binding globulin but include pa-
tients with elevated CBG, partial and complete deficiency of CBG, 
or CBG variants with reduced affinity for cortisol. In each case, al-
terations in CBG concentrations change total circulating cortisol 
concentrations accordingly but ‘free’ cortisol concentrations are 
normal. Only this free circulating fraction is available for transport 
into tissues for biological activity. The excretion of ‘free’ cortisol 
through the kidneys is termed urinary- free cortisol and represents 
only 1% of the total cortisol secretion rate. Approximately 50% of 
secreted cortisol appears in the urine as tetrahydrocortisol (THF), 
5alpha- tetrahydrocortisol (allo- THF), and tetrahydrocortisone 
(THE), 25% as cortols/ cortolones, 10% as C19 steroids, and 10% as 
cortolic/ cortolonic acids.

Aldosterone is also metabolized in the liver and kidneys. In the 
liver it undergoes tetrahydro reduction, followed by its excretion 
in the urine as a 3- glucuronide tetrahydroaldosterone derivative. 
However, glucuronide conjugation at the 18 position occurs directly 
in the kidney, as does 3α and 5α/ 5β metabolism of the free steroid. 
Because of the aldehyde group at the C18 position, aldosterone is 
not metabolized by HSD11B2. Hepatic aldosterone clearance is re-
duced in patients with cirrhosis, ascites, and severe congestive heart 
failure.

epidemiology of Adrenal Insufficiency

The prevalence of Addison’s disease, mostly due to primary adrenal 
failure due to autoimmune adrenalitis, is 93– 140 per million while 
secondary insufficiency, mostly due to hypothalamic– pituitary tu-
mours, has a prevalence of 125– 280 per million [3] . The overall 
prevalence of adrenal insufficiency is 5 in 10 000 population; on 
average, three of those suffer from secondary adrenal insuffi-
ciency, one from primary adrenal insufficiency due to autoimmune 
adrenalitis, and one from congenital adrenal hyperplasia (see 
Chapter 5.9).

Primary Adrenal Insufficiency

According to recent studies, chronic primary adrenal insufficiency 
has a prevalence of 93 to 140 per million and an incidence of 4.7 
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to 6.2 per million in Caucasian populations [3, 4]. These numbers 
are considerably higher than reported earlier, despite a continuous 
decline in tuberculous adrenalitis in the developed world, and sug-
gest an increasing incidence of autoimmune adrenalitis. The age at 
diagnosis peaks in the fourth decade of life, with women more fre-
quently affected. For details on the rare inborn causes of primary 
adrenal insufficiency, please see Chapters 5.8.1 and 5.9.1.

Secondary Adrenal Insufficiency

Secondary adrenal insufficiency has an estimated prevalence of 150 
to 280 per million [3, 4]. Again, women are more frequently affected 
and age at diagnosis peaks in the sixth decade.

It has been suggested that therapeutic glucocorticoid administra-
tion is the most common cause of adrenal insufficiency, as exogenous 
glucocorticoids induce atrophy of both pituitary corticotroph and 
adrenocortical cells. However, iatrogenic adrenal insufficiency only 
becomes potentially relevant during or after glucocorticoid with-
drawal. As iatrogenic adrenal insufficiency is transient in the ma-
jority of cases it can be suspected that the prevalence of permanent 
iatrogenic adrenal insufficiency is clearly lower than that of en-
dogenous adrenal insufficiency.

causes of Adrenal Insufficiency

A large number of frequent and rare causes of adrenal insufficiency 
are summarized in Tables 5.8.2.1 and 5.8.2.2, and in the following 

sections more detailed information on some of the more frequent 
causes is provided. Two reviews have given an excellent overview 
of causes of adrenal insufficiency including citation of all original 
literature which cannot be provided here because of space con-
straints [3, 4].

causes of Primary Adrenal Insufficiency

During the times of Thomas Addison, tuberculous adrenalitis was 
by far the most prevalent cause of adrenal insufficiency. In the 
developing world, tuberculosis still remains a major cause of ad-
renal insufficiency. In active tuberculosis, the incidence of adrenal 
involvement is 5%.

In North American and European countries, autoimmune 
adrenalitis accounts for more than 90% of cases with primary 
adrenal insufficiency; in 40% adrenal insufficiency is isolated 
while in 60% it arises as part of an autoimmune polyendocrine 
syndrome (APS) [3,  5]. APS type 1, also termed autoimmune 
polyendocrinopathy– candidiasis– ectodermal dystrophy, accounts 
for 15% of cases and is characterized by adrenal insufficiency, 
hypoparathyroidism, and chronic mucocutaneous candidiasis, the 
latter being the primary manifestation in most cases and already 
apparent in childhood [6] . APS 1 is caused by mutations in the 
autoimmune regulator gene (AIRE) [7– 9] while APS 2 is thought 
to be inherited as a complex trait, associated with loci within the 
major histocompatibility complex [5] and distinct susceptibility 
genes [10– 12]. APS 2 is much more common than APS 1 and 
in addition to adrenal insufficiency most frequently comprises 

table 5.8.2.1 Causes of primary adrenal insufficiency

Diagnosis Clinical features Pathogenesis/ genetics

Autoimmune adrenalitis (AA)

Isolated AA AI Associations with HLA- DR3, CTLA- 4

AA as part of autoimmune polyendocrine syndromes (APS)

APS 1 (=APECED)
APS 2

AI + hypoparathyroidism + chronic mucocutaneous  
candidiasis ± other autoimmune disorders
AI + thyroid disease (= Schmidt’s syndrome) + type 1 diabetes  
mellitus (= Carpenter’s syndrome) ± other autoimmune diseases

AIRE gene mutations (21q22.3)
Associations with HLA- DR3, CTLA- 4

Infectious adrenalitis

Tuberculous adrenalitis AI + other organ manifestations of tuberculosis Tuberculosis

AIDS AI +other AIDS- associated diseases HIV, CMV

Fungal adrenalitis AI + mostly immunosuppressed patients Cryptococcosis, histoplasmosis, 
coccidioidomycosis

Genetic disorders leading to AI

Adrenoleukodystrophy (ALD)
Adrenomyeloneuropathy (AMN)

AI + demyelination of CNS (cerebral ALD) or spinal  
cord/ peripheral nerves (AMN)

Mutation of the X- ALD gene encoding for 
the peroxisomal adrenoleukodystrophy 
protein (ALDP)

Congenital adrenal hyperplasia (CAH)

21- hydroxylase deficiency
11β- hydroxylase deficiency
3β- HSD type 2 deficiency
17α- hydroxylase deficiency
P450 oxidoreductase deficiency

AI + ambiguous genitalia in females
AI + ambiguous genitalia in females + hypertension
AI + ambiguous genitalia in males + postnatal virilization in females
AI + ambiguous genitalia in males + lack of puberty in both sexes + 
hypertension
AI + ambiguous genitalia in both sexes + skeletal malformations

CYP21A2 mutation
CYP11B1 mutation
HSD3B2 mutation
CYP17A1 mutation
POR mutation

Congenital lipoid adrenal hypoplasia 
(lipoid CAH)

AI + XY sex reversal Mutations in the steroidogenic acute 
regulatory protein (STAR) gene
Mutations in CYP11A1 (encoding P450scc)

Smith– Lemli– Opitz syndrome (SLOS) AI, mental retardation, craniofacial malformations, growth failure Sterol delta- 7- reductase gene (DHCR7) 
mutations

(continued)



SectIon 5 Adrenal Diseases916

Diagnosis Clinical features Pathogenesis/ genetics

Adrenal hypoplasia congenita (AHC)

X- linked AHC
Xp21 contiguous gene syndrome
SF- 1 linked AHC

AI + hypogonadotropic hypogonadism
AI + Duchenne muscular dystrophy + glycerol kinase deficiency 
(psychomotor retardation)
AI + XY sex reversal

Mutation in NROB1 (encoding DAX1)
Deletion of the Duchenne muscular 
dystrophy, glycerol kinase, and DAX1 genes
Mutation in NR5A1 (encoding SF- 1)

IMAGe syndrome Intrauterine growth retardation + metaphyseal dysplasia +  
 AI + genital anomalies

?

Kearns– Sayre syndrome Progressive external ophthalmoplegia, pigmentary retinal degeneration 
and cardiac conduction defects; endocrinopathies include gonadal  
failure, hypoparathyroidism, type 1 diabetes, only rarely AI

Mitochondrial DNA deletions

ACTH insensitivity syndromes = familial 
glucocorticoid deficiency (FGD)

Glucocorticoid deficiency, excess plasma ACTH; no (or only very mild) 
impairment of mineralocorticoid synthesis; lack of adrenarche

FGD 1
FGD 2
FGD 3
Triple A syndrome
(=Allgrove’s syndrome)

AI, tall stature
AI
AI
AI + alacrimia + achalasia; additional symptoms (neurological  
impairment, deafness, mental retardation, hyperkeratosis)

Mutations in melanocortin- 2- receptor 
(MC2R) encoding the ACTH receptor
Mutations in MC2R accessory 
protein (MRAP)
?
Mutations in the triple A gene (AAAS) 
encoding a WD repeat protein

Bilateral adrenal haemorrhage AI + symptoms of underlying disease Septic shock, specifically meningococcal 
sepsis (Waterhouse– Friderichsen 
syndrome)
Primary antiphospholipid syndrome

Diagnosis Clinical features Pathogenesis/ genetics

Adrenal infiltration AI + symptoms of underlying disease Adrenal metastases
primary adrenal lymphoma
sarcoidosis, amyloidosis, 
haemochromatosis

Bilateral adrenalectomy AI + symptoms of underlying disease e.g. in the management of Cushing’s due 
to ectopic ACTH secretion of unknown 
source or following tumour nephrectomy

Drug- induced AI AI Treatment with mitotane, 
aminoglutethimide, arbiraterone, trilostane, 
etomidate, ketoconazole, suramin, RU486

AI, adrenal insufficiency; APECED, autoimmune polyendocrinopathy– candidiasis– ectodermal dystrophy.

table 5.8.2.1 Continued

autoimmune thyroid disease, albeit more often autoimmune hypo-
thyroidism than Graves’ disease.

X- linked adrenoleukodystrophy (ALD) is caused by a mutation in 
the X- ALD gene, which encodes a peroxisomal membrane protein 
(adrenoleukodystrophy protein), leading to accumulation of very 
long chain fatty acids (>24 carbon atoms). The clinical picture com-
prises adrenal insufficiency and neurological impairment due to 
white matter demyelination. The two major forms are cerebral ALD 
(50% of cases; early childhood manifestation, rapid progression) 
and adrenomyeloneuropathy (35% of cases; onset in early adult-
hood, slow progression) with restriction of demyelination to spinal 
cord and peripheral nerves. Adrenal insufficiency may precede the 
onset of neurological symptoms and is the sole manifestation of dis-
ease in 15% of cases.

Other causes of primary adrenal insufficiency (Table 5.8.2.1), 
e.g. adrenal infiltration or haemorrhage, are rare. Congenital 
or neonatal primary adrenal insufficiency accounts for only 
1% of all cases. However, the recent elucidation of the genetic 
basis of underlying diseases has highlighted the importance of 

specific genes for adrenal development and steroidogenesis (see 
Chapter 5.8.1).

causes of Secondary Adrenal Insufficiency

The most common cause of secondary adrenal insufficiency is a 
tumour of the hypothalamic– pituitary region, usually associated 
with panhypopituitarism as a result of tumour growth or treat-
ment with surgery and/ or irradiation (Table 5.8.2.2). Autoimmune 
lymphocytic hypophysitis is less frequent, mostly affecting women 
during or shortly after pregnancy. Isolated ACTH deficiency 
may also be of autoimmune origin as some patients concurrently 
suffer from other autoimmune disorders, most frequently thy-
roid disease. The differential diagnosis of postpartal autoimmune 
hypophysitis includes Sheehan’s syndrome, which results from 
pituitary apoplexy, mostly due to pronounced blood loss during 
delivery. Very rarely mutations of genes important for pituitary 
deve lopment or for synthesis and processing of the corticotropin 
precursor proopiomelanocortin cause secondary adrenal insuffi-
ciency (Table 5.8.2.2).
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clinical Presentation of Adrenal Insufficiency

The clinical signs and symptoms of both acute and chronic adrenal 
insufficiency are a logical consequence of the underlying pathology, 
i.e. mostly the deficiency of adrenal corticosteroid production 
arising from primary or secondary adrenal failure (Table 5.8.2.3).

Acute adrenal insufficiency (i.e. life- threatening adrenal crisis) 
typically presents with severe hypotension or hypovolaemic shock, 
acute abdominal pain, vomiting, and often with fever, and, therefore, 
is sometimes mistaken for acute abdomen. In a series of 91 patients 
with Addison’s disease, adrenal crisis led to the initial diagnosis of 
adrenal insufficiency in half of the patients. In children, acute adrenal 
insufficiency often presents as hypoglycaemic seizures. Deterioration 
of glycaemic control with recurrent hypoglycaemia may be the pre-
senting sign of adrenal insufficiency in patients with pre- existing type 
1 diabetes. In APS 2, onset of autoimmune hyperthyroidism (or thy-
roxine replacement for newly diagnosed hypothyroidism) may pre-
cipitate adrenal crisis due to enhanced cortisol clearance.

The leading symptom of chronic adrenal insufficiency is fa-
tigue, accompanied by lack of stamina, loss of energy, reduced 
muscle strength, and increased irritability. In addition, chronic 
glucocorticoid deficiency leads to weight loss, nausea, and anor-
exia (in children, failure to thrive) and may account for muscle 
and joint pain. Unfortunately, most of these symptoms are non- 
specific. Thus, every second patient suffers from signs and symp-
toms of Addison’s disease for more than 1 year before diagnosis 
is established. In secondary adrenal insufficiency, diagnosis is 
mostly prompted by a history of pituitary disease, but may also 
be delayed (e.g. in isolated ACTH deficiency). A  more specific 
sign for primary adrenal failure is hyperpigmentation (Figure 
5.8.2.3), which is most pronounced in areas of the skin exposed to 
increased friction (e.g. hand lines, knuckles, scars, oral mucosa). 
Hyperpigmentation is due to enhanced stimulation of skin MC1- 
receptor by ACTH and other pro- opiomelanocortin- related pep-
tides. Accordingly, patients with secondary adrenal insufficiency 
often present with pale, alabaster- coloured skin. Laboratory 

table 5.5.2.2 Causes of secondary adrenal insufficiency

Diagnosis Comment

AI as the consequence of growth or therapeutic management of hypothalamic– pituitary mass lesions

Pituitary tumours Generally adenomas, carcinomas very rare
Additional signs and symptoms consequent to impairment of other pituitary axes (thyroid, gonads, PRL, 
GH), visual field impairment due to compression of the optic chiasm

Other tumours of the hypothalamic– pituitary region Craniopharyngioma, meningioma, ependymoma, intra- / suprasellar metastases

Pituitary irradiation Radiation therapy for pituitary tumours, brain tumours outside the HPA axis and craniospinal irradiation 
in leukaemia and other cancers

Non- tumoural causes

Lymphocytic hypophysitis
isolated

Autoimmune hypophysitis; most frequently in relation to pregnancy; commonly associated with 
panhypopituitarism, but also presenting with isolated ACTH deficiency only

as part of autoimmune polyendocrine syndromes 
(APS)

associated with autoimmune thyroid disease, less frequently also with vitiligo, primary gonadal failure, 
type 1 diabetes, and pernicious anaemia

Genetic disorders leading to secondary AI

Congenital isolated ACTH deficiency Tpit or T- box 19 (TBX19) mutations; neonatal presentation; autosomal recessive

Combined pituitary hormone deficiency (CPHD) Prophet of Pit- 1 (PROP1) mutations: progressive development of CPHD in the order GH, PRL, TSH, LH/ FSH, 
(ACTH—  late onset); anterior pituitary may be hypoplastic, normal, or enlarged; autosomal recessive

Homeobox gene 1 (HESX1) mutations: CPHD + optic nerve hypoplasia and midline brain defects/ 
agenesis of corpus callosum (=septo- optic dysplasia); anterior pituitary hypoplastic or ectopic; 
autosomal recessive, autosomal dominant

Lim homeobox 3 (LHX3) mutations: CPHD with involvement of GH, TSH, gonadotrophins, PRLs; ACTH 
may be deficient; limited neck rotation, short cervical spine, sensorineural deafness; anterior pituitary 
hypoplastic, normal, or enlarged; autosomal recessive

LIM homeobox 4 (LHX4) mutations: CPHD with involvement of GH, thyrotropin, and ACTH secretion, 
cerebellar abnormalities; anterior pituitary hypoplastic or ectopic; autosomal dominant

SRY- box 3 (SOX3) mutations: infundibular hypoplasia, CPHD, variable: mental retardation

Proopiomelanocortin (POMC) deficiency syndrome POMC gene mutations; clinical triad AI + early- onset obesity + red hair pigmentation

Prader– Willi syndrome Imprinting disorder, manifests with AI, obesity, hypogonadism, variable learning difficulties, and 
hypotonia

Pituitary apoplexy— Sheehan’s syndrome Onset mainly with abrupt severe headache, visual disturbance, nausea/ vomiting
Pituitary apoplexy/ necrosis with peripartal onset (e.g. due to high blood loss and/ or hypotension)

Pituitary infiltration/  granuloma Tuberculosis, actinomycosis, sarcoidosis, histiocytosis X, Wegener’s granulomatosis

Trauma Pituitary stalk lesions, traumatic brain injury

Drugs Chronic glucocorticoid excess:
exogenous glucocorticoid administration for more than 4 weeks
endogenous glucocorticoid hypersecretion due to Cushing’s syndrome

GH, growth hormone; LH/ FSH, luteinizing hormone/ follicle- stimulating hormone; PRL, prolactin; TSH, thyroid- stimulating hormone.
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findings in glucocorticoid deficiency may include mild anaemia, 
lymphocytosis, and eosinophilia. Cortisol physiologically inhibits 
thyrotropin (TSH) release. Thus, TSH is often increased at initial 
diagnosis of primary adrenal insufficiency, but returns to normal 
during glucocorticoid replacement, unless there is coincident 
autoimmune thyroid failure. In rare cases, glucocorticoid defi-
ciency may result in hypercalcaemia, which is due to increased in-
testinal absorption and decreased renal excretion of calcium and 
usually coincides with autoimmune hyperthyroidism, facilitating 
calcium release from bone.

Mineralocorticoid deficiency, which is only present in primary 
adrenal insufficiency, leads to dehydration and hypovolaemia, re-
sulting in low blood pressure, postural hypotension, and sometimes 

even in prerenal failure. Deterioration may be sudden and is often 
due to exogenous stress such as infection or trauma. Combined 
mineralocorticoid and glucocorticoid replacement in primary ad-
renal insufficiency reconstitutes the diurnal rhythm of blood pres-
sure and reverses cardiac dysfunction. Glucocorticoids contribute 
to this amelioration not only by mineralocorticoid receptor binding, 
but also by permissive effects on catecholamine action. The latter 
may account for the relative unresponsiveness to catecholamines in 
patients with unrecognized adrenal crisis. Mineralocorticoid defi-
ciency accounts for hyponatraemia (90%), hyperkalaemia (65%), 
and salt craving (15%). Low serum sodium may also be present in 
secondary adrenal insufficiency due to the syndrome of inappro-
priate antidiuretic hormone secretion, which results from the 
loss of physiological inhibition of pituitary vasopressin release by 
glucocorticoids.

Adrenal insufficiency inevitably leads to DHEA deficiency. 
DHEA is the major precursor of sex steroid synthesis and loss of its 
synthesis results in pronounced androgen deficiency in women. As 
a consequence, women with adrenal insufficiency frequently show 
loss of axillary and pubic hair (absence of pubarche in children), 
dry skin, and reduced libido. DHEA also exerts direct action as a 
neurosteroid with potential antidepressant properties. Thus, DHEA 
deficiency may contribute to the impairment of well- being that is 
observed in patients with adrenal insufficiency despite adequate 
glucocorticoid and mineralocorticoid replacement.

Diagnostic Laboratory evaluation 
of Adrenal Insufficiency

Presentation with acute adrenal insufficiency (i.e. life- threatening 
adrenal crisis), requires an immediate, combined diagnostic and 
therapeutic approach (Figure 5.8.2.4). Haemodynamically stable 
patients may undergo a cosyntropin stimulation test (also termed 
short synacthen test, as synacthen, i.e. ACTH1– 24, is used, rather 
than the full- length ACTH1– 39 peptide. In a severely unwell pa-
tient, baseline bloods for serum cortisol and plasma ACTH will 
suffice and if cortisol is less than 100 nmol/ L while ACTH is con-
siderably elevated, there is no doubt about the diagnosis of primary 
adrenal insufficiency. Formal confirmation of diagnosis can be 
performed via the short synacthen test following clinical improve-
ment. Diagnostic measures must never delay treatment of a sus-
pected adrenal crisis; therefore, treatment should be initiated upon 
strong clinical suspicion of adrenal insufficiency without awaiting 
biochemical results. It is of negligible risk to start hydrocortisone 
and stop it after adrenal insufficiency has been safely excluded; 
withholding potentially life- saving treatment, however, could have 
fatal consequences.

Adrenal insufficiency is readily diagnosed by the short synacthen 
test, a safe and reliable diagnostic tool with excellent long- term pre-
dictive value [13, 14]; it is important to be aware of the considerable 
variability between results of different cortisol assays [15] and when 
defining the cut- off for failure, commonly set at 500  nmol/ L but 
with the use of newer, mass spectrometry- based assays now often at 
400– 450 nmol/ L, one should ideally refer to results from a local ref-
erence cohort obtained with the same assay. The diagnostic value of 
the short synacthen test is compromised within the first 4 weeks fol-
lowing a pituitary insult [14, 16], as during this period the adrenals 

table 5.8.2.3 Clinical manifestations of adrenal insufficiency

Manifestations Explained by deficiency of

Symptoms

Fatigue, lack of energy/ stamina, 
reduced strength

Glucocorticoids (adrenal androgens)

Anorexia, weight loss (in 
children: failure to thrive)

Glucocorticoids

Abdominal pain, nausea, vomiting 
(more frequent in primary AI)

Mineralocorticoids, glucocorticoids

Myalgia, joint pain Glucocorticoids

Dizziness, postural hypotension Mineralocorticoids

Salt craving (primary AI only) Mineralocorticoids

Dry and itchy skin (in women) Adrenal androgens

Loss/ impairment of libido  
(in women)

Adrenal androgens

Signs

Skin hyperpigmentation  
(primary AI only)

Excess of pro- opiomelanocortin 
(POMC) derived peptides  
(primary AI)

Alabaster- coloured pale skin 
(secondary AI only)

Deficiency of POMC derived peptides 
(secondary AI)

Loss of axillary/ pubic hair  
(in women)

Adrenal androgens

Fever Glucocorticoids

Low blood pressure (systolic RR 
<100 mm Hg), postural hypotension 
(pronounced in primary AI)

Mineralocorticoids, glucocorticoids

Anaemia, lymphocytosis,  
eosinophilia

Glucocorticoids

Serum creatinine ↑  
(primary AI only)

Mineralocorticoids

Hyponatraemia Mineralocorticoids, 
(glucocorticoids = SIADH)

hyperkalaemia (primary AI only) mineralocorticoids

TSH ↑ (primary AI only) Glucocorticoids (or autoimmune 
hypothyroidism)

Hypercalcaemia (primary AI only) Glucocorticoids (rare, mostly 
observed if concurrent 
hyperthyroidism)

Hypoglycaemia Glucocorticoids, (epinephrine 
deficiency?) (more frequent in children)

SIADH, syndrome of inappropriate antidiuretic hormone secretion; TSH, thyroid- 
stimulating hormone.
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will still respond to exogenous ACTH stimulation despite the loss 
of endogenous ACTH drive. When suspecting secondary adrenal 
insufficiency, the insulin tolerance test is an alternative choice for 
diagnostic confirmation, considered by many as the gold standard, 
however it is associated with side effects and requires exclusion of 
cardiovascular disease and history of seizures. Again, hydrocorti-
sone treatment could be initiated, with formal confirmation of the 
diagnosis of secondary adrenal insufficiency once the patient is clin-
ically better and time since a suspected pituitary insult is more than 
4 weeks. Formal confirmation of diagnosis by the short synacthen 
stimulation test should include blood samples for plasma ACTH, 
which will guide the way for further diagnostic assessment, by re-
liably differentiating primary from secondary adrenal insufficiency, 
i.e. adrenal from hypothalamic– pituitary disease (Figure 5.8.2.4).

Possible glucocorticoid deficiency is also indicated by normocytic 
anaemia as sufficient levels of cortisol are required for maturation 
of blood progenitor cells; other blood count changes may include 
lymphocytosis and eosinophilia. Sometimes mild metabolic acid-
osis or hypercalcaemia can be observed in affected patients, the 
latter mostly in the context of coincident hyperthyroidism. Serum 
glucose may be low; however, significant hypoglycaemia as a pre-
senting sign plays a more important role in childhood adrenal in-
sufficiency where it can result in significant brain damage. However, 
in a patient with pre- existing type 1 diabetes onset of recurrent 
hypoglycaemic episodes despite unchanged insulin regimen should 
raise the suspicion of adrenal insufficiency.

Mineralocorticoid deficiency is present in primary adrenal in-
sufficiency only; the renin– angiotensin– aldosterone system in 
patients with hypothalamic– pituitary disease and intact adrenals 
is usually preserved. Mineralocorticoid deficiency is not only re-
flected by the arterial hypotension and deranged potassium and 

sodium but intravascular volume depletion is also indicated by the 
slightly raised creatinine, a common finding in Addison patients. 
Hyponatraemia is observed in about 80% of acute cases while less 
than half present with hyperkalaemia. In the first instance, baseline 
bloods for serum aldosterone and plasma renin should be taken.

Diagnosis of Primary Adrenal Insufficiency

The combined measurement of early morning serum cortisol and 
plasma ACTH separates patients with primary adrenal insufficiency 
from normal subjects and patients with secondary adrenal insuf-
ficiency. Plasma ACTH is usually grossly elevated and invariably 
higher than 22 pmol/ L, with baseline serum cortisol usually below 
the lower end of the reference range (<150 nmol/ L), sometimes also 
in the lower reference range. Establishment of the diagnosis of pri-
mary adrenal insufficiency always depends on the combined meas-
urement of ACTH and cortisol at the same time. Serum aldosterone 
concentrations are subnormal or within the lower normal range 
with plasma renin activity concurrently increased above the normal 
range. In patients with adrenal insufficiency, serum DHEAS is in-
variably low, in women often below the limit of detection.

The impaired ability of the adrenal cortex to respond to ACTH is 
readily demonstrated by the short synacthen test (SST), employing 
serum cortisol measurements before and 30 min after IV injection 
of 250 μg ACTH1– 24 (= synacthen). In some areas, IM injections are 
used and others use a 60 min timepoint for analysing the adequacy 
of the cortisol response. However, there are no studies showing su-
periority of either administration or timepoint; hence, IV injection 
and the 30 min interval are generally preferred, as more convenient 
for the patients. In normal subjects, this leads to a physiological in-
crease in serum cortisol to peak concentrations above 500  nmol/ 
L. In primary adrenal insufficiency, the adrenal cortex is already 

Figure 5.8.2.3 Skin changes observed in primary adrenal insufficiency (Addison’s disease). (a) Panel drawn by Thomas Addison (1855) of a 
patient with Addison’s disease, depicting generalized hyperpigmentation, in particular in areas of increased friction, and patchy vitiligo, indicative of 
autoimmune polyendocrine syndrome. (b) Hyperpigmentation of the palmar creases in a patient with acute primary adrenal insufficiency. (c) Patchy 
hyperpigmentation of the oral mucosa in a patient with acute primary adrenal insufficiency. (See also Plate 30.)
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maximally stimulated by endogenous ACTH, exogenous ACTH ad-
ministration therefore usually does not evoke any further increase 
in serum cortisol.

Adrenal cortex autoantibodies and/ or antibodies against 21- 
hydroxylase are found in more than 80% of patients with recent- 
onset autoimmune adrenalitis. While 21- hydroxylase has been 
identified as the major autoantigen in autoimmune adrenalitis, 
autoantibodies against other steroidogenic enzymes (CYP11A1, 
CYP17A1) and steroid- producing cell antibodies are present in 
a lower percentage of patients. Measurement of autoantibodies is 
particularly helpful in patients with isolated primary adrenal in-
sufficiency and no family history of autoimmune disease. In APS 
2, autoimmune adrenalitis may be associated with autoimmune 
thyroid disease or type 1 diabetes and screening for concomitant 

disease should involve measurements of thyrotropin and fasting 
glucose but not of other organ- related antibodies. (For a state- of- 
the- art review of adrenal insufficiency in the context of APS, please 
see reference [17]).

In male patients with isolated primary adrenal insufficiency 
without unequivocal evidence of autoimmune adrenalitis, serum 
very long chain fatty acids (chain length of 24 carbons and more; 
C26, C26/ C22, and C24/ C22 ratios) should be measured to exclude 
adrenoleukodystrophy/ adrenomyeloneuropathy.

Diagnosis of Secondary Adrenal Insufficiency

Baseline hormone measurements only poorly separate patients with 
secondary adrenal insufficiency from normal subjects. However, a 
morning cortisol below 100 nmol/ L indicates adrenal insufficiency, 

Clinical suspicion of
adrenal insufficiency

in a previously healthy individual

Short
synacthen test

(SST)

Diagnosis of adrenal insufficiency
in a previously healthy adult

(Cortisol after ACTH <500 nmol/l)

Plasma ACTH ↑↑↑

Primary adrenal insufficiency

Plasma renin ↑↑, serum 
Aldosterone ↓↓ , Serum DHEAS ↓↓) 

Adrenal autoantibodies
Hyper-or hypothyrodism

(TSH, fT4)? vitiligo?
Premature ovarian failure?

Autoimmune
adrenalitis;

autoimmune
polyglandular

syndrome (APS)

Adrenal infection
(tuberculosis),

Infiltration
(e.g. lymphoma),

haemorrhage

Autoimmune
adrenalitis most
likely diagnosis

Arrange for adrenal
imaging (CT, MRI)

Pituitary
mass lesion

(tumour,
infiltration,
apoplexy?)

Chest X-ray;
in males: plasma
very long chain

fatty acids

History of
exogenous
glucocorticoid
treatment?
History of
head trauma?
Consider
isolated ACTH
deficiency

Arrange for MRI pituitary;
measure prolactin, TSH, fT4, IGF-1,
men: LH + Testosterone; women:
menstrual cycle? If postmen: LH

Secondary adrenal insufficiency
(Plasma renin →, serum,

aldosterone →, Serum DHEAS ↓)

Plasma ACTH ↓ or →

Positive

Positive

Positive

Negative

Negative Negative

Full blood counts, serum sodium,
potassium, creatinine, urea

Figure 5.8.2.4 Flowchart outlining the steps to be taken for the diagnostic management of adults with newly diagnosed adrenal insufficiency. 
DHEAS, dehydroepiandrosterone sulphate ester; IGF- 1, insulin- like growth factor 1; LH, luteinizing hormone; TSH, thyroid- stimulating hormone.



5.8.2 Management of Adrenal Insufficiency 921

whereas a serum cortisol greater than 500  mmol/ L is consistent 
with an intact HPA axis, unless the patient is clinically severely un-
well and treated in the ICU. Thus, in most cases, dynamic tests of 
the HPA axis are required to establish the diagnosis of secondary 
adrenal insufficiency.

In addition to the widely used SST, the insulin tolerance test (ITT) 
is still regarded as a ‘gold standard’ in the evaluation of suspected 
secondary adrenal insufficiency, as hypoglycaemia (blood glucose 
<2.2 mmol/ L) is a powerful stressor resulting in rapid activation of 
the HPA axis. An intact HPA axis is demonstrated by a peak cor-
tisol above 500 nmol/ L at any time during the test. The occasional 
patient will pass the ITT while exhibiting clinical evidence for ad-
renal insufficiency responding to hydrocortisone substitution and 
a higher cut- off value (550 nmol/ L) may help to reduce misclassifi-
cation. During ITT close supervision is mandatory and cardiovas-
cular disease and history of seizures represent contraindications.

Another test for the diagnosis of secondary adrenal insuffi-
ciency, which is no longer widely used, is the overnight metyrapone 
test (30 mg metyrapone/ kg (maximum 3 g) with a snack at mid-
night). Metyrapone inhibits the adrenal 11β- hydroxylase enzyme 
CYP11B1, thereby blocking the conversion of 11- deoxycortisol 
to cortisol. In normal subjects, HPA feedback activation will in-
crease serum 11- deoxycortisol, while serum cortisol remains less 
than 230 nmol/ L. In patients with secondary adrenal insufficiency, 
11- deoxycortisol does not exceed 200  nmol/ L at 8.00 hours after 
metyrapone. Shortcomings of the test are limited availability of reli-
able 11- deoxycortisol assays and of the drug itself, which cannot be 
obtained in all countries though it is readily available in the United 
Kingdom. As metyrapone may precipitate adrenal crisis in severe 
cortisol deficiency, a morning cortisol above 200 nmol/ L should be 
documented prior to performing the test on an outpatient basis.

As both the ITT and the metyrapone test pose a significant 
burden to patients and physicians, there have been continuing ef-
forts to replace these tests by more convenient tools. Sustained sec-
ondary adrenal insufficiency leads to adrenal atrophy and also to 
reduced adrenal ACTH receptor expression, as ACTH up- regulates 
its own receptor. Thus adrenal responsiveness to an acute exogenous 
ACTH challenge is impaired also in secondary adrenal insufficiency 
facilitating the use of the SST for the evaluation of HPA axis in-
tegrity (Figure 5.5.2.4). Several studies have reported excellent 
agreement between peak cortisol values in the short synacthen test 
and the ITT [14] and a definitive study has convincingly demon-
strated the long- term predictive accuracy of the SST [13]. However, 
there is some evidence that some patients with secondary adrenal 
insufficiency will pass the SST while failing the ITT. The use of a 
higher cut- off value for passing the SST may minimize the risk of 
overlooking secondary adrenal insufficiency but this is largely assay 
dependent as different radioimmunoassays and now more widely 
mass spectrometry- based assays have different cut- offs [18] and it is 
now more important than ever to ascertain locally derived reference 
ranges with the cortisol assay used.

There are other tests that have been used in the diagnostic as-
sessment of adrenal insufficiency but their use is not recom-
mended as a routine procedure. As the administration of 250 μg 
1– 24 ACTH represents a massive supraphysiological challenge, 
a low- dose corticotropin test (LDT) employing only 1 μg ACTH 
has been proposed as a more sensitive test for the diagnosis of sec-
ondary adrenal insufficiency. The LDT has been successfully used 

to monitor recovery of adrenal function after withdrawal of oral 
glucocorticoids and to detect subtle impairment of adrenal reserve 
during inhalative steroid therapy. However, the administration of 1 
µg ACTH IV still results in ACTH levels above those required for 
maximum cortisol release. Accordingly, in normal subjects serum 
cortisol concentrations measured 30 min after the ACTH challenge 
do not differ between the 250 μg SST and LDT. Thus it is currently a 
matter of debate whether employing the LDT represents any advan-
tage [19, 20], which would be further offset by handling problems 
due to the necessity of dilution from the commercially available 250 
μg ACTH 1– 24 ampoule and due to the potential binding of ACTH 
to the surface of injection devices.

CRH has been used to differentiate hypothalamic from pituitary 
disease in secondary adrenal insufficiency. However, CRH stimu-
lation is not of great help in actually diagnosing secondary adrenal 
insufficiency as individual responses to exogenous CRH are highly 
variable and cut- off values or even normal ranges are still not well 
defined.

Finally, a word of caution: none of the tests, including the ITT, 
will classify all patients correctly. Mild secondary adrenal insuffi-
ciency may pass as intact HPA axis and some healthy subjects may 
fail any single test by a small margin. Thus clinical judgement re-
mains important. Persisting symptoms such as fatigue, myalgia, or 
reduced vitality should lead to reassessment.

Special Diagnostic Situations

Adrenal Insufficiency After Pituitary Surgery

Screening for adrenal insufficiency by SST should not be per-
formed immediately after pituitary surgery, but only 4 to 6 weeks 
later, as adrenal atrophy may develop only gradually after onset of 
ACTH deficiency. Until then, patients with a morning cortisol not 
excluding secondary adrenal insufficiency (<450 nmol/ L at 3 days 
and <350 nmol/ L at 7 days after surgery, with cut- offs varying ac-
cording to locally used cortisol assays) should receive hydrocorti-
sone replacement paused 24 h prior to scheduled adrenal function 
testing. The impairment of other hormonal axes after pituitary sur-
gery increases the likelihood of ACTH deficiency, whereas isolated 
corticotropin deficiency is uncommon.

Adrenal Insufficiency in critically Ill Patients

In critically ill patients, the corticotropic axis is markedly acti-
vated [21, 22]. Moreover, patients in intensive care units are less 
sensitive to dexamethasone suppression and achieve higher peak 
ACTH and cortisol concentrations after CRH. In addition, patients 
with critical illness show relatively low serum aldosterone levels 
with concurrently elevated plasma renin activity. Cortisol concen-
trations correlate with illness- severity scores and are highest in 
patients with the highest mortality. On the other hand, cytokine 
activation may induce relative secondary adrenal insufficiency in 
some patients with severe illness, thus putting them at risk of dying 
from adrenal crisis. Chronic inhibition of cortisol production by 
etomidate has been associated with increased mortality in inten-
sive care unit patients. Unfortunately, no consensus exists how to 
diagnose adrenal insufficiency in critically ill patients. In patients 
with primary adrenal insufficiency or severe secondary adrenal 
insufficiency the SST will establish the diagnosis by demonstrating 
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a low baseline cortisol (<150 nmol/ L) not responding to cortico-
tropin (peak cortisol <500 nmol/ L). However, it has been suggested 
that ‘relative’ adrenal insufficiency may be present in a number 
of critically ill patients, characterized by a poor cortisol response 
(increment <248 nmol/ L) to ACTH despite normal baseline cor-
tisol. These patients often present with catecholamine- dependent 
hypodynamic shock responding to hydrocortisone administra-
tion. One study has reported decreased mortality in patients with 
septic shock and abnormal cortisol response in the SST (incre-
ment <248 nmol/ L) after treatment with hydrocortisone [23] but 
a prospective study did not support this finding [24]. At present it 
seems prudent to collect a random sample of serum cortisol and 
plasma ACTH in critically ill patients with suspected adrenal in-
sufficiency followed by immediate hydrocortisone administration. 
Depending on the results of these hormone determinations (it is 
agreed that serum cortisol >700 nmol/ L rules out adrenal insuffi-
ciency) hydrocortisone therapy is terminated or a more detailed 
evaluation employing the SST is performed. For more details, 
please review the recently published, updated consensus state-
ment of the American and European critical care societies [25].

Imaging Requirements in Adrenal Insufficiency

If there is no coexisting autoimmune disease and adrenal and 
steroid autoantibodies are negative, imaging of the adrenals, prefer-
ably by computed tomography (CT), is warranted (Figure 5.8.2.4). 
Tuberculosis should be considered, which is frequent in developing 
countries and, therefore, also in migrant populations. Chest radi-
ography is helpful and imaging of the adrenals typically shows 
hyperplastic organs in the early phase and spotty calcifications in 
the late phase of tuberculous adrenalitis. Much rarer causes are 
bilateral infiltration by bilateral primary adrenal lymphoma, (pre-
dominantly lung cancer) metastases [26, 27], sarcoidosis, haemo-
chromatosis, or amyloidosis. Bilateral adrenal haemorrhage is 
usually only seen during septic shock or in very rare instances in 
primary antiphospholipid syndrome [28]. In male patients with iso-
lated Addison’s and negative autoantibodies, imaging should be pre-
ceded by measurement of plasma very long chain fatty acids to safely 
exclude X- linked adrenoleukodystrophy which affects 1 in 20 000 
males [29]. ABCD1 gene mutations encoding for the peroxisomal 
ALD protein involved in cross- membrane transport manifest in 
50% of cases in early childhood and primarily with central nervous 
system (CNS) symptoms. However, the adrenomyeloneuropathy 
variant, accounting for 35% of cases, can manifest with adrenal in-
sufficiency prior to the development of spinal paraparesis during 
early adulthood [29].

If ACTH is inappropriately low in the presence of cortisol de-
ficiency, imaging of the hypothalamic– pituitary region by MRI is 
the first diagnostic measure that should be arranged for, alongside 
an endocrine pituitary baseline profile (Figure 5.8.2.4). Pituitary 
adenomas are most common, craniopharyngiomas are much 
rarer and may present at any age; very rare causes include men-
ingioma, metastases, and infiltration by sarcoidosis, Langerhans’ 
cell histiocytosis, or other granulomatous disease. Careful history- 
taking should ask for previous head trauma [30, 31], surgery, radio-
therapy, and for clinical indicators of pituitary apoplexy [32], i.e. the 

sudden onset of high- impact headache [33]. The latter may occur 
spontaneously in larger pituitary adenomas or may result from 
sudden hypocirculation during surgery or as a consequence of com-
plicated deliveries with significant blood loss, the classical cause of 
Sheehan’s syndrome. Lymphocytic hypophysitis of autoimmune 
origin [34] commonly presents with panhypopituitarism including 
diabetes insipidus and a pituitary mass effect. However, it may pre-
sent with isolated ACTH deficiency, in some cases coinciding with 
autoimmune thyroid disease [35, 36].

Importantly, the most obvious should not be forgotten—  sup-
pression of the hypothalamic– pituitary axis by exogenous gluco-
corticoid treatment. This should always be excluded, considering 
not only oral steroid intake but also glucocorticoid inhalers, creams, 
or intra- articular injections.

treatment of Adrenal Insufficiency

Glucocorticoid Replacement

A patient with suspected acute adrenal insufficiency needs imme-
diate therapeutic attention. Symptoms such as fatigue and weight 
are non- specific; more specific signs and symptoms, and therefore 
more suggestive of adrenal insufficiency include generalized hyper-
pigmentation including patchy hyperpigmentation of the oral 
mucosa (sometimes the only visible hyperpigmentation in dark- 
skinned individuals) and the presence of severe hypovolaemic 
hypotension. If peripheral veins are collapsed, a central line for 
IV fluid resuscitation may be required, administered at an initial 
rate of 1 L/ h and with continuous cardiac monitoring. In addition, 
hydrocortisone replacement should be immediately commenced 
upon suspicion of acute adrenal insufficiency, by intravenous bolus 
injection of 100 mg hydrocortisone followed by continuous infu-
sion of 200 mg hydrocortisone per 24 h [37]. Mineralocorticoid 
replacement does not need to be added in the acute setting as long 
as the total daily hydrocortisone dose is greater than 50 mg, as such 
a dose will ensure sufficient mineralocorticoid receptor activation 
by cortisol.

Chronic glucocorticoid replacement requires additional consid-
erations. Physiological daily cortisol production rates vary between 
5 and 10 mg/ m2 [38], which is equivalent to the oral administra-
tion of 15 to 25 mg hydrocortisone (i.e. cortisol). After oral inges-
tion cortisol produces highly variable peak concentrations within 
the supraphysiological range followed by a rapid decline to below 
100  nmol/ L 5 to 7 h after ingestion (Figure 5.8.2.5). It is recom-
mended to administer hydrocortisone in two to three divided doses 
(e.g. 15 mg in the morning upon awakening followed by 5 mg 6 
h later, or 10 mg upon awakening followed by 5 mg 4 h and 8 h 
later). It is important to let the patient experiment with different 
timings to find the most suitable regimen for their individual needs. 
Importantly, patients who work shifts have to adjust the timing of 
the glucocorticoid doses to their working times and consequent 
sleep– wake cycle. Whether a thrice daily glucocorticoid regimen 
should be preferred over twice daily administration is not clear as 
well- designed and appropriately powered studies are lacking. As 
Figure 5.8.2.5 illustrates, neither of the two regimens will be able 
to achieve cortisol availability similar to that of physiological di-
urnal secretion. Some groups advocate weight- related dosing [39] 
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and this appears to generate a smoother pharmacokinetic profile 
but data demonstrating superiority of such a regimen are lacking. 
However, body surface area adjusted glucocorticoid dosing is com-
monly used for guiding glucocorticoid replacement in children.

The oral administration of currently available cortisol preparations 
is not able to mimic the physiological pattern of cortisol secretion, 
which follows a distinct circadian rhythm. Physiologically, cortisol 
secretion begins to rise between 02.00 and 04.00 hours, peaks within 
an hour of waking and then declines gradually to low levels during 
the evening and nadir levels at and after midnight [40]. There is evi-
dence for a diurnal variability in glucocorticoid sensitivity. Plat et al. 
[41] have demonstrated that a more unfavourable metabolic response 
occurs to evening administration of glucocorticoids. Also, high levels 
of glucocorticoids may disrupt sleep, thus late evening hydrocorti-
sone administration should be avoided; sleep disturbances contrib-
uting to increased fatigue are a common feature in chronic adrenal 
insufficiency [42, 43]. The delivery of cortisol by intravenous infusion 
[44] or subcutaneous pump [45] can closely mirror diurnal secretion, 
but these administration modes are obviously not suited for routine 
delivery. Recently developed modified and delayed release hydrocor-
tisone preparations mimicking physiological cortisol secretion repre-
sent a very promising therapeutic approach [46, 47].

Cortisone acetate requires intrahepatic activation to cortisol by 
HSD11B1, which contributes to a higher pharmacokinetic vari-
ability compared to hydrocortisone; 25 mg cortisone acetate are 
equivalent to 15 mg hydrocortisone [48,  49]. Long- acting gluco-
corticoids are also used for replacement (e.g. in 20% of respond-
ents to the 2002 survey of the North American Addison Disease 
Foundation). Some countries do not have access to hydrocortisone 
or cortisone acetate and therefore have to resort to long- acting syn-
thetic glucocorticoids. However, prednisolone and dexamethasone 
have considerably longer biological half- lives, likely to result in 
unfavourably high night- time glucocorticoid activity with poten-
tially detrimental effects on insulin sensitivity and bone mineral 
density [50]. In addition, available preparations offer limited op-
tions for dose titration. Therefore, synthetic glucocorticoids should 
generally be avoided in the replacement therapy for adrenal insuf-
ficiency; the only exception are patients with concurrent insulin- 
dependent diabetes in whom the use of longer- acting prednisolone 
may help to avoid the peaks and troughs of hydrocortisone pharma-
cokinetics and thus also subsequent rapid changes in glucose con-
trol. For clinical purposes, one can assume equipotency to 1 mg 

hydrocortisone for 1.6 mg cortisone acetate, 0.2 mg prednisolone, 
0.25 mg prednisone, and 0.025 mg dexamethasone, respectively. 
While equipotency doses of hydrocortisone and cortisone acetate 
are based on pharmacokinetic studies [48, 49], suggested doses for 
synthetic steroids are based on estimates from very old studies com-
paring the relative anti- inflammatory properties of various gluco-
corticoids based on rodent in vivo experiments.

Recent work has highlighted the potential of modified and de-
layed release hydrocortisone in delivering cortisol to mimic its 
physiological, diurnal secretion pattern in patients with congenital 
adrenal hyperplasia [50], with the outcomes of a phase 3 study cur-
rently awaited. Another hydrocortisone preparation, which is al-
ready approved by regulators, offers delayed release, which might 
be a good option in particular for elderly patients with secondary 
and partial adrenal insufficiency, who could then rely on the intake 
of a single glucocorticoid morning dose; however, current studies 
have been undertaken exclusively in primary rather than secondary 
adrenal insufficiency patients [51, 52]. Another option for modified 
hydrocortisone delivery to yield physiological, diurnal cortisol de-
livery is subcutaneous hydrocortisone administration via pump, for 
which encouraging results have been described [53, 54]. This option 
is particularly suitable for patients with impaired gastrointestinal 
absorption of hydrocortisone, but obviously require much more in-
tense monitoring than oral hydrocortisone replacement.

Monitoring of glucocorticoid replacement is mainly based on clin-
ical grounds as a reliable biomarker for glucocorticoid activity has yet 
to be identified (Table 5.8.2.4). Plasma ACTH cannot be used as a cri-
terion for glucocorticoid dose adjustment. In primary adrenal insuffi-
ciency, ACTH is invariably high before the morning dose and rapidly 
declines with increasing cortisol levels after glucocorticoid ingestion 
[55, 56] (Figure 5.8.2.6a). Therefore, aiming at ACTH levels within 
the normal range would result in overreplacement. In secondary 
adrenal insufficiency, plasma ACTH is anyway low and thus not in-
formative. Urinary 24- h free cortisol excretion has been advocated 
for monitoring of replacement quality by some [57]. However, after 
exogenous glucocorticoid administration, urinary cortisol excretion 
shows considerable interindividual variability. Also, following gluco-
corticoid absorption by the gut, CBG is rapidly saturated, resulting in 
transient but pronounced increases in renal cortisol excretion. Thus, 
one cannot refer to normal ranges for healthy subjects when judging 
urinary cortisol excretion during replacement therapy for adrenal in-
sufficiency. Some authors have suggested regular measurements of 
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serum cortisol day curves to monitor replacement therapy [57, 58]. 
However, the efficacy of this approach is not supported by data that 
indicate a poor correlation between clinical assessment and cortisol 
levels [59]. Timed serum cortisol measurements can be of some 
value in selected patients (e.g. in case of suspected non- compliance 
or gastrointestinal malabsorption); however, random serum cortisol 
measurements without information on the timing of the hydrocor-
tisone dose intake and without referring to a locally generated time 
course reference range are not informative.

Thus, in the absence of objective parameters, the physician has  
to rely primarily on clinical judgement, carefully taking into account 
signs and symptoms potentially suggestive of glucocorticoid over-   

or under- replacement, recognizing their relative lack of specifi-
city. Glucocorticoid under- replacement bears the risk of incipient 
crisis and significant impairment of well- being. Conversely, chronic 
overreplacement may lead to substantial morbidity including im-
paired glucose tolerance, obesity, and osteoporosis. An increased 
incidence of osteoporosis has only been reported in patients re-
ceiving daily replacement doses of 30 mg hydrocortisone or higher 
[60– 62] or 7.5 mg prednisone [60] whereas appropriate replace-
ment doses of 15– 25 mg hydrocortisone do not affect bone mineral 
density [59,  63]. Therefore, bone mineral density measurements 
are not routinely required in patients with adrenal insufficiency re-
ceiving recommended glucocorticoid replacement doses.

table 5.8.2.4 Treatment and monitoring in chronic adrenal insufficiency

Chronic adrenal insufficiency

Glucocorticoid replacement Primary adrenal insufficiency: 20– 25 mg hydrocortisone per 24 h

Secondary adrenal insufficiency: 15– 20 mg hydrocortisone per 24 h; if borderline fail in cosyntropin test consider 10 mg or stress 
dose cover only

Administer in 2– 3 divided doses with two- thirds and half of the dose, respectively, administered immediately after awakening

Monitoring:
 • Check body weight, calculate body mass index
 • Check for signs of under- replacement (weight loss, fatigue, nausea, myalgia, lack of energy)
 • Check for signs of overreplacement (weight gain, central obesity, stretch marks, osteopenia/ osteoporosis, impaired glucose 

tolerance, hypertension)
 • Take a detailed account of stress- related glucocorticoid dose self- adjustments since last visit, potential adverse events including 

emergency treatment and/ or hospitalization

Mineralocorticoid 
replacement

Only required in primary adrenal insufficiency

Not required as long as hydrocortisone dose >50 mg per 24 h

Start on 100 μg fludrocortisone (doses vary between 50 and 250 μg per 24 h) administered as a single dose in the morning 
immediately after waking up

Monitoring:
 • Blood pressure sitting and erect (postural drop ≥15 mm Hg indicative of under- replacement, high blood pressure may indicate 

overreplacement)
 • Check for peripheral oedema (indicative of overreplacement)
 • Check serum sodium and potassium
 • Check plasma renin activity (annually, upon clinical suspicion of over-  and under- replacement and after significant changes in the 

hydrocortisone dose (40 mg hydrocortisone = 100 μg fludrocortisone)

Adrenal androgen 
replacement

Consider in patients with impaired well- being and mood despite apparently optimized glucocorticoid and mineralocorticoid 
replacement and in women with symptoms and signs of androgen deficiency (dry, itchy skin; reduced libido)

DHEA 25– 50 mg as a single morning dose

If no perceived benefit after 6 months, consider stopping

Monitoring:
 • In women, serum testosterone and SHBG (to calculate free androgen index)
 • In people on DHEA replacement, serum DHEAS and androstenedione levels
 • Blood should be sampled at steady state, i.e. ideally 24 h after the preceding DHEA dose

Additional monitoring 
requirements

Regular follow- up in specialist centre every 6– 12 months

In primary adrenal insufficiency of autoimmune origin (isolated Addison or autoimmune polyendocrine syndrome)
serum TSH every 12 months

In female patients: check regularity of menstrual cycle, consider measurement of ovarian autoantibodies if family planning not 
finalized

Check emergency bracelet/ steroid card, update as required

Check knowledge of ‘sick day rules’ and reinforce emergency guidelines involving partner/ family members

Consider prescription of a hydrocortisone emergency self- injection kit, in particular if delayed access to acute medical care is likely 
(rural areas, travel)

Check if other medication includes drugs known to induce (e.g. rifampicin, mitotane, anticonvulsants such as phenytoin, 
carbamazepine, oxcarbazepine, phenobarbital, topiramate) or inhibit (e.g. antiretroviral agents) hepatic cortisol inactivation by 
CYP3A4, which may require glucocorticoid dose adjustment

DHEA, dehydroepiandrosterone; SHBG, sex hormone- binding hormone; TSH, thyroid- stimulating hormone.
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Mineralocorticoid Replacement

Patients with primary adrenal insufficiency require mineralocor-
ticoid replacement, which usually consists of the oral administra-
tion of 9α- fludrocortisone; fluorination at the 9α position ensures 
selective binding to the MR and thus exclusive mineralocorticoid 
action. By contrast, cortisol binds with equal affinity to both the 
GR and MR. However, excessive MR binding of cortisol in the 
kidney is prevented by 11β- hydroxysteroid dehydrogenase type 
2, which inactivates cortisol to cortisone. Oelkers has coined the 
term ‘mineralocorticoid unit’ (MCU), determining that 100 MCU 
are equivalent to 100 μg fludrocortisone and 40 mg hydrocortisone, 
respectively [64]. By contrast, prednisolone exerts only reduced 
mineralocorticoid activity and dexamethasone none at all; there-
fore, patients treated with synthetic glucocorticoids need particu-
larly careful monitoring of their mineralocorticoid replacement 
requirements.

In the newly diagnosed patient, mineralocorticoid replacement 
should be initiated at 100 μg once daily; optimized doses may vary 
between 50 and 250 μg. Children, in particular neonates and in-
fants, have considerably higher mineralocorticoid dose require-
ments and often need additional salt supplementation. However, 
also among adults there is a good degree of interindividual vari-
ability. A high dietary salt intake may slightly reduce mineralocor-
ticoid requirements. An important additional factor is temperature 
and humidity (e.g. individuals living in Mediterranean summer 
or tropical climates will require a 50% increase in fludrocortisone 
dose due to increased salt loss through perspiration). Monitoring 
(Table 5.8.2.4) includes supine and erect blood pressure and serum 
sodium and potassium; plasma renin activity should be checked 
regularly, aiming at the upper normal range [64]. If essential hyper-
tension develops, mineralocorticoid dose may be slightly reduced, 
accompanied by monitoring of serum sodium and potassium, but 
complete cessation of mineralocorticoid replacement should be 

avoided. It is important to recognize that plasma renin physiolo-
gically increases during pregnancy; therefore, monitoring in preg-
nancy should not rely on renin measurement, but comprise blood 
pressure, serum sodium and potassium, and, if required, urinary so-
dium excretion. During the last term of pregnancy fludrocortisone 
dose may require adjustment, also due to increased progesterone 
levels exerting antimineralocorticoid activity [65].

Prevention of Adrenal crisis

Risk of adrenal crisis is higher in primary adrenal insufficiency 
and several factors such as coincident APS or age have been sug-
gested as additional modifiers [2, 66]. Many crises are due to gluco-
corticoid dose reduction or lack of stress- related glucocorticoid 
dose adjustment by patients or general practitioners [3] . A survey 
in 526 patients found that 42% of patients (47% in primary adrenal 
insufficiency, 35% in secondary adrenal insufficiency) had experi-
enced at least one adrenal crisis during the course of their disease. 
Precipitating causes were mainly gastrointestinal infections and 
fever but also several other causes, including major pain, surgery, 
psychological distress, heat, and pregnancy. This was corrobor-
ated by data from a large patient survey (n  =  841) [67] that also 
highlighted gastrointestinal infections as the single most important 
cause of crisis. Importantly, a prospective study in 423 patients with 
primary and secondary adrenal insufficiency, respectively, showed a 
high incidence of adrenal crises, occurring at a rate of 8.3 crises and 
0.5 deaths per 100 patient- years [68]. Thus, adrenal crisis is a pre-
dictable and frequent, but still undermanaged event that regularly 
leads to loss of life [69]. Crisis prevention and better education of 
patients and healthcare professionals is a key strategy that needs to 
be pursued to avoid morbidity and mortality. Currently, prompt ini-
tiation of glucocorticoid therapy is delayed in nearly half of adrenal 
insufficiency experiencing an adrenal crisis [70].

All patients and their partners should receive regular crisis pre-
vention training, including verification of steroid emergency card/ 
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bracelet and instruction on stress- related glucocorticoid dose ad-
justment (Table 5.8.2.4). Generally, hydrocortisone should be 
doubled during intercurrent illness, such as a respiratory infection 
with fever, until clinical recovery. Gastrointestinal infections, a fre-
quent cause of crisis, may require parenteral hydrocortisone ad-
ministration,. Preferably all patients, but at least patients travelling 
or living in areas with limited access to acute medical care should 
receive a hydrocortisone emergency self- injection kit (e.g. 100 mg 
for IM injection). In case of serious illness and trauma, major sur-
gery, or if intensive care unit treatment is required, patients should 
receive major stress dose cover with an immediate bolus injection 
of 100 mg hydrocortisone, followed by 200 mg hydrocortisone per 
24 h via perfuser; if IV access is lost, patients should receive 50 mg 
hydrocortisone per intramuscular injection immediately and every 
6 hours until IV access is re- established [37, 71]. This recommen-
dation is based on recently published experimental evidence [72] 
that has clarified the exact dose requirements for the prevention of 
adrenal crisis for the first time since the seminal observation that 
glucocorticoid replacement needs to be increased during periods 
of major stress to avoid adrenal crisis and death [73]. Recent 
work has also highlighted the feasibility of subcutaneous hydro-
cortisone emergency injections [74], albeit pharmacokinetic data 
were obtained in unstressed adrenal insufficiency patients, while 
in impending shock subcutaneous might be hypoperfused, pos-
sibly preventing good uptake of hydrocortisone; however, sub-
cutaneous self- administration would certainly be better than no 
self- administration of hydrocortisone at all. The development of a 
‘Corti- Pen’ (as an Epi- Pen equivalent for adrenal insufficiency) or 
similar easy- to- use devices or delivery modes for hydrocortisone 
self- administration would certainly be game changing, but are still 
awaited.

DHeA Replacement

The introduction of DHEA, the third major steroid produced by 
the adrenal gland, into the replacement regimen for adrenal insuf-
ficiency [75] represents a major advance, in particular for women 
who are invariably androgen deficient [75,  76]. DHEA has been 
shown to significantly enhance well- being, mood, and subjective 
health status in women with primary and secondary adrenal insuf-
ficiency [75, 77– 80] and also recently in children and adolescents 
with adrenal failure [81]. Similar effects have been described for tes-
tosterone replacement in hypopituitarism [82], however, no study 
has yet directly compared DHEA to testosterone. In addition to 
acting as an androgen precursor, DHEA has neurosteroidal prop-
erties, exerting a primarily antidepressive effect, and also shows 
immunomodulatory properties [83]. Of note, DHEA has been 
shown to exert beneficial effects on subjective health status and en-
ergy levels not only in women but also in men with primary adrenal 
insufficiency [78, 79] including significant beneficial effects on bone 
mineral density and truncal lean mass [78].

Currently, DHEA replacement is hampered by the lack of 
pharmaceutically controlled preparations, with questionable 
quality and content of several over- the- counter preparations [84]. 
At present, DHEA should be reserved for patients with adrenal 
insufficiency suffering from significant impairment in well- being 
despite otherwise optimized replacement, in particular women 
with signs of androgen deficiency such as dry and itchy skin and 
loss of libido. DHEA should be taken as a single dose (25– 50 mg) 

in the morning. Treatment monitoring (Table 5.8.2.4) should in-
clude blood sampling 24 h after the last preceding morning dose 
for measurement of serum DHEAS (in women also androstene-
dione, testosterone, sex hormone- binding hormone) aiming at the 
middle normal range for healthy young subjects. I usually start pa-
tients on 25 mg and increase to 50 mg after 2 to 4 weeks, advising 
them to halve the dose if androgenic skin side effects (greasy skin, 
spots) persist for more than a week. Transdermal testosterone rep-
resents an alternative androgen replacement tool in women with 
adrenal failure.

Special therapeutic Situations Impacting on 
corticosteroid Replacement

Thyroid Dysfunction

Hyperthyroidism results in increased cortisol metabolism and 
clearance and hypothyroidism the converse, principally due to an 
effect of thyroid hormone upon hepatic 11β- HSD1 and 5α/ 5β- 
reductases. Insulin- like growth factor 1 (IGF- 1) increases cortisol 
clearance by inhibiting hepatic HSD11B1 (conversion of cortisone 
to cortisol). In patients with adrenal insufficiency and unresolved 
hyperthyroidism, glucocorticoid replacement should be doubled to 
tripled. To avoid adrenal crisis, thyroxine replacement for hypothy-
roidism should only be initiated after concomitant glucocorticoid 
deficiency has either been excluded or treated. Obviously overt 
endogenous hyperthyroidism will also increase hydrocortisone 
metabolism (Figure 5.8.2.6b). Therefore, the initiation of gluco-
corticoid replacement in patients with newly diagnosed hypopituit-
arism should always precede the initiation of thyroxine replacement 
as the reverse might precipitate adrenal crisis.

Pregnancy

Pregnancy is physiologically associated with a gradual increase 
in CBG and during the last term of pregnancy also with an in-
crease in free cortisol. In addition, serum progesterone increases, 
exerting antimineralocorticoid action. Therefore, during the 
third trimester, hydrocortisone replacement should be increased 
by 50%. Plasma renin activity cannot serve as a monitoring tool 
because it physiologically increases during pregnancy. Peripartal 
hydrocortisone replacement should follow the requirements for 
major surgery, with 100 mg hydrocortisone per bolus injection at 
the onset of active labour, followed by administration of 200 mg 
hydrocortisone per 24 h [37]. After delivery, the dose can be im-
mediately tapered back to normal replacement doses, unless there 
are clinical complications.

Concomitant Drug Therapy and Interactions

When deciding on the glucocorticoid dose, it is important to con-
sider concurrent medication, in particular drugs known to increase 
hepatic glucocorticoid metabolism by CYP3A4 induction, which re-
sults in increased 6β- hydroxylation and hence cortisol inactivation 
[3, 4]. 6β- hydroxylation by CYP3A4 is normally a minor pathway 
but cortisol itself induces CYP3A4 so that 6β- hydroxycortisol ex-
cretion is markedly increased in patients with Cushing’s syndrome. 
A multitude of drugs are known to induce CYP3A4 (Table 5.8.2.1), 
which require a two-  to threefold increase in glucocorticoid dose. 
Conversely, the intake of drugs inhibiting CYP3A4 would require 
reduction of glucocorticoid replacement dose.
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Of note, treatment of tuberculosis with rifampicin increases 
cortisol clearance but does not influence aldosterone clear-
ance. Thus, glucocorticoid replacement should be doubled 
during rifampicin treatment. Mitotane (o,p′DDD, ortho, para′, 
dichlorodiphenyldichloroethane) decreases bioavailable gluco-
corticoid levels due to an increase in CBG and concurrently en-
hanced glucocorticoid metabolism following induction of CYP3A4. 
During chronic mitotane treatment, e.g. in adrenal carcinoma [85], 
usual glucocorticoid replacement doses should therefore be at least 
tripled.

Quality of Life, Disablement, and Prognosis 
in Adrenal Insufficiency

Studies demonstrate that current standard corticosteroid replace-
ment fails to restore quality of life, which is significantly impaired 
in both patients with primary and secondary adrenal insufficiency 
[42,  86], with no apparent difference between prednisolone and 
hydrocortisone- treated patients [87]. Predominant complaints are 
fatigue, lack of energy, depression, anxiety, and reduced ability to 
cope with daily demands; the degree of impairment is comparable 
to that observed in congestive heart failure and chronic haemo-
dialysis patients [42, 86]. Subjective health status is most reduced 
in younger patients but all age groups are significantly impaired 
[86], a persistent finding even if only analysing patients without 
any comorbidity [86]. This also has a socioeconomic perspective 
as patients with Addison’s disease have a two-  to threefold higher 
likelihood of receiving disablement pensions [42, 86].

In addition, large cohort studies have demonstrated an increased 
mortality not only in patients with secondary adrenal insufficiency 
due to hypopituitarism [88] but also in primary adrenal insuffi-
ciency, i.e. Addison’s disease [89, 90], a finding still valid when the 
influence of comorbidities is excluded. The causes underlying this 
increased mortality remain unclear. However, a recent study dem-
onstrated that patients on conventional, immediate release hydro-
cortisone replacement have considerably impaired natural killer 
cell function [91], an immune cell critically involved in protection 
from respiratory infections. Another study [92, 93] indicated that 
natural killer cell numbers increase after switching adrenal insuf-
ficiency patients from conventional to modified- release hydro-
cortisone. We certainly need to consider the possible impact of 
current replacement regimens on the observed increase in mor-
tality from cardiovascular and cerebrovascular disease and respira-
tory infections.

conclusions

More than 150  years after Thomas Addison first described a dis-
ease characterized by salt wasting and hyperpigmentation as the 
result of adrenal gland destruction [1] , adrenal insufficiency is no 
longer an invariably fatal condition. The landmark achievement of 
the synthesis of cortisone in the late 1940s and its introduction into 
therapy in the early 1950s quickly lead to widespread availability 
of life- saving glucocorticoid replacement therapy. However, while 
initial survival is routinely achieved nowadays, current replace-
ment regimens may not be able to achieve normal quality of life and 

the reliable prevention of adrenal crisis as a cause for the observed 
increased mortality is an important issue. Future research has to 
uncover the causes underlying the increased mortality in adrenal 
insufficiency and should further establish the role of novel gluco-
corticoid replacement modalities to more reliably mimic physio-
logical diurnal cortisol delivery.
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Introduction

Congenital Adrenal Hyperplasia (CAH) represents a group of auto-
somal recessive conditions caused by the deficiency of one of the 
steroidogenic enzymes involved in cortisol biosynthesis or in the elec-
tron donor enzyme P450 oxidoreductase (POR) [1] . Steroidogenic 
enzymes belong to two major groups: cytochrome P450 (CYP) en-
zymes and hydroxysteroid dehydrogenases (HSD). CYP enzymes 
are subdivided in type I  and type II enzymes. Steroidogenic CYP 
type I  enzymes include P450 side- chain cleavage (CYP11A1) and 
11β- hydroxylase (CYP11B1) enzymes. They are localized to the 
mitochondrion where they receive electrons from reduced nico-
tinamide dinucleotide phosphate (NADPH) via ferredoxin reduc-
tase and ferredoxin. Microsomal CYP type II enzymes include 
21- hydroxylase (CYP21A2) and 17α- hydroxylase (CYP17A1) en-
zymes. These enzymes are localized to the endoplasmic reticulum 
and receive electrons from POR [1, 2] (Figure 5.9.1.1).

Commonly, three additional conditions are categorized as CAH. 
Inactivating mutations in the mitochondrial cholesterol transporter 

steroidogenic acute regulatory protein (StAR) cause congenital lipoid 
adrenal hyperplasia (CLAH) compromising all three steroidogenic 
pathways. CLAH is clinically indistinguishable from deficiency of 
CYP11A1 that catalyses the first step in steroidogenesis, the gen-
eration of pregnenolone from cortisol [1, 2]. Aldosterone synthase 
(CYP11B2) is a mitochondrial CYP enzyme facilitating aldosterone 
biosynthesis. CYP11B2 deficiency is associated with isolated aldos-
terone deficiency [3] .

All genes causing CAH are well characterized and mutation 
analysis is widely available (Table 5.9.1.1). An overall strong 
genotype- phenotype correlation exists in these conditions. 
Molecular genetic diagnosis confirms the clinical and biochem-
ical diagnosis and provides important information for clinical 
and genetic counselling.

21- Hydroxylase (cYP21A2) Deficiency

The most common cause of CAH is 21- hydroxylase deficiency 
(21OHD, MIM +201910), accounting for 90– 95% of cases. 21OHD 
is caused by inactivating mutations in the 21- hydroxylase gene 
(CYP21A2, GeneID 1589)  leading to impaired conversion of pro-
gesterone to 11- deoxycorticosterone and 17- hydroxyprogesterone 
(17OHP) to 11- deoxycortisol. Commonly, 21OHD is classified 
into severe classic CAH and the milder non- classic (NC) form. 
Classic CAH is clinically subdivided into simple virilizing (SV) and 
salt- wasting (SW) 21OHD, which both lead to glucocorticoid de-
ficiency. SVCAH is characterized by hyperandrogenism resulting 
in 46,XX DSD and precocious pseudopuberty in both sexes. This 
is also observed in SWCAH, but affected patients present with 
additional severe renal salt loss due to impaired aldosterone syn-
thesis, which leads to life- threatening salt- wasting crisis during 
the first weeks of life. NCCAH manifests later in life with preco-
cious pseudopuberty due to androgen excess, or with clinical fea-
tures resembling polycystic ovary syndrome comprising hirsutism, 
oligomenorrhea and anovulation [4] . In some cases, individuals 
with NCCAH are asymptomatic [2,  5]. Classic 21OHD affects 
about 1 in 9800 to 18 000 live births in most Caucasian popula-
tions [6]. However, the incidence varies depending on ethnicity and 
geographical area, with the highest frequency detected in isolated 
populations such as Yupik Eskimos (1 in 282) and on the island of 
La Reunion (1 in 2100). Significant lower incidences are reported in 
the Japanese (1 in 21 000) and Taiwanese (1 in 28 000) population 
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and in African Americans (1 in 42 000) [6]. NCCAH occurs with 
an estimated prevalence of about 1 in 200 to 1 in 1000 in Caucasian 
populations [7– 10]. However, the incidence of NCCAH varies 
depending on ethnicity and geographical area ranging from 1 in 27 
of Ashkenazi Jews and 1 in 50 to 1 in 100 of Hispanics and Yugoslavs 
(Table 5.9.1.2).

21- Hydroxylase Gene and Gene Locus

The CYP21A2 gene encodes for the microsomal enzyme 21- 
hydroxylase of 495 amino acids. CYP21A2 is localized in the HLA III 
region on the short arm of chromosome 6 (6p21.3), approximately 
30- kilobases apart from its non- functional CYP21A1P pseudo-
gene. The CYP21A2 and CYP21A1P genes share a high nucleotide 
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Figure 5.9.1.1 Genomic organization of genes causing different forms of congenital adrenal hyperplasia. (1) Genes encoding steroidogenic 
Cytochrome P450 type II enzymes: (a) The 21- hydroxylase (CYP21A2) gene consists of 10 exons and it is typically amplified in two overlapping 
fragments. (b) The 17- hydroxylase (CYP17A1) gene consists of 8 exons and different strategies have been employed either amplifying the gene in five 
or in two fragments. (2) Genes encoding steroidogenic Cytochrome P450 type I enzymes: (c) The 11- hydroxylase (CYP11B1) gene consists of 9 exons 
and is usually amplified in three overlapping fragments, although non- overlapping strategies have been described. (d) The P450 side chain cleavage 
(CYP11A1) gene consists of 9 exons and it is usually amplified in small non- overlapping fragments, although different PCR strategies have been 
described. (e) The aldosterone synthase (CYP11B2) gene consists of 9 exons normally amplified in either two overlapping fragments or three non- 
overlapping fragments. (3) Genes encoding hydroxysteroid dehydrogenases: (f ) The hydroxysteroid dehydrogenase type 2 (HSD3B2) gene has 4 exons; 
exon 1 and the 5- prime part of exon 2 are not translated. (4) Gene encoding the electron donor of steroidogenic cytochrome P450 type II: (g) The 
P450 oxidoreductase (POR) gene has 15 translated exons and an untranslated exon (1U). PCR amplification is performed in several small fragments. 
(5) Gene encoding for a cholesterol transporter: (h) The steroid acute regulatory protein (StAR) gene consists of 7 exons commonly amplified in five 
fragments.
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5.9.1 Genetics of Congenital Adrenal Hyperplasia 935

homology, of about 98% and 96% at exon and intron level, and 
consist of 10 exons [6] . Both genes are arranged in tandem repeat 
with the C4A and C4B genes encoding the fourth complement 
factor. The C4/ CYP21A2 unit is flanked by the RP1 (STK19) gene 
on the telomeric side and by the TNXB gene on the centromeric 
side, and their truncated pseudogenes, RP2 and TNXA, forming the 
RCCX module (RP- C4- CYP21- TNX). The highly variable RCCX 
module spans about 30 kb. Most chromosomes harbour two copies 
of the modules with a CYP21A1P pseudogene in the telomeric 
module and a CYP21A2 gene in the centromeric module. However, 
monomodular, trimodular, or even quadrimodular haplotypes have 
been described [11] (Figure 5.9.1.2). The reverse DNA strand from 
the C4 and CYP21A genes encodes for the TNXA and TNXB genes 

with opposite transcriptional orientation. TNXB is a very large gene 
consisting of 43 exons and spans 68.2 kb of DNA encoding the 
extracellular matrix protein, tenascin (TNX). The TNXA pseudo-
gene was truncated during the duplication of the ancestral RCCX 
module. The last exon of TNXA and TNXB is located in the 3- prime 
untranslated region of exon 10 of CYP21A1P and CYP21A2, re-
spectively [11, 12].

Mutations causing 21- Hydroxylase Deficiency

The majority of mutations causing 21OHD are the consequence of 
intergenic recombination within the RCCX module. The high recom-
bination rate in the HLA III region along with the nucleotide identity 
shared across the RCCX locus promote unequal crossing- over and 

Monomodular:

Telomere Centromere

Non-disease-causing RCCX modules(a)

(b) RCCX modules associated with 210HD

RP1
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Figure 5.9.1.2 Organization of the RCCX module at chromosome 6p21. Representative Copy Number Variants at the RCCX locus (a) non- 
disease variants; (b) Configurations associated with 21- hydroxylase deficiency. C4A and C4B: complement component C4A and C4B genes; 
CYP21A1P: steroid 21- hydroxylase pseudogene; CYP21A2: steroid 21- hydroxylase gene; TNXB: tenascin- X gene. TNXA: tenascin- X pseudogene; 
RP1: serine/ threonine kinase 19 gene (other names: STK19); RP2: serine/ threonine kinase 19 pseudogene (other names: STK19P); intron splice, I2G, 
c.293- 13A/ C>G.
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gene conversions between CYP21A2 and its pseudogene. Unequal 
crossing overs with break points outside the CYP21A locus cause de-
letions of the CYP21A2 gene. Chromosomes lacking the CYP21A2 
gene frequently carry a TNXB/ TNXA chimeric gene. Misalignment 
of chromosomes carrying different RCCX copy numbers promote 
unequal crossing overs within the CYP21A locus leading to the for-
mation of CYP21A1P/ CYP21A2 chimeric genes, which have in the 
past been regarded as large gene conversions. Deletions and chi-
meric genes account for approximately 20– 25% of mutant alleles 
in 21OHD [6] . CYP21A2 gene duplications are relatively frequent 
in some populations [8, 13]. The majority of these alleles carrying 
a CYP21A2 gene duplication have a p.Gln318X mutation in the du-
plicated CYP21A2 gene next to the TNXB gene, and a wild- type 
CYP21A2 gene next to the TNXA pseudogene [8] (Figure 5.9.1.2a). 
Such alleles are non- disease- causing.

Approximately 75% of CYP21A2 disease- causing mutations, 
including seven point mutations, a deletion of 8 base pairs in exon 
3 and a cluster of three point mutations in exon 6 originate from 
the transfer of genetic material from the CYP21A1P pseudogene to 
the CYP21A2 gene [6, 11] (Figure 5.9.1.3b). In addition, over 200 
pseudogene- independent mutations are listed in the Human Gene 
Mutation Database (HGMD, http:// www.hgmd.cf.ac.uk; August 
2018) and the Pharmacogene Variation Consortium (https:// www.
pharmvar.org/ gene/ CYP21A2). Most of these rare mutations are 
sporadic. However, due to founder effects increased frequencies 
of some pseudogene- independent mutations are observed in some 
populations [11].

Pseudogene- derived mutations occur with similar frequencies 
in most populations (Table 5.9.1.2) [11]. Deletions and chimeric 
genes along with the splice site mutation in intron 2 (c.293- 13A/ 
C>G) and p.Ile172Asn are the most common mutations in most 
Caucasian populations [1, 14– 19]. The p.Val281Leu is by far the 
most common mutation detected in NCCAH patients [6, 11]. Novel 
or rare mutations account for about 3– 5% of detected mutations in 
large cohorts. The vast majority of these rare mutations has been 
identified in single families or small populations. Approximately 
1– 2% of CYP21A2- inactivating mutations arise de novo [6, 17]. If 
possible, carrier testing should be performed in the parents to con-
firm compound heterozygosity or homozygosity in the index case 
and estimate the reoccurrence risk.

Genotype- Phenotype correlation 
in 21- Hydroxylase Deficiency

Mutation groups have been established based on the basis of the re-
sidual 21- hydroxylase activity of the mutant proteins as observed in 
vitro (Figure 5.9.1.3c). CYP21A2 deficiency is an autosomal reces-
sive condition. About 65– 75% of the CAH patients are compound 
heterozygous (e.g. they are affected), but carry different mutations 
on each chromosome. The clinical phenotype of CAH correlates 
well with the less severely mutated allele, and consequently with 
the allele encoding for the higher residual in vitro activity of 21- 
hydroxylase. This has major implications for genetic counselling in 
patients with NCCAH. If a patient with NCCAH is compound het-
erozygous for a mild and a severe mutation, the risk of having a child 
with classic CAH increases significantly to about 1 in 400 (1/ 50 × 1/ 
2 × 1/ 4), assuming a heterozygous rate of 1/ 50 for classic mutations 
in the general population. The correlation with glucocorticoid and 

mineralocorticoid deficiency is strong (Figure 5.9.1.3c). However, 
divergence between genotype and phenotype occurs in some cases. 
Although a trend exists, the correlation between the genotype and 
degree of 46,XX DSD classified assessed by Prader genital stage is 
less pronounced (Figure 5.9.1.3c). This implies the importance of 
factors modifying clinical androgen effects. Several potential modi-
fiers have been studied. However, no analysed candidate has suffi-
ciently explained the phenotypic variability in 21OHD. Long- term 
health outcomes in adults do not necessarily show a good correl-
ation with the genotype [20]. However, girls and women with CAH 
with more severe genotypes appear to have an increased risk for 
psychiatric disorders [21].

CYP21A2 gene deletions extending into TNXB lead to a con-
tiguous gene syndrome consisting of CAH and Ehlers– Danlos syn-
drome, which is rarely observed in patients with severe SWCAH. Up 
to 10% of patients with SWCAH show haploinsufficiency of TNX 
and heterozygosity for TNXB mutations. This extended phenotype 
has been termed as CAH- X syndrome. CAH- X is associated with 
joint hypermobility, chronic arthralgia, joint subluxations, hernias, 
and cardiac defects [12]. Further investigations in patients with 
CAH- X should be considered.

Novel insights into the underlying molecular pathology have been 
gained by the analysis of the CYP21A2 protein crystal structure. 
Null and A mutations commonly disrupt haeme-  and/ or substrate- 
binding domains, the anchoring of the protein to the membrane, or 
impair protein stability. Mutations categorized as group B partially 
impair membrane anchoring or affect conserved hydrophobic clus-
ters within the protein. Milder mutation (group C) results in less se-
vere alterations, often interfering with electron transfer from POR, 
salt- bridge and hydrogen- bonding networks, and non- conserved 
hydrophobic clusters [22].

Molecular Genetic testing for CYP21A2 Gene Mutations

Southern blot analysis has been the gold standard for the detection of 
CYP21A2 gene deletions and CYP21A1P/ CYP21A2 chimeric genes. 
However, Southern Blot analysis requires relatively large amounts of 
high- quality DNA, is labour intensive and time consuming. In add-
ition, CYP21A1P duplications and certain rare rearrangements at 
this locus may impede the detection of CYP21A2 gene deletions or 
duplications [6, 11]. Several approaches for gene dosage detection 
have been developed to overcome the disadvantages of Southern 
Blot analysis [6] . The most widely used approach in current practice 
is multiplex ligation- dependent probe amplification (MLPA). MPLA 
requires only small amounts of DNA for detection of gene deletions, 
rearrangements and fusion genes [13, 23– 25].

The design of CYP21A2- specific primers for PCR- based ampli-
fication of CYP21A is crucial to avoid amplification of the pseudo-
gene and allele dropout by non- amplifying PCR fragments. This 
is challenging due to the high number of polymorphisms found 
across CYP21A2 and the high homology with its pseudogene. 
A variety of targeted molecular genetic strategies for detecting mu-
tations have been published. Direct sequencing of the amplified 
PCR products combined with a method for the detection of gene 
deletions and chimeric genes are the only available strategies that 
allow for the detection of 100% of CYP21A2 mutated alleles and 
due to decreasing costs represents the method of choice in most 
routine laboratories.
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11β- Hydroxylase (cYP11B1) Deficiency

Approximately 5% of CAH cases are caused by 11β- hydroxylase 
(CYP11B1) deficiency (11OHD, OMIM + 202010)  leading 
to impaired cortisol biosynthesis. Accumulation of the 

mineralocorticoid precursor 11- deoxycorticosterone leads to 
transactivation of the mineralocorticoid receptor resulting in 
arterial hypertension. Excess steroid hormone precursors are 
shunted into androgen synthesis and cause hyperandrogenism. 
Classic 11OHD occurs 1 in 100 000 to 1 in 200 000 live births. 
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Figure 5.9.1.3 CYP21A2 gene locus, most common CYP21A2 gene mutations and genotype- phenotype correlation. (a) Organization of the 
functional CYP21A2 gene and its non- functional CYP21A1P pseudogene in the RCCX module Grey arrows indicate for the approximate position 
of MLPA probes. (b) Nine out of 10 common mutations are transferred by microconversions from the CYP21A1P gene into CYP21A2. Grey arrows 
show the five MLPA probes specific for the CYP21A2 gene and the three probes specific for the CYP21A1P pseudogene. (c) Genotype- phenotype 
correlations in CAH due to 21- hydroxylase deficiency based on in vitro CYP21A2 activity. Mutation groups Null and A are associated with the salt- 
wasting (SW) form of 21- hydroxylase deficiency (21OHD), group B with the simple virilizing (SV) form, and group C with the non- classic (NC) form. 
Positive predictive values are calculated from the cited publications. The variability in the degree of virilization of the female external genitalia in the 
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A higher incidence has been reported in Israel (1 in 30 000 to 1 
in 40 000 live births), in particular in Israeli Jews of Moroccan 
origin (1 in 5000 to 1 in 7000 live births) [26,  27]. The clinical 
presentation of classic 11OHD includes glucocorticoid deficiency, 
severe virilization of external genitalia in 46,XX neonates, preco-
cious pseudopuberty in both sexes, and, in two- thirds of patients, 
hypertension [26, 27]. Non- classic 11OHD (NC11OHD) is much 
rarer than NC21OHD, but appears to be more frequent than pre-
viously thought [28] (Table 5.9.1.1). Patients with NC11OHD 
present with signs and symptoms of androgen excess during 
childhood [27, 28].

Mutations in the 11β- hydroxylase gene (CYP11B1; 
GeneID:  1584, GenbankID NC_ 000008.9) are the underlying 
cause of 11OHD [29]. CYP11B1 is localized on chromosome 
8q21, approximately 40 kb apart from the highly homologous 
aldosterone synthase gene (CYP11B2) [26]. The CYP11B1 gene 
consists of nine exons (Figure 5.9.1.1) and encodes for a pro-
tein of 503 amino acids. CYP11B1- inactivating mutations are 
distributed over the entire coding region consisting of 9 exons. 
A  cluster is reported in exons 2, 6, 7, and 8, but real hot spots 
do not exist. A  broad variety of mutations have been reported 
to cause either classic or non- classic 11OHD. Most molecular 
analysis approaches amplify the CYP11B1 gene in 3 fragments 
avoiding amplification of the highly homologous CYP11B2 gene 
(Figure 5.9.1.1). Since no hotspots exist in the general popula-
tion, direct DNA sequencing is the most suitable approach for 
molecular genetic analysis. Large rearrangements, such as large 
gene deletions and chimeric genes can be detected by Southern 
Blot analysis or MLPA [6, 26].

17α- Hydroxylase (cYP17A1) Deficiency

Steroid 17α- hydroxylase (CYP17A1) deficiency (17OHD, OMIM 
#202110) accounts for about 1% of all CAH cases. CYP17A1 fa-
cilitates two distinct enzymatic reactions, 17α- hydroxylase and 
17,20- lyase, relying on electron transfer facilitated by the enzyme 
P450 oxidoreductase (POR) for its catalytic activity. Cytochrome b5 
(CYB5A) is required as an additional allosteric factor for an effi-
cient 17,20- lyase reaction [1] . 17OHD results in both cortisol and 
sex steroid deficiency. In addition, the mineralocorticoid precursors 
DOC and corticosterone accumulate. The accumulation of the weak 
glucocorticoid corticosterone prevents adrenal crisis in the majority 
of 17OHD patients. Increased DOC concentrations lead to severe 
hypokalaemic hypertension. Deficient sex steroid synthesis results 
in male undervirlization (46,XY DSD) and in primary amenorrhea 
in 46,XX individuals. Absent pubertal development is observed in 
both sexes, with biochemical signs of hypergonadotropic hypo-
gonadism [30] (Table 5.9.1.1). Isolated 17,20- lyase deficiency is a 
rare variant with largely preserved 17α- hydroxylase activity. This 
variant manifests with impaired sex steroid biosynthesis only, but 
neither with evidence of mineralocorticoid excess nor glucocorticoid 
deficiency [6, 30]. The CYP17A1 gene (GeneID 1586; GenbankID 
NC_ 000010.9) is located on chromosome 10 (10q24.3) and consists 
of 8 exons (Figure 5.9.1.1) encoding a 508 amino acid protein. Over 
70 CYP17A1- inactivating mutations exist. There is no mutational 

a hot spot in most large populations. Therefore, sequencing of the 
entire coding region is commonly necessary for molecular genetic 
diagnosis. Exceptions have been described (i.e. in Brazil) where the 
p.Met1Thr and p.Tyr329X mutations account for 82% of mutant al-
leles, in Canadian Mennonites and Dutch Frieslanders, as well as in 
Japan and in East Asia [1, 6, 30]. Mutations causing isolated 17,20- 
lyase deficiency result in amino acid substitutions located within 
the area of the CYP17A1 molecule interacting with the cofactor 
cytochrome b5 [6, 30]. However, urine steroid metabolome analysis 
from patients carrying such CYP17A1 mutations provided evidence 
for impaired 17α- hydroxylation, which means that this condition 
does not represent true but apparent isolated 17,20 lyase deficiency. 
Apparently isolated 17,20- lyase deficiency might be mimicked by 
POR deficiency due to mutations in the POR gene [6] while muta-
tions in CYB5A represent true 17,20 lyase deficiency [31].

3β- Hydroxysteroid Dehydrogenase type 2 
(HSD3B2) Deficiency

Two 3β- hydroxysteroid dehydrogenase isoforms, type 1 (HSD3B1) 
and type 2 (HSD3B2), exist. HSD3B2 is mainly expressed in ad-
renals and gonads while HSD3B1 is expressed in the placenta and 
peripheral tissues [32]. HSD3B2 deficiency (OMIM +201810) is a 
rare cause of CAH.

HSD3B2 is a nicotinamide adenine dinucleotide (NAD+)- 
dependent enzyme anchored to the membrane of the endoplasmic 
reticulum and mitochondria. HSD3B2 catalyses the conver-
sion of ∆5 to ∆4 steroids and HSD3B2 deficiency affects all three 
steroidogenic pathways (mineralocorticoids, glucocorticoids, and 
androgens). A  broad phenotypic spectrum has been reported. 
Classic HSD3B2 deficiency presents with either salt- wasting or 
non- salt- wasting. Affected males show a variable impairment of 
gonadal steroidogenesis leading to different degrees of 46,XY DSD. 
Affected 46,XX individuals manifest only with adrenal symptoms 
and normal or mildly virilized external genitalia. Isolated prema-
ture pubarche and primary hypogonadism has been reported in 
infants and children of both sexes. A non- classic variant has also 
been described, manifesting with hirsutism and menstrual irregu-
larities [32– 34] (Table 5.9.1.1). The 3β- hydroxysteroid dehydro-
genase type 1 and 2 isoforms, are encoded by the HSD3B1 and 
HSD3B2 genes, respectively. Mutations in the HSD3B2 (GeneID 
3284, GenbankID NC_ 000001.9) gene cause 3β- hydroxysteroid 
dehydrogenase deficiency. HSD3B2 is located on chromosome 
1p13.1, in close proximity to the highly homologous HSD3B1 gene. 
It consists of one untranslated and 3 translated exons. Mutation 
analysis is performed by PCR amplification of HSD3B2 of exons 
2 to 4 covering intron- exon boundaries followed by direct DNA 
sequencing of the PCR products (Figure 5.9.1.1). Over 40 mu-
tations have been reported so far, which are distributed over the 
entire genomic region. An overall good genotype- phenotype cor-
relation has been described for the salt- loss phenotype, with com-
pletely inactivating mutations associated with the salt- wasting form 
and partly inactivating mutations allowing for some residual aldos-
terone synthesis. A poor correlation with gonadal steroidogenesis 
has been observed [32].
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P450 oxidoreductase (PoR) Deficiency

P450 oxidoreductase (POR; OMIM *124015) deficiency (PORD; 
OMIM #201750) presents biochemically and clinically as ap-
parent combined CYP17A1- CYP21A2 deficiency and with a mal-
formation phenotype resembling the Antley– Bixler syndrome 
(ABS, OMIM #207410) [35, 36]. The incidence of PORD remains 
unclear, but it is likely the third most common CAH variant, after 
21OHD and 11OHD. POR serves as an electron donor enzyme 
to CYP21A2, CYP17A1, and CYP19A1 (P450 aromatase). PORD 
impacts on both glucocorticoid and sex steroid synthesis and 
can result in mineralocorticoid excess with hypertension, albeit 
milder than in other CAH variants and often only manifesting 
in adulthood. The PORD phenotype usually consists of adrenal 
insufficiency, DSD or normal sex development in both sexes and 
presentations with or without skeletal and other malformations 
[35]. In contrast to other hyperandrogenic CAH forms, viriliza-
tion does not progress after birth. Primary hypogonadism and 
lack or delayed pubertal development has been reported in both 
sexes. PORD is a multisystem disorders as it affects all micro-
somal CYP enzymes relying on POR for their enzymatic function 
(Table 5.9.1.1). The POR gene (GeneID 5447; GenbankID NC_ 
000007.12) spans 32.9 kb and located on 7q11.2. It consists of 
15 translated exons encoding for a 680 amino acid protein. An 
untranslated exon is located approximately 30.5 kb upstream of 
the first translated exon (Figure 5.9.1.1). POR is highly poly-
morphic with 140 genetic variants identified in a large cohort of 
healthy individuals [37] and over 60 disease- causing mutations 
have been described. No clear mutational hot spot exists for POR- 
inactivating mutations apart from two frequently detected mu-
tations. The p.Ala287Pro mutation accounts for approximately 
50% of mutated alleles in Caucasians, whereas the p.Arg457His 
mutation is the most common mutation (50– 70% of alleles) in 
the Japanese population [35, 36]. Some studies have explored the 
genotype- phenotype correlation in PORD [38]. The phenotypic 
expression of a specific genotype is variable. Carriers of two mild 
mutations commonly present with a milder phenotype than com-
pound heterozygotes for a mild and a severe mutation. Generally, 
mutations causing 46,XY DSD present with normal female ex-
ternal genitalia in 46,XX individuals and variants associated with 
46,XX DSD lead to normal external male genitalia in 46,XY in-
dividuals. In carriers of severe genotypes, more severe skeletal 
and other complex malformation can be found [39]. The vari-
able genotype- phenotype correlation is likely to be caused by the 
differential impact of POR mutations on the catalytic activity of 
different microsomal CYP enzymes; the malformation phenotype 
is explained by impairment of POR- dependent CYP enzymes in-
volved in sterol biosynthesis and retinoic acid metabolism.

Steroid Acute Regulatory Protein 
(stAR) Deficiency— congenital Lipoid 
Adrenal Hyperplasia

StAR actively transports cholesterol into the mitochondrion, 
where cholesterol is converted to pregnenolone by P450 side- chain 

cleavage enzyme (CYP11A1). Loss of StAR- dependent cholesterol 
transport causes CLAH, OMIM #201710), leading to an impair-
ment of all three steroidogenic pathways. Classic CLAH is asso-
ciated with salt- wasting and adrenal failure manifesting within 
the first month of life, female external genitalia irrespective of 
karyotype, and hypergonadotropic hypogonadism in both sexes. 
Non- classic Lipoid CAH may manifest later in life with pri-
mary adrenal insufficiency and mild 46,XY DSD or normal male 
genital development [1] . In some patients, hypocortisolism is the 
only clinical manifestation and non- classic CLAH might be mis-
diagnosed as familial glucocorticoid deficiency [40,  41] (Table 
5.9.1.1).

The StAR gene (GeneID: 6770, NC_ 000008.10) is localized on 
chromosome 8p11.23 and consists of 7 exons (Figure 5.9.1.1) 
encoding for a protein of 285 amino acids. The N- terminus of the 
protein contains a mitochondrial signal and the C- terminus is in-
volved in the interaction with cholesterol. Over 40 StAR mutations 
have been reported (HGMD, August 2018), nine of which are asso-
ciated with non- classic CLAH. The majority of StAR- inactivating 
mutations are located in exons 5 to 7 encoding for the C- terminal 
protein. Recurrent mutations are detected in some populations. 
The p.Gln258X is found in over 80% of the CLAH- causing al-
leles in Korean and Japanese patients [1] . The p.Arg182Leu and 
the c.201_ 202delCT mutations are the most common mutations 
in Palestinian patients and the p.Arg182His is most frequently 
found in patients of Saudi Arabian origin [1]. In classic CLAH 
the genotype- phenotype correlation is good, whereas non- classic 
CLAH presents with phenotypic variability [1].

P450 Side- chain cleavage enzyme 
(cYP11A1) Deficiency

CYP11A1 is a mitochondrial CYP type I  enzyme and catalyses 
the first and rate- limiting step of steroidogenesis, the generation 
of pregnenolone from cholesterol. CYP11A1 deficiency (OMIM 
*118485) is rare and similar to CLAH impairs all three steroidogenic 
pathways in the adrenal and gonadal sex steroid synthesis. Its pres-
entation resembles the CLAH phenotype. Affected patients present 
soon after birth or later in infancy with adrenal insufficiency and 
normal female external genitalia in both sexes [42]. A milder form 
has been described, presenting with different degrees of 46,XY DSD 
[42] or normal male genital development [43], and in some cases 
isolated adrenal insufficiency. In contrast to CLAH, all patients 
with CYP11A1 deficiency have small or normal- sized adrenals [42] 
(Table 5.9.1.1).

The CYP11A1 gene (GeneID 1583, NC_ 000015.9) is located on 
chromosome 15q24.1 and consists of 9 exons (Figure 5.9.1.1). An 
overall good correlation of the genotype and onset and severity 
of adrenal phenotype has been reported. Severe mutations are in-
variably associated with female external genitalia irrespective of 
chromosomal sex. Current data suggest that the genotype in par-
tially inactivating mutations cannot be used to predict DSD. In 
some populations, milder CYP11A1 deficiency appears to be a sig-
nificant underlying cause for the clinical presentation of clinically 
diagnosed ‘isolated’ adrenal insufficiency.
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Aldosterone Synthase (cYP11B2) Deficiency

Aldosterone synthase (CYP11B2) is a mitochondrial enzyme ex-
pressed in the zona glomerulosa. CYP11B2 deficiency causes iso-
lated impairment of aldosterone synthesis in the context of normal 
cortisol and sex steroid production. Affected individuals pre-
sent with salt- wasting crisis during the first days or weeks of life. 
Adults are usually asymptomatic, but might be more sensitive to 
episodes of severe salt loss than non- affected individuals [3] . Two 
biochemically distinct forms have been described, ASD1 (OMIM 
# 203400) and ASD2 (OMIM # 610600), which are both caused by 
CYP11B2 deficiency (Table 5.9.1.1). The CYP11B2 gene (GeneID 
1585, GenbankID NC_ 000008.10) lies on chromosome 18q24.3 
approximately 40 kb apart from the highly homologous CYP11B1 
gene (Figure 5.9.1.1). More than 30 mutations have been described 
so far (HGMD August 2018). The p.[Arg181Trp+Val385Ala] 
double mutant is the most common ASD2 allele found in Iranian 
Jewish [3]. Homozygosity for only one of these mutants is not suf-
ficient to cause the disease. The underlying molecular mechanism 
distinguishing the two ASD forms is not well understood. In vitro 
data suggests that mutations completely abolishing CYP11B2 ac-
tivity are associated with ASD1, while mutations allowing for 11-  
and 18- hydroxylase activities appear to be associated with ASD2 [3].
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Introduction to congenital Adrenal Hyperplasias

Genetic defects in the enzymes and cofactor proteins essential for 
cortisol production (Figure 5.9.2.1) lead to congenital adrenal 
hyperplasia (CAH). As the name implies, the defects are inborn 
errors, which typically lead to overgrowth of the adrenal glands. 
The lack of negative feedback from cortisol increases adrenocor-
ticotropin (ACTH) secretion, adrenal growth, and the futile drive 
to produce the deficient cortisol. Importantly, these defects span 
the spectrum from complete or very severe (‘classic CAH’) to par-
tial or mild (‘non- classic CAH’). For the purposes of this chapter, 
classic CAH is defined as those patients with clinically manifest 
cortisol deficiency, imperative glucocorticoid replacement, and risk 
of adrenal crisis— with the exception of 17- hydroxylase deficiency 
(17OHD), as will be explained subsequently.

In addition to cortisol deficiency, cortisol precursors accumulate 
behind the enzymatic block— not only the substrate(s) for the defi-
cient enzyme but also further upstream steroids. Often, one or more 
of these steroids and/ or their peripheral metabolites has biologic ac-
tivity, primarily mineralocorticoids or androgens. The loss of en-
zyme activity forces the shunting of steroids around the block and 
into alternative and ordinarily minor pathways, leading to a char-
acteristic pattern of steroids for each defect. Corticosterone is the 
only alternative endogenous steroid to cortisol with glucocorticoid 
activity, and corticosterone substitutes for cortisol in 17OHD but no 
other form of CAH. Consequently, the goals of CAH treatment can 
be divided into replacing the deficient cortisol and other steroids 
decreased by CAH and reducing the production or attenuating the 
action of unwanted, CAH- related steroid excess particular for each 
form of CAH. In 17OHD and non- classic CAH, only the second 
goal is germane.

21- Hydroxylase Deficiency

Biochemistry of 21- Hydroxylase Deficiency

By far, 21- hydroxylase deficiency (21OHD) is the most common 
form of CAH, both classic at ~1:16 000 worldwide and non- 
classic, ~1:1000 or more prevalent in certain populations [1] . 
The genetics and diagnosis of 21OHD is reviewed in detail in 
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Figure 5.9.2.1. Composite diagram of adrenal steroid biosynthesis, highlighting the genetic defects causing the congenital adrenal hyperplasias 
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Chapter  5.9.1. Upstream of the defective CYP21A2 enzyme, 17- 
hydroxyprogesterone (17OHP), progesterone, and other cortisol 
precursors accumulate, and some of these steroids are metabolized 
to androgens (Figure 5.9.2.2). Patients with classic 21OHD require 
cortisol replacement, and most also benefit from mineralocorticoid 
therapy, even those who make some aldosterone. In addition, treat-
ment must also control the androgen excess to the extent that is clin-
ically indicated. In non- classic 21OHD, treatment is employed to 
control androgen excess and reproductive dysfunction in children 
and women with these clinical manifestations. Based on conserva-
tive estimates from population studies, <10% of females and <1% 
of males with non- classic 21OHD are ever diagnosed with the con-
dition, and of these roughly 70% are compound heterozygotes for 
classic and non- classic 21OHD alleles and thus carriers for classic 
21OHD [2].

While 17OHP, androstenedione (A4), and testosterone (T) meas-
urements have been traditionally used to diagnose and monitor 
therapy for 21OHD, these steroids also derive from the gonads, 
limiting their specificity. For example, diagnostic testing for non- 
classic 21OHD must be performed in the follicular phase avoid the 
contribution of ovarian 17OHP, and men with 21OHD in very poor 

control or very good control can both have a ‘normal’ male- range 
T.  In addition, dehydroepiandrosterone sulphate (DHEAS), the 
most abundant steroid in the circulation through most of life, is ele-
vated in non- classic 21OHD but normal or low in classic 21OHD, 
contrary to simple predictions by inspection of Figure 5.9.2.1.

The adrenals of patients with 21OHD, however, still contain the 
enzyme 11- hydroxylase (CYP11B1), and most of the 3- keto- Δ4- 
steroids that accumulate in 21OHD are substrates for CYP11B1. 
For example, CYP11B1 converts 17OHP to the 11- oxygenated 
steroid 21- deoxycortisol (21dF), and 21dF is more specific than 
17OHP for diagnosis of non- classic 21OHD [3]  and for de-
termination of carrier status [4]. The 3β- hydroxy- Δ5- steroids 
pregnenolone and 17- hydroxypregnenolone, which also accumu-
late in 21OHD, are substrates for the sulfotransferase SULT2A1, 
and pregnenolone sulphate rises in classic 21OHD to about 40% 
the abundance of DHEAS [5]. More importantly, A4 is an excel-
lent substrate for CYP11B1, and circulating concentrations of  
11β- hydroxyandrostenedione (11OHA4) exceed those of A4 
in treated patients with classic 21OHD by twofold [5]. Via two 
consecutive intra- adrenal and/ or peripheral enzymatic steps, 
11OHA4 is converted to 11- ketotestosterone (11KT), which is a 



5.9.2 Modern Management of Congenital Adrenal Hyperplasia and Prospects for the Future 943

biologically relevant androgen, particularly in 21OHD. In teleost 
(bony) fishes and some reptiles, 11KT is the major gonadal an-
drogen, and 11KT activates the human androgen receptor nearly 
as potently and effectively as T [6], depending on model system 
used. Furthermore, serum 11KT is roughly twice as high as T 
in treated patients with classic 21OHD, suggesting that 11KT 
is the dominant androgen in most patients with classic 21OHD 
[5, 7]. The 11KT correlates directly with T in women with classic 
21OHD, as both steroids derive entirely or mostly from the ad-
renals. Conversely, 11KT correlates inversely with T in men 
with classic 21OHD, reflecting the testicular origin of T in well- 
controlled men and primarily adrenal origin of both T and 11KT 
in those with poor disease control.

Paediatric care of classic 21- Hydroxylase Deficiency

The diagnosis of a neonate with classic 21OHD is a medical emer-
gency, whether the diagnosis is derived from newborn screening, 
clinical symptoms, or presence of genital ambiguity. Newborns with 
adrenal insufficiency of any cause are very vulnerable to crises due 
to several factors, including small body size and high surface- to- 
volume ratio (and propensity to fluid loss), resistance of the infant 
kidney to the action of mineralocorticoids, and low sodium content 
of the diet, particularly breast milk with 7 meq/ L. Intentional yet 
modest overtreatment with glucocorticoid is common practice at 
first, to gain control of the de- repressed hypothalamic– pituitary– 
adrenal (HPA) axis and to begin to reverse the adrenal hyperplasia. 
If the dose is not excessive, the child will gradually ‘grow into the 
dose’, whereas growth suppression indicates overzealous treatment 
and mandates gradual dose reduction until growth normalizes. 
A typical dose of hydrocortisone will be about 25 mg/ m2/ d in three 
divided doses [8] . Fludrocortisone acetate, used to replace aldos-
terone, is dosed at 0.1– 0.4 mg/ d— the same dose used in adults, 
to account for the poorly responsive infant kidney and tenuous 
volume status. Sometime in the first year of life, the hydrocortisone 
dose should be reduced to <17 mg/ m2/ d, as higher doses impair 
growth [9].

During childhood, control of androgen excess is important to 
limit bone age advancement, which will compromise adult height. 
Most clinical androgen and oestrogen assays lack the accuracy to 
quantify the minute amounts needed to advance bone age, and 
17OHP values are used as a surrogate for sex steroid measurements 
to gauge disease control. Growth rate, bone age, and weight are used 
with measurement of steroids, electrolytes, and plasma renin to ad-
just therapy. Controlled studies comparing various dosage regimens 
and monitoring schemes are lacking, which leads to considerable 
variations in practice style.

For girls with masculinized genitalia, clitoral reduction and va-
ginoplasty surgeries have been performed in the first year of life 
after stabilization of the medical condition. The purpose of the 
surgery is to establish functional anatomy for menses, voiding, 
and intercourse. For example, a urogenital sinus can cause vaginal 
voiding, the pooling of urine in the vaginal component, which leaks 
out upon standing. In recent years, patients, advocacy groups, and 
the medical community have broadly considered the factors that 
determine the optimal timing of reconstructive surgeries [10]. 
Evidence supporting early versus late timing are limited to retro-
spective studies. Many women who have had early surgeries endorse 
their parents’ decision [11], while others report dissatisfaction and 

regret [12, 13]. Sexual activity and satisfaction are reduced women 
with classic 21OHD, and genital anatomy with or without recon-
structive surgery is only one of many factors contributing to out-
comes. Regardless of whether the child has surgery or not, control 
of androgen excess is important to limit further masculinization, 
and good control can lead to substantial clitoral regression during 
early childhood [14].

Adult care for classic 21- Hydroxylase Deficiency and 
transitioning from childhood

This chapter will focus on the management of adults with 21OHD, 
and adult care begins with the transition from paediatric care. For 
patients with 21OHD and many other chronic conditions, the 
transition process should be an organized series of step with the 
acquisition of skills and knowledge for greater self- management 
[15]. Unfortunately, the process is abrupt and haphazard for many 
patients. For example, a centre of excellence for CAH in Germany 
reported that less than half of young adults with 21OHD attended 
more than one appointment in the adult endocrinology clinic [16] 
and that many choose to discontinue therapy until suffering an ad-
renal crisis [17]. Guidance for coordinated care transition has been 
described [18, 19], yet logistic and financial barriers limit the wide-
spread implementation of these strategies. Low income and lack of 
strong support structure are two documented risk factors for poor 
outcomes following transition to adult care for other chronic dis-
eases arising in childhood [20]. At a minimum, adolescent should 
demonstrate a basic understanding of their disease and the reasons 
for treatment, the procedures to access medical care, and emer-
gency protocols prior to transitioning to the adult clinic.

The natural history study of 21OHD from the National Institutes 
of Health [21], the CaHASE study from the United Kingdom [22], 
and other cohort studies from Europe [23] demonstrate that more 
adults with 21OHD suffer complications from supraphysiologic 
glucocorticoid exposure than from undertreatment. Common fea-
tures include striae, obesity [22], adverse cardiovascular risk profiles 
[21, 23, 24], and reduced bone mineral density [25, 26] or occasion-
ally osteoporosis [21, 22]. Consequently, unlike the child for whom 
normal growth and puberty are high priorities, the care for the adult 
with 21OHD must strongly consider strategies to mitigate the long- 
term health consequences of chronic glucocorticoid therapy.

Glucocorticoid therapy

For motivated patients who have been consistently adherent to pre-
scribed therapy with hydrocortisone during adolescence and show 
good disease control, there is no reason to significantly change 
treatment. Although surprisingly low doses of hydrocortisone such 
10 mg BID sometimes achieves good control of adrenal androgens 
[27], most patients require more aggressive regimens of 5– 10 mg 
TID with meals. The major advantages of hydrocortisone include 
the capacity to deliver a high peak morning glucocorticoid exposure 
as occurs in normal physiology and the low risk of serious compli-
cations from overtreatment, due to short half- life of about 1 hour. 
The short half- life of hydrocortisone is also its main disadvantage, 
as ACTH- driven adrenal steroid production tends to rise prior to 
the first morning dose when drug exposure and negative feedback 
are waning [28– 30]. Consequently, the strategy when using hydro-
cortisone is to somewhat overtreat during the daytime in order to 
limit the ACTH rise in the early morning when exposure is poor.
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For many adults, particularly those with compromised fertility or 
those whose schedules make midday dosing difficult, hydrocorti-
sone therapy restores well- being without side effects but fails to con-
trol adrenal androgen production sufficiently to meet the patient’s 
goals. One option is to continue the hydrocortisone dosing similar 
to conventional regimens for adrenal insufficiency— to replace the 
cortisol deficiency— and then add a small dose of a long- acting 
glucocorticoid at bedtime, to keep the ACTH suppressed until the 
first morning hydrocortisone dose. Although the use of two dif-
ferent glucocorticoids might seem paradoxical, the analogy would 
be a bedtime dose of long- acting insulin to control the fasting glu-
cose rise from the dawn phenomenon. For example, a regimen 
might consist of hydrocortisone, 15 mg on arising and 5 mg in the 
early afternoon, plus 0.5– 2 mg prednisolone, or 0.1– 0.25 mg dexa-
methasone at bedtime. Prednisone, which is popular in the United 
States for its immunosuppressant properties, should be avoided, as 
prednisone is a prodrug that must be metabolized in the liver by 
11β- hydroxysteroid dehydrogenase type 1 to prednisolone, yielding 
delayed and variable exposure to the active agent. ‘Inverse diurnal 
rhythm’ schedules, where the largest glucocorticoid dose is given 
at bedtime, should be avoided as well. These regimens do not re-
place the cortisol deficiency well and overtreat during the night- 
time, when glucocorticoids are most likely to cause adverse effects 
such as weight gain and poor sleep. Instead, the dose of evening 
glucocorticoid should be smaller than those provided during the 
day and the minimum amount to maintain drug exposure until the 
first-morning dose [31].

Should the two- drug regimen be too complicated or insufficient 
to maintain adrenal androgens at goal, prednisolone as a single 
morning dose sometimes suffices to replace cortisol deficiency 
and control androgen production [32]. If disease control deteri-
orates, a second small bedtime dose of the same drug might be 
added, maintaining the larger dose in the morning for adrenal re-
placement. While dexamethasone is a potent, inexpensive, widely 
available, and long- acting glucocorticoid, its potency and duration 
of action render patients at high risk of adverse metabolic conse-
quences during chronic therapy, and morning dexamethasone, 
due to its kinetics, does not replace the cortisol deficiency as well 
as other glucocorticoids. Dexamethasone also does not have any 
mineralocorticoid activity, which needs to be taken into account. 
Dexamethasone therapy is best limited to cautious combination 
with hydrocortisone and for androgen excess refractory to all other 
approaches. Doses of 0.25– 0.75 mg once daily or rarely divided 
BID are typical, but even apparently modest doses can cause se-
vere cushingoid manifestations when used over months to years. 
Whereas liquid or suspension preparations of hydrocortisone are 
no longer manufactured on an industrial scale due to poor con-
sistency [33], liquid prednisolone and dexamethasone are gener-
ally available. Although in some ways inconvenient and messy, the 
liquid preparations when delivered precisely using syringes allow 
for continuous and careful dose titration to avoid overtreatment. 
A  new multiparticulate granule preparation of hydrocortisone is 
in advanced stages of development [34]. Table 5.9.2.1 summarizes 
glucocorticoid options.

Regardless of glucocorticoid choice, patients are instructed to in-
crease doses for significant physical stress and illness. For states of 
greater fluid loss than replacement, such as high fever, diarrhoea, and 
vomiting, the patient should double the dose until well for a full day. 

If the patient is too sick to take pills or to stand without assistance, 
the patient should receive 100 mg hydrocortisone hemisuccinate 
intramuscularly and taken to the hospital immediately. Patients 
who are vomiting are particularly vulnerable to adrenal crisis, and 
such illness should be approached with a low threshold for paren-
teral hydrocortisone and hospital transport (also see Chapter 5.8.2 
regarding management of adrenal crisis).

Mineralocorticoid Replacement

Perhaps the most common error in treating all forms of adrenal 
insufficiency is inattention to mineralocorticoid replacement and 
volume status [35]. Most adults with 21OHD benefit from 9α- 
fludrocortisone acetate regardless of whether they were described 
as ‘salt wasting’ during childhood. The dose is typically 0.05– 0.2 mg 
once daily, but some patients require 0.4– 0.6 mg daily as a single 
dose or divided BID. Persistent fatigue unresponsive to higher 
glucocorticoid dosing often represents chronic volume depletion as 
a result of mineralocorticoid deficiency. Hydrocortisone provides 
some mineralocorticoid activity, particularly at higher doses, but 
prednisolone, methylprednisolone, and dexamethasone have little 
to no mineralocorticoid activity. Consequently, any patients con-
verted from hydrocortisone to another glucocorticoid might need 
to increase their dose of 9α- fludrocortisone acetate to maintain 
euvolemia.

Special considerations for Infertility in Women 
with 21oHD

Because classic 21OHD causes 46,XX disorders of sex development 
(DSD) and androgen excess in women, attention has been focused 
on infertility in women with this disease. A major impediment to 
fertility is simply the paucity of women with classic 21OHD who 
ever attempt pregnancy, estimated to be 25% overall and 10% of 
women with null alleles [36]. The fecundity rates for the minority 
who do attempt pregnancy, however, is more than 90%, equiva-
lent to that of the general population— with proper treatment 
[37]. Glucocorticoid regimens that are adequate for replacing the 
cortisol deficiency, maintaining regular menses, and preventing 
unwanted acne and facial hair might require intensification to re-
store fertility. In particular, increased adrenal- derived progesterone, 
which accumulates upstream of 17OHP, is a major mechanism 
of impaired fertility in women with 21OHD. Sustained proges-
terone production through the follicular phase of the cycle causes 
changes in cervical mucus and thinning of the endometrial lining, 
similar to oral contraceptive pills. Thus, attention to suppression of 

table 5.9.2.1 Glucocorticoid treatment options for CAH

Drug(s) Advantages Disadvantages

Hydrocortisone 
monotherapy
or + bedtime prednisolone/ 
dexamethasone

Well tolerated
Ideal cortisol 
replacement

Multiple daily doses
Limited potency

Prednisolone/ 
methylprednisolone

Once/ twice daily  
Good androgen 
control

Modest side effects  
Fair cortisol 
replacement

Dexamethasone Once/ twice daily
Best androgen control
Crosses placenta

High side effects  
Titration difficult
Poor cortisol 
replacement
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follicular- phase progesterone is critical for managing women with 
21OHD attempting to conceive, and a bedtime dose of a long- acting 
glucocorticoid (but not dexamethasone, as it passes the placenta in 
pregnant women) is often necessary [37].

Special considerations for Infertility in Men  
with 21oHD

Paradoxically, although men with classic 21OHD do not have 46,XY 
DSD, men appear to have greater problems with fertility than women 
with 21OHD [38– 40]. One major mechanism of decreased sperm 
production is that high production of adrenal- derived androgens 
suppresses gonadotropin secretion [41,  42]. similar to exogenous 
androgens. The other major cause of infertility is testicular adrenal 
rest tumours (TART), which develop in 30– 50% of adolescent and 
adult males with 21OHD when ultrasound is used for sensitive de-
tection [21, 38]. TART appear in the posterior aspect of the testes 
and tend to be firm, irregular bilateral masses. The origin of TART 
and their mechanisms of formation are not known. Although most 
men with large TART have poor control of adrenal androgen syn-
thesis, one study found no correlation of TART development with 
traditional laboratory parameters of disease control [43]. Originally, 
TART were thought to form from adrenal cortex cells, which mi-
grated to the testis during embryonic development and later under-
went hyperplasia under robust ACTH stimulation. Subsequently, 
TART cells were shown in vitro to produce the same pattern of ster-
oids as the adrenal cortex of patients with 21OHD [44] and to ex-
press an overlapping set of enzymes unique to adrenal cortex and 
Leydig cells [45]. These data suggest that TART derive from Leydig 
progenitor cells, which have become partially transdifferentiated 
under the influence of elevated ACTH [38, 39, 46].

Because the testis is confined to a capsule, the growth of any 
testicular mass impairs blood flow to the normal cells of the 
testicular tubules. The chronically impaired perfusion leads 
to dysfunction and fibrosis of the normal testis. A  high serum 
follicle- stimulating hormone (FSH) heralds the permanent loss of 
Sertoli cells and indicates chronic damage. As TARTs grow, the 
normal testis tissue suffers from compression, impaired blood 
flow, functional impairment, and fibrosis. To induce regression 
of TART, either dexamethasone (once or twice daily) or divided 
doses of hydrocortisone plus bedtime dexamethasone are required 
to keep ACTH suppressed all day long for weeks to months [47]. 
Sperm production and fertility are often restored with intensified 
therapy, but some TART do not regress with medical therapy, par-
ticularly when longstanding and already associated with fibrotic 
transformation [48]. Testis- sparing surgery effectively and usu-
ally permanently removes the TARTs, but fertility and testicular 
T production are rarely restored [38,  49]. Hence, testis surgery 
is usually employed only after the patient accepts the permanent 
loss of fertility in order to remove the mass effect. The presence of 
TART and an FSH >35 IU/ L are poor prognostic signs for fertility 
in men with 21OHD [50]. One case report [51] describes TART 
regression and restoration of fertility in a man with 21OHD after 
2 years of treatment with mitotane, an adrenolytic drug otherwise 
used in the context of adrenocortical carcinoma. Because the pres-
ence of TART is so common and its consequences so grave, boys 
with 21OHD should have a baseline testicular ultrasound upon 
reaching adulthood and periodically thereafter [52], as well as tes-
ticular exams at least annually.

Additional treatment options

Bilateral adrenalectomy for 21OHD patients was previously advo-
cated as a means to eliminate adrenal- derived androgens without 
the use of supraphysiologic glucocorticoid therapy. Although 
short- term results appear successful [53] and fertility might even 
be restored [54,  55], long- term outcomes are not durable. One 
study found recurrent hyperandrogenaemia in 8 of 18 patients fol-
lowing bilateral adrenalectomy [56]. TART may subsequently de-
velop in men [56] or adrenal rest tumours in the ovaries and pelvis 
in women [57,  58]. A  pituitary corticotrope adenoma has been 
described in one patient with 21OHD following adrenalectomy 
[59], and patients appear to be more vulnerable to potentially 
fatal adrenal crises following bilateral adrenalectomy [55, 56]. For 
these reasons, bilateral adrenalectomy is rarely recommended any 
longer.

As with any form of androgen excess, mechanical epilation 
methods, including shaving, waxing, plucking, electrolysis, and 
laser hair removal, reduce the dependence on pharmacotherapy and 
thus might spare some glucocorticoid exposure. Topical application 
of 13.9% eflornithine cream is also a useful adjunct for controlling 
hirsutism, particularly for small areas of skin, but the cost can be 
prohibitive. The ethinyl oestradiol component of oral contraceptive 
pills increases circulating sex- hormone binding globulin concentra-
tions and thus lowers the free and bioavailable fractions of T even 
without lowering total T. Androgen receptor antagonists might be 
employed as well, but spironolactone, which is commonly used for 
this purpose, is also a diuretic and mineralocorticoid receptor antag-
onist (MRA), which can cause serious volume depletion in women 
with classic 21OHD; its interference with the progesterone receptor 
can cause additional menstrual cycle irregularities. Terminal hairs 
never revert back to vellus hairs, and hair follicles cycle between 
growing, resting, and shedding phases. Medical treatments of an-
drogen excess lead to thinner terminal hairs and more time in the 
resting phase. Electrolysis and laser epilation permanently destroy 
hair follicles, but only those in the growing phase, which are visible 
at the time of treatment.

non- classic 21- Hydroxylase Deficiency

Patients with non- classic 21OHD generally do not have mani-
fest cortisol (or aldosterone) deficiency but only androgen excess. 
However, partial adrenal insufficiency manifesting in times of stress 
has been described, as cortisol deficiency depends on the degree 
of enzymatic impairment, which is by definition on a continuous 
spectrum. When ascertained as children for premature androgen 
exposure and/ or advanced bone age, hydrocortisone therapy is con-
ventionally employed to attenuate the ACTH- mediated excess of 
adrenal- derived androgens. Logically, non- classic 21OHD is easier 
to manage than classic 21OHD, and lower doses of glucocortic-
oids can be used than in classic 21OHD. Upon reaching adulthood, 
treatment in boys is normally discontinued [8] , except in some 
patients with genotypes at the more severe end of the non- classic 
21OHD spectrum. In women diagnosed with non- classic 21OHD 
due to irregular menses and/ or androgen excess and those diag-
nosed as children with persistent symptoms upon reaching adult-
hood, hydrocortisone treatment might be continued. More potent 
glucocorticoids are rarely necessary but can be used instead of 
hydrocortisone but sparingly, such as dexamethasone 0.25 mg at 
bedtime 3 days per week [60]. Similarly, mechanical epilation, oral 
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contraceptive pills, and antiandrogens including spironolactone are 
adjuncts or alternatives to glucocorticoids for these patients.

One area of confusion relates to pregnancy in women with non- 
classic 21OHD. The notion that women with non- classic CAH 
commonly suffer from reduced fecundity largely derives from as-
certainment bias, as infertile women are more commonly tested for 
non- classic 21OHD than fertile women. Given that the prevalence 
of non- classic 21OHD based on allele frequencies is at least 1:1000 
in the general population, most women with the disease are never 
diagnosed, and those who come to medical attention tend to have 
more severe disease, with 70% being compound heterozygotes for 
classic and non- classic 21OHD alleles [2] . In a French study, 83% of 
women with non- classic 21OHD became pregnant in 1 year with or 
without glucocorticoid therapy [61]. Of 139 pregnancies in a cohort 
from Israel of non- classic 21OHD women without male factor in-
fertility, the mean time to conception was 4.0 months without and 
3.3  months with glucocorticoid therapy, and only 17 pregnancies 
occurred after starting glucocorticoids following failure to conceive 
after an average of 10.2 months [62]. In contrast, the miscarriage 
rate in these women is as high as 26% in untreated women and, 
in retrospective series, is closer to that of the normal population 
(6%) in those treated with hydrocortisone therapy [61]. A more re-
cent study showed a 23% rate of miscarriage without and 14% with 
glucocorticoid therapy, but the latter group included only six cases 
[62]. Conclusions should be drawn with caution, as the data are 
retrospective and not reproduced in other series. If hydrocortisone 
is used during pregnancy, the dose should be physiologic or slightly 
lower (10– 20 mg/ d) to prevent iatrogenic adrenal axis suppression.

Monitoring and Adjusting treatment of 21oHD

The history taking in the adult with classic 21OHD includes prior 
therapy— changes, lapses in medication adherence, and frequency 
of adrenal crises. The patient should be asked about weight changes, 
salt craving, easy bruising, and orthostasis. For women, menstrual 
regularity and androgen excess features are important parameters, 
and women should be asked if they use epilation or other measures 
to control hirsutism and acne. Men should be asked about testicular 
pain and masses. The desire for current or future fertility should be 
explored, and it is alarming how many patients have been incor-
rectly counseled that fertility is not possible in 21OHD.

Physical examination should include sitting and standing blood 
pressure and heart rate to probe volume status and adequacy of 
mineralocorticoid replacement. Although physical exam findings 
are not very helpful for demonstrating adequacy of cortisol re-
placement, cushingoid features consistently develop with months of 
overtreatment. Weight gain frequently occurs with glucocorticoid 
therapy, yet weight gain is also common in untreated adults and 
difficult to ascribe to the glucocorticoids. Dermal atrophy is a 
very specific finding for glucocorticoid excess. For example, most 
adult treated with long- term dexamethasone develop dermal at-
rophy even in the absence of other cushingoid features. Dermal at-
rophy and capillary fragility lead to the easy bruising and purple, 
non- blanching striae in the abdomen but also flanks, thighs, and 
upper arms. Moon facies and plethora, proximal muscle weakness, 
and disproportionate fat accumulation in the head and neck area 
(supraclavicular and dorsocervical fat pads) are also quite specific 
for glucocorticoid excess. Women receive an assessment of acne and 
hirsutism, interpreted in the context of recent epilation, and annual 

gynaecologic exams. Men have at least annual testicular exams for 
atrophy and TART development.

Plasma renin activity (or mass concentration) correlates inversely 
with plasma volume, and reflects the adequacy of mineralocorticoid 
replacement. Low standing blood pressure, high serum potassium, 
and high plasma renin indicate inadequate fludrocortisone acetate 
dosing, and excessive dosing yields the opposite results. 17OHP is 
commonly used to titrate therapy in children, as normal 17OHP 
values assure that even small amounts of sex steroids capable of 
advancing bone age are not being produced. The utility of 17OHP 
in adults is limited, primarily because values fluctuate dramatically 
with time after each glucocorticoid dose, and adults do not experi-
ence detrimental consequences of small, brief rises in androgens 
relative to gonadal production. DHEAS is not elevated in classic 
21OHD patients [63], and the only utility of DHEAS is to gauge 
adherence and exposure to glucocorticoid therapy, as treated pa-
tients should have suppressed DHEAS. A4, which is one step from 
T, is perhaps the best commonly available biomarker of adrenal 
androgen production, even though 11OHA4 is more abundant in 
21OHD patients. A4 values fluctuate less than 17OHP throughout 
the day, and T values fluctuate even less than A4. For these reasons, 
A4 and T values are the primary laboratory parameters used for 
evaluating disease control and for titrating glucocorticoid dosing, 
but with some caution. Given that 11KT is typically more abundant 
than T in patients with classic 21OHD, T values tend to underesti-
mate the production of adrenal- derived androgens.

For women with classic 21OHD who are not currently attempting 
to conceive, the main parameters of disease control are clinical as-
sessments:  regular menses, androgen excess features at goal, and 
absence of cushingoid features [64]. It is inappropriate to define 
goal values for A4 and T, but trends and correlates to good clin-
ical features are valuable information. For example, if a woman with 
classic 21OHD suddenly develops amenorrhea, the question arises 
whether the reason is deterioration in disease control. If the A4 and 
T values are significantly increased from previous measurements 
when menses were regular, then poor control of 21OHD is likely 
the reason. If the laboratory data are unchanged, other reasons for 
amenorrhea should be sought.

On the other hand, regular menses alone does not necessarily 
indicate adequate disease control for women who desire to con-
ceive. Upstream of 17OHP, progesterone (P4) accumulates as 
well in 21OHD, and chronically elevated P4 is a major cause of 
irregular menses and amenorrhea in women with 21OHD, be-
cause P4 withdrawal does not occurs [28]. Chronic elevation of P4 
into luteal- phase values (>2 ng/ ml or 6  nmol/ L) thins the endo-
metrial lining, alters cervical mucus, and interferes with menses, 
similar to progestin- only contraceptives. For women with 21OHD 
attempting to conceive, glucocorticoid therapy should be titrated 
to maintain the follicular- phase serum progesterone <0.6 ng/ ml 
(<2 nmol/ L) [37].

A quandary in managing men with 21OHD is that T can be in the 
normal male range for men in good control as well as those in poor 
control; the difference is whether the androgens derive from the ad-
renal or the testes [64]. Simultaneous A4 and luteinizing hormone 
(LH) values allow one to sort out the origin of most T. The Leydig 
cells of the testes are the only cells in postnatal human beings that 
normally contain the enzyme 17β- hydroxysteroid dehydrogenase 
type 3, which efficiently converts A4 to T. Thus, when T is produced 
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from the testes, the A4/ T ratio is <0.5 and often <0.2. When the T 
is primarily of adrenal origin, the A4 exceeds T, and the A4/ T ratio 
is >1 [31]. In addition, a suppressed LH is consistent with high ad-
renal androgen production. For example, a 20- year- old man with 
classic 21OHD and poor adherence through adolescence can have 
full secondary sexual characteristics, a T in the normal male range 
(~300 ng/ dl or 10  nmol/ L) yet have atrophic testes, undetectable 
LH, and A4 four times the T value. This man has never progressed 
through puberty and has been exposed only to adrenal- derived an-
drogens. For post- pubertal men who later lapse into poor control, 
the LH can be suppressed with a T near the low end of normal (200 
ng/ dl or 7 nmol/ L). One reason for this discrepancy between LH 
and T is that men with 21OHD in poor control have high 11KT. In 
men with 21OHD, 11KT correlates roughly inversely with T [5] . 
For men in poor control, the adrenal- derived 11KT is higher than 
T, and testicular T synthesis is negligible. For men in good control, 
testicular T production is normal, and little 11KT derives from the 
adrenal. As in women, a sex- hormone binding globulin measure-
ment allows determination of free and bioavailable T. A high FSH 
value indicates severe testicular damage, and a semen analysis is in-
dicated when evaluating for infertility.

other Forms of congenital Adrenal Hyperplasia

3β- Hydroxysteroid Dehydrogenase  
Deficiency (HSD3B2D)

This disease is the form of CAH most similar physiologically to 
21OHD. Patients with classic HSD3B2D have cortisol and aldos-
terone deficiency and are vulnerable to adrenal crises as infants. The 
major difference is that the androgen excess is milder than 21OHD, 
such that girls have modest clitoral enlargement but generally little 
or no labioscrotal fusion [65]. Because the testicular Leydig cells 
and ovarian theca cells employ the enzyme in the A4 and T bio-
synthetic pathway, boys with HSD3B2D have undervirilization 
and often gynaecomastia. Thus, HSD3B2D is one of two forms of 

CAH that cause DSD in both 46,XX and 46,XY babies [66]. Boys 
often require T supplementation at the time of normal puberty and 
throughout adulthood. Nevertheless, one young man with severe 
deficiency was found to have a normal semen analysis, possibly due 
to aberrant compensation via up- regulation of the HSD3B1 enzyme 
in the Leydig cells [67]. There are no reports of fertility in women 
with HSD3B2D.

The diagnosis of HSD3B2D is best made from the 17- 
hydroxypregnenolone/ cortisol ratio, which must be at least 6 (and 
typically >300) standard deviations above normal [68,  69]:  typ-
ical values are a cortisol <5 μg/ dl (<140  nmol/ L) and a 17- 
hydroxypregnenolone of more than 6000 ng/ dl (>160  nmol/ L). 
Non- classic HSD3B2D was once thought to be common, but most 
women with mildly elevated delta- 5 steroids such as DHEAS have 
polycystic ovary syndrome and no mutations in the HSD3B2 gene 
[70]. One hypothesis is that these women have functional impair-
ment of the enzyme due to high intra- adrenal delta- 4 steroids, 
which also bind to the enzyme and reduce activity via product 
inhibition [71].

Monitoring for mineralocorticoid replacement in HSD3B2D 
is the same as for 21OHD. Glucocorticoid replacement goals in 
children and adults is likewise similar, and the androgen excess is 
milder than in classic 21OHD. Laboratory monitoring should not 
focus on delta- 5 steroids, as some patients have persistently high 
DHEA despite adequate therapy [72]. The adrenal- derived delta- 5 
steroids are metabolized in the liver, skin, and other tissues one step 
beyond the enzymatic block to P4, 17OHP, and A4 (Figure 5.9.2.3). 
These delta- 4 steroids do not significantly re- enter the adrenal 
steroidogenic pathways and progress to final steroid products (cor-
tisol) but represent useful biomarkers for titrating therapy. Some 
A4 is converted to T via AKR1C3, and limited data suggest that 
11OHA4 is low in patients with HSD3B2D [67].

17- Hydroxylase/ 17,20- lyase Deficiency (17oHD)

In many respects, 17OHD is the orthogonal disorder to 21OHD. 
Patients with 17OHD cannot produce androgens and oestrogens, 
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because the same CYP17A1 gene, which encodes the CYP17A1 en-
zyme, is expressed in the adrenal and gonads [73] and is required 
for both cortisol and sex steroid synthesis. As previously men-
tioned, 17OHD is the only form of CAH without adrenal insuffi-
ciency, because the 17- deoxysteroid corticosterone, which is also a 
glucocorticoid, accumulates and compensates for the lack of cor-
tisol [74]. Patients with 17OHD are rarely diagnosed as infants, 
unless an inguinal hernia or discordant prenatal 46,XY karyotype 
in a phenotypically female newborn is discovered. Upstream of 
corticosterone, 11- deoxycorticosterone (DOC) and P4 also accu-
mulate (Figure 5.9.2.4), and DOC has mineralocorticoid activity. 
Consequently, hypertension and hypokalaemia often but not al-
ways develop during adolescence or early adulthood [75]. Thus, the 
typical presentation of 17OHD is pubertal failure in a phenotypic 
female with early- onset hypertension [66]. There is considerable 
variation in the clinical spectrum depending on the severity of the 
enzymatic defect. Because androgen biosynthesis requires the se-
quential 17- hydroxylase and 17,20- lyase activities of CYP17A1— 
two conversions catalysed by the same enzyme— the mutations 
necessarily impair androgen production greater than cortisol, and 
some elevation of 17- deoxysteroids is always present even in the ab-
sence of clinical manifestations. A non- classic form of 17OHD has 
not been described, but missense mutations that preferentially im-
pair 17,20- lyase activity and cause isolated 17,20- lyase deficiency 
are known [76– 78].

The diagnosis of 17OHD is established when cortisol and sex 
steroids are low and the steroids above the enzymatic block (P4, 
DOC, corticosterone) are all elevated. Infants and children with 
normal blood pressure and serum potassium for age do not re-
quire treatment, even when the diagnosis is established early in 
life, because corticosterone provides glucocorticoid activity. If and 
when hypertension and/ or hypokalaemia develop, glucocorticoid 
therapy the suppress DOC formation is the traditional therapy. 
The dose is titrated primarily on the basis of blood pressure, 
serum potassium, and plasma renin, although renin can remain 
low for years after normalization of blood pressure. When using 

glucocorticoids, the patient should not be rendered cushingoid or 
treated with supraphysiologic doses, as alternatives to glucocortic-
oids are available. MRA, including spironolactone and eplerenone, 
are effective alternatives to glucocorticoids and act by blocking the 
action of DOC at the receptor [79]. Combination therapy with a 
small dose of hydrocortisone and as much MRA as necessary to 
normalize blood pressure and serum potassium is also a good 
option [74].

Sex steroid replacement is needed at the time of puberty or upon 
diagnosis if delayed until adulthood. Most patients are phenotypic 
females, and oestrogen replacement alone is sufficient in patients 
with 46,XY karyotype who lack a uterus. Gonadectomy should 
be considered in 46,XY patients with intra- abdominal testes, as 
gonadoblastoma may develop, although the absolute risk is not 
known. Patients with 46,XX karyotype have a uterus and therefore 
require periodic withdrawal bleeding with a progestin. A single case 
of term pregnancy has been reported in a patient with incomplete 
but classic 17OHD [80]. The treatment strategy was to suppress P4 
with dexamethasone, prepare the uterine lining with oestradiol val-
erate, induce ovulation with gonadotropins, and implant embryos 
in a subsequent cycle after intracytoplasmic sperm injection. The 
amount of enzyme activity needed to enable pharmacologic in-
duction of ovulation is not known, and gonadotropins should be 
used with extreme caution. Most women with 17OHD already 
have chronically elevated gonadotropins and chronic anovulation, 
which tends to cause the development of large ovarian cysts [81]. 
Undervirilized males with partial 17OHD or isolated 17,20- lyase 
deficiency with male gender identity require testosterone therapy 
and sometimes surgical correction of hypospadias. Fertility in men 
with 17OHD has not been described.

11β- Hydroxylase Deficiency (11oHD)

In 11OHD, the defect in CYP11B1 disrupts the final step of cor-
tisol biosynthesis (Figure 5.9.2.5), and the phenotype is somewhat 
a combination of 17OHD and 21OHD. Similar to 17OHD, DOC 
but not corticosterone accumulates upstream of the enzymatic 
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block, and patients with 11OHD tend to develop hypertension and/ 
or hypokalaemia during adolescence— yet blood pressure does not 
correlate well with serum DOC [82]. Unlike 17OHD and similar 
to 21OHD, the steroid diversion leads to androgen excess as well, 
and girls are born with variable virilization of the external genitalia, 
which can be severe. Also like 21OHD, infants with 11OHD pro-
duce neither cortisol nor corticosterone and are prone to develop 
adrenal crises during illness if not treated. Thus, glucocorticoid 
therapy to replace the cortisol deficiency is required at birth or upon 
diagnosis.

Also like 21OHD, androgens, P4, and 17OHP are all elevated 
in 11OHD, but 17OHP is not elevated as much as in 21OHD. The 
diagnostic steroid is 11- deoxycortisol, which is the steroid imme-
diately above the enzymatic block and is typically >10 000 ng/ dL 
(>3000  nmol/ L) in classic 11OHD [83]. Non- classic 11OHD is 
very rare, and the diagnosis should be considered when androgen 
excess presents in childhood and the 17OHP is elevated but not 
sufficient to diagnose non- classic 21OHD [84,  85]. Typically, 
the cortisol is normal, but the 11- deoxycortisol is >1800 ng/ dl 
(>500 nmol/ L).

The treatment of 11OHD throughout childhood and adulthood is 
similar to that of 21OHD, with divided doses of hydrocortisone but 
without the need for fludrocortisone acetate. More potent gluco-
corticoids such as prednisolone and dexamethasone are rarely 
necessary. In fact, MRA can be added to limit the dose of gluco-
corticoid used and still control blood pressure and serum potas-
sium [66]. For 46,XX patients with 11OHD, spironolactone at doses 
of 50– 200 mg/ d functions as both an MRA and an antiandrogen, 
which compensates for mild residual elevations of DOC and T 
when physiologic doses of hydrocortisone are used. For 46,XY pa-
tients with 11OHD, eplerenone is a specific MRA that will not inter-
fere with T action. Also like 21OHD, men are prone to developing 
TART and infertility [86], which would require intensification of 
glucocorticoid therapy. Women require glucocorticoid intensifica-
tion to lower follicular- phase P4 when attempting to conceive. Only 
two cases of term pregnancies have been described in women with 
classic 11OHD [87].

P450 oxidoreductase Deficiency (PoRD)

PORD is the last form of CAH for which the molecular genetics 
and pathophysiology was determined [88,  89], although patients 
with this condition were first described clinically many years previ-
ously [90]. PORD is the most complex and variable form of CAH, 
in part because all patients thus far identified have incomplete de-
ficiencies of POR function. POR mutations can alter the activities 
of any microsomal cytochrome P450 (CYP) enzyme, including 
the steroidogenic enzymes CYP21A2, CYP17A1, and CYP19A1 
(aromatase); however, the influence on each enzymatic reaction is 
uniquely different for each missense mutation with some retained 
activity. Consequently, generalized statements about diagnosis, 
treatment, and outcomes are difficult to develop. The genetics and 
biochemistry of PORD is reviewed in detail elsewhere [91].

In general, P4, the only steroid upstream of all potential enzym-
atic defects, is always and often markedly elevated in PORD (Figure 
5.9.2.6). Steroids past one impaired enzymatic step— including 
17OHP and corticosterone— can be high or normal. Steroids past 
two impaired enzymatic steps— including cortisol, A4, and T— will 
be low and often very low. Oestrogen biosynthesis requires three 
enzymatic steps that utilize POR, and oestrogens are always very 
low, including maternal estriol in mothers carrying a fetus affected 
with PORD. Although androgen biosynthesis is always impaired, 
girls are born with genital virilization due to small but biologically 
significant amounts of 5α- reduced androgens of adrenal origin pro-
duced via the alternative pathway [88, 92]. With such complex and 
variable biochemical manifestations, PORD is best diagnosed with 
mass spectrometry profiling of urinary steroids [91].

Most patients with PORD have clinically meaningful cortisol 
deficiency and are prone to adrenal crises. These patients should 
be given replacement doses of hydrocortisone upon diagnosis and 
continued throughout life, and the dose is clinically titrated solely 
for cortisol replacement as in patients with absent adrenal function. 
Other patients might require stress dose hydrocortisone coverage 
only. Mineralocorticoid replacement is rarely required, even though 
CYP21A2 is required for aldosterone biosynthesis. In fact, the pro-
duction of DOC and corticosterone is often increased in patients 
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with PORD but not to the same extent as in 17OHD. Patients with 
PORD rarely if ever develop early- onset hypertension despite DOC 
elevations, so adjunctive therapy with MRA is not required, either; 
however, in adulthood, hypertension regularly manifests in PORD 
patients. Both male and female patients require sex steroid replace-
ment at the time of puberty and throughout adulthood, concordant 
with gender identity. PORD might be underdiagnosed in women 
with infertility, and one example of term pregnancy using ovulation 
induction and in vitro fertilization has been described [93].

Lipoid congenital Adrenal Hyperplasia (LcAH)

LCAH derives from mutations in the STAR gene encoding the 
steroidogenic acute regulatory protein (StAR). StAR delivers chol-
esterol from the outer mitochondrial membrane to the cholesterol 
side- chain- cleavage enzyme (CYP11A1) on the inner mitochon-
drial membrane, where its conversion to pregnenolone occurs. 
Patients with classic LCAH are born with cholesterol ester- laden 
adrenals and make no steroids. Thus, similar to 21OHD and 
HSD3B2D, treatment with glucocorticoid and mineralocorticoid 
therapy at birth is critical for survival. More akin to PORD, these 
treatments are purely to replace the deficiencies, as misdirection 
of steroidogenesis and adrenal- derived hormone excess does not 
occur. Monitoring and dose titration is limited to adequacy of 
cortisol replacement, absence of cushingoid features, serum elec-
trolytes, plasma renin, and standing blood pressure. StAR is also 
essential for normal gonadal androgen and oestrogen biosynthesis, 
so LCAH patients are all are phenotypically female and raised as 
girls. Intra- abdominal testes in 46,XY patients are non- functional 
and at risk for developing malignancies, and surgical orchiectomy 
is therefore prudent.

LCAH patients with 46,XX karyotype might have some ovula-
tory cycles and breast development at puberty [94], but ovarian 
failure typically ensues as cholesterol esters accumulate [95]. 
Consequently, oestrogen replacement therapy with or without pro-
gestin cycling depending on presence of a uterus is commenced 
in adolescence and continued throughout adulthood. Despite the 
severe adrenal insufficiency and pubertal failure, a few remarkable 

cases of pregnancy in 46,XX women with classic LCAH have been 
reported [96]. The first case conceived with clomiphene citrate and 
maintained two pregnancies to term with progesterone support. 
The second case involved gonadotropin stimulation, in vitro fertil-
ization, and implantation of frozen embryos following uterine prep-
aration with oestrogen [97].

Non- classic LCAH is well described, and these patients primarily 
show cortisol deficiency, simply because a higher circulating cortisol 
concentration is required to meet physiologic needs than for all other 
classes of steroid hormones [98, 99]. Thus, treatment of these patients 
is largely limited to cortisol replacement, although T supplementation 
is sometimes need in affected boys starting at puberty. A similar bio-
chemical pattern to classic LCAH is observed in rare patients with P450 
11A1 deficiency due to CYP11A1 mutations, but the latter patients do 
not have cholesterol ester- filled adrenals [100]. Patients with P450 
11A1 deficiency are managed similar as patients with classic LCAH, 
and limited information about long- term outcomes is available.

experimental therapies

In recent years, interest in improved treatment for classic 21OHD 
has grown [101– 109]. These treatments can be grouped as improved 
glucocorticoid delivery approaches and glucocorticoid- sparing 
therapies to mitigate androgen excess. Small series of patients 
treated with continuous subcutaneous hydrocortisone infusion 
have been reported [101, 102], using an insulin pump with hydro-
cortisone hemisuccinate. This approach appears to be most useful 
for patients with rapid hydrocortisone metabolism [103] or pa-
tients with impaired absorption via the gut, but is labour- intensive 
and costly. Alternatively, modified- release oral hydrocortisone has 
been tested in once daily [104] and twice daily regimens [105], the 
latter yielding significantly better lowering of adrenal- derived an-
drogens compared to conventional therapy [109]. A phase III trial 
of one preparation (Chronocort) has been completed primarily in 
Europe (NCT03062280), and one is planned for the United States 
(NCT03532022).
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Conceptually, glucocorticoid- sparing regimens for 21OHD could 
add drugs to block androgen action, inhibit androgen biosynthetic 
enzymes, or reduce ACTH stimulation of steroidogenesis. The 
first such approach employed the antiandrogen flutamide and the 
first- generation aromatase inhibitor testolactone to reduce hydro-
cortisone exposure and to optimize adult height in children [106]. 
Subsequently, the potent CYP17A1 inhibitor abiraterone acetate, 
which is FDA- approved for the treatment of prostate cancer (at 
1000 mg/ d), was studied in six adult women with classic 21OHD. 
This short- term study demonstrated robust reductions is adrenal- 
derived androgens with 100– 250 mg/ d of abiraterone acetate when 
added to 20 mg/ d hydrocortisone [27]. A  phase I  clinical trial of 
abiraterone acetate in children with 21OHD is now in progress 
(NCT 02574910).

Alternatively, direct suppression of ACTH secretion might be pos-
sible using small- molecule inhibitors of the corticotropin- releasing 
hormone type 1 receptor (CRHR1). A single- dose, dose- escalation 
study in eight women with classic 21OHD demonstrated significant 
reductions in first morning ACTH and 17OHP in half of patients 
with the CRHR1 antagonist NBI- 77860 given at bedtime [107]. 
Currently, two short- term multiple- dose phase II clinical trials of 
CRHR1 antagonists are ongoing, crinecerfont (NCT 03525886) 
and tildacerfont (NCT03257462). The sterol- O- acyltransferase in-
hibitor ATR- 101 was also studied in a dose- escalation trial that in-
cluded eight men and women with classic 21OHD (NCT02804178), 
and an extended trial is now planned in Europe.

ReFeRenceS
 1. Speiser PW, White PC. Congenital adrenal hyperplasia. N Engl J 

Med, 2003; 349: 776– 88.
 2. Finkielstain GP, Chen W, Mehta SP, et al. Comprehensive genetic 

analysis of 182 unrelated families with congenital adrenal hyper-
plasia due to 21- hydroxylase deficiency. J Clin Endocrinol Metab, 
2011; 96: E161– E72.

 3. Costa- Barbosa FA, Carvalho VM, Nakamura OH, Bachega TA, 
Vieira JG, Kater CE. Zona fasciculata 21- hydroxysteroids and 
precursor- to- product ratios in 21- hydroxylase deficiency: fur-
ther characterization of classic and non- classic patients and het-
erozygote carriers. J Endocrinol Invest, 2011; 34: 587– 92.

 4. Costa- Barbosa FA, Tonetto- Fernandes VF, Carvalho VM, et al. 
Superior discriminating value of ACTH- stimulated serum 
21- deoxycortisol in identifying heterozygote carriers for 21- 
hydroxylase deficiency. Clin Endocrinol (Oxf), 2010; 73: 700– 6.

 5. Turcu AF, Nanba AT, Chomic R, et al. Adrenal- derived 11- oxy-
genated 19- carbon steroids are the dominant androgens in classic 
21- hydroxylase deficiency. Eur J Endocrinol, 2016; 174: 601– 9.

 6. Rege J, Turcu AF, Kasa- Vubu JZ, et al. 11- Ketotestosterone is 
the dominant circulating bioactive androgen during normal 
and premature adrenarche. J Clin Endocrinol Metab, 2018; 
103: 4589– 98.

 7. Turcu AF, Mallappa A, Elman MS, et al. 11- oxygenated andro-
gens are biomarkers of adrenal volume and testicular adrenal 
rest tumors in 21- hydroxylase deficiency. J Clin Endocrinol 
Metab, 2017; 102: 2701– 10.

 8. Speiser PW, Azziz R, Baskin LS, et al. Congenital adrenal hyper-
plasia due to steroid 21- hydroxylase deficiency: an Endocrine 
Society clinical practice guideline. J Clin Endocrinol Metab, 2010; 
95: 4133– 60.

 9. Bonfig W, Pozza SB, Schmidt H, Pagel P, Knorr D, Schwarz HP. 
Hydrocortisone dosing during puberty in patients with classical 
congenital adrenal hyperplasia: an evidence- based recommen-
dation. J Clin Endocrinol Metab, 2009; 94: 3882– 8.

 10. Lee PA, Nordenström A, Houk CP, et al. Global disorders of sex 
development update since 2006: perceptions, approach and care. 
Horm Res Paediatr, 2016; 85: 158– 80.

 11. Binet A, Lardy H, Geslin D, Francois- Fiquet C, Poli- Merol ML. 
Should we question early feminizing genitoplasty for patients 
with congenital adrenal hyperplasia and XX karyotype? J Pediatr 
Surg, 2016; 51: 465– 8.

 12. Mouriquand PD, Gorduza DB, Gay CL, et al. Surgery in dis-
orders of sex development (DSD) with a gender issue: if (why), 
when, and how? J Pediatr Urol, 2016; 12: 139– 49.

 13. Baratz AB. Re: ‘Surgery in disorders of sex development (DSD) 
with a gender issue: If (why), when, and how?’. J Pediatr Urol, 
2016; 12: 442– 3.

 14. Bougneres P, Bouvattier C, Cartigny M, Michala L. Deferring 
surgical treatment of ambiguous genitalia into adolescence in 
girls with 21- hydroxylase deficiency: a feasibility study. Int J 
Pediatr Endocrinol, 2017; 2017: 3.

 15. Auchus RJ, Quint EH. Adolescents with disorders of sex de-
velopment (DSD)- - lost in transition? Horm Metab Res, 2015; 
47: 367– 74.

 16. Gleeson H, Davis J, Jones J, O’Shea E, Clayton PE. The challenge 
of delivering endocrine care and successful transition to adult 
services in adolescents with congenital adrenal hyperplasia: ex-
perience in a single centre over 18 years. Clin Endocrinol (Oxf), 
2013; 78: 23– 8.

 17. Reisch N, Willige M, Kohn D, et al. Frequency and causes of 
adrenal crises over lifetime in patients with 21- hydroxylase defi-
ciency. Eur J Endocrinol, 2012; 167: 35– 42.

 18. Auchus RJ, Witchel SF, Leight KR, et al. Guidelines for the de-
velopment of comprehensive care centers for congenital adrenal 
hyperplasia: guidance from the CARES foundation initiative. Int 
J Pediatr Endocrinol, 2010; 2010: 275213.

 19. Godbout A, Tejedor I, Malivoir S, Polak M, Touraine P. 
Transition from pediatric to adult healthcare: assessment of spe-
cific needs of patients with chronic endocrine conditions. Horm 
Res Paediatr, 2012; 78: 247– 55.

 20. Lotstein DS, Kuo AA, Strickland B, Tait F. The transition to adult 
health care for youth with special health care needs: do racial 
and ethnic disparities exist? Pediatrics, 2010; 126 Suppl 3129– 36.

 21. Finkielstain GP, Kim MS, Sinaii N, et al. Clinical characteristics 
of a cohort of 244 patients with congenital adrenal hyperplasia. J 
Clin Endocrinol Metab, 2012; 97: 4429– 38.

 22. Arlt W, Willis DS, Wild SH, et al. Health status of adults with 
congenital adrenal hyperplasia: a cohort study of 203 patients. J 
Clin Endocrinol Metab, 2010; 95: 5110– 21.

 23. Falhammar H, Filipsson H, Holmdahl G, et al. Metabolic profile 
and body composition in adult women with congenital adrenal 
hyperplasia due to 21- hydroxylase deficiency. J Clin Endocrinol 
Metab, 2007; 92: 110– 16.

 24. Kim MS, Merke DP. Cardiovascular disease risk in adult women 
with congenital adrenal hyperplasia due to 21- hydroxylase defi-
ciency. Semin Reprod Med, 2009; 27: 316– 21.

 25. Falhammar H, Filipsson H, Holmdahl G, et al. Fractures and 
bone mineral density in adult women with 21- hydroxylase defi-
ciency. J Clin Endocrinol Metab, 2007; 92: 4643– 9.

 26. Sciannamblo M, Russo G, Cuccato D, Chiumello G, Mora S. 
Reduced bone mineral density and increased bone metabolism 



SectIon 5 Adrenal Diseases952

rate in young adult patients with 21- hydroxylase deficiency. J 
Clin Endocrinol Metab, 2006; 91: 4453– 8.

 27. Auchus RJ, Buschur EO, Chang AY, et al. Abiraterone acetate 
to lower androgens in women with classic 21- hydroxylase defi-
ciency. J Clin Endocrinol Metab, 2014; 99: 2763– 70.

 28. Rosenfield RL, Bickel S, Razdan AK. Amenorrhea related to pro-
gestin excess in congenital adrenal hyperplasia. Obstet Gynecol, 
1980; 56: 208– 15.

 29. Winterer J, Chrousos GP, Loriaux DL, Cutler GB, Jr. Effect of 
hydrocortisone dose schedule on adrenal steroid secretion in 
congenital adrenal hyperplasia. J Pediatr, 1985; 106: 137– 42.

 30. Charmandari E, Matthews DR, Johnston A, Brook CG, 
Hindmarsh PC. Serum cortisol and 17- hydroxyprogesterone 
interrelation in classic 21- hydroxylase deficiency: is current re-
placement therapy satisfactory? J Clin Endocrinol Metab, 2001; 
86: 4679– 85.

 31. Auchus RJ. Management considerations for the adult with 
congenital adrenal hyperplasia. Mol Cell Endocrinol, 2015; 
408: 190– 7.

 32. Caldato MC, Fernandes VT, Kater CE. One- year clinical 
evaluation of single morning dose prednisolone therapy for 
21- hydroxylase deficiency. Arq Bras Endocrinol Metabol, 2004; 
48: 705– 12.

 33. Merke DP, Cho D, Calis KA, Keil MF, Chrousos GP. 
Hydrocortisone suspension and hydrocortisone tablets are not 
bioequivalent in the treatment of children with congenital ad-
renal hyperplasia. J Clin Endocrinol Metab, 2001; 86: 441– 5.

 34. Neumann U, Whitaker MJ, Wiegand S, et al. Absorption and 
tolerability of taste- masked hydrocortisone granules in neonates, 
infants and children under 6 years of age with adrenal insuffi-
ciency. Clin Endocrinol (Oxf), 2018; 88: 21– 9.

 35. Esposito D, Pasquali D, Johannsson G. Primary adrenal insuffi-
ciency: managing mineralocorticoid replacement therapy. J Clin 
Endocrinol Metab, 2018; 103: 376– 87.

 36. Hagenfeldt K, Janson PO, Holmdahl G, et al. Fertility and 
pregnancy outcome in women with congenital adrenal hyper-
plasia due to 21- hydroxylase deficiency. Hum Reprod, 2008; 
23: 1607– 13.

 37. Casteràs A, De Silva P, Rumsby G, Conway GS. Reassessing fe-
cundity in women with classical congenital adrenal hyperplasia 
(CAH): normal pregnancy rate but reduced fertility rate. Clin 
Endocrinol (Oxf), 2009; 70: 833– 7.

 38. Claahsen- van der Grinten HL, Otten BJ, Hermus AR, Sweep 
FC, Hulsbergen- van de Kaa CA. Testicular adrenal rest tumors 
in patients with congenital adrenal hyperplasia can cause severe 
testicular damage. Fertil Steril, 2008; 89: 597– 601.

 39. Reisch N, Flade L, Scherr M, et al. High prevalence of reduced 
fecundity in men with congenital adrenal hyperplasia. J Clin 
Endocrinol Metab, 2009; 94: 1665– 70.

 40. Bouvattier C, Esterle L, Renoult- Pierre P, et al. clinical outcome, 
hormonal status, gonadotrope axis, and testicular function in 
219 adult men born with classic 21- hydroxylase deficiency. 
A French national survey. J Clin Endocrinol Metab, 2015; 
100: 2303– 13.

 41. Tiitinen A, Välimäki M. Primary infertility in 45- year- old man 
with untreated 21- hydroxylase deficiency: successful outcome 
with glucocorticoid therapy. J Clin Endocrinol Metab, 2002; 
87: 2442– 5.

 42. Engels M, Gehrmann K, Falhammar H, et al. Gonadal function 
in adult male patients with congenital adrenal hyperplasia. Eur J 
Endocrinol, 2018; 178: 285– 94.

 43. Reisch N, Rottenkolber M, Greifenstein A, et al. Testicular ad-
renal rest tumors develop independently of long- term disease 
control: a longitudinal analysis of 50 adult men with congenital 
adrenal hyperplasia due to classic 21- hydroxylase deficiency. J 
Clin Endocrinol Metab, 2013; 98: E1820– 6.

 44. Bouman A, Hulsbergen- van de Kaa C, Claahsen- van der 
Grinten HL. Prevalence of testicular adrenal rest tissue in neo-
nates. Horm Res Paediatr, 2011; 75: 90– 3.

 45. Smeets EE, Span PN, van Herwaarden AE, et al. Molecular 
characterization of testicular adrenal rest tumors in con-
genital adrenal hyperplasia: lesions with both adrenocortical 
and Leydig cell features. J Clin Endocrinol Metab, 2015; 
100: E524– 30.

 46. Cabrera MS, Vogiatzi MG, New MI. Long term outcome in 
adult males with classic congenital adrenal hyperplasia. J Clin 
Endocrinol Metab, 2001; 86: 3070– 8.

 47. Mouritsen A, Juul A, Jorgensen N. Improvement of semen 
quality in an infertile man with 21- hydroxylase deficiency, 
suppressed serum gonadotropins and testicular adrenal rest tu-
mours. Int J Androl, 2010; 33: 518– 20.

 48. Claahsen- van der Grinten HL, Otten BJ, Sweep FC, Hermus AR. 
Repeated successful induction of fertility after replacing hydro-
cortisone with dexamethasone in a patient with congenital ad-
renal hyperplasia and testicular adrenal rest tumors. Fertil Steril, 
2007; 88: 705, e5– 8.

 49. Claahsen- van der Grinten HL, Otten BJ, Takahashi S, et al. 
Testicular adrenal rest tumors in adult males with congenital 
adrenal hyperplasia: evaluation of pituitary- gonadal function be-
fore and after successful testis- sparing surgery in eight patients. J 
Clin Endocrinol Metab, 2007; 92: 612– 15.

 50. King TF, Lee MC, Williamson EE, Conway GS. Experience in 
optimizing fertility outcomes in men with congenital adrenal 
hyperplasia due to 21 hydroxylase deficiency. Clin Endocrinol 
(Oxf), 2016; 84: 830– 6.

 51. Bry- Gauillard H, Cartes A, Young J. Mitotane for 21- hydroxylase 
deficiency in an infertile man. N Engl J Med, 2014; 371: 2042– 4.

 52. Avila NA, Premkumar A, Merke DP. Testicular adrenal rest 
tissue in congenital adrenal hyperplasia: comparison of MR 
imaging and sonographic findings. AJR Am J Roentgenol, 1999; 
172: 1003– 6.

 53. Van Wyk JJ, Gunther DF, Ritzén EM, et al. The use of 
adrenalectomy as a treatment for congenital adrenal hyperplasia. 
J Clin Endocrinol Metab, 1996; 81: 3180– 9.

 54. Scaroni C, Favia G, Lumachi F, et al. Unilateral adrenal tumor, 
erectile dysfunction and infertility in a patient with 21- 
hydroxylase deficiency: effects of glucocorticoid treatment and 
surgery. Exp Clin Endocrinol Diabetes, 2003; 111: 41– 3.

 55. Ogilvie CM, Rumsby G, Kurzawinski T, Conway GS. Outcome 
of bilateral adrenalectomy in congenital adrenal hyperplasia: one 
unit’s experience. Eur J Endocrinol, 2006; 154: 405– 8.

 56. Van Wyk JJ, Ritzén EM. The role of bilateral adrenalectomy 
in the treatment of congenital adrenal hyperplasia. J Clin 
Endocrinol Metab, 2003; 88: 2993– 8.

 57. Tiosano D, Vlodavsky E, Filmar S, Weiner Z, Goldsher D, Bar- 
Shalom R. Ovarian adrenal rest tumor in a congenital adrenal 
hyperplasia patient with adrenocorticotropin hypersecretion 
following adrenalectomy. Horm Res Paediatr, 2010; 74: 223– 8.

 58. Crocker MK, Barak S, Millo CM, et al. Use of PET/ CT with 
cosyntropin stimulation to identify and localize adrenal rest 
tissue following adrenalectomy in a woman with congenital ad-
renal hyperplasia. J Clin Endocrinol Metab, 2012; 97: E2084– E9.



5.9.2 Modern Management of Congenital Adrenal Hyperplasia and Prospects for the Future 953

 59. Charmandari E, Chrousos GP, Merke DP. Adrenocorticotropin 
hypersecretion and pituitary microadenoma following bilateral 
adrenalectomy in a patient with classic 21- hydroxylase defi-
ciency. J Pediatr Endocrinol Metab, 2005; 18: 97– 101.

 60. Witchel SF, Azziz R. Nonclassic congenital adrenal hyperplasia. 
Int J Pediatr Endocrinol, 2010; 2010: 625105.

 61. Bidet M, Bellanne- Chantelot C, Galand- Portier MB, et al. 
Fertility in women with nonclassical congenital adrenal hyper-
plasia due to 21- hydroxylase deficiency. J Clin Endocrinol Metab, 
2010; 95: 1182– 90.

 62. Eyal O, Ayalon- Dangur I, Segev- Becker A, Schachter- Davidov 
A, Israel S, Weintrob N. Pregnancy in women with nonclassic 
congenital adrenal hyperplasia: time to conceive and outcome. 
Clin Endocrinol (Oxf), 2017; 87: 552– 6.

 63. Rezvani I, Garibaldi LR, Digeorge AM, Artman HG. 
Disproportionate suppression of dehydroepiandrosterone sulfate 
(DHEAS) in treated patients with congenital adrenal hyperplasia 
due to 21- hydroxylase deficiency. Pediatr Res, 1983; 17: 131– 4.

 64. Auchus RJ, Arlt W. Approach to the patient: the adult with 
congenital adrenal hyperplasia. J Clin Endocrinol Metab, 2013; 
98: 2645– 55.

 65. Simard J, Moisan AM, Morel Y. Congenital adrenal hyperplasia 
due to 3β- hydroxysteroid dehydrogenase/ Δ5- Δ4 isomerase defi-
ciency. Semin Reprod Med, 2002; 20: 255– 76.

 66. Auchus RJ. The classic and nonclassic concenital adrenal hyper-
plasias. Endocr Pract, 2015; 21: 383– 9.

 67. Donadille B, Houang M, Netchine I, Siffroi JP, Christin- Maitre S. 
Human 3β- hydroxysteroid dehydrogenase deficiency associated 
with normal spermatic numeration despite a severe enzyme def-
icit. Endocr Connect, 2018; 7: 395– 402.

 68. Moisan AM, Ricketts ML, Tardy V, et al. New insight into the 
molecular basis of 3β- hydroxysteroid dehydrogenase defi-
ciency: identification of eight mutations in the HSD3B2 gene 
in eleven patients from seven new families and comparison of 
the functional properties of twenty- five mutant enzymes. J Clin 
Endocrinol Metab, 1999; 84: 4410– 25.

 69. Lutfallah C, Wang W, Mason JI, et al. Newly proposed hor-
monal criteria via genotypic proof for type II 3β- hydroxysteroid 
dehydrogenase deficiency. J Clin Endocrinol Metab, 2002; 
87: 2611– 22.

 70. Zerah M, Rheaume E, Mani P, et al. No evidence of mutations 
in the genes for type I and type II 3β- hydroxysteroid dehydro-
genase (3βHSD) in nonclassical 3βHSD deficiency. J Clin 
Endocrinol Metab, 1994; 79: 1811– 17.

 71. Topor LS, Asai M, Dunn J, Majzoub JA. Cortisol stimulates se-
cretion of dehydroepiandrosterone in human adrenocortical 
cells through inhibition of 3βetaHSD2. J Clin Endocrinol Metab, 
2011; 96: E31– 9.

 72. Benkert AR, Young M, Robinson D, Hendrickson C, Lee PA, 
Strauss KA. Severe salt- losing 3β- hydroxysteroid dehydrogenase 
deficiency: treatment and outcomes of HSD3B2 c.35 G>A 
homozygotes. J Clin Endocrinol Metab, 2015; 100: E1105– 15.

 73. Chung BC, Picado- Leonard J, Haniu M, et al. Cytochrome 
P450c17 (steroid 17α- hydroxylase/ 17,20 lyase): cloning of 
human adrenal and testis cDNAs indicates the same gene 
is expressed in both tissues. Proc Natl Acad Sci U S A, 1987; 
84: 407– 11.

 74. Auchus RJ. Steroid 17- hydroxylase and 17,20- lyase deficiencies, 
genetic and pharmacologic. J Steroid Biochem Mol Biol, 2017; 
165(Pt A): 71– 8.

 75. Costa- Santos M, Kater CE, Auchus RJ. Two prevalent CYP17 
mutations and genotype- phenotype correlations in 24 Brazilian 

patients with 17- hydroxylase deficiency. J Clin Endocrinol Metab, 
2004; 89: 49– 60.

 76. Geller DH, Auchus RJ, Mendonça BB, Miller WL. The genetic 
and functional basis of isolated 17,20 lyase deficiency. Nature 
Genet, 1997; 17: 201– 5.

 77. Sherbet DP, Tiosano D, Kwist KM, Hochberg Z, Auchus RJ. 
CYP17 mutation E305G causes isolated 17,20- lyase deficiency 
by selectively altering substrate binding. J Biol Chem, 2003; 
278: 48563– 9.

 78. Van Den Akker EL, Koper JW, Boehmer AL, et al. Differential 
inhibition of 17α- hydroxylase and 17,20- lyase activities by three 
novel missense CYP17 mutations identified in patients with 
P450c17 deficiency. J Clin Endocrinol Metab, 2002; 87:   
5714– 21.

 79. Mantero F, Opocher G, Rocco S, Carpene G, Armanini D. Long- 
term treatment of mineralocorticoid excess syndromes. Steroids, 
1995; 60: 81– 6.

 80. Bianchi PH, Gouveia GR, Costa EM, et al. Successful live 
birth in a woman with 17α- hydroxylase deficiency through ivf 
frozen- thawed embryo transfer. J Clin Endocrinol Metab, 2016; 
101: 345– 8.

 81. ten Kate- Booij MJ, Cobbaert C, Koper JW, de Jong FH. 
Deficiency of 17,20- lyase causing giant ovarian cysts in a girl 
and a female phenotype in her 46,XY sister: case report. Hum 
Reprod, 2004; 19: 456– 9.

 82. Rösler A, Leiberman E, Sack J, et al. Clinical variability of con-
genital adrenal hyperplasia due to 11β- hydroxylase deficiency. 
Horm Res, 1982; 16: 133– 41.

 83. Khattab A, Haider S, Kumar A, et al. Clinical, genetic, and 
structural basis of congenital adrenal hyperplasia due to 
11β- hydroxylase deficiency. Proc Natl Acad Sci U S A, 2017; 
114: E1933– E40.

 84. Joehrer K, Geley S, Strasser- Wozak EM, et al. CYP11B1 mu-
tations causing non- classic adrenal hyperplasia due to 11β- 
hydroxylase deficiency. Hum Mol Genet, 1997; 6: 1829– 34.

 85. Reisch N, Högler W, Parajes S, et al. A diagnosis not to be 
missed: nonclassic steroid 11β- hydroxylase deficiency presenting 
with premature adrenarche and hirsutism. J Clin Endocrinol 
Metab, 2013; 98: E1620– 5.

 86. Chihaoui M, Kanoun F, Chaker F, et al. Testicular adrenal rest 
tumours in young adult males with congenital adrenal hyper-
plasia: prevalence and impact on testicular function. Andrologia, 
2016; 48: 45– 50.

 87. Simm PJ, Zacharin MR. Successful pregnancy in a patient with 
severe 11β- hydroxylase deficiency and novel mutations in 
CYP11B1 gene. Horm Res, 2007; 68: 294– 7.

 88. Arlt W, Walker EA, Draper N, et al. Congenital adrenal hyper-
plasia caused by mutant P450 oxidoreductase and human an-
drogen synthesis: analytical study. Lancet, 2004; 363: 2128– 35.

 89. Flück CE, Tajima T, Pandey AV, et al. Mutant P450 
oxidoreductase causes disordered steroidogenesis with  
and without Antley- Bixler syndrome. Nat Genet, 2004; 
36: 228– 30.

 90. Peterson RE, Imperato- McGinley J, Gautier T, Shackleton C. 
Male pseudohermaphroditism due to multiple defects in steroid- 
biosynthetic microsomal mixed- function oxidases. A new 
variant of congenital adrenal hyperplasia. N Engl J Med, 1985; 
313: 1182– 91.

 91. Krone N, Reisch N, Idkowiak J, et al. Genotype- phenotype 
analysis in congenital adrenal hyperplasia due to P450 
oxidoreductase deficiency. J Clin Endocrinol Metab, 2012; 
97: E257– E67.



SectIon 5 Adrenal Diseases954

 92. Homma K, Hasegawa T, Nagai T, et al. Urine steroid hormone 
profile analysis in cytochrome P450 oxidoreductase defi-
ciency: implication for the backdoor pathway to dihydrotestos-
terone. J Clin Endocrinol Metab, 2006; 91: 2643– 9.

 93. Song T, Wang B, Chen H, Zhu J, Sun H. In vitro fertilization- 
frozen embryo transfer in a patient with cytochrome P450 
oxidoreductase deficiency: a case report. Gynecol Endocrinol, 
2018; 34: 385– 8.

 94. Bose HS, Pescovitz OH, Miller WL. Spontaneous feminization 
in a 46,XX female patient with congenital lipoid adrenal hyper-
plasia caused by a homozygous frame- shift mutation in the 
steroidogenic acute regulatory protein. J Clin Endocrinol Metab, 
1997; 82: 1511– 15.

 95. Bose HS, Sugawara T, Strauss JF, III, Miller WL. The patho-
physiology and genetics of congenital lipoid adrenal hyper-
plasia. N Engl J Med, 1996; 335: 1870– 8.

 96. Khoury K, Barbar E, Ainmelk Y, Ouellet A, Lehoux JG. 
Gonadal function, first cases of pregnancy, and child delivery 
in a woman with lipoid congenital adrenal hyperplasia. J Clin 
Endocrinol Metab, 2009; 94: 1333– 7.

 97. Khoury K, Barbar E, Ainmelk Y, Ouellet A, Lavigne P, LeHoux 
JG. Thirty- eight- year follow- up of two sibling lipoid congenital 
adrenal hyperplasia patients due to homozygous steroidogenic 
acute regulatory (STARD1) protein mutation. Molecular struc-
ture and modeling of the STARD1 L275P Mutation. Front 
Neurosci, 2016; 10: 527.

 98. Baker BY, Lin L, Kim CJ, et al. Nonclassic congenital lipoid 
adrenal hyperplasia: a new disorder of the steroidogenic acute 
regulatory protein with very late presentation and normal male 
genitalia. J Clin Endocrinol Metab, 2006; 91: 4781– 5.

 99. Metherell LA, Naville D, Halaby G, et al. Nonclassic lipoid 
congenital adrenal hyperplasia masquerading as familial 
glucocorticoid deficiency. J Clin Endocrinol Metab, 2009; 
94: 3865– 71.

 100. Tee MK, Abramsohn M, Loewenthal N, et al. Varied clinical 
presentations of seven patients with mutations in CYP11A1 
encoding the cholesterol side- chain cleavage enzyme, P450scc. 
J Clin Endocrinol Metab, 2013; 98: 713– 20.

 101. Hindmarsh PC. The child with difficult to control Congenital 
Adrenal Hyperplasia: is there a place for continuous subcutaneous 
hydrocortisone therapy. Clin Endocrinol (Oxf), 2014; 81: 15– 18.

 102. Nella AA, Mallappa A, Perritt AF, et al. A phase 2 study of con-
tinuous subcutaneous hydrocortisone infusion in adults with 
congenital adrenal hyperplasia. J Clin Endocrinol Metab, 2016; 
101: 4690– 8.

 103. Bryan SM, Honour JW, Hindmarsh PC. Management of altered 
hydrocortisone pharmacokinetics in a boy with congenital ad-
renal hyperplasia using a continuous subcutaneous hydrocorti-
sone infusion. J Clin Endocrinol Metab, 2009; 94: 3477– 80.

 104. Verma S, Vanryzin C, Sinaii N, et al. A pharmacokinetic and 
pharmacodynamic study of delayed-  and extended- release 
hydrocortisone (Chronocort) vs. conventional hydrocortisone 
(Cortef) in the treatment of congenital adrenal hyperplasia. 
Clin Endocrinol (Oxf), 2010; 72: 441– 7.

 105. Mallappa A, Sinaii N, Kumar P, et al. A phase 2 study of 
Chronocort, a modified- release formulation of hydrocorti-
sone, in the treatment of adults with classic congenital adrenal 
hyperplasia. J Clin Endocrinol Metab, 2015; 100: 1137– 45.

 106. Merke DP, Keil MF, Jones JV, Fields J, Hill S, Cutler GB, Jr. 
Flutamide, testolactone, and reduced hydrocortisone dose 
maintain normal growth velocity and bone maturation despite 
elevated androgen levels in children with congenital adrenal 
hyperplasia. J Clin Endocrinol Metab, 2000; 85: 1114– 20.

 107. Turcu AF, Spencer- Segal JL, Farber RH, et al. Single- dose 
study of a corticotropin- releasing factor receptor- 1 antagonist 
in women with 21- hydroxylase deficiency. J Clin Endocrinol 
Metab, 2016; 101: 1174– 80.

 108. Storbeck KH, Bloem LM, Africander D, Schloms L, Swart 
P, Swart AC. 11β- Hydroxydihydrotestosterone and 11- 
ketodihydrotestosterone, novel C19 steroids with androgenic 
activity: a putative role in castration resistant prostate cancer? 
Mol Cell Endocrinol, 2013; 377: 135– 46.

 109. Jones CM, Mallappa A, Reisch N, et al. Modified- release and 
conventional glucocorticoids and diurnal androgen excretion 
in congenital adrenal hyperplasia. J Clin Endocrinol Metab, 
2017; 102: 1797– 806.



SECTION 6

Neuroendocrine Tumours  
and Inherited Endocrine  
Tumour Syndromes

 6.1 Overview and Pathophysiology of Neuroendocrine 
Neoplasms  957
Rajaventhan Srirajaskanthan and Guido Rindi

 6.2 Neuroendocrine Tumour Markers  965
Waljit Dhillo and Paul Bech

 6.3 Carcinoid Syndrome  971
Dominique Clement, Raj Srirajaskanthan,  
and Martyn E. Caplin

 6.4 Lung Neuroendocrine Tumours 979
Kok Haw Jonathan Lim, Juan W. Valle, and  
Wasat Mansoor

 6.5 Non-Functioning Pancreatic Neuroendocrine 
Tumours  991
Kok Haw Jonathan Lim, Juan W. Valle,  
and Wasat Mansoor

 6.6 Gastrinoma  999
Christos Toumpanakis and Martyn E. Caplin

 6.7 Insulinoma and Hypoglycaemia  1007
Ingrid Y.F. Mak and Ashley B. Grossman

 6.8 Glucagonoma  1017
Karim Meeran

 6.9 Vasointestinal Polypeptide Secreting Tumours 1023
Alia Munir

 6.10 Somatostatinoma  1029
John A.H. Wass

 6.11 Imaging Neuroendocrine Tumours of the 
Gastrointestinal Tract/ Gastroenteropancreatic 
Neuroendocrine Tumours (GEP- NET)  1033
Prakash Manoharan

6.11.1 Multiple Endocrine Neoplasia Type 1  1046
Rajesh V. Thakker

6.11.2 Multiple Endocrine Neoplasia Type 2a 
and 2b  1053
Electron Kebebew, Douglas Wiseman,  
and Mustapha El Lakis

 6.12 Familial Syndromes and Genetic Causes  
of Paraganglioma and 
Phaeochromocytoma  1061
Eamonn R. Maher and Ruth T. Casey

 6.13 Carney’s Complex  1069
Constantine A. Stratakis and Fabio R. Faucz

 6.14 Molecular and Clinical Characteristics of  
the McCune– Albright Syndrome  1075
Michael A. Levine and Steven A. Lietman

 6.15 Cowden Syndrome  1089
Lamis Yehia, Shreya Malhotra, and Charis Eng





6.1

Overview and Pathophysiology 
of Neuroendocrine Neoplasms
Rajaventhan Srirajaskanthan and Guido Rindi

Introduction 957

Incidence and Prevalence 957

Clinical Features and Diagnostic Investigations 957

Management of Neuroendocrine Neoplasms 960

Non- Surgical Therapy 960

Systemic Medical Therapy for NENs 960

Prognosis of NENs 961

References  961

Introduction

The first description of a neuroendocrine tumour was in 1867 by 
T. Langhans, who described a submucosal tumour that resembled 
poorly differentiated glandular tissue arranged in ‘nests’ with a 
rich, thick fibrous stroma [1] . Thereafter in 1888, O. Lubarsch re-
ported the post- mortem identification of multiple ileal tumours, 
which he was reluctant to classify as ‘carcinomas’ due to a be-
nign growth pattern appearance [2]. However, it was Siegfried 
Oberndorfer who published his seminal paper Carcinoid Tumours 
of the Small Intestine in 1907 and recognized their unique nature; 
finally defining the lesions as a neoplasm distinct from carcinoma. 
The term ‘karzinoide’ (meaning carcinoma- like) was initially intro-
duced by Oberndorfer in 1907 [3]. Although, the term ‘carcinoid 
tumour’ has historically been used, with advances in the under-
standing of the tumour biology, and the recent World Health 
Organization (WHO) classifications, the term neuroendocrine tu-
mour (NET) is considered more appropriate. In consideration of 
the current classification terminology, the definition of neuroendo-
crine neoplasm (NEN) is now adopted to embrace well and poorly 
differentiated types. Originally, Pearse proposed that tumours de-
velop from migration of cells from the neural crest; however, it is 
now thought that the tumour cells are derived from multipotent 
stem cells [4]. NENs are believed to originate from neuroendocrine 
or neuroendocrine- committed cells, which are present in organs 
throughout the body.

Incidence and Prevalence

Over the last 10 years there has been a number of studies investi-
gating the true incidence and prevalence [5, 6]. SEER data demon-
strated the incidence of 5– 7 per 100 000 population. Further studies 
have demonstrated similar prevalence in Europe [7, 8]. Interestingly, 
however, while the overall incidence is around 7 per 100 000 popu-
lation [6, 9], there is an ethnic variation with a higher incidence 
rectal NENs seen in African- Caribbean and Asian populations [10]. 
In addition, there is an ethnic variation in different countries [11]. 
Gender difference between male or female varies according to the 
anatomical site of neoplasm occurrence.

The prevalence of NENs in a recent study from the USA, using 
the SEER database is reported at 48 per 100 000 population, this 
excludes the appendiceal NETs [9]. The incidence in Europe and 
the rest of the world is reported between 4 and 6 cases per 100 000 
[7, 8, 12, 13].

There is a significant increase in incidence of NENs over the last 
40  years. This may represent with increasing incidence of these 
NENs in addition to increase detection with endoscopic screening 
and use of cross- sectional imaging [8, 10]. This trend has been 
demonstrated worldwide and affecting both low-  and high- grade 
neuroendocrine neoplasms [14]. Incidence of carcinoid syndrome 
has been reported at 19% of all NENs and this give an overall inci-
dence of 1: 100 000 population [5] . Little information is available as 
for risk factors for NEN. A recent metanalysis of published informa-
tion indicated several variables including family history of cancer, 
alcohol consumption, smoking habits, and diabetes mellitus as po-
tential risk factors with variable significance at different anatomical 
places [14].

Clinical Features and Diagnostic Investigations

Signs and symptoms of neuroendocrine neoplasms can be separ-
ated into non- functional and functional. Approximately 60% of 
neoplasms are non- functional and therefore, these often present as 
incidental findings, or as result of mass effect of the tumour. The 
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functional tumours can lead to a number of distinct clinical syn-
dromes which are summarized in Table 6.1.1. A number of chapters 
in this section of the textbook will deal with the functional tumours 
in much more detail (see Chapters 6.3– 6.10).

Diagnostic Investigations

Diagnosis of NENs requires biochemical, topographical imaging, 
and, importantly, histological diagnosis. Efforts should be made to 
identify the primary tumour site, which can be difficult since some 
primary lesions are small and not detected by conventional cross- 
sectional imaging.

Biochemical tests

Patients with suspected NENs should undergo biochemical testing, 
including fasting gut hormones (glucagon, vasoactive intestinal 
peptide, somatostatin (SST), and gastrin), chromogranin A, and 
pancreatic polypeptide. Urinary or plasma 5- HIAA measurement 
should also be performed in all patients with suspected carcinoid 
syndrome [15, 16]. Table 6.1.2 shows the different biochemical tests 
that are used for diagnosis of NENs.

Histology

Histology remains the gold standard for diagnosing NENs (see 
Figure 6.1.1). Along the diagnostic work- up it is advised to pro-
vide histological rather than cytological samples in order to achieve 
an accurate diagnosis. Specimens should be immunostained 
with a panel of antibodies to general neuroendocrine markers to 

demonstrate the neuroendocrine nature of the neoplasm. These in-
clude chromogranin A and synaptophysin; other general markers 
such as PGP9.5, neuron- specific enolase and CD56 N- CAM may also 
be of help specially to elucidate the neuroendocrine nature of poorly 
differentiated NENs. In addition, the sample should be stained with 
an antibody to the Ki- 67 protein, since the Ki- 67 proliferation index 
is necessary for grading neoplasms and has important significance 
for prognosis and treatment (see Figure 6.1.1). If required and upon 
the clinician’s request, the sample may be stained for specific hor-
mones, in order to support the clinically observed hyperfunction. 
The histological characteristics of NENs vary according to the de-
gree of differentiation. Low- grade, well- differentiated NENs ori-
ginating from the gut were previously termed ‘carcinoids’ and are 
now defined as NETs. These tumours had classic histological archi-
tecture of solid islet, trabecular, or ribbon- like cell patterns, with 
little or no cellular pleomorphism, occasional mitoses and absent 
or only spotty necrosis [17]. Usually NETs show a delicate stroma 
rich in vessels. According to the current classification by WHO and 
AJCC [18–21]. NETs are graded in three tiers as grade 1, grade 2, 
and grade 3 based on mitotic count and Ki- 67%. The morphology 
of NETs is rather similar between grades, while only NETs G3 may 
show a somehow more solid structure with focal/ spotty necrosis, a 
stroma more evident and often thick, evident mitoses, usually below 
20 per 2  mm2, and Ki- 67% above 20%. Due to their non- typical 
morphology this type of NETs were previously defined as ‘atypical 
carcinoid’, a term which is still retained for NETs of the thoracic 
region [22]. High- grade, poorly differentiated NENs are currently 

table 6.1.1 The clinical features of neuroendocrine tumours

Site Clinical features Main cell type MEN 1

Pancreas

Non- functional Symptoms related to mass effect various 60%

Insulinoma Hypoglycaemia, Whipple’s triad, clammy, sweating, weight gain B cell 5– 10%

Gastrinoma Zollinger— Ellison syndrome G cells 25%

VIPoma Werner– Morrison syndrome, watery diarrhoea VIP 10%

Glucagonoma Diabetes mellitus, necrolytic migratory erythema A cell 5– 10%

Somatostatinoma Gallstones, diabetes mellitus, steatorrhoea D cells 5– 10%

Bronchial Majority non- functional, 8% carcinoid syndrome, ‘atypical’ flushing

Stomach Majority non- functional, associated with chronic atrophic gastritis; rare ‘atypical’  
carcinoid syndrome

Duodenum Majority non- functional; rare gastrinoma syndrome G cells 20%

Small bowel Majority non- functional, 40% develop carcinoid syndrome Serotonin- producing 
Enterochromaffin EC cells

Colorectal Usually non- functional, however tumours may secrete somatostatin, other peptides,  
and occasionally carcinoid syndrome may occur

PYY/ glicentin- producing cells

table 6.1.2 General biochemical plasma markers raised in neuroendocrine tumour- dependent on anatomical site

Type of tumour Plasma marker Urinary marker

NEN Chromogranin A, chromogranin B, neuron- specific enolase 5- Hydroxyindoloacetic acid

Phaeochromocytoma Chromogranin A, chromogranin B, Neuron- specific enolase, β- human chorionic 
gonadotropin, neuropeptide Y, plasma- free metanephrines, α- fetoprotein

Fractionated metanephrines

Pancreatic NETs Chromogranin A, chromogranin B, neuron- specific enolase, gastrin,  
pancreatic polypeptide, somatostatin, VIP, PTHrP
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defined as neuroendocrine carcinomas (NEC), by default G3. These 
tumours display solid or organoid structure with extensive necrosis, 
a usually thick/ desmoplastic stroma, severe cellular atypia with evi-
dent mitoses, often atypical. The WHO classification gives clear 
parameters for categorizing NENs into the two categories of NET 
and NEC and the three NET classes described earlier. A minimal 
diagnosis of NEN should comprise the definition of the tumour cat-
egory, whether NET or NEC, the definition of the grade for NETs 
and, for surgical specimens only, the stage definition. NETs are 
staged according to a site- specific NEN- dedicated staging system 
[23, 24]. NECs are staged following the site- corresponding adeno-
carcinoma/ squamous cell carcinoma staging scheme.

Imaging

Cross- sectional imaging is usually with contrast computed tomog-
raphy (CT), including arterial phase enhancement, of the abdomen, 
chest, and pelvis [25]. MRI is the most sensitive modality for liver 
metastases [26]. Studies of CT in carcinoid tumours show an overall 
sensitivity of 80% in detecting lesions [15, 25]. The sensitivity and 
specificity of CT and MRI alone are lower than the combination of 
111in- octreotide scan with CT or MRI.

nuclear Medicine

Nuclear medicine imaging is important in staging of disease and 
determining suitability for therapy with somatostatin SST analogues 
and peptide receptor. The main nuclear imaging technology modal-
ities are octreotide scintigraphy based and positron emission tom-
ography (PET) scanning. Somatostatin receptor scintigraphy used 
to primarily be based on 111In- Octreotide scintigraphy, however, 
more recently Tc- 99m- tektrotyd scintigraphy has demonstrated 

similar if not superior sensitivity and specificity [27]. However, 
this is still inferior in terms of sensitivity and specificity to Ga- 68 
DOTATATE PET imaging [28].

There are five different SST receptors (SSTs) subtypes, all of 
which have strong affinity for SST [29]. Octreotide is an SST ana-
logue which has a strong affinity for SST2 and, to a lesser extent, 
SST5 receptors [29]. NENs predominantly express SST2 and this 
expression is mostly restricted to well- differentiated low- grade 
NETs. Synthetic radiolabelled SST analogues, such as 111In- 
pentetreotide, enable SSTs scintigraphy to be performed [30]. The 
sensitivity of SSTs scintigraphy for the detection of GEP NETs has 
been well studied. The sensitivity has been reported to be between 
67% and 100%, with no significant difference in carcinoid  tumours 
from foregut, midgut, or hindgut origin. With pancreatic NETs, 
sensitivity of SSTs scintigraphy is dependent on the type of func-
tional tumour. Gastrinomas detection has a sensitivity between 
56 and 80%, VIPoma is 60– 70%, and insulinoma lower at 50% 
due to a lower expression of SST2. With pheochromocytomas, 
SSTs scintigraphy is often negative and other imaging modalities, 
such as MIBG, should be used. Medullary thyroid cancer ex-
press SST1 therefore may be negative on SSTs scintigraphy. False- 
positive scans can be seen in patients with chronic inflammation 
and granulomatous disease. SSTs scintigraphy detection is also 
 affected by the size of NETs and will often not detect lesions less 
than 1 cm.

MIBG has been used for two decades to visualize pheochromo-
cytoma and paraganglioma. MIBG shares the same method of 
uptake as noradrenaline and is not dependent on SST receptor ex-
pression. In pheochromocytomas, MIBG has sensitivity of 87% and 
specificity of 99% [31].

(f)

(h) ( j)

(i)

(g)

(a) (b)

(c)

(d)

(e)

Figure 6.1.1 Histology of digestive neuroendocrine neoplasms (NENs): neuroendocrine tumours (NETs) are shown in pictures (a– f ); neuroendocrine 
carcinomas (NECs) in pictures (g– j) (a) and (g) haematoxylin and eosin; (b– f ) and (h– j) immunoperoxidase. (a) Colon non- functioning L- type cell 
NET showing a trabecular structure rich in delicate vessels and low cell atypia; (b) chromogranin A diffuse staining of a non- functioning pancreas 
NET with solid islet structure; (c) synaptophysin diffuse staining in a non- functioning colon trabecular L- type NET; d.- f. Ki67 nuclear labelling in NET 
G1 (pancreas insulinoma, d), G2 (pancreas non- functioning, e) and G3 (colon non- functioning, f); (g) NEC large cell type of the duodenum showing 
severe atypia and necrosis (right part of the micrograph); (h) chromogranin A faint but diffuse staining in a NEC of the gall- bladder, large cell type; 
(i) synaptophysin diffuse and intense staining in a colon NEC, large cell type; ( j) diffuse nuclear labelling for Ki67 in a gastric NEC, small cell type.
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FDG- PET scanning in other malignancies is well established; how-
ever, its role for NENs is still evolving. [18F]2- fluoro- 2- deoxyglucose 
(FDG)- PET is only suitable for intermediate (G2) and high- grade 
tumours (NET G3 and NEC) and is of minimal use in low- grade 
tumours due to their slow glucose turnover. Studies with Ga- 68 
DOTA- octreotide had a greater sensitivity than conventional SSTs 
scintigraphy [32]. Ga- 68 DOTATATE PET has become standing 
functional imaging investigation in a number of centres [33– 35].

Management of neuroendocrine neoplasms

Therapies for NENs incorporate those required for control of 
symptoms due to hormonal secretion from tumours, and also 
antiproliferative therapies. The management of NENs requires the 
use of a number of different therapies including surgery, biotherapy, 
chemotherapy, peptide receptor targeted therapy, and tumour em-
bolization. The best way to provide the most appropriate manage-
ment plan for patients is through a multidisciplinary approach for 
a patient- tailored therapy [15, 36]. Different therapies may be re-
quired for different grade NETs and for different clinical stages. In 
patients with indolent disease and mild symptoms merely symp-
tomatic relief may be all that is required for some years.

Surgery remains the only method of cure and this should be 
offered to all patients when appropriate. If there is no evidence of 
metastatic disease, then resection of the primary should be con-
sidered to give the best outcomes and also for high- grade NENs 
[17,  36]. However, if there is metastatic disease the role of sur-
gery is less clear, generally surgery can be considered if significant 
debulking can be achieved. There is also evidence suggesting the 
benefit of resection of small bowel primary tumours in the context 
of metastatic disease if there are causing symptoms [38, 39]. The 
ENETS guidelines recommend palliative resection of the primary 
tumour and mesenteric metastases in the setting of stage IV NET 
disease for symptomatic patients with intestinal obstruction, is-
chaemia, or tumour bleeding [16].

non- Surgical therapy

Liver Directed Loco- Regional therapy

The most common site of metastatic disease from a NEN is the liver 
and current experience is almost restricted to NETs. There are a 
number of different liver- directed therapies that can be performed 
to reduce tumour volume and control disease progression [40, 41].

Hepatic Artery embolization

NET liver metastases are highly vascular with an arterial supply 
thats if occluded will lead to ischaemia and necrosis. By performing 
hepatic artery embolization of the tumours, normal liver tissue is 
supplied from the portal vein and preserved during embolization of 
hepatic arteries. Hence the tumour blood supply can be embolized 
without significant damage to the surrounding liver. The process 
of embolization involves passing a catheter to the hepatic artery 
or branch and material (gelfoam powder, microembospheres, and 
polyvinyl alcohol particles) released to occlude the vessel in bland 
embolization. In chemoembolization, cytotoxics (like cisplatin, 

miriplatin, gemcitabine, doxorubicin, streptozocin, and 5- FU) 
are injected prior to arterial embolization in order to achieve 
higher concentrations and prolonged action in necrotic tissue. 
Contraindications to embolization include occlusion of the portal 
vein, severe liver dysfunction, and presence of biliary anastomosis. 
Relative contraindications include tumour burden, renal impair-
ment, and heart disease (including carcinoid heart disease) [42, 43]. 
Median progression- free survival (PFS) rates of around 18 months 
after transarterial embolization (TAE) or chemoembolization 
(TACE) in patients with liver metastases [42, 44, 45]. Clinical re-
sponse rates in terms of reducing in symptoms from carcinoid syn-
drome have been reported as high as 90%.

Selective internal radiation therapy (SIRT) otherwise known 
as radioembolization is performed using 90Ytrrium resin micro-
spheres that are injected through a percutaneously placed hepatic 
artery catheter via the femoral artery; this leads to cell death and tu-
mour shrinkage [46, 47]. The contraindications to SIRT are similar 
to that of bland embolization. Long- term radiologic and biological 
responses can be achieved with radioembolization with partial or 
complete response seen in 63% [44, 45]. Median survival varies 
from 36 to 70 months [41, 48]. To date there is no randomized evi-
dence that radiologic and symptom response rates following SIRT 
are different from those seen with TACE or TAE [43, 49].

Radiofrequency ablation of liver metastases is a well- established 
technique for management of liver metastases from a number of 
different tumours. The criteria are usually lesions less than 5 cm in 
maximum dimension and less than eight in number. The procedure 
involves electrical energy delivered to the tumour via a catheter that 
is inserted percutaneously or laparoscopically. This electrical energy 
leads to heating and cell death. High symptomatic response rates 
of 70– 80% have been reported in patients with functional tumours 
such as those with carcinoid syndrome [50].

Systemic Medical therapy for nens

For patients with extensive metastatic disease a more systemic ap-
proach to treatment is usually considered. There are number of 
therapies available for treatment of NENs depending on grade, 
stage, and the site of the primary tumour [51]. A brief overview of 
these therapies is described next, with more detail regarding specific 
therapies in the forthcoming chapters.

Somatostatin Analogues

Over 70% of NENs express somatostatin receptors (SSRs) on 
their cell surface. SSRs expression is usually restricted to well- 
differentiated low- grade neoplasm (NETs) though up to 25% of 
NET G3 and NEC may also express SSTRs [52]. These can be tar-
geted by synthetic somatostatin analogues. Initial, studies demon-
strated a significant improvement in terms of controlling hormonal 
secretion and symptoms in patients with functional tumours, espe-
cially carcinoid syndrome. Over the past 10 years two randomized 
control trials (RCTs) have been published that have also demon-
strated an antiproliferative effect of somatostatin analogues [53, 54]. 
The CLARINET trial was an RCT in which lanreotide was com-
pared with placebo, was associated with significantly prolonged PFS 
(median not reached vs. median of 18.0 months, P <0.001). The es-
timated rates of PFS at 24 months were 65.1% (95% CI, 54.0– 74.1) 
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in the lanreotide group and 33.0% (95% CI, 23.0– 43.3) in the 
placebo group.

Chemotherapy

There have been a number of trials regarding chemotherapy in 
GEP NENs, most evidence is in treatment of pancreatic NENs 
with streptozocin- based chemotherapy for well- differentiated tu-
mours and platinum- based chemotherapy for poorly differenti-
ated neoplasms [55–57]. There is increasing data for the use of 
temozolomide monotherapy or in combination with capecitabine 
in pancreatic NENs [56]. The role of chemotherapy in PanNETs will 
be discussed in more detail in a later chapter. In the ENETS guide-
lines there is a recommendation for chemotherapy in PanNETs as 
a second- line therapy in patients with metastatic disease [51]. In 
small bowel NETs the evidence for chemotherapy is limited, and 
recent ENETS guidelines suggest chemotherapy for NECs only 
[16, 51]. There are no specific trials studying chemotherapy in bron-
chial NETs, however, patients with typical and atypical bronchial 
NETs are often treated with chemotherapy. Temozolomide is advo-
cated as palliative treatment in bronchial NETs as it has been the 
most widely studied in the subgroup of lung NET and has an ac-
ceptable safety profile [58].

Molecular targeted therapy

There are two molecularly targeted therapies in management of 
metastatic NETs. Everolimus is an oral inhibitor of the mamma-
lian target of rapamycin (mTOR) pathway and has activity against 
pancreatic NETs through a mechanism of cellular apoptosis and 
antiangiogenesis [59]. Median PFS is significantly longer in those 
treated with everolimus over placebo (11 vs. 4.6  months) [59]. 
Severe adverse events like hyperglycaemia and anaemia were rare, 
with stomatitis, diarrhoea, and fatigue are more commonly seen. 
Everolimus is also licenced for patients with pulmonary NETs 
and non- functional gastrointestinal NETs following the positive 
results obtained from the RADIANT- 4 trial [60]. This trial dem-
onstrated everolimus improved median PFS by 7.1 months in pa-
tients with advanced, progressive, well- differentiated (grade 1 or 
grade 2), non- functional lung or gastrointestinal NETs vs. pla-
cebo (hazard ratio, 0.48; 95% confidence interval [CI], 0.35– 0.67; 
P <0.00001). In a subsequent subgroup analysis of the RADIANT- 
4 data. There were 90 of the 302 patients enrolled in the study had 
primary lung NET (everolimus, n = 63; placebo, n = 27). Median 
PFS (95% CI) by central review was 9.2 (6.8– 10.9) months in 
the everolimus arm vs. 3.6 (1.9– 5.1) months in the placebo arm 
(hazard ratio, 0.50; 95% CI, 0.28– 0.88). More patients who re-
ceived everolimus (58%) experienced tumour shrinkage com-
pared with placebo (13%) [61].

Sunitinib, a multitargeted tyrosine kinase inhibitor, has activity 
against a range of molecular targets, including vascular endothe-
lial growth factor (VEGF) receptors and platelet- derived growth 
factor receptors, and has been shown to have antitumour activity 
in pancreatic NETs. Median PFS is significantly longer in pa-
tients treated with sunitinib over placebo (11.4 vs. 5.5  months) 
[62]. Frequent adverse events encountered include diarrhoea, 
nausea, vomiting, asthenia, and fatigue. The long- term outcome 
is a 10 month longer survival in the treatment arm, but this did 
not reach statistical significance, likely because of the high cross 
over rate [63].

Peptide Receptor Radionuclide therapy

Somatostatin receptor subtype 2 is expressed in the majority of 
NETs and confirmed through uptake in octreotide scintigraphy 
or somatostatin- based PET imaging. This offers a therapeutic op-
tion by attaching a β- emitting radioisotope to a molecule that will 
bind to somatostatin receptor- 2 then particle binds to neuroendo-
crine tumour cells and leads to cell death. The two commonly used 
radioisotopes are Lu- 177- DOTATATE which is a beta and gamma 
emitter and Y- 90 DOTATATE which is primarily a beta emitter. 
Therapy is usually administered over four cycles spaced 8– 12 weeks 
apart. Contraindications to therapy are significantly impaired renal 
function, severely suppressed bone marrow. There have a been a 
number of reports from single centres regarding peptide receptor 
radionuclide therapy (PRRT) demonstrating a partial response rate 
up to 30% with stabilization of disease in more than 60% of pa-
tients. The average time to progression of 40 months from commen-
cing therapy [64]. One study demonstrated that from the point of 
diagnosis, there is a survival benefit of 40– 72 months compared to 
historical controls [65]. Adverse events include bone marrow and 
liver toxicity as well as radiation- induced loss of renal function and 
gastrointestinal disturbance from the use of renoprotective agents 
(amino acid infusions). A recent phase 3 RCTs comparing Lutathera, 
a commercially developed Lu- 177- DOTATATE, against high- dose 
Sandostatin LAR (60 mg every 28 days) in patients with progressive 
metastatic functional midgut NENS. This demonstrated a signifi-
cant response rate of 18% in the 177Lu- Dotatate group versus 3% 
in the control group (P <0.001). In the planned interim analysis of 
overall survival, 14 deaths occurred in the 177Lu- Dotatate group 
and 26 in the control group (P = 0.004). The estimated rate of PFS 
at month 20 was 65.2% (95% confidence interval [CI], 50.0– 76.8) 
in the 177Lu- Dotatate group and 10.8% (95% CI, 3.5– 23.0) in the 
control group.

Prognosis of nens

Survival in NENs has been improved over the last few years [13]. 
Recent data from the SEER database suggests there has been an 
improvement in survival over the last 30  years [9]. The overall 
median survival of all NENs in the SEER database was 9.3  years 
(112 months). Localized NETs had better median OS (>30 years) 
compared with regional NETs (10.2  years) and distant NETs 
(12 months) (P <0.001). The overall survival is dependent on stage, 
grade, and site of primary. In terms of factors that determine prog-
nosis these are also dependent on primary site, grade, and tumour, 
and tumour burden.
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neuroendocrine Cells

In 1938, Friedrich Feyrter identified the presence of pale cells (Helle 
Zellen) distributed throughout the body and with greater prepon-
derance in the intestinal tract. As these cells could secrete chemical 
messages, Feyter proposed the diffuse endocrine system. With ad-
vances in histochemistry and electron microscopy, understanding 
of the cell type progressed. In 1969, Everson Pears proposed the 
amine precursor uptake and decarboxylation (APUD) to describe 
the production of biogenic amines and polypeptide hormones [1] . 
Neuroendocrine (NE) cells make up the diffuse NE system and 
occur either singly or in small groups in a variety of tissues and or-
gans. Although morphologically and embryologically diverse, they 
are now defined by the production of neuropeptides and neuro-
transmitters, and the presence of dense core secretory vesicles in the 
cytoplasm from which neuropeptides are released into the circula-
tion by exocytosis. However, unlike neurones, NE cell do not pos-
sess synapses or axons. NE cells can be identified by the use protein 
components of the secretory granules unique to this cell.

neuroendocrine tumours (nets)

Classification

Siegfried Oberndorfer was the first to investigate tumours in the 
bowel that were rare and indolent. He used the term ‘Karzinoid’ (‘car-
cinoid’) (carcinoma- like) to describe the small tumours he found in 
the submucosa of the gut. The classification of NETs has changed 
over the years. In 1960 the World Health Organization (WHO) pub-
lished a classification for carcinoids of the diffuse endocrine system, 
and subdivided the carcinoid group into enterochromaffin cell 
carcinoids, gastrin cell carcinoids, and other carcinoids. A second 
WHO classification was published in 2000, it uses the term NET, 

and classification is based on size, proliferation, localization, and 
differentiation. Distinction is made between well- differentiated 
NET (benign behaviour or uncertain malignant potential), well- 
differentiated NE carcinomas (low- grade malignancy), and poorly 
differentiated (usually small cell) NE carcinomas of high- grade 
malignancy. The latest WHO classification in 2010 defined NETs 
as neuroendocrine neoplasia and gastrointestinal NETs are classed 
according to their proliferative index and mitotic count. The most 
recent WHO classification published in 2017 introduced a new cat-
egory of well- differentiated neoplasms, neuroendocrine tumours 
G3, in addition to the previous categories of neuroendocrine tu-
mours G1 and G2 [2] . Despite the reclassifications older terms such 
as carcinoid are still used (see Chapter 6.1).

types of nets

Cells of the diffuse endocrine system are particularly prominent in 
the gastrointestinal tract, pancreas, C cells of the thyroid, adrenal 
medulla, parathyroid tissue, respiratory tract, skin, and genito-
urinary system. NETs are known to occur in all these tissues and, 
therefore, constitute a very heterogenous group of tumours.

Despite the large number of peptides in the gut, only a few when 
secreted in excess by NETs, result in clinical syndromes. The ma-
jority of gut- hormone secreting tumours originate in the pancreatic 
islet cells and in the midgut. Gastroenteropancreatic neuroendo-
crine tumours can be divided into functioning and non- functioning 
tumours. Functioning tumours include insulinomas, gastrinomas, 
VIPomas, glucagonomas, and somatostatinomas. The symptoms 
are caused by the excess peptide hormone secretion. The hormone 
secreted may be eutopic or ectopic.

Diagnosis

Historically, the diagnosis of NET was determined by histological 
findings. The significantly worse prognosis in advanced disease and 
the availability of multiple therapeutic options have highlighted the 
need for robust tumour markers that can be used both for diagnosis 
and follow- up. Currently, a number of normal and abnormal forms 
of peptides, biogenic amines, and hormones, secreted by NETs are 
routinely measured as markers of disease.

An ideal tumour biomarker would be one that is secreted exclu-
sively by the tumour cells. Biomarkers can be useful (i) for screening 
and differential diagnosis of NET, (ii) as a prognostic indicator, (iii) 
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as an estimate of tumour burden, and (iv) as a surveillance tool. 
Although none of the currently available markers completely fit 
the paradigm for an ideal tumour marker, when measured in con-
junction with each other, they are useful not only for making a 
diagnosis but also for monitoring response to therapy and in sur-
veillance post- remission. Consensus on biomarkers for NETs have 
advocated the use of three biomarkers groups originally identified 
for clinical drug discovery. Type 0 biomarkers should indicate the 
natural history of the disease, type 1 biomarkers should show the 
effect of intervention and type 2 biomarkers are surrogates for clin-
ical endpoints [3] .

General neuroendocrine Markers

NETs often express and secrete peptides that are common to most 
neuroendocrine cells and to cells that have undergone neuroendo-
crine differentiation.

Chromogranins

Dense core secretory vesicles, present throughout the neuroendo-
crine system, store and release chromogranins. Chromogranins are 
a group of acidic, soluble secretory proteins which are thought to 
play a role in the formation of vesicles.

Chromogranins (A, B, and C) form a major constituent of these 
granules [4]  and are widely distributed in the neuroendocrine 
system. As a result, they are excellent tissue and serum markers for 
neuroendocrine tumours.

Chromogranin A

Chromogranin A (CgA) was the first of the ‘granins’ to be identi-
fied and has the widest distribution [4,  5]. It is quantitatively the 
major constituent of the secretory granules in the NE cells and is 
expressed in the cells of the anterior pituitary, C cells of the thy-
roid, chief cells of the parathyroid, islet cells of the pancreas and the 
chromaffin cells of the adrenal medulla. It is also widely distributed 
in the neuroendocrine cells of the bronchial and gastropancreatic 
systems and the skin.

The human form of CgA is an acidic 439 amino acid protein that 
is preceded by an 18 amino acid signal peptide. Both the N and 
C terminals are well conserved between species. The CgA mol-
ecule contains a number of mono and dibasic amino acid sites, 
thus implying fairly extensive and varied post- translational pro-
cessing. This suggests that it may be a precursor to a number of 
other peptides. Although the function of CgA has not yet been 
fully elucidated, it is often cosecreted with the neuroendocrine 
hormones and peptides and therefore thought to play a role in the 
processing, packaging, and secretion of neuropeptide precursors 
and hormones [6] .

The sensitivity and specificity of circulating CgA measurement 
in the biochemical diagnosis of NET have been extensively studied 
and values calculated range from 56% to 100%. This variation in 
values can be attributed to the heterogeneous composition of NET 
subtypes used in the patient groups, the varying number of subjects 
used in the patient and control groups, the different reference inter-
vals used, the different methods to obtain the reference intervals 
and the different CgA assays used.

To investigate the difference between CgA assays, a comparison 
of four kits demonstrated no significant difference in sensitivity 
between the assays, however, the sensitivity could be increased 

significantly when a combination of two non- cross reacting assays 
were used [7] .

A meta- analysis of 13 studies meeting the inclusion criteria out of 
78 potential studies revealed a sensitivity and specificity of 73% and 
95%, respectively. Furthermore, the area under the curve was 0.896 
indicating the usefulness of CgA [8] . Therefore, most NETs are as-
sociated with increased circulating levels of CgA. Even tumours that 
produce hormones with no identifiable clinical features or have lost 
the ability to synthesize peptides, continue to express CgA [4] As 
a result, CgA is routinely used as a marker for both diagnosis and 
monitoring of NETs. It is particularly useful (i) when existing cell- 
specific markers (explained later in the chapter) are either unstable, 
rapidly fluctuating or inconvenient for clinical use; (ii) to confirm 
the neuroendocrine origin of a tumour; and (iii) as a general marker 
of disease when the neoplastic disease involves multiple neuroendo-
crine tissues (e.g. multiple endocrine neoplasia) [4].

CgA has been shown to correlate with tumour burden and extent 
of metastases. Increasing concentrations of CgA can also indicate 
worse prognosis. However, high circulating CgA concentrations 
have been measured in gastrinoma patients despite the small pri-
mary tumour and absence of metastases.

CgA can be used to monitor recurrence of disease. A comparison 
of CgA, urinary 5HIAA and radiological measurements in patients 
with a midgut NET found that elevated plasma CgA was the first to 
indicate disease recurrence.

There are, however, some limitations to using CgA as a tumour 
biomarker. An increase in circulating CgA levels due to a tumour 
often goes undetected until it has reached a size capable of produ-
cing appreciably increased amounts of CgA. Further, CgA cannot 
differentiate between different subtypes of NET and it is not equally 
expressed in all NETs. Some only weakly express CgA (e.g. small 
cell carcinoma of the lung) [9]  Concentrations are only minimally 
elevated in patients with insulinomas. Most patients with metastatic 
foregut and midgut carcinoids have increased (tumour burden de-
pendent) levels of CgA. Gastrinomas may show increased levels 
of CgA even in patients with very limited disease. This is prob-
ably because chronic hypergastrinemia causes hyperplasia of the 
enterochromaffin cells [10].

The biological variation of circulating CgA levels has been 
studied extensively and levels can vary by 30% from day to day in 
healthy controls and patients alike. In addition, there are a number 
of non- neoplastic conditions are associated with high CgA levels. 
Patients on proton pump inhibitors (PPI) have raised CgA levels. 
Renal impairment, and to a lesser extent, liver failure can also result 
in increased levels [11].

CgA undergoes post- translational changes before release. 
Tumours may, therefore, release different molecular forms of CgA 
[12]. As a result, a number of different forms of CgA are released 
into circulation. Thus, levels measured are dependent on the anti-
serum used. Some assays measure only the whole CgA, while others 
measure the whole CgA plus fragments that contain the specific 
epitope to which the antisera was developed. Thus reference ranges 
are assay- specific. A  lack of standardization between the various 
commercially available immunoassays makes comparison difficult. 
However, sequential measurement with the same assay can reliably 
be used to monitor disease progression in a patient.

Pancreastatin is a 49- amino acid (CgA 240– 288) peptide pro-
duced by dibasic cleavage of CgA. Pancreastatin assays that use 
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antisera raised to the mid- molecule cross- react strongly to CgA and 
can be used to measure both pancreastatin and CgA. Assays using 
antisera raised to the N or C terminals of pancreastatin are, how-
ever, specific for pancreastatin. Pancreastatin concentrations are 
shown to correlate well with extent of liver involvement. Specific 
pancreastatin assays may therefore be used to assess and monitor 
the extent liver involvement in patients with NET [13]. The advan-
tage of assays using antibodies specific for pancreastatin is that they 
are unaffected by PPIs [14].

Chromogranin B

Chromogranin B (657 amino acid peptide) (CgB) or GAWK (a 
partial sequence of CgB 420– 493) coexists with CgA in the secre-
tory granules and bears a strong homology to CgA in the ter-
minal regions. Like CgA it is an acidic protein [15]. The relative 
abundance of CgA and CgB is cell specific. CgA is the dominant 
granin in the pancreatic endocrine tumours and in the serotonin 
secreting tumours in the ileum and appendix. However, in rectal 
carcinoids, where CgA is virtually absent, CgB is the most abun-
dant granin [16]. Elevated CgB concentrations have been de-
tected in some NET patients when CgA is not raised [17]. It is, 
therefore, measured complementary to CgA in some centres, and 
improves diagnostic sensitivity. CgB has also been shown to be a 
more sensitive marker of PNETs than CgA [18]. CgB assays are, 
however, associated with the same problems of standardization 
as the CgA assays [17, 19]. The combined measurement of CgA 
and CgB has a sensitivity of 89% for NETs [20]. A polyclonal anti-
serum with cross reactivity to both CgA and B has been devel-
oped by Eriksson et al. [21].

Circulating levels of CgB have only been shown in phaeochromo-
cytoma to correlate with tumour bulk [22] and there is little evi-
dence to suggest that CgB can be used to predict disease recurrence. 
Unlike CgA, CgB is not affected by PPI treatment. It is, however, like 
CgA effected by renal impairment [23].

Chromogranins are best measured in plasma. Fasting samples are 
not required. Samples must be centrifuged, plasma aliquoted, and 
stored at – 20°C immediately after collection, to prevent degradation 
of the peptide. Patients on acid suppressive therapy should be ad-
vised to come off treatment before CgA is measured (see summary).

neuron- Specific enolase

α- γ and γ- γ isomers of the glycolytic enzyme phosphopyruvate 
hydratase, 2- phospho- D- glycerate hydrolase occur mainly in the 
neuronal and neuroectodermal tissue and are collectively known 
as neuron- specific enolase (NSE). NSE is expressed in a number of 
primary neuroendocrine tumours and in tumour with neuroendo-
crine differentiation [24, 25]. It is specifically used in the diagnosis 
and follow- up of patients with neuroblastoma and small cell car-
cinoma of lung. This is particularly helpful as CgA is poorly ex-
pressed in small cell lung carcinoma [26]. Although the specificity 
of serum NSE in the diagnosis of neuroendocrine tumours is lower 
than that of CgA, the combination of both markers has a higher 
sensitivity than both markers separately [27].

other Markers

Pancreatic polypeptide (PP) is a 36 amino acid peptide secreted by 
the normal pancreas. Levels increase in response to food. Although 
its function has not been fully elucidated, PP is known to slow gastric 

motility and is thought to play a role in the initiation of satiety [28]. 
Its levels are increased in 74% of gastropancreatic tumours and 
roughly 50% of carcinoids. The term PPoma is used to describe tu-
mours secreting particularly high levels of PP. Although no specific 
clinical symptoms have so far been attributed to elevated PP levels 
[12, 21] these tumours are sometimes associated with non- specific 
gastrointestinal symptoms. Due to a significant response to food, 
PP is best measured in plasma samples taken after an overnight fast. 
Samples must be centrifuged, plasma aliquoted, and stored at – 20°C 
immediately after collection, to prevent degradation of the peptide.

Somatostatin secreting tumours (somatostatinoma), although 
rare, have been identified for some time and are associated with dia-
betes mellitus, jaundice, diarrhoea, steatorrhoea, weight loss, and 
gall bladder disease) [29]. Other very rare secreting tumours include 
ghrelin secreting tumours [30,  31] which are not associated with 
features of acromegaly and GLP- 1 secreting tumours which have 
symptoms of reactive hypoglycaemia [32]. Most recently a chole-
cystokinin secreting tumour has been identified; the symptoms in-
cluded severe weight loss, non- watery diarrhoea, gall bladder, and 
peptic ulcer disease despite consistently low plasma gastrin concen-
trations [33]. Due to significant changes in circulating concentra-
tions after food, all of these hormones are best measured in samples 
taken after an overnight fast. Samples must be centrifuged and 
plasma aliquoted and stored at – 20°C immediately after collection, 
to prevent degradation of the peptide.

Neurokinin A  and substance P are members of the tachykinin 
family and are expressed in midgut carcinoid cells. They act on 
lymphocytes and mast cell degranulation and cause vasodilata-
tion and flushing and effect gastrointestinal motility. Levels of 
neurokinin A and its fragment neurokinin K are increased in 46% 
of patients with midgut carcinoids and serve as good prognostic 
markers as levels correlate well with tumour burden and therapeutic 
response. Increases in neurokinin A can predict worse survival [34]. 
Tachykinins can be measured in either plasma or serum. As tachy-
kinins do not show a significant rise post- prandially, fasting samples 
are not required [35].

Alpha subunit of the glycoprotein hormones and/ or β- HCG are 
elevated in about 25% of patients with neuroendocrine tumours like 
carcinoids, islet cell tumours, medullary thyroid cancer, and small 
cell lung cancer. Locally invasive NETs are associated with higher 
prevalence of increased β- HCG and alpha subunit expression and 
circulating levels [36].

Carcinoembryonic antigen (CEA) is not specific to neuroendo-
crine tumours but is found to be elevated in some NETs, such as 
medullary thyroid carcinoma. When used in conjunction with cal-
citonin, the specific marker for medullary thyroid carcinoma, CEA 
is a good prognostic marker as increased levels are associated with 
greater tumour aggressiveness and poorer prognosis [37].

Ki- 67 is a proliferation antigen, which is expressed in G1, S, G2, 
and M phases of the mitotic cycle. Cells in G0 phase (resting phase) 
of the mitotic cycle do not express Ki67. As a result, actively pro-
liferating cells are seen to have a higher expression of Ki67 on im-
munocytochemistry (ICC). Ki67 proliferation index is a measure of 
its expression in the cell based on the intensity of staining on ICC. 
Non- functioning and metastatic NETs are seen to have a higher 
Ki67 staining index. Increased expression of Ki67 is associated with 
a poorer prognosis. Levels, however, cannot be measured in circula-
tion, thus limiting the use of the marker to ICC [38].
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A number of other peptides including adrenomedullin [39] and 
cocaine- and- amphetamine- regulated- transcript (CART) [40] have 
been proposed as candidate markers for NETs. The highest levels 
of adrenomedullin are found in neuroendocrine tumours of bron-
chial, midgut, and unknown origin. Levels seem to be predictive of 
progressive disease, thus suggesting a role for adrenomedullin as a 
prognostic marker. CART has been found to be a specific tumour 
marker in patients with a range of neuroendocrine tumours and a 
more useful marker than either CgA or CgB in patients with phaeo-
chromocytoma or paraganglioma [18]. Used in combination with 
CgA, CART, measurement has the potential to improve sensitivity 
in diagnosis and follow- up of neuroendocrine tumours, in par-
ticular progressive pancreatic neuroendocrine tumours. CART ex-
pression in small bowel tumours taken from 97 patients has shown 
that it is associated with worse survival [41].

Cell- Specific Markers

In addition to the markers just mentioned, NE cells are often asso-
ciated with the synthesis of specific hormones/ peptides. Excessive 
production and/ or release of hormones by tumours arising from 
these cells may result in clearly identifiable clinical syndromes (e.g. 
Zollinger– Ellison syndrome in patients with gastrinomas and re-
current hypoglycaemia’s in patients with insulinomas). Other NETs 
may present with unusual clinical symptoms as a result of ectopic 
secretion of hormones such as growth hormone or adrenocortico-
tropic hormone (ACTH). In such tumours (also known as func-
tioning tumours), the specific hormone can be used as a marker for 
diagnosis, monitoring, and surveillance of disease. Some of these 
tumours and their markers are listed in Table 6.2.1. Each of these 
tumours is discussed in detail (see specific chapters in section 6).

Measurement of serum hormone concentrations can also be 
useful in the diagnosis of NETs in which the hormonal products 
produce a few non- specific or no clinical symptoms. Hormones 
such as calcitonin, PP, somatostatin, and pro- hormones like pro- 
opio- melanocortin (POMC) and calcitonin- gene- related- peptide 
(CGRP) are examples of this.

Most peptides, hormones, and neuropeptides secreted by neuro-
endocrine cells are first synthesized as precursors or pro- hormones. 
In normal NE cells they are then processed into mature hormones 
by sequence- specific and tissue- specific, post- translational modifi-
cations including glycosylation, amidation, phosphorylation, and 
sulphation. However, these processes are often defective in NETs. 
As a result, tumour cells may secrete a number of heterogeneous 
unprocessed or incorrectly/ incompletely processed forms of hor-
mones/ peptides. A  classic example is POMC, which is cleaved to 
ACTH and β- endorphin in an ordered manner in the normal pitu-
itary. But in the presence of a tumour, high- molecular- weight forms 
of ACTH, as well as POMC are secreted into the circulation. Other 
common examples of pro- hormones secreted by tumours include 
CGRP, pro- gastrin, and pro- insulin. Thus, the presence of incom-
pletely or incorrectly processed pro- hormones is suggestive of the 
presence of a tumour.

This fact has particular implications when validating assays for 
measuring hormones/ peptides as tumour markers. The antibody 
used, must cross- react with as many forms of the hormone/ peptide 
as possible, in order to avoid false negative results.

Dynamic function tests may sometimes improve the diagnostic 
sensitivity of hormone measurements. Common examples include 

the pentagastrin stimulation test for medullary thyroid carcinoma 
and 72- hour fasting test for insulinomas.

Glycine extended Peptides and Considerations 
for new Assays

Most peptide hormones secreted from NE cells are α- amidated and 
this constitutes the final hormonal processing step. Many of these 
hormones promote cellular growth and often secretion increases 
in NETs and therefore, may act as tumour growth factors. The pre-
ceding precursor to the α- amidated peptide is the glycine extended 
peptide, whereby the glycine residue donates the amide for the C- 
terminus of the mature peptide. As the glycine extended precursor is 
the penultimate step in the pathway it is often released with mature 
α- amidated peptide. Early studies showed that the glycine extended 
peptide, may also be a tumour growth factor and have its own re-
ceptor. This prompted further studies to corroborate the potential 
significance of an alternative receptor for glycine extended peptides. 
However, failure to confirm the initial findings in the subsequent 
years has left researchers to conclude that there are no such receptors 

table 6.2.1 Cell- specific markers for some of the NETs

Tumour/ syndrome Marker (peptide(s)/ hormone(s))

Gastrinoma Gastrin (elevated fasting plasma levels, off acid 
suppressive treatment)

Insulinoma Insulin, pro- insulin, and C- peptide

(inappropriately non- suppressed in the presence of 
hypoglycaemia: plasma glucose <2.2 mmol/ L)

Glucagonoma Glucagon (elevated fasting plasma levels)

VIPoma Vasointestinal peptide (elevated fasting plasma 
levels)

Carcinoids 5- Hydroxyindoleacetic acid (5- HIAA)

(elevated 24- hour urinary)

(elevated in midgut, occasionally in foregut,  
and rarely in hindgut carcinoids)

Pheochromocytoma, 
carcinoids (occasionally)

Metanephrines, (elevated plasma and  
24 hr urinary)

Catecholamines (elevated plasma and  
24 hr urinary)

Hypercalcaemia Parathyroid hormone (PTH) related peptide

(elevated in association with raised serum calcium 
and suppressed PTH)

Medullary thyroid 
carcinoma

Calcitonin

(elevated plasma calcitonin)

Acromegaly Growth Hormone releasing Hormone

(elevated plasma levels due to ectopic secretion)

Growth Hormone

(elevated plasma levels due to ectopic secretion)

Insulin like Growth Factor

(elevated plasma levels due to ectopic secretion)

Cushing’s syndrome Adrenocorticotropic Hormone

(elevated plasma levels due to ectopic secretion)

Cortisol

(elevated plasma levels due to high ACTH)
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[42]. What it does demonstrate, however, is that care should be taken 
to develop NET biomarker assays which do not distinguish between 
the two forms so that maximum sensitivity can be achieved. This is 
further highlighted with gastrin measurement. Gastrin is processed 
into various different forms with 14, 17, 34, and 71 amino acids. 
The 17 and 34 amino acid forms predominate in the circulation and 
can be α- amidated or glycine extended, furthermore, gastrin can be 
sulphated at a tyrosine residue. Therefore, to increase detection of 
gastrin all these forms should be detectable by the assay [43].

Summary

CgA is currently the best general available NET marker. However, 
none of the currently available tumour markers are specific or sen-
sitive enough to be used as a single definitive marker and for most 
NETs, diagnosis by means of plasma level estimations of one hor-
mone is not always clear cut. Therefore, two or more hormones are 
used for the diagnosis of most NET tumours.

Apart from the cell- specific hormones associated with func-
tioning tumours, it is useful to monitor CgA (+/ –  Cg B) as a marker 
of disease in almost all NETs. NSE is particularly useful in moni-
toring small cell carcinoma lung and neuroblastomas.

A panel of tumour markers is used to investigate both functioning 
and non- functioning gastropancreatic tumours. The markers most 
commonly measured include PP, somatostatin, CgA, CgB, VIP, gas-
trin, glucagon, and insulin.

Of note, a number of these hormones (PP, somatostatin, VIP, gas-
trin, glucagon, and insulin) show a significant change in levels in re-
sponse to food. Samples to measure these hormones must therefore 
be collected after an overnight fast.

Before collecting samples, it is always advisable to confirm 
sample requirements from the assaying laboratory, as requirements 
and reference ranges may sometimes differ. Guidelines offered by 
the supraregional assay service for gut hormone measurement in 
the United Kingdom (Imperial College Healthcare NHS Trust, 
London) suggest that all of these hormones, including CgA and 
CgB, are best measured in plasma samples collected in bottles con-
taining ethylenediaminetetraacetic acid (EDTA) or LiHeparin (+ 
aprotinin). Neurotensin can only be measured in plasma samples 
collected in Li Heparin (+ aprotinin) bottles.

The peptides are prone to degradation. Samples must therefore 
be centrifuged, aliquoted, and frozen at  – 20°C, immediately after 
collection. Both CgA and gastrin levels are significantly affected by 
acid suppressive therapy. Unless contraindicated in the patient with 
clinical Zollinger– Ellison syndrome, all patients must stop PPIs for 
two weeks, histamine- 2 receptor blocker therapy for three days and 
any other antacid therapy for one day before the measurement of 
CgA or gastrin [44]. (Further details on sample requirements can 
be found at pathology.imperial.nhs.uk.)

It is important to remember that, as with all other tumour 
markers, NET markers are only valuable when measured in the con-
text of corroborative clinical and radiological findings.

It is hoped that future advances in microarrays and proteomics 
will lead to the discovery of more specific markers that will not only 
be more accurate diagnostic and prognostic indicators, but will also 
enable the use of highly effective, targeted, and individualised treat-
ments for patients with NETs.
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Introduction

Neuroendocrine tumours (NETs) are derived from cells of the diffuse 
neuroendocrine system, which are present in organs throughout the 
body. The term ‘Karzinoide’ (meaning carcinoma like) was initially 
introduced by Siegfried Oberndorfer in 1907 [1] . The term carcinoid 
tumour has historically been used; however, with advances in the 
understanding of the tumour biology, the term NET is considered 
more appropriate. The term carcinoid syndrome arose from the clin-
ical syndrome associated with carcinoid tumours. NETs commonly 
arise from the gastroenteropancreatic tract. The majority of these 
tumours are non- functional tumours, meaning that they do not se-
crete proteins that can cause a clinical syndrome. Around 30– 45% 
can cause a functional syndrome and the most common clinical 
syndrome is carcinoid syndrome [2]. This most commonly presents 
with symptoms of diarrhoea, abdominal pain, and flushing. It is 
thought to arise due to the production of serotonin and kinins from 
the tumour cells which lead to the symptoms of carcinoid syndrome. 
The small bowel is the most common primary site that leads to car-
cinoid syndrome. Treatment strategies are aimed at reducing tumour 
load and decreasing hormone secretion from the tumour. This can 
be achieved through a number of different therapies and modalities 

including medical therapy, surgery, liver- directed therapy, and 
radiotargetted therapy. Carcinoid crisis is a life treating condition 
which can appear spontaneously or precipitated by surgery or an-
aesthesia. A number of systemic complications can arise secondary 
to serotonin or kinin secretion and are commonly seen in carcinoid 
syndrome. These include carcinoid heart disease which can de-
velop with tricuspid and pulmonary valve regurgitation or stenosis. 
Another complication of the carcinoid syndrome can be mesenteric 
fibrosis with ischaemia or small bowel obstruction. Nutritional defi-
ciencies can also occur such as pellagra, which can develop as result 
of niacin deficiency due to serotonin overproduction. In this chapter, 
we will discuss the prevalence of carcinoid syndrome, its pathophysi-
ology, and discuss treatment options and systemic complications 
seen in carcinoid syndrome.

Prevalence

Carcinoid syndrome was first described in the literature by Thorsson 
et al. in 1954, they described a series of 16 patients with a new syn-
drome [3] . Based on clinical findings diarrhoea, skin flushing, oe-
dema, and ascites. Autopsies performed in these cases confirmed 
a small intestine carcinoid tumour with liver metastases, valvular 
disease of right side of the heart with septal defects.

Since 1954 the prevalence of carcinoid syndrome has been ex-
tensively studied. For metastatic NETs the prevalence was reported 
between 8% [4]  and 72% [5]. More recent European data show a 
prevalence of carcinoid syndrome in around 20% of NET patients 
[6, 7]. A recent article by Halperin et al. analysed the Surveillance, 
Epidemiology, and End Results (SEER) database in the USA, dem-
onstrated 19% of patients with NETs had carcinoid syndrome [8].

Signs and Symptoms

The first symptoms Thorsson described with the carcinoid syn-
drome are diarrhoea, skin flushing, oedema, and ascites [3] . The 
most common symptom is diarrhoea which is reported in around 
80% of patients [2, 9, 10]. Diarrhoea is the secretory type and due 
to gastrointestinal motility factors. The frequency is defined as at 
least three times a day [11, 12]. Skin flushing appears in 50– 85% of 
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patients and is described as red appearance of skin face, neck, and 
upper part of chest. A flush can last from seconds to several min-
utes and has characteristic appearances. Flushing episodes can be 
infrequent, however, in untreated patients can occur at least once 
a day but often more frequent [2, 11– 14]. Flushing may appear 
spontaneously but can be provoked by emotional stress, alcohol, or 
tyramine containing foods such as cheese, coffee, chocolate, nuts, 
avocado, bananas, and red wine [11, 14– 16]. Individuals may not be 
aware of the flushing episodes, however, often family members or 
friends note the flushing episodes.

Abdominal pain was described in around 40% of patients, per-
ipheral oedema in 50– 60%, heart lesions in 20%, and pellagra in 
around 1% [2, 9, 17].

Other studies describe wheezing or bronchospasm in 10– 20% of 
patients [8, 11, 18– 20] and telangiectasia around 25% of patients [11, 
21– 24]. Cardiac palpitations are a common symptom often reported 
as occurring spontaneously or following a stressful episode. The pal-
pitations can be short in duration of persist for long periods of time 
around 20– 30 minutes [11, 21]. In patients with carcinoid heart dis-
ease at presentation they may have clinical signs of heart failure, usu-
ally right sided heart failure. This can include peripheral oedema, 
ascites, elevated jugular venous pressure, and cardiac murmurs [23].

Patients with carcinoid syndrome experience worse quality of life 
and more anxiety, based on hospital anxiety and depression scores, 
compared to NET patients without carcinoid syndrome [24, 25].

Diagnosis

Diagnosis of carcinoid syndrome is based on clinical symptoms, 
biochemical, imaging, and histological diagnosis. Biochemical tests 
for diagnosis of carcinoid syndrome are primarily the 24- hour urine 
collection for 5- hydroxyindolacetic acid (5- HIAA) this is a break-
down product of serotonin and has a sensitivity and specificity 
around 90% for NETs [26]. Certain serotonin- rich foods (bananas, 
avocados, plums, eggplant, tomatoes, plantain, pineapples, kiwis, 
and nuts) and medications (analgesic acetaminophen, cough syrups, 
and warfarin) can increase urinary 5- HIAA levels and should be 
avoided 24 hours before and during specimen collection. More re-
cently, there has been development of plasma 5- HIAA assays, how-
ever, these are not currently widely available [27]. Chromogranin 
A is another useful biomarker of NET, however it cannot be used in 
isolation to make the diagnosis [10, 14, 16, 23].

Cross- sectional imaging with a dual- phase staging computed tom-
ography (CT) scan of the chest, abdomen, and pelvis may be appro-
priate if any hormonal tests are abnormal. Somatostatin receptor 
scintigraphy (Octreoscan), a nuclear medicine imaging modality, 
should be considered in any patients with histologically proven NETs 
or in patients with suspected NETs and lesions identified on CT. More 
recently 68Ga- DOTATATE PET scan is becoming the new standard 
of functional imaging since it is more sensitive than Octreoscan [28].

Pathophysiology

NETs normally produce and secrete several different amines like 
serotonin, kinins, kallikrein, and prostaglandins. However, when 
the primary site is within the gut, the secreted amines are degraded 

by the liver and symptoms do not generally occur. In the presence 
of hepatic metastases, metastatic lesions secrete amines mainly 
serotonin that will exceed and bypass the degradation capacity of 
the liver and then reach the systemic circulation. In these cases, 
carcinoid syndrome will develop. Exceptions for this pathway are 
ovary, testicular, retroperitoneal, bronchial primary NETs, or me-
tastases because they can directly access the systemic circulation 
[10, 22, 29– 32].

In healthy people, serotonin is inactivated and metabolized to 5- 
HIAA by the hepatic monoamine oxidase and which is cleared by 
the kidneys. In these people, approximately 99% of tryptophan is 
used for the synthesis of nicotinic acid and less than 1% is converted 
to serotonin. However, in patients with carcinoid tumours there is a 
shift toward the production of serotonin [33].

Medical Management of Carcinoid Syndrome

Therapy for the carcinoid syndrome is aimed at lowering the secre-
tion of serotonin and other amines/ peptides by reducing hormone 
secretion or by reducing tumour load by surgical intervention or 
non- surgical therapies.

The mainstay of medical therapy is focused around use of som-
atostatin analogues to reduce hormone secretion in carcinoid syn-
drome. In 1986 Kvols et al. reported on 25 patients with carcinoid 
syndrome treated with the somatostatin analogue octreotide sub-
cutaneous administered three times a day. Nearly 90% of patients 
reported significant improvement of symptoms, 72% of patients 
demonstrated a 50% reduction of 24 hr urine 5- HIAA level [34]. 
Since then octreotide and later developed lanreotide are con-
sidered cornerstones in the treatment of carcinoid syndrome with 
good evidence demonstrating significant reduction in carcinoid 
syndrome symptoms following commencement of somatostatin 
analogues [35].

Somatostatin analogues are also used for tumour control. The 
PROMID trial investigated the effect of long- acting octreotide 
(LAR) 30 mg intramuscular every 28 days, compared to placebo in 
patients with inoperable or metastatic NET. After 6  months 67% 
of patients treated with long- acting octreotide showed stable dis-
ease versus 37% of patients treated with placebo. The median time 
to progression for long- acting octreotide was 14.3  months versus 
6  months in placebo patients [36]. The Clarinet trial investigated 
the effect of long- acting lanreotide 120  mg subcutaneous every 
28 days compared to placebo in patients with inoperable or meta-
static non- functional NETs. At 18  months treatment progression 
free survival for lanreotide median was not reached, for placebo was 
18 months [37].

Tachyphylaxis can occur during treatment with long- acting 
octreotide or lanreotide after 6– 18 months, dose escalation can re-
sult in regain of symptom control [19, 38].

There are five somatostatin receptors on the surface of NET cells 
and while octreotide and lanreotide have a good affinity for somato-
statin receptor- 2 and modest affinity for somatostatin receptor- 5, 
they have a weaker affinity for other receptors. Pasireotide (SOM 
230)  was developed as new multireceptor somatostatin ana-
logue, with high affinity for somatostatin receptor 1, 2, 3, and - 5, 
for patients with inadequately symptom control on long- acting 
octreotide. A  phase III trial randomized 110 patients between 
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pasireotide 60 mg or long- acting octreotide 40 mg every 28 days. 
During interim analysis pasireotide and long- acting octreotide 
showed similar rates of symptom control 20.9% and 26.7%, respect-
ively. Progression free survival of 11.8 months with pasireotide and 
6.8 months with octreotide was noticed. Within this interim ana-
lysis pasireotide was not expected to show superiority over long- 
acting octreotide in terms of symptom control and therefore the 
trail was halted [39, 40]. Currently, pasireotide does not have a li-
cence for use in NETs.

Recently a new therapy has been licensed for use in carcinoid syn-
drome. Telotristat ethyl (Xermelo®) is an oral systemically available 
inhibitor of tryptophan hydroxylase. The amino acid tryptophan 
is converted into serotonin or niacin by tryptophan hydroxylase. 
Therefore, telotristat can reduce the production of serotonin. The 
TELESTAR trial was a phase III double- blind placebo- controlled 
trial in which in which a 135 participants were randomized to re-
ceive 250 mg telotristat ethyl tablet, 500 mg telotristat ethyl tablet 
or placebo three times daily for 12 weeks in the double- blind treat-
ment period, followed by a 36 week open- label extension period. 
There was a statistically significant reduction in bowel movements 
in 42– 44% of patients (250 mg or 500 mg) compared to 20% reduc-
tion in placebo patients, in addition to a significant reduction in 
urine- 5 HIAA level and improvement of quality of life scores [41]. 
A companion trial (TELECAST) looking at patients with carcinoid 
syndrome and less than four bowel motions a day also demon-
strated good safety and efficacy data [42].

Surgical treatment for tumour Control and 
Managing Carcinoid Syndrome

Surgical resection is the only curative treatment option for NETs. 
In patients with carcinoid syndrome surgical resection of the pri-
mary tumour and any metastatic disease should be considered if 
patients are fit enough to undergo surgery [43]. Liver debulking 
surgery should be considered when greater than 70% debulking 
threshold can be achieved, including the use of parenchyma sparing 
techniques with ablation or enucleation of the tumour [44,  45]. 
There is also a role for debulking tumour in selected cases to enable 
better control of carcinoid syndrome. In patients with florid car-
cinoid syndrome it is recommended they are established on som-
atostatin analogues and given intravenous octreotide cover prior to 
and during surgery [46].

Liver- Directed therapy

Metastases from NETs are often isolated to the liver and depend on 
hepatic artery blood supply while the normal liver has portal vein 
blood supply. Therefore, embolization of the liver can result in ne-
crosis of tumour tissue and consequent decrease in hormonal secre-
tion. Embolization is commonly performed radiologically and can be 
performed with particles or chemoembolization. Contraindications 
to performing hepatic artery embolization include portal vein 
thrombosis, liver failure, and biliary reconstruction.

Symptomatic response is seen in 40– 80% of cases and radio-
logical response in 11– 80% of cases [47,  48]. A  biochemical re-
sponse for hepatic embolization of 7– 75%, and 12– 75% for hepatic 

chemoembolization is seen [47,  49]. In the latter study Gupta 
et  al. demonstrated no additional benefit of chemotherapy to 
transarterial hepatic embolization in metastatic midgut tumours 
[50]. Complications post procedure include ileus, portal vein 
thrombosis, hepatic abscess, hepatic fistula, encephalopathy, and 
renal insufficiency.

There is increasing evidence for the role of selective intrahepatic 
radioembolization. This technique involves injecting 90Yttrium 
microspheres in to the liver. Yttrium is a high- energy, pure β- 
emitter with a half- life of 64 hours and maximum tissue penetration 
of 11 mm, which makes it very suitable for treatment of liver tu-
mours. The microspheres are approximately 35 µm diameter, which 
means that they become permanently trapped at the arteriolar end 
of the capillary bed. The number of microspheres administered is 
such that the procedure has little or no devascularizing component. 
Systemic response is seen in about 70% of patients with carcinoid 
syndrome, radiological response in 22– 66% of cases [51, 52]. There 
are no large studies comparing embolization to radioembolization, 
choice of treatment is based on patients’ characteristics like number 
of liver lesions vascularization and proliferation index as well on 
local expertise [53].

new treatments

Well- differentiated NETs express high levels of somatostatin re-
ceptors which is a target for radiolabelled somatostatin analogue 
therapy. Lutetium- 177- DOTATATE (177Lu) is a beta-  and gamma- 
emitting radionuclide with a maximum particle range of 2 mm and 
a half- life of 160 hours and was studied in the NETTER 1 study. 
In this study 221 patients with metastasized or locally advanced 
midgut NET were randomized between 177- Lu- DOTATATE-  or 
octreotide LAR 60 mg. The interim analysis after 20 months showed 
progression free survival for 65.2% of patients treated with 177- Lu- 
DOTATATE and 10.8% of patients treated with octreotide LAR. 
The partial response rate was 18% for 177- Lu- DOTATATE and 3% 
for octreotide LAR patients [54].

One abstract shows improvement of symptoms in 62% patients 
with carcinoid syndrome treated with 177- Lu- DOTATATE [55].

Retrospective analysis of long- term follow- up of patients treated 
with 177- Lu- DOTATATE shows a progression free survival of 
29 months and overall survival of 63 months [56].

Quality of life is studied with before and 6 weeks after treat-
ment with 177- Lu- DOTATATE showed significant improvement of 
functional and quality of life scores in 50 patients with metastatic 
NETs [57].

The Radiant 2 trial randomized 429 patients with low or inter-
mediate grade metastatic or unresectable NET with carcinoid 
syndrome to octreotide LAR 30  mg with everolimus or placebo. 
Patients treated with octreotide LAR and everolimus showed pro-
gression free survival for 16.4 months versus progression free sur-
vival 11.3  months for patients treated with octreotide LAR and 
placebo. Octreotide LAR with everolimus demonstrated more re-
duction in 24h u- 5 HIAA levels compared to octreotide LAR with 
placebo. Effect of everolimus on carcinoid related symptoms was 
no part of the study design [58]. The trial did not meet its primary 
endpoint and currently everolimus does not have a license for use in 
patients with carcinoid syndrome.
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Prognosis

In general patients with metastatic well- differentiated GEP- NET 
have a good prognosis with an overall 5- year survival rate of 67%, 
depending tumour grading, staging, and site of origin [2] . Looking 
at details, patients with small bowel NETs have a prognosis of 
168 months (in case of local disease only), 145 months (in case of 
regional lymph node metastases), and 70 months in case of distant 
metastases [19, 59, 60].

Patients with carcinoid syndrome have an overall survival of 
4.7 years, compared to 7.1 years in patients without symptoms of 
carcinoid syndrome [8] . This data is from the SEER database and 
therefore, cause of death is not reported.

Potential Complications in Carcinoid Syndrome

Carcinoid Crisis

Carcinoid crisis is an acute and life- threatening complication of 
carcinoid syndrome. Symptoms are severe flushing, bronchospasm, 
profound hypotension, and arrhythmias or hypertension, central 
nervous system disfunction (stupor, confusion), diarrhoea. It is a 
result of rapid release of vasoactive hormones by in carcinoid tu-
mour cells. Carcinoid crisis appears spontaneously but can be pre-
cipitated by surgery, anaesthesia, chemotherapy, lutetium therapy, 
radiological procedures, and stress, with a prevalence reported in 
retrospective studies of around 30%. Lack of appropriate treatment 
can result in death. Octreotide administered intravenously is ad-
vised to prevent and treat the symptoms. A commonly used pre-
ventive protocol is starting of octreotide infusion 50– 100 µg/ h at 
least 12 hours preoperatively. The octreotide infusion should be 
continued until 48 hours after the procedure [30, 46,  61]. If car-
cinoid crisis develops treatment is with extra intravenous boluses 
of octreotide and a higher infusion rate. If the syndrome is still re-
fractory and/ or bronchospasm is present then intravenous steroids 
may be required [46].

Carcinoid Heart Disease

Patients with carcinoid syndrome can develop carcinoid heart 
disease. The prevalence of carcinoid heart disease is estimated in 
modern series to be around 20% of patients with carcinoid syn-
drome, but this is higher in older series, with rates up to 60% 
[62, 63].

Carcinoid heart disease develops as a result of fibrous plaques 
depositing on cardiac valves and endocardial thickening usually in 
the right side of the heart. This plaque formation leads to retraction 
and fixation of the leaflets of the tricuspid and pulmonary valve. 
Main findings can be tricuspid regurgitation or stenosis and pul-
monary stenosis, and both valves can be involved in 31% of patients. 
Left side heart disease can occur in less than 10% of patients mainly 
because of patent foramen ovale [10, 61, 64, 65]. Carcinoid heart dis-
ease may be asymptomatic but may present as fatigue and progres-
sive exertional dyspnoea. Progressive development of heart failure 
can occur and eventually severe heart failure presenting with oe-
dema, weight gain, ascites, and right upper abdominal pain as signs 
of right sided heart failure can be the next symptoms. Distension of 
the external jugular vein can be a clinical marker [10, 61, 64, 66].

Diagnosis is made by echocardiogram as golden standard to 
evaluate valve leaflets, valves, atrial, or ventricular dilatation and 
endocardial thickening [23, 61, 66]. The ENETS guideline advises 
annual echocardiographic screening in patients with carcinoid syn-
drome and signs of carcinoid heart disease [67]. The UKINETS 
guideline advises screening with serum N- terminal pro- brain 
natriuretic peptide (NT- proBNP), a surrogate marker of carcinoid 
heart disease [43]. Patients should be referred for echocardiography 
with a serum NTproBNP concentration >260 picogram/ ml [17, 43, 
66,  68]. Carcinoid heart disease is associated with limited 3- year 
survival of 31% compared to patients with metastatic NET without 
carcinoid heat disease of 68% [66, 69, 70]. Risk factors for develop-
ment or progression of carcinoid heart disease are 5- HIAA levels 
≥300 micromol/ 24 hours, ≥3 flushing episodes per day or treatment 
with cytotoxic chemotherapy [62, 71].

Valve replacement surgery or valvuloplasty is only definitive 
treatment and should be planned carefully and early in the course 
of the disease [66,  72]. The perioperative mortality since 2000 is 
around 5% [73, 74]. After surgery the 1- year survival is around 70% 
and after 5 year around 40% [73, 74]. It is hypothesized that redu-
cing serotonin levels may prevent the development of carcinoid 
heart disease [61, 62, 67].

Mesenteric Fibrosis

Small bowel NETs frequently metastasize to lymph nodes in the 
mesentery. These lymph nodes can produce hormones and growth 
factors which can result in mesenteric fibrosis [29, 75]. The exact 
mechanism of fibrosis formation is not elucidated but growth fac-
tors such as transforming growth factor B, connective tissue growth 
factor, platelet derived growth factor, insulin like growth factors, 
epithelial growth factor, and fibroblast growth factor may play a role 
[75, 76]. The fibrosis causes shrinkage and fixation of the mesen-
tery and mesenteric root to the retroperitoneum leading to small 
bowel obstruction. The mesenteric vessels may also become en-
trapped or occluded with resulting venous stasis and ischaemia and 
occasionally impairment of the arterial and venous circulation. The 
fibrosis can extend to the retroperitoneum and cause stenosis of 
the ureters and hydronephrosis. Because of the risk of ischaemia 
or small bowel obstruction when possible the removal of the pri-
mary tumour and mesenteric mass is advised [29, 61, 67, 77]. Two 
recent studies [76, 78] investigated the effect of mesenteric fibrosis 
diagnosed on CT scans and survival. Blažević et  al. [78] showed 
mesenteric fibrosis was present in up to 41.4% of patients with 
biopsy- proven small bowel NET visible on CT scan. Mesenteric fi-
brosis was not a prognostic factor of overall survival with a median 
survival of 8.7  year and 5- year survival of 71%. They showed no 
survival benefit for palliative surgery, metastasectomy of mesen-
teric mass, or prophylactic surgery. Although Laskaratos et al. [76] 
showed primary resection was associated with a longer overall sur-
vival. In both studies older age, higher 24- hour urine 5- HIAA levels 
and chromogranin A levels were associated with developing of mes-
enteric fibrosis.

Pellagra

In carcinoid syndrome pellagra can develop with symptoms of 
dermatitis, diarrhoea, and dementia. It develops because of niacin 
deficiency. The amino acid tryptophan is the precursor of both 
niacin and serotonin. The uncontrolled production of serotonin by 
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carcinoid cells may lead to a depletion of tryptophan and impossi-
bility to produce niacin leading to a niacin deficiency. The preva-
lence of pellagra in patients with carcinoid syndrome is estimated 
around 5% [16, 22, 61]. The recommended treatment is niacin sup-
plementation 25– 50 mg once daily [79].

Special Circumstances: Anaesthesia

Anaesthesia can provoke a carcinoid crisis therefore specific meas-
ures and advice are given to prevent a crisis. It starts with preopera-
tive optimization with fluid and electrolyte resuscitation in patients 
with diarrhoea, adequate dose of somatostatin analogues and 
benzodiazepines to avoid stress. Followed by an octreotide protocol 
(as mentioned in the section carcinoid crisis).

Special advice regarding anaesthetic medication is to avoid pos-
sible histamine- releasing drugs such as thiopental, mivacurium, 
atracurium, cis- atracurium, succinylcholine, meperidine, and mor-
phine. Induction of anaesthesia can be achieved with etomidate and 
propofol, while for muscle relaxation rocoronium or vecuronium 
can be used. Anaesthesia can be successfully maintained using 
a high- dose opioid infusion or inhalation anaesthetics such as 
isoflurane. First choices for analgesia are short acting opioids such 
as fentanyl, remifentanil, sufentanil, and alfafentanyl [30, 46, 64].

Summary

Carcinoid syndrome occurs in 20% of patients with NETs, primarily 
of the small bowel and bronchial primary sites. The overall out-
comes are similar to those with non- functional tumours. However, 
management is focused on symptomatic management of the syn-
drome in addition to obtaining tumour control and growth. There 
are complications associated with carcinoid syndrome:  carcinoid 
heart disease is an independent prognostic indicator for worse 
survival and should be routinely screened for in patients with car-
cinoid syndrome. In addition, development of mesenteric fibrosis 
can significantly impact on patients’ quality of life. Further research 
is underway to manage these complications and control hormone 
secretion in carcinoid syndrome.
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epidemiology

Lung neuroendocrine tumours (NETs) account for 25– 30% of 
all NETs (Figure 6.4.1a) [1– 3], constituting the largest subgroup 
of NETs outside the gastroenteropancreatic (GEP) tract. In gen-
eral, they represent 1% of all cases discussed at lung multidiscip-
linary team (MDT) meetings, and altogether they form up to 2% 
of all lung cancers [2, 4– 6]. Incidence has dramatically increased 
over the past three decades from 0.3 per 100  000 in 1973 [7]  to 
most recently 1.49 per 100 000 reported in the United States (US) 
Surveillance, Epidemiology and End Results (SEER) 18 (2000– 
2012) (Figure 6.4.1b) [8], making it the most rapidly increasing 
subgroup of NETs by approximately 6% per year [1]. It is believed 
that the disease remains largely undiagnosed in the general popu-
lation. Thus, it is predicted to continue rising with improved aware-
ness among respiratory physicians who are often the first point of 
referral and also with better diagnostic tools now available for this 
disease entity [9].

The peak incidence for lung NETs is observed in the fourth to 
sixth decade of life [4] . There is a slight female preponderance and 
they tend to be more common among white Caucasians, and are 
relatively rare in other ethnicities including among Blacks, Asians, 
or Hispanics [10]. Importantly, lung NETs are the most common 
primary lung neoplasms diagnosed in children and late adoles-
cents, particularly typical carcinoid (TC) [11– 15]. Lung NETs are 

not usually associated with a history of smoking, except in large 
cell neuroendocrine carcinoma (LCNEC) and small cell lung car-
cinoma (SCLC) which develop in heavy smokers [16].

Histological Classification

Lung NETs originate from specialized epithelial cells called pul-
monary neuroendocrine cells (PNECs) which can be found inter-
spersed among other cells lining the entire respiratory tract, from 
the nasal epithelium to the terminal bronchioles [17– 19]. PNECs 
exist as individual cells or as a cluster of cells, also known as 
neuroepithelioid bodies (NEBs) [20]. They are thought to be key in 
regulating fetal and neonatal airway development and play a par-
ticularly significant role as chemoreceptors for hypoxia [21– 23]. 
Throughout development, it is hypothesized that PNECs and NEBs 
exert a paracrine function in regulating the growth of surrounding 
epithelial cells, and continue their function as oxygen- sensitive 
chemoreceptors until adulthood [24, 25].

There is still no clear understanding in the pathogenesis and 
stepwise malignant transformation of these PNECs and NEBs to 
lung NETs. One postulated theory is the concept of a putative 
precursor lesion called diffuse idiopathic neuroendocrine cell 
hyperplasia (DIPNECH) [26– 28]. DIPNECH is a rare abnormal 
growth or hyperplasia in the PNECs and NEBs, resulting in the 
formation of multiple carcinoid ‘tumourlets’, which are usually 
<0.5  mm nodules, and are often associated with a surrounding 
fibrotic process in the lung parenchyma (Figure 6.4.2) [27, 
29, 30]. It is predominantly a benign condition confined to the 
bronchial epithelium, but there is compelling evidence to sug-
gest that it can be potentially premalignant with higher preva-
lence of DIPNECH often observed in the background when lung 
NET is diagnosed [30,  31]. This is currently being investigated 
further through longer term observational studies. Intriguingly, 
DIPNECH is about ten times more common in females com-
pared to males [32].

According to the World Health Organization (WHO) cri-
teria [33], there are four known main subtypes of lung NETs, 
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Figure 6.4.1 Epidemiological representation of neuroendocrine tumours (NETs). (a) Incidence of NETs by anatomical distribution. (b) Graph 
showing progressive increase in incidence of NETs, particularly lung, small intestine, and rectum NETs.
Panel (a) reproduced with permission from Bodei L, Ćwikla JB, Kidd M, Modlin IM. The role of peptide receptor radionuclide therapy in advanced/ metastatic thoracic 
neuroendocrine tumors. J Thorac Dis. 2017;9(Suppl 15):S1511- S23. Panel (b) reproduced with permission from Dasari A, Shen C, Halperin D, Zhao B, Zhou S, Xu Y, et al. Trends 
in the Incidence, Prevalence, and Survival Outcomes in Patients With Neuroendocrine Tumors in the United States. JAMA Oncol. 2017;3(10):1335– 42. Copyright © 2017, 
American Medical Association.

characterized based on their morphology and pathological 
characteristics, as summarized in Table 6.4.1 and Figure 6.4.3. 
Historically, well- differentiated tumours are termed lung carcin-
oids, and consist of typical and atypical lung carcinoids (TC and 
AC). There is a stronger link between DIPNECH to the formation 
of TC, and less is known of its association to AC [27]. Apart from 
morphological appearance, the key differentiating factor between 
TC and AC is predominantly based on the proportion of actively 
dividing cells, quantified by the mitotic rate, and presence or ab-
sence of necrosis [2, 6]. TC has a mitotic rate of less than 2 per 
x10 high power field (HPF) and necrosis is not usually observed. 

In the commonly used three- tier tumour grading classification 
system, TC would be considered a low grade (grade 1)  tumour. 
AC tends to be intermediate grade (grade 2)  and has 2– 10 mi-
toses per ×10 HPF and is often associated with focal areas of nec-
rotic cells. Meanwhile the more aggressive poorly differentiated 
lung NETs are formed of LCNEC and SCLC which are almost 
entirely different entities, and have no known association with 
DIPNECH. In contrast to lung carcinoids, both subtypes of lung 
neuroendocrine carcinomas (NECs) (LCNEC and SCLC) are 
poorly differentiated (grade 3)  tumours frequently found with 
evidence of extensive necrosis and will have more than 10 mitoses 
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per ×10 HPF (median mitotic rate of 70 per ×10 HPF for LCNEC 
and 80 per ×10 HPF for SCLC, respectively). In general, TC is 8 
to 10 times more prevalent than AC, and together TC and AC 
constitutes 9% of all lung NETs, with the remaining 91% being 
high- grade NECs [1, 34].

Most lung NETs should demonstrate immunoreactivity 
to chromogranin A, and synaptophysin and/ or CD56 on the 
immunohistochemistry panel [2,  16]. Cytokeratins, thyroid- 
transcription factor- 1 (TTF- 1) and the homeobox transcription 
factor CDX- 2 may also be useful in the initial test to distinguish 
between primary lung NETs and other potential primary NETs with 
metastatic lung lesions [10]. Currently, the proliferation index Ki- 67 
which is widely used as a diagnostic tool in GEP- NETs is not yet 
assimilated as part of the classification criteria in lung NETs [10]. 
There have been several retrospective studies suggesting its utility as 
a prognostic tool [35– 37], and there is a strong proposal for it to be 
incorporated into the next version update of the WHO classification 
to further guide clinical management.

Recently, there has also been interesting Next Generation 
Sequencing (NGS) data where targeted sequencing of 418 genes was 
performed on 53 TC, 35 AC, 27 LCNEC and 33 SCLC cases [38]. 
It appeared that NETs and carcinomas shared most of the mutated 

genes, but had different prevalence. There is a significant enrich-
ment of mutations in TP53, RB1, cycle regulation genes and PI3K/ 
Akt/ mTOR in the carcinomas compared to NETs [38]. MEN1 alter-
ations were exclusively a feature of well- differentiated NETs [38]. 
Intriguingly, novel mutations in chromatin- remodelling genes were 
also found in 45% of NETs and 50% of carcinomas, and were pos-
tulated by the authors to play a major part of the pathogenesis of 
NETs [38].

Clinical Features

The majority of lung NETs are found incidentally or diagnosed 
postoperatively. ACs are often peripherally located, and majority of 
patients are therefore asymptomatic [39]. On the other hand, TCs 
tend to be more centrally located and thus may report obstructive 
symptoms [39]. Despite this, lung carcinoids can occur anywhere in 
the lung parenchyma and in general, and remain difficult to diag-
nose. In most instances, patients report non- specific symptoms 
such as dyspnoea, wheeze, chest discomfort, haemoptysis, and re-
current chest infections [9, 10]. As a result, many patients tend to 
have advanced disease at diagnosis [40]. A recent study estimated 

Figure 6.4.2 Morphological characteristics of neuroendocrine cell hyperplasia and carcinoid ‘tumourlets’. (a) Early evidence of neuroendocrine cell 
hyperplasia illustrated with H&E staining with finger- like intraluminal projections from underlying stroma, ×200. (b) Similar cross- sectional view as (a), 
but with synaptophysin staining for neuroendocrine cell hyperplasia, ×200. (c) Low power (×100) overview of carcinoid ‘tumourlets’ with surrounding 
fibrotic changes in the stroma.
Reproduced with permission from Rekhtman N. Neuroendocrine tumors of the lung: an update. Arch Pathol Lab Med. 2010;134(11):1628– 38. Copyright © 2010 College of 
American Pathologists.

table 6.4.1 World Health Organization (WHO) classification of lung neuroendocrine tumours (NETs)

Premalignant Lung Carcinoids (9%) Lung NECs (91%)

DIPNECH TC AC LCNEC SCLC

Morphology Well- differentiated Well- differentiated Well- differentiated Poorly differentiated Poorly differentiated

Grade Low
(Grade 1)

Low
(Grade 1)

Intermediate
(Grade 2)

High
(Grade 3)

High
(Grade 3)

Mitotic rate (×10 HPF) None <2 2– 10 >10
(median 70)

>10
(median 80)

Necrosis None None Punctate
(Often)

Diffuse
(Often)

Diffuse
(Often)

Reproduced with permission from Travis WD, Brambilla E, Burke AP, Marx A, Nicholson AG. WHO Classification of Tumours of the Lung, Pleura, Thymus and Heart. 4th ed. 
Lyon: IARC WHO Classification of Tumours; 2017. Copyright 2017 IARC/WHO.
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the median time to diagnosis of lung NET from being initially 
symptomatic was reported to be 2 years [41].

It is important to be aware that while uncommon, a small pro-
portion (1– 5%) of cases may present with carcinoid syndrome, 
and this can be independent of the presence of liver metastases 
[9, 10]. In even rarer circumstances, lung NETs may be discovered 
as part of other syndromes such as Cushing’s syndrome (~40% of 
ectopic adrenocorticotropic hormone (ACTH) production are 
from lung carcinoids) (1– 6%), multiple endocrine neoplasia type 
1 (MEN- 1) associated forms (less than 5%) especially among those 
with a strong family history, and acromegaly due to ectopic release 
of growth hormone- releasing hormone (GHRH) or insulin- like 
growth factor- 1 (IGF- 1) (very rare) [9, 10].

Diagnosis

Initial investigations will be guided by thorough history taking 
and vigilant clinical examination. In most patients who are rela-
tively asymptomatic, baseline biochemical tests performed should 
include assessment of renal function, calcium, glucose, and serum 
chromogranin- A levels [10]. Chromogranin- A is raised in up to 
75% of lung carcinoids and 60% of SCLC [42]. Neuron- specific 

enolase (NSE) may be raised in high- grade NETs [43]. Specific 
tests such as serum/ urinary 5- hydroxyindoleacetic acid (5- 
HIAA), serum/ urinary cortisol, serum ACTH, and serum GHRH 
or IGF- 1 should only be requested if there is clinical suspicion of 
paraneoplastic syndromes [10]. Serum calcium and parathyroid 
hormone (PTH) levels can be simple screening tests for MEN- 1, 
and further investigations should be undertaken by specialist ser-
vices with appropriate genetic counselling. Currently, there is no 
validated molecular tests used and therefore is not routinely re-
commended outside clinical trials.

Plain imaging with chest X- ray may be useful as a screening tool 
(up 40% of incidental cases [44]) although smaller lesions are likely 
to be missed. All patients suspected to have NETs should have a 
contrast- enhanced full staging computed tomography (CT) scan 
of the thorax, abdomen, and pelvis as the standard of care [10]. 
Note that DIPNECH are best diagnosed using high resolution CT 
(HRCT) scan with an additional expiration study [10]. The cur-
rent gold standard investigation in the diagnosis of lung carcin-
oids (both TC and AC) is 68 Gallium (68Ga)- DOTA (DOTATOC or 
DOTATATE)- PET CT scan (not indicated in DIPNECH), and is 
recommended as a baseline imaging for all patients including those 
who had curative resection for their disease and also in advanced 
lung carcinoids [45].

Figure 6.4.3 Morphological appearance and description of the four subgroups of lung neuroendocrine tumours (NETs). (a) Typical carcinoid (TC) 
is characterized by bland, polygonal, and uniform tumour cells with round nuclei with no areas of necrosis. (b) Atypical carcinoid is similar to TC but 
has higher mitotic activity and focal areas of necrosis (circles). (c) Large cell neuroendocrine carcinoma (LCNEC) consists of large tumour cells arranged 
in organoid, trabecular, or palisading patterns with prominent nuclei, granular chromatin, and diffuse necrosis. (d) Small cell lung carcinoma (SCLC) 
consists of small round/ oval and angulated cells with dispersed ‘salt and pepper’ chromatin and extensive necrosis.
Reproduced with permission from Pelosi G, Papotti M, Rindi G, Scarpa A. Unraveling tumor grading and genomic landscape in lung neuroendocrine tumors. Endocr Pathol. 
2014;25(2):151– 64. Copyright © 2014, Springer Science Business Media New York.
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The main indication for performing an 18F- fluorodeoxyglucose 
(FDG)- PET CT scan is in high- grade (grade 3) tumours [46], al-
though a proportion of patients might have already had this as part 
of their lung cancer preoperative work- up. This is generally only 
helpful in tumours with Ki- 67 of more than 10% [47]. Other nu-
clear medicine imaging modalities such as somatostatin receptor 
scintigraphy (SRS) with 111Indium pentetreotide and OctreoScan 
can be useful alternatives in instances when 68Ga- DOTA- PET CT 
scan is not available or funded [10]. In other specific situations, 
MRI scan with contrast is often useful in characterizing indeter-
minate liver lesions when metastatic disease is suspected. Another 
simple alternative to MRI when contraindicated is a triple- phase 
contrast- enhanced ultrasound scan of the liver. In cases where 
bone metastases are suspected, a whole- body nuclear medicine 
bone scan is standard practice [10]. MRI scan can also be useful 
to guide surgical or radiotherapy interventions in circumstances 
when patients are symptomatic of their specific areas of bone 
metastases.

As tissue biopsy is the gold standard for definitive diagnosis, 
both rigid and flexible bronchoscopy can be helpful to obtain tissue 
sample in centrally located tumours. This must be performed with 
caution in view of risks of bleeding. Most patients with peripheral 
tumours commonly have a CT- guided biopsy instead. In addition, 
it is also good practice to perform a baseline echocardiogram to en-
sure no evidence of carcinoid heart disease, particularly in symp-
tomatic patients. Where patients are frail or elderly, there may be 
safety concerns in pursuing a biopsy to obtain a tissue diagnosis. 
In this situation, it is reasonable to assume the diagnosis if the lung 
lesion is negative on FDG- PET but avid on a 68Ga- DOTA- PET CT 
scan or OctreoScan.

Staging

The clinical staging of lung NETs follows the current American 
Joint Committee on Cancer (AJCC) TNM (Tumour, lymph Nodes 
affected, Metastases) staging system for lung cancer (8th edition) 
[48]. More than 90% of TC are node- negative, and therefore a ma-
jority (84%) of patients present with stage 1 disease, compared 
to about 60% of AC being node- negative (52% stage 1)  (Figure 
6.4.4) [49].

Management

The only curative treatment for lung NETs is by surgery. 
Complete anatomical resection either in the form of lobectomy or 
segmentectomy with adequate lymph node dissection (minimum of 
six nodes/ stations, including three mediastinal and subcarinal sta-
tions) is recommended for R0 resection [10, 50]. In oligometastatic 
disease, metastasectomy should also be strongly considered par-
ticularly in syndromic patients with liver metastases (including 
complex cases as long as >90% of tumour burden can be removed) 
[10, 51].

For patients who are poor surgical candidates due to frailty or 
age, then more conservative approaches have been adopted. In 

these situation debulking surgery has been shown to be beneficial 
in delaying progression using endoluminal therapies such as dia-
thermy, localized laser ablative therapy or radiofrequency ablation 
(RFA) [52].

Despite complete surgical resection of early disease, there is a 
risk of relapse and this is often with distant metastases particu-
larly in the liver (55%), lung (25%), and bone (20%) [53, 54]. In 
a large prospective observational study of 337 patients with re-
sected TC and AC, after a median follow- up time of 3.5  years, 
the recurrence rate is 6%, of which 95% were distant metastases 
[53]. Interestingly, most recurrences (76%) were symptomatic 
and not detected as part of scheduled imaging surveillance [53]. 
Recurrence rates vary widely across studies. There is a tendency 
for AC to relapse earlier, within the first 2 years of follow- up, with 
median time to recurrence of 1.8 years [53]. The median time to 
recurrence in TC is 4 years [53]. In both, late recurrences have also 
been reported, which therefore warrants the need for long- term 
surveillance [10].

To date, there is still no good quality prospective randomized 
control trials providing sufficient evidence base to advocate any 
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adjuvant treatment. Therefore, while this divides opinions, adju-
vant chemotherapy or radiotherapy is not currently considered 
standard of care following curative surgery [10]. There are a 
number of small retrospective cohort studies which investigated 
the utility of adjuvant chemotherapy with or without radiotherapy 
following curative surgery. All of these studies investigated the 
role of combination chemotherapy with cisplatin and etoposide 
only in AC. In one of the largest cohort studied, a total of 39 
node- positive AC patients received adjuvant chemotherapy out 
of 629 eligible patients identified, and did not demonstrate a stat-
istical benefit in 5- year overall survival between having adjuvant 
chemotherapy versus surgery alone (69.7% vs. 80.9%, P = 0.096) 
[55]. Similarly, in another study with 89 node- positive AC out 
of 581 eligible patients, the 5- year overall survival is 47.6% in 
the adjuvant chemotherapy arm versus 67% in the observation 
arm (P = 0.46) [56]. In this study, there was no difference among 
those with node- positive disease or not. In fact, North American 
Neuroendocrine Tumor Society (NANETS) does not recommend 
any adjuvant treatment due to the lack of supportive evidence 
[57]. Meanwhile, in the National Comprehensive Cancer Network 
(NCCN) guidelines, stage II and III AC may be considered for 
adjuvant treatment [58]. Similarly, European Neuroendocrine 
Tumour Society (ENETS) suggests selective use of adjuvant 
chemotherapy in patients with AC who are node- positive and 
have a high proliferation index [10]. Adjuvant treatment is gener-
ally not recommended for TC [10].

There is also no robust imaging surveillance schedule cur-
rently recommended in guidelines, and this tends to vary between 
centres and treating physicians. The general consensus is that 
postoperative follow- up in high- volume centres is important and 
the intensity of active surveillance is determined predominantly 
by the nodal status at outset. The European Society for Medical 
Oncology (ESMO) published the ENETS expert consensus state-
ment recommending:  for resected TC— standard CT imaging at 
3, 6, and 18 months followed by annual chest X- ray and 3- yearly 
CT scan thereafter; and a more intense schedule for resected AC— 
standard CT imaging at 3 months, followed by 6- monthly for up 
to 5 years [10].

There have been promising advances in recent years on the man-
agement of advanced or metastatic lung carcinoids. As this is a 
really heterogenous group of rare disease, treatment decisions can 
differ between individual treating physicians and in view of this, 
the key recommendation is to centralize treatment in high- volume 
centres with access to a specialist MDT input. Treatment options are 
guided by the aims of treatment. In about a third of patients who 
present with carcinoid syndrome, the first priority would be to con-
trol hormone- related symptoms with somatostatin analogues. Both 
ocreotide LAR 30  mg given intramuscularly (phase III PROMID 
trial [59]) and lanreotide autogel 120  mg subcutaneously (phase 
III CLARINET trial [60]) given 4- weekly, respectively, have been 
shown to be clinically beneficial and have now been licensed by Food 
and Drug Administration (FDA) and European Medicines Agency 
(EMA) for control of carcinoid syndrome. Both forms of somato-
statin analogues have also been shown to have some antitumour or 
disease- modifying effect, and therefore are reasonable options in 

the first- line setting, particularly in patients with slowly growing 
TC or AC.

More recently, the phase III RADIANT- 4 trial [61] led to the FDA 
and EMA approval of everolimus in non- functional lung NETs. 
Everolimus is an oral targeted therapy which inhibits the mam-
malian target of rapamycin (mTOR) pathway which is activated 
in some lung NETs [62]. In this randomized placebo- controlled 
prospective trial, there were 90 lung NETs patients included out 
of a total of 302 patients with non- functioning midgut NETs [61]. 
Treatment with everolimus 10 mg orally per day led to an superior 
median progression- free survival of 11.0 months (95% CI 9.2– 13.3) 
compared to 3.9 months (95% CI 3.6– 7.4) in the placebo arm, and 
was associated with a 52% risk reduction of progression or death, 
hazard ratio(HR) 0.48 (95% CI 0.35– 0.67) (P <0.00001) [61]. The 
main grade 3 or 4 adverse events included stomatitis (9% vs. 0%), 
diarrhoea (7% vs. 2%), infections (7% vs. 0%), anaemia (4% vs. 
1%), fatigue (3%  vs. 1%) and hyperglycaemia (3% vs. 0%) [61]. 
Previously, the phase III RADIANT- 2 trial [63, 64] did not demon-
strate statistically significant overall survival benefit of everolimus 
in functional lung NETs following independent analysis of a small 
subgroup of patients, and therefore has not been recommended in 
functional lung NETs.

Treatment with palliative chemotherapy is mainly considered 
in AC which are ‘actively progressive’ [10]. There is no robust 
prospective clinical trial data to support specific regimes, but the 
most explored chemotherapy is the combination containing either 
5- fluorouracil (5- FU) or oral capecitabine with streptozotocin or 
temozolomide [65– 67]. This experience is built on small cohort 
of lung NETs analysed retrospectively. Other chemotherapy regi-
mens potentially used include monotherapy with 5- fluorouracil 
(5- FU) or oral capecitabine, dacarbazine, or temozolomide [57]. 
Generally, it is estimated that response rates to chemotherapy 
range from 0 to 32%, with stabilization of disease in up to 70% 
of patients, and an estimated progression- free survival in the re-
gion of 5 to 10  months [68]. Prospective series are still lacking. 
Immunomodulating agent with interferon 2a can be considered in 
a selected group [57].

Peptide receptor radionuclide therapy (PPRT) is a promising al-
ternative in patients with advanced disease following systemic treat-
ment. In an Italian single- centre cohort study with 114 patients with 
advanced lung carcinoids, PRRT had been found to delay disease 
progression by a median of 28.0  months with objective response 
observed in 26.5% of patients [69]. This treatment tends to be well 
tolerated. The use of PRRT in lung NETs await outcomes from pro-
spective studies and is not currently licensed for the treatment of 
advanced lung NETs in the United Kingdom. See Box 6.4.1 and 
Figure 6.4.5.

There are several ongoing trials investigating further treatment 
options for lung NETs (Table 6.4.2). The Phase II LUNA trial [71] 
investigating treatment with pasireotide vs. everolimus vs. com-
bination had enrolled 121 lung NET patients and recently met its 
primary endpoints of efficacy and safety in all three cohorts. The 
Phase III SPINET trial (lanreotide vs. placebo) also specifically 
for lung NETs will potentially provide the first robust evidence 
to support the use of somatostatin analogues in this subgroup of 
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Box 6.4.1 Factors to consider when deciding management plans

Factors when considering treatment
 • Pathology
 • Proliferation (mitotic index, Ki67)
 • Somatostatin receptor expression
 • Growth rate
 • Stage
 • Associated syndromes
 • Performance status

Reproduced with permission from Talbot D.  Thoracic Neuroendocrine Tumours. 
ESO- ESMO- RCE Clinical Update on Rare Adult Solid Cancers; Milan, Italy 2017.

*Progression is defined according to RECIST
criteria PRRT: peptide radiolabeled receptor
radiotherapy

(a)

Hormone-related
symptoms

Carcinoid
syndrome

Cushings
syndrome

Somatostatin
analogues

Control of cortisol
secretion e.g.
metapyrome

•  Locoregional
    therapy
•  Interferon
•  PRRT

Bilateral
Adrenalectomy

(b)

Lung carcinoid

Typical carcinoid
Residual tumour
or slowly
progressive*

Control of hormone
related symptoms:
see panel (a) [if you
prefer, you can refer
this to Figure 6.4.5a]

Atypical carcinoid or
actively progressive*

•  Somatostatin
    Analogues
•  Interferon
•  Everolimus (within
    study
•  Chemotherapy
    (e.g.Temozolomide)
•  PRRT

•  Surgery if feasible
•  Observation
•  Somatostatin Analogues
•  Image-guided local therapy
•  As per AC for active
    progressive disease

Figure 6.4.5 Flow chart summarizing the ENETS management guidelines for lung neuroendocrine tumours (NETs).
Reproduced with permission from Caplin ME, Baudin E, Ferolla P, Filosso P, Garcia- Yuste M, Lim E, et al. Pulmonary neuroendocrine (carcinoid) tumors: European 
Neuroendocrine Tumor Society expert consensus and recommendations for best practice for typical and atypical pulmonary carcinoids. Ann Oncol. 2015;26(8):1604– 20. 
Copyright © 2015, Oxford University Press.

NET. The phase II ATLANT trial will examine the combination of 
lanreotide and temozolomide. Other promising antiangiogenesis 
agents are also being investigated including sunitinib, axitinib, 
and cabozantinib. There are also many upcoming signal- finding 
studies with immunotherapy being explored, including treat-
ment with monotherapy anti- PD1 agent pembrolizumab (within 
KEYNOTE- 058 trial) or PDR001, or administered in combination 
anti- PD1 and anti- CTLA4:  nivolumab and ipilimumab (DART 
trial) or durvalumab (MEDI4736) and tremelimumab (DUNE 
trial). Interestingly, there is also a pilot study investigating the 
combination of lanreotide and metformin (MetNET- 2 trial).

Prognosis

Generally, patients with TC have better survival outcomes com-
pared to those with AC. The 5- year median overall survival in TC is 
92– 100% compared to 61– 88% in AC [4, 49, 72]. Table 6.4.3 shows 
the overall survival of lung NETs according to stage at diagnosis. In 
comparison, the 5- year median overall survival in LCNEC is 16– 
57% and SCLC had the worst outcome with only 2– 5% of patients 
alive at 5 years [72]. The strongest predictor for recurrence remains 
the nodal status and potentially extent of surgery (R1 and R2 resec-
tions at higher risk compared to R0) [73].

Future Work

Lung NET is a heterogeneous group of rare tumours whereby fur-
ther understanding of the biological basis of its pathogenesis and 
natural history will be pivotal in driving improvement in man-
agement options available. Prospective trials particularly in the 
adjuvant setting are much needed to improve success in curative 
treatments. There should be a systematic approach to personalize 
treatment for each patient following treatment line failure in the 
metastatic setting, including consideration of basket and umbrella 
trials with progress made in further understanding molecular path-
ways and genetics in lung NETs.
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epidemiology

Pancreatic neuroendocrine tumours (panNET) are a heteroge-
neous group of NETs which account for 3– 5% of all NETs (see 
Figure  6.4.1a in Chapter  6.4) and 18% of gastroenteropancreatic 
(GEP) NETs [1,  2]. They constitute approximately 3% of all neo-
plasms in the pancreas, making panNET the second commonest 
after exocrine pancreatic adenocarcinoma (~90%) [3]. Like all 
NETs, the incidence of panNET has continued to rise with im-
proved awareness and diagnostic tools, gradually increasing from 
0.18 to 0.36 per 100 000 from 1973 to 2003 [1], but has been expo-
nentially increasing over the past decade with its incidence up to 
0.86 per 100 000 in 2012 (see Figure 6.4.1b in Chapter 6.4) [2]. The 
peak incidence is in the sixth to seventh decades of life and there is 
a slight preponderance for males over females [4]. Pancreatic NETs 
appear to predominantly affect the white population (84%), with a 
much lower reported incidence among Blacks (8%), Asians (5%), 
and others [4].

In health, the endocrine cells of the pancreas produce hormones 
including insulin, gastrin, glucagon, vasoactive intestinal peptide 
(VIP), and somatostatin. Pancreatic NETs can, therefore, take on 
this phenotype and are broadly categorized into functioning (F- 
panNET) or non- functioning (NF- panNET), by virtue of the pres-
ence of syndromic features secondary to excess secretion of any 
of these hormones [5] . Non- functioning pancreatic NETs form 

60– 90% of all panNETs, and most patients (>80%) present with 
advanced or metastatic disease due to the asymptomatic nature of 
this subgroup of panNET [4, 6, 7]. Within the remit of this chapter, 
only NF- panNET will be discussed and the other specific subtypes 
of F- panNET (gastrinoma, insulinoma, glucagonoma, VIPoma, 
somatostatinoma) will be covered in detail in subsequent chapters.

Histological Classification and Staging

The endocrine pancreas forms only 1– 2% of volume of the 
adult pancreas, and is made up of clusters of cells called islets of 
Langerhans [8] . These pancreatic islets are formed of specialized 
cells which secrete hormones into the bloodstream through tightly 
regulated feedback loops: alpha (α) cells (glucagon), beta (β) cells 
(insulin), pancreatic polypeptide (PP) cells (pancreatic polypeptide 
and somatostatin), and delta (δ) cells which regulate other pan-
creatic cells. The pathophysiology and abnormal proliferation of 
these cells which eventually lead to the formation panNET remains 
poorly understood [9].

While the majority of panNETs (60%) have unknown aetiology 
or are sporadic, about 10- 30% are diagnosed as part of an inherited 
syndrome [7] . Of these, multiple endocrine neoplasia type 1 (MEN- 
1) is the most common whereby it has been reported that 20- 80% 
of patients with MEN- 1 (see Chapter 6.11.2) will have panNETs, a 
large majority of whom were NF- panNETs [10]. About 10– 17% of 
patients with von Hippel– Lindau (VHL) disease may have panNETs, 
almost all of which will be NF- panNETs (>98%) [10]. Meanwhile, 
panNETs are generally very rare in patients with Recklinghausen’s 
syndrome (neurofibromatosis type 1, NF1), or tuberous sclerosis 
[7, 10].

Recently, Scarpa et  al. [11] performed whole- genome sequen-
cing on 102 primary panNETs, and described four ‘core pathways’ 
that may be implicated in the pathogenesis of panNETs. These may 
be categorized into somatic mutations involving the following cel-
lular processes:  chromatin remodelling (inactivation of MEN1, 
SETD2, ARID1A and MLL3); DNA damage repair (MUTYH, 
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CHEK2, and BRCA2); activation of mTOR signalling (inactiva-
tion of PTEN, TSC2, TSC1, and DEPDC5); and telomerase main-
tenance (upregulation of TERT, and inactivation of DAXX or 
ATRX) (Figure 6.5.1). Intriguingly, it is also known that overall 
panNET has more than three times less mutational burden com-
pared to pancreatic ductal adenocarcinoma (mean 0.82 vs. 2.64 per 
megabase) [11, 12]; thus highlighting the very different nature of 
these entities.

Irrespective of whether panNETs are functioning or non- 
functioning, most demonstrate immunoreactivity to synaptophysin 
and chromogranin- A on histopathological analysis [13, 14]. Other 
non- specific neuroendocrine markers, for example Neuron- specific 
enolase (NSE) and CD56, may also be positive [15]. Additional 
pancreas- specific staining for ISl1 and PAX8 may be useful in cases 
where the primary cannot be easily determined at outset [16, 17]. 
Unlike in lung NETs, the proliferation index Ki- 67 has been val-
idated for use and should be reported as standard of care as it is 
a vital component of the classification criteria and also serves as a 
significant prognostic factor of the natural history of the patient’s 
disease [7, 18].

Over the years, there have been several systems used to classify 
panNETs, and this has been progressively refined with improved 

understanding of the disease biology and physicians’ growing clin-
ical experience. There are currently two widely used systems as per 
the most recent ENETS consensus statement [7] . The main one is the 
recently updated World Health Organization (WHO) classification of 
panNETs which, as previously, recognizes clear morphological dis-
tinction between well-  and poorly differentiated malignancies and 
also makes an assessment of grade based on the Ki- 67 (Table 6.5.1) 
[19]. Well- differentiated grade 1 and 2 panNETs are distinguished by 
a mitotic count of <2 per 10× HPF, and Ki- 67 of <3% versus mitotic 
count of 2– 20% and Ki- 67 of 3– 20%, respectively [19]. Most patients 
with grade 3 neoplasms have poorly differentiated neuroendocrine 
carcinomas. However, the observation that some neoplasms with a 
Ki- 67 of >20% also have a well- differentiated morphology has led to 
the addition of a well- differentiated grade 3 subgroup to include these 
patients [19]. A relatively rarer subgroup composed of a combination 
of both exocrine and endocrine components has now been renamed 
mixed neuroendocrine non- neuroendocrine neoplasm (MiNEN), 
previously known as mixed adeno- neuroendocrine carcinoma 
(MANEC) [19,  20], in recognition that the non- neuroendocrine 
carcinomatous component can be other than adenocarcinoma (e.g. 
squamous cell carcinoma). The ENETS TNM classification is also 
widely used in parallel to the WHO classification (Table 6.5.2) [21].
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Figure 6.5.1 Core pathways in the pathogenesis of panNETs.
Reproduced with permission from Scarpa A, Chang DK, Nones K, Corbo V, Patch AM, Bailey P, et al. Whole- genome landscape of pancreatic neuroendocrine tumours. Nature. 
2017;543(7643):65– 71. Copyright © 2017, Springer Nature.
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Clinical Features

A majority of patients demonstrate no signs or symptoms of their 
disease and their panNET is found incidentally. This is partly at-
tributed to the fact that about two- thirds of primary panNETs are 
located in the body and tail of the pancreas [22, 23], thereby un-
likely to present with obstructive jaundice. As NF- panNET patients 
are also not syndromic, patients often present late with advanced 
disease with constitutional symptoms such as anorexia, weight loss, 
abdominal pain, and nausea. Fewer patients, particularly those with 
their primary lesions in the head of pancreas, may present with 
symptoms of mass- effect including jaundice (often painless) and an 
abdominal mass.

In patients with a strong family history and suspicion of an inherited 
syndrome, other symptoms and signs associated with MEN- 1 and 
VHL disease as already described should be taken into consideration.

Diagnosis

Following thorough history taking and a physical examination, a 
standard panel of blood tests including full/ complete blood count, 
biochemistry, liver function tests, clotting screen, and specific-
ally urinary/ serum chromogranin- A, 5- hydroxyindoleacetic acid 
(5HIAA), and pancreatic polypeptide (PP) are recommended [5, 7]. 
While these neuroendocrine biomarkers may not be necessarily ele-
vated, if they indeed are, they can be utilized to monitor response to 
treatment or disease progression [7] .

In order to identify and characterize the primary tumour better 
and also the disease distribution, cross- sectional imaging is necessary. 
The standard of care should be a contrast- enhanced full staging com-
puted tomography (CT) scan of the thorax, abdomen and pelvis; in 
addition the gold- standard functional imaging modality with the best 
sensitivity and specificity for panNETs (especially in NF- panNETs), 
like in lung NETs, is a 68Gallium (68Ga)- DOTA (DOTATOC or 
DOTATATE)- PET CT scan [7] . This 68Ga- DOTA- PET CT scan is 
recommended as a baseline imaging for all patients and is now pre-
ferred to conventional somatostatin- receptor scintigraphy (SRS) 
with single- photon emission computed tomography (SPECT) or 

table 6.5.1 World Health Organization (WHO) 2017 classification of pancreatic neuroendocrine tumours (panNETs)

Morphology Grade Mitotic count  
(per 10x HPF)

Ki- 67
index

Nomenclature

Well- differentiated 1 <2 <3% G1- 2 neuroendocrine tumour (NET)

2 2 –  20 3 –  20%

3 >20 >20% G3 neuroendocrine tumour (NET)

Poorly differentiated 3 >20 >20% G3 neuroendocrine carcinoma (NEC)

Mixed neuroendocrine  
non- neuroendocrine neoplasm

A combination of malignant exocrine and 
neuroendocrine components, each of which  
accounts for at least 30% of the tumour mass

MiNEN*

*previously known as MANEC –  mixed adeno- neuroendocrine carcinoma [20].
Reproduced with permission from Lloyd R, Osamura R, Klöppel G, Rosai J. WHO Classification of Tumours of Endocrine Organs. 4th ed. Lyon: IARC WHO 
Classification of Tumours; 2017.

table 6.5.2 European Neuroendocrine Tumour Society (ENETS) 
TNM Staging for pancreatic neuroendocrine tumours (panNETs)

Tumour (T)

Tx Statement concerning the primary tumour not possible

T0 Primary tumour not verifiable

Tis Carcinoma in situ

T1 Limited to the pancreas, ≤2 cm

T2 Limited to the pancreas, >2 cm –  ≤4 cm

T3 >4 cm or with invasion of duodenum and common bile 
duct, limited to the pancreas

T4 Infiltration of proximal organs (stomach, spleen, colon, 
adrenal gland) or vascular invasion (coeliac trunk, superior 
mesenteric artery)

Node (N)

Nx Statement concerning the regional lymph node  
metastases not possible

N0 Regional lymph node metastases not verifiable

N1 Regional lymph node metastases

Metastases (M)

Mx Statement concerning the distant metastases not possible

M0 No distant metastases

M1 Distant metastases

Stage

I T1, N0, M0

IIa T2, N0, M0

IIb T3, N0, M0

IIIa T4, N0, M0

IIIb Any T, N1, M0

IV Any T, any N, M1

Reproduced from Rindi, G., Klöppel, G., Alhman, H., et al., TNM staging of foregut 
(neuro)endocrine tumors: a consensus proposal including a grading system, Virchows 
Archiv, Vo. 449, No 4, pp. 395– 401 with permission from Springer Nature under the 
Creative Commons Attribution 4.0 International License (http:// creativecommons.org/ 
licenses/ by/ 4.0/ )
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OctreoScan [7]. An MRI scan of the liver and/ or pancreas may be 
useful if closer examination of the anatomical distribution of the dis-
ease is required, for instance for the purpose of surgical planning.

Once a primary lesion is uncovered, a definitive diagnosis can 
only be made with histological confirmation of panNET. In early- 
stage disease, endoscopic ultrasound (EUS) has been shown in 
many studies to improve diagnostic confidence and further char-
acterize the extent of primary tumour in relation to its surrounding 
structures, and is also a useful diagnostic tool to obtain biopsy sam-
ples from the pancreas [24, 25]. In metastatic disease, biopsy sam-
ples may be more easily accessible from the liver, for example.

In view of the heterogeneity of panNETs and the various treatment 
options available, all patients and the results of investigations per-
formed should be discussed in a specialized multidisciplinary team 
(MDT) meeting in a centre experienced in treatment of NETs [7] .

Management

There are several important prognostic factors to be considered 
when deciding on the management plan for a patient with panNET 
including the location of the primary tumour, extent of disease, 
tumour stage, degree of proliferation/ proliferation index, tumour 
grade, patient’s age and performance status [1] . The only curative- 
intent management option for NF- panNETs is surgery [7]. This is 
strongly indicated particularly in early disease when complete sta-
ging reveals no evidence of distant metastasis (M0 disease), and the 
primary tumour is more than 2 cm and technically resectable [7].

The preferred oncologic resection choice is based on the anatom-
ical location of the tumour, and is usually in the form of an enu-
cleation (particularly in the setting of MEN- 1- related panNET, 
as other lesions are likely to develop over time and sparing of the 
pancreatic parenchyma is preferred in these, often young, patients), 
distal pancreatic resection with or without splenectomy, or in some 
selected cases pancreaticoduodenal resection or Whipple’s sur-
gery [15]. In all cases, it is important to achieve sufficient lymph 
node clearance, particularly when enucleation is performed for 
NF- panNET [15,  26]. It is the consensus among all the ESMO, 
ENETS, and NANETS guidelines that laparoscopic procedures 
instead of laparotomy are not recommended due to the need for 
adequate lymphadenectomy and complete surgical exploration 
intra- abdominally [7, 15, 26].

The recommended management for small primary NF- panNET 
≤2 cm remains an area of contention. In a large retrospective Italian 
study, outcomes were categorically compared by their tumour sizes 
in 177 patients with NF- panNET who underwent R0 resection: 90 
patients (51%) ≤2  cm, 46 patients (26%) >2 and ≤4  cm, and 41 
patients (23%) >4  cm [27]. In their multivariable analysis, a NF- 
panNET of >2  cm was an independent predictor of malignancy, 
and this study proposed that incidental NF- panNETs ≤2  cm can 
be conservatively managed as they had excellent long- term out-
comes [27]. In contrast, in a more recently published retrospective 
study of 1854 patients with all NF- panNETs ≤2  cm from the US 
National Cancer Database (1998– 2011), the 5- year overall survival 
was significantly inferior among those who did not have surgery 
(28% vs. 72– 86%, P <0.01), and outcomes were better for those who 
had surgery irrespective of the type of surgery performed or ad-
equacy of lymphadenectomy [28]. In the absence of a prospective 

study, a conservative approach is considered safe and has been re-
commended in the ENETS consensus guidelines [7] . A systematic 
review has now confirmed the safety of watchful waiting in those 
with small (≤2  cm), asymptomatic, sporadic NF- panNETs [29]. 
There is now also a large prospective study of Asymptomatic Small 
Pancreatic Endocrine Neoplasms (ASPEN) (NCT03084770) cur-
rently open for recruitment which will provide further concrete 
guidance on the management of this subgroup.

In patients with locally advanced NF- panNET (grades 1 and 
2) and those with liver- only metastases, surgery with curative intent 
may still be pursued as long as this is technically possible [30, 31]. 
Interventional radiological options may be considered as bridging 
or downstaging approaches with a view of surgery later, and these in-
clude radiofrequency ablation (RFA), laser- induced thermotherapy 
(LiTT), transarterial chemoembolization (TACE), and selective in-
ternal radiation therapy (SIRT) (Figure 6.5.2) [31]. Most surgeons 
will now also consider cytoreductive surgery for metastatic disease 
when more than 70% of patient’s total tumour bulk can be excised 
[15, 32, 33]. In carefully selected cases, liver transplantation may be 
considered but these are few and far in between as most patients will 
still relapse with metastatic disease [34, 35]. Therefore, liver trans-
plantation for panNET is still not standard of care in most countries 
in Europe [31].

Generally, following radical surgery, there is currently no clear 
evidence for adjuvant systemic treatments for grades 1 and 2 NF- 
panNETs. However, in patients with G3 NF- panNET or panNEC 
with a known high risk of relapse despite surgery, adjuvant chemo-
therapy may be considered [36]. The most commonly recom-
mended regimen is the combination of cisplatin or carboplatin with 
etoposide [36].

In most NF- panNET patients who present with metastatic disease 
at outset, it is important to consider the patients’ condition care-
fully. It is not unreasonable to take the watchful waiting approach in 
patients with grades 1 or 2 NF- panNET who are relatively asymp-
tomatic and has slow- growing disease if surgery is not considered 
feasible or is contraindicated for other reasons [30]. Alternatively, 
antiproliferative agents in the form of somatostatin analogues have 
been shown to be effective in prolonging progression- free survival 
in NETs. In the Phase III double- blind placebo- control PROMID 
trial, 42 patients (n  =  42/ 85, 49%) with non- functioning midgut 
NETs who were randomized to receive octreotide LAR 30 mg given 
intramuscularly every 28 days had median time- to- progression of 
28.8 months compared to 5.9 months in the placebo arm, HR 0.25 
(95% CI 0.10- 0.59), P = 0.0008 [37]. This trial allowed crossover, 
and 88% eventually went on to receive octreotide [37]. There was no 
statistically significant difference in the octreotide and placebo arm 
after long- term follow- up [37]. Note that PROMID did not include 
any patients with panNETs. Meanwhile in the Phase III double- 
blind placebo- control CLARINET trial, 101 patients (n  =  101/ 
204, 50%) who received lanreotide autogel 120 mg subcutaneously 
also had superior progression- free survival of 38.5 months versus 
18 months, P <0.001 [38, 39]. It is important to note that both trials 
included slightly different cohorts of patients, which may account 
for the stark difference in outcomes. In PROMID, 98% had grade 
1 intestinal NET, while CLARINET had a Ki- 67 cut- off of <10% 
and included grades 1 and 2 midgut and hindgut NETs, with 96% 
of patients having no tumour progression 3– 6 months prior to ran-
domization [37,  38]. In CLARINET, there were 91 NF- panNET 
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patients included (n  =  91/ 204, 45%), with 42 and 49 patients re-
ceiving lanreotide LAR versus placebo, respectively [38, 39]. In the 
exploratory subgroup analysis, these patients derived a similar mag-
nitude of benefit compared to other GI NETs, affirming the utility of 
somatostatin analogues, lanreotide in particular, in panNETs.

Chemotherapy remains the mainstay of systemic treatment 
for patients with high volume and/ or symptomatic and/ or rap-
idly growing (in ≤6– 12  months) grade 2 NF- panNET and grade 
3 NF- panNET or panNEC (15, 31). First- line standard cytotoxic 
option for metastatic grade 2 or 3 NF- panNETs is the combination 
of streptozotocin and 5- fluorouracil (5- FU) or doxorubicin with a 
35– 40% response rate [15, 31, 40– 42]. Alternative chemotherapy 
options include temozolomide +/ –  capecitabine, and oxaliplatin- 
based chemotherapy + 5- FU or capecitabine with retrospective 
studies suggesting a response rate of 40– 70% [15, 31, 43,  44]. 
Meanwhile in grade 3 NF- panNEC, carboplatin and etoposide 
combination regime is now standard first- line, with estimated re-
sponse rate between 30 and 70%, conferring a median progression- 
free survival of 5 months and median overall survival of 15 months 
with treatment [31,  45]. FOLFOX (containing folinic acid/ 
leucovorin, 5- FU and oxaliplatin; also known as oxaliplatin and 
modified de Gramont, OxMdG) and FOLFIRI (containing folinic 
acid/ leucovorin, 5- FU, and irinotecan; also known as irinotecan 
and modified de Gramont, IrMdG) are reasonable second- line 
options following failure to carboplatin and etoposide in G3 NF- 
panNEC [31, 46, 47].

Targeted therapies have also shown to be efficacious in NF- 
panNETs. In the Phase III RADIANT- 3 randomized placebo- 
control trial, 410 patients with radiologically proven progressive 
well-  to moderately differentiated (grade 1 or 2)  locally ad-
vanced or metastatic panNETs were randomized to continuous 
everolimus 10 mg orally once a day or placebo [48]. The 207 pa-
tients (n  =  207/ 410; 50%) receiving everolimus had a median 
progression- free survival of 11.0 months compared to 4.6 months 
in the placebo arm, HR 0.35 (95% CI 0.27– 0.45), P <0.001 [48]. 

Everolimus was well- tolerated with anaemia (6% vs. 0%) and 
hyperglycaemia (5% vs. 2%) being the main reported grade 3 
or 4 adverse events (48). Similarly, there was a Phase III ran-
domized placebo- control trial of sunitinib in 171 patients with 
radiologically proven progressive well- differentiated (grade 1 or 
2) advanced panNET [49]. Sunitinib conferred a gain in median 
progression- free survival of 11.4 months compared to 5.5 months 
in the placebo arm, HR 0.42 (95% CI 0.26– 0.66), P <0.001 [49]. 
The main reported grade 3 or 4 toxicities of sunitinib are neutro-
penia (12% vs. 0%), hypertension (10% vs. 1%), palmar- plantar 
erythrodysesthesia (6% vs. 0%) and stomatitis (4% vs. 0%) [49]. 
Currently, both everolimus and sunitinib are widely available and 
recommended after progression to either somatostatin analogue 
and/ or chemotherapy (Figure 6.5.3) [31].

An important question often facing clinicians remains the most 
effective sequencing or combination of treatments. There is already 
evidence that targeted therapies remain beneficial for patients ir-
respective of whether they have received prior chemotherapy or 
somatostatin analogues [48]. The SEQTOR trial (NCT02246127) 
is an innovative Phase III study aimed at addressing how to best 
sequence chemotherapy and targeted therapy, and is currently re-
cruiting grade 1 or 2 advanced progressive panNET patients to 
receive combination chemotherapy with streptozotocin/ 5- FU up-
front followed by everolimus upon progression, or in the reverse 
order. There is also evidence from the Phase III RADIANT- 2 trial 
to support the use of everolimus in combination with octreotide 
patients with high volume and/ or symptomatic and/ or rapidly 
growing grades 1 or 2 NF- panNET [50]. More work is now needed 
to personalize the optimal treatment pathway for each individual 
patient.

Evidence is emerging in the use of liver- directed therapies in the 
form of peptide receptor radionuclide therapy (PRRT) in grade 1 
and 2 midgut NETs. Preliminary data from the recently published 
NETTER- 1 trial reported that the use of 177Lu- Dotatate PRRT after 
progression on first- line octreotide was beneficial in patients with 
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somatostatin- receptor positive midgut NETs (no patients with 
panNET were included) compared to those who received an escal-
ated dose of octreotide [51]. The median progression- free survival 
in the PRRT arm was not reached after a follow- up of 20 months 
(65.2%) versus 10.8% in the control group [51]. There appears to be 
an overall survival advantage, and further mature data are awaited 
[51]. Non- randomized, retrospective data from a large Dutch co-
hort, which included a subgroup of 112 panNET patients (133 
panNETs in total), demonstrated clinical benefit in 85% of patients 
(complete response/ partial response/ stable disease) with a median 
progression- free survival of 30 months and median overall survival 
of 69 months [52]. The magnitude of benefit was comparable be-
tween patients with panNETs and those with intestinal NETs.

Prognosis

Compared to F- panNET, NF- panNET has been found to have 
an inferior prognosis, with median overall survival of 26  months 
(95% CI 23– 30) compared to 54 months (95% CI 37– 75) [HR 0.71 
(95%CI 0.57– 0.84), P  =  0.004] [4] . This is likely to be due to the 
lead- time bias of patients presenting with earlier disease due to 
hormone- related symptoms, but may also be potentially attributed 
to a difference in disease biology.

In general, the 5- year survival rate of panNET is favourable par-
ticularly when patients are diagnosed with early disease which may 
remain indolent for a number of years. In fact, the estimated 5- year 

survival in well- differentiated localized disease is between 60% and 
100%, compared to around 40% for locally advanced or regional 
disease [6, 15]. Patients who undergo successful metastasectomies 
may achieve a 5- year overall survival of more than 60%, and if R0 
resection is performed, this may even be up to 80% [53]. The out-
comes are much worse in those with poorly differentiated tumours 
(NETs or NECs) with their 5- year survival estimated to be around 
12% [6] . With modern treatment options available, it is predicted 
that more than 25% of those with metastatic panNETs on the whole 
will be alive at 5 years [15, 31].

Future Work

NF- panNET is a heterogenous group of GEP NETs and the chal-
lenge remain in the early disease whereby more prospective studies 
are needed to identify better predictors of the disease in order to 
de- escalate treatment in those who may not need it at all and at the 
same time guide timely treatments for those who require earlier 
intervention. There also remain questions on the most efficacious 
sequence and/ or combinations of various treatment modalities 
which are now approved and available for use in treating NF- 
panNETs, some of which will be hopefully addressed by the sev-
eral ongoing and upcoming clinical trials. Immunotherapy agents 
may be promising in well selected groups, although more preclin-
ical data and better biomarkers are necessary to inform more ra-
tional use of these drugs. There will be a rapidly expanding use 
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of various radionuclide- based theranostics which will then need 
longer term clinical experience to understand if there are any po-
tential late effects of treatment.
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Introduction

Gastrin is a gastrointestinal hormone, produced predominantly by 
the G cells of the gastric antrum and duodenum, although small 
amounts of gastrin have been isolated in the pituitary and some 
vagal nerve fibres. The biologically active forms of gastrin include 
carboxy- amidated- gastrin- 17, and also carboxy- amidated- gastrin- 
34, which bind mainly to cholecystokinin (CCK)- 2 receptor. 
The main role of amidated gastrin is the stimulation of gastric 
acid secretion by regulating histamine release from the gastric 
enterochromafin- like (ECL) cells, while it may also have a trophic 
effect on gastric mucosa. There is evidence that the precursor forms 
of gastrin, such as progastrin and glycine- extended gastrin are also 
of biological importance, binding to a separate ‘CCK- C’ receptor. 
They may induce cellular and tumour growth and these precursors 
are implicated in several cancers, such as colon and pancreatic 
adenocarcinomas.

Gastrinomas represent a group of functional predominantly duo-
denal and pancreatic neuroendocrine tumours, characterized by 
autonomous release of gastrin by the tumour cells, which results in 
symptoms not only due to the tumour growth per se, but also due to 
gastric acid hypersecretion.

In 1955 at the annual meeting of American Surgical Association, 
Dr Robert M. Zollinger and Dr Edwin H. Ellison presented a study 
entitled ‘Primary Peptic Ulcerations of the Jejunum Associated with 
Islet Cell Tumour of the Pancreas’ [1] . They proposed a new clin-
ical syndrome of: (a) ulceration in unusual locations in the upper 

gastrointestinal tract or recurrent ulcerations; (b)  gastric acid 
hypersecretion; and (c) non- beta islet cell tumours of the pancreas. 
However, the potent gastric secretagogue for the ‘Zollinger– Ellison 
syndrome’ (ZES) was not identified until 1960, when Rodney 
Gregory and Hilda Tracy of the University of Liverpool discovered 
that, the extract from the pancreas of a patient with ZES was the 
hormone ‘gastrin’. Thus, these pancreatic tumours have been called 
‘gastrinomas’.

epidemiology

The incidence of gastrinomas is 0.5– 21.5/ million population/ year. 
There is a slight male predominance with an average age of diag-
nosis in the mid- forties, although patients may well have had symp-
toms for 5– 6 years [2] .

Genetics

Gastrinomas can either be sporadic or can be associated with mul-
tiple endocrine neoplasia type 1 (MEN- 1) syndrome in 25% of cases 
[3] . This syndrome should always be considered and excluded in 
every patient with gastrinoma, as it may have significant impli-
cations in patient management and also prognosis. MEN- 1 is an 
autosomal- dominant disorder due to mutations in MENIN, with 
high penetrance (see Chapter  6.11.1). Approximately, 23– 29% of 
patients with gastrinomas associated with MEN- 1, may develop 
gastric neuroendocrine (carcinoid) tumours type II. Recently, it 
was found that somatic MEN- 1 mutations are found also in 37% of 
sporadic gastrinomas, which indicates that MEN- 1 may be involved 
in the pathogenesis of both familial and sporadic cases. Other gen-
etic alterations associated with sporadic gastrinomas include those 
in p16INK4a gene on chromosome 9p21 and in the HER2/ neu gene. 
Mutations of p53 gene are not common in gastrinomas [4].

Pathophysiology and Molecular Pathogenesis

Gastrinomas secrete mainly the carboxy- amidated- gastrin- 17, 
which is associated with gastric acid hypersecretion and relevant 
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clinical features. This autonomous hypergastrinaemia induces ECL 
cell hyperplasia, which may lead to the development of gastric 
neuroendocrine tumours (Figure 6.6.1) [5] . Apart from amidated 
gastrin, these tumours may also secrete precursor forms, progastrin, 
and glycine- extended gastrin [6]. Gastrinomas overexpress various 
growth factor receptors (epidermal growth factor receptor, insulin 
growth factor 1 receptor and hepatocyte growth factor receptor) 
but among these, only epidermal growth factor receptor (EGFR) 
is known to correlate with angioinvasion. The activation of CCK- 
2 receptor by carboxy- amidated- gastrin- 17 initiates multiple signal 
transduction pathways, including activating EGFR.

Clinicopathological Features

Although gastrinomas were previously reported to be located pre-
dominantly in the pancreas, recent series have shown that the duo-
denum (especially the first and the second part) is the most common 
location for both sporadic and MEN- 1 associated gastrinomas 
(50– 88% and 70– 100% of cases, respectively). In cases of pancreatic 
gastrinomas, the tumour is usually located (70%) in the pancreatic 
body/ tail. At surgery, 70– 85% of all gastrinomas are found in the so- 
called gastrinoma triangle, an anatomical area that is defined, super-
iorly by the confluence of the cystic and common bile duct; inferiorly 
by the junction of the second and third portions of the duodenum; and 
medially, by the junction of the neck and body of the pancreas. Rarely 
(10%), gastrinomas can be found in other abdominal (stomach, liver, 
bile duct, ovary) or extra- abdominal (heart, small lung cancer) sites.

At presentation, pancreatic gastrinomas are usually large lesions 
(mean size 3.8 cm), whereas the duodenal ones, especially those as-
sociated with MEN- 1, are small (1– 20 mm). The latter are usually 
multiple, while sporadic gastrinomas are predominantly (80%) soli-
tary tumours.

Gastrinomas may metastasize to the liver, lymph nodes, and rarely 
to the bones. At presentation, the majority of patients have either 
localized (36%) or locally advanced disease with only lymph node 
metastases (29%). The development of metastases is independent 
of tumour size, as even small (<5 mm) duodenal gastrinomas may 
have a high malignant potential. However, liver metastases seem to 
be more common in pancreatic rather than duodenal gastrinomas 
(22– 35% vs. 0– 10%, respectively) [7] .

Gastrinomas share the same histopathological features with the 
other gastroenteropancreatic neuroendocrine tumours (Figure 
6.6.2). Additionally, they predominantly express gastrin (Figure 
6.6.3), and can produce other gastrointestinal peptides as well, such 
as insulin. However, such additional peptides are either not released 
in the systemic circulation or they are released in small quantities 
and thus, they are not usually of any clinical significance. Other 

Figure 6.6.1 Pathophysiology of type II gastric carcinoids within the context of gastrinomas associated with MEN- 1 syndrome. Gastrinomas usually 
located inside the gastrinoma triangle (duodenum or pancreas) secrete excess amount of gastrin (1). Gastrin stimulates parietal cells to secrete 
gastric acid (2). Gastrin also stimulates mucosal growth in the stomach causing ECL cell hyperplasia (3), which can then lead to the formation of a 
neuroendocrine tumour (gastric carcinoid type II).
Reproduced with permission from Grozinsky- Glasberg S, Alexandraki KI, Angelousi A, Chatzellis E, Sougioultzis S, Kaltsas G. Gastric Carcinoids. Endocrinol Metab Clin North Am. 
2018 Sep;47(3):645– 60. Copyright © 2018 Elsevier Inc.

Figure 6.6.2 Well- differentiated, grade 1, pancreatic gastrinoma.
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neuroendocrine tumours may express gastrin, but they are not con-
sidered gastrinomas if clinical and biochemical features are lacking.

According to the recent (2017) World Health Organization 
(WHO) for pancreatic neuroendocrine neoplasms, gastrinomas 
are divided into:  (1) well- differentiated neuroendocrine tumours 
of grade(G) 1, G2, or G3; and (2) poorly differentiated neuroendo-
crine carcinomas (either small- cell or large- cell type) with high- 
grade (G3) malignant behaviour. Criteria for categorization of these 
tumours include general morphologic description, mitotic rate (two 
or more mitoses/ mm2), proliferation index (as assessed by nuclear 
Ki67 expression), tumour size, and evidence of invasion of blood 
vessels/ nerves/ adjacent organs. The majority of gastrinomas are 
well- differentiated neuroendocrine neoplasms.

In 2010, the European Neuroendocrine Tumour Society sug-
gested the TNM system for staging of pancreatic neuroendocrine 
tumours, including gastrinomas, which also included a grading 
system based on mitotic rate and proliferation index. That grading 
system was updated in 2017, as part of the new WHO classification 
[8] . The TNM system as well as, the 2017 grading system are sum-
marized in Box 6.6.1 and Table 6.6.1.

Diagnosis

Clinical Presentation

Most of the symptoms in patients with gastrinomas are associated 
with gastric acid hypersecretion. The latter can lead to the develop-
ment of peptic ulcers, erosive oesophagitis, and chronic diarrhoea. 
Symptoms associated with peptic ulcers and their complications 
(bleeding, perforation, pyloric stenosis) are the most common pre-
senting clinical features in patients with gastrinoma (80%). Peptic 
ulcers in these patients are often multiple, located in unusual ana-
tomic sites and resistant to treatment. They are less associated to 
H. pylori infection compared to idiopathic peptic ulcers (24– 48% vs. 
>90%, respectively) and are not associated with use of non- steroidal 
anti- inflammatory drugs (NSAIDS). Erosive oesophagitis causing 
heartburn and potentially dysphagia occur in 50– 60% of these pa-
tients. Finally, chronic diarrhoea is a result of inactivation of pan-
creatic enzymes (especially lipases), and damage of the intestinal 

mucosa, due to acid hypersecretion. Gastrinoma- related diarrhoea 
is usually watery, may be associated with malabsorption, while it 
is the only diarrhoea that responds dramatically to proton pump 
inhibitors (PPIs). It occurs in 40– 70% of patients with gastrinoma, 
and may be the only symptom in 20% of cases [9] .

Clinical suspicion for a gastrinoma associated with MEN- 1 syn-
drome is raised when one or more of the aforementioned clinical 
features coexist with hyperparathyroidism or any other MEN- 1 re-
lated endocrinopathies, and when there is a family history of MEN- 
1 syndrome.

In patients with sporadic gastrinomas, the mean age at the onset 
of symptoms is 48– 55  years, while patients with MEN- 1 present 
usually at an earlier age (32– 35 years). The frequency of most symp-
toms in similar between these two groups of patients, although it 
seems that diarrhoea is less common in MEN- 1 patients.

Less than 10% of gastrinoma patients develop features of Cushing’s 
syndrome due to ectopic production of adrenocorticotrophic hor-
mone (ACTH), which represents a poor prognostic sign.

Figure 6.6.3 Gastrin immunostaining in the above patient with 
pancreatic gastrinoma.

Box 6.6.1 TNM classification for neuroendocrine tumours 
of the pancreas

T— primary tumour
Tx: primary tumour cannot be assessed 
T0: no evidence of primary tumour 
T1: tumour limited to the pancreas with size <2 cm 
T2: tumour limited to the pancreas with size 2– 4 cm 
T3:  tumour limited to the pancreas with size >4 cm or invading duo-
denum or bile duct 
T4: tumour invading adjacent organs or the wall of large vessels 

N— regional lymph nodes
Nx: regional lymph nodes cannot be assessed 
No: no regional lymph node metastases 
N1: regional lymph node metastases 

M— distant metastases
Mx: distant metastases cannot be assessed 
M0: no distant metastases 
M1: distant metastases 
Stage I: T1, N0, M0 
Stage IIa: T2, N0, M0 
Stage IIb: T3, N0, M0 
Stage IIIa: T4, N0, M0
Stage IIIb: any T, N1, M0 
Stage IV: any T, any M, M1 

table 6.6.1 WHO 2017 Grading for pancreatic neuroendocrine 
neoplasms

Mitotic count 
(10 HPF)

Ki67 index 
(%)

Well- differentiated Neuroendocrine Neoplasms

Neuroendocrine tumour (G1) <2 <3

Neuroendocrine tumour (G2) 2– 20 3– 20

Neuroendocrine tumour (G3) >20 >20

Poorly differentiated neuroendocrine neoplasms

Neuroendocrine carcinoma (G3) >20 >20
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Suspicious clinical features that may indicate gastrinoma are 
summarized in Table 6.6.2.

Laboratory tests

The biochemical confirmation, following a clinical suspicion, of a 
gastrinoma requires a significant elevation of fasting serum gas-
trin, in combination with hyperchlorhydria. The presence of the 
latter is very important, as hypergastrinaemia alone can be result 
of chronic hypochlorhydria/ achlorhydria, that is associated with 
chronic fundus atrophic gastritis, chronic use of PPIs, as well as 
vagotomy.

A fasting serum gastrin level of >10- fold the upper normal 
limit in the presence of gastric p H<2 or basal acid output 
(BAO)>15  mmol/ h is considered as diagnostic of a gastrinoma. 
If possible, PPIs should be discontinued preferably at least ten 
days prior to serum gastrin estimation, while a discontinuation 
of histamine- 2 receptor (H2R) antagonists for only 48– 72 hours 
prior to the test seems to be adequate. However, discontinuation 
of PPIs should be performed with caution in patients who are at 
risk for complications (peptic ulcer bleeding or perforation, se-
vere diarrhoea) and those patients should ideally be referred to 
specialist units with experience in diagnosis and management of 
gastrinomas. Moderately elevated serum gastrin levels (<10- fold 
the upper normal limit) and hyperchlorhydria may occur in 66% 
of gastrinoma patients, but in this situation other clinical disorders 

need to be excluded, such as:  H.  pylori infection, gastric outlet 
obstruction, antral G cell hyperplasia, short bowel syndrome, re-
tained antrum, or renal failure. In this situation, a provocative test 
with intravenous (IV) administration of secretin is indicated [10]. 
After an overnight fast an IV bolus of secretin (2 U/ kgr) is given 
to the patient. A  rise of serum gastrin concentration of 120 pg/ 
ml, noted within 10 minutes of secretin administration, can estab-
lish the diagnosis of gastrinoma (with sensitivity and specificity of 
94% and 100%, respectively), whereas in the aforementioned non- 
tumour- related causes the serum gastrin level remains unchanged. 
A diagnostic algorithm for fasting serum gastrin levels is summar-
ized in Figure 6.6.4.

Another biochemical test that contribute to the diagnosis 
is the estimation of Chromogranin- A (CgA) (see Chapter  6.2). 
However, recent studies in patients with gastrinomas suggest 
that there is not always precise correlation between CgA levels 
and tumour burden, as in these patients CgA may also be pro-
duced by the enterochromaffin- like cells of stomach in response to 
hypergastrinaemia.

As soon as the biochemical diagnosis of gastrinoma is established, 
it is important for all patients (even those without any suspicious 
clinical features) to be screened for MEN- 1, with a baseline esti-
mation of serum parathyroid hormone (PTH) levels, calcium levels 
(preferably ionized calcium or albumin- corrected calcium), as well 
as prolactin. In presence of suspicious clinical or biochemical data, 
a MEN- 1 germline mutation DNA test should be performed, and if 
it is positive, genetic counselling is offered to all patients’ kindreds 
after their first decade of life.

Rarely, patients with gastrinoma may have hypercalcaemia with 
normal PTH levels, which may be a result of parathyroid hormone- 
related peptide (PTH- r P) secreted by these tumours. Finally, in 
patients who develop clinical signs of Cushing’s syndrome bio-
chemical evaluation is needed (see Chapter 5.7).

tumour Localization

Precise localization of the primary tumour lesion as well as meta-
static deposits has a significant impact on the patient’s management. 
Invasive and non- invasive localization studies are used in order to 
identify the primary lesion and determine the extent of resection 

table 6.6.2 Clinical features indicating gastrinoma

Clinical feature % of 
patients

Peptic ulcers resistant to treatment, multiple, located in unusual 
anatomic sites, resistant to treatment, less associated to H. pylori, 
and not associated with use of NSAIDS

80

Erosive oesophagitis causing heartburn and potentially dysphagia, 
resistant to treatment

50

Diarrhoea responding to proton pump inhibitors 40– 70

The above features in combination with other endocrinopathies 20

The above features in combination with family history of 
neuroendocrine tumours

25

NSAIDS, non- steroidal anti- inflammatory drugs.

Fasting gastrin > 10-fold Fasting gastrin < 10-fold

Gastric pH <2

DIAGNOSIS

Gastric pH >2 Gastric pH <2

Consider other causes
(atrophic gastritis, chronic
PPI use, vagotomy)

Exclude other causes
H. phlori infection, gastric
outlet obstruction, antral
G-cell hyperplasia, short
bowel syndrome, retained
antrum, or renal failure

Figure 6.6.4 Differential diagnosis of hypergastrinemia (ULN: upper limit of normal).
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when surgery is planned, and also to assess the tumour extent in 
patients with advanced disease.

non- Invasive techniques

Among the conventional radiological studies, transabdominal 
ultrasound has the lowest sensitivity for detection of the primary 
site and hepatic metastases (20% and 45% respectively), but its 
specificity may be greater than 90%. Spiral computed tomography 
(CT) and MRI have better sensitivities for the primary lesion (59– 
78% and 40– 85%, respectively) and for distant metastases (45– 70% 
and 70– 80%, respectively), while their specificity is also above 90% 
(Figure 6.6.5).

Indium- 111- diethylentriamine penta- acetic acid (DTPA)- 
octreotide (OctreoScan) was previously recognized as the most 
sensitive modality for gastroenteropancreatic neuroendocrine 
tumours’ imaging (Figure 6.6.6). Recently the introduction of 
positron emission tomography (PET) molecular imaging with 
68Ga- labelled somatostatin analogues provides clear advantages 
over conventional OctreoScan with better sensitivity and specifi-
city and is logistically easier as it is a single scan compared to the 
requirement with OctreoScan to scan at 4 hours, 24 hours, and 48 
hours post injection of isotope. 68Ga- somatostatin analogue PET 
imaging is now considered the gold standard for nuclear medicine 
imaging of NETs. Multiple peptides have been used with in con-
junction with 68Ga. Somatostatin analogues such as DOTA- [Tyr3]- 
octreotide (TOC), DOTA- [Tyr3,Thr8]- octreotide (TATE), and 
DOTA- [Nal3]- octreotide (NOC) have recently been used with PET 
imaging. 68Ga- DOTA PET studies, that can be completed within 
2– 3 hours and visualize lesions as small as 7 mm, have a sensitivity 
of 97% and specificity of 92% (Figure 6.6.7). It provides not only an 
accurate localization of the primary and metastatic lesions, but also 
may detect unsuspected lesions, not shown by the previous con-
ventional studies, which is crucial when surgery is planned. If, the 
aforementioned non- invasive techniques (including 68Ga- DOTA 
PET) have failed to identify the primary tumour site, especially 
when surgery is planned, a variety of invasive localization studies 
can be performed.

Invasive techniques

Oesophagogastroduodenoscopy (OGD) needs to be performed in 
every patient with gastrinoma. OGD not only corroborates the clin-
ical suspicion by demonstrating severe oesophagitis, peptic ulcers 
in uncommon locations and prominent gastric folds, but also may 

reveal small duodenal gastrinomas, as well as gastric polyps that 
may represent gastric neuroendocrine tumours type II in patients 
with MEN- 1 gastrinomas (Figure 6.6.8).

Endoscopic ultrasound (EUS) should be considered in all pa-
tients who are due to have an operation and especially in those 
with MEN- 1 gastrinomas. In experienced hands, it has a sensi-
tivity of 95% for pancreatic gastrinomas, while it also provides 
useful staging information. EUS can precisely estimate tumour 
size, distinguish a pancreatic tumour from a peripancreatic 
lymph node, and also enables histology samples via fine- needle 
aspiration. However, EUS has a lower sensitivity for duodenal 
gastrinomas (50%).

Figure 6.6.5 (a) CT in metastatic sporadic gastrinoma. (b) CT in a patient with MEN- 1 gastrinoma and type II gastric neuroendocrine tumour 
(arrow).

Figure 6.6.6 OctreoScan in patient with metastatic MEN- 1 gastrinoma. 
Solitary hepatic metastatic deposit (thin arrow), gastric neuroendocrine 
tumour (thick arrow).
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Angiography is less commonly used nowadays, and usually in-
cludes angiography with secretin or calcium stimulation and hep-
atic venous sampling. During this test, small doses of secretin are 
injected into the splenic, hepatic, gastroduodenal, and then the su-
perior mesenteric arteries, following a selective cannulation. Then, 
blood samples are taken from the right hepatic vein, at baseline, 20, 
40, 60, and 120 seconds for gastrin estimation.

In patients, where all the aforementioned imaging tech-
niques have failed to detect the primary lesion preoperatively, an 
intraoperative transillumination of the duodenum in combination 
with intraoperative ultrasound should always be performed. These 
tests should always be followed by duodenotomy, which is able to 
detect up to 50% of duodenal tumours.

Management

Once the diagnosis of Zollinger– Ellison syndrome is established, 
and even before the completion of localization studies, it is im-
portant to start medical treatment in order control gastric acid 
hypersecretion and prevent its complications.

Figure 6.6.7 68Ga- DOTA PET in patient with sporadic gastrinoma and unknown primary, despite all previous imaging studies. A foci of uptake was 
demonstrated at the area of second part of duodenum thick red arrow).

Figure 6.6.8 Gastric neuroendocrine tumour type II in a patient with 
MEN- 1 gastrinoma (same patient as in Figure 6.5.3b).
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Control of Symptoms

In the early years, the treatment of choice was total gastrectomy. 
However, as soon as the antisecretory medications, initially H2- 
receptor antagonists and subsequently PPIs,) became widely avail-
able, effective control of gastric acid secretion was achieved, and 
thus, total gastrectomy is no longer necessary.

PPIs are superior to H2- receptor antagonists, in terms of effect-
iveness in gastric acid control and long- term action, and therefore 
they are considered as first- choice medical treatment for these pa-
tients. The initial dose that is usually used is an equivalent dose to 
60 mg of omeprazole/ day in sporadic gastrinomas [11]. Patients with 
MEN- 1 gastrinomas and hypercalcaemia, patients with severe gastro- 
oesophageal reflux symptoms as well as those with previous Bilroth- II 
resection may require higher initial doses (40– 60 mg bd). The main-
tenance dose tends to be lower than the initial dose in 40– 80% of 
the patients. PPIs are considered as safe long- term treatment with pa-
tients being treated for more than 15 years with no significant adverse 
effects and no evidence of tachyphylaxis. It has been, however, recom-
mended that long- term treatment with PPIs may be associated with 
B12 malabsorption, and thus B12 levels need to be monitored once a 
year. There may also be an increased predisposition to osteoporosis.

Patients who cannot tolerate oral PPIs can be treated with high 
dose of H2- receptor antagonists and the dose requirements tends to 
increase with time.

The use of somatostatin analogues (octreotide and lanreotide 
preparations) for antiacid control, although potentially effective, is 
not a first- line option and should be reserved only for patients with 
difficult to control hyperacidity and those who had developed gas-
tric neuroendocrine tumours.

Gastric surgery (vagotomy, gastrectomy) for control of gastric 
acid hypersecretion is very rarely required in the era of antisecretory 
medications, and is only indicated in patients who cannot or will 
not take any antisecretory medications. Parathyroidectomy in pa-
tients with MEN- 1 gastrinomas and parathyroid adenomas is usu-
ally indicated at an early stage, as results in a decrease in the basal 
acid output and fasting gastrin levels and therefore the required 
dosage of antisecretory medications as well.

Surgical therapy

Sporadic Gastrinomas

The aim of surgery in sporadic gastrinomas patients is a long- term 
curative resection, in order to decrease the risk of distant metas-
tases development, as well as to completely control of the hormonal 
symptoms.

Pancreatic head/ body tumours may be enucleated, in com-
bination with regional lymph node dissection (peripancreatic, 
periduodenal, and hepatoduodenal ligament), while duodenotomy 
is always required to detect small duodenal gastrinomas. Whipple’s 
pancreaticoduodenectomy may be required for large gastrinomas. 
Tumours in pancreatic tail may be enucleated, or for larger lesions a 
distal pancreatectomy is performed [11, 12].

The overall 15- years survival following a curative resection in 
sporadic gastrinoma patients is between 80% and 100%.

MEN- 1 Gastrinomas

The benefit of surgery in gastrinomas associated with MEN- 1 syn-
drome is controversial. Tumours are usually small, multiple, and 

located in various sites in pancreas and duodenum. Surgical ex-
ploration, especially if the tumours have not been visualized in 
the preoperative imaging studies or their size is <2  cm, does not 
seem to be worthwhile, as the curative potential in these cases is 
low, metastases are usually regional, and the long- term prognosis is 
favourable. Surgical intervention should be considered in presence 
of tumour size >2 cm. The concept of this approach is to reduce the 
possibility of subsequent liver metastases, although its efficacy re-
mains controversial [11– 13].

Management of Advanced Disease

All patients with advanced disease, consisting mainly of hepatic 
metastases, should have antitumour treatment in order to prolong 
the survival rates. Treatment options include invasive procedures or 
systemic medical treatment.

Invasive Treatment

Cytoreductive surgery may be an option when hepatic metastases 
are confined to one lobe, and also in cases where more than 90% of 
disease can be removed surgically. Liver resection can also be com-
bined with radiofrequency ablation (RFA) at the same time, for tu-
mour lesions that cannot be resected.

In patients with disease predominantly in the liver, transarterial 
hepatic embolization (TAE) or chemoembolization (TACE) may be 
considered, especially when a clinical or radiological progression 
is noted. TAE or TACE cannot be performed in patients with oc-
cluded portal vein and poor performance status.

Finally, liver transplantation can be considered rarely in selective 
cases, mainly young patients with G1 tumours, no significant 
comorbidities, and no evidence of extrahepatic disease [14].

Non- Invasive Treatment

In patients unsuitable for surgery, systemic medical treatment 
should be considered in order to control tumour growth and im-
prove survival.

Biological agents, such as somatostatin analogues and less com-
monly interferon, are considered as antitumour treatment in pa-
tients with G1/ G2 tumour and slowly progressive disease [15]. 
A recent large randomized trial with Lanreotide Autogel (long acting 
preparation of lanreotide) demonstrated increased progression- free 
survival in a series of gastro- entero- pancreatic neuroendocrine 
tumours, including gastrinoma patients [16]. Overall, disease sta-
bilization can be achieved in up to 50% of patients being treated 
with somatostatin analogues, whereas the objective response 
rate (decrease in tumour size >20%) with those medications is 
approximately 5– 10%.

Novel molecular targeted treatments, such as oral everolimus (m- 
TOR inhibitor) and oral sunitinib (tyrosine- kinase- inhibitor) have 
shown increased progression- free survival in large randomized 
studies of advanced pancreatic neuroendocrine tumours, which in-
cluded patients with gastrinomas. Objective tumour responses with 
those agents are noted less than 10% of patients [17,  18]. Serum 
gastrin levels have been decreased, following commencement of 
everolimus, and that became more prominent when everolimus was 
combined with somatostatin analogues [19].

Cytotoxic chemotherapy, using combination regimens based on 
streptozotocin, and more recently temozolomide +/ –  capecitabine, 
may be an option in patients with well- differentiated G2/ G3 
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tumours and disease progression despite treatment with biological 
or molecular targeted agents, and in patients with extensive tu-
mour load and significant symptomatic deterioration. Objective 
responses and disease stabilization have been reported in 30– 40% 
and 70% of patients, respectively. Cytotoxic chemotherapy, mainly 
platinum- based, remains the first treatment option in poorly differ-
entiated, G3, neuroendocrine carcinomas [14, 20].

Peptide receptor radionuclide therapy, represent an alternative 
option to cytotoxic chemotherapy and can be considered in pa-
tients with avid tumour uptake in OctreoScan or in 68Ga- DOTA 
somatostatin analogue PET. The concept of this treatment is to 
transfer cytotoxic radiation directly to the tumour cells, by using 
somatostatin analogues (octreotide or octreotate) radiolabelled 
with isotopes such as yttrium- 90 or more commonly lutetium- 
177. Although data from large randomized trials are lacking for 
pancreaticoduodenal neuroendocrine tumours, peptide receptor 
radionuclide therapy, especially Lutetium- 177 DOTATATE, has 
demonstrated high objective response rate, increased progression- 
free survival, as well as overall survival, based on several large 
retrospective series [21].

The optimal sequence of the aforementioned systemic treatments, 
in advanced gastroenteropancreatic neuroendocrine tumours, is 
currently being evaluated into clinical trials, which include patients 
with gastrinomas.

Prognostic Factors— Survival

The 15- year survival rate in patients either sporadic or MEN- 1 
gastrinomas and localized disease (including lymph nodes me-
tastasis) is >90%, whereas in those with hepatic metastases the 
5- year survival is between 50% and 70%. Other poor prognostic 
factors include:  short disease history; female gender; pancreatic 
primary location; primary tumour size >3 cm; absence of MEN- 1 
syndrome; extremely high serum gastrin levels; ectopic Cushing 
syndrome; and presence of bone metastases [11]. Histological fea-
tures such as:  angioinvasion, perineural invasion, mitotic rate > 
2/ 20HPF, Ki67>2% are associated with poor prognosis, as is the 
overexpression of EGFR and HER2/ neu gene expression.
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Key Points

 1. Hypoglycaemia is not uncommon in both hospitalized and am-
bulatory patients, diabetic and non- diabetic individuals. This 
condition is potentially life- threatening if left untreated, hence it 
is crucial to identify and treat hypoglycaemia and its underlying 
cause as early as possible.

 2. Insulinoma is the most common cause of endogenous 
hyperinsulinaemic hypoglycaemia in otherwise well patients. It 
is small, benign, solitary, and intrapancreatic in most cases, and 
may be associated with the MEN1 syndrome.

 3. The diagnosis of insulinoma should be suspected in patients 
having symptomatic hypoglycaemia typical of Whipple’s triad, 
spontaneously or during a 48– 72 h fast, with elevated blood in-
sulin and C- peptide levels in the absence of sulphonylureas in 
the blood or urine and autoantibodies to insulin or insulin re-
ceptors. These biochemical test results, together with careful 
history taking and imaging studies, are useful in differentiating 
between the various causes of endogenous hyperinsulinaemic 
hypoglycaemia.

 4. Tumour localization for diagnostic confirmation and guidance of 
surgical treatment is usually possible by non- invasive techniques 
with good diagnostic performances such as CT, MRI, endoscopic 
ultrasound, and functional imaging. Selective arterial calcium 
stimulation with hepatic venous sampling, the more sensitive but 
invasive approach, is currently regarded as the gold standard for 
preoperative localization of insulinoma and should be considered 
in cases with diagnostic difficulty, although it may soon be super-
seded by radionuclide functional imaging.

 5. Surgical excision, particularly laparoscopic enucleation, with the 
use of diazoxide for preoperative glycaemic control, is the treat-
ment of choice for insulinomas. For inoperable or metastatic 

cases, other treatment options include everolimus, somatostatin 
analogues, peptide receptor radionuclide therapy, chemotherapy, 
and liver- debulking procedures.

Insulinomas

Introduction and epidemiology

Hypoglycaemia is an important and life- threatening condition 
which may occur in many circumstances, and especially in pa-
tients with significant disease in intensive care units, and in pa-
tients with type 1 and type 2 diabetes mellitus. However, in the 
previously- well patient with bouts of confirmed hypoglycaemia, 
the major differential diagnoses will be either an insulinoma or 
factitious hypoglycaemia. Insulinomas, although rare, are the most 
common hormone- producing neuroendocrine tumour (NET) 
of the gastrointestinal tract, with an estimated annual incidence 
of 0.5– 1 per million of the population per year (similar to that of 
phaeochromocytomas). Insulinomas are four times more common 
in females. They can occur at any age, but present most commonly in 
middle age, with a median age at diagnosis of 47 years for sporadic 
cases and 23  years in patients with multiple endocrine neoplasia 
type 1 (MEN1) syndrome [1] . Most insulinomas are solitary (90%), 
benign (90%), small (65% with diameter <1.5 cm), intrapancreatic 
(99%), and are distributed equally throughout the pancreas:  16% 
are associated with the MEN1 syndrome and these tumours are 
bigger, multiple, malignant in 25% of cases, and more resistant to 
treatment with a higher recurrence rate. Features such as young age 
of onset (<40 years), multifocal disease, and/ or a suspicious family 
history should prompt screening for the MEN1 syndrome.

Clinical Presentation

Hypoglycaemia is the hallmark of an insulinoma. Patients usu-
ally present with non- specific, episodic hypoglycaemic symptoms, 
which fall into two categories:  neuroglycopaenic or autonomic 
(adrenergic/ neurogenic). Neuroglycopaenia occurs when plasma 
glucose levels fall below 2.2 mmol/ L and is due to glucose depriv-
ation in the central nervous system. These symptoms include diz-
ziness, confusion, fatigue, difficulty in speaking or concentrating, 
headache, changes in vision, seizures, and loss of consciousness. 
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Autonomic symptoms caused by sympathoadrenal activation con-
sist of sweating, hunger, paraesthesiae, tremor, anxiety, palpitations, 
and nausea. All these symptoms usually resolve with the inges-
tion of carbohydrate or injection of glucose. Most patients with 
insulinomas are exclusively symptomatic in the fasting state (73%), 
some in the post- prandial period (6%), or both (21%) [2] . They 
may accommodate by eating regular, high- sugar snacks, exacer-
bating weight gain (although the hyperinsulinaemia may also con-
tribute to this). Diagnosis is often delayed due to the non- specific 
presentation.

Diagnosis

The symptoms of hypoglycaemia are often non- specific. Objective 
measurement of hypoglycaemia during a symptomatic period 
with relief following administration of glucose (Whipple’s triad) 
is strongly suggestive of endogenous hyperinsulinaemia. During 
endogenous insulin synthesis by pancreatic β- cells, the precursor 
hormone proinsulin requires post- translational proteolytic cleavage 
of C- peptide to release the active hormone insulin. Insulin and 
C- peptide are thus secreted in equimolar amounts and C- peptide 
acts as a surrogate marker of endogenous insulin production. In 
the presence of excessive insulin actions, blood ketones and β- 
hydroxybutyrate would be suppressed indicating inappropriate 
inhibition of ketogenesis during fasting. Without any drug ex-
posure, the combination of documented Whipple’s triad with sim-
ultaneous biochemical hypoglycaemia (blood glucose <3 mmol/ L),  
C- peptidaemia (>0.2 nmol/ L), hyperinsulinaemia (>3 uU/ ml), and 
suppressed serum β- hydroxybutyrate (<2.7  mmol/ L) is usually 
pathognomonic of an insulinoma (Table 6.7.1), with a sensitivity 
and specificity of higher than 90% and 70%, respectively [2] . Some 
advocate a lower glucose value of less than 2.2 mmol/ L as the cut- 
off, and it has to be admitted that there is a ‘grey area’ in the range 
2.2– 3.0 mmol/ L. Provocation tests such as a prolonged fasting test 
and a mixed- meal test should be carried out if there is no hypogly-
caemia spontaneously or after an overnight fast.

The 72- h Fast

The prolonged (72- h) supervised fast is considered the gold- standard 
test. According to previous reports, 65% of patients with insulinoma 
developed hypoglycaemia at 24 h, 84% at 36 h, 93% at 48 h, and 99% 
at 72h [3] . Food is withheld and intravenous access is established, 
although the patient may consume water or non- caloric beverages. 
Blood glucose is checked every 4– 6 hours and when the patient de-
velops symptoms suggestive of hypoglycaemia, and the frequency 
should be increased when the glucose level becomes relatively low 
(e.g. <3.5  mmol/ L). When the laboratory- measured glucose con-
centration falls below 3.0  mmol/ L, simultaneous serum samples 
for insulin, C- peptide and β- hydroxybutyrate, as well as blood and/ 
or urine sulphonylurea screening, should be sent for analysis be-
fore carbohydrate replacement. If the patient is asymptomatic at the 
end of the test, a short period of exercise (10– 15 min) may provoke 
hypoglycaemia. In those diseases with abundant insulin or insulin- 
like growth factor (IGF) levels, blood glucose concentration would 
increase by more than 1.4 mmol/ L after intravenous glucagon re-
flecting adequate hepatic glycogen stores (Table 6.7.1). However, 
in our experience the glucagon test is rarely required. In some 
centres the fast is only continued for 48 hours. It should be empha-
sized that the patient should be under regular nursing supervision 

throughout, and if they become stuporous or even develop seizures, 
then intravenous 5% glucose should be immediately administered 
(a basal blood sample should always be taken if possible just before 
the glucose is given). The test is terminated whenever significant 
hypoglycaemia is confirmed on a venous sample, or if the patient 
develops their typical symptomatology and the glucose is shown to 
be normal.

Mixed- Meal Test

A small proportion of insulinoma patients (5%) who do not de-
velop hypoglycaemia during prolonged fasting may have a positive 
mixed- meal test instead, especially those presenting with postpran-
dial symptoms [4] . During the test, a mixed meal prepared from 
commercial nutritional supplement formulary or food reported by 
patient as the possible culprit for inducing hypoglycaemic symp-
toms is given after an overnight fast. Multiple blood samples are 
taken regularly (e.g. every 30 minutes until 5 h). The interpretation 
of test findings is similar to that under fasting conditions.

Tumour Localization

Most insulinomas (>80%) are benign and solitary, rendering sur-
gical cure with complete resection possible. Once a biochemical 
diagnosis of insulinoma has been established, preoperative local-
ization, and definition of the anatomy is necessary for an optimal 
surgical outcome. Virtually all insulinomas arise from within the 
pancreas and therefore localization techniques should be directed 
to this organ. Some advocate that intraoperative bimanual palpa-
tion and ultrasonography by an experienced surgeon may be more 
sensitive than preoperative localization, but this method requires 
an open surgical approach and may subject those with other causes 
of endogenous hyperinsulinism to unnecessary operation. Various 
modalities such as cross- sectional imaging, endoscopic ultrasonog-
raphy, functional imaging techniques, and selective intra- arterial in-
jection of calcium with hepatic venous sampling have been adopted 
for preoperative localization, with different degrees of invasiveness 
and diagnostic accuracy.

Computer Tomography (CT) and Magnetic Resonance 
Imaging (MRI)

Multidetector CT (MDCT) is the most popular preoperative imaging 
for insulinomas. It allows rapid acquisition of images in multiple 
contrast- enhancement phases with excellent spatial resolution. As 
insulinomas are usually well- circumscribed oval hypervascular 
tumours, they in general exhibit more avid contrast enhancement 
than the background normal pancreatic tissue on CT images in the 
arterial or pancreatic phase, producing good visual contrast for le-
sion detection [5] . During the venous phase, there is in general a 
reduction in the difference in attenuation of the hypervascular tu-
mour and background pancreatic parenchyma, resulting in lower 
visual conspicuity of the tumour.

MRI at 1.5 T or 3.0 T has become more widely performed now-
adays for further lesion characterization due to its high soft tissue 
contrast. On MRI, insulinomas are typically hypointense on T1- 
weighted images and hyperintense on T2- weighted images com-
pared with the background pancreatic parenchyma, and are more 
conspicuous on fat- suppressed T1- weighted images [5] . As in CT, 
there is often marked enhancement after the intravenous admin-
istration of gadolinium with the maximal visual conspicuity in 
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the arterial phase. As diffusion- weighted imaging (DWI) detects 
changes in molecular diffusion of water in tissues, it may be a prom-
ising tool for detecting small insulinomas, especially those without a 
hypervascular pattern, and liver metastases. Our own study showed 
the clear advantage of MRI over CT [6], while a recent prospective 
study demonstrated that contrast- enhanced CT, MRI without DWI, 
and MRI with DWI yielded sensitivities of around 70%, 80%, and 
90% respectively upon analysis of 47 confirmed cases of insulinoma 
with 51 lesions in total [7]. CT and MRI also allow better delinea-
tion of the anatomical location of the tumour and its relationship 
with vascular structures and the ductal system for surgical plan-
ning, in addition to the extent of regional involvement, especially 
liver metastases.

Endoscopic Ultrasonography (EUS)

Transabdominal ultrasound has a limited role in detecting pancre-
atic tumours and sonographic visualization of the pancreas due to 
partial obscuration by stomach and bowel gas, with a sensitivity of 
only 9– 64% [8] . Although EUS is relatively more invasive, it dem-
onstrates high diagnostic accuracy and possesses the benefit of 
obtaining simultaneous cytology using fine needle aspiration. A re-
cent meta- analysis showed that the pooled sensitivity and specificity 
of EUS in detecting pancreatic NETs were 87% and 98%, respect-
ively [9]. In another analysis, the mean detection rates of preopera-
tive EUS and intraoperative ultrasound for insulinoma were both 
found to be 92% [10]. EUS should be considered when cytological 
diagnosis is desired or when other non- invasive imaging studies 
are negative or inconclusive. However, this procedure is highly 
operator- dependent and may miss lesions that are very small, 
isoechoic, or located at the pancreatic tail. Contrast- enhanced EUS 
using gas- filled microbubbles as contrast agents is one of the latest 
advances that may potentially improve lesion conspicuity.

Somatostatin Receptor (SSTR) and Glucagon- Like Peptide- 1 
Receptor (GLP- 1R) Scans

Nuclear medicine makes use of the functional aspects of the tumour 
rather than simple dimensions alone, thereby providing valuable in-
formation when other anatomical studies have failed to localize an 

occult insulinoma before proceeding to the more invasive approach. 
In addition, whole body functional scintigraphy allows screening 
for ectopic lesions and distant metastases.

The importance of somatostatin receptor scintigraphy in the man-
agement of both non- functioning and other functioning NETs such 
as gastrinomas is well- acknowledged in recent literature. Although 
earlier studies have questioned its utility in localizing insulinoma as 
its sensitivity could be as low as 24% [11], malignant insulinomas 
often express SSTR particularly type 2 (SSTR2) [12], so paradox-
ically this functional technique may be more useful for the more 
malignant tumours. However, with the advent of newer techniques 
using high- affinity radioligands targeting SSTR2 coupled with PET/ 
CT e.g. 68Gallium- DOTATATE- PET/ CT, there may be more of a 
role for SSTR- based imaging in the localization of insulinoma. A re-
cent retrospective study demonstrated that 68Gallium- DOTATATE- 
PET/ CT correctly identified the culprit lesion in 9 out of 10 patients 
with insulinomas (median tumour size of 1.5 cm), in one of which 
it was the only positive imaging [13]. Apart from localization of 
insulinoma and preoperative staging of disease, having a positive 
SSTR scan can also suggest the feasibility of using peptide receptor 
radionuclide therapy (PRRT) as a therapeutic option in those with 
metastatic disease (see next).

The vast majority (>90%) of benign insulinomas, as opposed to 
the malignant and metastatic ones, strongly express GLP- 1R with a 
high- density distribution even when lacking SSTR [14]. These tu-
mours are often smaller and more indolent in nature, and there-
fore more challenging to identify precisely before surgery. In the 
recent decade, some researchers have recognized the emerging role 
of GLP- 1R- based imaging in detecting occult insulinomas, using 
111Indium-  or 99mTc- labelled scintigraphy and 68Gallium- labelled 
positron emission tomography (PET)/ CT. 111Indium- DTPA- 
exendin- 4 single photon emission computer tomography (SPECT)/ 
CT was found to have a much higher sensitivity (95%) when com-
pared to CT/ MRI (47%) in an early study including 23 patients 
with histologically- confirmed insulinoma [15]. The most recent 
prospective study of 38 patients having histology- proven benign 
insulinoma with a median size of 1.3 cm showed that 68Gallium- 
DOTA- exendin- 4 PET/ CT had a significantly higher accuracy and 

table 6.7.1 Interpretation of various biochemical parameters in symptomatic patients with confirmed hypoglycaemia (blood glucose 
<3.0 mmol/ L)

Diagnosis Insulin C- peptide β- HBA Glucose increase 
after glucagon

Other suggestive features

Normal response ↓ ↓ ↑ ↓ Malnutrition and/ or acute illnesses

Insulinoma ↑ ↑ ↓ ↑ Fasting hypoglycaemia (more common), pancreatic tumour on 
imaging, MEN1 syndrome

Primary nesidioblastosis ↑ ↑ ↓ ↑ Postprandial hypoglycaemia

PGBH (post gastric bypass) ↑ ↑ ↓ ↑ Postprandial hypoglycaemia, history of bypass surgery

Insulin autoimmune syndrome ↑↑ ↑↑ ↓ ↑ Postprandial hypoglycaemia (more common), presence of other 
autoimmune diseases or culprit drugs, autoantibodies to insulin

Exogenous insulin ↑↑ ↓ ↓ ↑ History or evidence of prior insulin injection or ready access to 
insulin

Oral hypoglycaemic agents ↑ ↑ ↓ ↑ Ready access to insulin secretagogues, positive sulphonylurea 
screen

IGF- mediated ↓ ↓ ↓ ↑ Presence of mesenchymal tumour, ↑pro- IGF- 2 and free IGF- 2, 
↓IGF- 1, IGF- 2/ IGF- 1 >3:1 (typically >10:1)
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sensitivity (94% and 95%, respectively) than 111Indium- DOTA 
exendin- 4 SPECT/ CT (68% and 58%) and contrast- enhanced MRI 
(68% and 69%), influencing the surgical plan in 40% of patients 
[16]. The diagnostic superiority of GLP- 1R PET/ CT over SPECT/ 
CT can be attributed to its greater spatial resolution, scanner sen-
sitivity, and tumour- to- background ratio, as well as lower radiation 
dose and shorter acquisition time. However, these scans are often 
costly and not widely available, and the physiological high renal up-
take may compromise the detection of lesions over the tail of pan-
creas which is in close proximity to the left kidney.

A prospective study compared the aforementioned imaging 
techniques and demonstrated that 68Ga- NOTA- exendin- 4 PET/ 
CT correctly detected lesions in 42 of 43 patients with mostly be-
nign insulinomas, resulting in a sensitivity of 98%, whereas 99mTc- 
labelled somatostatin receptor scintigraphy only yielded a sensitivity 
of less than 20%; the sensitivities of CT, MRI and EUS in this study 
were 74%, 56%, and 84% respectively [17]. 68Ga- exendin- 4 PET/ CT 
scanning was also shown to be specifically beneficial in detecting 
MEN1- associated insulinomas [18]. However, GLP- 1R and SSTR 
scans may be complementary to each other in tumour localization 
as all insulinomas are likely to express either one or both of these re-
ceptors, and the combination of these two peptide receptor imaging 
techniques could yield a sensitivity of 100% [12], facilitating a min-
imally invasive surgical approach.

Selective Intra- Arterial Calcium Stimulation with   
Hepatic Venous Sampling

Selective arteriography alone was formerly considered the gold- 
standard method, but has been superseded by selective arterial 
calcium stimulation with hepatic venous sampling. This has been 
proposed as the most sensitive preoperative localization tech-
nique. An angiogram is carried out by selective cannulation of the 
splenic (supplying the pancreatic body and tail), superior mesen-
teric (supplying the uncinate process) and gastroduodenal artery 
(supplying the head of the pancreas). Calcium gluconate, a potent 
β- cell secretagogue, is injected locally into each respective artery. 
Blood samples are taken from the right hepatic vein at 0, 30, 60, 
and 120-s post- injection to measure insulin. A twofold increase in 
insulin in the 30-  and/ or 60- s sample confirms the diagnosis [19]. 
This technique has a reported sensitivity of over 90% (range 87.5– 
100%) in the regionalization of pancreatic insulinomas, but is in-
vasive and not routinely available. It is therefore only considered 
when there is strong clinical suspicion of an insulinoma, but diag-
nosis with other tests has proved elusive [20]. This technique also 
has the advantage that it confirms functionality of any lesion seen 
on cross- sectional imaging. However, it is likely that in due course 
functional radionuclide imaging will replace its use.

Management

Surgical Management

As most insulinomas are benign and solitary tumours, surgical re-
section remains the mainstay of treatment which offers a defini-
tive cure together with the elimination of hormonal effects. The 
surgical decision depends upon patient’s fitness, stage at presen-
tation, tumour location, and limits of resection. After successful 
surgical removal, prognosis is good, with a 10- year survival of 
88% [19]. Surgery may be laparoscopic or open and may involve 

enucleation, pancreatic resection, and metastasectomy. Enucleation 
is the preferred method of removal, ideally laparoscopically. Almost 
all insulinomas possess a pseudocapsule with a clear plane of dis-
section between the tumour and the surrounding soft pancreatic 
parenchyma. Enucleation is sufficient if the lesion is small, clearly 
localized before surgery, at or near the pancreatic surface, and easily 
defined intraoperatively [21]. Resection is indicated when the lesion 
is sizeable with considerable ductal or vascular invasion, or where 
malignancy is suspected with a hard, infiltrating tumour and puck-
ering of the surrounding soft tissue, distal dilatation of the pancre-
atic duct, or lymph node involvement. Regional lymphadenectomy 
should be routinely carried out during pancreatectomy for pancre-
atic NETs of >2 cm due to the higher risk of lymph node metastases. 
Splenic preservation is ideal to minimize postoperative complica-
tions, but may not always be possible. Histological analysis is im-
portant to confirm the diagnosis of insulinoma, tumour grade and 
proliferation rate (Ki-67 index and/or mitotic count), and adequacy 
of resection.

Hepatic metastases indicate a poor prognosis. Malignant 
insulinomas with minimal extrahepatic disease and satisfactory per-
formance status are managed with pancreatectomy, metastasectomy, 
and/ or adjunctive treatment such as hepatic artery embolization, 
and/ or chemotherapy.

With advances in laparoscopic techniques, both laparoscopic enu-
cleation and resection have been performed successfully. Although 
the conversion rate to open surgery is 14%, this most probably rep-
resents the learning curve for this procedure [22]. Surgical treat-
ment of insulinomas is effective and safe; reported success rates lie 
between 77% and 100% and mortality and morbidity rates are 2% 
and 26%, respectively, including postoperative infection (particu-
larly post- splenectomy) and pancreatic abscess, pseudocysts, and 
fistula formation. After resection, the risk of recurrence is greater in 
patients with MEN 1 (21% at 20 years) than those without MEN 1 
(5% at 10 years and 7% at 20 years).

For insulinomas as well as other functioning pancreatic NETs 
that are unsuitable for surgery, there is an increasing literature on 
the use of EUS- guided ablation techniques (such as ethanol or 
radiofrequency ablation) to reduce the symptoms due to hormone 
excess [23]. More data are certainly required to confirm their role in 
these unresectable cases.

Medical Management

Patients may be medically managed while awaiting surgery or med-
ical therapies may be used alone for patients deemed unsuitable for 
surgery due to a high anaesthetic risk or inoperable disease related to 
local invasion or distant metastases, or for those with unsuccessful 
surgical outcomes such as persistent symptoms post- resection and 
failure to localize tumour in the theatre. The goal of medical man-
agement is to correct hypoglycaemia, prevent disease progression 
where possible, preserve quality of life, and avoid comorbidities 
from detrimental side effects.

Dietary and Lifestyle Advice

Patients are encouraged to eat frequent, small meals to avoid hypo-
glycaemia. Regular consumption of complex carbohydrates and 
foods with a low glycaemic index is recommended for the main-
tenance of blood glucose level while high glycaemic index foods are 
reserved for relieving acute, symptomatic hypoglycaemic attacks. 
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Guar gum has been shown to reduce insulin secretion in patients 
with insulinoma. Guar gum is an indigestible saccharide that delays 
gastric emptying and thus reduces the peak glucose load presented 
to the small intestine, which acts as a stimulus for insulin secretion, 
thereby slowing the rate of glucose absorption. Those with great 
fluctuations in glucose levels should refrain from driving, excessive 
alcohol intake, operation of dangerous machinery, and strenuous 
exercise.

Diazoxide

Diazoxide is an effective first- line medical treatment for allevi-
ating hypoglycaemic episodes. It works directly on β- cells to sup-
press insulin secretion via activation of ATP- dependent potassium 
channels that leads to cell membrane hyperpolarization and a de-
crease in calcium influx. Significant side effects occur in 10– 50% 
of patients, including oedema, weight gain, hirsutism, and hypo-
kalaemia. Serious side effects, such as cardiomyopathy, cardiac ar-
rhythmia, and myelosuppression, warrant close monitoring and 
cessation of therapy, but are rare. The usual initiating dose is 50 mg 
tds but dosing up to 100 mg tds may be used.

Somatostatin Analogues

In light of the impressive results from clinical trials such as 
PROMID and CLARINET, octreotide and lanreotide have become 
established systemic treatments for enteropancreatic NETs. These 
synthetic somatostatin analogues bind strongly to SSTR2, and to 
a lesser extent SSTR5, and are useful in controlling symptoms re-
lated to hormonal excess as well as tumour cell proliferation. Their 
therapeutic value is controversial in benign insulinoma since hypo-
glycaemia is usually manageable with diazoxide prior to surgical 
resection and there is a variable expression of SSTR2 on benign tu-
mour cells. However, somatostatin analogues may be considered as 
first- line option in unresectable low- grade malignant insulinoma 
for tumour stabilization [24]. Although somatostatin may improve 
hypoglycaemia through inhibition of autonomous insulin secretion 
from tumour tissues, they may also paradoxically worsen hypogly-
caemia by suppressing counter- regulatory hormones such as glu-
cagon or growth hormone. Therefore, blood glucose levels should 
always be monitored closely upon treatment initiation preferably 
with administration of subcutaneous short- acting octreotide, and 
this should be initiated as an in- patient. Pasireotide, a novel som-
atostatin analogue which binds to SSTR 1, 2, 3, 5 with high affinity, 
can be potentially more effective in insulinoma due to its greater 
hyperglycaemic effects and the strong expression of SSTR5 in ma-
lignant insulinoma. Well- designed therapeutic trials are warranted 
to explore the antihormonal and antiproliferative effects of somato-
statin analogues on insulinoma. Patients who are selected for these 
medications require positive somatostatin receptor scintigraphy. 
Side effects are generally tolerable, such as nausea, flatulence, diar-
rhoea, or steatorrhoea related to pancreatic enzyme insufficiency, 
fat- soluble vitamin deficiencies, and the development of gallstones.

Other older therapies include calcium antagonists such as ver-
apamil and membrane stabilizers such as phenytoin, but these are 
rarely used nowadays.

Everolimus

Everolimus is registered in many countries for treating advanced, 
progressive, low, or intermediate grade non- functional NETs of 

gastrointestinal or lung origin. It is an oral mammalian/ mechan-
istic target of rapamycin (mTOR) inhibitor which can potentially 
produce direct antitumour effects and impact on glucose homeo-
stasis via growth factor signalling (cell growth, proliferation, and 
angiogenesis) and insulin- mediated pathways, thereby controlling 
both hypoglycaemic symptoms and tumour proliferation in ma-
lignant insulinoma. It probably works principally on modulating 
insulin release rather than blocking the action of insulin as it is 
ineffective in insulin- like growth factor 2 (IGF- 2)- mediated hypo-
glycaemia [25]. A recent report described rapid changes in serum 
insulin and glucose levels following initiation, discontinuation, and 
re- administration of everolimus, with further in- vitro experiments 
confirming its direct inhibitory effect on insulin secretion inde-
pendent of tumour regression [26]. The landmark study RADIANT- 
3 involving 410 patients with advanced progressive pancreatic NETs, 
including 24% with functioning lesions, showed that everolimus 
modestly prolonged progression- free survival (11.0  months with 
everolimus vs. 4.6 months with placebo) while stabilizing the dis-
ease in 73% of patients. Among patients with aggressive insulinoma 
and refractory hypoglycaemia despite multiple lines of treatment 
evaluated after receiving everolimus, immediate and substan-
tial normalization of glucose levels and disease stabilization were 
achieved in most of them [27– 28], and the median symptom- free 
survival with everolimus and placebo were 6.5 months and less than 
1 month, respectively [27]. Stomatitis, skin rash, and diarrhoea are 
common side effects, whereas important adverse reactions include 
myelosuppression and pneumonitis.

Peptide Receptor Radionuclide Therapy (PRRT)

PRRT is a relatively new technique, which allows radiolabelled pep-
tide hormone agonists, with 111indium, 90yttrium, and 177lutetium 
being the most popular radionuclides, to specifically bind to som-
atostatin receptors on the NET cell surface, thereby delivering fo-
cused radioactivity. There is a growing body of evidence, including 
the first phase- III randomized controlled NETTER- 1 trial, that 
clearly demonstrate the efficacy and durability of PRRT in terms 
of improvement in symptom control and quality of life as well as 
tumour response and disease stabilization in well- differentiated 
midgut NETs, with median progression- free survival reaching  
3– 4  years and an objective response rate of around 30% [29]. 
Several case reports also illustrated its potential therapeutic value 
in malignant insulinoma with uncontrolled hypoglycaemia des-
pite the use of multiple treatment modalities. In a case series of five 
patients with metastatic insulinoma requiring continuous glucose 
infusion, all of them achieved stable disease for a mean period of 
27 months without any recurrence of hypoglycaemic episodes after 
PRRT despite tumour progression in three patients, suggesting 
additional mechanisms for glycaemic control (e.g. induction of tu-
mour de- differentiation) [30]. PRRT should be considered in well- 
differentiated but inoperable cases with multiorgan involvement 
who have failed first- line therapy. Sufficient tumour uptake greater 
than the liver on somatostatin receptor imaging is mandatory. Such 
therapy is usually well tolerated, with 177Lutetium- DOTATATE, the 
first PRRT agent that has been recently approved for the treatment 
of somatostatin receptor- positive enteropancreatic NETs, yielding 
a more favourable toxicity profile. Theoretically, it could cause 
transient hypoglycaemia due to the release of peptide hormones 
during rapid tumour necrosis, hence careful monitoring of glucose 
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level together with adjustment of concomitant therapies is neces-
sary. Other acute side effects include nausea and vomiting, while 
myelotoxicity and renal impairment are rare but important compli-
cations in the longer term.

Chemotherapy

Specific data on the chemotherapy in the treatment of insulinoma 
are lacking, while regimens containing streptozotocin and 5- 
fluorouracil (5- FU) have been extensively studied in pancreatic NETs 
with promising results. Although these potent chemotherapeutic 
agents carry a considerable risk of drug toxicity, they may be useful 
in the palliative setting for rapidly progressive or highly proliferative 
malignant insulinoma. Capecitabine generally replaces 5- FU now-
adays, while temozolomide can be tried in place of streptozotocin.

Liver- Directed Therapies

Liver- debulking surgery should always be considered in patients 
without extrahepatic disease if the majority of the liver metastases can 
be resected. For patients with high tumour burden in the liver who 
are not suitable candidates for surgical treatment, locoregional ther-
apies such as transarterial bland embolization, chemoembolization, 
or radioembolization, and radiofrequency ablation may be reason-
able alternatives based on individual tumour characteristics. For in-
stance, hepatic artery embolization to deprive tumour tissues of their 
blood supply may be an option in a patient with multiple vascular-
ized liver metastases and refractory hypoglycaemia but acceptable 
residual liver function and a patent portal vein.

other Causes of Hypoglycaemia

Glucose is a critical fuel for all body organs and especially the 
brain, and therefore it is imperative to recognize the possibility of 
significant hypoglycaemia and reverse it promptly, and treat the 
underlying disease. Hypoglycaemia is usually a consequence of in-
adequate glucose intake or production relative to glucose utilization 
from the circulation (Table 6.7.2). Iatrogenic or factitious hypo-
glycaemia from exogenous administration of antidiabetic agents 
(insulin or insulin secretagogues) is the most common cause of 

hypoglycaemia among both diabetic and non- diabetic individuals. 
In a hospital setting, hypoglycaemia due to critical illnesses such as 
major organ failure, sepsis and malignancy are frequently encoun-
tered, particularly when there is reduced food intake or concomi-
tant use of glucose- lowering medications.

Besides insulinoma, endogenous hyperinsulinaemic hypogly-
caemia may also be due to β- cell stimulation by autoantibodies or 
β- cell hyperplasia associated with nesidioblastosis. These diseases typ-
ically demonstrate inappropriately raised insulin and C- peptide levels 
in response to hypoglycaemia [31]. Hypoglycaemia can also be caused 
by hypersecretion of abnormal IGF- 2 from non- islet cell tumours.

Iatrogenic or Factitious Hypoglycaemia

Hypoglycaemia is a well- recognized side effect of insulin treatment 
and may account for 4% of deaths in patients with type 1 diabetes 
as they are vulnerable due to hypoglycaemic unawareness and im-
paired catecholamine responses. With the advent of insulin pump 
therapy, the frequency of severe hypoglycaemia in type 1 diabetes 
was shown to be markedly reduced (for continuous subcutaneous 
insulin infusion versus multidose insulin injections, a mean 2.9- fold 
reduction for randomized controlled trials, 4.3- fold for before/ after 
studies, and 4.2- fold for all studies) despite superior glycaemic con-
trol [32]. Examples of insulin secretagogues include sulphonylureas 
and meglitinides, but these have become less popular in the treat-
ment of type 2 diabetes considering the availability of other newer 
agents that are less likely to cause hypoglycaemia. Elderly patients 
with cognitive or renal impairment and those using multiple or 
more potent agents are more prone to hypoglycaemia.

Factitious hypoglycaemia in diabetic patients can be secondary 
to accidental overdose or inappropriate self- manipulation of these 
medications. As for non- diabetic individuals, unexpected admin-
istration of hypoglycaemic agents as in dispensing errors, and in 
situations where these drugs are easily accessible, surreptitious, 
or even malicious, hypoglycaemia may not be evident upon ini-
tial evaluation. Meticulous history taking together with thorough 
 review of drug records is thus essential. Patients receiving insulin 
injections typically have very high blood insulin but low C- peptide 
levels. However, the biochemical pictures in the use of oral hypo-
glycaemic agents and insulinoma are similar: elevated blood insulin 

table 6.7.2 Causes of hypoglycaemia in adults

Endogenous 
hyperinsulinism

Hormonal deficiencies Acute illnesses Non- islet cell tumour 
hypoglycaemia

Drugs

Classification Examples 

Insulinoma
Functional β- cell 

disorders (CHH, 
NIPHS, PGBH)

Autoimmune 
hypoglycaemia

Cortisol
Glucagon and 

epinephrine (in type 
1 & advanced type 2 
diabetes)

Growth hormone

Liver, renal, or heart 
failure

Sepsis
Starvation or 

malnutrition

Mesenchymal tumours
Malignant epithelial tumours 

(e.g. hepatocellular 
carcinoma, renal cell 
carcinoma & gastrointestinal 
tumours)

Antidiabetic  
(Iatrogenic 
or factitious 
hypoglycaemia)

Alcohol

Anti- inflammatory

Antimicrobial

Antihypertensive

Others

Insulin
Insulin secretagogues

Salicylates

Indomethacin
Quinolones

Quinine
Chloroquine
Pentamidine
Trimethoprim- 

sulfamethoxazole

ACE inhibitors
β- adrenoceptor blockers

Disopyramide
Haloperidol
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and C- peptide levels. Demonstration of detectable sulphonylurea 
level in the serum and/ or urine is therefore a crucial clue in such a 
scenario, assuming the relevant agent can be assayed.

Alcohol and other Drugs

Alcohol ingestion influences glucose metabolism in several ways. 
Ethanol inhibits gluconeogenesis (but has no effect on hepatic 
glycogenolysis) and the counter- regulatory hormones of insulin— 
glucagon, adrenaline, growth hormone, and cortisol. Furthermore, 
patients may not be aware of and compensate for hypoglycaemic 
symptoms during mild alcohol intoxication. Classically, they pre-
sent with hypoglycaemia with a normal ethanol level a few days 
after binge drinking with reduced food intake, when the hepatic 
glycogen store is depleted, and gluconeogenesis becomes the main 
source of fuel.

Some other medications are reported to cause hypoglycaemia 
(Table 6.7.2) [31, 33].

Post- Prandial Syndrome

Postprandial syndrome (formerly called ‘reactive hypoglycaemia’) 
refers to a functional and idiopathic condition, observed mostly 
in young and female patients, with mild symptoms of sympathetic 
overactivity (2– 4 hr after a meal) caused by hyperinsulinaemia in 
response to a high carbohydrate intake. Although some have pro-
posed the use of an oral glucose tolerance test (OGTT) for diag-
nosis, the diagnostic glucose value is difficult to define due to a 
considerable overlap between normal subjects and patients, and 
there is lack of correlation between symptoms and low glucose 
levels during the OGTT. Indeed, some have questioned the ex-
istence of the syndrome. Nonetheless, the symptoms are usually 
self- limiting and should resolve after dietary modification with fre-
quent, small meals.

Primary Functional β- Cell Disorders (nesidioblastosis)

Congenital hyperinsulinaemic hypoglycaemia (CHH) is charac-
terized by inappropriate insulin secretion and nesidioblastosis 
with islet cell hypertrophy ± hyperplasia in infants and children 
due to genetic defects involved in the regulation of insulin release 
from β- cells (channelopathies or metabolopathies) [34]. While 
some forms tend to abate later in life, the more severe ones, usu-
ally caused by mutations in ABCC8 and KCNJ11 genes that encode 
the sulfonylurea receptor (SUR1) and inwardly rectifying potas-
sium channel (Kir6.2) proteins respectively, are invariably resistant 
to medication and often require operative intervention. Non- 
insulinoma pancreatogenous hypoglycaemic syndrome (NIPHS) 
has a similar histopathology causing β- cell hyperfunction and en-
dogenous hyperinsulinaemic hypoglycaemia in adults with a male 
predominance, but its genetic mechanisms are poorly understood 
[34– 35].

These rare functional β- cell disorders are biochemically indis-
tinguishable from insulinomas, but in contrast to insulinomas they 
typically give rise to post- prandial hypoglycaemia and negative 
radiological localization studies [31]. Although both NIPHS and 
insulinoma may produce positive responses to the selective intra- 
arterial calcium stimulation test, it was observed that the max-
imum insulin concentration as well as the extent of insulin increase 
from baseline during hepatic venous sampling were significantly 
higher in insulinoma [36]. Medical treatment with diazoxide and/ 

or octreotide is preferred for both CHH and NIPHS. Surgery is only 
considered when medical options fail and should be restricted to 
removal of mostly 80% of the pancreas, which can be guided by the 
selective intra- arterial calcium stimulation test, and usually results 
in symptomatic improvement.

Post- Gastric Bypass Hypoglycaemia (PGBH)

Some patients develop postprandial hypoglycaemia after Roux- 
en- Y gastric bypass surgery due to nesidioblastosis, which is pos-
sibly a result of dysregulation of gut hormones and insulin after 
gastroduodenal surgery and significant weight loss, but the exact 
mechanisms are uncertain [37, 38]. It may also occur following the 
simpler sleeve gastrectomy. Unlike NIPHS, PGBH has a female pre-
dominance and can coexist with insulinoma. Most patients improve 
with frequent, small meals containing slowly absorbed, complex 
carbohydrates. Medical therapies such as diazoxide, α- glucosidase 
inhibitors and octreotide can also be effective. We have reported one 
patient with the ‘dumping syndrome’ due to over- rapid transport of 
glucose to the small intestine and consequent hyperinsulinaemia 
following oesophagectomy for oesophageal carcinoma:  the as-
sumed excessive responses to GLP- 1 and GIP could be inhibited 
by pasireotide, and the patient remains well on this therapy [39]. 
Partial pancreatectomy is no longer recommended after bypass sur-
gery or sleeve gastrectomy as many patients experienced recurrent 
hypoglycaemia after the procedure [38].

non- Islet Cell tumour Hypoglycaemia (nICtH)

NICTH is a rare paraneoplastic phenomenon characterized by 
the excessive secretion of aberrant pro- IGF- 2 related molecules 
(or ‘big IGF- 2’), which are incompletely processed precursors of 
IGF- 2 with potent insulin- like effects. These precursors cannot 
readily bind with the usual IGF- binding proteins such as BP3 and 
ALS, and thus the fragment is able to cross blood vessels and gain 
access to the insulin receptor of target tissues causing hypogly-
caemia. Large mesenchymal tumours (e.g. solitary fibrous tumour, 
haemangiopericytoma and mesothelioma) located in retroperi-
toneal, intra- abdominal, or intra- thoracic regions are the most 
common tumours causing this condition. It is occasionally caused 
by epithelial tumours such as hepatocellular carcinoma, renal cell 
carcinoma and tumours arising from the gastrointestinal tract [40].

These big IGF- 2 molecules inhibit the secretion of both insulin 
and growth hormone via negative feedback mechanisms which in 
turn reduces the serum concentrations of IGF- 1 and IGF- binding 
protein. Therefore, this further decreases binding of IGF- 2 and con-
tributes to a high proportion of free IGF- 2 [40]. Circulating total 
IGF- 2 level may be raised or normal depending on the assay, as these 
IGF- 2 variants can only be detected by special chromatography- 
based methods [41]. Hence, an IGF- 2:IGF- 1 ratio of greater than 
3:1 (often >10:1) may be helpful in diagnosing NICTH. Apart from 
IGF- 2 mediated hypoglycaemia, other possible mechanisms for 
tumour- related hypoglycaemia include extensive tumour load in 
the liver or adrenal glands, emaciation with depleted glycogen re-
serve, and insulin secretion from the tumour.

Debulking surgery is the treatment of choice in reversing the 
metabolic derangements associated with NICTH. However, surgery 
may not be always immediately feasible due to various patient and 
disease factors. Glucagon infusion is useful in short- term alleviation 
of hypoglycaemia. Glucocorticoids are known to be an effective 
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maintenance therapy as they stimulate hepatic gluconeogenesis, 
suppress the production, and increase the clearance of IGF- 2, 
but their chronic use may be limited by systemic adverse effects. 
Recombinant human growth hormone can be used alone at high 
doses, or preferably in combination with glucocorticoids [40]. 
Diazoxide and octreotide are not useful.

Autoimmune Hypoglycaemia

Insulin autoimmune syndrome (IAS) is a rare disease which was 
first reported and is most prevalent in Japan, and is defined as en-
dogenous hyperinsulinaemic hypoglycaemia associated with the 
presence of insulin autoantibodies (IAA) in patients without a 
prior history of insulin treatment. Sometimes it is associated with 
autoimmune diseases such as Graves’ disease or rheumatoid arth-
ritis, or drugs containing a sulfhydryl group such as methimazole, 
carbimazole, penicillamine, tiopronin, and glutathione [42]. The 
suggested mechanisms for hypoglycaemia in IAS are the release of 
free insulin from the large buffering reservoir of insulin- IAA com-
plexes, which can dissociate unpredictably, and potentiation of 
insulin bioactivity [43]. Symptoms usually occur in the late post- 
prandial rather than the fasting period because the initial binding of 
insulin to IAA after food ingestion further stimulates the secretion 
of free insulin, the insulin- IAA complexes then dissociate spontan-
eously several hours after eating to release more free insulin leading 
to hypoglycaemia. In patients with autoimmune disease, hypogly-
caemia caused by autoantibodies against insulin receptors which 
activate insulin receptors regardless of circulating insulin concen-
trations have also been described. An increase in blood insulin with 
low C- peptide levels in these rare cases is probably related to the 
decrease in insulin clearance.

Insulin- IAA complexes often interfere with insulin assays to pro-
duce spuriously high insulin levels. Total insulin levels in IAS can 
be up to 100- fold higher than free insulin. Laboratory confirmation 
can be obtained by directly measuring IAA in the blood or using 
polyethylene glycol immunoprecipitation and gel filtration chroma-
tography to confirm the presence of autoantibodies [44]. In contrast 
to hyperinsulinaemia due to exogenous insulin or insulin receptor 
autoantibodies, the C- peptide level is not suppressed.

Treatment of IAS consists of small frequent meals with low con-
tents of simple sugars, discontinuation of culprit drugs, diazoxide, 
plasmapheresis, and corticosteroid therapy. Plasmapheresis removes 
IAA mechanically, whereas steroids decrease IAA production and 
alters their properties (binding and dissociation capacities). Most 
cases resolve spontaneously within one year but may recur if a cul-
prit drug is re- administered.

Critical Illnesses

Besides those with diabetes mellitus receiving hypoglycaemic 
agents, some hospitalized patients are susceptible to hypoglycaemia 
as a result of multiple factors such as failure of major organs involved 
in gluconeogenesis, sepsis, and chronic malnutrition. Regular blood 
glucose monitoring is essential in these patients who may be too 
weak to report their symptoms.

Major Organ Failure

The liver is largely responsible for gluconeogenesis and 
glycogenolysis. However, due to a large hepatic glycogen reserve, 
hypoglycaemia only ensues after hepatectomy or liver failure caused 

by extensive and rapid hepatic damage (such as fulminant viral or 
drug- induced hepatitis) in addition to defective peripheral glucose 
production. Key mechanisms leading to hypoglycaemia in renal 
failure include impaired renal gluconeogenesis, reduced insulin 
clearance, and coexisting heart failure, while hepatic congestion 
and hypoxia together with diminished gluconeogenesis may be re-
sponsible for hypoglycaemia associated with severe cardiac failure. 
Polypharmacy, sepsis, and poor nutrition may also contribute to 
hypoglycaemia in these conditions.

Sepsis

Patients with severe infection are prone to hypoglycaemia, which is 
known to increase mortality because of decreased hepatic glucose 
output, increased glucose utilization, and associated organ failure. 
Therefore, tight glycaemic control with the use of intensive insulin 
therapy in severe sepsis is not currently advocated [45].

Hormone Deficiencies

The insulin- antagonizing hormones play an extremely important 
role in maintaining glucose homeostasis. Subjects may be more 
vulnerable to hypoglycaemia when glucagon and catecholamines 
are insufficient in the context of insulin- deficient diabetes [31], 
but it is generally not a feature of isolated catecholamine deficiency 
resulting from bilateral adrenalectomy with glucocorticoid re-
placement or pharmacological catecholamine blockade, although 
postoperative hypoglycaemia due to a dramatic fall in catechol-
amine levels with rebound hyperinsulinism has been observed after 
resection of phaeochromocytoma. In the presence of intact cat-
echolamine responses, glucagon deficiency would not be expected 
to cause hypoglycaemia.

Glucocorticoids have profound effects on glucose metabolism. 
Inadequate endogenous glucose production, escalated glucose dis-
posal and oxidation, increased insulin sensitivity in the liver and 
peripheral tissues, and anorexia are the likely explanations for 
hypoglycaemia in adrenal insufficiency.

Hypoglycaemia is not a feature of growth hormone deficiency 
in adults. In contrast, young children are more susceptible to 
hypoglycaemia especially in cases of hypopituitarism and pro-
longed fasting, with diminished hepatic glucose output, depleted 
glycogen stores, increased glucose oxidation and consump-
tion, and reduced fat mobilization, and lipolysis as contributing 
mechanisms.

Inborn errors of Metabolism (IeM)

In rare occasions, fasting hypoglycaemia in adults can be a pre-
senting feature of an IEM, such as glycogen storage disease (particu-
larly Type I and III), defect of fatty acid oxidation and ketogenesis, or 
gluconeogenesis disorders [46]. These conditions should therefore 
be considered in patients having other cardinal features (e.g. lactic 
acidosis, hepatomegaly and myopathy, early onset of symptoms, a 
positive family history, and otherwise unexplained hypoglycaemia).
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Introduction

Glucagon is a peptide formed by alternative splicing of the pre- pro 
glucagon gene. Alpha cells of the islets of Langerhans secrete glu-
cagon in response to hypoglycaemia.

Glucagonomas are neuroendocrine tumours arising from the 
alpha cells of the islets of Langerhans, which result in excessive 
secretion of glucagon and peptides derived from preproglucagon. 
Post- translational modification of proglucagon is tissue specific 
and results in various glucagon peptides [1] . It is the ratio of in-
sulin to glucagon that controls the balance of gluconeogenesis 
and glycogenolysis in the liver. Glucagon stimulates hepatic 
gluconeogenesis and inhibits both glycolysis and glycogen syn-
thesis. It increases production of free fatty acids from triglyceride 
breakdown by activating hormone- sensitive lipase; these undergo 
fatty oxidation in the liver via acetyl CoA, forming ketone bodies. 
The increase in free fatty acids from lipolysis inhibits hepatic lipo-
genesis. Glucagon also increases muscle proteolysis, resulting in an 
increase in amino acid supply to the liver.

epidemiology

The annual incidence of glucagonomas is estimated to be only 1 per 
20  million [2,  3] so that we would expect three new cases in the 
United Kingdom each year. The majority of glucagonomas are spor-
adic, with only 3% associated with multiple endocrine neoplasia 
type 1 (MEN 1) [4] . The current data in the United Kingdom is ei-
ther based upon single case reports or a few small series of cases. 
Table 6.8.1 illustrates the clinical features of 192 patients between 

1998 and 2016 [2] in China. The median age of presentation is 
52 years.

Clinical Features

A series of cases of glucagon- secreting pancreatic tumours asso-
ciated with necrolytic migratory erythema, weight loss, diabetes 
mellitus, and stomatitis was described in 1974 when the term 
glucagonoma syndrome was first coined [5] . Not all glucagonomas 
are symptomatic and they may be identified solely through 
screening of patients with MEN 1. The nutrient deficiencies arising 
due to hyperglucagonaemia and the secretion from the tumour of 
glucagon- like peptides 1 and 2, as well as cosecretion of other hor-
mones such as pancreatic polypeptide, give rise to a spectrum of 
clinical features [6].

necrolytic Migratory erythema (nMe)

NME is characterized by erythematous, well- demarcated plaques 
that are pruritic and painful, and often involve the intertriginous 
areas, perineum, and buttocks (Figure 6.8.1). This painful pruritic 
rash is a typical feature of the glucagonoma syndrome and one of 
the most common presenting signs, occurring in 82% of patients 
[3, 7]. Suspicion of the diagnosis by dermatologists, who may be the 
first people to see these patients has been the most common route of 
referral. An added clue is recent onset diabetes. Although character-
istic for the glucagonoma syndrome, NME is not pathognomonic. 
The initial lesions of NME are erythematous plaques, which may 
be associated with bullae. These lesions form erosions and crusts, 
which eventually heal to leave central areas of hyperpigmentation 
and induration. The lesions demonstrate the Koebner phenomenon, 
i.e. occurring at sites of trauma [5] . Skin biopsy histology reveals 
necrolysis of the upper dermis and vacuolization of keratinocytes 
[8]. The occurrence of NME does not correlate with metastases and 
has been noted in 60% of patients with benign glucagonoma.

The exact pathogenesis of NME remains unclear. There have been 
several postulated theories; the condition appears to be a multifac-
torial disease caused by a combination of zinc, amino acid, and fatty 
acid deficiencies [9] . The glucagonoma syndrome shares a number 
of clinical features with vitamin B2, B3, B6, and B12 deficiency. Indeed, 
vitamin B deficiency may arise as a result of hyperglucagonaemia 
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[6]. NME has been reported following intravenous glucagon treat-
ment, suggesting that NME may be a direct consequence of glu-
cagon action on the skin [10, 11]. NME has also been associated 

with conditions other than glucagonoma (e.g. coeliac disease and 
cirrhosis); both of these conditions may have raised glucagon or 
glucagon- like peptides levels [7].

Diabetes Mellitus

Diabetes mellitus is common in sporadic glucagonomas, occurring 
in 55% of patients at presentation and eventually developing in 
75% of cases. Of these three- quarters require insulin therapy [12]. 
Although rare, diabetic ketoacidosis has been reported [13].

other Clinical Features

A review from the Mayo clinic of 21 patients with glucagonoma [12] 
suggested that weight loss or cachexia is a common presenting com-
plaint, occurring in 71% of patients with metastatic glucagonoma. 
Similar rates of weight loss have been noted in the Hammersmith 
series [7]  with 72% in patients with metastases and 40% with local 
disease. Normocytic normochromic anaemia was noted in ap-
proximately a third of patients and is probably the result of direct 
bone marrow suppression by glucagon [7]. Diarrhoea occurs in ap-
proximately one- fifth of patients with glucagonoma [12]. Of these, 
half also have elevated gastrin and pancreatic polypeptide levels 
[7]. Involvement of the mucous membranes may lead to the de-
velopment of stomatitis, glossitis, and chelitis in a third of cases. 
Psychiatric symptoms occur in 20% of patients and may vary from 
depression to paranoid delusions. Thromboembolism is a major 
source of morbidity and mortality in the glucagonoma syndrome 
and occurs in up to 11% of cases [7] and may account for up to 50% 
of deaths [14].

Metastases and Site of Primary tumour

Over 80% of patients with sporadic tumours have metastases 
at presentation [7, 12]. Hepatic metastases usually involve both 
lobes of the liver and are multiple in two- thirds of cases; of the 
single hepatic metastases 75% occur in the right lobe. Of primary 
tumours, 41% are confined to the tail of the pancreas, 14% involve 
the head and body, 14% occur in the head alone, and 9% in the 
body alone. The primary site of glucagonomas is the pancreas in 
100% of cases. Sensitive imaging modalities and hepatic angiog-
raphy may allow an increased detection of the primary tumour 
site [7] .

table 6.8.1 Presenting clinical features in 192 patients with glucagonoma (1998– 2016)

Clinical feature Males (%)
N = 85

Females (%)
N = 107

Total (%)
N = 192

Necrolytic migratory erythema 64 (75.3) 88 (82) 152 (79)

Diabetes mellitus or IFG 51 (60) 69 (64) 120 (62.5)

Weight loss 50 (58.8) 54 (50.5) 104 (54.2)

Anaemia 34 (40) 50 (46.7) 84 (43.8)

Angular chelitis 8 (9.4) 17 (15.9) 25 (13)

Glossitis 16 (18.8) 28 (26.2) 44 (23)

Diarrhoea 11 (12.9) 8 (7.5) 19 (10)

Psychiatric symptoms 9 (10.6) 8 (7.5) 17 (9)

Thrombosis 4 (4.7) 5 (4.7) 9 (4.6)

Figure 6.8.1 Necrolytic migratory erythema on the back and trunk of 
patient with malignant glucagonoma. (See also Plate 36.)
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Investigations

Biochemistry

Because of the rarity of glucagonomas, it is very important to min-
imize false positives by not screening patients who have a low 
prior probability of having a glucagonoma. For example patients 
with diabetes alone are very unlikely to have a glucagonoma, so 
this is a group who should not be screened, unless one is meas-
uring glucagon for other reasons. Raised fasting plasma glucagon 
immunoreactivity is the basis for diagnosis. The reference range at 
the Hammersmith Clinical Chemistry Gut Hormone Laboratory is 
fasting plasma glucagon level below 50 pmol/ L. False- positive re-
sults may occur due to other causes of a raised fasting plasma glu-
cagon such as renal or hepatic failure, drugs, and prolonged fasting 
[15]. Plasma glucagon levels may be elevated to various degrees ran-
ging from only 1.5 to 150 times the upper limit of normal [7] . Thus, 
if clinically supported, a marginally elevated plasma glucagon level 
may still be suspicious [16].

A raised fasting plasma gastrin level is noted in one- fifth of pa-
tients at presentation and may be associated with the Zollinger– 
Ellison syndrome [17]. Plasma gastrin levels should be monitored 
regularly since they may rise up to 6  years after initial diag-
nosis. Other hormones may also be elevated, for example in-
sulin, 5- hydroxyindoleacetic acid, human pancreatic polypeptide, 
chromogranin, and vasoactive intestinal peptide. It is therefore im-
portant an annual assessment of fasting gut hormone profile should 
be undertaken [7] .

Biochemical investigations may reveal hypoproteinaemia, 
hypoalbuminaemia, and hypocholesterolaemia [14]. Specific nu-
tritional deficiencies (e.g. zinc deficiency), should be screened for, 
although plasma levels of trace elements may not reflect tissue levels 
[7] . Patients with MEN- 1 should be screened with fasting gut hor-
mones, including glucagon levels on an annual bases [18].

Imaging

Gallium (68)- labelled octreotide scanning [19], contrast- enhanced 
computed tomography (CT), and visceral angiography are the 
imaging modalities of choice and are more sensitive than abdom-
inal ultrasound in tumour detection [20] (Figure 6.8.2) (see also 
Chapter  6.11). Gallium scanning can be coregistered with a low 
dose CT scan, so that areas of increased uptake can be correlated 
with anatomical landmarks. Using colour for increased uptake 
superimposed on a black and white CT scan is most useful. MRI 
also has a high sensitivity [21] both in detecting the primary tu-
mour and in detecting metastases. Repeated MRI scanning is pref-
erable to repeated CT scans when screening individuals with MEN1 
as repeated CT scans can cause a significant cumulative radiation 
exposure over time [7] . Nuclear medicine scanning with indium 
111 or gallium 68 labelled octreotide reveals the presence of som-
atostatin receptors on these tumours [22].

treatment

To ensure that all aspects of treatment are considered at the outset, 
a multidisciplinary approach to treatment is required. Review by 
a team that includes an endocrinologist, a pancreatic and upper 

gastrointestinal (GI) surgeon, an interventional radiologist, a 
histopathologist, a nuclear medicine physician, and an oncologist 
is required. Nutritional assessment, correction of any deficien-
cies, and implementation of weight maintenance strategies is im-
perative. Where required, diabetic control should be optimized. 
Anticoagulation therapy should be instigated although there are 
currently no guidelines regarding which anticoagulant to use or the 
extent of anticoagulation required.

Surgical resection, either of the tumour itself or distal pancrea-
tectomy and splenectomy in local disease, is the treatment of choice 
and offers 5- year survival rates of over 66% [7] . However, 90% of pa-
tients have metastases at presentation and these commonly extend 
beyond lymph node metastases. Nevertheless, surgical resection or 
debulking of the tumour or distal pancreatectomy and splenectomy 
may offer good symptom relief. Unfortunately, symptoms return in 
a quarter of patients by 1 year, and 1- year survival rates in those in 
this subgroup are only 50% [7].

Because the liver has a dual blood supply, and because liver me-
tastases secrete angiogenetic factors that derive a blood supply ex-
clusively from the hepatic artery, occlusion of the hepatic artery in 
a patient with hepatic metastases results in preferential death of 
metastatic cells, while hepatocytes survive on the portal vein supply. 
The metastases recur, and derive blood supply from other anasto-
motic blood vessels of the coeliac axis, so that hepatic artery oc-
clusion cannot be repeated. However hepatic artery embolization 
with microspheres allows selective devascularization of hepatic 
metastases with minimal effect on the liver parenchyma. Careful 
angiography is required, and insertion of the catheter as far into 
a metastasis as possible minimizes hepatic damage. Such hepatic 
artery embolization allows symptomatic relief in 80% of patients; 
this may not correlate with a fall in plasma glucagon [23]. Prior to 
the procedure, the patency of the portal vein must be established 
to ascertain whether there is adequate supply to the normal liver 
parenchyma. Complications of the procedure include massive pep-
tide release, the effects of this may be minimized with the use of 
octreotide. Vasodilating peptides and contrast load may lead to se-
vere hypotension, thus optimal fluid balance must be maintained 
both pre- and postembolization. Additionally, there are risks of in-
fection in the necrotic tissue and of hepatic abscess formation [7] .

Somatostatin analogues such as octreotide are the mainstay of 
medical therapy and provide rapid symptomatic relief, especially 
of NME [24], although they are less effective in control of weight 
loss and diabetes [25]. Somatostatin inhibits growth hormone and 
other pituitary and pancreatic hormones. It has been demonstrated 
to both reduce plasma glucagon levels and shrink tumour size, but 
its use was restricted by its 2- minute plasma half- life. Octreotide is a 
somatostatin analogue with a longer plasma half- life of 2 hours after 
intravenous administration. Lanreotide is a longer- acting somato-
statin analogue, which can be administered every 2 weeks, and has 
been shown to be effective in controlling the rash [26]. Octreotide 
LAR and Lanreotide Autogel are slow- release preparations that are 
administered monthly, and control glucagon levels [27] and con-
trol the NME rash in patients with glucagonomas. It is not known 
whether these drugs prolong life in patients with glucagonomas, but 
these drugs are required to control the NME rash. Patients may re-
quire increasing doses of octreotide or lanreotide after 6 months to 
control symptoms [7] . Patients should be monitored for symptoms 
of gall stone formation as cholestasis is noted in 50% of patients [7].
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The PROMID study (Placebo controlled, Double- Blind, 
Prospective, Randomized study of the Effect of Octreotide LAR in 
the Control of Tumor Growth in Patients with Metastatic Neuro-
endocrine MIDgut Tumors) did not investigate glucagonomas, but 
its results probably apply to them. It was the first randomized trial 
to investigate the antitumor effect of octreotide LAR Depot [28, 29]. 
Eighty- five treatment- naïve patients with locally inoperable or 
metastatic NET were randomized to receive 30 mg octreotide LAR 

Depot or placebo. The median time to progression was 14.3 months 
in the treatment group versus 6  months in the placebo group 
(P = 0.000072) [28]. The European Society for Medical Oncology 
recommends octreotide LAR or lanreotide LA for managing pa-
tients with recurrent, inoperable, or metastatic GI NETs.

Chemotherapeutic agents such as streptozocin and 5- fluorouracil 
have been used in the treatment of glucagonoma. Streptozocin is a 
nitrosourea antibiotic with selective toxicity to pancreatic B cells, 

Primary
glucagonoma

(a)(i)

(a)(ii)

(b)(ii)

(b)(i)

Primary
glucagonoma

Pre-embolization Post-embolization

Hepatic
metastasis

(c)

Figure 6. 8. 2 (a) Abdominal CT scans showing (i) primary glucagonoma, (ii) progression of primary glucagonoma, and hepatic metastases after 
4 years. (b) (i) visceral angiogram showing cannulation of the splenic artery and vascular blush of primary glucagonoma, (ii) visceral angiogram 
showing cannulation of the hepatic artery and vascular blush of hepatic metastases, pre-  and post- hepatic artery embolization. (c) Gallium (68) 
octreotate (colour) scan coregistered with a black and white CT scan showing a primary glucagonoma in the pancreas. Somatostatin receptors are 
bright yellow or white. The spleen has many somatostatin receptors and is thus bright white in all normal patients. The adrenal glands and liver have 
some receptors and are yellow in this scan. The glucagonoma expresses somatostatin receptors and is bright white on this scan. These receptors 
explain why the secretion of the hormone that causes the rash can be reduced by therapy with somatostatin analogues.
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demonstrated in animals, and 5- fluorouracil inhibits DNA syn-
thesis. Chemotherapy has a very limited role in management in 
those with symptoms persisting at 6 months and patients tend to 
survive for less than a year [7] .

Treatment with systemic radiolabelled lutetium (177) has been 
shown to help with remission for up to two years in a patient with a 
glucagonoma [22].

Combining the technology of hepatic embolization with yttrium- 
90 radiolabelled beads is also effective for hepatic metastases and is 
known as selective intrahepatic radiolabelled therapy (SIRT).

Prognosis

Patients with benign disease have an 85% survival rate at a mean 
follow- up of 4.7 years. Those with malignant disease treated with 
combination therapy have a 60% survival rate with a mean follow- 
up of 4.8 years.
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Introduction

Vasointestinal polypeptide (VIP) secreting tumours (VIPomas) are 
rare functioning neuroendocrine tumours. The first case was re-
ported in 1957. This patient presented with diarrhoea, islet cell tu-
mour, peptic ulceration, and hypokalaemia [1, 2]. This was thought 
initially to be a variant of the Zollinger– Ellison syndrome. However, 
not until Verner and Morrison in 1958, described their eponymous 
syndrome, was this recognized as having an alternative hormonal 
aetiology [3] . They described a syndrome comprising of profuse, 
refractory watery diarrhoea, with severe hypokalaemia and dehy-
dration, in association with non- insulin- secreting tumours of the 
pancreatic islets. VIP as the cause of the diarrhoea was confirmed 
by Kane in 1983 [4]. Bloom et al. suggested the term VIPoma syn-
drome in 1973 [5]. The absence of gastric hypersecretion and even 
achlorhydria was noted. Later termed ‘pancreatic cholera’ due to 
the resemblance to the severe diarrhoea caused by Vibrio cholera 
[6]. The acronym WDHA (watery diarrhoea hypokalaemia achlor-
hydria) has also been used to describe the VIP syndrome [6]. 

Notably, bicarbonate wasting is the cause of the associated systemic 
acidosis. Other tumour sites have been reported to secrete VIP 
including: in adults: lung cancer, colorectal cancer, phaeochromo-
cytoma, hepatoma, hypernephroma, cutaneous mastocytoma 
and adrenal tumours [7– 11]; in children:  VIPomas may occur 
in sympathetic ganglia (ganglioneuroblastoma) and the adrenal 
glands [12].

epidemiology

VIPomas are rare, with the reported annual incidence of 1 per 
10 million in the general population (0.05– 0.2 new cases per million 
per year) [13, 14]. In adults, 90% arise from the pancreas, but 10% 
are reported to arise from neural tissue, sympathetic ganglia, colon, 
bronchi, and adrenals. Some 40– 70% are malignant and 5% occur 
as part of MEN 1 [13– 15]. They are usually solitary and occur in 
the tail of the pancreas in up to 75% of patients, with up to 60– 70% 
having already metastasized at the time of diagnosis. In children, 
VIPomas can occur along the autonomic chain and in the adrenal 
medulla, as ganglioneuromas and ganglioblastomas [16]. In adults, 
the typical age of presentation is 30– 50 years and in children be-
tween 2 and 4 years [13, 14].

Pathogenesis

Recent whole- genome sequencing of 102 primary pancreatic neuro-
endocrine tumours (pNETs) has demonstrated that sporadic pNETs 
contain a larger than expected proportion of germline mutations 
[17]. Mutations in DNA repair genes MUTYH, CHEK 2, and BRCA 
2 (previously unreported), together with mutations in MENIN and 
VHL, have been shown to occur in 17% of patients. Point muta-
tions and gene fusions were found in genes involved in the four 
main pathways including chromatin remodelling, DNA damage 
repair, activation of the mammalian target of rapamycin (mTOR) 
signalling (including previously undescribed EWSR1 fusions) and 
telomere maintenance [18]. A hypoxia and HIF subgroup was also 
identified in the gene analysis [19].
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Pathophysiology

Pre- proVIP is a 170 amino acid precursor which is post- 
translationally modified to the 28 amino acid polypeptide, VIP, 
which binds to high affinity receptors on intestinal epithelial cells 
[20]. Other peptide fragments including peptide histidine me-
thionine are also produced [21– 23]. VIP is structurally similar to 
secretin and normally functions as a neurotransmitter within neur-
ones. The cloned receptors are G- protein coupled receptors of the 
secretin family. It is a potent vasodilator and stimulates gastrointes-
tinal and pancreatic secretion. It can inhibit gastric acid secretion. 
VIP binds to receptors on epithelial cells in all segments of the intes-
tine and activation of cellular adenylate cyclase and the production 
of cAMP results in net fluid and electrolyte secretion (Na, K, Cl, 
HCO3 and water) into the lumen causing diarrhoea and hypokal-
aemia [24]. Hypercalcaemia and hyperglycaemia may also occur. 
Other agents that maybe implicated in the diarrhoea syndrome in-
clude gastrin, glucagon, pancreatic polypeptide, thyrocalcitonin, 
prostaglandins, or other peptides from pre- proVIP.

Diagnosis and Clinical Features

Diagnosis can sometimes be challenging due to overlap with other 
causes of diarrhoea. A raised fasting VIP, with profuse secretory diar-
rhoea (of no other aetiology) that occurs despite fasting and character-
istic symptoms are usually diagnostic. This occurs in nearly all patients  
(90– 100%), with hypokalaemia (often less than 2.5 mmol/ L) present 
in 80– 100% and dehydration in 83%. In a review of 55 patients with 
diarrhoea and hypokalaemia, the most dominant feature was high 
volume profuse cholera- like diarrhoea, often present for 3– 4 years 
prior to diagnosis [15, 18, 25, 26]. The common features of the VIP 
syndrome are shown in Table 6.9.1 and the causes of secretory diar-
rhoea are shown in Box 6.9.1.

In VIPoma, the diarrhoea will not disappear with 48– 72 hours 
of fasting, and has the appearance of dilute tea. Stool volumes fre-
quently exceed 6– 8 litres of stool per 24  hours [15, 18,  25]. The 

average potassium loss from stool is of the order of 300 mmol/ 24 
hours. The presence of a secretory diarrhoea may be confirmed by 
finding an osmotic gap of <50 mOsmol/ kg between serum and stool 
osmolality: serum osmolality (or 290) minus the product of twice 
the stool potassium plus sodium concentrations (290– 2(Na+K) 
mOsm/ Kg) [27].

Early in the disease the diarrhoea may be intermittent and epi-
sodic, but as the tumour enlarges it becomes continuous and life- 
threatening electrolyte abnormalities ensue. Other notable clinical 
and biochemical features include:  hypercalcaemia, stimulation of 
glycogenolysis causing hyperglycaemia, and gallbladder distension. 
The cause of hypercalcaemia is unknown, but maybe attributed to 
diarrhoea, parathyroid hormone- related peptide secretion (PTH- 
rp) or coincidental, and coexistent primary hyperparathyroidism in 
the context of MEN 1. Only 8% of VIPomas are associated with fa-
cial flushing, which when it occurs, tends to be patchy and urticarial. 
Hypomagnesaemia has also been associated and maybe responsible 
for tetany in some patients. Abdominal pain is mild or absent and 
symptoms relate to dehydration, hypokalaemia, and include leth-
argy, nausea, vomiting, muscle weakness, and muscle cramps.

Localization

Numerous localization studies are recommended in an effort to ac-
curately localize, stage, and plan treatment in VIPoma, especially 
to determine whether the tumour is amenable to surgical resection 
with curative intent. Conventional imaging studies, such as con-
trast computerized tomography (CT) scan are standard first- line 
imaging tools. Magnetic resonance imaging (MRI) and endoscopic 
ultrasound scan (EUS) [28] (useful for fine- needle aspiration) 
may be used to ascertain liver involvement and to confirm a tissue 
diagnosis, respectively. Functional imaging with somatostatin re-
ceptor scintigraphy (SRS) has been superseded, where available, 

table 6.9.1 Features of the VIPoma syndrome

VIP action Clinical/ biochemical 
feature

Intestinal secretion of Na+, Cl−, and HCO3− Secretory diarrhoea
Dehydration
Weight loss
Metabolic acidosis

Intestinal secretion of K+ and hyperaldosteronism 
secondary to hypovolaemia

Hypokalaemia

Increased bone reabsorption
Acidosis
Tumour secretion of PTHrP
Hyperparathyroidism secondary to MEN 1

Hypercalcaemia

Increased glycogenolysis Hyperglycaemia

Vasodilation Flushing

PTHrP, parathyroid hormone- related protein; MEN 1, multiple endocrine neoplasia 
type 1.
Reproduced with permission from Wynne K. VIPomas. In: Wass J, Semple R, Arlt W, 
eds. Oxford Textbook of Endocrinology and Diabetes. 2nd ed. Oxford: Oxford University 
Press; 2011.

Box 6.9.1 Causes of secretory diarrhoea

•	 Infection
 — Cholera
 — E. coli

•	 Villous adenoma of the rectum
•	 Laxative abuse
•	 IgA deficiency
•	 Congenital

 — Dysautonomia
 — Chloridorrhoea
 — Structural enteric abnormalities

•	 Neuroendocrine tumours
 — VIPoma
 — Carcinoid
 — Gastrinoma (Zollinger– Ellison syndrome)
 — Medullary carcinoma of the thyroid

•	 Miscellaneous
 — Systemic mastocytosis
 — Basophilic leukaemia

•	 Idiopathic
Reproduced with permission from Wynne K.  VIPomas. In:  Wass J, Semple R, Arlt 
W, eds. Oxford Textbook of Endocrinology and Diabetes. 2nd ed. Oxford:  Oxford 
University Press; 2011.
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by 68Gallium- DOTATATE/ TOC due to the higher sensitivity and 
specificity for diagnosis and staging of neuroendocrine tumours. 
Fluorodeoxyglucose (FDG) positron emission tomography (PET) 
CT may be positive in tumours with higher grade. Nuclear imaging 
modalities may also be accurate predictors of octreotide respon-
siveness and guide future therapies. Other isotopes also used in-
clude 11C- 5HTP and 18F DOPA, but availability of these may be 
limited.

treatment

The treatment of VIPoma, as with other functional pancreatic 
neuroendocrine tumours, has two main goals: (1), control of clin-
ical symptoms resulting from the hormonal excess; (2), control of 
tumour growth. Given the high incidence of metastatic disease at 
diagnosis, combinations of therapies are frequently employed. It is 
recognized that cytoreductive surgery can facilitate the manage-
ment of hormonal excess and should be considered where 70– 90% 
of the visible disease is potentially resectable [19]. There is, however, 
a paucity of control studies, but the ENETS guidelines recommend 
surgery with curative intent wherever possible [18]. Liver- directed 
therapies such as transarterial chemoembolization (TACE) or 
radioembolization, selective internal radiotherapy (SIRT) as well as 
radiofrequency ablation (RFA) can be employed where appropriate 
[29] but data specifically in VIPoma is limited.

Management

Initial management is focussed on correction of electrolyte abnor-
malities and restoration of renal function and maintenance of car-
diac stability, and high dependency or intensive care monitoring 
is usually needed. Parenteral crystalloid fluids (3– 6 litres per day) 
of with potassium replacement (up to 350 mmol/ day) may be re-
quired at initial presentation. The next aim is to slow the diar-
rhoea. This frequently requires somatostatin analogue therapy to 
block the secretion of VIP [30]. In addition, somatostatin ana-
logues have been shown to have a tumour antiproliferative effect 
with significantly increased progression free survival [31, 32] (see 
Chapters 6.4 and 6.5). Glucocorticoids (such as prednisolone 10– 
30 mg/ day) may be effective at reducing the volume of diarrhoea. 
Glycaemic control frequently requires insulin. In selected cases 
ongoing parenteral nutrition/ fluid maybe needed to facilitate dis-
charge from hospital and promote medical fitness for ongoing 
treatments.

Surgery

In non- metastatic disease, surgery can offer cure in up to 50%, and 
a large adult series of 241 case reports of VIPoma showed a 5- year 
survival of 89% with pancreatic VIPoma and 68.5% in neurogenic 
VIP producing tumours [15, 33]. Debulking surgery may also be of 
benefit. Perioperative proton- pump inhibition is recommended to 
prevent rebound gastric acid secretion. Careful monitoring of fluid 
balance is imperative, both peri and postoperatively, as fluid over-
load may occur as VIP levels fall after surgery.

Pharmacotherapy

Somatostatin analogues provide a symptomatic response in 80– 90% 
of neuroendocrine tumours within days of initiation and are there-
fore drug of choice to control diarrhoea in VIPomas [34, 35]. Dosing 
can vary, depending on clinical need, but initiating at 100 mcg sub-
cutaneously every 8 hours is a reasonable starting dose, with incre-
ments of 50 mcg to 200 mcg as needed [36]. Intravenous octreotide 
may need to be considered if control poor. Response should be 
measured by stool output and not plasma VIP levels, initially. 
Loperamide and codeine phosphate may useful to help control diar-
rhoea. Somatostatin analogue- induced steatorrhoea is responsive to 
oral pancreatic enzyme supplementation. Mild glucose intolerance 
and asymptomatic gallstones may occur in up to a quarter of patients 
on somatostatin analogues [37]. Once over the initial acute presenta-
tion patients can be switched to long- acting somatostatin analogues 
[38]. Escape of control may occur quite frequently in VIPomas and 
more definitive treatments are usually required in the longer term. 
Frequently the addition of glucocorticoids gives symptomatic relief 
and when used in combination with somatostatin analogues can 
prove effective. This may necessitate more intense glycaemic control, 
usually with insulin therapy. Consideration may be given to other 
drugs which enhance sodium absorption from the jejunum or in-
hibit intestinal secretion such as clonidine and opiates, respectively, 
but these may have limited long- term impact.

Metastatic Disease

There is a wide range of available treatments in patients with meta-
static disease, and patients should be discussed in a neuroendo-
crine multidisciplinary meeting (NET MDT) by multiple specialists 
within the field in order to optimize outcomes [13].

Limited hepatic metastases may be considered for resection. 
Debulking the disease may have a positive effect on hormonal con-
trol and tumour load. Liver transplantation may be indicated in a 
limited small number of patients in whom life- threatening hor-
monal symptoms persist despite maximal medical therapy and 
standard therapy is not feasible. This is only undertaken in the con-
text of discussion in a specialist NET MDT [13].

Hepatic artery embolization may be used in symptomatic liver 
metastases not amenable to surgery [39]. Infection, hormonal secre-
tory crisis, and post- procedure hyperuricaemia must be proactively 
avoided in such cases [40]. Hepatic radiofrequency ablation, cryo-
therapy, and laser therapy are regarded as less invasive therapies but 
are limited in general to smaller sized metastases (4– 5 cm).

The recommended sequencing of therapies has not been evalu-
ated in VIPomas, but there is a suggestion that PRRT should be 
considered prior to embolization of the hepatic artery to maximize 
delivery of the therapy to liver metastases.

Chemotherapy, targeted therapies, and Peptide 
Receptor Radionuclide therapy (PRRt)

The efficacy of chemotherapy in VIPomas is difficult to deter-
mine as very small numbers of patients have been treated with 
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chemotherapy and in most studies all types of pancreatic neuro-
endocrine have been included. Chemotherapy agents have been 
well established in the treatment of pancreatic neuroendocrine tu-
mours in general (see Chapters 6.4 and 6.5). The use of streptozocin, 
temozolomide, capecitabine, fluorouracil, and cisplatin has been 
published, usually in combination with somatostatin analogues for 
symptom control [41– 43]. In a randomized multicentre study of 80 
patients with metastatic NET, there was no significant difference be-
tween those given lanreotide autogel, interferon alfa or both [44]. 
Interferon alfa has been used in VIPomas with refractory symptoms 
showing some benefit in terms of symptom control [45].

There have also been reports of positive use of multitargetted 
tyrosine kinase inhibitors (TKI) (Sunitinib) [46, 47] and mTOR in-
hibitors (Everolimus) in VIPomas, with an increase in progression 
free survival by up to 18 months.

The effect of the tyrosine kinase inhibitor, Sunitinib was studied 
recently in a randomized control trial of 171 patients with advanced 
well differentiated pancreatic neuroendocrine tumours, including 
VIPomas. The progression free survival rate was 11.4 months in the 
sunitinib group compared to 5.5 months in the placebo group. Less 
toxicity was reported when compared to systemic chemotherapy 
[48]. Other TKI such as pazopanib and cabozantinib have also 
shown some activity in NET demonstrating antiproliferative and 
antihormonal effects (see also Chapters 6.4 and 6.5).

Everolimus is now licenced for use worldwide for use in pNETS, 
GI and lung neuroendocrine tumours (NETS) with advanced pro-
gressive disease supported by data from recent placebo- controlled 
randomized controlled trials [49,  50]. In RADIANT 1, a phase II 
study, everolimus alone stabilized disease in 67.8% of patients and in 
combination with octreotide LAR, stabilized disease in 80% [51]. In 
RADIANT III, 410 patients, with radiological progression, were ran-
domized to everolimus or usual therapy. Progression free survival 
was 11 months compared to 4.6 months with usual therapy [49].

Peptide receptor radiotherapy (PRRT) using radiolabelled som-
atostatin analogues have been approved for the treatment of meta-
static neuroendocrine tumours [52, 53], and can be highly effective 
in metastatic disease and in controlling the functional aspects in 
pNETS [54, 55]. High- dose β radiation is delivered to tumours fol-
lowing receptor binding and internalization of a somatostatin ana-
logue labelled with a radionuclide (177lutetium-  or 90yttrium). There 
have been case reports of success with reduced tumour burden and 
improved symptoms following PRRT in patient with VIPomas [56].

Somatostatin analogues, interferon alfa, and PRRT have been 
shown to improve quality of life but formal data on overall tumour 
response are limited [44].

Prognosis

Given the rarity of VIPomas accurate survival data are limited. It 
is known, however, that smaller tumours without metastases have 
a more favourable prognosis. In metastatic disease electrolyte sta-
bilization and use of more modern therapies may be of benefit. 
A small study of pancreatic VIPoma has reported a 5- year survival 
of up to 68% [33].

Although there has been great progress in the management of 
NETs, VIPoma remains a rare and challenging neuroendocrine 

tumour to diagnose and manage. In particular, VIPoma demands 
meticulous management of electrolytes, acid- base status, and gly-
caemia. With respect to the antitumour and hormonal control, 
somatostatin analogues remain the mainstay of treatment, with 
newer targeted agents showing great promise. Ideally a worldwide 
study for this rare functioning neuroendocrine tumour would be 
required to evaluate and assess treatment sequencing, quantify tu-
mour and hormonal response, and measure long- term survival.
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Somatostatinoma
John A.H. Wass

Box 6.10.1 Actions of exogenously administered somatostatin 
on endocrine and exocrine secretion

Endocrine secretion— inhibits the secretion of:
Pituitary
 • Growth hormone
 • Thyroid- stimulating hormone

Gastrointestinal tract
 • Gastrin
 • Cholecystokinin
 • Secretin
 • Vasoactive intestinal polypeptide
 • Gastrin- inhibiting peptide
 • Motilin
 • Enteroglucagon
 • Pancreatic polypeptide
 • Insulin
 • Glucagon
 • Somatostatin

Other peptides
 • Renin

Exocrine secretion— inhibition of:
 • Gastric acid secretion
 • Gastric emptying rate
 • Pancreatic exocrine function: volume, electrolytes, and enzyme 

content
 • Gall bladder contraction
 • Intestinal motility
 • Intestinal absorption of nutrients
 • Splanchnic blood flow
 • Renal water reabsorption
 • Activity of some central nervous system neurons
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Introduction

Somatostatin was isolated in 1973 by Paul Brazeau in Roger 
Guillemin’s laboratory. It was found to have a widespread distribu-
tion, not only in the hypothalamus and brain but also in the gastro-
intestinal tract. Sixty- five per cent (65%) of the body’s somatostatin 
is in the gut, mostly in the D cells of the gastric and intestinal epi-
thelium. It is also present in the myometric and submucosal plex-
uses. The highest concentration is in the antrum of the stomach and 
there is a gradual decrease of concentrations down the gastrointes-
tinal tract. Five per cent (5%) of the body’s somatostatin is in the 
pancreas.

Infused somatostatin, which has a short half- life of 3 minutes, has 
a large number of actions on the pituitary gland, the endocrine and 
exocrine pancreas, gastrointestinal tract, other hormones, and on 
the nervous system (Box 6.10.1). Among its various actions of im-
portance in the gastrointestinal tract is the inhibition of gastrin and 
cholecystokinin (CCK). In the pancreas, insulin and glucagon are 
inhibited. Non- endocrine actions include inhibition of gastric acid 
secretion, pancreatic exocrine function, gall bladder contraction, 
and intestinal motility. Intestinal absorption of nutrients, including 
glucose, triglycerides, and amino acids, is also inhibited [1] .

Somatostatin and its long- acting analogues, lanreotide, and 
octreotide are also potent inhibitors of tumour growth including 
that of neuroendocrine tumours.

Somatostatin exists in two main forms, as a 14- amino acid pep-
tide (somatostatin 14)  present mainly in the pancreas and the 
stomach, and as a 28- amino acid peptide present mainly in the in-
testine. Somatostatin 14 is the peptide present in enteric neurons.

Somatostatin receptors are present on many cell types, including 
the parietal cells of the stomach, G cells, D cells themselves, and 
cells of the exocrine and endocrine pancreas. A  large number of 

tumours also have somatostatin receptors and these include pitu-
itary adenomas, endocrine pancreatic tumours, carcinoid tumours, 
paragangliomas, phaeochromocytomas, small cell lung carcin-
omas, lymphomas, and meningiomas. This fact aids detection of 
these tumours by PET- CT scanning (68Ga- DOTATATE). Five dif-
ferent somatostatin receptors (SSTRs) have been cloned (SSTR1– 
SSTR5) and all are on different chromosomes. These have a varying 
affinity for somatostatin 14 and somatostatin 28 and a varying 
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tissue distribution with SSTR2 and 5 being predominant in the 
pituitary [2] .

Somatostatin can act either as an endocrine hormone or in a 
paracrine or autocrine way. It probably also has luminal effects in 
the gastrointestinal tract. Lastly, it can act as a neurotransmitter [3] .

Somatostatinoma

Somatostatinomas are neuroendocrine tumours [4,  5]. They are 
rare, with an estimated incidence of about 1 in 40 million. In total, 
over 200 have been described. They may be sporadic (90%) or fa-
milial (10%). Two main types exist: pancreatic somatostatinomas 
(56%), which are large tumours often associated with features 
of somatostatin excess; and duodenal tumours (44%), which are 
usually small and more amenable to surgical resection [6] . They 
have also been described in the jejunum and cystic duct. The two 
types are compared in Table 6.10.1. They are infrequently asso-
ciated with multiple endocrine neoplasia type 1 syndrome (7%), 
neurofibromatosis type 1, or Von Hippel– Lindau syndrome. The 
somatostatinoma syndrome is a triad of diabetes mellitus, diar-
rhoea, and gallstones [7].

Pancreatic Somatostatinoma

Somatostatinoma syndrome was first described in 1977 [8] . Over 
100 such cases have now been reported with features as in Box 6.10.2. 
The syndrome consists of cholelithiasis, the cause of which is multi-
factorial, including suppression of CCK production which results 
in impaired gallbladder contractility. High levels of somatostatin 
also inhibit bowel transit, which alters bowel flora, thus increasing 
bile acid reabsorption and this is associated with super saturated 
bile [9]. Mild diabetes occurs and has often been present for many 
years before diagnosis. It is probably due to suppression of insulin 
secretion. Diarrhoea and steatorrhoea also occur and relate to the 
inhibition of pancreatic exocrine function. Hypochlorhydria relates 
to the inhibition of gastric acid secretion and gastrin. Anaemia, ab-
dominal pain, and weight loss are also present and are non- specific. 
They are probably related to the size of the tumour, which is usually 

large, and also to the fact that it is malignant. Those tumours are 
often diagnosed late and distant metastases may be present in 
lymph nodes, liver, or bone (55% are in the head of the pancreas).

Plasma and tissue levels of somatostatin are elevated and levels 
are higher in pancreatic as opposed to duodenal somatostatinomas. 
These somatostatin- secreting cells often also secrete adrenocor-
ticotrophic hormone (ACTH), calcitonin, insulin, or some other 
peptides. This means that Cushing’s syndrome, flushing, or hypo-
glycaemia (if there is cosecretion of insulin) may be present [10].

Duodenal Somatostatinoma

Duodenal somatostatinomas tend to be smaller and present earlier. 
The vast majority occur near the ampulla of Vater where they tend 
to cause obstructive biliary disease (NFI) (39%). Some are associ-
ated with neurofibromatosis type 1 and some are occasionally as-
sociated with phaeochromocytoma. Radiologically they can be 
difficult to diagnose. This may need endoscopic techniques. At 
presentation paraduodenal lymph nodes are involved because there 
is a high malignancy rate, although this is usually low grade. None 
of the duodenal somatostatinoma patients have developed the full- 
blown somatostatinoma syndrome but diabetes and gall stones have 
been noted in some cases.

Recently gain of function hypoxia- inducible factor 2 (HIF 2A) 
post- zygotic somatic mutations (mosaicism) were detected in 
ampullary somatostatinoma associated with multiple paraganglioma 
and polycythaemia [11, 12]. Although originally described only in 
females it has also been described in males [13].

Histologically these are psammomatous tumours. Treatment is 
with surgery if this is feasible, chemotherapy, and, if necessary, hep-
atic embolization. Somatostatin analogues may lower somatostatin 
levels and improve symptoms (such as diarrhoea) of both types of 
somatostatinoma if metastases are present.

Localization

The radiopharmaceutical 68Ga- DOTATATE combined with CT or 
MRI is superior to previous imaging methods and is now the gold 
standard in localization of NETs.

treatment

Surgical treatment provides the best chance of cure. If this is not 
possible, surgical debulking will provide significant relief and 

table 6.10.1 Comparison of pancreatic and extrapancreatic 
somatostatinomas

Feature Pancreatic Extrapancreatic 
(duodenal)

Number of patients 81 81

Inhibitory syndrome (%) 18.5 2.5

von Recklinghausen’s  
disease (%)

1.2 43.2

Large tumour (>20 mm) 
(%) (NFI)

85.5 41.4

Multisecretorary activity (%) 33.3 16.3 No differences  

Metastatic rate and 
malignancy

5- year survival 75.2% overall
59.9% with metastases
100% without metastases

Box 6.10.2 Features of pancreatic somatostatinoma

 • Hyperglycaemia 95%
 • Cholelithiasis 68%, if inhibitory syndrome present
 • Steatorrhoea 47%
 • Hypochlorhydria
 • Diarrhoea 60% with pancreatic; 11% with duodenal
 • Abdominal pain 40%
 • Weight loss 25%
 • Anaemia 14%
 • Elevated plasma and tissue somatostatin
 • Histologically malignant, may be associated with ACTH, calcitonin, 

and insulin secretion
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prolongs survival rate. Liver resection can be considered with soli-
tary metastasis.

Somatostatic analogues relieve symptoms and inhibit growth. 
Lanreotide may prolong progression free survival [13].

Radiotherapy with 177 lutetium (177- lu- octreotate) causes tu-
mour response in those with a high uptake on the OctreoScan; 
capecitabine can also be used in combination. In ENETS grade 1 
and 2 tumours, everolimus or sunitinib may be useful for progres-
sive disease.

treatment outcomes

There is a high prevalence of metastatic disease in somatostatinomas, 
likely a consequence of late diagnosis. Patients with somatostatinoma 
tend to have a long survival rate and complete removal of sporadic 
or hereditary somatostatinoma is usually effective and ensures pro-
longed survival. Most duodenal somatostatinomas survive and for 
pancreatic somatostatinoma 10- year survival is around 70% [12].
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Introduction

The incidence of neuroendocrine neoplasms (NENs) has increased 
over the last decades [1] . NENs constitute a heterogeneous group 
of malignancies originating from cells of the endocrine (hormonal) 
and nervous systems. Due to the heterogeneity, these tumours have 
a varied clinical presentation and proliferation. The heterogeneous 
nature of these tumours creates a challenge with regards to diag-
nosis, staging, and management. Within the gastrointestinal system, 
NENs can be broadly defined as tumours arising from the hollow 
viscus such as the stomach, small bowel, appendix, colorectal re-
gions (extrapancreatic), and from the solid organs, essentially and 
exclusively the pancreas (pancreatic). NENS arising from other 
solid organs of the gastrointestinal region are exceedingly rare [2]. 
They are further subdivided into non- functioning tumours, which 
have a higher incidence and functioning NENs producing peptides 
that can cause distinct clinical symptoms such as flushing and diar-
rhoea (carcinoid syndrome), hypoglycaemia (insulinoma), gas-
tric ulcers (gastrinoma) or skin rash (glucagonoma). Collectively 
these NENs are termed gastroenteropancreatic neuroendocrine 
tumours [3,  4] (GEP- NETs). The key factor differentiating NENs 
from other types of malignancies is based on pathological findings 
(see Chapter 6.1). Therefore, investigating and imaging GEP- NETs 
is dependent on a variety of factors, including symptom profile, site 

of tumour, functioning versus non- functioning (hormonal profile) 
and tumour pathology. Tumour pathology especially the grade of 
the tumour (grades 1 to 3) plays a crucial role with regards to the 
direction and choice of imaging modality.

Imaging Modalities

Imaging continues to undergo rapid and sustained technological 
advances. Imaging modalities can be divided into non- invasive 
and invasive techniques. Non- invasive imaging modalities con-
sist of morphological modalities such as multidetector computed 
tomography (MDCT), which is a cross- sectional modality and mo-
lecular imaging modalities that image biological activities such as 
positron emission tomography (PET) techniques. Invasive tech-
niques include endoscopic modalities (e.g. endoscopic ultrasound) 
and interventional radiology (e.g. vascular angiography). More 
recently a process of hybridization of imaging modalities has cre-
ated several new hybrid modalities that have combined traditional 
morphological and molecular imaging techniques to create a host 
of emerging and evolving modalities such as PET- MDCT. Imaging 
plays a key role in investigating GEP- NET patients. Due to the com-
plexity and heterogeneity of this disease process, a multimodality 
approach is now routinely utilized.

non- Invasive Morphological Imaging Modalities

With regards to conventional radiological imaging modalities, 
ultrasound (US), MDCT and magnetic resonance imaging (MRI), 
are the most routinely employed modalities in abdominal imaging 
and this also applies to GEP- NETs.

Ultrasound (US)

Transabdominal ultrasonography (US) is a non- ionizing, readily 
available non- invasive technique. The role of US in GEP- NET 
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patients is limited, although it is sometimes the modality through 
which abnormalities in symptomatic GEP- NET are incidentally de-
tected in patients at initial presentation. In certain circumstances, 
US has a role in the management of younger patients (under 
16 years) and patients who are pregnant due to its ease of access and 
non- ionizing properties. It is not utilized as a staging tool due to dif-
ficulties in imaging the entire body and limitations in assessing ab-
dominal organs due to overlying bowel gas. Classically, primary and 
metastatic GEP- NETs appear as a hypoechoic space occupying le-
sions surrounded by a hyperechoic halo. US, however, has a signifi-
cant role in image- guided biopsies to obtain pathology specimen 
including sampling of more superficial sites such as lymph nodes.

MDCT

MDCT is a cross- sectional imaging modality and is considered the 
‘work horse’ of oncology imaging modalities with high spatial and 

temporal resolution. MDCT is not only important in identifying a 
primary site of GEP- NETs but also enables whole- body assessment 
of tumour burden in a number of seconds. On the whole, patients 
find investigation with MDCT acceptable, particularly due to the 
speed, ease, and availability of this technique. MDCT also allows 
multiphasic contrast assessment and multiplanar reconstruction 
of images increasing the likelihood of detecting the extent of dis-
ease and aiding interventional/ surgical planning. Typically, primary 
and metastatic GEP- NETs appear as hypervascular lesions (Figure 
6.11.1— vascular primary lesions) [5,  6]. These lesions also dem-
onstrate a varying degree of calcification and fibrotic changes that 
are usually detectable on MDCT (Figure 6.11.1b— calcified and fi-
brotic mesenteric mass). Bone metastases appear sclerotic and can 
demonstrate increased uptake of somatostatin cell surface receptors 
(SSTR) on hybrid imaging (Figures 6.11.2). Despite these advan-
tages, MDCT holds some limitations depending on the grade and 

(a) (b) (c)

Figure 6.11.1 (a) Arterially enhancing tumour (red arrow) involving the ileal small bowel causing bowel obstruction-  dilated proximal bowel loops 
(blue arrow) and collapsed distal small bowel loops (yellow arrow). (b) Classic example of a mesenteric nodal mass with internal calcification (red 
arrow) and fibrotic bands (blue arrow). (c) Arterially enhancing pancreatic body mass (red arrow) and multiple benign renal cysts (blue arrow) in a 
patient with Von Hippel– Lindau.

(a) (b)

Figure 6.11.2 (a) Multiple metastatic sclerotic bone lesions (blue arrows). (b) Multiple metastatic sclerotic bone lesions demonstrating increased 
uptake of tracer on somatostatin cell surface receptors (SSTR) on hybrid PET- MDCT imaging.



6.11 Imaging Neuroendocrine Tumours of  the Gastrointestinal Tract/GEP-NET 1035

site of tumour; mainly lack of specificity and sensitivity especially 
at sites involving the nodes, liver, and bones. Table 6.11.1 details a 
detailed multiphasic iodinated contrast- enhanced MDCT imaging 
protocol of GEP- NETs.

MRI

As an imaging modality MRI has superior intrinsic soft tissue con-
trast when compared to other technologies. This, coupled with 
the multiplanar and multiphasic contrast- enhanced acquisition 
capabilities, makes it a very important tool to assess GEP- NETs 
[7, 8]. Most protocols utilize a combination of T1-  and T2- weighted 
sequences combined with or without fat saturation. Newer 
sequences such as diffusion- weighted imaging (DWI) have been 
incorporated into the majority of protocols. DWI sequences are 
particularly useful in detecting small liver and pancreatic lesions 
non- invasively that are occult in other cross- sectional imaging mo-
dalities (Figures 6.11.3).

MRI is a non- ionizing radiation modality. It is generally util-
ized as a problem- solving tool and is usually used as a more fo-
cused examination of a site of abnormality/ clinical concern. Part 
of the limitation of MRI is that even with recent software and hard-
ware improvements, MRI image acquisition still takes longer than 
MDCT. Depending on the site of examination it usually takes be-
tween 30 and 60 minutes to complete an examination. Although a 
non- ionizing modality, there are restrictions to MRI due to mag-
netic radiation safety issues [9] . In addition, access to MRI tech-
nology is more limited due to scarcity of equipment and it is also 
a more expensive modality. Patients tend to tolerate MRI less well 
when compared to MDCT due to a longer scan time and longer bore 
of the equipment. Patient cooperation with the scanning protocol is 
also quite crucial to achieve better quality images.

GEP- NETs have a varied appearance on MRI. The MRI ap-
pearance is dictated by the grading and tumour biology. Majority 
are of low signal intensity on T1- weighted MR images and have a 
varying hyperintensity on T2- weighted images [7, 8]. Cystic tumour 
changes which are a feature of a spectrum of GEP- NETs are better 
detected on MRI due to enhanced inherent tissue contrast. As per 
MDCT, on contrast- enhanced MR images, these tumours are often 

hypervascular in the arterial phase and show varying degrees of 
contrast enhancement (Figure 6.11.4).

For a detailed multiphasic gadolinium contrast- enhanced and 
multiparametric MRI imaging protocol please refer to Table 6.11.1.

non- Invasive Molecular Imaging Modalities (Hybrid 
Molecular Imaging Modalities)

Hybrid molecular imaging is a specialized field of imaging where 
biological activity is imaged utilizing labelled radioactive tracers. 
This requires a nuclear medicine department with access to a 
radiopharmacy, physicist, and specialized imaging experts to inter-
pret the scans. There are also usually stringent national and inter-
national legislative requirements in place due to the handling and 
administration of radioactive particles. These factors coupled with 
fewer scanners make this modality fairly specialized and expensive.

Single Photon Emission Tomography/ Multidetector 
Computed Tomography (SPECT- MDCT)

SPECT- MDCT is a hybrid molecular imaging modality combining 
detection of biological activity after administration of an intravenous 
labelled gamma emitting nuclear medicine tracer with a scintillation 
camera and cross- sectional MDCT. Most modern nuclear medicine 
departments utilize these hybrid imaging systems replacing trad-
itional stand- alone SPECT camera. With SPECT- MDCT, the sen-
sitivity, specificity, and accuracy of detecting the biological activity 
including in GEP- NET is improved when compared to SPECT [10]. 
Therefore, in the current era, this is the nuclear medicine modality 
of choice and most large healthcare centres will have access to this 
modality. GEP- NETs have cell surface receptors and biological ac-
tivities that can be detected with SPECT- MDCT. This modality is 
utilized for further characterization and assessment of GEP- NETs; 
especially grade I  and II tumours. Detection of tumour or meta-
static site is dependent on the size, location, biological activity, and 
concentration of the biological activity (e.g. receptor density) and if 
positive, it is seen as a focal ‘hot spot’ when compared to the back-
ground. There is usually a long period for the background activity to 
reduce to improve detection of pathology. Typically in GEP- NETs, 
the imaging protocol requires imaging at 4 hours post injection of a 

table 6.11.1 Cross- sectional morphological MDCT and MRI imaging protocols for GEP- NETs.

(a) MDCT, multiphasic iodinated contrast- enhanced protocol for GEP- NETS

Iodinated contrast- enhanced MDCT with pump bolus injection trigger utilizing 4 ml/ s flow rate (sec) triggered by bolus tracking 
of the descending aorta

Arterial Portal venous Pancreatic

12 sec 60– 90 sec 30– 45 sec

(b) MRI multiphasic contrast- enhanced/ multiparametric protocol for GEP- NETS

Morphological Diffusion- weighted imaging  
(DWI) clinical

Gadolinium contrast- enhanced utilizing 
either extracellular (hepatic and extra 
hepatic) or Hepatobiliary (hepatic)

T1- weighted (T1W) imaging 
with multiplanar acquisition 
(axial, coronal, and sagittal)

T2- weighted (T2W) 
imaging with 
multiplanar acquisition 
(axial, coronal, and 
sagittal)

A minimum of 2 b values (s/ mm2) 
is recommended to calculate the 
Apparent diffusion coefficient 
(ADC) ideally b values (50, 200, 
400, 800)

Dynamic contrast- enhanced volumetric, 
fat- saturated (FS), gradient- echo 
T1W sequences with multiplanar 
reconstruction
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(a)

(c)

(d)

(b)

Figure 6.11.3 The IV contrast CT scan (a) detects two liver metastases (red arrows). The corresponding MRI DWI image (b) demonstrates the two 
liver metastases detected on the CT scan (red arrows) and multiple other liver metastases (blue arrows). (c) Patient with MEN 1. On the left, the T2W 
MRI of the pancreas has two partly cystic pancreatic tail pancreatic NET (blue arrows). On the right, these tumours in the tail demonstrate intense 
uptake of tracer on the Ga68 DOTATOC SSTR PET- CT, demonstrated here on the fused image (blue arrows). No further areas of abnormal uptake 
detected (intense uptake labelled with red arrow is physiological left adrenal gland uptake). (d) Patient with MEN 1 as per case 3c. On the left, T2W 
MRI of the pancreatic body demonstrate normal pancreatic signal (red arrow). On the right, the MRI DWI image of the body demonstrates multiple 
tumours non- invasively (blue arrows) which was confirmed on EUS.
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radioactive tracer and then a further imaging event at 24 hours post 
injection of tracer.

PET- MDCT

PET- MDCT is a hybrid molecular imaging modality combining de-
tection of biological activity after administration of an intravenous 
labelled positron emitting radiotracer with a PET camera and cross- 
sectional MDCT. Again, increase in sensitivity, specificity, and ac-
curacy is achieved with a hybrid PET- MDCT when compared to a 
PET alone system [11, 12]. GEP- NETs have cell surface receptors 
and biological activities that can be detected with PET- MDCT. This 
modality is utilized for further characterization and assessment of 
GEP- NETs; especially grade 1 and 2 tumours (and to a lesser ex-
tent grade 3 tumours). Detection of tumour or metastatic site is de-
pendent on the size, location, biological activity, and concentration 
of the biological activity (e.g. receptor density) and if positive is seen 
as a focal ‘hot spot’ when compared to the background. However, 
when compared to SPECT- MDCT, in the imaging of GEP- NET pa-
tients, all PET- MDCT tracer- based imaging is completed on the 
same day usually within 180 minutes. In general, PET- MDCT has a 
much higher sensitivity and specificity for like for like tracers when 
compared to SPECT- MDCT (Figures 6.11.5). It is considered the 
‘gold standard’ molecular imaging modality but is reasonably ex-
pensive and thus has restricted availability.

GEP- NETs Radioactive Tracers (SPECT- MDCT and PET- MDCT)

The radiotracers utilized in imaging GEP- NETs broadly target 
SSTR, amine precursor uptake and decarboxylation (APUD) and 
glucose metabolism [13,  14]. Specific tracers and mechanism of 
actions including experimental novel tracers are detailed in Table 
6.11.2.

Invasive Imaging Modalities: endoscopy and  
endoscopic Ultrasound (eUS)

Endoscopic Techniques

Endoscopic techniques allow the direct visualization and biopsy of 
tumours in hollow viscus (stomach, small bowel, and colon/ rectum). 
It is the predominant modality to assess the stomach, proximal small 
bowel, and the colorectal regions. Small bowel enteroscopy, either 
with an endoscope or a capsule allows visualization of portions of 

the small bowel but it is limited by the length of small bowel and 
by lesions that obstruct the lumen. These modalities are operator 
depended but crucial in the assessment of the hollow viscus in 
GEP- NETs.

EUS can depict small lesions not visible on other imaging 
methods. This modality utilizes ultrasound probes with high fre-
quency (7.5– 12- MHz), which are positioned in proximity to the 
organ of interest (stomach, pancreas, duodenum, and rectum). 
This allows an opportunity to directly visualize, characterize, and 
help obtain pathological specimen via guided endoscopic biopsy 
[15, 16]. This modality plays an important role in assessing GEP- 
NETs especially in the pancreatic region.

Interventional Radiology (IR)

One of the key roles of IR is obtaining tissue for pathological assess-
ment utilizing image guidance. There is also a growing role in thera-
peutic IR in GEP- NET patients. The role of IR in the diagnostic 
pathway of GEP- NETs however has reduced significantly especially 
with the advent and progress in molecular imaging. Occasionally, 
angiographic techniques are required to make a diagnosis of GEP- 
NETs (please refer to pancreas section).

Role of Imaging Modalities in the Diagnosis, 
Staging, and Management of GeP- nets

extrapancreatic GeP- nets

There are functioning and non- functioning extrapancreatic GEP- 
NETs. Functioning tumours classically present in the metastatic 
state with ‘carcinoid syndrome’. The choice of the appropriate 
imaging strategy for detection and localization of GEP- NETs will 
largely depend on the clinical presentation however there are gen-
eral strategies in setting out an imaging assessment.

Imaging/ Detection of Primary extrapancreatic  
GeP- nets

Assessing and detecting suspected primary extrapancreatic GEP- 
NET will depend on the site of disease. Lesions in the stomach, 
duodenum, colon, and rectum are usually detected incidentally 
during endoscopic assessment in symptomatic/ asymptomatic 

(a) (b)

Figure 6.11.4 (a) Cystic component of the tail of pancreas NET ‘bright’ on T2W MRI (red arrow). (b) Post- gadolinium- enhanced T1W fat supressed 
MRI demonstrating non- enhancing cystic component (red arrow) and rim of arterial hypervascular enhancement (blue arrow).
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(a)

(b)

(d)

(c)

Figures 6.11.5 Patient with grade II small bowel GEP- NET. 24- hour SPECT- MDCT (a, planar) and (b, with fused) demonstrating multiple liver 
metastases with increased uptake of tracer (Octreoscan®) with no further sites of abnormal uptake (red arrows). Same patient re- staged with Ga68 
DOTATOC. 90 minutes PET- MDCT (c) and (d, fused) with areas of increased uptake of tracer 68Ga- DOTATOC identifying primary small bowel tumour 
with mesenteric node (horizontal blue arrow), higher number of liver metastases (red arrows) and bone metastases (vertical blue arrow).



6.11 Imaging Neuroendocrine Tumours of  the Gastrointestinal Tract/GEP-NET 1039

patients. US has a very limited if any role in the wider context 
of imaging of primary extrapancreatic GEP- NETs. The sites of 
primary GEP- NETs as discussed are predominantly in gas filled 
viscus and therefore are difficult to assess with US. In contrast, 
endoscopic/ EUS is essential to localize the primary lesion, as-
sess mucosal invasion, and make a histopathologic diagnosis. 
Even though the appendix is one of the most common sites of 
extrapancreatic GEP- NETs, the vast majority of lesions in the 
appendix are detected incidentally in post- appendicectomy spe-
cimens in patients suspected of having appendicitis. These ap-
pendix GEP- NET lesions are also usually quite small measuring 
less than 1 cm. Cross- sectional and molecular imaging therefore 
play a very small or no role at all in the detection of primary le-
sions at these sites (stomach, duodenum, colon, rectum and ap-
pendix [15, 17– 21]).

On the other hand, cross- sectional (MDCT/ MRI) and molecular 
imaging (SPECT/ PET- MDCT) play a crucial role in detecting 
extrapancreatic GEP- NET primary of ileal and jejunal small bowel 
origin. As discussed earlier, in general, these lesions share a number 
of similar features including arterial enhancement on cross- sectional 
imaging (MDCT/ MRI). The primary disease without metastatic site 
can appear as mucosal, submucosal, and multifocal lesions. Not in-
frequently the primary tumour may also manifest on MDCT scans 
as asymmetric or concentric regions of mural thickening. The mural 
thickening occurs usually due to a combination of desmoplastic sub-
mucosal fibrosis and infiltrating tumour. This leads to thickening and 
stiffening of the intestinal wall, thus producing mural and irregular 
fold thickening (Figure 6.11.6a). There is usually associated mesen-
teric fibrosis and calcified nodal mass (Figure 6.11.1b). Patients pre-
sent with a spectrum of clinical scenario, extending from non- specific 

table 6.11.2 Molecular imaging tracers for GEP- NETs (including novel tracers)

Tracer (trade name) Mechanism Clinical utility GEP- NET

(a) SPECT- MDCT

111In- DTPA- octreotide (Octreoscan®) SSTR agonist imaging Grade I, II, and to a lesser extent III

99mTc- HYNIC- TOC SSTR agonist imaging Grade I, II, and to a lesser extent III

123I- Metaiodobenzylguanidine: 123 I- MIBG APUD uptake Has lower sensitivity and specificity. Not recommended for routine utility

Novel
111In- DOTA- exendin- 4 GLP- 1R imaging Benign insulinoma

(b) PET- MDCT
68Ga- DOTA- SSTR Peptides
68Ga- DOTATOC (SomaKit TOC™)
68Ga- DOTATATE (NETSPOT®)

SSTR agonist imaging Grade I, II, and to a lesser extent III

18F- Fluorodeoxyglucose (18F- FDG) Glucose metabolism Grade III. Less of a role in grade I and II
18F- Dihydroxyphenylalanine (18F- DOPA) APUD uptake Insulinoma, grade I, and II NET

Novel
68Ga- DOTA- exendin- 4 GLP- 1R imaging Benign insulinoma
68Ga- NODAGA- JR11 SSTR antagonist imaging Grade I, II, and to a lesser extent III

(a) (b)

Figure 6.11.6 Patient with grade I small bowel GEP- NET. Mural thickening of primary tumour (a; red arrow) with early small bowel obstruction (b, 
blue arrow). 68Ga- DOTATOC MIP (c) with increased uptake of tracer in the primary small bowel site, mesenteric nodal, and liver metastases.
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abdominal discomfort to intussusception and small bowel obstruc-
tion (Figure 6.11.6b). Even in cases of bowel symptomology and 
mechanical bowel obstruction, detection of the primary site in 
extrapancreatic GEP- NET with MDCT/ MRI can be challenging 
due to the variable size of the primary disease; which can range be-
tween 43% and 50% [22]. However, utilizing MDCT and MRI cross- 
sectional modality but incorporating an enteroclysis protocol with 
intravenous contrast enhancement leads to a higher detection rate of 
tumours of the small bowel with reported sensitivity of detecting a 
primary lesion in the range of 85– 94%. However, with respect to GEP- 
NETS, as the tumours in many cases are small nodular lesions, it may 
be very difficult to detect the primary lesion even with enteroclysis 
[23– 25]. Molecular imaging fills this gap in the diagnostic pathway 
in the detection of occult/ unknown primary extrapancreatic GEP- 
NETs. Molecular imaging has a higher sensitivity, specificity, and 
accuracy compared to cross- sectional imaging [26,  27]. As already 
discussed, molecular imaging detects cell surface receptors and cel-
lular biological activity. With regards to grade I and II extrapancreatic 
GEP- NETs, the most sensitive molecular imaging modality to detect 
the primary site is somatostatin receptor imaging [26]. Most GEP- 
NETs have a varying amount of expression of cell surface SSTR. 
The expression of SSTR is dependent on the grade of the GEP- NET. 
Grades 1 and 2 have SSTR expression between 80% and 100%. There 
are currently up to five different SSTR subtypes that have been cloned 
and characterized (subtypes 1– 5). Subtype 2 is the most expressed 
subtype. Therefore, in grade 1 and 2, GEP- NETs SSTR receptor detec-
tion is an integral part of the management especially with regards to 
detection of the primary lesion/ diagnosis. It also plays an important 
role in staging and planning management including assessment for 
labelled molecular targeted radiotherapy. In the last decade, several 
clinical studies have compared the diagnostic accuracy of different 
68Ga- DOTA- SSTR Peptides (using PET- MDCT image acquisition) 
to 111In- pentetreotide (Octreoscan®) (using SPECT- MDCT image ac-
quisition) in patients diagnosed with NETs/ GEP- NETs. Universally 
the results favour the use of these 68Ga- DOTA- SSTR peptides in: (1) 
detecting small tumours or tumours bearing only a low density of 
SSTR; (2)  offering excellent imaging properties and very high tu-
mour/ background ratios; (3) better intrinsic spatial resolution; and 
(4)  detecting additional lesions and altering clinical management 
[28– 30]. Therefore in the imaging and detection of extrapancreatic 
GEP- NETs grade I and II primary, 68Ga- DOTA-  SSTR Peptides PET- 
MDCT is currently the gold standard modality (Figure 6.11.5) (see 
also section on imaging metastatic extrapancreatic GEP- NETs, next). 
Recent advances in the synthesis and manufacturing of these tracers 
has led to two licensed 68Ga- DOTA-  SSTR Peptides; SomaKit TOC™ 
(Europe) and NETSPOT® (USA) [31].

Imaging Metastatic extrapancreatic GeP- nets

MDCT is the modality of choice in the initial imaging assessment of 
suspected metastatic extrapancreatic GEP- NET. This widely avail-
able modality can potentially detect and stage the entire extent of 
disease utilizing a multiphasic contrast- enhanced protocol (Table 
6.11.1). MRI is reserved for focused assessment of anatomical 
sites with suspected abnormality on MDCT or as part of imaging 
due to risk stratification and high- risk sites of metastatic disease 
(bone and liver). However, these morphological cross- sectional 
modalities have reduced sensitivity, specificity and accuracy when 
compared to SSTR molecular imaging modalities with regards to 

detecting metastatic disease in lymph nodes, bones and liver [32] 
(please also see the later section on special imaging considerations). 
Cross- sectional modalities (MDCT and to a lesser extent MRI) 
are also limited with regards to assessing the biology of metastatic 
extrapancreatic GEP- NETs.

In the vast majority of clinical sites, the molecular imaging modality 
of choice would be SPECT- MDCT with Octreoscan® (partly due to 
the limited availability and cost of 68Ga- DOTA-  SSTR Peptides PET- 
MDCT). As well as being a superior staging modality, SSTR molecular 
imaging modality is the modality of choice to assess the biology of 
extrapancreatic GEP- NETs. The role of 18F- FDG PET- MDCT is more 
limited but it can be instructive in the more histologically aggres-
sive grade 3 extrapancreatic GEP- NETs. It has a growing role in the 
prognostic assessment of extrapancreatic GEP- NETs [33]. Also, there 
is growing evidence of a histological spectrum of metastatic disease 
that is influenced by the primary site and different metastatic sites of 
extrapancreatic GEP- NETs [34, 35]. This heterogeneity in biology may 
warrant the need to stage patients with different molecular imaging 
tracers. Imaging with two molecular tracers (18F- FDG and 68Ga- 
DOTA-  SSTR Peptides) utilizing PET- MDCT is gaining traction. This 
strategy has an associated cost and is relatively scarce; thus, is best util-
ized for patients with atypical clinical presentation and where there is 
variable clinical metastatic behaviour (Figure 6.11.7).

(a) (b)

Figure 6.11.7 Patient with Grade III unknown primary GEP- NET. 18F- 
FDG PET- MDCT (a, MIP) and (b, fused) with areas of increased uptake of 
tracer involving the liver, nodes, and bones (red arrows). 68Ga- DOTATOC 
(c, MIP) and (d, fused) do not demonstrate increased uptake of tracer at 
metastatic sites identified on 18F- FDG.
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With the advent of hybrid imaging, more imaging departments 
are offering a ‘one- stop shop’ solution by combining contrast- 
enhanced MDCT and SPECT- MDCT/ PET- MDCT in one visit. 
This allows the combination of high- resolution anatomical assess-
ment along with molecular imaging, which improves sensitivity, 
specificity, and accuracy of staging metastatic extrapancreatic GEP- 
NETs [36]. With regards to this, intravenous multiphasic iodinated 
contrast- enhanced PET- MDCT with 68Ga- DOTA-  SSTR Peptides 
PET is currently the gold standard modality for assessing grade 1 
and 2 GEP- NETs.

Pancreatic GEP- NETs

Pancreatic GEP- NETs are a heterogeneous group and typically dem-
onstrate varied clinical presentation. Broadly, they can be divided 
into functioning and non- functioning tumours (each constituting 
approximately 50%). Functioning tumours such as insulinomas, 
gastrinomas, VIPomas, glucagonomas, and somatostatinomas clas-
sically present with different clinical syndromes dictated by secre-
tion of vasoactive hormones. These are also related to hereditary 
and familial syndromes. Non- functioning tumours present with 
non- specific symptoms and are usually detected as ‘incidental’ find-
ings during the course of investigating abdominal symptoms, which 
could be unrelated. Imaging pancreatic GEP- NETs is dictated by the 
clinical presentation and as per extrapancreatic GEP- NETs tumour 
grading, plays a crucial role in the selection of the imaging modality 
to further investigate this disease.

Imaging Primary Pancreatic GEP- NETs

Morphologically primary pancreatic GEP- NETs (functioning 
and non- functioning) share some common features on cross- 
sectional imaging modalities. These are usually arterially enhan-
cing hypervascular lesions (Figure 6.11.8a is an example of an 
insulinoma with hypervascular blush) on MDCT/ MRI, occasionally 
demonstrating cystic changes, can be multifocal, cause pancreatic 
ductal obstruction and atrophy (but to a lesser extent than pancre-
atic adenocarcinoma). On MRI scans these tumours demonstrate 
higher T2W signal than adenocarcinoma. Functioning primary 
pancreatic GEP- NETs tend to present earlier and are at times dif-
ficult to visualize. Two of the commonest tumours are insulinomas 

and gastrinomas. Insulinomas are the commonest, usually benign 
tumours, and are typically small at presentation, measuring less 
than 2 cm at time of diagnosis, and can be distributed throughout 
the pancreas (Figure 6.11.8a). There is a site predilection to some 
of the functioning tumours, as, for example, 80% of gastrinomas 
are found in the ‘gastrinoma triangle’ defined by the neck and body 
of the pancreas medially, confluence of the cystic and common bile 
duct superiorly and the second/ third portions of the duodenum in-
feriorly. Again, gastrinomas are also typically small at presentation 
measuring between 1 cm and 3 cm.

Non- functioning tumours usually present as larger bulky tumours 
but do not exhibit as much adjacent vascular and structure invasion 
when compared to pancreatic adenocarcinoma. The first line mo-
dality of choice to investigate suspected tumours of the pancreas 
including pancreatic GEP- NETs is MDCT (Table 6.11.1). If this fails 
to detect a lesion, MRI is the next cross- sectional modality of choice. 
An EUS of the pancreas is usually, nearly always also performed 
for further characterization of the tumour, also providing tissue for 
pathological diagnosis. Furthermore, this can permit ‘screening’ of 
the pancreas as there may be multiple lesions especially in a syn-
dromic patient. Molecular imaging has a function in detecting pan-
creatic GEP- NETs primary but plays an equally important role in the 
comprehensive staging of this disease, discussed next.

Imaging Metastatic Pancreatic GEP- NETs

There is variability with regards to the metastatic status of pancre-
atic GEP- NETs. Functioning tumours have differing metastatic po-
tential. As an example, most insulinomas are ‘benign’ with solitary 
lesions but most gastrinomas are metastatic at presentation (Figure 
6.11.9 demonstrates multifocal gastrinoma recurrence SSTR PET- 
CT imaging). As non- functioning tumours present late, there is a 
higher likelihood of nodal and liver metastases at diagnosis. MDCT 
is the modality of choice to investigate metastatic pancreatic GEP- 
NETs. However, MDCT underestimates metastatic disease espe-
cially metastases to nodal and liver sites. MRI has a higher detection 
rate of metastatic sites particularly in the liver (please refer to special 
imaging consideration section) but it does not provide a compre-
hensive whole- body staging and is utilized for focused assessment 
of anatomical sites.

(a) (c)(b)

Figure 6.11.8 Patient with severe hypoglycaemia. MDCT (a) with a focus of increased enhancement in the head of the pancreas (red arrow). 18F- 
DOPA PET- MDCT (b, PET) and (c, fused) with an area of intense focus of increased uptake of tracer at the site of increased enhancement (red arrow). 
Surgically proven insulinoma.
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Molecular imaging has a significant and unique input into the 
management of primary and metastatic pancreatic GEP- NETs. The 
performance of the molecular tracers to detect and stage disease 
differs according to the type of tumour and grade. Somatostatin 
tracer imaging utilizing Octreoscan® and 68Ga- DOTA- SSTR 
Peptides utilizing SPECT- MDCT and PET- MDCT, respectively, 
have good diagnostic sensitivity (80– 100%) for nearly all grade 
I and II pancreatic GEP- NETs apart from insulinoma, which has 
poorer expression of somatostatin receptors. Pancreatic GEP- 
NETs apart from insulinomas imaged with 68Ga- DOTA-  SSTR 
Peptides PET- MDCT have been shown to have much better diag-
nostic accuracy for the detection of small primary tumours and 
metastatic disease (Figure 6.11.10) [37, 38]. There are also reports 
indicating that 68Ga- DOTA-  SSTR Peptides PET- MDCT is as ac-
curate as EUS [39]; however, this finding requires further studies 
to confirm.

With regards to insulinomas, 18F- DOPA PET- MDCT can be 
useful to detect benign insulinomas owing to the variable expres-
sion of SSTR in these tumours, however it has a variable sensitivity 
and specificity. This tracer is not available in most countries hence 
the scarcity of its availability (Figure 6.11.8b and c).

Despite recent advances in morphological and molecular 
imaging, due to the challenges in the detection of insulinomas, pa-
tients may still require an IR study. This angiographic assisted study 
is performed in highly specialized centres and involves selective 
pancreatic intra- arterial calcium stimulation of insulin release with 
hepatic venous sampling. This procedure has a reported localization 
rate of between 65% and 100% [14].

Special Imaging Consideration in GeP- nets

Imaging Patients with Inherited/ Genetic Preponderance 
for GEP- NETs

A subgroup of inherited genetic diseases such as MEN- 1, NF1, Von 
Hippel- Lindau syndrome (VHL), and tuberous sclerosis complex 
(TSC) have a preponderance of GEP- NETs. These patients also de-
velop GEP- NETs at an earlier age. Therefore, assessing and following 
up these patients requires a more nuanced utility of imaging mo-
dalities. The patients require multiorgan assessment and multitime 
point follow- up. As these patients present earlier and younger, re-
peated imaging with ionizing radiation presents a long- term risk 
of stochastic effects, potentially leading to a second tumour related 
to the radiation exposure. As per all GEP- NETs, a multimodal 
imaging approach is required. As with other non- familial GEP- 
NETs patients, 68Ga- DOTA-  SSTR Peptides PET- MDCT with iod-
inated contrast- enhanced MDCT obtained at the same time is a key 
imaging tool for grade I and II patients. However, after the initial 
diagnosis and intervention, follow- up should ideally be performed 

(a)

(b)

Figure 6.11.10 Patient with grade II non- functioning pancreatic GEP- 
NET. Planning MDCT accurately identified pancreatic head mass and 
no further sites of disease. Unenhanced MDCT (a) confirmed pancreatic 
head mass (red arrow). Fused 68Ga- DOTATOC PET – MDCT (b) has 
concurrent finding with regards to pancreatic head mass (red arrow) 
but also identifies a further focus of abnormal uptake consistent with a 
metastatic peripancreatic node (blue arrow).

(a)

(c)(b)

Figure 6.11.9 Patient with resected gastrinoma grade II. Rising 
gastrin level, presurgery MDCT detected enlarged periduodenal node 
(a, red arrow). 68Ga- DOTATOC PET- MDCT (b) MIP confirms enlarged 
periduodenal node (horizontal blue arrow) and identified three further 
areas of metastases (red arrows): solitary liver metastasis and two 
metastatic nodes (b, MIP; c, fused).
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with as little as or no exposure to ionizing radiation. Whole- body 
imaging MRI (WBMRI) is gradually gaining popularity for longitu-
dinal imaging of these patients. Due to the rarity of these inherited 
familial diseases, comprehensive long- term strategy thus far has 
been lacking. A  small number of recent studies have tried to ad-
dress this lack of evidence- based practice, summarized in the paper 
by Ito et al. [40]. A recent multicentre, prospective study [41] found 
similar sensitivity between MRI and EUS in detecting pNETs. Both 
techniques had issues, and with regards to MRI, missed small le-
sions. Follow- up of this patient group remains difficult and as it 
currently stands, majority of the follow- up proposals are based on 
opinion based clinical practice [42]. A pragmatic way forward could 
be to utilize WBMRI for follow- up and EUS/ 68Ga- DOTA-  SSTR 
peptides PET- MDCT when the patient experiences biochemical or 
symptomatic changes.

Detecting and Staging Metastatic Liver Disease

The different modalities discussed here have differing detection 
capabilities depending on the region of interest. The liver is one of 
the commonest sites for metastatic disease in GEP- NETs, and GEP- 
NETs patients with liver metastases have a poorer prognosis. The 
problem is that due to the differing capability of the modalities to 
detect metastatic liver disease, the extent of disease can be easily 
underestimated. The gold standard for assessing metastatic liver dis-
ease is gadolinium contrast- enhanced MRI. It outperforms MDCT 
and the hybrid molecular imaging modalities, especially with the 

addition of DWI sequences [43, 44]. Therefore, a multimodal ap-
proach to imaging high- risk GEP- NETs patients is recommended. 
These patients should ideally be staged with 68Ga- DOTA-  SSTR 
Peptides PET- MDCT with iodinated contrast- enhanced MDCT 
and contrast- enhanced liver MRI with DWI (Figure 6.11.11 illus-
trates the different sensitivities of the modalities in the same pa-
tient). This would serve as a reference baseline. With alterations in 
serum tumour biomarkers, a repeat MRI of the liver can be obtained 
to accurately and comprehensively identify interval changes to this 
organ, and thus inform management plan accordingly.

Assessing Cardiac Complications of GEP- NET

Patients with metastatic GEP- NETs (liver and nodes) often have car-
diac complications secondary to systemic release of unmetabolized 
vasoactive 5- HIIAA. This leads to progressive valvular sclerosis (tri-
cuspid) leading to right heart failure. Therefore, the heart is a target 
organ in the assessment of metastatic GEP- NETs. NT- pro- BNP 
and a baseline imaging with echocardiogram in a valvular heart 
specialist centre is recommended. Cardiac MRI might be required 
depending on the findings of the echocardiogram. Serial NT- pro- 
BNP serum levels can enable monitoring of cardiac status [45].

Follow- Up and Response Assessment

GEP- NET patients show a spectrum of disease phenotypes and tra-
jectories, from the potentially curative disease, to those with a high 
burden of metastatic disease but slow progression, to a patient with 

(a)

(c)

(b)

Figure 6.11.11 Patient with small bowel grade II GEP- NET. Arterial phase MDCT (a) demonstrating at least one arterially enhancing metastatic liver 
lesion (red arrow). Maximum intensity projection image (MIP) (b) of 68Ga- DOTA- SSTR Peptides (68Ga- DOTATOC) with a number of small areas of 
metastatic increased uptake within the liver (red arrows). DWI b (400) image (c) of the liver demonstrates vastly more restricted diffusion lesions (areas 
of focal high signal) consistent with multiple metastatic bilobar disease (blue horizontal arrows).
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rapid progression based on tumour biology. Tailoring of imaging 
follow- up and response assessment is thus complex and challen-
ging. Tumour biology drives the follow- up imaging matrix. In the 
vast majority of patients that have had a baseline multimodal ap-
proach including molecular imaging modalities, follow- up with 
MDCT is recommended. Molecular imaging, MRI, and EUS can be 
utilized more judiciously depending on the patient’s clinical symp-
toms and biochemical status. This strategy is acceptable due to the 
exceedingly high cost and limited resource of some of these imaging 
modalities [46].

Future Directions: novel Molecular Imaging tracers and 
Hybrid Imaging

Glucagon- Like Peptide- 1 Receptor (GLP- 1R)

Almost all benign insulinomas overexpress GLP- 1R. This 
overexpression therefore can be imaged with molecular imaging 
utilizing labelled GLP- 1R. As already discussed labelled SSTR 
imaging to detect benign insulinoma has low sensitivity due to 
lower expression of SSTR receptors (50– 60%) [13, 47, 48]. In con-
trast, malignant insulinoma, has lower expression of GLP- 1R and 
express higher SSTR [49]. Radiolabelled GLP- 1R analogues for 
SPECT/ CT imaging have been developed and evaluated in patients 
with benign insulinomas (Table 6.11.2a) [50]. These tracers dem-
onstrate a high benign insulinoma detection rate. Recently, it has 
been shown that PET- MDCT GLP- 1R tracers might be more ef-
fective than GLP- 1R labelled SPECT/ MDCT and morphological 
imaging [51]. These tracers are still undergoing clinical trial assess-
ments (Table 6.11.2b).

Somatostatin Receptor Imaging Using Antagonists

Currently all somatostatin- based radiotracers used in the clinic for 
diagnostic purposes are SSTR agonists. In- vitro and in- vivo data 
suggest SSTR antagonists have higher tumour uptake and reten-
tion [52]. The antagonist SSTR radiotracers (Table 6.11.2b) also 
exhibit higher number of potential binding sites on the receptor 
which might be responsible for higher tumour uptake [52,  53]. 
These tracers are currently undergoing clinical trials and appear 
promising [54].

Hybrid Imaging Technological Development

PET- MRI is the latest of the iterations of molecular imaging hybrid 
equipment. The theoretical and potential advantage of this imaging 
modality combining molecular imaging and exquisite MRI tissue 
contrast imaging is very appealing but is still under investigation. 
With regards to grade I/ II GEP- NETs patients, recent publications 
of small series of patients demonstrate variation in findings com-
pared to PET- CT [55]. As it currently stands this modality remains 
in the research realm.

Summary

Effective imaging of GEP- NETs relies on effective input from 
clinicians due to the varied clinical presentation. Optimal selec-
tion of imaging modality is driven by histopathological findings 
especially the grading of the tumour. While conventional cross- 
sectional modalities (MDCT/ MRI) provide an important first 
step in tumour characterization, molecular imaging techniques 

can refine this further and thus inform management strategies. 
Hybrid molecular imaging (PET- MDCT) in the form of a ‘one- 
stop’ PET with iodinated intravenous contrast- enhanced MDCT 
together with 68Ga- DOTA-  SSTR Peptides represents the gold 
standard in GEP- NET imaging.
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Introduction

Multiple endocrine neoplasia [1, 2] is characterized by the occur-
rence of tumours involving two or more endocrine glands within 
a single patient. The disorder has previously been referred to as 
multiple endocrine adenopathy (MEA) or the pluriglandular syn-
drome. However, glandular hyperplasia and malignancy may also 
occur in some patients and the term multiple endocrine neoplasia 
(MEN) is now preferred. Four major forms of MEN are recog-
nized and referred to as types 1– 4 (MEN 1– 4). All these forms of 
MEN may either be inherited as autosomal dominant syndromes 
or they may occur sporadically (i.e. without a family history). 
However, this distinction between sporadic and familial cases may 
sometimes be difficult as in some sporadic cases the family his-
tory may be absent because the parent with the disease may have 
died before developing symptoms. Each form of MEN is charac-
terized by the development of tumours within specific endocrine 
glands (Table 6.11.1.1). Thus, MEN 1 which is also referred to as 
Wermer’s syndrome, is characterized by the combined occurrence 

of tumours of the parathyroid glands, the pancreatic islet cells, and 
the anterior pituitary, and is due to mutations of the tumour sup-
pressor gene, MEN 1 that encodes the protein menin [1] . MEN 2a 
(or MEN 2) and is also called Sipple’s syndrome, is characterized 
by the occurrence of medullary thyroid carcinoma (MTC) in as-
sociation with phaeochromocytomas, and parathyroid tumours. 
However, some patients and families may develop only MTC, and 
this variant is referred to as MTC- only (Table 6.11.1.1). MEN 
2b (or MEN 3)  is characterized by the occurrence of MTC and 
phaeochromocytomas, in association with:  a Marfanoid habitus; 
mucosal neuromas of the lips, tongue, and eyelids; medullated cor-
neal nerve fibres; and intestinal autonomic ganglion dysfunction 
leading to multiple diverticulae and megacolon. MEN 2a (MEN 
2), MTC- only and MEN 2b (MEN 3) are due to mutations of the 
rearranged during transfection (RET) proto- oncogene, which en-
codes a receptor tyrosine kinase (RTK) (Table 6.11.1.1). Some 
patients with MEN1- associated tumours, such as parathyroid ad-
enomas, pituitary adenomas, and pancreatic neuroendocrine tu-
mours (NETs) who do not have mutations of the MEN 1 gene, but 
instead have mutations of the gene encoding the cyclin- dependent 
kinase inhibitor (CK1) p27kip (CDNK1B), are designated to have 
MEN 4 (Table 6.11.1.1). MEN 4 patients may also develop gonadal, 
adrenal, renal, and thyroid tumours. In this chapter, the main clin-
ical features and molecular genetics of the MEN 1 syndrome will 
be discussed.

Clinical Features of Men 1

Parathyroid, pancreatic, and pituitary tumours constitute the 
major components of MEN 1. In addition to these tumours ad-
renal cortical, carcinoid, facial angiofibromas, collagenomas, 
and lipomatous tumours may also occur in some patients [1– 3]. 
Patients with MEN 1 have a decreased life expectancy, predom-
inantly due to the pancreatic islet cell tumours, and the prog-
nosis for MEN 1 patients may be improved by presymptomatic 
tumour detection with earlier and specific treatment for MEN 1 
tumours [1] .

Parathyroid tumours

Primary hyperparathyroidism is the most common feature of 
MEN 1 and occurs in more than 95% of all MEN 1 patients [1] . 
Patients may present with asymptomatic hypercalcaemia, or 
nephrolithiasis, or osteitis fibrosa cystica, or vague symptoms asso-
ciated with hypercalcaemia, for example polyuria, polydipsia, con-
stipation, malaise, or occasionally with peptic ulcers. Biochemical 
investigations reveal hypercalcaemia, usually in association with 
raised circulating parathyroid hormone (PTH) concentrations. 
The hypercalcaemia is usually mild, and severe hypercalcaemia 
resulting in crisis or parathyroid carcinoma are rare occurrences 
[4]. Additional differences in the primary hyperparathyroidism 
of MEN 1 patients from that in non- MEN 1 patients include 
an earlier age of onset (20– 25  years vs. 55  years), and an equal 
male:female ratio (1:1 versus 1:3) [1, 5]. Primary hyperparathyr-
oidism in MEN 1 patients is unusual before the age of 15 years, 
and the age of conversion from being unaffected to affected has 
been observed to be between 20 and 21 years in some individuals 
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[1]. Surgical removal of the abnormally overactive parathyroids 
is the definitive treatment [1, 6]. However, in MEN 1 patients, all 
four parathyroid glands are usually affected with multiple aden-
omas or hyperplasia, although this histological distinction may 
be difficult. Thus, there is a controversy regarding the type and 
extent of parathyroid surgery. One opinion is to undertake total 
parathyroidectomy with the resultant lifelong hypocalcaemia being 
treated with oral calcitriol (1,25 dihydroxyvitamin D3) while the 
other option is to perform a subtotal parathyroidectomy (e.g. re-
moval of 3.5 glands) [1, 6]. Minimally invasive parathyroidectomy 
is not recommended because all four parathyroid glands are likely 
to have neoplastic changes [1]. For the timing of surgery, it is re-
commended that parathyroid surgery should be reserved for the 

symptomatic hypercalcaemic patient with MEN 1, and that the 
asymptomatic MEN1 patient with mild hypercalcaemia (total 
serum calcium <3.00 mmol/ L) should not have parathyroid sur-
gery but have regular assessments for the onset of symptoms and 
complications, when appropriate parathyroidectomy should be 
undertaken [1]. Calcimimetics (e.g. cinacalcet), which act via the 
calcium- sensing receptor, have been used to treat primary hyper-
parathyroidism in some patients when surgery is unsuccessful or 
contraindicated [7].

Pancreatic tumours

The incidence of pancreatic islet cell tumours, which are NETs, in 
MEN 1 patients varies from 30% to 80% in different series [1– 3, 8]. 

table 6.11.1.1 Multiple endocrine neoplasia syndromes and their characteristic tumours and associated genetic abnormalities

Type (chromosome location) Tumours (estimated penetrance) Gene; Most frequently mutated codons

MEN1 (11q13) Parathyroid adenoma (95%)
Entero- pancreatic tumour (30– 80%)
• Gastrinoma (40%)
• Insulinoma (10%)
• Non- functioning & PPoma (20– 55%)
• Glucagonoma (<1%)
• VIPoma (<1%)
Pituitary adenoma (30– 40%)
• Prolactinoma (20%)
• Somatotropinoma (10%)
• Corticotropinoma (<5%)
• Non- functioning (<5%)
Associated tumours:
• Adrenal cortical tumour (40%)
• Phaeochromocytoma (<1%)
• Bronchopulmonary NET (2%)
• Thymic NET (2%)
• Gastric NET (10%)
• Lipomas (30%)
• Angiofibromas (85%)
• Collagenomas (70%)
• Meningiomas (<10%)

MEN1
83/ 84, 4- bp del (≈4%)
119, 3- bp del (≈3%)
209– 211, 4- bp del (≈8%)
418, 3- bp del (≈4%)
514– 516, del or ins (≈7%)
Intron 4 ss (≈10%)

MEN2 (10 cen- 10q11.2)

MEN2 (also known as MEN2A) MTC (90%)
Phaeochromocytoma (50%)
Parathyroid adenoma (20– 30%)

RET
634, missense
e.g. Cys→Arg (~85%)

MTC- only MTC (100%) RET
618, missense (>50%)

MEN3 (also known as MEN2B) MTC (>90%)
Phaeochromocytoma (40– 50%)
Associated abnormalities (40– 50%)
Mucosal neuromas
Marfanoid habitus
Medullated corneal nerve fibres
Megacolon

RET
918, Met→Thr (>95%)

MEN4 (12p13) Parathyroid adenomaa

Pituitary adenomaa

Reproduction organ tumoursa (e.g. testicular 
cancer, neuroendocrine cervical carcinoma)
?Adrenal + renal tumoursa

CDKN1B

No common mutations identified to date

Autosomal dominant inheritance of the MEN1 syndrome has been established. del, deletion; ins, insertion; PPoma, pancreatic polypeptide- secreting tumour; 
VIPoma, vasoactive intestinal polypeptide- secreting tumour; NET, neuroendocrine tumour; MTC, medullary thyroid cancer, a insufficient numbers reported to 
provide prevalence information.
Adapted from Thakker RV et al: Clinical Practice Guidelines for Multiple Endocrine Neoplasia Type 1 (MEN1). J Clin Endocrinol Metab, 2012, 97:2990– 3011.
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Many of these tumours produce excessive amounts of hormone, for 
example gastrin, insulin, glucagon, or vasoactive intestinal polypep-
tide (VIP), and are associated with distinct clinical syndromes [1, 
3, 8, 9], although ~40% of these pancreatic NETs are non- secreting 
(i.e. non- functional). Current treatments for pancreatic NETs in 
MEN 1 patients are based on extrapolations from outcomes in non- 
MEN 1 patients, as clinical trials have not been formally undertaken 
in MEN 1 patients [1, 3, 8].

Gastrinoma

These gastrin- secreting tumours represent over ~40% of all pan-
creatic islet cell tumours in MEN 1 and approximately 20% of 
patients with gastrinomas will have MEN 1. Gastrinomas are the 
major cause of morbidity and mortality in MEN 1 patients. This 
is due to the recurrent, severe multiple peptic ulcers which may 
perforate. This association of recurrent peptic ulceration, marked 
gastric acid production, and non- β- islet cell tumours of the pan-
creas is referred to as the Zollinger– Ellison syndrome. Additional 
prominent clinical features of this syndrome include diarrhoea 
and steatorrhoea. The diagnosis is established by demonstration 
of a raised fasting serum gastrin concentration in association 
with an increased basal gastric acid secretion [1] . Medical treat-
ment of MEN 1 patients with the Zollinger– Ellison syndrome is 
directed to reducing basal acid output to less than 10  mmol/ L, 
and this may be achieved by parietal cell H+- K+- ATPase inhibi-
tors (e.g. omeprazole). The ideal treatment for a non- metastatic 
gastrinoma is surgical excision of the gastrinoma (1). However, in 
patients with MEN 1 the gastrinomas are frequently multiple or 
extrapancreatic and the role of surgery has been controversial [8, 
10, 11]. For example, in one study [10], only 16% of MEN 1 pa-
tients were free of disease immediately after surgery, and at 5 years 
this had declined to 6%; the respective outcomes in non- MEN 1 
patients were better at 45 and 40%; however, a more recent study 
has reported that following surgery >75% of hypergastrinaemic 
MEN 1 patients were engastrinaemic, with a negative secretion 
provocation test at 6- month follow- up [12], and further studies 
are required to identify whether surgery achieves long- term re-
mission and an improvement in survival. The treatment of dis-
seminated gastrinomas is difficult and hormonal therapy with 
human somatostatin analogues (e.g. octreotide), chemotherapy 
with streptozotocin and 5- fluoroaracil, hepatic artery emboliza-
tion, and removal of all resectable tumour have all occasionally 
been successful [1].

Insulinoma

These β- islet cell tumours secreting insulin represent ~10% of pan-
creatic tumours in MEN 1 patients [1, 3]. Insulinomas also occur 
in association with gastrinomas in 10% of MEN 1 patients, and 
the two tumours may arise at different times. Insulinomas occur 
more often in MEN 1 patients who are below the age of 40 years, 
and many of these arise in individuals before the age of 20 years 
[1] , whereas in non- MEN1 patients insulinomas generally occur 
in those above the age of 40  years. Insulinomas may be the first 
manifestation of MEN 1 in 10% of patients and <5% of patients 
presenting with insulinoma will have MEN 1.  Patients with an 
insulinoma present with hypoglycaemic symptoms, which de-
velop after a fast or exertion and improve after glucose intake. 

Biochemical investigations reveal raised plasma insulin concen-
trations in association with hypoglycaemia. Circulating concen-
trations of C- peptide and proinsulin, which are also raised, may 
be useful in establishing the diagnosis. It is important to demon-
strate the absence of sulphonylureas in plasma and urine samples 
obtained during investigation of hypoglycaemia. Medical treat-
ment, which consists of frequent carbohydrate feeds and diazoxide, 
may be useful in the short- term, with surgery being the definitive 
treatment. Preoperative localization with computed tomography 
scanning, coeliac axis angiography, and preoperative percutaneous 
transhepatic portal venous sampling is difficult and success rates 
have varied. Surgical treatment, which ranges from enucleation of 
a single tumour to a distal pancreatectomy or partial pancreatec-
tomy, has been curative in some patients [1]. For metastatic disease, 
chemotherapy, which consists of streptozotocin, 5- fluorouracil and 
doxorubicin, and hepatic artery embolization, has been used with 
success in some patients [1, 3, 8].

Glucagonoma

These α- islet cell, glucagon- secreting pancreatic tumours occur in 
less than 1% of MEN 1 patients [1, 3]. The characteristic clinical 
manifestations of a skin rash (necrolytic migratory erythema), 
weight loss, anaemia, and stomatitis may be absent and the pres-
ence of the tumour may be indicated only by glucose intolerance 
and hyperglucagonaemia [1] . The tail of the pancreas is the most 
frequent site for glucagonomas and surgical removal of these is 
the treatment of choice. However, treatment may be difficult as 
50% of patients have metastases at the time of diagnosis. Medical 
treatment of these with somatostatin analogues, or with strepto-
zotocin and 5- fluorouracil, and hepatic artery embolization 
has been successful in some patients [1, 3,  8] (see Chapter  6.8, 
‘Glucagonoma’).

Vasoactive Intestinal Peptide (VIP) Tumours (VIPomas)

VIPomas have been reported in only a few patients with MEN 1, 
who develop watery diarrhoea, hypokalaemia, and achlorhydria, re-
ferred to as the watery diarrhoea, hypokalaemia, and achlorhydria 
(WDHA) syndrome. This clinical syndrome has also been referred 
to as the Verner– Morrison syndrome or the VIPoma syndrome. The 
diagnosis is established by excluding laxative and diuretic abuse, 
confirming a stool volume in excess of 0.5– 1.0 L/ day during a fast, 
and documenting a markedly raised plasma VIP concentration 
[1] . Surgical management of VIPomas, which are mostly located 
in the tail of the pancreas, has been curative. However, in patients 
with unresectable tumour, treatment with somatostatin analogues, 
streptozotocin, corticosteroids, indomethicin, metoclopramide, and 
lithium carbonate has proved beneficial, along with hepatic artery 
embolization for treatment of metastases [1, 3, 8] (see Chapter 6.9, 
‘VIPomas’).

Pancreatic Polypeptide- Secreting Tumours (PPomas)  
and Non- Functioning Pancreatic NETs

PPomas are found in ~40% of patients with MEN 1 [1,  9]. No 
pathological sequelae of excessive pancreatic polypeptide secretion 
are apparent and the clinical significance of PP is unknown. Many 
PPomas have been unrecognized or classified as non- functioning 
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pancreatic NETs, which likely represents the most common 
enteropancreatic NET in MEN 1 [1, 3, 8, 9]. The absence of both 
a clinical syndrome and specific biochemical abnormalities may 
result in a delayed diagnosis of non- functioning pancreatic NETs, 
which are associated with a worse prognosis than other functioning 
tumours, including insulinoma and gastrinoma [1, 8, 9].

The management of non- functioning pancreatic NETs is contro-
versial, as the patients are usually asymptomatic [9, 13, 14]. One 
recommendation is to undertake surgery irrespective of tumour 
size, after biochemical assessment is complete. However, most 
centres recommend surgery based on tumour size, using either 
tumour diameters of >1 cm or >2 cm as the criteria for surgery [1] . 
Pancreatic duodenal surgery is successful in removing tumours 
in 80% of patients, but >40% of patients develop complications 
including diabetes mellitus, frequent steatorrhoea, dumping syn-
dromes, and other gastrointestinal symptoms, although 50– 60% 
of non- MEN 1 patients treated surgically survive >5  years [1, 
8, 15]. However, occult metastatic disease is likely to be present 
in these and MEN 1 patients at the time of presentation [16], and 
inhibitors of RTKs (e.g. sunitinib) and of the mammalian target 
of rapamycin (mTOR) signalling pathway (e.g. everolimus) have 
been reported to be effective in treating such pancreatic NETs in 
non- MEN 1 patients and in doubling the progression- free sur-
vival time [17, 18].

Treatment of Advanced and Metastatic Pancreatic NETs

The choice of optimal antitumour therapies for advanced meta-
static pancreatic NETs in MEN 1 patients remain a challenge, 
as such therapies have not been formally evaluated in MEN 1 
patients [3,  8]. The treatments comprise locoregional and sys-
temic therapies and are indicated for hormonal hypersecretion, 
symptoms directly related to metastases, and tumour progres-
sion [3,  8]. Locoregional therapies consist of cytoreductive sur-
gery, radiofrequency ablation, and transarterial embolization/ 
chemoembolization [3,  8]. Systemic therapies include:  somato-
statin analogues (e.g. octreotide and lanreotide); chemotherapy 
(usually combination therapy) using cytotoxic drugs (e.g. strepto-
zotocin, 5- fluorouracil, doxorubicin, cisplatin, etoposide) that 
target different components of the cell cycle); RTK inhibitors (e.g. 
sunitinib); mTOR pathway inhibitors (e.g. everolimus); and pep-
tide receptor radionuclide therapy, in which a somatostatin ana-
logue (e.g. octreotide, octreotate, DOTATATE and DOTATOC) is 
labelled with a β- emitting nuclide such as lutetium- 177 (177Lu) or 
yttrium- 90 (90Y) [3, 8].

Pituitary Tumours

The incidence of pituitary tumours in MEN 1 patients varies from 
15 to 90% in different series [1, 3]. Approximately 60% of MEN 
1 associated pituitary tumours secrete prolactin, less than 25% 
secrete growth hormone, 5% secrete adrenocorticotrophic hor-
mone (ACTH), and the remainder appear to be non- functioning. 
Prolactinomas may be the first manifestation of MEN 1 in less 
than 10% of patients and somatotropinomas occur more often in 
patients over the age of 40  years [1] . Less than 3% of patients 
with anterior pituitary tumours will have MEN 1.  The clinical 
manifestations depend upon the size of the pituitary tumour 
and its product of secretion. Enlarging pituitary tumours may 

compress adjacent structures such as the optic chiasm or normal 
pituitary tissue and cause bitemporal hemianopia or hypopituit-
arism, respectively. The tumour size and extension are assessed 
radiologically by MRI, and if this is contraindicated by computed 
tomography (CT) scanning. Treatment of pituitary tumours in 
MEN 1 patients is similar to that in non- MEN 1 patients and con-
sists of medical therapy (e.g. bromocriptine or cabergoline for 
prolactinoma; or octreotide or lanreotide for somatotropinoma) 
or selective hypophysectomy by the transphenoidal approach 
if feasible, with radiotherapy being reserved for residual 
unresectable tumour [1].

Associated Tumours

Patients with MEN 1 may have tumours involving glands other 
than the parathyroids, pancreas, and pituitary. Thus NETs, ad-
renal cortical, facial angiofibromas, collagenomas, thyroid, and 
lipomatous tumours have been described in association with 
MEN 1 (1).

Other NETs Associated with MEN 1

Other NETs occur in more than 3% of patients with MEN 1, and 
may be located in the bronchi, gastrointestinal tract, pancreas, 
or thymus [1] . Bronchial NETs (carcinoids) in MEN 1 patients 
predominantly occur in women (M:F  =  1:4) whereas thymic 
carcinoids predominantly occur in men, with cigarette smokers 
having a higher risk of developing tumours. Most patients are 
asymptomatic and do not suffer from the flushing attacks and 
dyspnoea associated with the carcinoid syndrome, which usu-
ally develops after the tumour has metastasized to the liver. 
Somatostatin analogues have been successfully used to treat 
symptoms and may in some patients result in regression of gas-
tric carcinoids [1, 19].

Adrenal Cortical Tumours

The incidence of asymptomatic adrenal cortical tumours in MEN 
1 patients has been reported to be as high as 40% [1] . The majority 
of these tumours are non- functioning. However, functioning ad-
renal cortical tumours in MEN 1 patients have been documented 
to cause hypercortisolaemia and Cushing’s syndrome, and primary 
hyperaldosteronism, as in Conn’s syndrome [1].

Lipomas

Lipomas may occur in more than 30% of patients [1] , and fre-
quently they are multiple. In addition, pleural or retroperitoneal 
lipomas may also occur in patients with MEN 1.

Thyroid Tumours

Thyroid tumours consisting of adenomas, colloid goitres, and car-
cinomas have been reported to occur in over 25% of MEN 1 patients 
[1] . However, the prevalence of thyroid disorders in the general 
population is high and it has been suggested that the association of 
thyroid abnormalities in MEN 1 patients may be incidental and not 
significant.

Facial Angiofibromas and Collagenomas

Multiple facial angiofibromas, which are similar to those observed 
in patients with tuberous sclerosis, have been observed in >85% of 
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MEN 1 patients [1]  and collagenomas have been reported in >70% 
of MEN 1 patients [1].

Molecular Pathology and Function of the  
MEN 1 Gene

The gene causing MEN 1 is located on chromosome 11q13 and 
encodes a 610 amino acid protein called menin [1, 2]. The MEN 
1 gene, which is a tumour suppressor gene, consists of 10 exons 
with a 1830- bp coding region, and to date over 1300 germline and 
200 somatic mutations of the MEN 1 gene have been identified 
[2, 20]. The majority (>70%) of these MEN 1 mutations are inacti-
vating, and are consistent with its role as a tumour suppressor 
gene [2,  20]. These mutations are diverse in their types and ap-
proximately 25% are nonsense mutations, approximately 40% are 
frameshift deletions or insertions, approximately 5% are in- frame 
deletions or insertions, approximately 10% are splice site muta-
tions, approximately 20% are missense mutations, and less than 
1% are whole or partial gene deletions. More than 10% of the MEN 
1 mutations arise de novo and may be transmitted to subsequent 
generations [1, 2]. It is also important to note that between 5% and 
10% of MEN 1 patients may not harbour mutations in the coding 
region of the MEN 1 gene [1, 2], and that these individuals may 
have mutations in the promoter or untranslated regions, which 
remain to be investigated. The mutations are not only diverse in 
their types but are also scattered throughout the 1830- bp coding 
region of the MEN 1 gene with no evidence for clustering as ob-
served in MEN 2a (MEN 2) (Table 6.11.1.1 and Chapter 6.11.2, 
‘Multiple Endocrine Neoplasia Type 2a and 2b’). Correlations 
between the MEN 1 mutations and the clinical manifestations of 
the disorder appear to be absent [1, 2]. Tumours from MEN 1 pa-
tients and non- MEN 1 patients have been observed to harbour the 
germ line mutation together with a somatic loss of heterozygosity 
(LOH) involving chromosome 11q13, as expected from Knudson’s 
model and the proposed role of the MEN 1 gene as a tumour sup-
pressor [1,  2]. Menin, which has been shown to have three nu-
clear localization sites (NLSs) and to be located predominantly in 
the nucleus, is a ubiquitously expressed protein that functions as 

a nuclear scaffold protein with roles in transcriptional regulation, 
genome stability, cell division, cell cycle control and epigenetic 
regulation [1– 3].

MEN 1 Mutational Analysis in Clinical Practice

MEN 1 mutational analysis is helpful in clinical practice in sev-
eral ways that include:  (1) confirmation of the clinical diagnosis; 
(2)  identification of family members who harbour the MEN 1 
mutation and require screening for tumour detection and early/ 
appropriate treatment; and (3)  identification of the 50% of family 
members who do not harbour the familial germline MEN 1 mu-
tation and can therefore be reassured and alleviated of the anxiety 
burden of developing future tumours [1] . This latter aspect cannot 
be overemphasized as it helps to reduce the cost to the individuals 
and their children, and also to the health services in not having to 
undertake unnecessary biochemical and radiological investigations 
(Table 6.11.1.2) [1].

Indications for MEN 1 Mutational Analysis

The guidelines [1]  recommend that MEN 1 mutational analysis 
should be undertaken in: (1) an index case with two or more MEN 1- 
associated endocrine tumours (i.e. parathyroid, pancreatic or pituitary 
tumours); (2) asymptomatic first- degree relatives of a known MEN1 
mutation carrier; (3)  a first- degree relative of an MEN 1 mutation 
carrier expressing familial MEN 1 (i.e. having symptoms, signs, bio-
chemical, or radiological evidence for one or more MEN 1- associated 
tumours); or (4) in patients with suspicious or atypical MEN 1, which 
includes individuals with parathyroid adenomas occurring before 
the age of 30  years or multigland parathyroid disease, gastrinoma, 
or multiple pancreatic NETs at any age, or individuals who have two 
or more MEN 1- associated tumours that are not part of the classical 
triad of parathyroid, pancreatic islet, and anterior pituitary tumours 
(e.g. parathyroid tumour plus adrenal tumour). Such mutational 
analysis may be undertaken in children within the first decade be-
cause children with MEN 1- tumours have been reported by the age 
of 10 years, and appropriate intervention in the form of biochemical 
testing or treatment or both has been considered [1, 9, 21].

A DNA test identifying an individual, who may be an asymp-
tomatic relative of a patient with MEN 1, as a mutant gene carrier 

table 6.11.1.2 Suggested biochemical and radiological screening in individuals at high risk of developing MEN 1

Tumour Age to begin (yr) Biochemical test (plasma or serum) annually Imaging test (time interval)

Parathyroid 8 Calcium, PTH None

Pancreatic NETs

Gastrinoma 20 Gastrin (± gastric pH) None

Insulinoma 5 Fasting glucose, insulin None

Other Pancreatic NET <10 Chromogranin A; pancreatic polypeptide, glucagon, 
vasoactive intestinal peptide

MRI, CT, or EUS (annually)

Anterior pituitary 5 Prolactin, IGF- 1 MRI (every 3 years)

Adrenal <10 None unless symptoms or signs of functioning 
tumour and/ or tumour >1 cm identified on imaging

MRI or CT (annually with pancreatic imaging)

Thymic and Bronchial carcinoid 15 None CT or MRI (every 1– 2 years)

PTH, parathyroid hormone; NETs, neuroendocrine tumours; IGF- 1, insulin- like growth factor 1; CT, Computed tomography; MRI, magnetic resonance imaging; EUS, 
endoscopic ultrasound.
Adapted from Thakker RV et al.: Clinical Practice Guidelines for Multiple Endocrine Neoplasia Type 1 (MEN1). J Clin Endocrinol Metab, 2012, 97:2990– 3011.
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is likely to lead to earlier and more frequent biochemical and radio-
logic screening rather than to immediate medical or surgical treat-
ment. In contrast, those relatives who do not harbour the MEN 1 
mutation have their risk of developing MEN 1- associated endocrine 
tumours markedly decreased from 1 in 2 for an autosomal dominant 
disorder, to that of the general population, thereby freeing these rela-
tives without the MEN 1 mutation from the requirement for further 
repeated clinical investigations (Figure 6.11.1.1). Thus, identification 
of MEN 1 mutations may be of help in the clinical management of 

patients and their families with this disorder. Finally, MEN 1 muta-
tional analysis in a symptomatic family member (i.e. an individual al-
ready showing a clinical manifestation of MEN 1), from a family with 
a known MEN 1 mutation, has been challenged as being unnecessary 
to establish the diagnosis of MEN 1. However, studies have reported 
that 5– 10% of MEN1 kindreds have the occurrence of phenocopies, 
which may confound the diagnosis, and therefore the guidelines sug-
gest that MEN 1 family members with one MEN 1- associated tumour 
should be offered MEN 1 mutation analysis [1, 22, 23].

Clinical diagnosis of MEN1
(≥2 MEN1-associated tumours or

high suspicion of MEN1)

Test for MEN1 mutation

No MEN1 mutation identified*

Consider occurrence of phenocopy
and mutation analysis of other

genes depending on clinical
features (e.g. CDC73, CASR, AIP,

and CDNK1B)

Continue surveillance for additional
MEN1-associated tumours as per

MEN1 mutation positive individuals

Identify first-degree relatives for
clinical and biochemical evaluation

Asymptomatic first degree relatives
should continue annual clinical

and biochemical screening

First-degree relatives with MEN1-
associated tumours should undergo
surveillance as per MEN1 mutation

positive individuals

Re-screen clinically
and biochemically

at 6–12 months and
radiologically

at 12–36 months

Normal result Abnormal result

No further investigation
required

Radiological evaluation: MRI pituitary,
MRI (or CT or EUS) abdomen

CT (or MRI) chest

Clinical evaluation: symptoms or signs
of MEN1-associated tumours

Biochemical Evaluation: Ca2+, PTH,
PRL, IGF-1, CgA, fasting gut hormones,

fasting glucose and insulin

Proceed to
further

appropriate
Investigations

MEN1 mutation identified No MEN1 mutation identified

Identify first-degree
relatives for genetic

counselling and MEN1
mutation testing

Figure 6.11.1.1 An approach to screening in MEN 1. Index cases, or individuals in whom there is a high suspicion of clinical MEN 1 (e.g. multigland 
parathyroid disease, parathyroid + adrenal tumour), should be offered genetic counselling and MEN 1 mutation testing. Mutation testing should 
also be offered to those with familial MEN 1 (i.e. individual with one MEN 1- associated tumour and a first- degree relative with a known MEN 1 
mutation). The identification of a germline MEN 1 mutation should prompt entry into a periodic clinical, biochemical, and radiological screening 
programme. At the same time, first- degree relatives should be identified and offered genetic counselling and MEN 1 mutation testing. Individuals who 
have inherited the MEN 1 mutation should enter periodic screening, even if asymptomatic. First- degree relatives who have not inherited the MEN 
1 mutation require no further follow- up and may be alleviated of the anxiety associated with the development of MEN 1- associated tumours. For 
index cases, in whom a MEN 1 mutation, which includes testing for partial or whole gene deletions (asterisked), is not identified, additional genetic 
testing may be required depending on the specific clinical features. This may include examination for mutations in genes associated with familial 
endocrine tumour syndromes including: CDC73 associated with the hyperparathyroidism- jaw tumour syndrome (HPT- JT); the calcium- sensing 
receptor (CASR) associated with familial benign hypercalciuric hypercalcaemia (FBHH); cyclin- dependent kinase 1B (CDKN1B) associated with MEN 4; 
and aryl hydrocarbon receptor interacting protein (AIP) associated with familial isolated pituitary adenomas (FIPA). Up to 10% of kindreds with clinical 
MEN 1 may harbour phenocopies emphasizing the importance of accurate genetic evaluation. For MEN 1 kindreds in whom no MEN 1 mutation is 
identified a pragmatic approach is to offer clinical, biochemical and radiological screening to those with clinical manifestations of disease and to offer 
annual clinical and biochemical screening to asymptomatic first- degree relatives. Ca2+, calcium; PTH, parathyroid hormone; PRL, prolactin; IGF- 1, 
insulin- growth- factor- 1; CgA, chromogranin A; MRI, magnetic resonance imaging; CT, computer tomography; EUS, endoscopic ultrasound.
Adapted from Thakker RV et al: Clinical Practice Guidelines for Multiple Endocrine Neoplasia Type 1 (MEN1). J Clin Endocrinol Metab, 2012, 97:2990– 3011. Copyright © 2012, 
Oxford University Press.
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Screening for Men 1 tumours

Biochemical screening for the development of MEN 1 tumours in 
asymptomatic members of families with MEN 1 is likely to be of 
benefit in as much as earlier diagnosis and treatment of these tu-
mours may help reduce morbidity and mortality (Figure 6.11.1.1) 
[1] . Age- related penetrance (i.e. the proportion of gene carriers 
manifesting symptoms or signs of the disease by a given age) has 
been ascertained, and the mutation appears to be non- penetrant 
in those younger than 5 years [21]. Thereafter, the mutant MEN 
1 gene has a high penetrance, >50% penetrant by 20 years of age 
and >95% by 40 years [21]. Screening for MEN 1 tumours may be 
difficult because clinical and biochemical manifestations in mem-
bers of any one family are not uniformly similar [1, 2]. Attempts 
to screen for development of MEN 1 tumours in the asymptom-
atic relatives of an affected individual have depended largely on 
measuring serum concentrations of calcium, gastrointestinal 
hormones (e.g. gastrin), prolactin and insulin- like growth factor 
(IGF- 1), as well as on abdominal and pituitary imaging (Table 
6.11.1.2). Parathyroid overactivity causing hypercalcaemia is al-
most invariably the first manifestation of the disorder and has 
become a useful and easy biochemical screening investigation 
[1]. In addition, hyperprolactinemia, which may be asymptom-
atic, may represent the first manifestation in ~15% of patients 
and may thus also be a helpful and an easy biochemical screening 
investigation [1]. Pancreatic involvement in asymptomatic indi-
viduals has been detected by measuring fasting plasma concen-
trations of gastrin, PP, glucagon, and chromogranin A  and by 
abdominal imaging [1]. The guidelines suggest that individuals at 
high risk for MEN 1 (i.e. mutant gene carriers) undergo biochem-
ical screening (Figure 6.11.1.1) at least once per annum and also 
have baseline pituitary and abdominal imaging (e.g. MRI or CT), 
which should then be repeated at 1-  to 3- year intervals (Table 
6.11.1.2) [1]. Screening should possibly commence in early child-
hood because the disease has developed in some individuals by 
the age of 5 years, and it should be repeated throughout life be-
cause the disease may not manifest in some individuals until the 
eighth decade [1].

Conclusions

Multiple endocrine neoplasia type 1 (MEN 1) is characterized by 
the occurrence of parathyroid, pancreatic islet, and anterior pitu-
itary tumours. Some patients may also develop carcinoid tumours, 
adrenal cortical tumours, meningiomas, facial angiofibromas, 
collagenomas, and lipomas. MEN 1 is inherited as an autosomal 
dominant disorder that is due to mutations in the tumour sup-
pressor gene MEN 1, which encodes a 610- amino acid protein, 
menin. Patients with MEN 1 have a decreased life expectancy. 
Moreover, the finding of MEN 1 in a patient also has important 
implications for family members, because first- degree relatives 
have a 50% risk of developing the disease, and these at- risk rela-
tives can be identified by MEN 1 mutational analysis. The prog-
nosis of MEN 1 patients and that of the at- risk relatives may be 
improved by presymptomatic detection of the tumours and with 
implementation of earlier and specific treatments for the MEN 1 
tumours.

ACKnoWLeDGeMentS

I am grateful to Mrs Tracey Walker for her expert secretarial 
assistance.

ReFeRenCeS
 1. Thakker RV, Newey PJ, Walls GV, et al. Clinical practice guide-

lines for multiple endocrine neoplasia type 1 (MEN1). J Clin 
Endocrinol Metab, 2012; 97: 2990– 3011.

 2. Lemos M, Thakker RV. Multiple endocrine neoplasia type 
1 (MEN1): analysis of 1336 mutations reported in the first 
decade following identification of the gene. Hum Mutat, 2008; 
29: 22– 32.

 3. Frost M, Lines KE, Thakker RV. Current and emerging ther-
apies for PNETs in patients with or without MEN1. Nat Rev 
Endocrinol, 2018; 14: 216– 27.

 4. Cardoso L, Stevenson M, Thakker RV. Molecular genetics of 
syndromic and non- syndromic forms of parathyroid carcinoma. 
Hum Mutat, 2017; 38: 1621– 48.

 5. Eller- Vainicher C, Chiodini I, Battista C, et al. Sporadic and 
MEN1- related primary hyperparathyroidism: differences 
in clinical expression and severity. J Bone Miner Res, 2009; 
24: 1404– 10.

 6. Norton JA, Venzon DJ, Berna MJ, et al. Prospective study 
of surgery for primary hyperparathyroidism (HPT) in mul-
tiple endocrine neoplasia- type 1 and Zollinger- Ellison syn-
drome: long- term outcome of a more virulent form of HPT. Ann 
Surg, 2008; 247: 501– 10.

 7. Moyes VJ1, Monson JP, Chew SL, Akker SA. Clinical use of 
cinacalcet in MEN1 hyperparathyroidism. Int J Endocrinol, 2010; 
2010: 906163.

 8. Yates CJ, Newey PJ, Thakker RV. Challenges and controversies in 
management of pancreatic neuroendocrine tumours in patients 
with MEN1. Lancet Diabetes Endocrinol, 2015; 3: 895– 905.

 9. Newey PJ, Jeyabalan J, Walls GV, et al. Asymptomatic children 
with multiple endocrine neoplasia type 1 mutations may har-
bour nonfunctioning pancreatic neuroendocrine tumours. J Clin 
Endocrinol Metab, 2009; 94: 3640– 6.

 10. Norton JA, Fraker DL, Alexander R, et al. Surgery to cure the 
Zollinger- Ellison syndrome. N Engl J Med, 1999; 341: 635– 44.

 11. Anlauf M, Garbrecht N, Henopp T, et al. Sporadic versus her-
editary gastrinomas of the duodenum and pancreas: distinct 
clinico- pathological and epidemiological features. World J 
Gastroenterol, 2006; 12: 5440– 6.

 12. Imamura M, Komoto I, Ota S, et al. Biochemically curative sur-
gery for gastrinoma in multiple endocrine neoplasia type 1 pa-
tients. World J Gastroenterol, 2011; 17: 1343– 53.

 13. Bartsch DK, Fendrich V, Langer P, Celik I, Kann PH, Rothmund 
M. Outcome of duodenopancreatic resections in patients 
with multiple endocrine neoplasia type 1. Ann Surg, 2005; 
242: 757– 64.

 14. Triponez F, Goudet P, Dosseh D, et al. Is surgery beneficial 
for MEN1 patients with small (< or = 2 cm), nonfunctioning 
pancreaticoduodenal endocrine tumour? An analysis of 65 pa-
tients from the GTE. World J Surg, 2006; 30: 654– 62.

 15. You YN, Thompson GB, Young WF Jr, et al. Pancreatoduodenal 
surgery in patients with multiple endocrine neoplasia type 
1: operative outcomes, long- term function, and quality of life. 
Surgery, 2007; 142: 829– 36.



6.11.2 Multiple Endocrine Neoplasia Type 2a and 2b 1053

 16. Anlauf M, Schlenger R, Perren A, et al. Microadenomatosis of 
the endocrine pancreas in patients with and without the multiple 
endocrine neoplasia type 1 syndrome. Am J Surg Pathol, 2006; 
30: 560– 74.

 17. Raymond E, Dahan L, Raoul JL, et al. Sunitinib malate for the 
treatment of pancreatic neuroendocrine tumours. N Engl J Med, 
2011; 364: 501– 13.

 18. Yao JC, Shah MH, Ito T, et al. Everolimus for advanced  
pancreatic neuroendocrine tumours. N Engl J Med, 2011; 
364: 514– 23.

 19. Tomassetti P, Migliori M, Caletti GC, Fusaroli P, Corinaldesi R, 
Gullo L. Treatment of type II gastric carcinoid tumours  
with somatostatin analogues. N Engl J Med, 2000; 343:   
551– 4.

 20. Concolino P, Costella A, Capoluongo E. Multiple endocrine 
neoplasia type 1 (MEN1): an update of 208 new germline 
variants reported in the last nine years. Cancer Genet, 2016; 
209: 36– 41.

 21. Bassett JHD, Forbes SA, Pannett AAJ, et al. Characterisation of 
mutations in patients with multiple endocrine neoplasia type 1 
(MEN1). Am J Hum Genet, 1998; 62: 232– 44.

 22. Burgess JR, Nord B, David R, et al. Phenotype and pheno-
copy: the relationship between genotype and clinical phenotype 
in a single large family with multiple endocrine neoplasia type 1 
(MEN1). Clin Endocrinol, 2000; 53: 205– 11.

 23. Turner JJ, Christie PT, Pearce SH, Turnpenny PD, Thakker RV. 
Diagnostic challenges due to phenocopies: lessons from mul-
tiple endocrine neoplasia type1 (MEN1). Hum Mutat, 2010; 
31: E1089– 101.

6.11.2 Multiple endocrine neoplasia  
type 2a and 2b
Electron Kebebew, Douglas Wiseman,  
and Mustapha El Lakis

Introduction 1053

Multiple Endocrine Neoplasia Type 2a 1053

Multiple Endocrine Neoplasia Type 2b 1054

Genetics of MEN 2a and 2b 1054

Genotype- Phenotype Association 1055

Genetic Testing 1055

Diagnosis and Management 1056

Conclusions 1059

References  1059

Introduction

Multiple endocrine neoplasia (MEN) type 2a (also referred to 
as type 2) and 2b (also referred to as type 3) are autosomal dom-
inant inherited multiglandular cancer syndrome, resulting from 

table 6.11.2.1 Types of multiple endocrine neoplasia type 2a

Subtype Associated Diseases

MTC PHPT PHEO CLA HD

1. Classical MEN 2a + + + – – 

2. MEN 2a and CLA + + + + – 

3. MEN 2a and HD + + + – +

4. Familial MTC + – – – – 

MEN 2, multiple endocrine neoplasia type 2a; MTC, medullary thyroid carcinoma; 
PHPT, primary hyperparathyroidism; PHEO, phaeochromocytoma; CLA, cutaneous 
lichen amyloidosis; HD, Hirschsprung’s disease.

mutations in the RET (REarranged during Transfection) proto- 
oncogene. It is the only inherited cancer syndrome that results from 
a germline- activating mutation in one allele of a proto- oncogene. 
All of the other inherited cancer syndromes with known suscepti-
bility genes result from germline mutations in tumour suppressor 
genes in one allele and a second hit in the other allele in the target 
organ. Together, MEN 2a and 2b have an estimated worldwide 
prevalence of 1 in 35 000 individuals [1] .

MEN 2a (or MEN 2) is characterized by the development of me-
dullary thyroid carcinoma (MTC), phaeochromocytoma (PHEO), 
and primary hyperparathyroidism (PHPT). MEN 2a (MEN 2) was 
first described by Sipple in 1961 when he reported a patient with 
PHEO and thyroid cancer [2] . Seven years later, Steiner and col-
leagues described a family with MTC, PHEO, PHPT, and Cushing’s 
syndrome and suggested the entity characterized by MEN 2a (MEN 
2)  [3]. MEN 2b (or MEN 3)  is characterized by MTC, PHEO, 
and distinct physical phenotypes such as mucosal neuromas and 
Marfanoid habitus. It was first described in 1966 by Williams and 
Pollak [4]. In 1986, familial medullary thyroid carcinoma (FMTC) 
was described as a syndrome distinguished by the presence of her-
editary MTC but none of the extrathyroidal manifestations of MEN 
2a or 2b. FMTC was then classified as a variant of MEN 2a along 
with three other MEN 2a variants: (1) Classical MEN 2a; (2) MEN 
2a and cutaneous lichen amyloidosis (CLA); and (3) MEN 2a and 
Hirschsprung’s disease (HD) (Table 6.11.2.1) [5, 6]. In this chapter, 
the genetics, diagnosis, and management of the various MEN 2a 
and 2b syndromes are discussed.

Multiple endocrine neoplasia type 2a

MEN 2a (or MEN 2)  accounts for more than 90% of combined 
MEN 2a and 2b cases [1] . Classical MEN 2a is the most common 
variant, and 95% of individuals test positive for RET germline mu-
tations [7]. In this chapter, we will refer to classical MEN 2a (or 
MEN 2) as ‘MEN 2a’. Virtually all individuals affected with MEN 
2a who did not undergo prophylactic thyroidectomy will have bio-
chemical signs of MTC by age 35, while up to 50% will develop 
PHEOs, and approximately 30% will develop PHPT [1].

MTC, a neuroendocrine tumour that originates from the 
calcitonin- secreting parafollicular (C- cells) of the thyroid gland, 
is the defining component of all patients with MEN 2a (MEN 2). 
It is usually the first to manifest with almost complete penetrance. 
The incidence of MTC peaks in the third decade of life and usually 
presents with a neck mass or neck pain in probands or in patients 
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unaware of their genetic predisposition. At the time of diagnosis, up 
to 70% of patients have cervical lymph node metastases if they pre-
sent with clinically evident MTC.

PHEO, a neuroendocrine tumour originating from the adrenal me-
dulla chromaffin cells, generally presents in MEN 2a (MEN 2) after 
or concurrently with MTC, but it can be the first presenting tumour 
in 15% of patients with MEN 2a [8] . PHEO is the second- most- 
common tumour in MEN 2. The penetrance and age at diagnosis of 
PHEO in MEN 2a (MEN 2) is dependent on the specific underlying 
RET mutation (often referred to as RET genotype- phenotype asso-
ciations). For instance, in patients with RET codon 634 mutations, 
PHEO penetrance is 25% by age 30, 52% by age 50, and 88% by age 
77 [9]. Compared to individuals without MEN 2a- associated PHEOs, 
patients with MEN 2a are diagnosed at a younger age and present 
with less- obvious symptoms. MEN 2a– associated PHEOs have a high 
tendency to develop synchronous or metachronous bilateral adrenal 
tumours in up to approximately 50% of patients by the age of 50. 
MEN 2a– associated PHEOs are rarely malignant, with only two re-
ported cases out of 563 patients in a large multinational observational 
study [8]. In addition, the impact of MEN 2a– associated PHEO on 
mortality is lower than expected, but this may be due to active sur-
veillance for PHEO in patients with MEN 2a.

PHPT usually presents years after the diagnosis of MTC, with an 
average age at presentation of 34  years [10]. PHPT penetrance in 
MEN 2a is dependent on the specific RET mutation [10]. The highest 
predisposition for PHPT is in kindred with cysteine– arginine mu-
tations at codon 634, exon 11 (up to 30%). On the other hand, RET 
mutations in codons 609, 611, 618, and 620 are associated with a 
penetrance between 2% and 12% [11,  12]. The clinical course of 
MEN 2a- related PHPT is usually mild and associated with few if any 
symptoms. MEN 2a- related PHPT can be due to a single enlarged 
parathyroid gland but is also reportedly due to multiple enlarged 
glands in up to 82% of patients [13]. Parathyroid carcinoma is rare, 
and only a single case has been reported in the literature [14].

MEN 2a with CLA is a rare variant of the MEN 2a syndrome and 
was first described by Gagel and associates [15]. CLA is a rare skin 
condition usually located in the interscapular region (dermatomes 
T2– 6) or on the extensor surfaces of the extremities and is a prur-
itic, scaly, papular, and pigmented lesion. The pruritus usually starts 
during childhood and predates the development of MTC by years. 
Pruritus improves with sun exposure and worsens during periods 
of stress. Repeated scratching of the pruritic zone causes epidermal 
hyperplasia and pigmentation [16].

MEN 2a (or MEN 2) with HD is also a rare variant of MEN 2a. 
One of the first reports highlighting the co- occurrence of HD in a 
large kindred with MEN 2a was published in 1982 [17]. HD clin-
ically presents as either failure to pass meconium within 48 hours 
of birth, intractable constipation, or small bowel obstruction. HD, 
also known as aganglionic megacolon, occurs due to the congenital 
absence of parasympathetic neuronal ganglia in a segment of the 
hindgut. HD can precede C- cell hyperplasia or MTC, which is why 
children with HD should be tested for germline RET mutations.

Multiple endocrine neoplasia type 2b

MEN 2b (or MEN 3) is very rare, with an estimated incidence of two 
per million live births annually. This is because most cases of MEN 

2b (or MEN 3) are de novo, as patients typically die of their MTC be-
fore being able to have offspring. MEN 2b (MEN 3) is associated with 
the early onset of MTC and PHEO in approximately 50% of patients 
as well as phenotypical features such as ophthalmologic abnormal-
ities (thickened and everted eyelids, inability to tear while crying, 
and prominent corneal nerves), skeletal malformations (Marfanoid 
body habitus, pes cavus, pectus excavatum, poor dentition, high- 
arched palate or nodules in the palate, scoliosis, and slipped capital 
femoral epiphyses), and a generalized ganglioneuromatosis (Figure 
6.11.2.1). Neuromas can also occur anywhere along the gastro-
intestinal tract, resulting in loss of normal bowel tone, distension, 
segmental dilatation, and megacolon. Intestinal involvement usu-
ally presents early in childhood with abdominal pain and consti-
pation before other extrathyroidal manifestations are perceived. In 
MEN 2b (MEN 3), MTC can occur in the first year of life, with the 
youngest patient reported at 9 weeks old [18].

Genetics of Men 2a and 2b

MEN 2a and 2b result from germline gain- of- function mutations in 
the RET proto- oncogene located on chromosome 10q11.2, which 
contains 20 exons spanning a region of more than 55KB [19, 20]. 
RET was first discovered in 1985 by Takahashi and colleagues via 
transfection of murine NIH 3T3 cells with human lymphoma de-
oxyribonucleic acid (DNA) [21]. In 1993, mutations in RET were 
linked to MEN 2 and FMTC [22]. The following year, germline 
sequencing of DNA from a MEN 2b (or MEN 3) cohort revealed a 
point mutation in RET [23]. Later, in 1994, the International RET 
Mutation Consortium met for the first time in Stockholm, Sweden, 
where genetic data submitted from 361 MEN 2a and 2b families 
from Asia, Australia, Europe, and North America showed that 93– 
100% of MEN 2a families, 94% of MEN 2b families, and 87% of 
FMTC kindred had RET germline mutations, solidifying the rela-
tionship between MEN 2a syndromes and RET mutations [24]. The 
RET gene codes for a single- pass transmembrane receptor tyrosine 
kinase in cells of neural crest origin (Figure 6.11.2.1). The extracel-
lular portion of the RET protein, which includes the N- terminus, has 
four cadherin- like domains as well as a cysteine- dense region that 
forms intermolecular disulphide bonds during homodimerization 
[25– 27]. The transmembrane domain of the RET protein contains 
22 amino acids. The C- terminus and the receptor tyrosine kinase 

Figure 6.11.2.1 Imaging showing the manifestations of MEN 2b 
including megacolon, scoliosis, phaeochromocytoma, and medullary 
thyroid carcinoma.
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domain are positioned within the cytoplasm. RET protein plays a 
role in cell development and migration, and the mechanism of RET 
activation is via glial cell- derived neurotrophic factor (GDNF) lig-
ands [28]. Pathogenic mutations in RET cause constitutive activa-
tion of the RET protein.

Ninety- five percent of MEN 2b (or MEN 3)  patients have a 
missense mutation at codon 918 (M918T), located in the intracel-
lular kinase region of the RET protein, while the other 5% of MEN 
2b (MEN 3) mutations occur at codon 883 (A883F) [29]. Codon 918 
(C918) mutations are characterized by aggressive MTC with onset 
in infancy, often with metastases to cervical lymph nodes and dis-
tant sites such as the mediastinum, lung, and/ or bone. Fifty percent 
of MEN 3 patients will develop PHEOs. Other physical attributes 
characteristic of MEN 2b (MEN 3)  described earlier are present 
in patients with either C918 or C883 mutations, and the patients 
have been described as indistinguishable on physical examination 
[30]. However, the C883 mutation may be associated with the less- 
aggressive MTC [31]. The current American Thyroid Association 
(ATA) guidelines place the MEN 2b C918 mutation in the highest- 
risk category and the MEN 2b C883 mutation in the high- risk cat-
egory in regard to the aggressiveness of MTC.

Genotype- Phenotype Association

Eighty- five percent of patients with classical MEN 2a (MEN 2) have 
a missense mutation of RET in codon 634 (C634R), which is in the 
extracellular domain of the RET protein. Other mutations in the 
classical variant of MEN 2 involve codons 609, 611, 618, or 620 [9] . 
An uncommon missense mutation (V292M) in MEN 2a involving 
the extracellular domain of the RET protein has been documented 

[32]. All classical MEN 2a patients develop MTC. The 2015 ATA 
guidelines stratify MTC risk into three categories— moderate, high, 
and highest— for the aggressiveness and age of onset of MTC based 
on the specific RET mutation (Table 6.11.2.1). The penetrance of 
PHEO and PHPT in classical MEN 2a is dependent upon the spe-
cific RET mutation. A higher penetrance of PHEO and PHPT is as-
sociated with the C634R mutation, with decreasing penetrance for 
RET mutations in codons 609, 611, 618, and 620 (Table 6.11.2.2) 
[11, 12].

Genetic testing

Germline RET mutations in MEN 2a (MEN 2) syndromes are driver 
mutations, and genetic testing and counselling is an important part 
of disease management. Genetic testing and counselling should be 
offered to all patients with MEN 2a and 2b. The ATA guidelines for 
the management of MTC recommend a single or tiered approach 
to genetic mutational testing in patients with MEN 2a. Single or 

Figure 6.11.2.2 Schematic of the RET protein illustrating protein domains and codon mutations within the corresponding exons.

table 6.11.2.2 RET mutations and MTC aggressiveness with PHEO 
and PHPT penetrance

RET mutation type MTC aggressiveness [6] PHEO
penetrance

PHPT
penetrance

M918T highest ~50% 0%

C634F/ G/ R/ S/ W/ Y, 
A883F

high ~50% 0– 30%

All others moderate 0– 30% 0– 10%

MTC, medullary thyroid carcinoma; PHEO, phaeochromocytoma; PHPT, primary 
hyperparathyroidism.



SeCtIon 6 Neuroendocrine Tumours and Inherited Endocrine Tumour Syndromes1056

multitiered testing should be offered to search for RET mutations 
in exons 10 and 11 as well as exons 8, 13, 14, 15, and 16. Additional 
RET genetic testing should proceed if no mutations are found in the 
aforementioned coding regions of RET. However, with advances in 
sequencing technology and the decreasing cost of genetic testing, 
such tiered testing is probably unnecessary.

MEN 2b (MEN 3) patients should be offered genetic testing fo-
cusing on C918 and C883. If these two codons are free of mutation, 
all 20 exons should be analysed for possible mutations. Because 
MEN 2a and 2b (or MEN 2 and 3) syndromes are inherited in an 
autosomal dominant fashion, first- degree relatives of patients with 
known RET mutations should undergo RET mutational screening. 
Patients with exon 10 mutations and HD as well as patients with 
CLA should proceed with RET mutation testing. In patients with 
MEN 2a and exon 10 mutations, a search for HD mutations would 
be recommended. Finally, all patients with MTC should have gen-
etic testing for germline RET mutations, as up to 8% of patients with 
apparently sporadic MTC (no family history) will be found to have 
a germline RET mutation.

Diagnosis and Management

The diagnosis of MEN 2a and 2b (MEN 2 and 3) syndromes begins 
with a complete history and physical and is confirmed with high ac-
curacy via genetic testing for RET germline mutations. All patients 
presenting with MTC, PHEO, and C- cell hyperplasia (CCH) should 
be tested for RET germline mutations. In patients with a positive 
family history of MEN 2a or 2b, genetic testing should be pursued. 
A negative family history does not guarantee the absence of MEN 
2. Up to 40% of patients with RET mutations will not develop clin-
ically detectable disease, hence genetic testing should proceed if 
the patient has features suggestive of MEN 2a or 2b. At institutions 
or countries where genetic testing is not available, MEN 2a can be 
diagnosed clinically by the presence of at least two of the classical 
features (MTC, PHEO, and PHPT).

Medullary thyroid Carcinoma

MTC is the most prevalent neoplastic feature of all MEN 2a and 
2b syndromes and is usually the first manifestation, if not the only 
manifesting feature. It is also the most frequent disease- specific 
cause of mortality in MEN 2a and 2b patients. Surgery is the main-
stay of disease management and offers the only viable option for 
remission. The goal of curative surgical therapy for patients with 
hereditary MTC is complete surgical resection prior to malignant 
transformation or spread beyond the thyroid gland.

MEN 2a patients with known RET mutations are stratified 
into moderate or high- risk ATA categories for the aggressive-
ness of MTC based on specific codon mutations (Table 6.11.2.2). 
Children with MEN 2a in the moderate- risk category often de-
velop MTC at a later age compared to the high- risk category 
[33]. For moderate- risk category patients, screening, and sur-
veillance for MTC should begin at age 5.  Surveillance includes 
annual physical exam, ultrasound (US) of the thyroid, and meas-
urement of serum basal and/ or stimulated calcitonin (CTN) and 
carcinoembryonic antigen (CEA). Surveillance may last for sev-
eral years before surgery is indicated, and parents may choose 
to forego a prolonged period of surveillance and proceed with 
prophylactic total thyroidectomy before elevation of biomarkers 
(CTN, CEA) are noted. It is recommended that prophylactic total 
thyroidectomy be pursued when serum basal CTN is 40 pg/ ml 
or higher (Figure 6.11.2.3). Follow- up after prophylactic total 
thyroidectomy includes US of the neck and basal or stimulated 
serum CTN and CEA every 6  months for 1  year. If imaging is 
negative and biomarkers remain undetectable or normal, basal, 
or stimulated serum CTN and CEA should be performed annu-
ally. Any suspicious findings on surveillance US warrant a fine 
needle aspiration (FNA) biopsy.

For children with MEN 2a in the MTC ATA high- risk category, 
surveillance begins at age 3.  Thyroidectomy is recommended at 
or before age 5, and the extent of surgery is guided by CTN levels 
[34]. Postoperative follow- up for high- risk MTC is similar to the 
moderate- risk category [6] .

RET (+)
children

Treatment:

Surveillance:

Normal PE and US, measure CTN, CEA

MEN 2A - moderate risk MEN 2A - high risk MEN 2B - highest risk

TTx with CND within 1st

12 months of life.
TTx at age 5, or
sooner if elevated
CTN levels.

TTx in childhood if parents
choose to forego
surveillance or when CTN
becomes elevated.

CTN, US neck q6 months for
1st year, then annually.
Screen for PHEO by age 16.

CTN, US neck q6 months for 1st

year, then annually.
Screen for PHEO by age 11.

Figure 6.11.2.3 Flowchart for medullary thyroid carcinoma (MTC) management in RET- positive children. PE, physical exam; US, ultrasound, CTN, 
calcitonin; CEA, carcinoembryonic antigen; TTx, total thyroidectomy; CND, central neck dissection; q6, every six; PHEO, phaeochromocytoma.
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The ATA highest- risk category for MTC is comprised of only 
MEN 3 patients with a RET codon 918 mutation. These patients can 
develop an aggressive variant of MTC within the first year of life. 
Patients can either inherit the 918 RET mutation or develop the mu-
tation de novo [35]. Patients of a known MEN 2b (MEN 3) kindred 
should have prophylactic total thyroidectomy early, which may be 
in the first months of life and at least by 1 year of age [6] . Both high 
basal CTN levels in paediatric patients persisting to three years of 
age and higher values in males as compared to females have been 
noted [36]; therefore, in these young MEN 2b patients, CTN levels 
may not be useful. The decision to proceed with a central lymph 
node dissection (level VI) in the highest- risk patients should be 
determined by nodal status. Alternatively, central neck dissection 
may be performed prophylactically if the parathyroid glands can be 
identified and preserved in situ or reimplanted to avoid a complica-
tion of hypoparathyroidism. Patients with de novo RET codon 918 
mutations typically present with a thyroid nodule [35, 37]. Age at 
identification in one cohort of de novo 918 mutations was from 1 
to 31 years of age [38]. Because these patients typically present with 
advanced disease, extent of surgery is guided by imaging findings 
and biomarker levels (CTN, CEA). Foregoing a level VI lymph node 
dissection is not recommended [6].

Patients with clinically evident disease that is proven to be MTC 
by FNA cytology or histology should have serum CEA and CTN 
levels measured. MTC histology demonstrates amyloid staining 
of the stroma and parafollicular or C- cells. All patients with MTC 
should have genetic testing for RET mutations. The work- up for 
RET- positive patients with MTC includes a thyroid and cervical soft 
tissue US. Patients presenting with extensive cervical disease and/ or 
serum basal CTN levels greater than 500 pg/ ml should have a com-
plete metastatic work- up including computed tomography (CT) of 
the neck and chest with intravenous contrast, contrast- enhanced 
magnetic resonance imaging (MRI) of the liver, MRI of the bony 
spine, and a bone scan to evaluate for distant metastases. Serum 
CTN levels have been correlated with locoregional and distant 
metastatic disease. Serum CTN levels above 500 pg/ ml also indicate 
the need for additional imaging beyond US searching for metas-
tases [6] . Functional imaging is not currently recommended [6] to 
evaluate a patient for MTC metastases due to lower sensitivity when 
compared to anatomic imaging [39]. However, literature exists to 
support tandem use of 18- F- DOPA PET/ CT and 18- F- FDG PET/ 
CT with improved sensitivities when CTN is above 150 pg/ ml [40]. 
18- F- FDG PET/ CT use in some MTC cohorts has increased sensi-
tivity of metastatic lesion detection for CTN >1000 pg/ ml [41].

The extent of surgery for MTC is guided by imaging findings and 
biomarker levels. Prior to surgical management of MTC in a patient 
with MEN2/ 3, PHEO and PHPT should be excluded biochemically. 
A MEN2/ 3 patient presenting with MTC limited to the thyroid and 
CTN <20 pg/ ml should undergo a total thyroidectomy (TTx) and 
level VI lymph node dissection. In the absence of gross locoregional 
disease, CTN levels may correlate with occult lymph node metas-
tasis and subsequently will have implication for the initial surgical 
treatment. For instance, in patients with CTN levels of 50– 200 pg/ 
ml, the surgery should include TTx with level VI and ipsilateral 
levels II– V nodal dissection, while CTN above 200 pg/ ml would 
include a TTx and bilateral levels II– V and level VI lymph node 
dissection for a patient with preoperative disease limited to the thy-
roid. However, the contralateral lateral neck dissection (levels II– V) 

may be performed in a staged fashion or not at all if postoperative 
CTN levels are undetectable.

All patients should have levothyroxine replacement after thyroid-
ectomy with a goal of maintaining thyroid- stimulating hormone 
(TSH) in the normal range. TSH should be checked 6 to 8 weeks 
after thyroidectomy and the initiation of replacement levothyroxine 
therapy.

CTN and CEA are biomarkers used preoperatively and post-
operatively to follow disease. Postoperatively, undetectable levels 
of serum biomarkers should be observed to indicate remission 
[42]. CTN and CEA should be checked three months after oper-
ation [43, 44] and should be checked every 6 months for 1 year and 
then annually thereafter if they remain undetectable or within the 
normal range [6] . Three- month postoperative CTN less than 150 
pg/ ml warrants a US of the neck and physical examination; if nega-
tive, the surveillance should be repeated at 6- month intervals [6]. 
Persistent or recurrent disease is indicated by elevated or rising 
serum levels, while the normalization of CEA and CTN has a fa-
vourable prognosis. It has also been shown that the doubling time 
of CTN and CEA over a period of less than two years is associated 
with a worse prognosis [7].

American Joint Committee on Cancer (AJCC) stage at diag-
nosis, nodal metastases, and age remain the main predictive factors 
for survival on multivariate analysis [45]. Torresan and colleagues 
reported on their single institution experience with MTC from 
1980 to 2015, including 255 patients with sporadic and hereditary 
(34.9%) MTC. In their cohort, the cure rate was 56.8% in all pa-
tients after operation. Deaths occurred only in patients with stages 
III– IV, with 6% of MEN 2a and 66.7% of MEN 2b patients suc-
cumbing to disease and 17.7% of all patients having persistent or 
recurrent disease [45]. A French group presented a study of 899 pa-
tients with MTC published in 1998, in which 96% of patients were 
undergoing surgery and 43% of the cohort had familial forms of 
MTC [46]. Forty- three per cent (43%) of operated patients were 
biochemically cured. Overall survival (OS) was 85% at 5 years and 
78% at 10  years. Multivariate analysis demonstrated that age and 
stage were independent predictive factors of survival while gender, 
type of surgery, and type of familial form were only predictive in 
univariate analysis. Biochemical cure predicted an OS rate of 98% at 
10 years. Recurrence, defined as subsequent elevation of CTN after 
postoperative normalization, was found in 5% of their cohort. In 
patients with biochemical evidence of disease (57%), OS was 80% 
and 70% at 5 and 10 years, respectively. Biochemical cure was asso-
ciated with stage in the French study.

MTC can spread to multiple organs including the liver, brain, 
bone, skin, lung, and mediastinum. Patients with isolated brain 
metastases are candidates for surgical resection or external beam 
radiation. External beam radiation is an option among others 
such as thermoablation and surgery for bone fractures secondary 
to metastasis. When lung and liver metastasis are solitary, sur-
gical resection is a viable option. For disseminated liver metastasis, 
chemoembolization could be considered if there is significant dis-
ease progression. Palliation of patients with advanced MTC should 
be considered when metastatic lesions are causing pain, mechanical 
compression, or signs and symptoms of hormonal excess. Patients 
with bone metastasis to the spinal cord with compression symptoms 
require urgent treatment with glucocorticoid therapy and surgical 
decompression. Space- occupying metastases that cause bronchial 
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and oesophageal obstruction can be palliated by surgical resection, 
external beam radiation, or the administration of systemic therapy.

For patients with metastatic MTC, the rate of tumour progres-
sion and quality of life should be taken into consideration against 
the limited efficacy and potential toxicities of local and systemic 
therapies. For instance, systemic therapy is not recommended 
for patients with stable low- volume metastatic disease or patients 
in whom imaging finds no metastatic disease despite elevation in 
CTN. In recent years, targeted therapy with tyrosine kinase inhibi-
tors (TKIs) has been evaluated in phase I, II, and III clinical trials 
in patients with advanced MTC. Currently, there are two Food and 
Drug Administration (FDA)– approved TKIs for the management 
of metastatic MTC: vandetanib and cabozantinib. In the two phase 
III trials, vandetanib [47] and cabozantinib [48] have shown the 
potential to provide high rates of disease control with durable re-
sponses and a highly significant improvement of progression- free 
survival. Thus, vandetanib and cabozantinib should be considered 
as single- agent first- line systemic therapies in patients with ad-
vanced progressive disease. Patients treated with TKIs for advanced 
MTC require careful monitoring because they are at increased risk 
for developing hypothyroidism and other toxicities.

Single- agent or combination cytotoxic chemotherapeutic regi-
mens have shown low response rates (15– 20%) of short duration. 
The most effective regimens are combination therapies with either 
doxorubicin and epirubicin or 5- fluorouracil and dacarbazine [49].

Phaeochromocytoma

Up to 50% of MEN2/ 3 patients will develop PHEO. All patients with 
MEN 2a/ 2b diagnosed with MTC should have biochemical testing 
for concurrent PHEO with plasma- free metanephrines or fraction-
ated urine metanephrines before undergoing thyroidectomy and 
also during surveillance. Patients in the ATA highest-  and high- 
risk RET mutations categories should be tested for PHEO begin-
ning at age 11. Those in the moderate- risk group should be tested 
beginning at age 16 [6] . Once PHEO is diagnosed biochemically, 
anatomical imaging such as contrast CT or MRI of the adrenals 
should be obtained for localization. The patient should then be 

started on alpha blockade for 7 to 14 days prior to adrenalectomy. 
Adrenalectomy should precede any neck surgery for MTC to avoid 
intraoperative hemodynamic instability and to minimize asso-
ciated complications such as cerebral vascular accident (CVA) or 
myocardial infarction (MI). Laparoscopic or retroperitoneoscopic 
adrenalectomy is the surgical procedure of choice for PHEO. If 
possible, patients with unilateral PHEO may be offered a partial 
or cortical- sparing adrenalectomy (Figure 6.11.2.4) [8]. We prefer 
this approach, as the malignancy risk is minimal, and it aims to re-
tain needed adrenal cortical tissue. This may circumvent the need 
for exogenous steroids replacement, as the patient is likely to de-
velop a contralateral PHEO within 10 years of the first PHEO and 
require additional adrenal surgery [6]. Bilateral PHEOs may also be 
amenable to minimally invasive resection techniques and should be 
evaluated for possible bilateral partial adrenalectomy. Generally, it 
is recommended that an adrenal remnant of at least one- third of the 
normal adrenal volume with the adrenal vein left in situ is needed 
to maintain adequate adrenal function. Postoperatively, an adreno-
corticotrophic hormone (ACTH) stimulation test is usually carried 
out to test for the residual adrenal cortex function, and it may help 
guide the need for steroid replacement therapy. Patients undergoing 
partial adrenalectomy should be screened annually for PHEO re-
currence with biochemical testing.

Hyperparathyroidism

PHPT is diagnosed biochemically with elevated serum calcium 
and inappropriately elevated intact parathormone (PTH). In pa-
tients with known MEN 2a, the initiation of surveillance for PHPT 
mirrors the initiation for surveillance of PHEOs. The penetration 
of PHPT is related to the specific RET mutations, with codon 634 
mutation demonstrating the highest penetration (30%) [6] . PHPT is 
usually addressed surgically at the time of thyroidectomy for MTC, 
if present. Most MEN 2a/ 2b patients present with multiple enlarged 
parathyroid glands. The goal is to achieve a euparathyroid state with 
surgical intervention. Surgical management in a patient with MEN 
2 syndrome and PHPT with no prior neck surgery should have a 
bilateral neck exploration with excision of only enlarged glands. If 

Adrenal

Adrenal

Tumour bed

Kidney

IVC

Right adrenal vein

Figure 6.11.2.4 Partial adrenalectomy for a 2 cm phaeochromocytoma in a MEN 2a patient.
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PHPT presents after MTC and thyroidectomy, localization studies 
(US, sestamibi, or CT) and laryngoscopy (to assess vocal cord func-
tion) should be performed prior to neck exploration, and all en-
larged glands should be excised.

Conclusions

MEN 2a and 2b patients have distinct phenotypes that a clinician 
should be able to recognize. Genetic testing is an important part 
of disease management as it will allow for risk stratification of the 
patient’s MTC and guide subsequent therapy. CTN and CEA are ac-
curate biomarkers used to follow MTC for life in MEN2/ 3 patients. 
Early diagnosis and intervention are paramount to improving sur-
vival in this cohort of patients. All patients with MEN 2a/ 2b should 
have biochemical screening and surveillance for PHEO and PHPT. 
The body of knowledge regarding MEN 2a/ 2b syndromes continues 
to grow. As our understanding of the disease at the molecular level 
increases, we have changed practice in regard to diagnosis, manage-
ment, and surveillance.
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Introduction

A phaeochromocytoma is a tumour arising from the adrenal me-
dulla and a paraganglioma refers to its extra- adrenal counterpart, 
which can develop from sympathetic or parasympathetic tissue 
anywhere from the skull base to the pelvis. Phaeochromocytomas 
and paragangliomas (PPGL) are considered to be the most heritable 
tumours as up to 40% of patients who develop these tumours have 
a hereditary predisposition. This chapter provides an update on the 
clinical and molecular genetics of PPGL and related syndromes and 
offers a guideline for genetic testing and surveillance of those indi-
viduals identified as carriers for a known PPGL predisposition gene.

the Discovery timeline of Phaeochromocytoma 
and Paraganglioma (PPGL) Predisposition Genes

Prior to the turn of this century, it was widely accepted that a phaeo-
chromocytoma followed a rule of ‘tens’: (i) 10% were bilateral; (ii) 

10% were malignant; (iii) 10% were extra- adrenal (now termed 
paraganglioma (PGL) arising from sympathetic ganglia anywhere 
from the thorax to pelvis); and finally and (iv) 10% were hereditary.

Familial occurrence of phaeochromocytoma (PC) was first rec-
ognized by Chase et al. in 1937 [1]  and almost 50 years later the 
co- occurrence of PC and its extra- adrenal counterpart PGL in the 
same kindred was reported [2]. Those tumours that were familial 
were associated with hereditary syndromes such as neurofibroma-
tosis type 1, caused by germline mutations in the neurofibromin 1 
gene (NF1), multiple endocrine neoplasia type 2 (MEN2) caused by 
germline mutations in the RET proto- oncogene and Von Hippel– 
Lindau syndrome (VHL), caused by germline mutations in the VHL 
tumour suppressor gene. Each of these syndromes predispose to the 
development of bilateral phaeochromocytoma but extra- adrenal tu-
mours are rarely encountered and typically each of these syndromes 
are associated with other characteristic phenotypic features.

Between the years 2000 and 2010, nine further phaeochromo-
cytoma predisposition genes were identified and this era of discovery 
completely dispelled the contention that only 10% were hereditary. 
This era of discovery was triggered by the seminal finding that some 
families affected by a head and neck paragangliomas (HNPGL) 
such as a chemodectoma or glomus jugulare tumour, carried a mu-
tation in the succinate dehydrogenase subunit D gene (SDHD) [3] . 
Between 2000 and 2011, all four of the succinate dehydrogenase 
subunit genes (SDHA, SDHB, SDHC and SDHD) were implicated in 
the development of familial PPGL[4, 5], as well as the SDHAF2 gene 
which encodes its namesake protein responsible for the flavination 
of the SDHA protein [6].

In 2010, an integrated genomics approach led to the finding that 
a gene encoding a transmembrane protein (TMEM127) localized 
to chromosome 2, was implicated in familial PPGL [7] . This trans-
membrane protein normally functions as a modulator of the mTOR 
pathway and notably patients with mutations in the TMEM127 gene 
were found to present at an older age compared to patients with 
other syndromic causes of PPGL [7]. Subsequently, whole- exome 
sequencing identified recurrent mutations in the MAX (MYC as-
sociated factor X) gene in three unrelated patients with hereditary 
PPGL [8]. Though all of these genes are inherited in an autosomal 



SeCtIon 6 Neuroendocrine Tumours and Inherited Endocrine Tumour Syndromes1062

dominant manner, SDHD, SDHAF2, and MAX are associated with 
predisposition to PPGL, almost always only after paternal transmis-
sion of a mutation [8].

Finally, mutations in another citric acid cycle enzyme encoding 
gene fumarate hydratase (FH) were implicated in hereditary phaeo-
chromocytoma [9] , in addition to its previously accepted role in 
hereditary leiomyomatosis and renal cell cancer.

Importantly, PPGLs are now considered to be the most heritable 
of all tumours with 40% of patients having a genetic predispos-
ition in one of 11 major susceptibility genes routinely screened for 
in clinical practice (SDHA, SDHB, SDHC, SDHD, SDHAF2, NF1, 
RET, TMEM127, MAX, FH, VHL) [10]. Although several additional 
predisposition genes have been reported in the past five years (e.g. 
malate dehydrogenase 2 (MDH2) gene [11], SLC25A11 gene, which 
encodes the mitochondrial 2- oxoglutarate/ malate carrier and 
EPAS1 [12], which encodes the hypoxia inducible factor- 2 alpha 
(HIF- 2alpha)), these are a rare cause of PPGL and not commonly 
analysed in first- line genetic testing.

neurofibromatosis type 1 (oMIM 162200)

Neurofibromatosis type 1 was first described by Von Recklinghausen 
in 1882 and is an autosomal dominant syndrome characterized by 
neuro- ectodermal abnormality and variable systemic manifest-
ations affecting bone, nervous system, eyes, and other sites. The 
NF1 gene maps to chromosome 17 and is 57 exons in length [13]. 
Generally, a diagnosis of neurofibromatosis type 1 is made on clin-
ical criteria (including café- au- lait macules, neurofibromas, axillary 
or inguinal freckling, optic gliomas, Lish nodules in the iris, or a 
first- degree relative with a diagnosis of NF1[14]) and genetic testing 
is not routinely performed owing to the large size of the gene. Many 
mutations occur de novo with no preceding family history [13, 15]. 
However, recent reductions in the cost of next generation sequen-
cing, have facilitated genetic testing in patients with suspected NF1 
[15]. PC is a rare feature, affecting 0.1– 6% of all patients with NF1 
[16]. The median age of onset is approximately 41 years and most 
patients with NF1 will not have PC as the presenting feature. Extra- 
adrenal and malignant tumours are rarely associated with NF1 
but up to a third of patients in one large study developed bilateral 
disease [16].

Multiple endocrine neoplasia 2 (Men2) 
Syndrome (oMIM 171400)

In the early 1970s, Sizemore and his colleagues first described the 
syndrome of MEN2 and subclassified the syndrome into MEN2A 
and MEN2B. The MEN2A syndrome is an autosomal dominantly 
inherited disorder, characterized by a predisposition to medul-
lary thyroid carcinoma, phaeochromocytoma, and hyperparathyr-
oidism. MEN2B predisposes to the same tumour types but is also 
associated with mucosal neuromas and mesodermal abnormalities 
[17]. In 1993, activating mutations in the RET proto- oncogene on 
chromosome 11 were identified as the molecular drivers of MEN2 
syndrome [18].

Increasing clinical data has led to the realization that very spe-
cific genotype– phenotype correlations exist in MEN2 syndrome. 

Overall, inherited mutations in the RET gene predict a 30– 50% 
lifetime risk of developing a PC [19] and mutations in codon 634 
and 918 of the RET gene are most commonly associated with the 
development of PC. The median age of onset is ~35 years and pa-
tients with a codon 634 mutation in RET have a 30% lifetime risk of 
developing bilateral tumours [20, 21]. Typically, patients with RET 
gene mutations will present with medullary thyroid carcinoma as 
the presenting disease but PC can be the presenting feature in ~5% 
of patients [21]. Similar to NF1, extra- adrenal and malignant tu-
mours are very rarely associated with MEN2 [21] and the secretory 
pattern of RET mutated PC is predominately adrenergic [22].

Von Hippel– Lindau Disease (oMIM 193300)

VHL is a dominantly inherited familial cancer syndrome with 
multisystem involvement caused by germline inactivating mutations 
in the VHL tumour suppressor gene [23]. The most frequent fea-
tures are retinal and central nervous system haemangioblastomas, 
renal cell carcinoma (RCC), and renal, pancreatic, and epididymal 
cysts [23]. The most important endocrine complications are phaeo-
chromocytoma and non- functioning pancreatic islet cell neuro-
endocrine tumours. There are marked interfamilial differences in 
PC frequency in VHL disease. Thus in some families PC is the most 
common manifestation, but in others it is rare. These differences re-
flect genotype– phenotype correlations and the high risk of phaeo-
chromocytoma associated with certain VHL missense mutations 
[24]. Large deletions, protein truncating mutations, and missense 
mutations that disrupt protein stability are associated with a high 
risk of retinal angioma, cerebral hemangioblastoma, and RCC, but a 
low risk of PC (type 1 VHL phenotype). On the other hand, missense 
mutations affecting amino acids on the VHL protein (pVHL) sur-
face, predominate in VHL patients with PC (type 2 VHL) [24].

The clinical presentation of PC in VHL disease is similar to that 
in sporadic cases except that there is a higher frequency of bilateral 
or multiple tumours and, on average, an earlier onset (mean ap-
proximately 30 years) in VHL disease. As with sporadic tumours, 
PPGL in VHL disease may be sometimes be extra- adrenal and, in 
about 5% of cases, malignant. Interestingly, a particular secretory 
PC phenotype is associated with VHL gene mutations, namely a 
predominant noradrenergic secretory pattern related to down regu-
lation of the phenylethanolamine N- methyltransferase (PNMT) en-
zyme in VHL mutated PC [22]. The PNMT enzyme normally acts 
to convert noradrenaline to adrenaline and therefore a predominant 
noradrenergic secretory phenotype in a PC can point towards an 
underlying VHL mutation [22].

Early detection of tumours in VHL disease can improve manage-
ment and prognosis and affected individuals and at- risk relatives 
enter into an annual surveillance programme (see Box 6.12.1). All 
VHL patients and at- risk individuals are offered screening for a PC 
irrespective of whether there is a family history of PC but those 
with a positive family history of PC or a PC- associated missense 
mutation are given special attention. Patients with apparently non- 
syndromic familial or bilateral PC, or PC at a young age may have a 
germline VHL gene mutation [21] and should be offered VHL mu-
tation analysis. In such cases the nature of the VHL mutation iden-
tified will indicate the risk of other types of VHL- related tumours. 
See Figure 6.12.1.
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Succinate Dehydrogenase Subunit (SDHA, SDHB 
SDHC, and SDHD) Genes

The heterotetrameric succinate dehydrogenase enzyme complex 
(SDH) functions as a key enzyme coupling the oxidation of suc-
cinate to fumarate in the citric acid cycle and the reduction of ubi-
quinone to ubiquinol in the electron transport chain. Therefore, 
SDH facilitates the cellular metabolism of lipids, glucose, and 
amino acids, and feeds into the mitochondrial respiratory chain to 

generate cellular energy. The SDH complex comprises two hydro-
philic subunits (SDHA and SDHB), and two hydrophobic subunits 
(SDHC and SDHD). The SDHA subunit is a flavoprotein, which 
covalently binds a flavine adenine dinucleotide (FAD) cofactor 
and contains the binding site for the succinate metabolite, coup-
ling the oxidation of succinate to fumarate and reduction of FAD to 
FADH2. The SDHB subunit contains three iron clusters which are 
employed in the transfer of electrons from FADH2 to ubiquinone. 
Two LYR motifs are essential binding sites to enable the incorpor-
ation of the three Fe- S clusters within the final structure of complex 
II. The SDHC and SDHD subunits anchor the complex to the inner 
mitochondrial membrane and facilitate the binding of ubiquinone. 
Each subunit of the SDH complex is encoded by its namesake gene, 
the SDHA gene (OMIM 600857) maps to the short arm of chromo-
some 5 (5p15), SDHB (OMIM 185470) to 1p36.13, SDHC (OMIM 
602413) to 1q23.3 and SDHD to 11q23.

Inactivation of the SDH complex results in accumulation of the 
metabolite succinate as oxidative dehydrogenation of succinate to 
fumarate in the citric acid cycle is no longer feasible [25]. Succinate 
accumulation is postulated to be a key driver in tumourigenesis 
and succinate is now referred to as an ‘oncometabolite’[25]. 
Succinate accumulation inhibits 2- oxoglutarate- dependent 
dioxygenases, including DNA and histone demethylase enzymes 
and hypoxic gene response regulators. As a consequence, SDH- 
deficient tumours demonstrate epigenetic abnormalities, namely 
hypermethylation and an activated hypoxic gene response [26, 27]. 
See Figure 6.12.2.

To date >445 germline mutations have been described in SDH 
subunit genes and the majority of these have been described in asso-
ciation with PPGL [28]. SDH mutations are heterozygous mutations 
inherited in an autosomal dominant fashion and tumourigenesis is 
initiated by bi- allelic loss as per the Knudson ‘two hit’ hypothesis. 
The most common type of mutation affecting the SDH genes are 
missense mutations [28].

Mutations in one of the four SDHx genes account for 30– 40% of 
hereditary PPGL cases and the majority of germline SDHx muta-
tions reported to date have been identified in the SDHB gene (52%), 
followed by mutations in SDHD (35%) [28]. Mutations in the SDHx 
genes predispose to multiple, synchronous PGL, and bilateral PC. 
Similar to the secretory phenotype associated with VHL mutated 
PC, SDHx gene mutations also down regulate the intratumoural 
PNMT enzyme, resulting in a predominant noradrenergic secre-
tory phenotype [22].

The strongest existing genotype– phenotype correlation for 
SDHx- mutated PPGL, is the risk of malignancy associated with 
SDHB mutated PPGL. Germline SDHB gene mutations have been 
detected in up to 50% of patients with a malignant PPGL and asso-
ciated 5- year survival is less than 50% [29]. Extra- adrenal PGLs in 
the abdomen and pelvis as well as adrenal PC are more commonly 
associated with SDHB mutations than other SDHx gene subunits 
but tumours can arise in the neck and thorax [29– 31].

Mutations in the SDHC and SDHD genes are most commonly 
associated with head and neck paraganglioma (HNPGL, derived 
from parasympathetic ganglia) than PC or PGL. SDHD is the most 
common of the SDHx subunit genes to be implicated in HNPGL and 
tumours are frequently multifocal with a lower malignant potential 
compared to SDHB [32]. Until 2010, SDHA gene mutations were 
only associated with autosomal recessive metabolic encephalopathy 

Box 6.12.1 Example of surveillance protocol for Von Hippel– 
Lindau disease in asymptomatic affected patients and at- risk 
relatives

1 Affected adult patient:
• Annual physical examination, and direct and indirect 

ophthalmoscopy
• MRI brain scan every 3 years to age 50 years and every 5 years 

thereafter
•  Annual abdominal MRI (or ultrasonography if MRI is unavailable) 

for renal, adrenal, and pancreatic masses
•  Annual 24- h urine collection for urinary fractionated 

metanephrines by mass spectrometric methods or plasma free 
metanephrines by mass spectrometric methods [45]

2 At- risk relative:
•  Annual physical examination, and direct and indirect ophthalmoscopy 

from age 5 years until age 60 years
•  MRI brain scan every 3 years to from age 15 to 40 years and then 

every 5 years until age 60 years
• Annual renal MRI or ultrasonography from age 16 years to age 

65 years
•  Annual 24- h urine collection for urinary fractionated 

metanephrines by mass spectrometric methods or plasma free 
metanephrines by mass spectrometric methods [45]
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Figure 6.12.1 Age- related risks for the five major manifestations 
of von Hippel– Lindau disease. RA, retinal angioma; CHB, cerebellar 
haemangioblastoma; SHB, spinal haemangioblastoma; RCC, renal cell 
carcinoma; PC, phaeochromocytoma.
Reproduced with permission from Ong KR, Woodward ER, Killick P, Lim C, 
Macdonald F, Maher ER. Genotype– phenotype correlations in von Hippel– Lindau 
disease. Hum Mutat, 2007; 28: 143– 9. Copyright 2006 © Wiley Periodicals, Inc.
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syndrome (Leigh syndrome) but SDHA mutations are now also rec-
ognized as rare cause of hereditary PPGL [33, 34].

Mutations in the SDHx complex genes are also associated with 
the development of other tumour types including gastrointestinal 
stromal tumours (GIST), RCC, and pituitary tumours. GIST is the 
second most common tumour phenotype after PPGL [28]. Most 
GIST tumours in adults harbour somatic mutations in the KIT or 
PDGFRA genes and respond to the tyrosine kinase inhibitor Imatinib. 
Wild- type GIST (wtGIST), refer to tumours that are negative for KIT 
and PDGFRA gene mutations and account for 15% of adult and 85% 
of paediatric GIST tumours [35]. Almost 90% of wtGIST are asso-
ciated a germline mutation in the SDHx complex genes (75%) or a 
somatic epigenetic inactivation of the SDHC gene [35]. Interestingly 
SDHA mutations are more frequent than other SDH subunit genes 
[28, 34]. Non- SDH associated wtGIST are associated with germline 

mutations in NF1 or less commonly somatic BRAF mutations. 
Differences in clinical phenotype, tumour location and histology can 
help guide genetic testing further in wtGIST (Figure 6.12.3).

Germline SDHx gene mutations have been described in the 
context of renal and PPGL tumour syndrome (RAPTAS) [36, 37]. 
SDH- deficient RCC account for approximately 0.2% of all cases 
of RCC and to date 83% of the germline mutations identified in 
SDH- deficient RCCs occurred in SDHB [28,  37]. SDHB- deficient 
renal carcinoma was accepted as a provisional entity in the 2013 
International Society of Urological Pathology (ISUP) Vancouver 
Classification and a unique morphology consisting of solid archi-
tecture, intracytoplasmic inclusions and intratumour mast cells is 
characteristic of SDHB- deficient RCC [38]. Pituitary tumours have 
also occasionally been associated with SDHx gene mutations and 
the estimated incidence is 0.3% [28].

Figure 6.12.2 Pathways implicated in SDH- deficient tumorigenesis precipitated by accumulation of the ‘oncometabolite’ succinate.
Adapted with permission from Morin A, Letouzé E, Gimenez- Roqueplo A- P, Favier J. Oncometabolites- driven tumorigenesis: From genetics to targeted therapy. Int J Cancer 
[Internet]. 2014 Nov 15;135(10):2237– 48. Available from: http:// doi.wiley.com/ 10.1002/ ijc.29080. Copyright 2014 © UICC.

Figure 6.12.3 Differences in clinical presentation and histology between SDH- deficient and SDH preserved (e.g. NF1- related) wild- type GIST.
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The SDHAF2 gene (OMIM 613019) responsible for the flavination 
of the SDHA protein has very rarely been implicated in hereditary 
PPGL since its discovery in 2009 and a recent study of over 900 pa-
tients, has reported the prevalence of SDHAF2 mutations in patients 
presenting with PPGL as 0.1% [39].

TMEM127, MAX, and FH Gene Mutations

The TMEM127 gene (OMIM 613403) is localized to chromosome 
2 and functions as a tumour suppressor gene. Although the pre-
cise molecular function of TMEM127 remains poorly understood, 
this gene product participates in the mTor signalling pathway [7] . 
The largest studies to date investigating the role of TMEM127 in 
hereditary PPGL, have estimated the incidence of mutations in this 
gene at approximately 2% [39, 40]. Mutations in TMEM127 predis-
pose to the development of PC, with a later age of onset (41.2 years) 
compared to other gene mutations such as VHL or SDHB. Extra- 
adrenal, malignant and bilateral tumours are rare with TMEM127 
[7, 39, 40], as are cases of RCC or co- occurring cases of RCC and 
PPGL [36, 41].

Biallelic loss of the MAX tumour suppressor gene was first im-
plicated in hereditary PPGL in 2011 [8] . The MAX gene (OMIM 
154950) localizes to chromosome 14 and the MAX protein contains 
a basic helix loop helix zipper that is commonly involved in a com-
plex formation and sequences in the promoter region of hundreds 
of genes encoding for proteins essential in cellular metabolism 
and angiogenesis [42]. The estimated incidence of MAX mutations 
in PPGL is less than 2% and typically associated with adrenal PC 
and rarely with extra- adrenal or malignant PPGL [8, 39] or RCC 
[36, 42].

The most recent PPGL predisposition gene to be discovered and 
routinely screened for in clinical practice, is FH (OMIM 136850), 
which is localized to chromosome 1 and encodes its namesake 
enzyme in the citric acid cycle. Mutations in FH cause accumula-
tion of the ‘oncometabolite’ fumarate which, similar to succinate 
accumulation in SDH- deficient tumours, drives tumourigenesis 
through inhibition of 2- oxoglutarate- dependent dioxygenases and 
promoting a pseudohypoxic and hypermethylation phenotype 
[27, 43]. FH mutations are most commonly associated with renal 
cell carcinoma (type 2 papillary RCC) and cutaneous and uterine 
leiomyomas (hereditary leiomyomatosis and renal cell cancer syn-
drome, HLRCC) and are rarely associated with PPGL [9, 44].

the Role of next Generation Sequencing in PPGL

The Endocrine Society guidelines on the management of PPGL 
recommended that genetic screening should be considered in all 
patients with PPGL and that SDHx mutations in particular should 
be screened for in patients with extra- adrenal PGL [45]. Next gen-
eration sequencing (NGS) has facilitated a cost effective and time 
efficient transition from previous methods of targeted, sequential, 
analysis of individual susceptibility genes in hereditary PPGL. It 
has been estimated that a second- generation sequencing test for 
a ‘panel’ of nine susceptibility genes predisposing to PPGL (MAX, 
RET, SDHA, SDHB, SDHC, SDHD, SDHAF2, TMEM127, and VHL), 
can achieve a 70% cost reduction compared to standard targeted 

sequencing methods of individual candidate genes [10]. More re-
cent NGS panels also include FH. It is advised that genetic testing is 
offered within the framework of best clinical practice and that pa-
tients are offered genetic counselling before and after genetic testing 
[45]. Furthermore, it is very important that each identified variant is 
correctly interpreted before presymptomatic genetic counselling of 
relatives is performed or a personalized management approach for 
the patient is adopted [45].

SDHB Immunohistochemistry in Clinical Practice

Biallelic inactivation of any of the SDH subunit genes, will usu-
ally result in destabilization of the SDH enzyme complex, which 
can be detected by loss of staining for the SDHB protein on 
immunohistochemistry (IH) [46]. Negative immunostaining for 
SDHB is now a validated marker for germline mutations in SDHA/ 
SDHB/ SDHC/ SDHD and provides a reasonable assessment of 
pathogenicity of an identified novel SDHx variant [46]. SDHB IH 
has been adapted into clinical practice and serves a number of im-
portant clinical applications including:  (i) the early diagnosis of 
SDH deficiency in specific phenotypes such as PPGL, wild- type 
GIST and specific histological subtypes of RCC; (ii) additional 
prognostic information regarding malignant risk associated with 
PPGL [47]; (iii) a cost effective functional tool for the assessment 
of SDHx variant pathogenicity; and (iv) SDHB IH can also identify 
those tumours that are SDH- deficient due to a somatic mutation or 
epigenetic inactivation.

Surveillance Protocol for PPGL 
Predisposition Syndromes

The cumulative evidence to date would suggest that surveillance of 
asymptomatic gene carriers can lead to early tumour detection and 
therefore surveillance protocols should be designed to maximize 
the benefit of early tumour detection and minimize risks associated 
with ionizing radiation exposure and anxiety generated by false 
positive test results. At present, given the low incidence of PPGL 
associated with NF1 and the diverse clinical phenotype, the current 
recommendation is for annual clinical review in dedicated specialist 
clinics and testing only if patients are clinically symptomatic [16].

The most robust evidence and experience for surveillance proto-
cols exist for VHL and MEN2A. See Box 6.12.1.

Surveillance for RET mutation carriers differs depending on the 
exact genotype due to the well- defined genotype– phenotype correl-
ations [19]. It is recommended that those patients identified with a 
highest risk mutation (such as mutations in codon 918), undergo a 
prophylactic thyroidectomy in the first year of life and that screening 
for PC is commenced at the age of 11 years [48] using the same bio-
chemical tests as described for VHL mutation carriers in Box 6.12.1. 
For those carriers with a high risk RET mutation (e.g. codon 634) a 
review and prophylactic thyroidectomy is recommended before 
the age of five years and that screening for PC is commenced at the 
age of 11 years. For moderate or low- risk RET mutations, a review 
and surgery are advised from the age of 5 years and screening for 
PC is advised to commence from the age of 16 years [48]. Annual 
clinical review and biochemical measurements of serum calcitonin 
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following thyroidectomy and calcium testing from the onset of PC 
screening, is also recommended [48].

Unlike VHL and MEN2 disease, there is relatively less experience 
of the utility of surveillance in SDHx gene carriers or carriers of the 
rare predisposition genes (TMEM127, MAX, FH, SDHAF2).

At present surveillance for SDHx gene carriers is advised to begin 
at the age of 5 years for SDHB carriers and 10 years for carriers of a 
pathogenic variant in SDHA/ SDHC/ SDHD [49, 50] and to continue 
lifelong, if acceptable to the patient [51]. Although regular surveil-
lance for SDHx mutation carriers is a widely accepted clinical prac-
tice, there is no consensus on the frequency of surveillance or on the 
optimal radiological modality. The current recommendation is that 
annual clinical review is performed in addition to measurement of 
plasma metanephrines or urine metanephrines (Figure 6.13.4) [44]. 
However the frequency of cross- sectional imaging and the choice 
of radiological modality differs between practices and although the 
Endocrine Society guidelines recommend cross- sectional imaging 
for SDHx carriers, to diagnosis non- secretory tumours, they do 
not specify appropriate time intervals between imaging studies or a 
preferred imaging modality [45]. In recent years, as updated infor-
mation regarding disease penetrance of the SDHx mutations has be-
come available, concern regarding unnecessary radiation exposure 
in this group has mounted and more centres are recommending 
MRI alone as the imaging modality of choice [50]. This approach is 
supported by a recent study which identified that MRI was as sen-
sitive as 18F- fluorodeoxyglucose (FDG) PET CT in the diagnosis of 
occult tumours in SDHx carriers [51]. Finally the interval frequency 
at which radiological screening is carried out remains contentious 
but it is widely accepted that the first radiological screen is the most 
important and yields the highest diagnoses of tumours in this cohort 
[50,  51]. At present, studies would support baseline MRI imaging 
of skull base, neck, thorax, abdomen, and pelvis at first clinic visit 
for all asymptomatic SDHx carriers, followed by two to three yearly 
interval MRI scanning. An individual approach to radiological sur-
veillance based on the individual subunit gene is now recommended 
(e.g. SDHB carriers require more frequent imaging compared to 
SDHA/ SDHC/ SDHD carriers [52]; see Figure 6.12.4). There is a 

need for additional long- term surveillance data to better inform this 
challenging area of practice.

Finally, data is lacking to guide surveillance protocols for the less 
common predisposition genes (TMEM127, MAX, FH, SDHAF2) 
and at present annual clinical review, annual biochemical testing 
with urinary or plasma metanephrines and judicious, individual 
case- based use of cross- sectional imaging is advised.
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Introduction

Carney’s complex (CNC) is an autosomal dominant disorder, which 
was described in 1985 as ‘the complex of myxomas, spotty pigmen-
tation, and endocrine overactivity’ in 40 patients [1] . Since then, 
several hundred index cases have been reported, including the first 
molecularly confirmed CNC patient seen by Dr Harvey Cushing in 
1914, resulting in better definition of the disease and the establish-
ment of diagnostic criteria [2– 4]. As implied from the initial de-
scription, CNC is not only a multiple neoplasia syndrome, but it is 
also associated with pigmented lesions of the skin and mucosae, as 
well as other non- endocrine tumours [5]. Before the characteriza-
tion of CNC as a syndrome, several patients described under the 
acronyms NAME (nevi, atrial myxomas, and ephelides) and LAMB 
(lentigines, atrial myxomas, and blue nevi) can now be probably 
considered CNC patients [6,  7]. Thus, lentigines, blue nevi, café- 
au- lait spots, and cutaneous tumours, such as myxomas, fibromas, 
and others, are major features of the disease [5, 8– 11]. However, 
we cannot say that CNC is completely understood. Interestingly, 
in 2017, two cases of corticotropinoma in CNC patients have been 
published, adding a new uncommon feature [12, 13].

The clinical characteristics of CNC have been reviewed and are 
presented in Box 6.13.1 [3,  10]. A  definite diagnosis of CNC is 
given if two or more major manifestations are present [5, 10, 14, 15]. 
Other related manifestations may accompany or suggest the pres-
ence of CNC but are not considered diagnostic of the disease (Box 
6.13.1). Cutaneous manifestations constitute three of the major 
disease manifestations: (1) spotty skin pigmentation with a typical 
distribution (lips, conjunctiva, and inner or outer canthi, genital 
mucosa); (2)  cutaneous or mucosal myxoma; and (3)  blue nevi 
(multiple) or epithelioid blue nevus. Suggestive or associated with 

CNC findings but not diagnostic are: (1) intense freckling (without 
darkly pigmented spots or typical distribution); (2)  multiple blue 
nevi of common type; (3) café- au- lait spots or other ‘birthmarks’; 
and (4) multiple skin tags or other skin lesions, including lipomas 
and angiofibromas.

The relationship between the cutaneous and non- cutaneous 
manifestations of CNC appears to be an essential clue to the mo-
lecular aetiology of the disease. According to the latest reports, 
more than half of CNC patients present with both characteristic 
dermatological and endocrine signs; however, a significant number 
of patients present with skin lesions that are only ‘suggestive’ and 
not characteristic of CNC [10]. A  recent classification based on 
both dermatological and endocrine markers has subgrouped CNC 
patients as: multisymptomatic (with extensive endocrine and skin 
signs); intermediate (with few dermatological and endocrine mani-
festations); and, paucisymptomatic (with isolated primary pig-
mented nodular adrenocortical disease (PPNAD) alone and no 
cutaneous signs) [10]. A recommended clinical surveillance of pa-
tients with CNC is presented in Box 6.13.2.

Skin Manifestations in CnC

Skin lesions are consistently reported in the majority of the CNC pa-
tients (above 80%), the most common being lentigines (in 70– 75% 
of cases). Other pigmented lesions, most frequently blue nevi and 
café- au- lait spots, with or without lentigines, are seen in approxi-
mately 50% of CNC patients. The effort to systemize the knowledge 
on the cutaneous lesions in CNC patients is driven by their high 
diagnostic value— presented early in life and easily recognizable, 
the skin manifestations are an early sign that directs dermatologists’ 
attention towards underlying endocrine or other pathology. In an 
attempt to outline the most specific and sensitive skin abnormalities 
in CNC, several research groups have published exhaustive analyses 
that add to an improved diagnostic and preventive approach [10, 
11,  16]. The major challenge appears to be in distinguishing the 
disease- associated prominent lesions from the more common non- 
CNC- specific, age-  or sun- related skin alterations.

Lentigo is a hamartomatous melanocytic lesion, clinically similar 
but histologically different from freckles [17]. Morphologically, 
lentigines are flat, poorly circumscribed, brown- to- black macules, 
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usually less than 0.5 cm in diameter, but these may differ in dif-
ferent ethnic groups. In African Americans, for example, lentigines 
may be slightly raised, dark papules, similar to nevi [17]. In con-
trast to the common freckles, on histological examination lenti-
gines show basal cell layer hyperpigmentation associated with an 
increased number of melanocytes (hyperplasia), the majority of 
which appear hypertrophic. This distinguishes them from freckles 
(ephelides), which present with a regular number of melanocytes 

and are pigmented as a result of melanin disposition in the sur-
rounding keratinocytes.

Lentiginosis is one of the manifestations of CNC that can occur 
early; lentigines usually acquire their typical intensity and distribu-
tion during the peripubertal period [10, 11, 18]. They typically in-
volve the centrofacial area, including the vermilion border of the 
lips, and the conjunctiva, especially the lacrimal caruncle and the 
conjunctival semilunar fold; intraoral pigmented spots have also 
been reported [19]. In contrast to age- related skin lesions, CNC- 
associated lentigines tend to fade after the fourth decade of life, but 
may be detectable as late as the eighth decade [10, 18].

The next very common skin manifestation in CNC is a lesion 
known as blue nevus, which is infrequent in the general popula-
tion. Blue nevi can be seen as small (usually <5 mm), blue to black- 
coloured marks with a circular or star- shaped appearance. Their 
distribution is variable; most often they occur on the face, trunk, 
and limbs, and less frequently on the hands or feet.

An interesting subtype of blue nevus, which is exceedingly rare 
as a sporadic lesion in the general population but is sometimes 
seen in patients with CNC, is the epithelioid blue nevus [19, 20]. 
Epithelioid blue nevus usually presents with intensive pigmentation 
and poorly circumscribed proliferative regions containing two cell 
types:  heavily pigmented globular and fusiform cells; and lightly 
pigmented, polygonal spindle melanocytes with a single prom-
inent nucleolus [19]. In contrast to blue nevi, epithelioid blue nevi 

Box 6.13.1 Diagnostic criteria for Carney’s complex

Major diagnostic criteria for Carney’s complex
 1 Spotty skin pigmentation with typical distribution (lips, conjunctiva, 

and inner or outer canthi, vaginal and penile mucosal)
 2 Myxomaa (cutaneous and mucosal)
 3 Cardiac myxomaa

 4 Breast myxomatosisa or fat- suppressed magnetic resonance 
imaging findings suggestive of this diagnosis

 5 Primary pigmented nodular adrenocortical diseasea or paradoxical 
positive response of urinary glucocorticosteroid excretion to dexa-
methasone administration during Liddle’s testb

 6 Acromegaly due to growth hormone- producing adenomaa

 7 Large- cell calcifying Sertoli cell tumoura or characteristic calcifica-
tion on testicular ultrasound

 8 Thyroid carcinomaa or multiple, hypoechoic nodules on thyroid 
ultrasound in a young patient

 9 Psammomatous melanotic schwannomasa

 10 Blue naevus, epithelioid blue naevusa

 11 Breast ductal adenomaa

 12 Osteochondromyxomaa

Supplementary criteria
 1 Affected first- degree relative
 2 Inactivating mutation of the PRKAR1A gene

Findings suggestive of or possibly associated with Carney’s  
complex, but not diagnostic for the disease
 1 Intense freckling (without darkly pigmented spots or typical 

distribution)
 2 Blue naevus, common type (if multiple)
 3 Café- au- lait spots or other birthmarks
 4 Elevated insulin- like growth factor- 1 levels, abnormal glucose 

tolerance test, or paradoxical growth hormone response to 
thyrotropin- releasing hormone testing in the absence of clinical 
acromegaly

 5 Cardiomyopathy
 6 Corticotropinoma
 7 Pilonidal sinus
 8 History of Cushing’s syndrome, acromegaly, or sudden death in 

extended family
 9 Multiple skin tags or other skin lesions; lipomas
 10 Colonic polyps (usually in association with acromegaly)
 11 Hyperprolactinaemia (usually mild and almost always combined 

with clinical or subclinical acromegaly)
 12 Single, benign thyroid nodule in a young patient; multiple thyroid 

nodules in an older patient (detected on ultrasonography)
 13 Family history of carcinoma, in particular of the thyroid, colon, 

pancreas, and ovary; other multiple benign or malignant tumours
a After histological confirmation.
b It has been shown that patients with primary pigmented nodular adrenocortical 
disease exhibit a paradoxical increase in cortisol secretion in response to Liddle’s 
test (administration of dexamethasone at doses of 2 mg/ d for 2 days followed by 8 
mg/ d for 2 days); this abnormal cortisol response is now used as a criterion for the 
diagnosis of the disease.

Box 6.13.2 Recommended clinical surveillance of patients 
with CNC

 1 Post- pubertal paediatric and adult patients:
• Echocardiogram (annually or biannually for adolescent patients 

with a history of excised myxoma)
• Testicular ultrasound (annually)
• Thyroid ultrasound (baseline examination; it may be repeated,  

as needed)
• Transabdominal ultrasound of the ovaries (baseline examination; 

it may be repeated, as needed)
• Urinary free cortisol levels (annually)
• Serum IGF- 1 levels (annually)

 2 Prepubertal paediatric patients:
• Echocardiogram (annually; biannually for patients with a history of 

excised myxoma)
• Testicular ultrasound for boys; close monitoring of growth rate 

and pubertal staging (annually)
 3 Further evaluation of patients of all age groups, as needed:

 For primary pigmented nodular adrenocortical disease, in  
addition to urinary free cortisol levels:
• Diurnal cortisol levels (11.30 p.m., 12.00MN and 7.30 a.m.,  

8.00 a.m. sampling)
• Dexamethasone- stimulation test (modified Liddle’s test, as per 

Stratakis et al. [10])
• Adrenal computed tomography
For gigantism/ acromegaly, in addition to serum IGF- 1 levels:
• Pituitary magnetic resonance imaging
• 3- hour oral glucose tolerance test (oGTT)
• 90- minute thyrotropin- releasing hormone (TRH) testing
For psammomatous melanotic schwannoma:
• Magnetic resonance imaging (brain, spine, chest, abdomen, 

retroperitoneum, pelvis)
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display no dermal fibrosis [19]. After comprehensive comparative 
analysis and based on the fact the epithelioid blue nevi have also 
been reported in patients with none of the other features of CNC, 
epithelioid blue nevi are not considered pathognomonic for CNC 
but simply associated with the disease [10, 19].

Blue nevi and lentigines in CNC are often accompanied by café- 
au- lait spots, which are otherwise rarely present as an isolated skin 
manifestation of CNC. Like lentigines, café- au- lait spots can be 
present at birth. In general, café- au- lait spots in CNC are less in-
tensely pigmented than those seen in McCune– Albright syndrome 
and they are more similar to those seen in the neurofibromatosis 
syndromes.

The third most common skin manifestation of CNC— cutaneous 
myxoma— is reported in between 30% and 55% of the studied pa-
tients [5, 10, 11]. Cutaneous myxomas rarely exceed 1 cm in diam-
eter and often affect the eyelids, ears, and nipples, but may also be 
seen on other areas of the face, ears, trunk, and perineum. They 
usually appear as asymptomatic, sessile, small, opalescent, or dark 
pink papules and large, finger- like, pedunculated lesions. They are 
typically diagnosed early in life, most often during the teenage years 
(mean age, 18 years). In the majority of patients (>70%) cutaneous 
myxomas show multiple appearance and a tendency to recur. The 
frequency of myxoma may be underestimated because clinical 
diagnosis may be uncertain at times; hence, histological examin-
ation is strongly recommended when in doubt. Histopathologically, 
myxomas are characterized by a location in the dermis or, occa-
sionally, more superficially in the subcutaneous tissues, sharp cir-
cumscription (sometimes encapsulation), relative hypocellularity 
with abundant myxoid stroma, prominent capillaries, lobulation 
(larger lesions), and occasional presence of an epithelial compo-
nent. It is estimated that approximately 80% of CNC patients with 
life- threatening cardiac myxoma present with cutaneous myxoma 
earlier in life; therefore, cutaneous myxoma can serve as good 
marker for the disease with high prognostic significance [5, 10, 11].

Other CNC- related skin abnormalities include melanocytic and 
atypical nevi, and the so- called Spitz nevus. Occasionally, depig-
mented lesions can be present at birth or, more often, develop in 
early childhood. These manifestations, although usually not con-
sidered specific, may be suggestive for the disease or may accom-
pany other CNC signs of importance for the diagnosis.

Molecular Genetics

Most cases of CNC are caused by inactivating mutations in the gene 
encoding one of the subunits of the protein kinase A (PKA) tetra-
meric enzyme, namely regulatory subunit type 1 α (PRKAR1A), lo-
cated at 17q22– 24 [5] . Although a second locus (2p16) has been 
implicated, sequencing of the region in the linked families did not 
reveal alterations in known coding sequences [21].

PRKAR1A extends to a total genomic length of approximately 21 
kb and consists of 11 exons, encoding a total of 381 amino acids, 
with a dimerization/  docking domain, and two cAMP binding do-
mains, A and B. Since the identification of PRKAR1A mutations in 
CNC, more than 140 disease- causing pathogenic sequence changes 
have been reported (http:// prkar1a.nichd.nih.gov/ hmdb/ intro.
html); they are spread over the entire coding sequence of the gene, 
without a notable preference for a region or exon. Structurally, the 

majority of the mutations consists of base substitutions, small de-
letions, and insertions or combined rearrangements, involving up 
to 15 bp [5, 22]; although rare, large PRKAR1A deletions have been 
reported [23, 24].

Mutations in PRKAR1A are seen in more than 70% of the pa-
tients with classical CNC and, in most cases, they lead to complete 
inactivation of one of the PRKAR1A alleles as a result of premature 
stop codon generation and subsequent nonsense- mediated mRNA 
decay (NMD) [5, 11, 22]. In its inactive form, PKA is a tetramer 
composed of two regulatory and two catalytic subunits [25]. The 
decreased cellular concentration of regulatory subunits results in a 
balance shift between the formation and the disassembly of the PKA 
tetramer, towards the release of the catalytic subunits. The free cata-
lytic subunits, which are active serine– threonine kinases, further 
phosphorylate a series of targets that regulate downstream effectors 
and transcription of specific genes, mediating cell growth and dif-
ferentiation [26]. Thus, functionally, the mechanism by which 
PRKAR1A haploinsufficiency causes CNC is through excess cellular 
cAMP signalling in affected tissues [27]. CNC lesions frequently 
show loss- of- heterozygosity, suggesting a tumour suppressor func-
tion for PRKAR1A [4, 5].

Although significantly less frequent, mutations that escape NMD 
and lead to the expression of an abnormal, defective PRKAR1A 
protein have been reported [24, 28– 30]. These expressed mutations 
may lead to a characteristic phenotype that reflects the location 
and the type of the genetic change. Examples include a germline 
in- frame deletion of exon 3 which results in severe expression of 
the majority of the CNC manifestations— a phenotype illustrating 
the importance of exon 3 in linking the dimerization/ docking and 
the first cAMP binding domain [24]. In contrast, another in- frame 
variant— a splice- site deletion that eliminates exon 7— is seen asso-
ciated mostly with lentiginosis and the adrenal component of CNC, 
PPNAD. Just as lentiginosis is the most common non- endocrine 
CNC manifestation, PPNAD is the most frequently observed endo-
crine tumour of the disease. Thus, the presence of only two features 
of CNC, the most common ones, with this splice- site variant is 
consistent with the anticipation of a milder phenotype associated 
with certain splice mutations, due to their incomplete penetrance at 
the mRNA level (i.e. not all DNA molecules harbouring the splice 
variant result in mRNA species lacking exon 7) [24, 28– 31].

Apart from the above- mentioned, expressed mutant PRKAR1A 
protein isoforms, several other expressed isoforms that result 
from single amino acid substitutions have been reported [29, 30]. 
Detailed in vitro analysis of their effects on protein function have 
revealed important PRKAR1A domain features [30,  32]. The six 
naturally occurring missense substitutions examined by this study 
(p.Ser9Asn, p.Arg74Cys, p.Arg146Ser, p.Asp183Tyr, p.Ala213Asp, 
p.Gly289Trp) are spread over all the functional domains of the pro-
tein. Although, as mentioned before, the low number of individuals 
affected by each of these mutations prevented detailed phenotype– 
genotype analysis, these studies support the previous suggestion 
that the alteration of PRKAR1A function alone (and not only its 
complete loss) is sufficient to increase PKA activity, leading to CNC.

Until recently, no genotype– phenotype correlations had been 
found for the different stop codon mutations, which are expected 
to uniformly lead to lack of the PRKAR1A mutant allele’s protein 
product in cells. This was because most of the mutations were 
identified in single patients only and only two (c.491– 492delTG/ 
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p.Val164fsX4, and c.709(- 7- 2) del6(TTTTTA)) had been seen 
in more than three kindreds [5, 28]. The first study to explore all 
PRKAR1A mutations found to date against all CNC phenotypes 
was recently completed; 353 individuals, 258 of whom (73%) were 
positive for a PRKAR1A mutation, were studied [11]. Several fea-
tures that distinguish PRKAR1A mutation carriers from mutation- 
negative CNC patients were identified; the former presented more 
frequently and earlier in life with pigmented skin lesions, myxomas, 
thyroid, and gonadal tumours. In addition, essential correlations 
between certain genetic defects and the severity and type of CNC 
manifestations were found. Bertherat et al. [11] outlined subgroups 
of patients; the first group presented with isolated PPNAD, in some 
cases accompanied with lentiginosis. In this group the following 
tendencies were observed: (1) patients diagnosed before 8 years of 
age were rarely carriers of PRKAR1A mutations; and (2) most of the 
patients with isolated PPNAD and the presence of PRKAR1A mu-
tation were carriers of either the c.709(- 7- 2) del6(TTTTTA) mu-
tation (P <0.0001) or the c.1A>G/ p.Met1Val substitution affecting 
the initiation codon of the protein. These observations were in line 
with previously published reports [5, 28] and both mutations are ra-
ther rare. Although the molecular mechanism of the p.Met1Val sub-
stitution is not completely clear, it is the only mutation that alters 
the protein initiation site, and may, in theory, result in alternative 
initiation [33]; c.709(- 7- 2) del6(TTTTTA) is a splice variant that is 
expected to result in an exon skip, frame shift, and premature stop 
codon generation. However, since it does not affect the two imme-
diate nucleotides on either site of the splice junction, it is expected 
to lead to splicing in less than 100% of the molecules that harbour 
it, and thus, presumably, to lead to a milder phenotype. The fact that 
a milder phenotype involves only the adrenal and skin is suggestive 
of their high sensitivity to changes in PKA activity.

The second group of CNC patients that was suggested to have 
a particular genotype– phenotype correlation comprised individ-
uals with myxomas (affecting all locations— skin, heart, and breast), 
PMS, thyroid tumours, and large- cell calcifying Sertoli cell tumours 
(LCCSCT). In these patients, PRKAR1A mutations were seen sub-
stantially more often. Related to this is the recognition that cer-
tain tumours present at a significantly younger age in PRKAR1A 
mutation carriers:  cardiac myxomas (P  =  0.02), thyroid tumours 
(P = 0.03), and LCCSCTs (P = 0.04) [11]. Another finding in these 
patients was that mutations that escaped NMD and led to an alter-
nate, usually shorter, protein were associated with an overall higher 
total number of CNC manifestations (P = 0.04).

In terms of pigmented skin lesions in CNC, two important cor-
relations have been observed: (1) lentigines (as well as PMS, acro-
megaly, and cardiac myxomas), were seen significantly more often 
in CNC patients with exonic PRKAR1A mutations, compared to 
those with intronic ones (P = 0.04); and (2)  lentigines (as well as 
cardiac myxoma and thyroid tumours) were significantly associ-
ated with the hot spot c.491– 492delTG mutation compared to all 
other PRKAR1A defects (P = 0.03). These data add greatly to the 
understanding of the molecular mechanisms of the involvement of 
PRKAR1A in endocrine and other tumourigenesis and, thus, for 
genetic counselling and prognosis in CNC families.

Interestingly, a 2.3- Mb deletion in chromosome band 17q24.2– 
q24.3, which involved PRKAR1A together with another 13 genes, 
resulted in a number of clinical features, including posterior laryn-
geal cleft, growth restriction, microcephaly, and moderate mental 
retardation. The only CNC manifestation was numerous freckles 

and lentigines at a young age [34]; the authors called the observed 
phenotype ‘CNC plus’.

To date, the molecular causes underlying the formation of pig-
mented skin lesions in CNC are not fully understood. A possible 
mechanism involves the PKA- mediated activation of pathways 
downstream of the melanocortin receptors (MCRs), which form 
a subfamily of the G protein- coupled receptors (GPCRs) and 
regulate a wide variety of processes, including skin pigmentation 
[35– 37]. The melanocortin 1 receptor (MC1R) is expressed prefer-
entially in epidermal melanocytes and is known to be the key regu-
lator of mammalian pigmentation [36, 38]. MC1R is stimulated by 
the proopiomelanocortin- derived melanocyte- stimulating hor-
mone and adrenocorticotrophic hormone (ACTH) and, in turn, 
activates the rate- limiting enzyme in melanin synthesis, tyrosinase. 
As a GPCR, MC1R is positively coupled with adenylate cyclase, 
and its actions are mainly mediated by PKA, in coordination with 
other signalling molecules involving protein kinase C (PKC) and 
MAPKs [39– 41].

Relationship to other Syndromes

CNC shares clinical features and molecular pathways with several 
other familial lentiginosis syndromes, such as McCune– Albright 
syndrome (OMIM #174800), Peutz– Jeghers (OMIM #175200), 
LEOPARD (OMIM #151100), Noonan’s (OMIM #163950), 
Cowden’s disease (OMIM #158350), and Bannayan– Ruvalcaba– 
Riley syndrome (OMIM #153480). In all of these conditions skin le-
sions accompany underlying endocrine and/ or other abnormalities, 
which, as in CNC, are considered an important diagnostic sign.

Probably the closest, at least in terms of a molecular pathway 
link, to CNC is McCune– Albright syndrome. Patients with this 
condition have characteristic lesions that affect predominantly 
three systems:  the skin, the endocrine system, and the skeleton. 
The café- au- lait spots in McCune– Albright syndrome patients are 
similar to those observed in CNC, but tend to be more intensely 
pigmented. McCune– Albright syndrome is caused by postzygotic, 
activating, somatic mutations of GNAS, located on 20q13, which 
encodes the adenylate cyclase- stimulating G α protein (Gsa) of the 
heterotrimeric G protein [42]. G proteins couple hormone recep-
tors to adenylyl cyclase and are therefore required for hormone- 
stimulated cAMP synthesis. Because of the somatic nature of the 
genetic defect, the presentation of the disease is mosaic and the level 
of clinical involvement of any tissue is highly variable. The muta-
tions in GNAS are always missense substitutions at the critical sites 
for the GTPase inactivation (amino acid positions p.Arg201 and 
p.Gln227), and, in contrast to PRKAR1A defects, lead to constant 
protein activation and increased cAMP production.

We have reported another endocrine lesion that is associ-
ated with increased tissue levels of cAMP, isolated micronodular 
adrenocortical hyperplasia (iMAD). In these patients, inactivating 
mutations in the genes encoding phosphodiesterases types 11A 
(PDE11A) and 8B (PDE8B) have been reported [43– 45]. iMAD pa-
tients were initially considered CNC patients, but it soon became 
clear that iMAD is not the same as PPNAD [46].

Peutz– Jeghers syndrome, another autosomal dominant familial 
lentiginosis syndrome, is characterized by melanocytic macules 
of the lips, buccal mucosa, and digits, multiple gastrointestinal 
hamartomatous polyps, and an increased risk of various neoplasms. 
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The lentigines observed in patients with Peutz– Jeghers syndrome 
shows similar density and distribution to the ones in CNC [17]. 
Peutz– Jeghers syndrome has been elucidated at the molecular level 
[47, 48]; the disease was first mapped to chromosome 19p13.3 and, 
soon after, the gene encoding the serine– threonine kinase 11 (STK11 
also known as LKB1) was found to be mutated in most patients [47– 
49]. The proposed mechanism of the disease is through elimination 
of the kinase activity of the STK11/ LKB1 tumour suppressor protein.

LEOPARD is an acronym for the manifestations of the syndrome 
comprising:  multiple lentigines, electrocardiographic conduction 
abnormalities, ocular hypertelorism, pulmonic stenosis, abnormal 
genitalia, retardation of growth, and sensorineural deafness [50]. 
LEOPARD is allelic to Noonan’s syndrome; both diseases are linked 
to mutations in PTPN11 (12q24), the gene encoding the non- receptor 
tyrosine phosphatase Shp- 2 [51,  52]. The protein encoded by this 
gene is a member of the protein tyrosine phosphatase family, proteins 
that are known to regulate a variety of cellular processes including cell 
growth, differentiation, mitotic cycle, and oncogenic transformation.

Cowden’s disease and Bannayan– Ruvalcaba– Riley syndrome 
share clinical characteristics, including mucocutaneous lesions, 
hamartomatous polyps of the gastrointestinal tract, and increased 
risk of developing neoplasms. They are described extensively else-
where in this book (see Chapter 6.15). Both conditions are caused 
by mutations in the PTEN gene [53– 55]. PTEN is located on 
10q23.31 and encodes phosphatidylinositol- 3, 4, 5- trisphosphate 3- 
phosphatase. The gene was recognized as a tumour suppressor gene 
and has been found to be mutated in a number of tumours [56]. It 
contains a tensin- like domain as well as a catalytic domain similar 
to that of the dual- specificity protein tyrosine phosphatases. Unlike 
most of the protein tyrosine phosphatases, PTEN preferentially 
dephosphorylates phosphoinositide substrates. It negatively regu-
lates intracellular levels of phosphatidylinositol- 3, 4, 5- trisphosphate 
in cells and its tumour suppressor effect is expressed by inhibition of 
the AKT/ PKB signalling pathway.

The overlapping clinical manifestations of these syndromes, 
which are caused by distinct molecular defects, suggest crosstalk 
between the involved pathways. Indeed, PRKAR1A inactivation 
leads to phosphorylation of mTOR and ERK1/ 2 [57,  58], LKB1 
is phosphorylated by PKA [59], and PTEN expression is posi-
tively regulated by transcription factor Egr- 1 in a PKA- dependent 
manner [60].
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Introduction

Heterotrimeric guanine nucleotide binding proteins (G proteins) 
couple a diverse spectrum of extracellular receptor proteins to intra-
cellular effector enzymes and ion channels. The observation that alter-
ations in G protein- coupled signalling pathways can impact cellular 
function and proliferation, and cause human disease, has stimulated 
investigation into the molecular and pharmacological regulation of G 
protein expression and action. The most well- characterized models 
for altered G protein expression defects have been based on naturally 
occurring mutations in GNAS, a complex imprinted gene at 20q13 
that encodes the α subunit of Gs, the G protein that stimulates adenylyl 
cyclase (AC). Somatic mutations in GNAS that activate Gαs (the gsp 
oncogene) are present in a subset of endocrine tumours, fibrous dys-
plasia, and in patients with the McCune– Albright syndrome, a spor-
adic disorder characterized by increased hormone production and/ 

or cellular proliferation of many tissues [1] . The clinical phenotype is 
therefore highly variable, and depends upon the location and timing 
of the mutation during embryologic development as well as the par-
ental origin of GNAS allele that carries the mutation.

By contrast, germline mutations of the GNAS gene that de-
crease expression or function of Gαs are present in subjects with 
Albright hereditary osteodystrophy (AHO), a heritable disorder 
associated with a constellation of developmental defects and, in 
many patients, reduced responsiveness to multiple hormones 
that signal through receptors that require Gαs to activate AC (i.e. 
pseudohypoparathyroidism type 1a) [2] . MAS and AHO repre-
sent contrasting gain of function and loss of function mutations in 
the GNAS gene, respectively. Clinical and biochemical analyses of 
subjects with these syndromes have extended our understanding of 
the developmental and functional consequences of dysfunctional G 
protein action, and have provided unexpected insights into the im-
portance of cAMP as a regulator of the growth and/ or function of 
many tissues. This chapter will focus on the clinical implications of 
activating mutations of GNAS as the basis for MAS.

G Protein Structure and Signalling

G proteins share a common heterotrimeric structure consisting of 
an α subunit and a tightly coupled βγ dimer. The α subunit interacts 
with detector and effector molecules, binds guanosine triphosphate 
(GTP), and possesses intrinsic GTPase activity. There are 16 genes in 
mammals that encode some 20 different α chains. The α subunits as-
sociate with a smaller group of β (at least 5) and γ (more than 12) sub-
units [3] . The Gα subunits are categorized in four classes, and include 
Gsα (G stimulatory); Giα (G inhibitory) and Goα (G other); Gq/ 11α; 
and G12/ 13α. They behave differently in the recognition of the ef-
fector, but share similar structures and mechanism of activation. The 
Gα subunits consist of two domains: a GTP- binding domain and a 
helical insertion domain. The GTP- binding domain is homologous to 
Ras- like small GTPases, and includes switch regions I and II, which 
change conformation during activation. The switch regions are loops 
of alpha- helices with conformations sensitive to guanine nucleo-
tides. The helical insertion domain is inserted into the GTP- binding 
domain before switch region I  and is unique to heterotrimeric G 
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proteins. This helical insertion domain functions to sequester the 
guanine nucleotide at the interface with the GTP- binding domain 
and must be displaced to enable nucleotide dissociation.

Combinatorial specificity in the associations between various G 
protein subunits provides the potential for enormous diversity, and 
may allow distinct heterotrimers to interact selectively with only a 
limited number of effector proteins and G protein- coupled receptor 
(GPCR) proteins. The GPCRs are encoded by more than 1% of the 
genome of vertebrates, and represent a large protein family of recep-
tors that sense molecules outside the cell and activate inside signal 
transduction pathways and, ultimately, cellular responses. GPCRs, 
also termed 7TM receptors, heptahelical receptors, and serpen-
tine receptors, contain alpha helical regions that pass through the 
cell membrane seven times. The human genome encodes roughly 
950 GPCRs, which detect photons (light), hormones, growth fac-
tors, drugs, and other endogenous ligands. Approximately 150 of 
the GPCRs found in the human genome have unknown functions. 
GPCRs are activated by a wide variety of signals, including proteins, 
nucleotides, amino acid residues, Ca2+, light photons, and odorants, 
and it is postulated that ligand- binding alters the conformation of 
transmembrane domains and intracellular loops, increasing the af-
finity of the receptor for specific heterotrimeric G proteins.

G protein coupled signalling is regulated by a mechanism in which 
the binding and hydrolysis of GTP acts as a molecular timing switch 
(Figure 6.14.1). In the basal (inactive) state, G proteins exist in the 
heterotrimeric form with GDP bound to the α chain. The interaction 
of a ligand- bound receptor with a G protein facilitates the release of 
tightly bound GDP and the subsequent binding of cytosolic GTP. The 
binding of GTP to the α chain induces conformational changes that 
facilitate the dissociation of the α- GTP chain from the βγ dimer and 
the receptor. The free α- GTP chain assumes an active conformation 

in which a new surface is formed that enables the α chain to interact 
with target enzymes and ion channels with 20-  to 100- fold higher 
affinity than in the GDP bound state. The βγ dimers also partici-
pate in downstream signalling events through interaction with an 
ever- widening array of targets, including certain forms of AC and 
phospholipase C, potassium channels, and GPCR kinases.

G protein signalling is terminated by the hydrolysis of α- GTP to α- 
GDP by an intrinsic GTPase. The GTPase reaction is a high- energy 
transition state that requires association of the γ- phosphorus atom 
with the oxygen of a water molecule. To catalyse this reaction, the 
γ- phosphate of GTP must be stabilized so that a straight line, per-
pendicular to the plane of the γ- phosphate, connects the water, the 
γ- phosphorus, and the oxygen molecule leaving the β- phosphate. 
In Gαs, amino acids arginine201 and glutamine227 function as ‘fin-
gers’ to position the γ- phosphate of GTP. With hydrolysis of GTP 
to GDP, the α- GDP chain re- associates with the βγ dimer and the 
heterotrimeric G protein is capable of participating in another cycle 
of receptor- activated signalling (Figure 6.14.1).

The GTPase of the Gα chain provides a molecular timing switch 
that controls the duration, and thereby the intensity, of the signal-
ling event. The intrinsic rates of GTP hydrolysis by G protein α 
chains differ widely, and interactions that influence the rate of the 
GTPase reaction can have profound consequences. Several factors, 
termed GAPs for ‘GTPase activating proteins’, can interact directly 
with specific α chains to accelerate the slow intrinsic rate of GTP 
hydrolysis. One important class of GAP’s is represented by the evo-
lutionarily conserved superfamily of RGS proteins, for ‘regulators 
of G protein signalling’, that can stimulate a 40- fold increase in the 
catalytic rate of GTP hydrolysis, and thus can markedly accelerate 
the termination of G protein signalling. On the other hand, inhib-
ition of intrinsic GTPase by modification or replacement of key 
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Figure 6.14.1 The cycle of hormone- dependent GTP binding and hydrolysis that regulates heterotrimeric G protein signal transduction. In the non- 
stimulated, basal (Off) state, GDP is tightly bound to the α chain of the heterotrimeric G protein. Binding of an agonist (Ligand) to its receptor (depicted 
with seven transmembrane spanning domains) induces a conformational change in the receptor, and enables it to activate the G protein. The G protein 
now releases GDP and binds GTP present in the cytosol. The binding of GTP to the α chain leads to dissociation of the α- GTP from the βγ dimer, and each 
of these molecules is now free to regulate downstream effector proteins. The hydrolysis of GTP to GDP by the intrinsic GTPase of the α chain promotes 
reassociation of α- GDP with βγ and the inactive state is restored. The heterotrimeric G protein is ready for another cycle of hormone- induced activation.
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amino acid residues (e.g. arginine201 or glutamine227 in Gαs) can 
delay termination of the signal transduction process, and cause per-
sistent and excessive signalling. For example, exotoxins secreted by 
Vibrio cholerae and some strains of E. coli catalyse the addition of 
an ADP- ribose moiety to the side chain of arginine201 in Gαs. This 
covalent modification markedly reduces GTP hydrolysis and main-
tains Gαs in its active GTP- bound form, thus resulting in persistent 
stimulation of AC [4] . The subsequent accumulation of cAMP in 
intestinal epithelial cells stimulates secretion of salt and water into 
the intestine and produces, in part, the watery diarrhoea associated 
with cholera. A drug screening assay has been developed to deter-
mine the efficacy of small molecule inhibitors for the constitutively 
active signalling with gsp mutations in MAS [5]. This assay could 
identify small molecule inhibitors for the treatment of MAS.

Activating Mutations of the GNAS Gene Induce 
Cellular Proliferation

Activity of AC is under dual regulatory control through receptors 
that interact with either Gs to stimulate AC or with Gi to inhibit AC. 
Increased intracellular cAMP stimulates proliferation of many cell 

types, and can increase synthesis and secretion of endogenous hor-
mones and neurotransmitters. Both germline and somatic mutations 
in GNAS that lead to a gain of function in Gαs produce constitutive 
(i.e. hormone independent) activation of AC. Vallar et  al. initially 
described a subset of human growth hormone secreting pituitary tu-
mours in which basal AC activity in vitro was very high and failed to 
increase further with addition of growth hormone releasing hormone 
[6] . Subsequent studies showed that these somatotropic tumours con-
tained unusual forms of Gαs that lacked GTPase activity due to somatic 
mutations in GNAS that replace either arginine201 or glutamine227 and 
thereby convert GNAS into the gsp oncogene. Arginine201 corresponds 
to the site of choleragen modification of Gαs, whereas glutamine227 
in Gαs corresponds to the cognate amino acid Gln61 in the low mo-
lecular weight GTP- binding protein p21ras. Naturally occurring Gln61 
mutations convert p21ras into an oncogene that plays a role in the de-
velopment of a variety of human tumours [7]. Replacement of either 
arginine201 or glutamine227 in Gαs enable the protein to remain in the 
active, GTP- bound state, and the consequent increase in cAMP leads 
to cellular proliferation and excessive hormone secretion [8, 9]. Such 
activating mutations occur in approximately 40% of somatotropic 
tumours (Table 6.14.1). In addition to growth hormone secreting 
pituitary tumours, gsp mutations are also present in a small number 

table 6.14.1 Clinical manifestations of McCune– Albright syndrome. Clinical data compiled from over 250 cases of MAS reported 
in the literature (summarized in [36, 40, 44, 77, 84, 98, 112]). Evaluations include clinical and biochemical data; other rarely described 
manifestations include metabolic acidosis, nephrocalcinosis, intellectual disability, thymic and splenic hyperplasia, and colonic polyps

% of all patients 
affected

% of males 
affected

% of females 
affected

Age at diagnosis, years 
(range)

Comments

Fibrous dysplasia 98 96 98 7.7 (0– 52) Polyostotic more common than mono- ostotic

Cafe’- au- lait lesions 85 92 82 7.7 (0– 52) Variable size and number of lesions, irregular 
border (‘coast of Maine’)

Precocious puberty 52 15 70 4.9 (0.3– 9) Common initial manifestation

Acromegaly/ Gigantism 27 38 21 14.8 (0.2– 42) 65% with adenoma on MRI/ CT

Hyperprolactinaemia 15 17 13 16.0 (0.2– 42) 55% of acromegalics with ↑ PRL

Hyperthyroidism 19 13 22 14.4 (0.5– 37) Euthyroid goitre is common; ultrasound 
generally shows nodules

Hypercortisolism 6 8 5 4.4 (0.2– 17) All primary adrenal

Myxomas 5 6 5 34 (17– 50) Extremity myxomas

Osteosarcoma 2 2 3 36 (34– 37) At sites of fibrous dysplasia, not related to prior 
radiation therapy

Rickets/ Osteomalacia 3 2 3 27.3 (8– 52) Responsive to phosphorus plus calcitriol; most 
likely due to excess section of FGF23 from 
fibrous dysplasia

Cardiac abnormalities 11 15 9 (0.1– 66) Arrhythmias and CHF reported

Hepatic abnormalities 10 11 10 1.9 (0.3– 4) Neonatal icterus is most common

Testicular abnormalities 81 Hyperechoic lesions (49%), hypoechoic lesions 
(30%), microlithiasis (30%), heterogeneity (47%), 
and focal calcifications (11%). Precocious 
puberty in 21%

Gastrointestinal abnormalities 56% 52 48 35.1 years Radiographic GI abnormalities: 46% with 
intraductal pancreatic papillary mucinous 
neoplasms; also, gastric heterotopia/ metaplasia, 
gastric hyperplastic polyps, fundic gland polyps, 
and hamartomatous polyp

Hearing loss 22.4% of ears 
in patients with 
temporal bone 
fibrous dysplasia

55 45 Median age 19.6 years; 
range, 4.6– 80.3 years

Conductive in 65.9%, sensorineural in 29.3%, 
and mixed in 4.9%. Hearing loss was mild and 
non- progressive in most participants

Abbreviations: PRL, prolactin; CHF, congestive heart failure.
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of ACTH- secreting pituitary tumours [10,  11], a subset of thyroid 
neoplasms, and testicular and ovarian stromal Leydig tumours [12], 
but are rare in other endocrine tumours (Box 6.14.1). Moreover, gsp 
mutations have been described in ovarian cysts that cause isosexual 
gonadotropin- independent precocious puberty [13, 14], in intramus-
cular myxomas [15] and in isolated fibrous dysplasia of the bone [16].

Molecular Basis for the McCune– Albright 
Syndrome

In 1937, McCune and Bruch [17] and Albright and associates [18] 
independently described a sporadic syndrome characterized by 
the clinical triad of polyostotic fibrous dysplasia, café- au- lait skin 

lesions, and endocrine hyperfunction now known as McCune– 
Albright syndrome (MAS) (Figure 6.14.2). Despite excessive ac-
tivity of endocrine tissues, serum levels of the relevant regulatory 
or tropic hormones were either normal or decreased, suggesting 
autonomous function. Based on the observation that the cutaneous 
hyperpigmentation in MAS typically follows the developmental 
lines of Blaschko, Happle proposed that the underlying genetic ab-
normality might be a dominantly acting somatic mutation that oc-
curs early in development and which leads to a mosaic pattern of 
distribution of mutant cells [19]. Similarly, a lack of documented 
heritability of MAS has been interpreted as evidence that germline 
transmission of the mutation would be lethal [19].

The molecular basis for MAS is a somatic mutation in exon 8 of 
GNAS that replaces the residue arginine at position 201 by histi-
dine or cysteine [20, 21]. Very infrequently, arginine is replaced by 
serine, glycine, or leucine [22]. Although missense mutations that 
replace the nearby glutamine at position 227 have been identified 
in solitary endocrine tumours, they have not been described in pa-
tients with MAS.

Consistent with a postzygotic somatic mutation, cells containing 
the gsp mutation are not present in all tissues of patients with MAS. 
Rather, cells containing a mutant GNAS gene are distributed in a 
mosaic pattern, with the greatest number of gsp- containing cells 
present in the most abnormal areas of affected tissues (Figure 
6.14.3) [20, 21, 23]. In some cases, gsp alleles may be present in only 
some cell types within tissues that are derived from different em-
bryological precursors. For example, a 3- year- old male MAS patient 
with macro- orchidism but no precocious puberty was reported to 
have a R201H gsp allele present only in Sertoli cells, resulting in 
isolated Sertoli cell hyperfunction, evidenced by increased Anti- 
Müllerian hormone (AMH) expression and cell hyperplasia leading 
to prepubertal macro- orchidism. There were no signs of Leydig cell 
activation, and no evidence of excess androgen action [24, 25]. The 
different early embryologic origin of precursors contributing to 
Sertoli and Leydig cell lineages may underlie the differential exist-
ence of the mutated GNAS gene.

Box 6.14.1 Clinical syndromes associated with activating 
mutations of GNAS

Missense mutations of GNAS at Arg201 and Gln227 which cause constitu-
tive activation of AC and the cAMP signalling cascade have been iden-
tified in patients with McCune– Albright syndrome (MAS) and subsets of 
a variety of endocrine tumours.
•	 McCune– Albright syndrome (100%)
•	 Pituitary adenomas (4– 50%)

 — Growth hormone- secreting adenomas (35– 40%)
 — ACTH- secreting adenomas (4– 9%)
 — Clinically non- functioning adenomas (rare)

•	 Thyroid neoplasms (3– 70%)
 — Hyperfunctioning and non- functioning follicular adenomas
 — Papillary and follicular carcinomas

•	 Parathyroid neoplasms (<5%)
 — Parathyroid adenomas

•	 Adrenocortical disorders (<5%)
 — Aldosterone- producing adenomas
 — Adrenal hyperplasia
 — Phaeochromocytoma

•	 Leydig cell and ovarian neoplasms (66%)

Figure 6.14.2 Patient with McCune– Albright syndrome. This patient demonstrates the complete clinical triad of McCune– Albright syndrome, with 
café- au- lait, polyostotic fibrous dysplasia, and excessive endocrine function (hyperthyroidism). The fibrous dysplasia has affected his skull and long 
bones and led to progressive and debilitating deformity. The classic features (right panel) of fibrous dysplasia are illustrated in this radiograph of his 
right upper extremity, which reveals expansile, lytic lesions with a ‘ground glass’ pattern and a scalloped border secondary to endosteal erosion.
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The variable involvement of different tissues in patients with 
MAS, as well as the clinical heterogeneity among affected patients, is 
assumed to be a result of several unique features. First, the number 
of tissues in which the gsp is present, and the proportion and distri-
bution of affected cells in a tissue, will be determined by the timing 
of the mutational event. Thus, mutations that arise early in em-
bryogenesis are likely to affect several cell lineages and produce a 
more severe phenotype than mutational events that occur later. For 
example, acquisition of a gsp mutation months or even years after 
birth could explain the development of a solitary endocrine tumour 
or a single fibrous dysplasia lesion in some patients.

Second, epigenetic and/ or microenvironmental factors that 
regulate GNAS expression can influence the MAS phenotype. For 
example, stochastic effects, such as allelic imbalance, may favour ex-
pression of the mutant allele in some tissues [26], thus exaggerating 
the effect of a gsp mutation. Even more importantly, tissue- specific 
imprinting of GNAS can exert a discrete effect on expression of 
gsp alleles. GNAS transcripts that encode Gαs are preferentially ex-
pressed from the maternal allele in some cells (e.g. renal proximal 
tubule cells, thyroid follicular cells, and pituitary somatotrophs) 
[27, 28]. Theoretically, in those cells in which Gαs is expressed pre-
dominately if not exclusively from the maternal allele, only somatic 
of the maternal allele will have pathophysiological consequences. 
This is the case for sporadic GH- secreting pituitary adenomas as 

well as patients with MAS who have GH- secreting pituitary aden-
omas, where activating mutations of Gαs almost always occur on the 
maternal allele [1, 29]. By contrast, the parental origin of a gsp allele 
will be far less important in cells and tissues where both Gαs alleles 
are expressed.

Additional transcripts are generated by GNAS using alternative 
first exons that are spliced to exons 2– 13, but the effect of these pro-
teins on the MAS phenotype remains uncertain. Exon 1A, is located 
approximately 2.5 kb upstream of exon 1.  Transcripts beginning 
with exon 1A are expressed only from the paternal allele, and are 
probably untranslated [30]. Further upstream are two additional al-
ternative first exons; one encodes the amino terminus of the XLαs 
protein, which is expressed only from paternal alleles. XLαs shares 
carboxyl terminal sequences with Gαs, and functions in G- protein 
coupled signal transduction. gsp mutations in XLαs can affect signal 
transduction in vitro [31] and recent data suggests that constitutive 
XLαs activity adds to the molecular pathogenesis of MAS [32]. The 
third alternative first exon is approximately 52 kb upstream of exon 
1 and is expressed exclusively from the maternal allele. This exon 
contains the entire coding sequence for the neurosecretory protein 
NESP55 [33– 35], a chromogranin- like protein that is present in 
secretory granules and shares no protein homology with Gαs. Thus, 
activating mutations in exon 8 of GNAS would not be present in 
NESP55.

Figure 6.14.3 Correlation of the abundance of mutant alleles with the pathological abnormalities in ovarian tissue from a young girl with MAS 
and precocious puberty. A cross- section from a paraffin- embedded section of ovary from a patient (patient 1 in [21]) with MAS is shown in the 
centre (×50). The two outlined areas, shown at ×120, were dissected and analysed independently; area A shows ovarian cortex containing primordial 
follicles, and area B shows follicular cyst lining containing stimulated luteinized theca. On the right are blots showing the results of allele- specific 
oligonucleotide (ASO) hybridization of DNA with wild- type (R201) or mutant (R201C) radioactively labelled primers after PCR amplification; DNA was 
isolated from total ovary (centre) or specific regions as shown.
Reproduced with permission from Weinstein LS, Shenker A, Gejman PV, Merino MJ, Friedman E, Spiegel AM. Activating mutations of the stimulatory G protein in the McCune– 
Albright syndrome. N Engl J Med. 1991;325:1688– 95. (21). Copyright © 1991, Massachusetts Medical Society.
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Third, the clinical and endocrinological features of MAS will be 
influenced by the effects of cAMP in a specific cell type. For example, 
a gsp oncogene will produce the most significant consequences in 
those tissues in which cAMP stimulates cellular proliferation and/ 
or hormone secretion rather than differentiation. Cyclic adenosine 
monophosphate (AMP) is not mitogenic in all cell types, and in 
some cell types cAMP can actually inhibit growth. Moreover, even 
in cells in which cAMP is a strong growth stimulator, changes in 
the expression of other genes or induction of counter- regulatory re-
sponses (such as increased cAMP phosphodiesterase activity) could 
mitigate or even reverse the effects of the gsp oncogene.

Clinical Manifestations 
of McCune– Albright Syndrome

Comprehensive reviews of the clinical spectrum of MAS have ex-
tended our appreciation of this unusual disorder [36, 37] (Figure 
6.14.2). The mean age at the time of clinical diagnosis of MAS is 
5.7 years, with a range of 0.7 to 11 years. Almost all patients who 
ultimately manifest the complete clinical triad of pigmented skin le-
sions, excessive endocrine function, and fibrous dysplasia will have 
evidence of café- au- lait skin lesions at birth. There is a 50% likeli-
hood of precocious puberty in females by age 4 years, and a 50% 
likelihood of bone lesions by age 8 years.

Fibrous Dysplasia

Fibrous dysplasia of the skeleton occurs in nearly all (98%) patients 
with MAS, and may manifest as either a solitary lesion (mono- 
ostotic, 13%) or multiple lesions (poly- ostotic, 87%) [35].

Fibrous dysplasia typically develops during the first decade of life 
(Table 6.14.1), and seems to progress over time in most patients, 
with an increase in both the extent and number of bone lesions. The 
femur and pelvis are most commonly involved, and the shepherd’s 
crook deformity of the femur is a pathognomonic lesion. Spinal in-
volvement, with progressive scoliosis, is apparently more common 
than originally thought [38, 39]. Bisphosphonates have not been ef-
fective in decreasing the progression of spine curvature [40].

Most MAS patients will experience at least one fracture (peak 
age 7– 12  years) and many patients will have multiple fractures. 
Radiographs of affected bones reveal long expansile (long lesions 
in long bones), lytic lesions with a ‘ground glass’ (as in the ground 
glass stoppers for glass bottles) pattern and a scalloped cortical 
bone border secondary to endosteal erosion (Figure 6.14.2) [38, 
39, 41]. The marrow cavity, which usually has a cellular fatty tissue, 
is replaced by fibro- osseous tissue. Bone histology discloses three 
primary, but distinct, histological patterns, defined as Chinese 
writing type, sclerotic/ Pagetoid type, and sclerotic/ hypercellular 
type, which are characteristically associated with the axial/ appen-
dicular skeleton, cranial bones, or gnathic bones, respectively [42]. 
Craniofacial involvement occurs in many patients, and should be 
evaluated with both CT and MRI in order to demonstrate the extent 
of disease, and potential compressive complications of fibrous dys-
plasia such as optic neuropathy [43]. While hearing loss appears to 
be common [44, 45], ocular complications are infrequent even with 
involvement of the optic nerve canals [45].

The basis for the unusual cellular changes in fibrous dysplasia 
is poorly understood. Recent evidence indicates that the fibrotic 
areas consist of an excess of pre- osteogenic cells, whereas the 
bone formed de novo within fibrotic areas is produced by mature 
but abnormal osteoblasts [42]. It is likely that at least some of the 
phenotypic changes in affected osteogenic cells result from cAMP- 
induced increases in expression of interleukin- 6 and the c- fos proto- 
oncogene [22, 46, 47]. The mosaic distribution of lesions in fibrous 
dysplasia may also play an important pathogenic role, as close con-
tact between transplanted normal bone cells and osteogenic cells 
containing the gsp mutation is necessary to reproduce the fibrous 
dysplasia lesion in mice [48]. Using mouse models that allow the 
conditional expression of a gsp mutation in the skeletal stem cell 
(SSC) lineage, Zhao et al. have shown that GNAS activation is suf-
ficient for initiation of fibrous dysplasia, as cells containing the 
mutation proliferated along the osteogenic lineage but failed to 
differentiate to mature osteoblasts. Remarkably, silencing the gsp 
mutation resulted in regression of the fibrous dysplasia- like lesion, 
suggesting that targeting gsp might represent a strategy for cure of 
fibrous dysplasia [49].

Sarcomatous degeneration (e.g. osteosarcoma, fibrosarcoma, and 
chondrosarcoma, in descending order of frequency) occurs as a 
rare complication of fibrous dysplasia in MAS patients (mean age 
of 36 years) [50], and F- 18 fluorodeoxyglucose positron emission 
tomography may be able to disclose early malignant transformation 
of fibrous dysplasia lesions [43, 51].

Treatment for fibrous dysplasia is principally based on surgery, 
with fracture repair and reconstruction of craniofacial deformity 
the most common procedures. Regrowth or recurrence of fibrous 
dysplasia after skull surgery is common (66%), and is more frequent 
after operations in subjects with MAS who have growth hormone 
excess (88%) than without growth hormone excess (58%) [52]. 
Therefore, patients with extensive fibrous dysplasia should be evalu-
ated carefully for the presence of MAS in general, and growth hor-
mone excess in particular. By contrast, outcomes are favourable for 
aneurysmal bone cysts and biopsies [52].

No medical treatment for fibrous dysplasia is entirely satisfactory. 
Most but not all studies have demonstrated that bisphosphonates 
can relieve bone pain, decrease bone resorption, and improve the 
radiological appearance (e.g. filling of lytic lesions and/ or thickening 
of cortices) of bone lesions in about 50% of patients. Bone mineral 
density in affected sites is also significantly increased after treatment 
with pamidronate, a potent second- generation bisphosphonate that 
is administered intravenously. In a series of nine patients on long- 
term pamidronate treatment who became resistant to this medica-
tion, a switch to intravenous zoledronic acid did not produce any 
substantial improvement [53]. Recent case reports describe early 
and encouraging experiences with denosumab as a treatment for 
fibrous dysplasia in adults [54– 56]. Studies in children are even 
more limited. Denosumab treatment of one 9- year- old boy with 
extremely painful and severe fibrous dysplasia led to a clinically 
significant reduction of osteolytic expansion and fibrous dysplasia- 
related bone pain, but was associated with worrisome disturbances 
of mineral metabolism both while on treatment and after discon-
tinuation, limiting enthusiasm for use of this drug in children [56].

Anecdotally, 30 days after intranasal calcitonin administration a 
wheelchair bound patient had improved pain and at 90  days was 
able to walk without assistance [57]. Therefore, calcitonin may be 
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considered a short- term therapeutic option in cases of severe and 
refractory bone pain [57]. Finally, in patients with a high skeletal 
burden in fibrous dysplasia, consistent with MAS, addressing mal-
adaptive illness perceptions may also improve quality of life [58].

Café- au- Lait Skin Lesions

Patients with MAS typically have one or more pigmented macules, 
termed café- au- lait lesions, that have irregular borders (coast of 
Maine) (Figure 6.14.4). By contrast, café- au- lait skin lesions that 
occur in patients with neurofibromatosis (Von Recklinghausen’s 
syndrome) have a smooth border (coast of California) (Figure 
6.14.5). The distribution of skin lesions in MAS is also character-
istic (Figure 6.14.4), consisting of an S- shaped pattern on the chest, 
a V- shaped pattern on the back, and a linear distribution on the 
extremities, that conforms to the embryological lines of ectodermal 
migration (i.e. lines of Blashko) and reflects the dorsoventral out-
growth of two populations of cells [19]. Lesions rarely extend be-
yond the midline and in most patients the skin lesions tend to be on 
the same side of the body as the skeletal lesions. They occur most 
commonly on the buttocks and lumbosacral regions.

endocrine Abnormalities

Autonomous endocrine function is common in MAS (Table 6.14.1) 
[59]. Precocious puberty is the most common endocrine disorder 
in MAS, and has been reported in over 60% of patients. Precocious 
puberty is a common initial manifestation of MAS in girls, and 
characteristically presents as thelarche and/ or vaginal bleeding in 
a girl under 5 years of age. Vaginal bleeding may occur in the ab-
sence of significant breast development or pubarche. Some young 
girls will have seemingly regular menses and progressive pubertal 
development, including rapid advancement of bone age, whereas 
others will have irregular or intermittent bleeding that is associated 
with relatively normal rates of growth. The production of oestrogen 
appears related to the growth and involution of small ovarian cysts, 
and is typically not associated with follicular maturation or ovu-
lation. Ovarian activity can undergo a spontaneous remission in 

some cases. Large, benign ovarian cysts may also occur [13, 14], and 
surgical excision may result in regression of secondary sexual char-
acteristics until the onset of normal pubertal development. Patients 
typically have low or suppressed levels of serum LH and follicle- 
stimulating hormone (FSH), which fail to increase significantly 
after administration of gonadotropin- releasing hormone (GnRH), 
a characteristic of gonadotropin- independent precocious puberty 
(i.e. precocious ‘pseudopuberty’). Testing may be normal during 
intervals of apparent ovarian inactivity, however. Given the episodic 
nature of oestrogen production, and the poor performance charac-
teristic of many clinical assays for oestradiol, serum concentrations 
of this steroid are often not elevated. Of interest, after several years 
of excessive sex steroid exposure some girls experience a transition 
to central precocious puberty, particularly those whose bone age is 
11 years or greater [60– 62]. As adults, women with a past history of 
gonadotropin- independent precocious puberty may have irregular 
menses and reduced fertility due to continued autonomous produc-
tion of oestrogen.

Treatment of precocious puberty in girls with MAS is challenging. 
Therapy with GnRH analogues and superagonists is not effective 
unless there has been a progression to central precocious puberty 
[62]. Treatment with first generation aromatase inhibitors was gen-
erally disappointing [61, 63], but recent long- term follow- up studies 
of girls treated with letrozole have been more promising [64], with 
sustained beneficial effects on skeletal maturation, growth velocity, 
and predicted adult height [65]. The efficacy of compounds with 
antioestrogenic activity, such as the selective oestrogen receptor 
modulators (SERMs) tamoxifen or raloxifene, also appears to be 
useful [65– 67].

Contrary to prevailing thinking, the incidence of gonadal path-
ology in MAS is equal in males and females. The predominant 
histopathological finding is variable degrees of seminiferous tube 
development with Leydig cell hyperplasia, which carries a low risk 
of malignant transformation and can be managed conservatively 
[68]. Testicular enlargement is generally bilateral but can be unilat-
eral [69]. Although testicular enlargement is usually associated with 
excessive production of testosterone and precocious puberty, occa-
sionally the enlargement is limited to autonomous hyperfunction of 
Sertoli cells with no activation of Leydig cells [24]. Most boys with 
MAS will show testicular microlithiasis on ultrasound, which can 

Figure 6.14.4 Café- au- lait lesions in McCune– Albright syndrome. The pigmented lesions follow the embryological lines of Blashko, and are typically 
ipsilateral to and near the skeletal lesions of fibrous dysplasia. The pigmented macules have irregular margins (left) that resemble the ‘coast of Maine’ 
(right).
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be a very useful screening test [68]. Treatment is similar to that for 
familial male precocious puberty due to activating mutations of the 
LH receptor (i.e. testitoxicosis) [70], and consists of the combin-
ation of an aromatase inhibitor plus an androgen receptor blocker 
[66, 68, 69,  71]. In those cases where gonadotropin- independent 
precocious puberty leads to early activation of central puberty, the 
addition of a GnRH analogue may be required to arrest further pu-
bertal development and to allow boys to achieve a normal adult 
height [68, 72, 73].

Growth hormone (GH) excess is common in MAS [74], and may 
produce either gigantism or acromegaly [75, 76]. The biochemical 
behaviour of growth hormone- producing pituitary tumours in pa-
tients with MAS appears indistinguishable from that of sporadic tu-
mours with and without gsp mutations. GH secretion is stimulated 
by TRH, GHRH, and sleep, and is incompletely suppressed by glu-
cose administration. However, only 65% of MAS patients with GH 
excess have radiographic evidence of a pituitary tumour, a much 
lower incidence than in sporadic cases of acromegaly (99%) [77]. In 
addition, hyperprolactinemia occurs in over 50% of MAS patients 
with elevated GH levels, a frequency that is somewhat greater than 
occurs in patients with sporadic pituitary tumours (40%) [77]. The 
indications for surgical treatment (e.g. transphenoidal tumour ex-
cision) of GH- secreting pituitary tumours are similar for those in 
patients without MAS. Improved outcomes may be achieved with 
neuronavigational guidance and preoperative treatment with long- 
acting ostreotide analogues [78].

Medical therapy with bromocriptine may reduce tumour size and 
hormonal secretion in many, but not all patients [10, 79]. However, 
other medical treatments, such as long- acting octreotide and 
pegvisomant [80– 82], appear more useful. Insulin growth factor 1 
(IGF1) hyperactivity increases risk of morbidity in MAS presum-
ably thru increased GH. Early medical therapy, for example, with 
long- acting octreotide (with or without pegvisomant) therapy is ef-
fective in normalizing IGF1 in most patients, and early treatment is 
associated with decreased risk of optic neuropathy and decreased 
growth of GH- secreting adenomas [83].

Hyperthyroidism and/ or autonomous thyroid nodules have been 
identified in approximately 33% of MAS patients who underwent 
thyroid evaluation [77, 84– 86]. Radioactive iodine ablation or sur-
gery has been used to treat thyroid nodules. The degree of hyperthy-
roidism is variable, and serum concentrations of thyroid- stimulating 
hormone (TSH) are typically low and thyroid- stimulating immuno-
globulins are undetectable. The thyroid gland will often appear 
normal by physical exam, but nodules are nearly always detectable 
by sonography.

Patients with MAS occasionally develop autonomous function 
of the adrenal gland and primary hypercortisolism at a young age 
(mean age of 4.4 years) [77]. Adrenal gland histopathology reveals 
either nodular hyperplasia or solitary adenoma [76].

other Features

Recent analyses have documented the occurrence of additional 
non- endocrine features in patients with MAS that extend the clin-
ical spectrum of the disorder. These include hypophosphataemia, 
hepatobiliary disease, and cardiac disease. Hypophosphataemia and/ 
or decreased renal tubular reabsorption of phosphate occur in over 
50% of subjects with MAS, and may lead to the development of rickets 
or osteomalacia [87]. A  similar syndrome of hypophosphataemic 
rickets has been described in patients with fibrous dysplasia who 
lack other features of MAS, as well as in other patients who have 
various mesenchymal tumours, and appears due to secretion of cir-
culating phosphaturic factors termed ‘phosphatonins’. FGF23 is the 
best characterized of the phosphatonins, and is produced by the ab-
normal osteogenic precursors present in fibrous dysplasia lesions. 
The concentration of circulating FGF23 correlates with the extent 
of fibrous dysplasia throughout the skeleton [88, 89]. Based on the 
success of a fully humanized monoclonal antibody against FGF23, 
burosumab, for the treatment of adults and children with X- linked 
hypophosphataemic rickets [90,  91] and tumour- induced osteo-
malacia [92, 93], burosumab may emerge as a successful medical 

Figure 6.14.5 Café- au- lait lesions in neurofibromatosis. The pigmented macules have smooth margins (left) that resemble the ‘coast of California’ 
(right).
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therapy for the FGF23- dependent hypophosphataemic rickets and/ 
or osteomalacia in patients with fibrous dysplasia [93, 94]. An al-
ternative explanation for hypophosphataemia in patients with MAS 
is the presence of the gsp oncogene in the proximal renal tubule, 
where it induces increased cAMP production and an intrinsic de-
fect in reabsorption of phosphate [95].

While neonatal jaundice in patients with MAS typical resolves, 
liver function enzymes typically remain mildly elevated. Liver hist-
ology varies from near normal to discrete portal fibrosis to giant 
cell hepatitis [96]. Liver disease is due to the presence of the gsp 
mutation in hepatic tissue [86, 96,  97], and the degree of histo-
logical abnormality correlates with the relative amount of abnormal 
Gαs protein and adenylyl cyclase activation [97]. Another unusual 
manifestation of MAS is cardiac disease [86]. Cardiac involvement 
in patients with MAS ranges from tachycardia and hypertension to 
cardiomegaly and sudden death [86]. Affected cardiac tissue con-
tains cells with the gsp mutation [86], and it is likely that elevated 
levels of cAMP account directly for the abnormal cardiac function.

There are abnormalities in the gastrointestinal tract and pancreas 
in patients with MAS and patients with MAS should be evaluated 
for gastrointestinal pathology as well [98]. Intraductal papillary 
mucinous neoplasms (IPMNs), which are the most common cystic 
precursor lesions of invasive pancreatic cancer, GNAS mutations at 
codon 201 have been identified. Histological subtype of IPMNs cor-
relates with GNAS mutational frequency [99].

Thus, the clinical MAS phenotype is highly variable, depending 
upon the location and timing of the mutation during embryologic 
development.

Diagnosis

The diagnosis of MAS remains a clinical exercise, and is straight-
forward when all three features are present in a candidate patient. 
However, many patients with MAS lack some features at the time 
of initial presentation, and it would therefore be desirable to have 
a molecular test for the disorder. The mosaic distribution of cells 
bearing the GNAS mutation, and the variable number of affected 
cells in a tissue, makes it technically difficult to detect mutant GNAS 
alleles even in affected tissues, as they may represent only a small 
proportion of the GNAS alleles present in a DNA sample. Detection 
of a gsp mutant in DNA samples can be greatly enhanced by proto-
cols that enrich the relative abundance of mutant alleles as poly-
merase chain reaction (PCR) targets and thereby facilitate selective 
amplification. These techniques have relied upon either multiple 
rounds of PCR and restriction endonuclease digestion of wild- type 
amplicons [100] or inclusion of a peptide nucleic acid (PNA) in the 
PCR to block amplification of wild- type GNAS targets [101, 102]. 
The sensitivity of nested PCR and PNA clamping appears compar-
able, but the nested PCR method requires more time and expense 
than PNA clamping [37]. A recent improvement over standard PNA 
clamping uses a labelled PNA hybridization probe and fluorescence 
resonance energy transfer (FRET) to allow for the direct and rapid 
quantification of gsp alleles with a sensitivity that allows detection in 
tissues that contain as few as 5% mutant cells [103]. While analysis 
of DNA from lesional tissue affords greatest sensitivity, it is neither 
practical nor expedient to biopsy affected tissue(s) in all patients. 
Both nested PCR and PNA clamping have been used to detect 

gsp mutations in peripheral blood samples [37, 104]. Next gener-
ation sequencing can analyse millions of PCR amplicons. When 
PNA clamping and next generation sequencing are combined, the 
Arg201 mutation can be detected in virtually all affected tissues and 
in leukocytes of up to 75% of individuals [105], making this the 
most the most sensitive detection method.

The detection of a gsp mutation in circulating cells from a pa-
tient with FD or an isolated endocrinopathy (e.g. growth hormone- 
producing pituitary tumour, ovarian cysts) does not necessarily 
imply that the patient has MAS, however. Even with molecular 
demonstration of a gsp mutation, additional studies and clinical 
interpretation will be needed to distinguish between MAS and an 
isolated lesion.

On the other hand, identification of a gsp mutation can distinguish 
between fibrous dysplasia and similar lesion such as osteofibrous 
dysplasia [106], and may assist in distinguishing between atypical 
forms of MAS and Carney complex [107– 109] or Mazabraud syn-
drome [110, 111].

treatment

Each specific feature of MAS requires intensive management that 
follows the usual recommendations for an isolated lesion, with oc-
casional special caveats based on the potential confounding inter-
actions of other endocrine defects. The management of the various 
clinical characteristics of MAS is previously described in each pre-
ceding section.

Conclusion

The diagnosis of MAS remains a clinical one, and requires a careful 
integration of physical findings, biochemical evaluation, and radio-
logical examination. The disorder can present as a form fruste, and 
identification of a specific GNAS mutation in DNA from affected 
tissues and in many cases peripheral blood cells can confirm a clin-
ical diagnosis of MAS. Finally, the genetic basis for MAS, mosaicism 
of a somatic gsp mutation, provides new insights into the role of 
imprinting as a modulator of human disease.
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Introduction

Cowden syndrome (CS; OMIM 158350), named after the first- 
recognized patient Rachel Cowden, is an autosomal dominant in-
herited cancer predisposition syndrome characterized by multiple 
hamartomas involving organ systems derived from all three germ 
cell layers and a risk of breast, thyroid and other cancers [1– 4]. 
Endocrinologists may make the diagnosis of CS when they are 
presented with these patients’ endocrine lesions, chief of which 
are multinodular goitre, thyroid adenomas, and epithelial thyroid 
cancer. The first identified CS susceptibility gene, PTEN, is located 
on chromosome sub- band 10q23.3 [5, 6]. Because of the variable, 
protean, and often subtle external manifestations of CS, many cases 
remain undiagnosed. It is estimated that CS has an incidence of 
1:200 000 individuals, although this is likely an underestimate [4] .

Aetiology and Pathogenesis

Genetics

Inheritance patterns in families with CS implicate an autosomal 
dominant pattern. While expressivity is variable, CS is a highly 
penetrant disorder. Based on the earliest population- based clinical 
epidemiology study, some believe that the penetrance is 90% after 
the age of 20 years [5] . The precise penetrance was clarified after 
further study of the susceptibility gene within families and affected 
individuals. CS was mapped to 10q22– 23, without genetic hetero-
geneity [5]. Further germline and somatic genetic analysis helped 
place the candidate predisposition gene between markers D10S215 
and D10S541, a region of less than 1 cM [5].

PTEN

A candidate tumour suppressor gene PTEN/ MMAC1/ TEP1 was 
located precisely in the CS critical interval [5, 7]. The gene com-
prises 1209 coding base pairs encoding a 403- amino acid protein. 
The protein has a tyrosine phosphatase domain and homology to 
tensin and auxilin [7, 8]. Hence, this new gene was dubbed PTEN 
for phosphatase and tensin homologue deleted on chromosome 
ten. In vitro, PTEN acts as a dual specificity phosphatase, meaning 
it is both a lipid phosphatase and a protein phosphatase as well 
as a tyrosine phosphatase and serine– threonine phosphatase 
[9, 10]. Subsequent in vivo work in mouse models suggested that 
PTEN plays a role in the PI3Kinase/ AKT cell survival/ apoptosis 
pathway [11– 13]. Because of its homology to the focal adhesion 
molecules tensin and auxilin, it was hypothesized that PTEN may 
also play a role in cell migration and focal adhesion. When PTEN 
was overexpressed in NIH 3T3 cells, it appeared that cell migra-
tion was inhibited while antisense PTEN enhanced migration [14]. 
Evidence for PTEN interaction with focal adhesion kinase (FAK) 
was given when integrin- mediated cell spreading and focal adhe-
sion formation were down- regulated by wild- type but not mutant 
PTEN; PTEN must interact with FAK to reduce its tyrosine phos-
phorylation [14]. This leads to the hypothesis that PTEN functions 
as a phosphatase by negatively regulating cell interactions with the 
extracellular matrix.

Although the genetic evidence that points to PTEN as a tumour 
suppressor— broad spectrum of mutations scattered throughout the 
gene, truncating mutations, and location of the gene in a region of 
loss of heterozygosity— is strong, functional demonstration was still 
required. When functional wild- type PTEN was transfected into 
a series of glioma cell lines, which carry endogenous PTEN mu-
tations or are PTEN null, growth suppression was observed [15– 
17]. Multiple in vitro studies where wild- type and mutant PTEN 
were overexpressed in a broad variety of cancer cell lines, including 
those of the breast, thyroid, and prostate, demonstrate that PTEN- 
phosphatase-  and PI3K- dependent G1 cell cycle arrest and/ or apop-
tosis result in growth suppression [18]. This is in vitro functional 
evidence that PTEN acts as a tumour suppressor. Further studies 
demonstrated that PTEN has phosphatase- independent functions 
and critical roles within the nucleus [19]. As such, nuclear PTEN is 
involved in double- stranded break repair by upregulating RAD51 
and genomic stability by interacting with centromere protein C 
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(CENP- C) [19]. In the nucleolus, PTEN regulates ribosomal DNA 
(rDNA) transcription and cellular proliferation [20].

PTEN is the Cowden Syndrome Gene

The experimental data, its putative function as suggested by struc-
tural motifs, and its location within 10q23.3 all argued strongly 
that PTEN was an ideal candidate for the Cowden syndrome sus-
ceptibility gene [6] . Therefore, to determine if germline PTEN 
mutations could be aetiological for CS, five families, with a high 
prior probability of having mutations, were chosen for initial 
analysis [5,  6]. Two families had nonsense mutations, Arg233X 
and Glu157X, while two unrelated families shared an identical 
missense mutation, Gly129Glu, which is a nonconservative amino 
acid alteration occurring in one of the conserved glycines of the 
phosphatase signature motif. No unaffected family member car-
ried these mutations. In each family, the family- specific germline 
PTEN mutation segregated with disease but not in unaffected 
family members nor normal controls. Given these data, PTEN 
was believed to be the most likely susceptibility gene for CS. Early 
studies on families with CS and individuals with full- blown pheno-
typic features identified that germline PTEN mutations accounted 
for up to 85% of CS [21, 22]. Subsequent analysis including pro-
spective community- accrued CS and CS- like (not meeting full 
diagnostic criteria) probands estimated that ~25% of patients who 
met more relaxed diagnostic criteria harboured pathogenic PTEN 
mutations [23].

PTEN is Also the Bannayan– Riley– Ruvalcaba Gene

Bannayan– Riley– Ruvalcaba syndrome (BRRS; OMIM 158350) is 
a rare autosomal dominant congenital disorder classically char-
acterized by macrocephaly in combination with intestinal 
hamartomatous polyposis, vascular malformations, lipomas, 
haemangiomas, and genital freckling [24]. In addition to the car-
dinal clinical features, other reported phenotypes include high 
birth weight, developmental delay, mild to severe mental retard-
ation, delayed psychomotor development, muscle hypotonia, lipid 
storage myopathy, joint hyperextensibility, pectus excavatum, and 
scoliosis [24,  25]. Endocrinologists might encounter BRRS as 
paediatric or young adult patients with benign thyroid manifest-
ations such as Hashimoto thyroiditis, and/ or with differentiated 

thyroid cancers [24, 26]. Clinically, differential diagnoses include 
other disorders with overlapping phenotypes of macrocephaly, 
gastrointestinal polyposis, and tumours, such as juvenile polyp-
osis syndrome, Peutz– Jeghers syndrome, and neurofibromatosis 
type 1.  BRRS is allelic to CS, as subsets of both disorders have 
been associated with germline mutations in PTEN, the latter ex-
cluded as a candidate locus for the other differential diagnoses ex-
cept for juvenile polyposis of infancy [27, 28]. Multiple germline 
PTEN mutations have now been described in both familial and 
isolated cases of BRRS, such that ~60% of BRRS individuals 
harbour intragenic PTEN mutations [21, 29,  30]. Among those 
without intragenic mutations, another 10% harbour large dele-
tions encompassing or including PTEN [22]. Since identical mu-
tations (e.g. Arg233X) have been found in CS as well as BRRS, 
genetic and non- genetic modifiers must play a role in helping 
dictate the ultimate phenotype. BRRS patients with germline 
pathogenic PTEN mutations are thought to have the same lifetime 
cancer risks as PTEN mutation- positive CS patients. It is unclear 
whether these risks apply to BRRS patients who do not have PTEN 
alterations [4] .

Concept of the PTEN Hamartoma tumour 
Syndrome (PHtS)

In addition to CS and BRRS, germline PTEN mutations were found 
in variable subsets of several seemingly unrelated clinical syn-
dromes. For example, up to 20% of individuals with Proteus syn-
drome have germline PTEN mutations [31]. Approximately 10– 20% 
of individuals with autism spectrum disorder (ASD) and macro-
cephaly harbour germline PTEN mutations [32– 36]. Single cases 
of VATER and megalencephaly and hemimegencephaly have been 
reported to carry germline PTEN mutations as well [37, 38]. The 
concept of PHTS to encompass any clinical disorder with germline 
PTEN mutation was proposed because it is clinically useful [4, 39]. 
A  diagnosis of PHTS is established upon the identification of a 
pathogenic germline PTEN mutation on molecular genetic testing, 
regardless of phenotype. Finding a germline PTEN mutation should 
trigger cancer risk management and genetic counselling similar to 
those used for CS- PTEN. Additionally, healthcare providers benefit 
from understanding the clinical spectrum of PHTS in relation to 
other hereditary cancer syndromes (Table 6.15.1).

table 6.15.1 Clinical characteristics of PTEN hamartoma tumour syndrome (PHTS)

General features
• Multiple hamartomas
• Cancer predisposition
• Autosomal dominant inheritance
• 10– 44% caused by de novo PTEN mutation
• Extreme intrafamilial variability common
• Penetrance close to 100% by adulthood

Benign neoplasias
• Dermatologic

— Palmoplantar keratoses
— Trichilemmomas
— Papillomatous papules
— Lipomas
— Fibromas
— Freckling of the glans penis

• Vascular anomalies/ haemangiomas
• Lhermitte- Duclos disease
• Genitourinary tumours/ malformations
• Colorectal polyposis
• Mucosal lesions
• Thyroid goitre/ nodules
• Hashimoto thyroiditis
• Proliferative breast changes

Malignancies
• Breast cancer
• Epithelial thyroid cancer
• Renal cancer
• Endometrial cancer
• Colorectal cancer
• Melanoma

Neurodevelopmental
• Macrocephaly
• Autism spectrum disorder
• Developmental delay
• Dysmorphic features (especially with large 

PTEN deletions)
• Dolichocephaly

Adapted with permission from Mester, J. and C. Eng, When overgrowth bumps into cancer: the PTEN- opathies. Am J Med Genet C Semin Med Genet, 2013. 163C(2): p.114– 21.
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PTEN Mutation Spectrum and 
Genotype– Phenotype Correlations

Pathogenic germline PTEN mutations have been reported in all 9 
exons of the gene [23, 40, 41]. Exons 5, 7, and 8 are overrepresented 
in the PTEN germline mutation spectrum, likely reflecting encoded 
domain functions [23]. Exon 5 is a hotspot for germline mutations 
due to its biological significance as the catalytic core motif of PTEN 
[23, 30]. Additionally, although limited data are available for PTEN 
promoter variants, some pathogenic promoter mutations have been 
shown to affect PTEN transcription and translation, the latter due 
to altered RNA secondary structure [22]. Particular PTEN intronic 
variants can cause exon skipping, alternative splicing or the use of 
cryptic splice sites [42].

With the genotypic and phenotypic heterogeneity observed in 
PHTS, it became prudent to explore whether genotype– phenotype 
correlations exist. Earlier exploratory genotype– phenotype ana-
lyses identified two potential associations [21, 39]. The first is the 
association between germline PTEN mutations and the presence 
of malignant breast disease. The second is the association be-
tween missense mutation and/ or position of mutation within the 
phosphatase core motif and the development of multiorgan dis-
ease. Expanded series of PHTS individuals revealed that germline 
PTEN frameshift mutations are overrepresented, but not absolute, 
in thyroid cancer [43], nonsense mutations in colorectal cancer 
[40], promoter mutations in breast cancer [40], and missense mu-
tations in individuals with ASD [44]. In addition to cancer risk, 
research efforts have also identified differences in PTEN missense 
mutations impacting the three- dimensional dynamics and sta-
bility of PTEN protein structure to influence cancer versus ASD 
phenotypes [45]. Relatedly, multiple studies demonstrated that 
ASD- associated PTEN mutations tend to be less severe than non- 
ASD- associated mutations [46– 48]. Conceivably, independent 
validation of consistent PTEN genotype– phenotype correlations 
is vital. If proven true, these preliminary associations will help in 
tailoring medical management with regard to surveillance. It is 
also suspected that with larger series, other associations might be 
found as well.

A proof- of- principle study established that other genetic modi-
fiers modulate CS- related cancer risks and tumour histology 
[49]. Approximately 6– 10% of CS/ CS- like individuals harboured 
germline variants in succinate dehydrogenase subunit (mitochon-
drial complex II) genes, SDHx, on top of their pathogenic PTEN 
mutations [49]. The coexistence of a PTEN mutation with SDHx 
variants was associated with a 2.5– 7- fold increase in breast cancer 
prevalence compared to individuals with either gene variant alone. 
Interestingly, while thyroid cancer prevalence was not elevated in 
individuals with both a PTEN mutation and an SDHx variant, the 
histology was papillary for all tumours in this group, in contrast to 
the follicular histology overrepresented in individuals with PTEN 
mutations alone [43].

PTEN Mutation- negative CS and BRRS

Approximately 15% of classic CS and ~95% of CS- like individuals 
remain without detectable PTEN mutations [40]. Additionally, 
germline PTEN mutations exist in ~60% of BRRS patients [21, 22, 
29, 39]. Therefore, non- PTEN aetiologies exist in PTEN wild- type 
patients. Studies have identified multiple susceptibility genes for 

PTEN wild- type CS and BRRS, including SDHB- D, KLLN, AKT1, 
PIK3CA, SEC23B, USF3 and TTN [50]. More recently, known genes 
such as BRCA1, BRCA2, RET and others were associated with a rare 
subset of PTEN wild- type CS/ CS- like and BRRS/ BRRS- like patients 
[51]. The identification of other CS/ CS- like and BRRS/ BRRS- like 
susceptibility genes reflects the phenotypic heterogeneity in these 
patients. Validating these and other gene discoveries is important 
because while PTEN mutation- negative patients can be diagnosed 
clinically, they do not have the benefit of specific gene- informed 
genetic counselling, predictive testing of family members, precise 
risk assessment, and subsequent management.

Clinical Aspects

Diagnostic Criteria

Clinical diagnosis of CS is often challenging, particularly be-
cause of the protean manifestations that may occur in isolation 
and sporadically in the general population. Because of the lack of 
uniform diagnostic criteria for CS prior to 1995, a group of indi-
viduals, the International Cowden Consortium [52], interested 
in systematically studying this syndrome arrived at a set of con-
sensus operational diagnostic criteria (Table 6.15.2). These guide-
lines form the basis for the US- based National Comprehensive 
Cancer Network (NCCN) guidelines. CS usually presents by the 
late 20s. It has variable expression and age- related penetrance. By 
the third decade, 99% of affected individuals would have developed 
the mucocutaneous stigmata although any of the features could be 
present already. The most commonly, but not uniformly, reported 
manifestations are macrocephaly (specifically, megalencephaly), 
mucocutaneous lesions, thyroid abnormalities, fibrocystic disease 
and carcinoma of the breast, gastrointestinal hamartomas, mul-
tiple, early- onset uterine leiomyoma, and developmental delay [3, 
4, 53]. Pathognomonic mucocutaneous lesions are believed to exist 
in 100% of CS patients by age 30.

As a clinical decision support tool, a nomogram- based clinical 
predictor named Cleveland Clinic PTEN Risk Calculator, was de-
veloped to evaluate the pretest probability of harbouring a germline 
PTEN mutation [23]. Based on relevant age- adjusted phenotypic 
features, a weighted sum referred to as the PTEN Cleveland Clinic 
score (CC score) is generated. The questionnaire- based clinical de-
cision tool is available online to assist clinicians at the point of pa-
tient care (http:// www.lerner.ccf.org/ gmi/ ccscore/ ). In adults, a CC 
score of 10, indicating a pretest probability of 3% and a sensitivity 
of 90%, was a recommended threshold for referral of patients to 
genetic specialists for PTEN genetic testing [23]. A CC score of 15, 
corresponding to a 10% a priori risk of positive PTEN mutation 
status, is the most cost- effective cut- off to refer CS- like patients for 
PTEN germline testing [54]. For paediatric patients (<18 years), dis-
tinct criteria were developed to guide selection for germline PTEN 
mutation testing [23]. Macrocephaly is a major criterion based on 
100% prevalence at diagnosis. Neurodevelopmental and derma-
tologic features were also present in 100% of PHTS paediatric pa-
tients (Table 6.15.3). However, since dermatologic features are often 
overlooked and difficult to recognize, less prevalent features such as 
vascular malformations, thyroid goitre, gastrointestinal polyps and 
early- onset cancers also warrant referral of the paediatric patient for 
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genetics evaluation for consideration of PTEN testing. Importantly, 
early diagnosis is vital to minimize morbidity and mortality.

Pathology

Like other inherited cancer syndromes, multifocality and bilateral 
involvement is the rule. Hamartomas are the hallmark of CS. These 
are classic hamartomas in general and are benign tumours com-
prising at least two (strictly three) elements of a particular organ 
but growing in a disorganized fashion. Of note, the hamartomatous 
polyps found in this syndrome are different in histomorphology 
from Peutz– Jeghers polyps, which have a distinct appearance. 
Hence, caution must be taken when the polyp histology is not read 
by a dedicated gastrointestinal pathologist as histological diagnoses 

are often incorrect when compared to genetic classification [55]. 
Importantly, the majority (>90%) of PTEN mutation- positive pa-
tients who had colonoscopy performed as part of clinical care, 
had colorectal polyps typically with a mix of histologic subtypes, 
including ganglioneuromas, hamartomatous, juvenile and aden-
omatous polyps [56]. Patients who developed colorectal cancer also 
tended to have pre- / coexisting colonic polyposis.

PTEN- Related Cancer Risks

The most serious complication of CS is the increased risk of cancer. 
Even before the discovery of PTEN as the first CS susceptibility 
gene, it was recognized that CS patients have elevated lifetime risks 
for breast and thyroid cancers [2, 57]. The identification of germline 
PTEN mutations in individuals with CS [6]  subsequently led to the 
identification of other organ- specific cancer risk estimates [40]. 
Female breast cancer lifetime risk is the most pronounced, begin-
ning at around age 30 and reaching an estimated lifetime risk of 
85%. Although male breast cancer had been reported in CS cases 
[21, 58], an increased lifetime risk in PTEN mutation- positive males 
was not noted in this prospectively accrued series of >3000 patients 
[40]. Also noted are elevated lifetime risks of 35% for epithelial thy-
roid cancer, 28% for endometrial cancer, 34% for renal cell cancer, 
9% for colorectal cancer and 6% for melanoma. Elevated cancer 
risks have been independently replicated by other groups [59, 60]. 
Individuals with germline PTEN mutations also have a 7- fold in-
creased risk of developing a second malignant (primary) neoplasm 
as compared to the US general population [41]. Collectively, these 
observations resulted in tailoring clinical surveillance and med-
ical management for PHTS patients (Table 6.15.4). As relevant to 
endocrinology clinic, earlier clinical surveillance may be advisable 
because Hashimoto thyroiditis and nodules are seen by the time 

table 6.15.3 Paediatric criteria for consideration of PHTS

Required criterion Secondary criteria

Macrocephaly
(≥2 standard deviations)

At least one of the following criteria should 
be present:
 • Autism spectrum disorder or 

developmental delay
 • Dermatologic features (lipomas, oral 

papillomas, trichilemmomas, penile 
freckling)

 • Vascular features (arteriovenous 
malformations or haemangiomas)

 • Gastrointestinal polyps
 • Paediatric- onset thyroid cancer or germ 

cell tumours

Reproduced with permission from Tan, M.H., J. Mester, C. Peterson, Y. Yang, J.L. Chen, 
L.A. Rybicki, et al., A clinical scoring system for selection of patients for PTEN mutation 
testing is proposed on the basis of a prospective study of 3042 probands. Am J Hum 
Genet, 2011. 88(1): p.42– 56.

table 6.15.2 International Cowden Consortium (ICC) operational diagnostic criteria

Pathognomonic Major Minor

• Adult Lhermitte- Duclos disease (LDD)
• Mucocutaneous lesions
• Trichilemmomas, facial
• Acral keratoses
• Papillomatous papules
• Mucosal lesions

• Breast carcinoma
• Thyroid carcinoma (non- medullary), especially 

follicular thyroid carcinoma
• Macrocephaly (occipital frontal circumference 

≥97th percentile)
• Endometrial carcinoma

• Other thyroid lesions (e.g. adenoma, 
multinodular goitre)

• Intellectual disability (i.e. IQ ≤75)
• Gastrointestinal hamartomas
• Fibrocystic breast disease
• Lipomas
• Fibromas
• Genitourinary tumours (especially renal cell 

carcinoma)
• Genitourinary malformations
• Uterine fibroids

Operational diagnosis in an individual

Any of following:
• Mucocutaneous lesions alone, if ≥ six facial papules (three of which must be trichilemmomas)
• Cutaneous facial papules and oral mucosal papillomatosis
• Oral mucosal papillomatosis and acral keratoses
• ≥ Six palmoplantar keratoses
• ≥ Two major criteria (one of which must be macrocephaly or LDD)
• One major and ≥ three minor criteria
• ≥ Four minor criteria

Operational diagnosis in a family where one individual is diagnostic for CS

• Any one pathognomonic criterion
• Any one major criterion ± minor criteria
• Two minor criteria
• History of Bannayan– Riley– Ruvalcaba syndrome (BRRS)

Adapted with permission from Eng, C., Will the real Cowden syndrome please stand up: revised diagnostic criteria. J Med Genet, 2000. 37(11): p.828– 30.
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patients reach adolescence, and cancer diagnosis occurs on average 
14 years earlier than expected, with the earliest thyroid cancer diag-
nosis reported at age 6 [23]. Furthermore, the thyroid cancer risks 
justify prophylactic total thyroidectomy in PHTS patients under-
going surgery for benign thyroid disease [4]. Relatedly, risk re-
duction surgery is considered for patients with ASD or cognitive 
deficits who do not permit ultrasound without sedation [61]. The 
dilemma in these groups of patients, however, is whether daily re-
placement thyroid hormone is feasible as they may have difficulties 
swallowing pills.

Role of endocrinologists in Recognizing Clinical 
‘Red Flags’

There are several ways in which CS patients can come to the at-
tention of endocrinologists or endocrine surgeons. Sometimes, an 
individual with known CS is referred for management of their endo-
crine problems, chief of which are multinodular goitre, thyroid ad-
enomas, and epithelial thyroid carcinomas. More commonly, such 
patients are not previously diagnosed and seek endocrine- related 
care because of abnormal thyroid function or a thyroid mass. Over 
two- thirds of CS patients have thyroid problems, which may occur 
at any age. However, finding multifocal lesions, especially in young 
individuals, should raise suspicion. Endocrinologists and endocrine 
surgeons should be especially mindful of the differential diagnosis 
of CS should they see patients with these thyroid lesions. A careful 

history and physical examination, as well as a meticulous family his-
tory to look for other component symptoms and signs of CS, are 
warranted.

Rarely, CS individuals present with uncommon features such as 
hyperparathyroidism or parathyroid adenomas. When these occur 
together with ‘a thyroid cancer’, the initial diagnosis that endocrin-
ologists might think of is multiple endocrine neoplasia (MEN) 
type 2a (also referred to as type 2)  (see Chapter  6.11.2, ‘Multiple 
Endocrine Neoplasia Type 2a and 2b’) [3, 62]. However, it would be 
prudent to pursue the histology of the thyroid cancer as this might 
turn out to be a CS patient and not a MEN 2a (or MEN 2) case. Even 
more unusual, CS can present with ganglioneuromas of the gut and 
are referred to the endocrinologist for MEN 2B (also referred to as 
MEN 3). However, in general, MEN 2B (or MEN 3) and CS, are clin-
ically and genetically distinct [3, 62]. A few MEN 2B (MEN 3) cases 
can present with apparently isolated intestinal ganglioneuromatosis 
without the other classic stigmata of MEN 2B, yet all were found to 
have the MEN 2B- defining germline RET mutation p.Met918Thr 
and all developed medullary thyroid carcinoma [63]. In contrast, 
follicular thyroid carcinoma and follicular variant of papillary thy-
roid carcinoma tend to be overrepresented in PHTS [43]. PHTS pa-
tients may also present with metabolic dysregulation in the form 
of significantly lower fasting plasma insulin levels, higher glucose 
infusion rate, and increased measures of obesity [64]. This insulin 
hypersensitivity phenotype reflects an apparently divergent effect of 

table 6.15.4 Screening and management recommendations for PHTS

Screening/ surgical guidelines* Age to start Frequency

Breast Breast awareness and self- exam: report changes to 
healthcare provider

18 Consistent

Clinical breast exam 25** Every 6– 12 months

Mammogram with consideration of tomosynthesis and 
breast MRI with contrast

30– 35** Every 12 months

Discuss mastectomy Personalized As needed

Thyroid Thyroid ultrasound Time of PHTS diagnosis, including 
childhood

Every 12 months

Discuss thyroidectomy Personalized As needed

Kidney Consider renal ultrasound 40 Every 1– 2 years

Endometrium Encourage patient education and prompt response to 
symptoms (e.g. abnormal bleeding)

Not applicable Not applicable

Consider random endometrial biopsies and/ or 
transvaginal ultrasound

30– 35 Every 12 months

Discuss hysterectomy with completion of childbearing Personalized As needed

Colon Colonoscopy 35** unless symptomatic Every 5 years or more frequently 
depending if patient is symptomatic 
or polyps are found

Dermatologic Dermatologic exam Personalized Clinician’s recommendation

Developmental Consider psychomotor assessment in children Time of PHTS diagnosis Clinician’s recommendation

Brain MRI if symptomatic Time of PHTS diagnosis Clinician’s recommendation

* Annual comprehensive physical exam starting at age 18 y or 5 y before the youngest age of diagnosis of a component cancer in the family (whichever comes first), with particular 
attention to thyroid exam. Encourage patient education regarding the signs and symptoms of cancer.
** Cancer screening should begin 5– 10 years before the earliest known component cancer in the family or according to the ages listed in the above table, whichever comes first.
Adapted with permission from the NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines®) for Genetic/ Familial High- Risk Assessment: Breast and Ovarian V.1.2018. © 
2018 National Comprehensive Cancer Network, Inc. All rights reserved. The NCCN Guidelines® and illustrations herein may not be reproduced in any form for any purpose without 
the express written permission of NCCN. To view the most recent and complete version of the NCCN Guidelines, go online to NCCN.org. The NCCN Guidelines are a work in 
progress that may be refined as often as new significant data becomes available. NCCN makes no warranties of any kind whatsoever regarding their content, use or application and 
disclaims any responsibility for their application or use in any way.
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PTEN mutations, with increased risks of obesity and cancer, but de-
creased risk of type 2 diabetes.

Genetic Counselling, Medical Management, and 
therapeutic Approaches

The key to proper genetic counselling in CS is recognition of the 
syndrome. Families with CS should be counselled as for any auto-
somal dominant trait with high penetrance. What is unclear, 
however, is the variability of expression between and within fam-
ilies. We suspect that there are CS families who have nothing but 
trichilemmomas and, therefore, never come to medical attention. 
As an autosomal dominant disorder, children of an affected person 
have a 50% probability to inherit the gene mutation and relatives are 
at an increased risk as well. In up to 44% of cases, patients have a de 
novo PTEN mutation, which means the mutation is not shared by 
any of the parents [65]. If a family- specific mutation is known, then 
screening for that particular mutation in unaffected family mem-
bers would yield results which are 100% accurate, barring adminis-
trative error. During the genetic testing process, genetic counselling 
is recommended by the American Society of Clinical Oncology 
and many other professional societies. Genetic counsellors can 
guide the patient to appropriate specialists and help them under-
stand management. A  relationship between the patient, primary 
care provider, and genetics team can be crucial for patient care. The 
key to successful management of PHTS/ CS patients and their fam-
ilies is a multidisciplinary team (such an example can be viewed at 
my.clevelandclinic.org). There should always be a primary care pro-
vider, who orchestrates the care of such patients, some of whom will 
need the care of surgeons, endocrinologists, gynaecologists, derma-
tologists, gastroenterologists, oncologists and high- risk cancer spe-
cialists, neurologists, and geneticists.

As relevant to targeted therapeutics, because PTEN alterations re-
sult in enhanced PI3K/ AKT/ mTOR signalling, the latter represents 
a rational pathway to target in PHTS. A phase II open label clinical 
trial (NCT00971789) utilized the mTOR inhibitor sirolimus in adult 
(>18 years) PHTS patients, with ongoing follow- up data and ana-
lysis (https://theoncologist.onlinelibrary.wiley.com/doi/full/10.1634/ 
theoncologist.2019-0514). Another mTOR inhibitor trial is cur-
rently accruing paediatric, adolescent, and young adult patients with 
germline pathogenic PTEN mutations and ASD [4] . It is warranted 
to explore the clinical utility of pharmacologically inhibiting other 
upstream components of the PTEN pathway such as PI3K and AKT. 
From a biological perspective, since PTEN regulates a vast array of 
cellular processes independent of PI3K/ AKT/ mTOR signalling, it is 
also critical to explore targeting such vulnerabilities. For example, 
since nuclear PTEN participates in maintaining genomic integrity, 
PARP inhibitors would make sense in individuals with mutations 
that disrupt nuclear PTEN function [66].
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Preface

It is now over a hundred and seventy years since Arnold Berthold 
demonstrated that endocrine glands convey their effects via the 
bloodstream and a hundred and ten years since the word ‘hormone’ 
was coined by Ernest Starling. Amazingly, it is just under a hun-
dred years since one of the nascent specialty’s most spectacular 
Nobel Prize- winning triumphs, the purification and use of insulin 
to transform Type I  diabetes from a rapidly fatal wasting disease 
of childhood into a manageable chronic condition. Similarly, sev-
enty years ago the Nobel Prize recognised the life- saving impact 
of glucocorticoids both for patients with adrenal insufficiency and 
as immunosuppressive therapy for chronic inflammatory disease. 
Since then endocrinology has continued to ride the crest of a wave 
of technological advances, most prominent recently in areas such 
as molecular genetics, imaging, immunotherapy and rational drug 
design.

The first edition of the Oxford Textbook of Endocrinology & 
Diabetes was published in 2002. The landscape of endocrine dis-
ease has evolved enormously since then, driven largely by bur-
geoning obesity and by population ageing. The spectrum of 
endocrinology has been further broadened by the increasing use 
of immunomodulatory therapies with endocrine complications, 
evolving patterns of recreational drug use impacting endocrine 
systems, and widespread exposure to endocrine disrupting chem-
icals. The therapeutic armamentarium of the endocrinologist has 
also expanded at pace, not only through development of novel small 
molecule and biological therapies, but also through step changes in 
e- technology and their application to chronic disease management 
and “precision” medicine.

We now comprehensively update the second edition of the 
Textbook published in 2012. The expanded first part of the book is 
devoted to overview chapters focusing on principles underpinning 

the science and practice of endocrinology. Elsewhere, other sections 
have also been enlarged to capture exciting developments in 
subspeciality practice, with separate sections now devoted to endo-
crine disease in pregnancy and transgender endocrinology.

The diabetes section has been extensively reorganised to reflect 
rapid advances in understanding the molecular pathogenesis of 
diabetes, step changes in the sophistication of technologies used 
for metabolic monitoring and insulin delivery, and innovations in 
immunotherapy, behaviour- focused and cell- based therapies. New 
chapters are devoted to current urgent responses to diabetes as a 
public health and economic challenge.

Fascination in the science underlying endocrinology continues 
to endure, and clinical endocrinologists have an ever more sophis-
ticated ability to transform the length and quality of life of those 
with hormone- related diseases.  This book aims both to illuminate 
the emerging scientific concepts that underlie endocrinology, and 
to provide an accessible and authoritative account of cutting edge 
endocrine practice.

We are very grateful indeed to our national and international col-
leagues who have kindly, expertly and cerebrally contributed to all 
sections. We are proud of this magnum opus and thank them sin-
cerely for their significant efforts.

We also thank Claire Brankin, James Oates and Helen Liepman 
from Oxford University Press who have expertly and efficiently 
guided us through this whole process.

This book should be available to every endocrinologist, trainee 
and researcher and we hope that it provides as much enjoyment and 
intellectual satisfaction in the reading as it did in putting it together.

John Wass
Robert Semple

Wiebke Arlt
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PRRT peptide receptor radionuclide therapy
PRV planning risk volume
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PSMA prostate- specific membrane antigen
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PTH parathyroid hormone
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PTSD post- traumatic stress disorder
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PTV planning target volume
PVH periventricular hypothalamus
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QC quality control
QoL quality of life
RAAS renin angiotensin aldosterone system
RANKL RANK ligand
RCC Rathke’s cleft cysts
RCOG Royal College of Obstetrics and Gynaecology
RCT randomized clinical trial
REM rapid eye movement
REMS risk evaluation and mitigation strategy
RL RAS- like
RNI reference nutrient intake
RR relative risk
RRM RNA recognition motifs
RS radiosurgery
RTH resistance to thyroid hormone
RTK receptor tyrosine kinases
RXR retinoid X receptor
SAH subarachnoid haemorrhage
SCCM Society of Critical Care Medicine
SCN suprachiasmatic nucleus
SD standard deviation
SDR spontaneous dwarf rats
SDS standard deviation score
SE spin echo
SERM selective oestrogen receptor modulator
SGK serum glucocorticoid- regulated kinase
SH subclinical hyperthyroidism
SHBG sex- hormone- binding globulin
SIADH syndrome of inappropriate antidiuretic hormone
SIBO small intestinal bacterial overgrowth
SINE selective inhibitors of nuclear export
SMR standardized mortality ratio
SNP single- nucleotide polymorphism
SOCS suppressor of cytokine signalling
SOD septo- optic dysplasia
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SPECT single photon emission computed tomography
SRIF somatotropin release inhibiting factor
SRL somatostatin receptor ligands

SRS sex reassignment surgery
SSA senile systematic amyloidosis
SSRI selective serotonin reuptake inhibitors
SST short synacthen test
StAR steroidogenic acute regulatory
SWS slow- wave sleep
TAO thyroid- associated orbitopathy
TBI traumatic brain injury
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TC thyroid cancer
TCR T- cell receptor
TDF Tenofovir disoproxil fumarate
TED thyroid eye disease
TGCC testicular germ cell cancer
TGF transforming growth factor
TH thyroid hormone
THDP thyroid hormone distributor protein
THR thyroid hormone receptor
TKI tyrosine kinase inhibitor
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TMD transmembrane domains
TMN tuberomammillary nucleus
TPP thyrotoxic periodic paralysis
TR thyroid hormone receptor
TR thyroid receptor
TRH thyrotropin- releasing hormone
TRT testosterone replacement therapy
TSH thyroid- stimulating hormone
TSHR thyroid- stimulating hormone receptor
TSM tuberculum sellae meningioma
TSS transcriptional start site
TSS transsphenoidal surgery
TVDT tumour volume doubling time
UFC urine- free cortisol
USI universal salt iodization
VDDR vitamin D- dependent rickets
VDR vitamin D receptor
VEGF vascular endothelial growth factor
VEGFR vascular endothelial growth factor receptor
VEP visual evoked potential
VFA vertebral fracture assessment
VIP vasoactive intestinal peptide
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VMH ventromedial hypothalamus
VMN ventromedial nucleus
vSPZ ventral subparaventricular zone
VTA ventral tegmental area
WADA World Anti- Doping Agency
WBS whole- body scan
WGS whole genome sequencing
WHO World Health Organization
WHR waist/ hip ratio
WT Wilm’s tumour
XLH X- linked hypophosphataemia
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Introduction

The growth of a human being from a single cell to a fully mature 
individual is a remarkable process and something that is subject to a 
large number of influences across the whole age spectrum. Growth 
before birth is proportionately the most rapid and probably the least 
understood phase. The size of an infant at birth, therefore, is de-
pendent on a number of factors which are primarily maternal such as 
the well- being of the feto- placental unit and its level of functioning. 
This unit is markedly affected in maternal undernutrition, which 
gives significant deleterious effects on fetal growth. Additionally 
maternal size is critical. A  physically small mother will constrain 
growth even when the fetus has a large genetic potential size. Lastly, 
fetal factors are important themselves. Genetic or endocrine dis-
turbances may constrain fetal growth.

In paediatric practice we are concerned about postnatal growth. 
It is useful to think of growth in three separate phases:  infancy, 
childhood, and puberty [1] . The infancy phase is largely nutrition 
dependent and lasts for one to two years. After this, the childhood 
phase, which is predominantly growth hormone driven takes over 
and continues until the pubertal or adolescent phase. This final 

phase is under the influence of sex steroids and the speed of this 
phase determines the timing and rate of acceleration of the pubertal 
growth spurt and the cessation of growth. It is very helpful to con-
sider the different influences on each phase when presented with 
the diagnostic challenge of a child with abnormal growth [2,  3]. 
However, the process of assessing growth variations begins with the 
need to make accurate and reproducible measurements.

Assessment of Growth

Equipment

As with any routine clinical assessment, using the correct equip-
ment is important. This is certainly true for the assessment of growth 
where one of the biggest sources of error is broken, incorrectly cali-
brated, or out of date equipment. The other source of errors is poor 
measuring technique.

Although in specialist clinics very accurate equipment such as 
the Harpenden stadiometer is used, it requires regular calibration 
and maintenance. There are other types of stadiometer, including 
electronic ones which once installed accurately do not require 
recalibration and are suitable for routine use in clinics, wards, and 
surgeries. There is also relatively cheap portable equipment such 
as the Leicester height measure which, when used with the correct 
measurement technique can give an accurate height reading.

Weighing scales are often poorly maintained and calibrated and 
do not give an accurate readout across the whole range. Children’s 
weight is best measured with correctly calibrated and zeroed class III 
electronic scales. Head circumference is best measured with a spe-
cially designed measure, such as a metal anthropometric tape or the 
plastic Lasso- o (Figure 7.1.1.1). If that is not available then a paper 
tape folded lengthways to reduce its width can be used.

Measuring Technique— Length and Height

It is now recommended that length should be measured in chil-
dren up to the age of two years. The correct technique requires 
two people— one to hold the infant’s head against the headboard 
with the eyes facing forwards and in the Frankfurt plane (the outer 
canthus of the eye in the same plane as the upper margin of the 
pinna). The other observer straightens the legs having removed 
the nappy beforehand and holds the legs extended and brings 
the board against both heels and the length is read to the nearest 
0.1  cm (Figure  7.1.1.1). Height should be measured in children 
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over 2 years of age, using the appropriate equipment with the child 
standing as tall as possible, back touching the wall or backplate of 
the stadiometer, feet together, ankles together, and heels placed 
against the foot restraint. The head is placed in the Frankfurt plane 
and the measuring board is brought down on the top of the head 
(Figure 7.1.1.2). Shoes need to be removed and hair arrange-
ments that prevent the measuring arm resting on the top of the 
head should be undone. The practice of stretching, putting upward 
pressure under the mastoid processes while the child takes a deep 
breath and then exhales is sometimes recommended to attempt 
to compensate for the up to 2 cm loss in height that occurs grad-
ually throughout the day on account of spinal compression (di-
urnal variation). The difficulty here is that interobserver variations 
in stretching are difficult to control for, but the key to accuracy 
is that consistency of technique is applied, whether stretching is 
used or not. Instruction in measurement techniques and videos are 
available on the UK Royal College of Paediatrics and Child Health 
website [4] .

Reliability and Reproducibility

With appropriately calibrated equipment the reproducibility of 
the measurement of length or height is usually within 0.5 cm. This 
variability is known as the measurement error. With a trained 
auxologist using a calibrated stadiometer this can be lower than 

0.2 cm. Training is therefore vital and the recognition of measure-
ment error is important as this is magnified when height velocity 
is calculated from two height values. For this reason, height vel-
ocity measurements at intervals of less than one year are likely to 
contain a greater proportion of measurement error. Furthermore, 
height velocity reference charts are only valid for calculation of the 
growth increment over a whole year. This also has the benefit that 
it cancels out any seasonal variation in growth which is well de-
scribed, the timing of peaks and troughs in velocity varying be-
tween individuals.

Timing of Measurements

There is considerable debate as to what are the optimal ages for 
children to be measured. Weight, head circumference, and ideally 
length should be measured at birth. The infant should be weighed 
again within the first two weeks to assess postnatal weight loss. 
After that, it is recommended that infants are weighed at 2, 3, and 
4 months coinciding with the UK vaccination schedule and subse-
quently at all other points of interaction with healthcare services. It 
is recommended that length is measured when required and cer-
tainly whenever there is concern about weight gain. However, it is 
good practice for an infant to have their length measured within the 
first year, then height in the toddler years and then also preschool to 
assess for any growth deviation. The UK National Child Measuring 
Programme includes height and weight estimation at school entry 
at age 4– 5 years and on primary school exit at age 10– 11 years. This 
was initiated as a childhood obesity surveillance scheme, and not 
primarily for screening for individual growth abnormalities [5] .

Figure 7.1.1.1 Recommended approach to measurement of supine 
length, weight, and occipito- frontal head circumference.
Reproduced with kind permission from RCPCH and Harlow Printing Limited. 
Copyright 2019 © Royal College of Paediatrics and Child Health.

Figure 7.1.1.2 Recommended approach to measuring standing height 
indicating the Frankfurt plane, and weight.
Reproduced with kind permission from RCPCH and Harlow Printing Limited. 
Copyright 2019 © Royal College of Paediatrics and Child Health.
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Growth During Infancy

Growth during infancy is the most rapid phase of postnatal growth. 
In the first year of life, weight triples from 3 kg to approximately 
10 kg on average and there is a 50% increase in stature from 50 cm 
to 75 cm. There is also a further 33% increase in head circumfer-
ence especially within the initial 6  months of life which reflects 
the very rapid maturation and growth of the brain during this first 
year. Even in the presence of good nutrition and infant care there 
can be a normal drifting of measurements upwards or downwards 
across as many as two centile lines for length or weight, and one 
for head circumference over the first year, and this represents the 
infant determining their own genetic growth trajectory. Most of the 
parameters of birth size, as mentioned earlier, are determined by 
the intrauterine environment. Thus, the correlation between birth 
weight, birth length, head circumference, and the equivalent adult 
body proportions is actually very low.

Growth During childhood

The variability in height velocity during the childhood phase is quite 
considerable, values of between 5 cm and 15 cm per year being quite 
normal. Although the overall trend is for the mean rate of growth to 
gradually decline, this is dependent upon a number of factors. First 
is the obvious fact that children with a taller height potential need 
to grow more quickly in the same time frame to reach their adult 
height. The converse is true for short children. Consequently, it can 
be problematic to determine the lowest acceptable limit of height 

velocity when presented with a short and slowly growing child. 
Calculating height velocity over intervals less than one year will be 
less accurate on account of a greater contribution of measurement 
error and subject to seasonal influences in growth rate. There are 
also the endogenous rhythms or cycles in growth to take into consid-
eration [6, 7]. Normal children have phases of growth acceleration 
and deceleration every two to three years known as the prepubertal 
growth spurts (Figure 7.1.1.3), the most well- recognized and con-
stant of these being the mid- childhood growth spurt, depicted on 
some national height velocity standards (e.g. US and Irish). Hence 
repeat height measurements to determine serial height velocity 
measurements are the best pointer to a growth disorder.

Given the inherent challenges of growth measurement accuracy 
and the knowledge about the variable pattern of childhood growth, 
what then is the best method for recognizing abnormal growth? In 
a review of practice from the Netherlands, Finland, and the UK, the 
most accurate parameters are deflection in height and distance from 
mid- parental target height [8] . Thus, there is a significantly greater 
chance of pathology in a child who is tall or short for their family, 
whose height increases or decreases by 0.5 SD over 1 year or more 
than 0.7 SD over 2 years. This, on the UK RCPCH growth charts, 
equates to a shift of over half a centile bandwidth over 1 year and 
across greater than one intercentile space (0.67 SD) over 2 years.

Puberty and Pubertal Growth

The staging described by Tanner is now the universally accepted 
method of describing this transitional phase of life [9] . Although 

Predicted adult height: 179.67 cms
Predicted age at phv: 14.75 yrs
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Figure 7.1.1.3 Height and height velocity curves for one boy on the background of standard height and height velocity curves. The curves are 
derived by mathematical modelling with raw height data. The height curve demonstrates the normal centile crossing that can occur when puberty is 
different from the mean. The height velocity curve demonstrates three prepubertal spurts in growth. PHV, peak height velocity; OBS HGT, observed 
height values; FIT HGT, fitted height curve; OBS VEL, observed height velocity values; FIT VEL, fitted height velocity curve; INFLX PTS, points of 
inflexion— peaks and troughs in velocity.
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pubertal development is continuous, an attempt to understand the 
process in defined stages can be very helpful. The details are well 
known and found in all reference texts. However, the description 
of five distinct stages can lead to misinterpretation unless what 
happens at each stage is fully understood. As stage 1 is that of the 
prepubertal child, and stage 5 that of the fully mature individual, 
there are in reality only three transitional phases of puberty: stage 
2— early, stage 3— middle, and stage 4— late. The timing of the key 
events is what differs between the sexes. In early puberty, defined 
as testicular enlargement in boys and areolar growth in girls, ex-
ternal signs are negligible in boys but in girls, growth accelerates 
fast. By mid- puberty girls have reached peak height velocity and 
boys’ growth is beginning to speed up. At stage 4 or late puberty 
most of the external changes in boys such as lowering of the voice, 
the development of pubic, axillary and facial hair, and rapid growth 
become apparent and testis volume increases to around 12– 15 ml, 
whereas in girls the key event is menarche. Table 7.1.1.1 details 
the mean age and range of the key features of the pubertal growth 
spurt [10].

Tanner staging requires conducting a clinical examination and 
training of the clinician to ensure accuracy. In day- to- day clinical 
practice, this is not always feasible, possible, or desirable, yet the 
complete evaluation of growth in a girl over 8 years and a boy over 
9 years necessitates knowing what is happening to pubertal devel-
opment. Thus the use of the puberty ‘phases’ system may be more 
appropriate. The division of puberty into three phases, prepuberty, 

in puberty, and completing puberty allows ascertainment by 
history alone if examination is not possible (Table 7.1.1.2), and 
comparison with the vertical puberty lines on the 2– 18 year or 2– 
20 year Childhood and Puberty Close Monitoring RCPCH growth 
charts can be made [11]. These lines depict the 99.6th and 0.4th 
centiles for the onset and completion of puberty and contain ver-
tical reminders of the status of each puberty line (Figures 7.1.1.4 
and 7.1.1.5).

The sequence of pubertal events does not normally vary between 
individuals. It is the timing of the onset of pubertal changes and the 
rate of progress which does. The childhood component of growth 
will continue until superseded by the pubertal phase, and variations 
in growth can usually be explained by what progress has or has not 
occurred in puberty. Although markedly variable from person to 
person, total pubertal growth in girls is usually 15– 25 cm and in 
boys 20– 30  cm, with smaller gains in later maturing adolescents. 
Hence the importance of pubertal assessment in the evaluation of 
growth during adolescence.

Weight and other Related Measures

Weight and Body composition

Weight in itself is a poor guide to complete well- being as it is com-
pounded by many factors. Although it is the most commonly meas-
ured parameter in the first few postnatal weeks and months, the 

Table 7.1.1.1 Key milestones of the adolescent growth spurt in boys and girls indicating how rapidly puberty 
progresses around the peak stage of development, at what age in the process this occurs and what is the range 
of each parameter (given in SD). Height increase is given in cm/ yr, puberty parameters in Tanner stages/ yr and testis 
volume in ml/ yr [10].

Sex Marker Age at peak velocity (yr) Range of peak velocity (units/ yr)

Mean SD Mean SD

Boys Height (cm) 14.1 1.03 9.7 0.83

Genital stage 13.0 0.80 1.2 0.35

Pubic hair stage 13.7 0.94 1.7 0.68

Testis volume (ml) 13.3 1.13 6.3 2.7

Girls Height (cm) 11.9 1.01 7.6 0.91

Breast stage 12.0 1.09 1.5 0.39

Pubic hair stage 12.6 0.97 1.8 0.68

Menarche 13.1 1.21 – – 

Table 7.1.1.2 The phases of puberty as assessed by history

Prepuberty
(Tanner stage 1)
If all of the following:

In puberty
(Tanner stage 2– 3)
If any of the following:

Completing puberty
(Tanner stage 4– 5)

Girls  • No signs of nipple or breast 
development

 • No pubic hair

 • Any breast enlargement so long as nipples also 
enlarged

 • Any pubic or axillary (armpit) hair growth

If all of the following:
Started periods (menarche) with breast, pubic, and 
axillary hair development

Boys  • High voice
 • No growth of testes or penis
 • No pubic hair

 • Slight voice deepening
 • Reddening of scrotum with growth of the testes
 • Early testicular or penile enlargement
 • Early pubic or axillary hair growth

If any of the following:
 • Voice fully changed (broken)
 • Adult size of penis with pubic and axillary 

hair growth
 • Moustache and early facial hair growth

Reproduced with kind permission from RCPCH and Harlow Printing Limited. Copyright 2019 © Royal College of Paediatrics and Child Health.
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Figure 7.1.1.4 Childhood and puberty close monitoring 2– 20 years growth chart for girls.
Reproduced with kind permission from RCPCH and Harlow Printing Limited. Copyright 2019 © Royal College of Paediatrics and Child Health.

Figure 7.1.1.5 Childhood and puberty close monitoring 2– 20 years growth chart for boys.
Reproduced with kind permission from RCPCH and Harlow Printing Limited. Copyright 2019 © Royal College of Paediatrics and Child Health.
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total weight gain and the relative importance of the degree of gain 
needs to be compared with growth in length and measurement of 
the head as well.

It is difficult to comment accurately on gain in weight without 
knowing which component of weight has increased. Many at-
tempts have been made to assess body composition, and most 
of these depend largely on the methodology available and are 
part of research studies. Cross- sectional CT scanning is the most 
accurate way of assessing fat and fat- free mass, but it is incon-
venient and exposes the subject to considerable doses of radi-
ation. Electronic measures of biometric impedance which give a 
proxy measurement of body composition are easily obtained in 
routine clinical practice such as with the Tanita® scale, but it is 
necessary to compare values obtained to reference standards sup-
plied by the manufacturer of the equipment to interpret the data 
appropriately. Subcutaneous skinfold thicknesses can be meas-
ured, but there is inherent inaccuracy in the technique and many 
children find this unpleasant. Waist and hip circumferences may 
be measured but their value has yet to be fully determined as a 
predictor of cardiometabolic disease in paediatric practice. Mid- 
upper arm circumference is a very accurate and well described 
method of assessment of body composition in adults but is largely 
used for determination of the degree of undernutrition of chil-
dren in developing countries [12].

Body Mass Index

This ratio of weight in kilogrammes over height in metres squared 
has become the benchmark of assessment for underweight and 
weight excess.

 BMI = 
weight (kg)
height (m)( )2  

It is most easily calculated on a smartphone by entering weight in 
kg then dividing twice by height in m. BMI charts for childhood 
show a pattern of rapid gain in the first year of life, followed by 
decline over the preschool years until about 6  years of age, after 
which there is the normal pattern of adiposity rebound [11] (Figure 
7.1.1.6 and 7.1.1.7). An Increase in BMI continues onwards and up-
wards in girls, whereas in adolescent boys under the influence of 
testosterone, there is a slowing down and then a decline from mid- 
puberty onwards. Overweight is defined as a BMI on the 91st centile 
or above, whereas obesity is classified as BMI on or above the 98th 
centile. Underweight is classified as low BMI below the 9th centile 
and very thin below the 2nd centile. The new UK- WHO charts con-
tain a simple nomogram which enables the BMI to be looked up 
quickly from height and weight centiles without having to perform 
any calculations [13] (Figure 7.1.1.8).

Figure 7.1.1.6 BMI chart for girls.
Reproduced with kind permission from RCPCH and Harlow Printing Limited. 
Copyright 2019 © Royal College of Paediatrics and Child Health.

Figure 7.1.1.7 BMI chart for boys.
Reproduced with kind permission from RCPCH and Harlow Printing Limited. 
Copyright 2019 © Royal College of Paediatrics and Child Health.
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Body Surface Area

Body surface area (BSA) is preferred in the calculation of drug 
dose and regimens for infants. Calculating per unit of weight 
gives a relatively steeper increase in administered dose across 
all ages than by BSA. Infants have a large surface area in com-
parison with older children on account of the size of the head 
and neck, and so consequently when BSA is used to calculate 
fluid and drug regimens, infants will receive relatively larger 
amounts than using a weight- based guide. The converse is true 
in adolescence. BSA can be calculated by either looking up 
nomograms in paediatric reference manuals, apps, or read off 
from precalculated tables as a function of weight. Surface area 
can also be calculated as follows:

 BSA m
weight kg length cm

3600
2( ) =

( ) ( )×
 

Types of Growth charts and Their Use 
in clinical Practice

Around the world various growth charts are in use, many of which 
are from locally derived populations and attempt to describe the 
normal variants in growth within that population. However, al-
though there is a clear difference in physical shape and size of dif-
ferent ethnic groups among the human race, there has been an 
attempt to look at the mode of growth and pattern of gain in height, 
weight, and head circumference among different children of dif-
ferent racial backgrounds.

WHo charts

The publication of the WHO growth charts has begun a new era 
in the way growth standards are constructed and presented. These 
have been based on prospectively collected data which are in-
tended to represent how children should grow optimally rather 
than just a simple representation of how children in the population 
do grow— the basis behind existing growth references. The WHO 
growth study followed a cohort of selected babies from six coun-
tries around the world: Brazil, Oman, United States, Norway, India, 
and Ghana. These babies were born to non- smoking mothers, were 
breastfed exclusively for six months after which they were weaned 
and were reared in optimal social circumstances. They were fol-
lowed up for five years. The complete longitudinal data for weight, 
head circumference, supine length until age 2  years and there-
after standing height have been used to generate these new stand-
ards. They are available on the WHO website [14] and have been 
combined for international usage at age 5  years with the existing 
United States National Centre for Health Statistics growth stand-
ards [15]. The Royal College of Paediatrics and Child Health and 
the Government Department of Health in the United Kingdom as 
well as the Government Health Departments of many countries 
worldwide decided to adopt the WHO standards as they best rep-
resent the growth of breastfed babies which should be regarded 
as the norm and represent the ideal trajectory of infant growth. 
These standards are now used in the UK charts from 2 weeks of 
age until four years of age for weight, length, and head circumfer-
ence (Figures 7.1.1.9 and 7.1.1.10) [11]. There is a changeover from 
supine length to standing measurements at 2  years of age, a pro-
spective decision taken in the WHO study, and therefore there is 
a small step downwards on the chart to account for the slight drop 
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Figure 7.1.1.8 Weight– height to BMI conversion chart: the BMI look- up. Read off the weight and height centiles from the growth chart. Plot the 
weight centile (left axis) against the height centile (bottom axis). Read off the corresponding BMI centile from the slanting lines. Record centile with 
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Reproduced with kind permission from RCPCH and Harlow Printing Limited. Copyright 2019 © Royal College of Paediatrics and Child Health.
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Figure 7.1.1.9 UK- WHO 0– 4 years growth chart for girls.
Reproduced with kind permission from RCPCH and Harlow Printing Limited. Copyright 2019 © Department of Health.

Figure 7.1.1.10 UK- WHO 0– 4 years growth chart for boys.
Reproduced with kind permission from RCPCH and Harlow Printing Limited. Copyright 2019 © Department of Health.
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from length to height measurement that occurs on account of the 
change in positioning. The birth data centiles were taken from the 
existing UK norms [16] as British babies are somewhat heavier than 
those in the WHO study. Thus, there is a gap for the first 2 weeks 
of life between the birth centiles on the charts and the start of the 
WHO centiles. This gap reminds us that the percentage weight loss 
in the first two weeks of life should be calculated which is usually 
no more than 10%. Community health staff are instructed to refer 
urgently any baby whose weight loss is greater than this amount as 
there is a significant chance of pathology if that is the case. After 
four years of age, children’s growth can be plotted on the 2– 18 years 
school age or 2– 20 years Childhood and Puberty Close Monitoring 
RCPCH growth charts (Figures 7.1.1.4 and 7.1.1.5) [11].

The WHO growth study charts are designed to help identify 
growth problems and the mean and normal distribution is pre-
sented in either standard deviation score (SDS) or centile format. 
National practice determines which format is preferred, but the 
UK charts’ centile lines are spaced exactly 0.67 standard deviations 
apart so conversion to SDS is straightforward, the normal range 
being plus and minus two standard deviations around the mean, 
this being represented by the 98th and 2nd centiles respectively. 
Specialist charts such as the 2– 20- year Childhood and Puberty 
Close Monitoring Chart incorporate high and low reading lines 
of minus 4 to plus three standard deviations (Figures 7.1.1.4 and 
7.1.1.5) [11].

Preterm Growth charts

The UK- WHO charts have separate sections for the measurements 
of infants from 32 weeks’ gestation until term. Weight and head cir-
cumference centiles for preterm infants from 32 weeks’ gestation 
through to 42 weeks are included in separate boxes on these growth 
charts and in the parent/ child health record kept by families. These 
centiles should be used over that period of time for any infant born 
before 37 completed weeks of pregnancy, which is the definition of 
preterm. Once the equivalent of 42 weeks postnatal age is reached, 
measurements are then plotted on the 0– 4 years UK- WHO charts 
but with gestational age adjustment. The recommended approach to 
clarify whether or not correction has taken place is as follows: plot 
the measurement at the actual number of weeks of postnatal age 
and also at the gestationally corrected age. Link the two by a dotted 
line and an arrow as per the illustration (Figure 7.1.1.11). For in-
fants who are of extremely low birth weight and who are also pre-
term (from 23 weeks gestational age), the Neonatal and Infant Close 
Monitoring charts are available [11]. These are derived from UK 
birthweight data and represent the size at birth of infants of that 
particular gestational age— head circumference, length, and weight. 
They do not describe how preterm infants grow postnatally as this 
pattern is very variable. It is quite usual for preterm infants, many 
of whom have severe respiratory disease, to show quite considerable 
weight loss, sometimes two centile spaces or more, and it may take 
several weeks or months to regain birth weight. Growth in length 
may also be affected by illness. Indeed, there are no standards cur-
rently available which reflect the growth of preterm infants on 
account of this variability. An additional feature of the preterm charts 
are centile lines showing minus 3, minus 4, and minus 5 standard 
deviations below the mean for all three measure to make allowance 
for the infant born small for gestational age after severe intrauterine 
growth retardation. These low birthweight charts continue up until 

two years of age, after which the 2– 18- year school age, or 2– 20 year 
Childhood and Puberty Close Monitoring RCPCH growth charts 
should be used (Figures 7.1.1.4 and 7.1.1.5) [11].

Longitudinal Growth charts

The majority of growth charts in routine use in countries world-
wide, including the UK RCPCH [11] and US NCHS [15] charts are 
constructed from cross- sectional data. To produce such references 
many thousands of children of different ages are measured, usually 
only once and centile lines are constructed usually by mathematical 
means through the data set [16]. Such charts state the position of 
any child’s growth parameters at a particular age with reference to 
the population distribution. They do not directly indicate normality 
or otherwise. Longitudinal charts, like the WHO charts, are derived 
from serial measurements of a smaller number of children from 
birth until maturity and the resulting values are used to construct 
the charts. The pattern of growth described is different, especially 
in early infancy and in the pubertal years and is closer to the course 
taken by an individual child. Longitudinal charts are preferred by 
some clinicians for follow- up of children with chronic conditions or 
growth disorders. The RCPCH charts are built around the pattern of 
the growth of around 190 children in the Edinburgh Growth Study, 
which remains the only pure longitudinal birth to maturity growth 
study ever conducted in the UK [10].

Individual Variability and Growth: 
Recognizing Abnormality

Growth charts and reference standards are constructed from the 
measurements of children who are growing within the normal range 
or close to it. There is enormous interindividual variation in growth 
and recognition of normal patterns of growth, so recognizing true 
deviations can be challenging. When a growth chart demonstrates 
an apparently abnormal pattern of growth it is important to be able 
to recognize easily that something is wrong. Before puberty, and 
after the postnatal period of ex- utero adjustment, most children 
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Figure 7.1.1.11 UK- WHO current recommendations for centile 
terminology and adjustment for prematurity.
Reproduced with kind permission from RCPCH and Harlow Printing Limited. 
Copyright 2019 © Royal College of Paediatrics and Child Health.
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grow fairly steadily within one centile bandwidth. So much so that 
any deviation, up or down, may be considered as an indication of 
potential abnormality, especially if the child is tall or short for their 
target mid- parental height.

Growth Assessment During Puberty

The unpredictability of the onset of puberty and its subsequent 
pattern makes the development and presentation of a way of ac-
curately assessing growth during puberty difficult. Current growth 
charts only represent the average amount of growth taking place for 
average children going through puberty at the average time, conse-
quently, and paradoxically the charts do not represent the growth 
curve of any individual child or the wide variation in the timing and 
the intensity of growth spurt during puberty. The UK 2– 18 year and 
2– 20- year charts have, for the first time, begun to address the issue 
of assessing pubertal growth [11].

Puberty Growth charts

There have been several attempts to be able to design growth charts 
to allow for pubertal growth variations. There are four challenges 
that need to be met:

 1. Age at the onset of puberty
 2. The proportion of growth completed at the onset of puberty
 3. The distance from target or genetic height
 4. The pace of puberty

Additionally, the assessment of the degree of development during 
puberty either using Tanner stages or puberty phases has always 
been regarded as a separate assessment. The RCPCH UK charts 
for school age children and the Childhood and Puberty Close 
Monitoring specialist charts have attempted to combine these as-
sessment by firstly depicting the normal ranges for beginning and 
completing puberty with vertical puberty lines creating zones on 
the growth chart to help interpret the appropriateness of growth 
(Figure 7.1.1.12). As in most cases, normally developing and 
growing adolescents will not cause concern. It is those that are 
at the extremes, the tall and advanced in maturing and the short 
and delayed in puberty who require some form of judgement as to 
whether their pattern of growth is acceptable. As a result of which 
additional lines at the extremes, 0.4th centile and 99.6th centile have 
been added which depict the upper ranges of normal growth, i.e. 
99.6th centile for those adolescents who have completed puberty 
and a lower 0.4th centile for those adolescents who have not yet 
entered into puberty (Figure 7.1.1.13). Thus, for any young person 
whose height and weight plots within those ranges, consideration 
needs to be given as to what has happened to puberty and whether 
this is indeed normal; this may help to differentiate between path-
ology and normal variation. However, it is important to note that 
if a child’s height falls within the shaded zone then their growth 
could still be abnormal if the child’s height is below their target mid- 
parental centile range.

Syndrome- Specific Growth charts

For children with recognized growth conditions there are a number 
of specialist growth charts available for children with Downs [17], 
Turner [18], Prader– Willi [19], Williams [20] syndromes, and achon-
droplasia [21]. These reference charts confer the advantage of being 

able to see whether a child is growing adequately, not only in com-
parison to the usual pattern of growth, but also with that particular 
diagnosis as children with these named conditions grow differently 
to the population. It also allows recognition of whether an interven-
tion to ameliorate growth has had a significant effect compared with 
the spontaneous trajectory. They are also useful for reassurance of 
parents that their child is growing appropriately for their condition.

Prediction of Height Gain

Prediction of height gain and adult height is always of interest 
to parents even when their child is growing normally, and even 
more so if there is a deviation from the normal pattern of growth. 
How, therefore can one estimate the potential growth of a child? 
Difficulty with accurate prediction arises on account of a number 
of variables involved. Firstly, there is only a relatively low correl-
ation between a child’s height and that of any one parent. Attempts 
to overcome this have been made by calculating a value and a 

Figure 7.1.1.12 Puberty zones: vertical puberty lines depict the normal 
ranges for beginning and completing puberty. The shaded puberty zone 
marks area where 0.4th centile varies with phase of puberty. Heights in 
the shaded area below the 0.4th centile mark: (1) Prepuberty: If within 
two centiles of mid- parental height = within the normal range; and 
(2) in or completing puberty = below normal range.
Reproduced with kind permission from RCPCH and Harlow Printing Limited. 
Copyright 2019 © Royal College of Paediatrics and Child Health.
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range by combining both parents’ heights (mid- parental height 
and target height range, see next). Even in the absence of path-
ology and illness, children show wide variation in their rate of 
growth and maturity. This is often referred to as the ‘tempo of 
growth’. Children whose tempo is fast are advanced maturers and 
so will be tall for their age, usually with early normal puberty, but 
not necessarily tall as adults on account of earlier cessation of 
growth. The opposite is true for those with a slow tempo (the later 
maturers) and it is these children who often present to healthcare 
services with concerns over their short stature and slow growth. 
The variation in maturation may be estimated by taking a bone 
age (see next).

Mid- Parental Height (Target Height)

Since there is a reasonable association between the centile position 
of a child growing normally and the measured heights of both bio-
logical parents, there are several methods suggested for the calcu-
lation of mid- parental (or target) height. The RCPCH UK charts 
have a graphical mid- parental centile comparator where both 
parents’ measured heights are plotted and when a line is drawn be-
tween these two points, the intersection identifies the mid- parental 

centile. Ninety- one per cent (91%) of children’s adult heights will 
lie within two centile bandwidths of this point (i.e. plus or minus 
1.33 standard deviations) and 98% will lie within plus or minus 
three bandwidths (plus or minus two standard deviations) (Figure 
7.1.1.14).

A mathematical calculation can also be used. The difference be-
tween the 50th centile heights of male and female adults in the UK 
population is 14 cm, this sex difference when applied to the indi-
vidual child is corrected for by adding 14  cm onto the mother’s 
height for a boy and subtracting 14 cm from the father’s height for a 
girl and then calculating the simple mean of both adjusted parents’ 
heights. This value is the target height and 95% of children’s adult 
heights will fall plus or minus 1.6 standard deviations of this value 
(10 cm in boys and 8.5 cm in girls). This simple approach also does 
not control for secular trend (i.e. the population increase in stature 
from one generation to the next). The method of Hermanussen and 

Figure 7.1.1.13 Lower 0.4th centile for prepuberty phase only. 
Children whose height lies within the shaded area may be normal if they 
are not short for their family. Puberty lines mark boundaries of normal 
pubertal development. Shaded zone marks area where 0.4th centile 
varies with phase of puberty.
Reproduced with kind permission from RCPCH and Harlow Printing Limited. 
Copyright 2019 © Royal College of Paediatrics and Child Health.
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Figure 7.1.1.14 Mid- parental centile comparator where both parents’ 
measured heights are plotted and when a line is drawn between these 
two points, the intersection identifies the mid- parental centile. 91% of 
children’s adult heights will lie within two centile bandwidths of this 
point (i.e. plus or minus 1.33 standard deviations) and 98% will lie within 
plus or minus three bandwidths (plus or minus two standard deviations). 
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the right scale using arrows. Draw a line between arrowheads and read 
off mid- parental centile where this crosses the central line. Regression 
adjustment means that children of very short or tall parents have mid- 
parental centile nearer to average than expected.
Reproduced with kind permission from RCPCH and Harlow Printing Limited. 
Copyright 2019 © Royal College of Paediatrics and Child Health.
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Cole makes an attempt to control for this and may provide a slightly 
more accurate evaluation of parental height but requires the calcula-
tion of SDSs for parents’ heights [22]. The authors state that by cal-
culating parents’ height SDS from growth standards (which are often 
constructed from measurements of children in a generation contem-
porary to the parents themselves), a simple correction factor can be 
applied to predict the target height in the child’s current generation.

Calculating the target height and target centile range is useful in 
describing the expected range of adult stature. It can help to deter-
mine whether a child with extremes of stature is appropriately tall 
or short for their family, and if not, then set the clinician thinking 
about alternative reasons for this variation in growth.

Predictive Adult Height calculator

An alternative approach to height prediction is the ‘adult height 
look- up’ which is incorporated into the UK- WHO charts [23]. 
Here the child’s adult height centile can be predicted from the 
child’s current height centile with a given accuracy of plus or minus 
6 cm in 80% of cases (Figure 7.1.1.15). This method has been de-
rived from a series of regression analyses predicting a child’s 
actual adult height in comparison with their height at various ages 

beforehand as longitudinal data. There is usually a reasonably close 
correlation at most ages except at the time of puberty on account of 
the wide variation in the timing and magnitude of the adolescent 
growth spurt.

Bone Age

The bone age is the recognized standard method of assessing bio-
logical maturity. It is usually assessed on the left hand (by conven-
tion, even in left- handed children) and the X- ray should be taken in 
a standard radiographic position to view the wrist bones, carpals, 
the short bones of the hand. The accuracy in predicting maturity 
compared with biological status is less good than calculating the 
dental age from a dental radiograph, but the latter is not routinely 
done as the dose of radiation required is considerably higher. Bone 
age may be derived by a number of methods.

The most common method used in routine clinical practice 
is that of Greulich and Pyle, where the child’s radiograph is com-
pared with standards from an atlas compiled in 1959 derived from 
socially advantaged US children in the 1920s [24]. This has more 
recently been re- validated for Dutch children and therefore is ap-
propriate to use in contemporary clinical practice [25]. The Tanner 
Whitehouse- 3 (TW3) method is a different system which assesses 
the development of the radius, ulna, and the short bones (metacar-
pals and phalanges) separately and maturity scores are given to each 
of these bones [26]. The bone age is calculated by the summation of 
these maturity scores. Carpal bone maturity was scored in previous 
versions but as it did not contribute to improved height prediction 
it is no longer incorporated in height prediction. A computerized 
method, BoneXpert, has been derived which actually calculates the 
bone maturity in a three- phase process, analysing the size, shape, 
and density of the long and short bones [27]. This has the advan-
tage of significantly reduced interobserver variability in rating and 
also reproducibility of bone age assessment especially for clinical re-
search studies. It has also been shown to be reliable in routine clin-
ical practice. None of the systems are compatible with each other 
and give different maturity ratings on the same X- ray images, so it is 
necessary to stick with one approach for internal consistency [28].

Uses of Bone Age

As with growth standards, bone age standards have been derived 
from radiographs in children growing at normal rates mostly within 
the normal range of stature. The index groups include few children 
whose growth is abnormal or who show different growth trajec-
tories. In children growing normally, the bone age is mostly within 
plus or minus two years of their chronological age (equivalent to 
plus or minus two standard deviations from the mean). A bone age 
estimation within this range may not be useful for positive diag-
nostic purposes but may help confirm the absence of a major health 
issue. It is most helpful when a child has a significant pathology and 
the bone age is severely delayed or advanced. It may sometimes be 
useful for monitoring a response to treatment such as in precocious 
sexual maturation.

Bone Age and Prediction of Adult Height

The prediction of adult height is regarded by many as the main 
reason for assessing bone age. Predicted adult height may be 
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calculated by a number of methods. The simplest is the Bayley- 
Pinneau tables which, based on the Greulich and Pyle bone age 
measurement, are able to give an estimate of the percentage of 
height attained for a given child’s bone age and consequently their 
height prognosis (i.e. their remaining growth) [29]. Although 
based on American children, this still has a degree of accuracy 
worldwide and appears to be consistently the most accurate way of 
predicting growth outcomes for short and tall children, although 
with notable under-  and overprediction errors [28]. The TW3 
method formulae describe residual growth for certain degrees of 
maturity and allows for the well- recognized acceleration in skel-
etal maturity that occurs during puberty. This has been described 
as the most accurate for the UK population. All of these methods 
need to be used with caution in pathological situations, even 
when a child has a known growth abnormality and an awareness 
of the variability in predictions in each pathological condition is 
required [28].

conclusion

If a child’s well- being is reflected in the normality of their growth, 
then knowing how to evaluate growth is crucial. It will require a 
knowledge of measuring techniques, selection of an appropriate 
growth chart and then determining whether a problem already 
exists due to abnormal size, or whether one is developing over time 
requiring repeated assessment. It is vital to recognize changes in 
growth trajectory and how they vary between infancy, childhood, 
and adolescence, as recognizing abnormal patterns of under-  or 
overgrowth will aid in the more rapid diagnosis of disorders of 
growth and puberty.
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Introduction

Disorders of the growth hormone- insulin- like growth factor 
(GH- IGF) axis include a large heterogeneous group of conditions 
with distinct phenotypes (Figure 7.1.2.1, Box 7.1.2.1 and Table 
7.1.2.1). Each of the defects identified in this axis is responsible 
for a rare and specific condition that endocrinologists need to be 
familiar with. Traditionally, clinical and hormonal evaluations 

are the cornerstones of diagnosis of these disorders but, in recent 
years, molecular genetic tests have become an important tool for 
the investigation of GH- IGF axis disorders. In this chapter, we 
will focus on genetic causes and highlight their main character-
istics and the diagnostic approaches for each of them. If avail-
able, a number prefix that facilitates access to ‘Online Mendelian 
Inheritance in Man’ database (OMIM— https:// www.omim.org/ ) 
will be provided, expediting the access to additional information 
for each disease.

The determination of an IGF- 1 level and GH secretion status 
are usually the first step to assess the GH- IGF axis [1,  2] (Table 
7.1.2.1). IGF- 1 should be evaluated according to sex and chrono-
logical age [2,  3]. Because of the pulsatile nature of GH secre-
tion, sufficiency or deficiency of GH is usually determined after a 
pharmacological stimulation test [2] . However, in many conditions 
described in this chapter, basal GH is already markedly elevated, 
excluding GH deficiency [4]. Based on clinical findings and IGF- 1/ 
GH levels, further evaluation of other components of this axis can 
be included: insulin- like growth factor- binding protein 3 (IGFBP- 
3), acid- labile subunit (ALS), insulin- like growth factor 2 (IGF- 2), 
growth hormone- binding protein (GHBP). Additionally, the acute 
IGF- 1 and IGFBP- 3 response after exogenous GH therapy (the IGF 
Generation test) can give valuable information to better charac-
terize the GH- IGF axis defect. Molecular genetic tests can then be 
used to define the precise defect in the GH- IGF axis [5].

GH deficiency is by far the most common defect in GH- IGF axis; 
its frequency is around 1– 2% in non- selected groups of children 
with short stature [6] . In the last decade, several studies have sug-
gested that IGF1R defects leading to variable degrees of IGF- 1 in-
sensitivity can be present in 2% of short children born small for 
gestational age (SGA) [7].

Figure 7.1.2.1 Schematic representation of the GH- IGF axis indicating the main disorders in this system: (1) growth hormone deficiency (GHD); 
(2) bioinactive GH; (3) GH insensitivity; (4) IGF- 1 deficiency; (5) acid- labile subunit deficiency; (6) defects in the proteolytic cleavage of IGFBPs; 
(7) bioinactive IGF- 1; and (8) IGF insensitivity.
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GH- IGF Axis

Growth Hormone (GH) and Its Receptor (GHR)

GH is produced by somatotrophs in the anterior pituitary under 
the regulation of two main hypothalamic peptides:  growth 
hormone- releasing hormone (GHRH) and somatostatin (SST) 
[8] . GHRH stimulates the synthesis and release of GH, whereas 
SST inhibits its release and regulates the pulsatile GH secretion. 
Besides GHRH, ghrelin, which is a peptide secreted mostly by gas-
tric cells, can stimulate GH synthesis and release through its action 
on the GH secretagogue receptor (GHSR), located in the hypothal-
amus and pituitary. GH is secreted by the pituitary as monomeric 
and oligomeric isoforms, 22kDa being the main one, followed by 
20kDa, both with biological activity. Approximately 50% of circu-
lating GH is bound to GHBP, a high affinity binding protein that 
represents the GHR extracellular domain and is produced through 
GHR proteolysis.

GH acts by binding to growth hormone receptor (GHR; Figure 
7.1.2.2), a transmembrane receptor that is a member of the 
class I cytokine receptor family. It has only one transmembrane do-
main and no intrinsic enzymatic activity, needing to be coupled to 
a tyrosine kinase called Janus kinase 2 (JAK2) to trigger the intra-
cellular signal transduction. When GH binds to a pre- assembled re-
ceptor dimer, there is a conformational change in its intracytoplasmic 
region that allows JAK2 to become phosphorylated and then to 
phosphorylate tyrosine residues in GHR, which become binding 
sites for signalling molecules [8, 9]. In this manner, GHR and JAK2 
activate signalling pathways that are common to other receptors, 
such as the mitogen- activated protein kinase (MAPK) and the 

Table 7.1.2.1 Phenotype according to GH- IGF axis defects

Gene Inheritance Growth disorder Hormone measurement Additional features

Prenatal Postnatal GH IGF- 1 IGFBP- 3

GH deficiency several AR /  AD Nl ↓ to ↓↓↓ ↓ to ↓↓↓ ↓ to ↓↓↓ ↓ to ↓↓↓ See Table 7.1.2.2

Bioinactive GH GH1 AR /  AD Nl or ↓ ↓↓↓ ↑↑ ↓↓ ↓↓ Mild phenotype of Laron syndrome (*).
IGF- 1 increases after use of exogenous GH

GH insensitivity   
(GHI)

GHR AR > AD Nl or ↓ ↓↓ to ↓↓↓ Nl to ↑↑ ↓ to ↓↓↓ ↓ to ↓↓↓ Phenotype of Laron syndrome in complete 
GHI. Low GHBP in 70% of cases. IGF- 1 does 
not change after exogenous GH

GHI associated   
to immune 
dysfunction

STAT5b AR > AD Nl or ↓ ↓↓↓ ↑↑ ↓↓ ↓↓ Phenotype similar to Laron syndrome + 
immune dysfunction and elevated PRL in 
AR forms

Ternary complex 
defects

IGFALS AR Nl or ↓ ↓ Nl to ↑ ↓↓ ↓↓↓ Laboratory abnormality disproportionate to 
mild short stature, pubertal delay

PAPPA2 AR Nl or ↓ ↓ to ↓↓ ↑↑ ↑↑↑ ↑↑↑ Mild microcephaly. Low free IGF- 1 (*)

IGF1 defects IGF1 AR/ AD ↓↓↓ ↓↓↓ ↑↑ ↓↓↓↓ Nl or ↑ Microcephaly, sensorineural deafness, 
developmental delay, intellectual disability, 
insulin resistance

IGF2 defects IGF2 ADp ↓↓↓ ↓↓ to ↓↓↓ Nl or ↑ Nl or ↑ Nl or ↑ Phenotype resembling Silver- Russell 
syndrome and low IGF- 2 levels (*)

Bioinactive IGF- 1 IGF1 AR ↓↓↓ ↓↓↓ ↑↑ ↑↑↑↑ Nl Microcephaly, sensorineural deafness, 
developmental delay, intellectual disability, 
insulin resistance (*)

IGF insensitivity IGF1R AD > AR ↓ to ↓↓↓ ↓ to ↓↓↓ Nl to ↑↑ Nl to ↑↑ Nl to ↑↑ Variable clinical findings in the dominant 
forms. Microcephaly, developmental delay, 
and intellectual disability may be present

AR, autosomal recessive; AD, autosomal dominant; ADp, AD with paternal transmission; Nl, normal; ↑, increase; ↓, decrease; PRL, prolactin. *, phenotype based on a limited number 
of patients/ families.

Box 7.1.2.1 Disorders of the GH- IGF axis

GH deficiency
 • Idiopathic
 • Acquired (craniopharyngioma, pituitary tumours, autoimmune 

diseases, granulomatous diseases, central nervous system infections, 
post- radiotherapy, head trauma)

 • Congenital: associated with structural defects
 • Genetic

—  GH secretion (GH1 and GHRHR genes)
—  Pituitary cells differentiation (POU1F1 and PROP1 genes)
—   Pituitary development (HESX1, GLI2, OTX2, LHX3, LHX4, and  

SOX3 genes)
Bioinactive GH (Kowarski syndrome, OMIM 262650)

GH insensitivity (GHI)
 • Complete GHI (OMIM 262500)
 • Partial GHI (OMIM 604271)
 • GHI associated to immune dysfunction (OMIM 245590)
 • Atypical GHI
 • Secondary or acquired GHI (anti- GH antibodies, malnutrition, liver 

disorders, poorly controlled diabetes mellitus, uraemia)

Ternary complex defects
 • Acid- labile subunit deficiency (OMIM 615961)
 • Defects on proteolytic cleavage of IGFBPs (PAPPA2 gene)

Primary IGFs deficiency
 • IGF1 defects (OMIM 608747)
 • IGF2 defects (OMIM 616489)

Bioinactive IGF- 1

IGF insensitivity (OMIM 270450)
GH, growth hormone; IGF- 1, insulin- like growth factor type 1; IGFBP- 3. insulin- like 
growth factors binding protein 3; ALS, acid- label subunit; IGFs, insulin- like growth 
factors.
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inositol- 1,4,5- trisphosphate 3- kinase (IP- 3K) pathways, which are 
important to the metabolic and proliferative effects of GH. Besides 
these pathways, cytokine receptors have a unique signalling pathway 
that uses cytoplasmic proteins known as signal transducer and acti-
vator of transcription (STAT). Among the seven STAT proteins cur-
rently known, the most important for GHR signal transduction in 
humans is STAT5B. This protein, when phosphorylated, dimerizes, 
and translocates into the nucleus, where its binding to GH respon-
sive elements in DNA stimulates the transcription of genes such as 
IGF- 1, IGFBP3, and ALS [8, 9]. This signalling pathway also stimu-
lates the synthesis of suppressors of cytokine signalling (SOCS), 
which ultimately inhibit this signalling process.

 • Insulin- like growth factor type 1 (IGF- 1) and its receptor 
(IGF- 1R)

Most of the growth- promoting actions of GH are mediated by 
IGF- 1 [10]. It has an essential role in pre-  and postnatal growth, 
brain, and inner ear development. In utero, its secretion is inde-
pendent of GH and regulated mainly by nutritional status while 
after birth its circulating fraction is mainly produced by the liver 
in response to GH. It also has a paracrine/ autocrine action, being 
secreted by most tissues. The role of circulating versus locally pro-
duced IGF- 1 in growth is still a matter of debate [11]. Circulating 
IGF- 1 is bound to high affinity binding proteins, the insulin- like 
growth factor- binding proteins (IGFBP). Currently, six IGFBPs are 

well characterized. These proteins regulate IGF- 1’s availability to 
bind to its receptor IGF- 1R and also have independent roles in the 
modulation of autocrine, paracrine, and endocrine IGF- 1 actions. 
Some 70– 80% of circulating IGF- 1 is found in a ternary complex 
with IGFBP- 3 and ALS, around 20% is bound to others IGFBPs and 
less than 5% is found in the free form. IGF- 1 found in the ternary 
complex is unable to reach the extravascular compartment and 
consequently to act on target tissues. Through this mechanism, the 
ternary complex increases IGF- 1 half- life from minutes to several 
hours and modulates its biological activity. Another IGF, IGF- 2, is 
the most important factor in the regulation of intrauterine growth. 
Interestingly, the IGF2 gene is located in an imprinting region where 
the paternally inherited allele is preferentially expressed [12].

Most of IGF- 1 and IGF- 2 actions are mediated by IGF- 1R, a 
tyrosine kinase receptor structurally similar to the insulin receptor 
(Figure 7.1.2.3). When IGF- 1 or IGF- 2 binds to a homodimer of 
IGF- 1R, there is a conformational change in the intracytoplasmic 
region that allows trans- autophosphorylation and creates docking 
sites for signalling molecules [13]. The main protein activated 
by IGF- 1R is insulin receptor substrate 1 (IRS- 1), a hydrophilic 
phosphoprotein that recruits and regulates the activity of other 
intracellular proteins. IRS- 1 acts as an adaptor molecule and acti-
vates signalling cascades associated with tyrosine kinase receptors. 
One of the most important signalling pathways of IGF- 1R is MAPK, 
which is responsible for the proliferative effects of IGF. Another 
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Figure 7.1.2.2 Schematic representation of GH- GHR signalling through JAK2- STAT5B pathway. In the inactive state, two GHR molecules are 
predimerized in the cell membrane. Each JAK2 protein bound to the intracytoplasmic portion of one receptor inhibits the catalytic activity of the 
other. Once GH binds to the two receptors, a change of the conformational structure takes place, moving apart the two JAK2 molecules that can then 
phosphorylate sites of tyrosine in themselves as well as in GHR. Tyrosine- phosphorylation creates docking sites for signalling proteins such as STAT5Bs 
that become phosphorylated, allowing their dimerization, transport to the nucleus and activation of transcription of target genes (IGF- 1, IGFBP- 3, ALS, 
and others). This signalling pathway also stimulates the synthesis of SOCS, which ultimately inhibits this signalling process.
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signalling pathway is PI- 3K, responsible for the metabolic effects of 
IGF, which are similar to insulin effects.

Growth Hormone Deficiency (GHD)

GHD can be either isolated (IGHD) or combined with other pi-
tuitary hormones deficiencies (CPHD). It can be congenital, usu-
ally due to a genetic defect, or acquired, due to tumours in the 
hypothalamic- pituitary region, neurosurgery, radiotherapy, auto-
immune, and granulomatous diseases and even brain trauma. It 
is not unusual that patients with congenital/ genetic causes present 
with associated complex phenotypes. The most common are: struc-
tural changes of the hypothalamic- pituitary region and/ or the cen-
tral nervous system (CNS); craniofacial malformations; septo- optic 
dysplasia (SOD); and developmental delay/ intellectual disability 
[14]. Considering the genetic defects that cause hypopituitarism, we 
can classify them based on the main mechanism of pituitary dys-
function (Table 7.1.2.2).

 • Genetic defects in GH secretion leading to isolated growth 
hormone deficiency (IGHD)

Classically, familial IGHD has been classified into four types 
depending on the inheritance pattern:  autosomal recessive (types 
IA, OMIM 262400 and IB, OMIM 612781), autosomal dominant 
(type II, OMIM 173100), and X- linked (type III, OMIM 307200) [8] . 
Mutations in GH1 can cause IGHD types IA, IB, and II, while 
IGHD type IB can also be caused by mutations in growth hormone- 
releasing hormone receptor (GHRHR). In relation to IGHD type 

III, a X- linked GHD associated with agammaglobulinemia has been 
described: although the BTK (Bruton tyrosine kinase) gene, a key 
regulator of B cell development, has been associated with this con-
dition, its genetic aetiology remains unknown. Additionally, homo-
zygous and heterozygous mutations in the GHSR, also known as 
ghrelin receptor, have been associated with partial IGHD (OMIM 
615925). On neuroimaging, regardless of the genetic defect, patients 
have normal or hypoplastic anterior pituitary with a normally sited 
posterior pituitary ‘bright’ signal [15].

This traditional classification was made before the exact genetic 
defects were known. In this chapter, we have chosen to focus on the 
most well characterized genetic defects and mentioned the former 
classification for completeness.

GH1

Mutations in the GH1 (growth hormone 1)  gene are an excellent 
example of how different genetic defects and modes of inheritance 
lead to distinct phenotypes. Homozygous deletions of the GH1 
gene locus ranging from 6.7 to 45 kB lead to severe forms of IGHD. 
Patients usually present within the first 6 months of life with typ-
ical clinical features associated with complete GH deficiency:  se-
vere growth failure (height standard deviation score (SDS) <– 3), 
low growth velocity, hypoglycaemia, prolonged jaundice, mid- facial 
hypoplasia, protruding forehead, saddle nose, high- pitched voice, 
and truncal obesity [8, 16]. Typically, they have undetectable IGF- 1 
and GH concentrations. These patients tend to develop high titres of 
anti- GH antibodies after hormone replacement therapy is initiated, 
which can neutralize GH actions and therefore lead to failure of re-
sponse to recombinant human GH (r- hGH) therapy. Microdeletions 

Figure 7.1.2.3 Schematic representation of IGF- IGF- 1R signalling through RAS/ MAPK and PI3K/ PBK pathways. Once IGF- 1 or IGF- 2 binds to a 
homodimer of IGF- 1R, there is a conformational change in the intracytoplasmic region that allows trans- autophosphorylation and creates docking 
sites for signalling molecules. Several proteins bind to these phosphorylated tyrosine sites and become activated. This initiates a cascade of events that 
activate RAS/ MAPK and PI3K/ PBK pathways that promote the genomic effects triggered by the IGFs.



SEcTIoN 7 Disorders of Growth, and Development and Transition1116

and point mutations have also been reported to cause this pheno-
type, known as IGHD type IA [17]. In contrast, other homozygous 
mutations— splice- site, frameshift, or nonsense— cause a less severe 
phenotype also with marked short stature, delayed bone age, and low 
GH concentrations but with a good response to r- hGH without neu-
tralizing antibody formation. This form is known as IGHD type IB.

In the autosomal dominant mode of inheritance, known as IGHD 
type II, patients present with low but usually detectable GH, a vari-
able height deficit and time of presentation and they may or may not 
have anterior pituitary hypoplasia on magnetic resonance imaging 
(MRI) (38– 50%) [18]. These patients may develop additional pitu-
itary hormone deficiencies (ACTH, prolactin, TSH, and/ or gonado-
tropin deficiencies) needing lifelong follow- up. Most mutations 
have been shown to affect the correct splicing of GH1, including 
single base mutations in the first six nucleotides of intron- 3, muta-
tions in the exonic splice enhancers ESE1 and ESE2 or disruption 

of sequences downstream of the consensus splicing sites that af-
fect intronic splice enhancers. The result is the skipping of exon 3 
and the production of a 17.5 kDa isoform that exerts a dominant- 
negative effect on the secretion of the 22 KDa molecule. In trans-
genic mice studies the overexpression of 17.5 kD isoform showed 
defective GH secretory vesicles with anterior pituitary hypoplasia, 
loss of somatotropes, and invasion by macrophages. The most se-
verely affected animal developed other anterior pituitary cell line 
deficiencies [19]. There are also missense mutations with complex 
mechanisms of action which disturb GH secretion or reduce the 
binding affinity for the GH receptor.

GHRHR

The GHRHR gene encodes a G- protein coupled receptor. Its expres-
sion is upregulated by POU class 1 homeobox 1 (POU1F1, formerly 
called PIT1) and is required for the proliferation of somatotropes. 

Table 7.1.2.2 Genes associated with growth hormone deficiency either isolated (IGHD) or combined (CPHD) and their clinical features

Gene Inheritance Hormonal deficiencies Anterior
pituitary

Posterior
pituitary

Other features

GH1 Recessive IGHD NL or ↓ Topic Severe IGHD, depending on the genetic defect anti- GH 
antibodies leads to ineffective treatment with r- hGH

Dominant IGHD, may evolve with 
other deficiencies

NL or ↓ Topic Variable phenotypes regarding height and time of 
presentation. patients may develop additional pituitary 
hormone deficiencies

GHRHR Recessive IGHD ↓ Topic Severe IGHD

PROP1 Recessive GH+TSH+PRL+LH/ FSH 
may evolve with ACTH 
deficiency

↑, NL or ↓ Topic Hormonal deficiencies can emerge asynchronously

POU1F1 Recessive/ dominant GH+TSH+PRL NL or ↓ Topic

GLI2 Dominant IGHD or CPHD ↓ Ectopic/ NV Polydactyly, HPE, craniofacial malformations

HESX1 Recessive/ dominant IGHD or CPHD A, NL or↓ Topic or ectopic SOD

LHX3 Recessive CPHD A, ↑, NL or ↑ Topic Deafness, Limited neck rotation, elevated shoulders

LHX4 Dominant CPHD ↓ Topic or ectopic Chiari Malformation

SOX2 Dominant HH + GHD ↓ Topic Anophthalmia, forebrain defects, oesophagus atresia, 
deafness, learning difficulties

SOX3 X- linked IGHD or CPHD ↓ Ectopic Intellectual disability, infundibular hypoplasia, corpus 
callosum abnormalities

FGF8 Recessive HH, IGHD, or CPHD ↑ or NL Topic SOD, HPE, KS, Moebius syndrome

FGFR1 Dominant HH or CPHD NL or ↓ Ectopic or topic SOD, midline craniofacial malformations, corpus 
callosum abnormalities

PAX6 Dominant IGHD or CPHD ↓ Topic midline craniofacial malformations, ophthalmologic 
abnormalities

GLI3 Dominant IGHD or CPHD A or ↓ Topic Pallister Hall syndrome

ARNT2 Recessive CPHD ↓ Topic Brain, eye, kidney, and urinary tract abnormalities, 
corpus callosum abnormalities

CDON Dominant CPHD A Topic or ectopic HPE, maternal ethanol exposure worsens the 
phenotype

GPR161 Recessive IGHD or CPHD ↓ Ectopic

IGSF1 X- linked CPHD NL Topic Macro- orchidism, undetectable prolactin

PROKR2 Dominant or recessive HH, IGHD, or CPHD NL or ↓ Topic or Ectopic SOD, Hirschsprung disease

TGIF1 Dominant CPHD ↓ Ectopic HPE, midline craniofacial malformations

IGHD, isolated growth hormone deficiency; CPHD, combined pituitary hormone deficiencies; HH, hypogonadotropic hypogonadism; A, aplastic; NL, normal; ↓, small; ↑, large; 
NV, non- visualized; r- hGH, recombinant human growth hormone; SOD, septo- optic dysplasia, HPE, holoprosencephaly, KS, Kallmann syndrome, DD/ ID, developmental delay/ 
intellectual disability.
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Patients with pathogenic variants in this gene present with early and 
severe growth failure, typical facial features, and have a good re-
sponse to r- hGH therapy; other clinical findings such as neonatal 
hypoglycaemia and micropenis are absent [20]. On MRI, most pa-
tients have anterior pituitary hypoplasia with a normally placed 
posterior pituitary signal; however, there are some reports of a 
normal- sized anterior pituitary. These patients are also classified as 
having IGHD type IB (OMIM 612781). Homozygous or compound 
heterozygous mutations have been reported (missense, nonsense, 
splice- site, deletions, or regulatory mutations) and patients are usu-
ally of consanguineous pedigrees or certain ethnic backgrounds— 
Indian subcontinent and Brazil. There is a report of a heterozygous 
mutation in the signal peptide leading to a dominant form of inher-
itance with variable penetrance [15].

 • Genetic defects in pituitary cell differentiation leading to 
CPHD

PROP1

PROP1 (Prophet of POU1F1) encodes a 226- amino acid paired- like 
homeodomain transcription factor which activates POU1F1 expres-
sion and pituitary organogenesis. Currently, bi- allelic PROP1 mutations 
are the most frequently recognized genetic cause of CPHD worldwide 
[21, 22]. In general, short stature is the first symptom reported, prob-
ably due to combined GH and TSH deficiency. Growth failure usually 
develops within the first year of life (height – 1.5 ± 0.9 SDS at 1.5 years of 
age) and becomes more prominent later in childhood between the ages 
of 1.5 and 3 years (– 3.6 ± 1.3 SDS at 3 years of age), when parents search 
for medical assistance [23]. At diagnosis, bone age is usually severely de-
layed (– 4.0 SDS; 2.5 y) [24]. Gonadotropins deficiency may be mani-
fested as a lack of pubertal development or a failure to complete puberty 
[25]. The hormonal deficiencies can emerge asynchronously over time, 
even among individuals carrying the same genotype. Some patients de-
velop corticotrophin deficiency, so all patients with PROP1 pathogenic 
variants deserve lifetime clinical surveillance [26]. Furthermore, as GH 
replacement can increase cortisol metabolism, it is necessary to be aware 
of the signs of an unveiled adrenal insufficiency [27]. On neuroimaging 
the pituitary stalk is normal and the posterior lobe is in the normal pos-
ition. The anterior lobe in patients with PROP1 mutations is usually 
hypoplastic, but may be normal or even enlarged, which may be mis-
diagnosed as a tumour. The pituitary can wax and wane in size before 
undergoing complete involution for reasons as yet undetermined [28].

PROP1 mutations lead to CPHD in an autosomal recessive inher-
itance pattern, therefore the prevalence of these mutations is higher 
in familial cases and in patients born to consanguineous parents. 
Different types of molecular defects have been described disrupting 
PROP1 function, varying from complete gene deletion to frame-
shift, small deletions and insertions, and point mutations including 
missense, nonsense, splicing variants, and mutations affecting the 
initiation codon [22].

POU1F1

POU class 1 homeobox 1 (formerly called PIT1) is a member of the 
POU family of transcription factors that regulate mammalian de-
velopment and is important for the development of GH, PRL, and 
TSH lineages. Usually GH and PRL deficiencies are detected at first 

presentation and severe short stature is the first complaint. TSH de-
ficiency can be present from infancy and such patients may present 
with severe mental retardation, or it can emerge later in life [29]. On 
MRI, the anterior pituitary can be small or normal and the posterior 
pituitary is eutopic [30]. The first reports were about homozygous 
mutations but heterozygous mutations with dominant- negative ef-
fects have also been described, thus recessive and dominant inherit-
ance modes are possible [31].

Genetic Defects in Pituitary Development Leading 
to IGHD or cPHD

Congenital hypopituitarism can be associated with abnormalities 
in the development of the anterior craniofacial midline, forebrain, 
and eye. This clinical picture and the growing knowledge of the 
genetic cascade of signalling molecules and transcription factors 
involved in hypothalamic- pituitary embryogenesis has led to the 
discovery of many genetic defects in early developmental genes. 
As a consequence, overlap with other conditions such as isolated 
hypogonadotropic hypogonadism and holoprosencephaly is seen 
in many patients [8] . A  well- established clinical syndrome is the 
pituitary stalk interruption syndrome (PSIS) characterized by con-
genital hypopituitarism, absent or thin stalk, anterior pituitary 
hypoplasia, and ectopic posterior pituitary [32]. After a period of 
extensive study of individual developmental genes, the advent of 
large parallel sequencing methods like whole- exome sequencing 
(WES) has led to the discovery of novel genetic factors involved in 
hypopituitarism and its associated phenotypes. There is an ever- 
increasing list of candidate genes that is updated on a monthly basis. 
Here we describe in more detail three genes classically associated 
with hypopituitarism with defects in early developmental factors. 
Other genes are cited in Table 7.1.3.3 and Fang et al. [32].

GLI2

The GLI family zinc finger 2 is a mediator of Sonic hedgehog (Shh) 
signalling and plays a role during embryogenesis. Mutations in 
GLI2 were at first associated with holoprosencephaly but the range 
of possible phenotypes has expanded and includes IGHD or CPHD 
with or without diabetes insipidus. Other complex phenotypes are 
developmental delay, seizures, polydactyly, midline craniofacial 
malformations, and cryptorchidism. On MRI there is a small an-
terior pituitary with a non- visualized or ectopic posterior pituitary. 
The mode of inheritance is autosomal dominant with incomplete 
penetrance. The variants classified as pathogenic are: complete gene 
deletions; nonsense or frameshift mutations that result in protein 
truncation; mutations in the universal splicing sites; and mutations 
within the zinc finger region [33].

HESX1

HESX homeobox 1 encodes a transcriptional repressor in the 
developing forebrain and pituitary gland. Homozygous mutations 
(missense, frameshift, splice donor site) in HESX1 result in CPHD 
usually with associated phenotypes: SOD, forebrain midline malfor-
mations (absent septum pellucidum and agenesis of the corpus cal-
losum), and ophthalmic abnormalities. Heterozygous mutations have 
incomplete penetrance and lead to a less severe phenotype with IGHD 
or CPHD and various degrees of SOD. The hypothalamic- pituitary 



SEcTIoN 7 Disorders of Growth, and Development and Transition1118

region shows hypoplasia or aplasia of the anterior pituitary with 
normal, non- visualized or ectopic posterior pituitary [31, 34].

OTX2

Orthodenticle homeobox 2 encodes a transcription factor that 
plays a role in brain, craniofacial, and sensory organ development. 
Heterozygous mutations in OTX2 were initially associated with 
anophthalmia or microphthalmia, later it was observed that some 
patients had IGHD or CPHD. On neuroimaging the anterior pitu-
itary can be normal or hypoplastic and the posterior pituitary can 
be normal or ectopic. Additionally, there are reports of absent or 
severely hypoplastic infundibulum [31, 34].

Bioinactive GH (Kowarski Syndrome, oMIM 262650)

The existence of defects in the GH molecule generating a bio-
logically inactive but immunoreactive GH was first proposed by 
Kowarski et al. in 1978 [35]. These authors evaluated two children 
with proportional short stature, normal GH secretion and very 
low somatomedin (IGF- 1) level. Contrary to what would be ex-
pected in a patient with GH insensitivity, these patients normalized 
their growth rate and IGF- 1 levels with exogenous GH treatment. 
Although the molecular basis in these first patients was not eluci-
dated, Takahashi et al. published two other patients at the end of the 
1990s with similar phenotypes associated with heterozygous patho-
genic variants in the GH1 gene [36, 37].

After these initial reports, a small number of other patients with 
bioinactive GH have been reported [38, 39]. These patients had a 
common phenotype characterized by severe short stature (usually 
height SDS <– 3), very low levels of IGF- 1/ IGFBP- 3 and normal or 
elevated GH levels (basal or after a stimulation test). Some patients 
presented with mild clinical characteristics observed in severe GHD 
(prominent forehead and saddle nose). All patients showed some 
improvement in growth rate and IGF- 1 concentrations with r- hGH 
treatment. In one patient, this improvement was suboptimal, pos-
sibly due to a marked dominant- negative effect of mutated GH [36]. 
The majority of the cases had an autosomal dominant inheritance 
pattern, but an autosomal recessive inheritance was observed in one 
family [38].

The mutated GH molecules were capable of binding to the re-
ceptor with lower, similar, or even with higher affinity than wild- 
type GH, but all of them were unable to properly activate the 
signal transduction by GH receptor. Mutations associated with 
an autosomal dominant inheritance had a dominant- negative ef-
fect on wild- type GH action by competing for binding to the re-
ceptor and thus preventing the wild- type GH from activating the 
receptor [36, 37]. This is analogous to the mechanism of action of 
pegvisomant, a GH receptor (GHR) antagonist used in the treat-
ment of conditions of GH excess [40].

GH Insensitivity (GHI)

In the 1960s, Laron et al. [41] described three siblings from a con-
sanguineous Jewish family with severe short stature and a physical 
appearance that resembled patients with complete GH deficiency. 
After the development of a methodology to measure circulating 
GH, it was observed that these patients had markedly elevated GH 

levels. In the subsequent years, other patients with a similar pheno-
type were identified by the same group. Multiple and sequential in-
vestigations allowed them to demonstrate that the circulating GH 
in these patients had normal biological activity, but 125I- labelled 
GH was unable to bind to the liver membrane from affected pa-
tients, suggesting that the defect was located in GHR [41]. Only in 
1989, after GHR was cloned and characterized, homozygous defects 
in this gene were demonstrated to cause severe GH insensitivity 
(GHI) [42, 43] and this presentation became known as Laron syn-
drome (OMIM 262500). In the last three decades, more than 250 
patients with GHI have been described, expanding our knowledge 
on phenotype variability and associated molecular defects.

complete GH Insensitivity (oMIM 262500)

Defects in GHR cause variable degrees of insensitivity to GH. The 
classical form of GHI, also known as Laron syndrome, is character-
ized by severe short stature observed during childhood (height SDS 
usually <– 4) associated with dysmorphic features also presented 
in patients with complete congenital GH deficiency (craniofacial 
disproportion with a relatively small face, depressed nasal bridge, 
high- pitched voice, truncal obesity, and micropenis) [4, 41,  44]. 
The adult height of non- treated patients is around 40 centimetres 
or more below the population mean. These patients have very low 
levels of IGF- 1, IGFBP- 3, ALS, and GHBP, but elevated basal and 
stimulated GH levels. This condition is inherited in an autosomal 
recessive pattern, usually involving consanguineous parents or fam-
ilies from inbred communities.

Important insights on longevity of patients with complete GHI 
have been published in recent years. Despite obesity and a decrease 
in lean body mass due to a lifetime without GH action, these pa-
tients are protected from diabetes and cancer and have a longevity 
similar to controls [45]. In a similar manner, GHI animal models 
demonstrate an improvement of insulin sensitivity over time and 
extension of lifespan [46, 47].

Since the first description of homozygous defects in GHR 
causing complete GHI, more than 70 pathogenic variants in this 
gene have been identified [4] , involving several types of muta-
tions:  gross deletions (6%); non- synonymous single nucleotide 
variants (41%) or premature stop codons (20%); small deletions 
causing a frameshift (14%); and nucleotide changes that directly 
affect the splicing process (19%). The majority of these muta-
tions are located in exons that encode the extracellular domain of 
GHR (exons 4 to 7). The missense mutations usually disrupt the 
binding sites for GH and/ or impair the transport of the receptor 
to the plasma membrane. Usually the diagnosis of these patients 
is not difficult and molecular studies add little additional infor-
mation to the clinical assessment.

Partial GH Insensitivity (oMIM 604271)

After characterization of complete forms of GHI, several cases have 
been described with a milder phenotype. The clinical spectrum of 
partial GHI may vary from patients who are initially classified as 
having idiopathic short stature (ISS), to patients with typical labora-
tory findings of GHI who lack typical facial and dysmorphic features 
associated with Laron syndrome [4] . Two main molecular bases for 
partial GHI are described [4]: patients homozygous or compound 
heterozygous for hypomorphic mutations and patients heterozygous 
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for dominant- negative GHR mutations. In both situations, some re-
sidual GHR activity is retained causing variable partial phenotypes 
regarding the severity of growth impairment and hormonal profile. 
Additionally, GHBP is frequently detectable and even elevated in 
some cases. The absence of a typical phenotype raises a challenge for 
establishing the diagnosis of this condition based only on clinical 
and laboratory data. In this scenario, the use of genetic studies that 
analyse, besides GHR, several other genes described in this chapter 
can lead to a precise molecular diagnosis [48].

GHI Associated with Immune Dysfunction   
(oMIM 245590)

In 2003, Kofoed et  al. described a girl with severe short stature 
(height SDS – 7.5 with 16 years old), recurrent infections, and pro-
gressive respiratory failure. GH levels after a stimulation test with 
insulin were very high (53.8 µg/ L), while IGF- 1, IGFBP- 3, and ALS 
were markedly low, even with r- hGH treatment, and GHBP was 
normal. The GHR gene was sequenced but it was normal. GHR sig-
nalling pathways were then analysed and a homozygous missense 
mutation was found in STAT5B gene, which prevented STAT5B ac-
tivation by GH [49].

Since then, a total of ten patients have been reported harbouring 
seven different homozygous STAT5B mutations. These patients 
presented with severe postnatal growth failure (height SDS  – 3.0 
to  – 9.9), normal to elevated GH levels and abnormally low IGF- 
1, IGFBP- 3, and ALS, similar to Laron syndrome, but also with 
manifestations of immune dysregulation, including increased sus-
ceptibility for opportunistic infections and autoimmune- associated 
disorders like lymphocytic interstitial pneumonia and eczema [50]. 
The immune dysregulation is explained by the fact that other mol-
ecules use the STAT5B signalling pathway, including some interleu-
kins. The defect in IL2 action is particularly important, since this 
interleukin participates in the activation of T lymphocytes and in 
the development of regulatory T lymphocytes [51]. Other unique 
features are the elevation of prolactin levels since its negative feed-
back also depends on STAT5B signalling and the normal levels of 
GHBP because the defect is intracellular and consequently does not 
affect the GHR extracellular domain [50]. Heterozygous carriers 
were approximately 4 cm shorter than non- carrier relatives. They 
also had lower IGF- 1 and IGFBP- 3 levels and a higher frequency of 
eczema than their wild- type relatives [52].

Besides these cases in which genetic inheritance was autosomal 
recessive, recently patients from three unrelated families with 
dominant- negative heterozygous STAT5B variants were reported 
to have postnatal growth failure, eczema, and elevated IgE but no 
severe immune diseases, expanding the variability of clinical and 
genetic presentations [53]). Moreover, there are some reports on pa-
tients with partial GHI and immune dysfunction who have STAT3 
gain of function variants associated with diminished STAT5B tran-
scriptional activity [54].

Atypical GHI

The term atypical GHI refers to conditions that cause GHI, usually 
partial, due to mechanisms that do not directly involve genes on 
GHR- JAK2- STAT5B transduction pathway. This broad concept en-
compasses both acquired and congenital conditions. Several mech-
anisms of atypical GHI have been described: an increase of RAS/ 
MAPK pathway activity, as observed in Noonan syndrome (OMIM 

163950)  [55]; an increase in NF- κB activity [56]; an increase in 
FGF21- FGFR1 signalling; and an increase of SOCS associated with 
chronic inflammatory state [56]. All these conditions are charac-
terized by growth impairment associated with low IGF- 1, normal 
GH secretion, and poor hormonal and growth responses to ex-
ogenous GH therapy. The study of these mechanisms will allow a 
better understanding of the interactions between the GH- IGF axis 
and several conditions that impair children’s growth.

Ternary complex Defects

Acid- Labile Subunit Deficiency (oMIM 615961)

In 2004, Domené et al. described an adolescent boy with mild short 
stature (height SDS— 2.05), pubertal delay, and hyperinsulinemia 
with normal glucose levels, who had markedly reduced IGF- 1 (5.3 
SDS below the mean) and IGFBP- 3 (9.7 SDS below the mean) and 
undetectable ALS [57]. A homozygous frameshift variant was found 
in the IGFALS gene, preventing the synthesis of this protein. Since 
then, more than 20 patients have been described, with mild to mod-
erate short stature (height SDS – 3.6 to – 0.4, mean – 2.3), undetect-
able or very low serum levels of ALS and very low serum levels of 
IGF- 1 and IGFBP- 3, with IGFBP- 3 being more affected than IGF- 1. 
Some of them also presented with variable reduction in birth size, 
pubertal delay, variable degrees of insulin insensitivity and/ or low 
bone mineral density.

It was hypothesized that growth restriction is mild, despite the 
marked reduction in IGF- 1 and IGFBP- 3 levels (compatible with 
severe GHD or GHI) because of the preserved expression of locally 
produced IGF- 1 [58]. The aetiology of hyperinsulinemia is still un-
known; however, some authors have suggested that the reduced 
IGF- 1 availability could impair glucose sensing and insulin sensi-
tivity [59]. Genetic inheritance is autosomal recessive and patients 
are homozygous or compound heterozygous for ALS mutations. 
Heterozygous carriers have a mild reduction in height (height SDS 
lower by 0.9) in relation to their non- carrier relatives [60].

Defects in the Proteolytic cleavage of IGFBPs 
(PAPPA2 Gene)

Pregnancy- associated plasma protein A2 (PAPP- A2) is a protease 
highly specific for IGFBP- 3 and - 5, liberating IGF- 1 from IGFBP- 3 
and ALS, and allowing free IGF- 1 to exert its actions on target tis-
sues. In 2016, two families were described with homozygous variants 
in PAPPA2 gene. Their affected members presented with progres-
sive growth failure (with normal or mildly affected birth length), 
microcephaly and thin long bones. They had a marked elevation of 
total IGF- 1, IGFBP- 3, IGFBP- 5, and ALS concentrations, but low 
free IGF- 1. GH is also elevated in the patients, probably due to de-
creased negative feedback secondary to low free IGF- 1 concentra-
tions. Genetic inheritance was autosomal recessive in both families.

Primary IGF Deficiency

IGF1 Defects (oMIM 608747)

IGF- 1 deficiency was first described in humans in 1996, in a patient 
with severe intrauterine and postnatal growth failure, microcephaly, 
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sensorineural deafness, intellectual deficit and severe reduction in 
vertebral bone mass who had a homozygous partial deletion in the 
IGF1 gene [61]. His basal GH and his peak after stimulation with 
clonidine were elevated, and IGFBP- 3 and ALS were normal.

Since then, seven other index cases with IGF1 variants were de-
scribed, three of them with homozygous variants, inherited as an 
autosomal recessive trait. Besides the characteristics described in 
the first patient, they can also present with insulin resistance (sec-
ondary to GH excess), partial gonadal dysfunction, or obesity. One 
of the homozygous patients had a bioinactive IGF- 1 (see next) and 
another had partial IGF- 1 deficiency, presenting with pre-  and post-
natal growth retardation and microcephaly but with mild devel-
opmental delay and normal hearing [62]. Heterozygous parents of 
homozygous patients have a height SDS below the population mean, 
with some of them presenting with a height SDS lower than - 2, com-
patible with a dose- dependent effect. Patients harbouring heterozy-
gous mutations, inherited in an autosomal dominant manner, have 
a milder clinical presentation, with significant short stature but with 
variable presence of cognitive delay or hearing impairment [63– 65].

IGF2 Defects (oMIM 616489)

In 2015, Begemann et al. described the first IGF2 gene variant asso-
ciated with growth restriction in humans [66]. Four members from 
one family presented with severe intrauterine (birth length SDS – 
4.2 to  – 4.9) and variable postnatal growth restriction. They also 
had clinical signs compatible with Silver- Russell syndrome (OMIM 
180860), such as normal head circumference at birth, triangular 
face and micrognathia, and delayed psychomotor development. 
The IGF- 2 level was low and IGF- 1, IGFBP- 3, and GH levels were 
normal to elevated. A heterozygous stop- gain variant, which intro-
duces a premature termination codon, was found in the IGF2 gene 
in seven family members, but only those who inherited the variant 
through paternal transmission were affected, a finding consistent 
with the maternal imprinting of the IGF2 gene.

In 2018, Habib et al investigated a population of 192 patients with 
intrauterine growth retardation, suspected of Silver- Russell syn-
drome for whom a genetic or epigenetic diagnosis was not found. 
They found two de novo heterozygous variants in the IGF2 gene, 
two heterozygous variants in HMGA2 gene (one de novo and the 
other probably paternally inherited) and two heterozygous variants 
in PLAG1 gene (one sporadic and one familiar case). PLAG1 and 
HMGA2 are oncogenes; PLAG1 activates IGF2 through a promoter 
and HMGA2 is an upstream regulator of PLAG1. Both were associ-
ated with growth in mice models and in genome- wide association 
studies (GWAS) meta- analysis studies in humans [67].

Bioinactive IGF- 1

In 2005, Walenkamp et al. described an adult patient who exhib-
ited severe pre and postnatal growth failure (birth length – 4.3 SDS 
and adult height – 8.5 SDS), microcephaly, sensorineural deafness, 
mental retardation (IQ less than 40), and osteoporosis [68]. GH 
levels were very elevated in response to insulin- induced hypogly-
caemia and IGF- 1 was also markedly elevated (+7.3 SDS). They 
identified a missense variant in the IGF1 gene and functional ana-
lysis showed a 90- fold reduced affinity of the mutated protein for 
the IGF- 1 receptor. Heterozygous carriers had significantly lower 

birth weight, adult height (– 1.0 height SDS, or 0.6 SDS below non- 
carrier relatives) and head circumference and higher fasting insulin 
than non- carriers.

IGF Insensitivity (oMIM 270450)

Various groups have searched for IGF1 receptor (IGF1R) variants 
in patients born SGA who did not show catch- up growth, because of 
the importance of this receptor for growth regulation and because of 
the abundance of mutations described in the insulin receptor, which 
is structurally closely related to IGF- 1R. In 2003, Abuzzahab et al. 
[69] described the first two patients with intrauterine and postnatal 
growth failure associated with IGF1R gene defects. Since then, there 
have been many reports of other patients with IGF1R variants, the 
vast majority being heterozygous.

Patients with biallelic (homozygous or compound heterozygous) 
IGF1R defects have a clinical phenotype similar to the phenotype 
of patients with homozygous IGF1 mutations. In contrast with this 
condition, which is rare and has a relatively homogeneous clinical 
presentation, heterozygous IGF1R variants are relatively frequent 
and manifest considerable clinical variability. In one study, two pa-
tients from a group of 100 SGA children without catch- up growth 
had heterozygous IGF1R variants [7] . The extent of growth restric-
tion is variable as well as the degrees of psychomotor and mental 
development and the absence or presence of microcephaly. Bone 
age is delayed and IGF- 1, IGFBP- 3, and GH range from normal to 
high [13]. There are also reports of patients with abnormalities in 
chromosome 15 in which the IGF1R gene is deleted, with pheno-
types varying according to the type and extent of the abnormality. 
As a rule, patients with biallelic IGF1R defects or heterozygous non-
sense mutations have a more severe clinical presentation than pa-
tients heterozygous for missense mutations, reflecting a spectrum 
related to the residual activity of IGF- 1 [13]. Due to the significant 
clinical variability, diagnosis based only on clinical and laboratory 
findings is not possible, reinforcing the importance of molecular 
genetic diagnosis for these patients.

Growth Promotion Treatment for Patients 
with GH- IGF Axis Disorders

In GHD, r- hGH is well established as an effective therapy for nor-
malization of height during childhood [16]. Treatment should be 
initiated as soon as the diagnosis is made and is based on daily sub-
cutaneous injections. The dose is usually adjusted based on body 
weight (25– 50  µg/ kg/ day) every 3– 6  months. In known CPHD, 
additional hormonal deficiencies should also be adequately re-
placed. In adult patients with persistent GHD, the treatment goals 
for r- hGH therapy are to improve body composition, bone mineral 
density and lipid metabolism [70].

Patients with GHI have, by definition, an inability to respond to r- 
hGH therapy. In complete GHI, r- hIGF- 1 therapy is recommended. 
Nonetheless, the height gain achieved is inferior to the height gain 
seen in GHD children receiving r- hGH treatment [71,  72]. This 
lesser response could be explained in the following ways:  a de-
crease in IGF- 1 half- life due to the lack of other components of 
the ternary complex (i.e. IGFBP- 3 and ALS); a reduction of IGF- 1 
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generation in peripheral tissues, which compromises paracrine and 
autocrine IGF- 1 effects; and the absence of GH dependent (IGF- 
1 independent) growth- promoting actions [71]. Treatment with 
r- hIGF- 1 is administered as twice- daily subcutaneous injections 
after a carbohydrate- containing meal to reduce the risk of hypo-
glycaemia. For patients with partial GHI, a trial with r- hGH is ad-
vocated, which, if effective, is preferable to r- hIGF- 1 for the reasons 
given earlier, and for safety and patient convenience [72]. In GHI 
associated with immune dysfunction, there has been only one re-
port of treatment with r- hGH and r- hIGF- 1, both without signifi-
cant response [73]. This lack of response to r- hIGF- 1 therapy could 
be partially explained by the impact of chronic illness.

Patients with IGFALS defects who have been treated with r- hGH 
[74] usually present a suboptimal growth response. There are no 
studies evaluating the response to r- hIGF- 1 treatment, since these 
patients usually have mild short stature and can reach normal 
adult height spontaneously. In defects in the proteolytic cleavage of 
IGFBPs (PAPPA2 gene), there is a report on two siblings who re-
ceived r- hIGF- 1, one with a modest growth response and improve-
ment of insulin resistance and bone mass [75].

For patients with homozygous IGF1 defects, treatment with r- hIGF- 
1 is the logical approach. Because of the rarity of these cases, this treat-
ment was demonstrated in only one case with increased height velocity 
and markers of bone formation, and improved insulin sensitivity [76]. 
Patients with heterozygous defects in IGF1 may show improvement 
in growth velocity and IGF- 1 levels with r- hGH treatment, especially 
in high doses [64, 65]. Similar responses to r- hGH therapy have been 
reported in patients with heterozygous IGF2 defects [66] and IGF1R 
haploinsufficiency [7, 77]. This last group of patients typically present 
with high IGF- 1 levels during r- hGH treatment.

Future Perspectives

Traditionally, the diagnosis of disorders of the GH- IGF- 1 axis was 
based on clinical and hormonal evaluations. In recent years, mo-
lecular genetic tests are progressively making these diagnoses easier 
and more accurate. Moreover, the use of next- generation sequen-
cing techniques will probably allow the discovery of new genes 
associated with these disorders and the identification of genetic de-
fects in GH- IGF- 1 axis in atypical or mild cases. Additionally, the 
participation of genetic variants in this axis in the pathophysiology 
of common short stature should be further evaluated. The expan-
sion of our knowledge in this field may lead to treatment based on 
the molecular defect.
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Introduction

Small- for- gestational- age (SGA) is defined as a birth weight and/ or 
length <– 2 standard deviation scores (SDS) [1, 2]. As the aetiology 
of SGA is multifactorial and includes maternal lifestyle and obstetric 
factors, placental dysfunction, and numerous (epi)genetic abnor-
malities, SGA- born children comprise a heterogeneous group. The 
majority of SGA- born infants show catch- up growth to a normal 
stature, but 10% remains short [3] . For more than 30 years, studies 
have been performed in short children after SGA birth, including 
children with Silver– Russell syndrome (SRS). Studies have gener-
ally excluded short SGA children with major dysmorphic features 
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or a (suspected) syndrome, primordial dwarfism, or DNA repair 
disorder. Thus present knowledge and management, particularly on 
growth hormone (GH) treatment, are based on the results in non- 
syndromic short SGA/ SRS children.

This chapter presents our current knowledge of the (epi)gen-
etic causes of short stature for those born SGA, the health conse-
quences of SGA, and the diagnostic approach and management of 
short SGA- born children, including the efficacy and safety of GH 
treatment.

Definition of Small for Gestational (SGA)

SGA is not a diagnosis but refers to the size at birth, defined as a 
birth weight and/ or length of at least two SDS below the median for 
gestational age [1, 2]. Accurate information on gestational age, birth 
weight, and birth length and appropriate reference data are required 
to determine if a child is born SGA.

The term intrauterine growth retardation (IUGR) is often used 
synonymously with the term SGA. IUGR is, however, a pre-
natal diagnosis referring to a deceleration of intrauterine growth, 
based on at least two fetal size measurements by ultrasound. Being 
born SGA does not necessarily mean that IUGR has occurred. 
Conversely, infants with documented IUGR are not inevitably born 
SGA. Neonates with SGA can be born either term or preterm.

SGA can be the result of maternal and paternal factors, placental 
insufficiency or fetal (epi)genetic factors [1] . The aetiology of SGA 
is unknown in 60% of cases, but precise diagnoses will expand due 
to the rapid advancement in genetic testing.

Early Growth

Most children born SGA show sufficient postnatal catch- up growth 
and have a normal height at the age of 2 years, but approximately 
10% remain short (height <– 2 SDS) [3] . Short stature after SGA 
accounts for approximately 20% of all cases of short stature [4]. 
Most of the catch- up growth occurs during the first year and is near 
completion by the age of 2 years, but it can take up to the age of 
4 years in those born very prematurely [3].

Preterm infants might show extrauterine growth restriction 
(EUGR), due to a complicated neonatal course. When they have a 
length or weight <– 2 SDS at the corrected age of 3 months and fail 
to catch- up subsequently, their risk of short adult stature is similar 
to term SGA infants [5] .

Low birth size has been associated with an increased risk for car-
diovascular disease, hypertension, and type 2 diabetes mellitus in 
adult life [6] . However, it has been shown that these risks are mainly 
associated with a rapid postnatal gain in weight for length [7].

Endocrine consequences

GH- IGF Axis

Approximately 60% of short SGA children show reduced spon-
taneous GH secretion during a 24- hour sampling period and 25% 
a low GH peak during GH provocation tests, while serum IGF- I 

and IGFBP- 3 levels are lower than in healthy controls, but not 
below – 2 SDS [8] . This indicates that the majority of short SGA 
children do not have severe GH deficiency. Some short SGA chil-
dren have normal or high serum IGF- I levels, suggestive of IGF- I 
resistance.

Pubertal Development

Puberty starts in SGA children slightly earlier than average 
but pubertal progression is normal [9] , and adrenarche is age- 
appropriate [10].

Bone Mineral Density

Bone mineral density (BMD), corrected for height, is in the low 
normal range in short SGA children [11] but similar in SGA adults 
with or without short stature [12].

Gonadal Function

In prepubertal boys without cryptorchidism, serum inhibin B 
levels are not different between those born small for gestational 
age (SGA) or appropriate for gestational age (AGA) [13]. In 
adulthood, no differences in serum levels of inhibin B, testos-
terone, LH, and FSH were found between men born SGA or AGA 
[14]. Young SGA women have normal serum AMH levels, indi-
cating that they do not have a smaller follicle pool size than AGA 
women [15].

Metabolic and cardiovascular consequences

Body composition

In SGA children, total and abdominal fat mass at 4 years of age is 
closely related to the rate of weight gain in the first 2 years of life 
[16]. Short SGA adults have a similar fat mass percentage as AGA 
adults, while SGA adults who had spontaneous catch- up have a 
higher fat mass percentage than AGA adults. The lean body mass 
percentage is lower in all SGA adults compared to AGA adults, re-
gardless of degree of catch- up growth [17], suggesting that in SGA- 
born subjects, lean body mass is reprogrammed during fetal life, 
with long- lasting effects on body composition.

Insulin Resistance and Type 2 Diabetes Mellitus

Low birth weight is associated with a higher risk of insulin resist-
ance and type 2 DM in adulthood [6] . Short SGA children have a 
38% reduction in insulin sensitivity adjusted for BMI compared to 
short AGA children, with higher insulin levels [18]. At the age of 
4 years, SGA children with spontaneous catch- up growth are more 
insulin- resistant than AGA children [16]. Rapid fat accumulation in 
the first months of life is associated with a lower insulin sensitivity 
in early adulthood [7]. Insulin sensitivity is similar in short SGA 
and AGA adults, but lower in SGA adults with spontaneous catch- 
up growth to a normal height [19].

cardiovascular Risk Factors

Birth weight has an inverse association with risk factors for hyper-
tension and cardiovascular disease in adults [6] . Blood pressure is 
increased in short children born SGA, mainly in those born pre-
term [20]. Short SGA adults have a higher systolic and diastolic 
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blood pressure compared to AGA adults, irrespective of whether 
they had remained short or had caught up [21].

Metabolic and transcriptomic profiles in SGA children aged 
4– 9  years showed increased cardiometabolic risks [22]. However, 
serum lipid levels are within the normal range in short SGA chil-
dren and adults [17, 23, 24].

Carotid intima media thickness (cIMT), a marker for generalized 
atherosclerosis, is higher in SGA children with spontaneous catch- 
up growth than in AGA children of a similar height, weight, and 
BMI [25]. Similarly, cIMT is higher in SGA adults with spontan-
eous catch- up growth compared to short adults born either SGA or 
AGA [26].

Neurodevelopment, Psychosocial consequences, 
and Health- Related Quality of Life

SGA children have an IQ within the normal range but on average 
lower than AGA children [27]. Among SGA children in epidemio-
logic studies, those born smallest had the lowest IQ and more 
school failure and problem behaviour (attention deficit and social 
behaviour), particularly children with persistent short stature [28]. 
Short SGA children also have lower scores on tests of social func-
tioning and health- related quality of life compared to reference 
populations [29].

(Epi) genetic Diagnoses in Short children 
Born SGA

Non- syndromic children with short stature after SGA form a het-
erogeneous group, with a wide spectrum of clinical symptoms and 
responses to GH treatment. For many years, only very limited (epi)
genetic causes were known, but the increasing use of next- generation 
sequencing, whole exome sequencing (WES), chromosomal micro-
arrays, RNA sequencing, and methylation arrays has resulted in the 
discovery of novel (epi)genetic causes of short stature after SGA 
birth. Some monogenic disorders are now being found in children 
previously considered to have idiopathic short stature (ISS). Most 
currently known monogenic primordial growth disorders present 
with short stature after an SGA birth as one of their clinical fea-
tures. For clinical purposes, first the monogenic disorders with a 
normal head circumference and short stature (either proportionate 
or disproportionate) are presented (Table 7.1.3.1), followed by 
monogenic primordial disorders with microcephaly (Table 7.1.3.2) 
and finally the currently known imprinting disorders and methyla-
tion disturbances (Table 7.1.3.3). This division is arbitrary, because 
some genetic aberrations were first reported for children with a very 
characteristic phenotype (including microcephaly), while over time 
milder phenotypes have been recognized. The genetic disorders in 
short SGA children can also be presented according to a patho-
physiological classification (see recent review [30]).

Monogenic Disorders with Normal Head circumference 
and Proportionate Short Stature

Children with GH deficiency due to a GH- 1 gene mutation or 
GH insensitivity as result of an inactivating mutation of GHR, or 
PIK3R1 or an activating STAT3 mutation, have a lower mean birth 

weight and birth length, but most of them do not fulfil the criteria 
for SGA. However, in the case of a very low serum IGF- I and low 
GH peak during a provocative test or in the case of lack of growth 
response during GH treatment in a short SGA child, one may con-
sider testing for these genes, because short SGA does not exclude an 
abnormality in the GH- IGF pathway.

Heterozygous IGFALS mutations are found in short SGA chil-
dren [31], but also reported in children with ISS. Serum IGF- I 
and IGFBP- 3 levels are low. GH treatment may increase growth in 
children with a heterozygous IGFALS mutation [32]. Absence of 
acid- labile subunit (ALS) due to homozygous IGFALS mutations 
(OMIM 615961) results in low IGF- I and very low IGFBP- 3, birth 
weights varying from – 3.7 to – 0.1 SDS [31], while the effects of GH 
treatment are unknown.

3- M syndrome is characterized by pre-  and postnatal growth 
failure and is caused by mutations in CUL7 (OMIM 273750), 
OBSL1 (MIM 610991) or CCDC8 (MIM 614205) [33]. It is associ-
ated with reduced IGF2 expression and increased H19 expression, 
as also found in Silver– Russell syndrome. Growth response to GH 
treatment is disappointing.

Recently, a paternal IGF2 gene mutation was reported which 
leads to features resembling Silver– Russell syndrome. GH treatment 
is likely to be as effective as in other genetic variants of SRS [34].

Floating– Harbor syndrome occurs due to heterozygous muta-
tions in the SRCA gene ((OMIM 136140). Only 26% of such chil-
dren are born SGA and the phenotype is often mild [35]. Data on 
the effects of GH treatment are very limited.

Mulibrey nanism (MIM 253250)  is caused by biallelic TRIM37 
mutations. Most children are born SGA and remain short but the 
progressive cardiomyopathy and other clinical problems are much 
more important. There are no data on GH treatment.

Monogenic Disorders with Normal Head circumference 
and Disproportionate Short Stature

In most genetic disorders associated with disproportionate short 
stature, the genes are already abnormally expressed during fetal life 
which often results in a lower birth length SDS than birth weight 
SDS. The more severe forms of skeletal dysplasia can be easily diag-
nosed in young children, but clinical features can be so mild that 
many children are initially labelled as short SGA of unknown origin 
or ISS. Body disproportion and skeletal abnormalities can become 
more abnormal when the child becomes older. In each short SGA 
child, the clinician should therefore regularly assess body propor-
tions, particularly in the case of a relatively lower birth length than 
birth weight. When an SGA child has disproportionate short stature 
(sitting/ height >2 SDS and/ or arm- span width > height), genetic 
testing can be an efficient diagnostic approach. A description of all 
skeletal dysplasias and their underlying genetic aberrations is be-
yond the scope of this chapter, but the most frequent ones in rela-
tion to SGA and short stature are given in Table 7.1.3.1.

Turner syndrome (TS), either due to 45XO or mosaicism, may ex-
plain disproportionate short stature after SGA. Birthweight is lower 
than normal, but only 30% are born SGA. It is nevertheless im-
portant to exclude TS in all short SGA girls when the height is a con-
siderable distance below target height (>1.6 SDS, based on national 
growth references). The disturbed prenatal and postnatal growth is 
caused by short- stature- homeobox (SHOX) haploinsufficiency [36]. 
A full description of the medical care for girls with TS is beyond the 
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7.1.3 Short Stature in Children Born Small for Gestational Age 1129

scope of this chapter, but GH treatment at higher doses than recom-
mended for growth hormone deficiency (GHD) children improves 
growth and adult height. The younger age at GH start, the better the 
growth response and adult height will be [36].

Mutations or deletions in the SHOX gene can be present in short 
SGA children. These are located at the tip of the X and Y chromo-
some, and transmitted in a pseudoautosomal fashion [36]. Bi- allelic 
inactivating SHOX mutations cause the severe Langer mesomelic 
dysplasia (OMIM 249700), while heterozygous mutations or dele-
tions of SHOX or its enhancers (or even duplications) cause a milder 
skeletal dysplasia, Leri- Weill dyschondrosteosis with a Madelung 
deformity of the wrist (OMIM 127300) [37]. This mutation can pre-
sent as SGA or ISS, with minor or no dysmorphic features, and no 
or mild body disproportion (OMIM 300582), particularly SHOX 
enhancer deletions. Birth length and weight show wide variations 
(– 4.3 to 1.5 and – 3.3 to 3.2 SDS, resp.) [38]. GH treatment results in 
a similar growth response and adult height gain as seen in girls with 
TS syndrome [39].

Heterozygous activating mutations in FGFR3 lead to a wide 
range of disorders, including achondroplasia (OMIM 100800), 
hypochondroplasia (MIM 146000)  and even proportionate short 
stature. Neonates with achondroplasia have a birth length around – 
1 SDS, but SGA is uncommon. The effect of GH treatment on adult 
height results in a modest increase of +0.5 SDS [40]. GH is only 
registered for this condition in Japan.

Children with hypochondroplasia (OMIM 146000)  have 
rhizomelic limb shortening, limitation of elbow extension, 
brachydactyly, and relative macrocephaly. It is a relatively frequent 
genetic mutation in children with SGA and ISS. GH treatment re-
sults in better growth in the first years, but there are limited data on 
adult height [41].

Heterozygous carriers of NPR2 mutations (OMIM 616255) show 
a similar phenotype to SHOX haploinsufficiency, with short fore-
arms and short lower legs (mesomelia), but without Madelung de-
formity. NPR2 mutations explain ~2% of cases with short stature 
due to SGA or ISS [42]. No data on GH treatment are available.

Heterozygous mutations of Indian hedgehog (IHH) are associated 
with brachydactyly type A1 (OMIM 1112500), but may also have 
mild disproportion [43]. Most children are born SGA for length, 
and 50% have shortening of the middle phalanx of the second and 
fifth fingers with cone- shaped epiphyses. No data on GH treatment 
are available.

A heterozygous mutation of ACAN (encoding aggrecan) leads to 
abnormal cartilage matrix formation, with mild skeletal dysplasia, 
spondyloepiphyseal dysplasia (OMIM 608361), or short stature 
without radiographic skeletal dysplasia (OMIM 165800)  [44]. 
Approximately 30– 40% of cases are born SGA and 14% of short 
SGA children with a bone age advancement of 6 or more months, 
had a heterozygous ACAN mutation [45]. However, bone age can 
be normal. Birth length SDS is always lower than birth weight 
SDS and patients often have early- onset osteoarthritis and/ or 
osteochondritis dissecans. At present, there are only limited data 
on the effects of GH treatment, either alone or combined with a 
gonadotropin- releasing hormone (GnRH) analogue and/ or an 
aromatase inhibitor [44].

Noonan syndrome may also explain disproportionate short 
stature after an SGA birth. Activation of the Ras/ Mitogen ac-
tivated protein kinase (MAPK) signalling pathway results in a 

number of overlapping syndromes, so- called rasopathies, including 
Noonan (OMIM 163950), Leopard (OMIM 151100), Costello 
(OMIM 218040), Cardiofaciocutaneous (OMIM 115150)  and 
Neurofibromatosis- Noonan syndromes (OMIM 601321). All have a 
varying degree of postnatal growth failure and sometimes there are 
no obvious clinical features [46]. Twenty- four per cent (24%) are 
born SGA. GH treatment improves height SDS during childhood 
and can improve adult height [47]. GH is registered for Noonan 
syndrome in the USA, but not in Europe and Japan.

Monogenic Disorders with Microcephaly and 
Short Stature

Children with a IGF1 mutation (OMIM- 608747) are born with a 
very low birth weight and length and microcephaly, although some 
have a milder phenotype. Recombinant IGF- I treatment is mod-
erately effective [47, 48]. Children with complete loss- of- function 
mutations also have sensorineural deafness (OMIM- 608747) [49].

Children with a heterozygous IGF1R mutation (MIM 270450) 
have a wide range of birth weight (– 3.5 to – 1.5 SDS), birth length 
(– 5.0 to 0.3 SDS) and head circumference (– 3.0 to 0 SDS [48]. The 
prevalence of heterozygous IGF1R mutations or deletions is esti-
mated at 1– 2% in short SGA children [50]. Other features include 
normal baseline serum IGF- I levels and very high IGF- I levels 
during GH treatment, early feeding problems, variable delay in psy-
chomotor development, and mild dysmorphic features. GH treat-
ment results in a moderate growth response [50]. Homozygous 
mutations have a more severe phenotype [51].

Terminal 15q deletion with allelic loss of IGF1R leads to pre-  and 
postnatal growth retardation and cardiac symptoms, intellectual 
disability, diaphragmatic hernia, hearing problems, aortic root dila-
tation, neonatal lymphedema, and aplasia cutis [52]. Limited data 
on GH treatment are available [53].

Homozygous pregnancy- associated- plasma- protein- A2 (PAPPA2)   
mutations were recently found in short children with ISS or born 
SGA [53]. They had progressive growth failure, moderate micro-
cephaly, thin long bones, mildly decreased bone density, and ele-
vated levels of serum IGF- I, IGFBP- 3, IGFBP- 5, ALS, and IGF- 2. 
Lack of PAPP- A2 protein decreases the liberation of IGF- I from the 
ternary complex and likely results in lower IGF bioavailability. Two 
years of biosynthetic IGF- I treatment resulted in a height gain of 
+0.4 to 1.0 SDS [54].

Primordial dwarfism is a group of rare genetic disorders charac-
terized by severe IUGR and SGA, extreme short stature, and distinct 
microcephaly, which occur as a result of disorganized molecular and 
genomic changes during embryonic development. Most children 
can be easily recognized, like those with Cornelia de Lange syn-
drome (OMIM 122470), Meier- Gorlin syndrome (OMIM 224690), 
microcephalic osteodysplastic primordial dwarfism (MOPD) types 
I  (OMIM 210710)  and II (OMIM 210720), and Seckel syndrome 
(OMIM 210600)] [55]. There are no data on GH treatment, which 
is likely to be ineffective.

Smith- Lemli- Opitz syndrome (OMIM 270400)  is an autosomal 
recessive disorder characterized by SGA, short stature, micro-
cephaly, dysmorphic features, mild to severe mental retardation, 
and multiple malformations. Patients have decreased serum chol-
esterol levels due a deficient cholesterol synthesis as result of mu-
tations of the 3beta- hydroxysterol- delta7 reductase gene (DHCR7). 
There are no data on GH, which is likely to be ineffective.
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Disorders of DNA repair or genomic instability are frequently as-
sociated with SGA, short stature, and microcephaly. Bloom syndrome 
(OMIM 210900) is a DNA repair disorder caused by a mutation in 
the gene encoding DNA helicase RecQ protein- like- 3 (RECQL3) and 
features include skin hypersensitivity to sunlight, particularly recog-
nizable on the face. Fanconi syndrome (OMIM 227650) has genomic 
instability and clinical features include an irregular pattern of skin 
pigmentations which increases over time, abnormalities in major 
organ systems, early- onset bone marrow failure, and a high predis-
position to cancer. Other syndromes in this category are Nijmegen 
breakage syndrome (OMIM#251260), LIG4 (MIM 606593)  and 
XRCC4 mutations (OMIM 616541), Cockayne syndrome (OMIM 
216400) and Rothmund- Thomson syndrome (OMIM 268400). GH 
treatment is contraindicated in these conditions, given the unknown 
long- term effects on cell division and their predisposition to cancer,

Imprinting Disorders (ID) and Methylation 
Disturbances

IDs are characterized by molecular disturbances affecting 
genomically imprinted chromosomal regions and genes. Genomic 
imprinting describes the expression of specific genes in a parent- 
of- origin specific manner (i.e. they are expressed only from the ma-
ternal or from the paternal gene copy) [56]. Silver– Russell syndrome 
(SRS) is well- known, but there are several other imprinting disorders 
associated with short SGA [57]. It was recently reported that methy-
lation disturbances can also occur in non- imprinted genes [58].

Silver– Russell Syndrome (SRS)

Children with SRS (OMIM 180860)  are mostly born SGA, have 
short stature and relative macrocephaly, a triangular shaped face 
with frontal bossing, clinodactyly, and asymmetry of face and/ or 
extremities [34]. Severe feeding difficulties are often present, es-
pecially during infancy. Mean adult height is around – 4 SDS. SRS 
is primarily a clinical diagnosis, which can be established with the 
Netchine– Harbison clinical scoring system [34].

In around 60% of children with SRS, an underlying cause can 
be identified. Fifty percent are caused by a loss of methylation 
(LOM) of the telomeric domain in the 11p15.5 region, resulting 
in downregulation of paternal IGF2 expression [34]. The 11p15.5 
region has two imprinting control regions, which affect imprinted 
genes involved in the regulation of pre-  and postnatal growth. Two 
rare genetic causes of SRS were found in the same 11p15 region: (1) 
an increased expression of CDKN1C (by a gain-of-function muta-
tion or maternal duplication) [59], which can be associated with the 
IMAGe syndrome (OMIM 614732); the latter is characterized by 
pre-  and postnatal growth failure, metaphyseal dysplasia, congenital 
adrenal hypoplasia, genital anomalies and early- onset DM; and 
(2) an IGF2 loss- of-function mutation (OMIM 616489) resulting in 
a paternally transmitted SRS (Table 7.1.3.1) [60]. Disruptions in the 
HMGA2- PLAG1- IGF2 pathway can also cause an SRS phenotype 
[61], while copy number variants (CNVs) involving the 11p15.5 re-
gion can result in a specific SRS phenotype depending on CNV size, 
location, and parental origin [62].

Between 5% and 10% of children with SRS have a maternal 
uniparental disomy of chromosome 7 (upd(7)mat), with potential 
causative genes including GRB10 (7p12.1) and MEST (7q32) [34]. In 

35%, the genetic cause is yet unknown (i.e. clinical SRS). Patients with 
11p15 LOM have a more ‘classic’ SRS phenotype with a higher preva-
lence of asymmetry than those with upd(7)mat, but the latter ones 
carry a higher risk of behavioural problems [34]. More widespread 
use of methylation studies will probably uncover more epigenetic dis-
orders in short SGA children, as shown by a study in patients with 
suspected SRS or unexplained short stature/ IUGR, in whom 37% 
showed abnormal methylation in eleven imprinted loci [63].

A typical feature of children with SRS is their very poor appetite, 
severely reduced food intake, and very slim appearance. Most children 
have a rapid bone age advancement around the age of 8– 9 years, a rela-
tively young age at onset of puberty albeit within the normal range [56]. 
Males with SRS have an increased risk of genital abnormalities such 
as cryptorchidism and hypospadias, which could be associated with 
reproductive problems later in life. In females, Mayer– Rokitansky– 
Küster– Hauser syndrome, characterized by hypoplasia or aplasia of 
the uterus and upper part of the vagina, has been reported [64].

Long- term GH treatment has proven to be safe and effective 
in improving adult height in SRS, with similar results as non- SRS 
subjects born SGA [65]. As the rapid bone maturation during pu-
berty may compromise adult height, it is recommended to add 
(2  years of) GnRH agonist treatment in GH- treated SRS patients 
with a poor adult height prognosis at the onset of puberty [34]. The 
metabolic health profile of GH- treated young adults with SRS was 
similar to that of GH- treated non- SRS subjects born SGA [66].

other Imprinting Disorders

Besides upd(7)mat (SRS), there are several other IDs associated 
with SGA and short stature. Maternal UPD of chromosome 20, 
upd(20)mat, causes SGA, short stature, and prominent feeding 
difficulties with failure to thrive, but the patients differ from SRS 
because there is no asymmetry, prominence of the forehead and 
relative macrocephaly [66]. Upd(16)mat has also been associated 
with SGA [34]. Temple syndrome (OMIM 616222) due to by ma-
ternal UPD 14 (upd14mat), paternal deletion, distal 14q duplica-
tion, or LOM at the intergenic differentially methylated region, is 
characterized by hypotonia, early puberty, short stature and some-
times SGA [67, 68]. Prader– Willi syndrome (OMIM 176270)  is a 
genetic disorder resulting from the absence of locus q11- q13 (PWS 
region) on the paternally derived chromosome 15, mostly due to 
a paternal deletion or maternal uniparental disomy (upd(15)mat) 
and leads to a characteristic phenotype including muscular hypo-
tonia, short stature, hypogonadism, obesity, psychomotor delay, 
behavioural problems, and cognitive impairment. Long- term GH 
treatment improves body composition, growth, physical strength, 
psychomotor development, and cognitive functioning [69]. Fifty 
per cent (50%) of children with PWS have a birth weight below the 
10th percentile and almost all remain short. Recently, quantitative 
DNA methylation analyses found abnormal methylation of several 
non- imprinted genes in SGA [70].

Management of Short children Born SGA

Follow- Up of Young children

An SGA- born child should have measurements of length, weight, 
and head circumference every 3  months during the first year of 
life and every 6 months thereafter [2] . Children with microcephaly 



7.1.3 Short Stature in Children Born Small for Gestational Age 1131

might have a syndrome (Table 7.1.3.2) and those who do not show 
significant catch- up in length in the first year and are short by the 
age of 2 years, may have an underlying disorder that limits growth. 
These children should be identified and referred to a paediatric 
endocrinologist with experience in short stature after SGA birth.

Diagnostic Approach in Short SGA children

Figure 7.1.3.1 presents a stepwise diagnostic approach for short 
children born SGA. As a first step, the clinician needs to identify 
diagnostic signs from the medical history, physical examination, 
and growth pattern, followed by a screening laboratory panel and 
an X- ray of the left hand and wrist to assess skeletal age and search 
for anatomic abnormalities associated with genetic disorders like 
SHOX, NPR2, ACAN, IHH. In addition, in all girls whose height is 
well below target height (>1.6 SDS), TS should be excluded, by array 
analysis (SNP array or CGH array) or a karyotype. The diagnostic 
power of an array to detect TS is similar to that of a karyotype [71], 
but with a SNP array CNVs and uniparental isodisomy can be de-
tected. When there are signs of a secondary growth disorder, condi-
tions like hypothyroidism, celiac disease, GH- IGF- axis disturbance, 
or chronic disease should be evaluated. Only when serum IGF- I 
level is low for age and gender, is a GH stimulation test indicated. 
When there are signs of a primary growth disorder and TS is ex-
cluded, further genetic testing could be performed. When there are 
dysmorphic features and/ or microcephaly, one may consider evalu-
ation by a clinical geneticist. Repeatedly high serum IGF- I levels 
(> 1 SDS) requires genetic testing of the IGF1R gene. If there is a 
strong suspicion of a specific genetic syndrome, DNA sequencing 

combined with an MLPA (Multiplex Ligation- dependent Probe 
Amplification) test of one specific gene can be performed (‘candi-
date gene approach’), but one may also decide to perform a growth- 
specific gene panel or a specific exome- based gene panel targeted to 
growth- related genes [72]. When the child has a positive Netchine– 
Harbison score [34], genetic testing for Silver– Russell syndrome is 
indicated. In the case of dysmorphic signs or (some) suspicion of 
a primordial disorder, an array analysis is probably more efficient 
to find a genetic cause. As last step, RNA sequencing or a methyla-
tion array could be considered [58]. In special cases (e.g. if a novel 
monogenic disorder is suspected), WES in a ‘trio’ (patient and both 
parents, or including siblings) can be performed. The latter is mostly 
done after consultation with a clinical geneticist. Presently, the yield 
of genetic diagnoses after such analyses is disappointingly low in 
non- syndromic short SGA children. However, as genetic techniques 
are extended, a cause will be identified in an increasing number of 
short SGA children and it might turn out that many cases of SGA 
are caused by a combination of multiple (epi)genetic variants [58].

Growth Hormone Treatment of Short children 
Born SGA

Biosynthetic GH is officially approved for short SGA children by the 
Food and Drug Administration in USA since 2001, the European 
Agency for the Evaluation of Medicinal Products since 2003 and in 
Japan since 2008. The criteria at which GH treatment can be started 
are somewhat different between Europe, USA, and Japan [2] . Short 

Figure 7.1.3.1 A stepwise diagnostic approach of a short child born SGA.
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children with a dysmorphic syndrome, except those with Silver– 
Russell syndrome, tend to show poor growth to GH [2].

The registered starting dose of GH is 0.033 mg/ kg/ day (~1 mg/ 
m2/ day) in Europe and Japan, while in the USA the recommended 
dose ranges from 0.033 to 0.067 ug/ kg/ day (~1– 2 mg/ m2/ day) [2] .

Effect on Growth and Adult Height

GH treatment effectively induces catch- up growth and improves 
adult height in most short children born SGA [73, 74]. A system-
atic review reported that the mean height gain was on average 1.25 
SDS [75].

The growth response to GH is, however, highly variable, which is 
probably associated with multiple gene variants. Prediction models 
could explain 52% of the variability of the growth response in the 
first year and 40% of adult height [76, 77], but it is impossible to 
reliably predict the individual growth response both before and 
during treatment [77]. The growth response to GH treatment does 
not differ between those born preterm or term [78].

No difference in adult height SDS was found between children 
treated with a GH dose of 0.033 mg/ kg/ day and 0.067 mg/ kg/ day 
[73], while the higher GH dose led to an average serum IGF- I of +2 
SDS. For that reason, it is recommended to treat short SGA children 
with a GH dose of 0.033 mg/ kg/ day, and to sonly increase the GH 
dose when the growth response is unsatisfactory and other causes of 
a poor growth response are ruled out [2] . High serum IGF- I levels 
>2 SDS during GH treatment with 0.033 mg/ kg/ day might be due 
to a heterozygous IGF1R defect. Consideration should be given to 
undertaking genetic testing for this diagnosis. These children re-
quire a higher GH dose to obtain an acceptable growth response, 
and an elevated serum IGF- I on GH treatment may be accepted 
due to their partial IGF- I insensitivity. Persistently high serum IGF- 
I levels are also found in short SGA children with syndromes like 
Bloom and Fanconi, which may not have been identified due to 
lack of clear dysmorphic features. Again, genetic testing would be 
helpful to achieve a specific diagnosis. If such a syndrome is identi-
fied, then GH should be discontinued. Children with SRS (15p11) 
can also show high IGF- I levels, likely due to a relative IGF- I resist-
ance, but until this has become clear, it is recommended to lower 
the GH dose. GH dosing based on IGF- I titration results in a poorer 
growth response than treatment based on a fixed GH dose, and 
is therefore not recommended [79]. Adult height is greater when 
treatment is started at least 2 years before the onset of puberty [74]. 
However, some short SGA children come to medical attention when 
they have just started puberty. When their predicted adult height 
is <– 2.5 SDS at onset of puberty, their adult height can improve by 
combined treatment of GH and 2 years of a GnRHa [80].

Effect on Pubertal Development

On average, GH- treated SGA children start puberty at a similar age as 
the normal population, although some start relatively early. GH treat-
ment has no influence on the onset and progression of puberty com-
pared to AGA controls, regardless of GH dose (0.033 vs. 0.067 mg/ kg/ 
day) [9] .

Effect on Metabolism, Insulin Sensitivity, and 
cardiovascular Health

GH has lipolytic, anabolic, and insulin- antagonistic effects and 
leads in short SGA children to an increase in lean body mass and 

decrease in fat mass [81]. Short SGA children have reduced insulin 
sensitivity before the start of GH treatment, a further reduction in 
insulin sensitivity with a compensatory increase in insulin secretion 
during GH [18], but a complete normalization after cessation of 
GH. Assessment of the impact of long- term GH treatment in large 
study groups has shown that none of the GH- treated SGA- born 
subjects developed β- cell dysfunction or type 2 DM [17].

Blood pressure and cholesterol levels decline during GH treat-
ment, and become significantly lower than in untreated SGA chil-
dren [21]. The few studies reporting on the carotid intima media 
thickness (cIMT) in GH- treated SGA children showed no effect of 
GH treatment [26, 82].

Treatment with combined GH/ GnRHa in SGA children results in 
similar body composition, insulin sensitivity, β- cell function, blood 
pressure, and lipid levels at adult height as those treated with GH 
only [83].

Effect on Bone Mineral Density

During long- term GH treatment, the total- body BMD improves 
from – 1.00 SDS to – 0.44 SDS, and lumbar- spine BMD corrected for 
height, from – 0.48 SDS to – 0.14 SDS [84].

Effect on cognitive Functioning and Health- Related 
Quality of Life

Short SGA children have on average lower cognitive functioning. 
One study showed that long- term GH treatment improved per-
formance IQ and attention while the estimated total IQ scores sig-
nificantly increased by 5– 10 points, to the same range as the normal 
population [27].

Long- term GH treatment improves health- related quality of life 
(HRQoL) in short SGA children [29].

Safety

Since the early nineties, multiple large cohort studies in short chil-
dren born SGA have been conducted, showing that GH treatment is 
well tolerated, and that serious adverse effects are uncommon [75].

Diagnosing syndromes can be challenging, particularly when 
children have mild symptoms, but identifying the genetic aetiology 
is important for health prognosis, genetic counselling, and treat-
ment. GH treatment is contraindicated in several conditions, such as 
chromosomal breakage syndromes and DNA repair disorders [85].

Monitoring During GH Treatment

Height, weight, and Tanner pubertal stage should be monitored 
regularly. It is recommended to determine the serum IGF- I level 3 
to 6 months after the start of treatment, to evaluate whether the GH 
dose requires adjustment and/ or further evaluation. Thereafter, it is 
advised to determine the serum IGF- I level annually. When IGF- I 
levels remain high even with a relatively low GH dose, one should 
consider performing IGF1R mutational analysis, and to examine 
for the presence of a possible underlying dysmorphic syndrome 
like Bloom syndrome [85]. As serum- free T4 levels decrease to 
levels just below the norm in 14% of GH- treated SGA children but 
thyroid- stimulating hormone (TSH) levels remained normal [86], it 
is recommended to annually assess serum- free T4 and TSH.

As bone maturation in short children born SGA is highly variable 
and unreliable for growth prediction, radiological investigations 
are not very informative [2] . Since SGA birth is associated with a 
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higher risk of the metabolic syndrome [6], one could argue that 
metabolic syndrome parameters should be checked annually. On 
the other hand, many studies have shown that GH has very limited 
effects on cardiometabolic parameters during treatment and several 
years thereafter. For that reason, it is recommended to only monitor 
blood pressure, BMI, abdominal waist circumference, fasting glu-
cose, and lipid levels. Periodical measurement of fasting insulin is 
not recommended for clinical care because of the absence of cri-
teria to differentiate normal from abnormal. However, additional 
monitoring and testing should be performed when indicated (e.g. 
in the case of a positive family history for DM or cardiometabolic 
diseases) [2].

conclusions

GH treatment in short SGA children increases longitudinal growth 
and adult height, and has positive effects on cardiometabolic health 
and cognitive functioning. The addition of GnRHa for 2  years in 
early pubertal children with a low predicted adult height can im-
prove adult height. The safety profile of GH treatment alone or com-
bined with GnRHa is good.
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Introduction

Short stature or slowing of linear growth are frequent problems 
presenting to providers of healthcare for children. While a com-
prehensive history and physical examination, with review of the 
growth record, and limited laboratory testing occasionally reveals 
an aetiology, more commonly the cause is not obvious and the pa-
tient is classified as having either idiopathic short stature, familial 
short stature, or constitutional delay of growth and adolescence. 
These are largely diagnoses of exclusion where one relies on char-
acteristic clinical features and the absence of signs of a defined 
condition. The 2008 Consensus Workshop on the Diagnosis and 
Treatment of Children with Idiopathic Short Stature (ISS) defined 
ISS as a condition where the height is below – 2 standard deviations 
for age and sex when compared to appropriate normative data for 
the population, where there is no evidence for ‘systemic, endo-
crine, nutritional, or chromosomal abnormalities’, and in whom 
birth weight is normal [1] . Individuals are further subcategorized 
as to whether the short stature has a familial basis (i.e. those whose 
current stature is within the range expected for parents’ height, and 
those with delayed bone age, which is assumed a harbinger of de-
layed adolescence).

Previous consensus statements have addressed idiopathic short 
stature and the short child born small for gestational age (SGA) sep-
arately [1,  2]. Although nearly 90% of individuals born small for 
gestational age will experience accelerated growth following birth 
and reach heights in the normal range by age 2 years, those who do 
not show such ‘catch- up growth’ constitute a significant proportion 
of individuals seen by healthcare providers for short stature. Similar 
to idiopathic short stature, the reason short stature persists in these 
individuals remains an enigma. Thus, separation of the short child 
born SGA from those classified as isolated idiopathic short stature 
is arbitrary and in part reflects the licensing and approval processes 
for recombinant human growth hormone (rhGH) therapy as each 
have separate indications. In this chapter, we briefly describe the 
epidemiology and clinical presentation of children with growth 
deficits. We discuss the impact of the disorder on the patients’ well- 
being and adult height and propose an approach to diagnosis that 

incorporates newer available genetic testing. Lastly, we review the 
risks and benefits of pharmacologic interventions that would stimu-
late growth and/ or increase adult height. We occasionally include 
data concerning short children born small for gestational age along 
with those classified as ISS according to consensus guideline when 
relevant. The reasons for a broad- based approach are the overlap 
of phenotypes, the lack of evidence that these entities are entirely 
physiologically distinct, and the fact that the issues concerning 
prognosis and response to therapy are shared.

Demographics

It is disconcerting to parents and healthcare providers alike that the 
majority of children who stand below – 2 SDS for height fall into the 
category of ISS. Both would like an explanation for the condition and 
clarity with regards to expected adult stature. From population studies 
it is estimated that approximately 5% of short children have a patho-
logical condition [3– 5]. In another 15% a low birth weight or length 
for gestational age (SGA) is found [6] . The 2008 consensus statement 
for ISS estimated that about 60– 80% of children presenting to a paedi-
atric endocrinologist with short stature would have ISS. Since that time 
there has been tremendous progress in applying molecular genetic ap-
proaches to evaluation of short stature. As such, we now suggest that 
25– 40% of children diagnosed with idiopathic short stature could re-
ceive a molecular diagnosis [7]. The shorter the stature, the greater the 
prevalence of organic disease, and therefore the better chance of finding 
a pathological cause with advanced genetic testing.

Pathophysiology

Normal somatic growth requires the secretion of growth- controlling 
hormones, along with the appropriate response of growing tissues 
via cognate receptors and signal transduction pathways, and the ex-
pression of genes regulating cell division and protein synthesis, all in 
the context of adequate nutrition and oxygenation. Thus, the causes 
of aberrant growth are many and result from a wide variety of hor-
monal, genetic, or nutritional disturbances. It seems an oxymoron 
to consider ‘causes’ of something ‘idiopathic’, but in fact the term 
translates to ‘one’s own suffering’ (Gr. idios + pathos), describing a 
condition intrinsic to an individual. There is always an explanation 
for a growth deficit; it may just not be obvious at the outset. In fact, 
the mechanisms involved in the pathophysiology of idiopathic short 
stature are frequently in play in more pronounced disorders recog-
nized as distinct diseases. The various conditions can be categorized 
as follows (see Table 7.1.4.1).

Defects in the Growth Hormone/ Insulin- Like Growth 
Factor (GH/ IGF) Axis

For the purposes of this discussion the GH/ IGF axis will consist 
of GH and the IGFs (1 and 2), their respective receptors, the fac-
tors directly controlling their secretion (e.g. GHRH), bioactivity 
(e.g. IGF binding proteins) and the intracellular signalling path-
ways that follow receptor activation (e.g. STAT5B for GHR, AKT 
for IGF1R). The relevance of this axis to ISS is based on several 
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factors. First, the GH/ IGF axis is the major controller of growth 
in mammals. Studies in mice show that up to 70% of adult size 
is determined by the combination of GH and IGF1 action [8] . 
Genetic mutations in humans confirm that human growth is also 
profoundly influenced by GH and IGF [9]. Second, there is evi-
dence that subtle defects in GH or IGF secretion or action are fre-
quently found in children with idiopathic short stature and related 
conditions [10]. Third, rhGH hormone and rhIGF1 are presently 
the main therapeutic options for treating individuals with short 
stature of any cause.

Several lines of evidence suggest that impairment of GH action 
or IGF secretion is restraining growth in a significant proportion 
of ISS children. Up to 50% of individuals classified as ISS have sub-
normal circulating concentrations of IGF1 even when indices of 
GH release are normal [10]. In addition, ISS patients with low IGF1 
levels appear less sensitive to GH administration in terms of both 
growth stimulation and IGF1 production [11]. These patients could 
be considered to have ‘Non- classical’ GH/ IGF defects. Such data 
has provoked examination of relevant genes in patients with ISS, 
revealing that mutations in SHOX and IGF1- R are more frequent in 
children with ISS [12], although still not explaining the condition 
in most patients.

There is also a potential causative role of genetic variants in the type 
1 IGF receptor (IGF1R) for short stature of undetermined aetiology. 
Patients with definitive molecular defects characteristically manifest 
with substantial pre-  and postnatal growth failure accompanied by 
normal or elevated circulating concentrations of IGF1 [13]. IGF1R 
mutations are found in up to 2% of short children born SGA [14]. 
The IGF1R is a critical element in the pathway of cellular growth 
control and heterozygous variations that are less disruptive are pre-
sent in the normal population and appear to impact growth [15].

Recent studies have identified novel defects in the IGF axis that 
influence stature. The vast majority of IGF1 in the bloodstream cir-
culates as a ternary complex composed of IGFBP- 3, the acid labile 
subunit (ALS), and IGF1 itself. Genetic defects in IGFALS lead to 
low circulating levels of IGF1 and generally modest short stature 
[16]. A growth deficit is also present in patients with mutations in 
pregnancy- associated plasma protein A2 (PAPPA2). PAPPA2 se-
lectively cleaves IGF binding proteins 3 and 5 and thereby facili-
tates the release of IGF1 from the IGFBPs, which is required for 
IGF receptor interaction. Individuals with PAPPA2 mutations have 
short stature in addition to other skeletal findings. Mutations in 
IGFALS have been reported in surveys of individuals with ISS. The 
frequency of PAPPA2 variations is unknown.

Table 7.1.4.1 Idiopathic short stature and related conditions: examples of genes involved

Classification Gene Classic disease Non- classic/ hypomorphic Est ISS 
prevalence

Refs

GH/ IGF Axis GH1, GHRHR GHSR Isolated GH deficiency Normal prenatal growth, slow 
postnatal growth

Rare [44, 75]

IGF1 IGF deficiency with severe pre 
and postnatal growth failure. 
Microcephaly. Sensorineural 
deafness

Both pre and postnatal growth 
affected, low circulating IGF1

Rare [10, 12, 75]

IGF1R IGF resistance syndrome, severe 
pre an postnatal growth failure

Both pre and postnatal growth 
affected, normal or increased 
circulating IGF1

1– 2% [10, 12, 75]

IGFALS Modest reduction in postnatal 
growth— low circulating IGF1

Unknown 2– 10% [16, 75]

PAPPA- 2 Modest short stature,   
increased circulating IGF1,
Skeletal abnormalities

Unknown Unknown [76]

Growth Plate/ Skeleton ACAN Spondyloepiphyseal or 
metaphyseal dysplasias- 

Short stature with advanced   
bone age

2% [21, 75, 77, 78]

FGR3 Achondroplasia Hypochondroplasia, idiopathic 
short stature

1– 2% [75]

NPR2 Acromesomelic dysplasia Idiopathic short stature   
+/ –  disproportionate

2– 6% [79– 82]

SHOX Leri- Weill dyschondrosteosis, 
Turner syndrome

Idiopathic short stature   
+/ –  disproportionate

3– 15% [23, 83, 84]

Intrinsic Cellular Growth BLM Bloom syndrome Prenatal growth failure— syndromic 
features may be subtle— propensity 
for malignancy

Rare [85]

FANCA Fanconi anaemia Prenatal growth failure, GH 
deficiency in some, propensity   
for malignancy

Rare [86]

CUL7, OBSL1, CCDC8 3- M syndrome Probable pre and postnatal growth 
failure +/ –  syndromic features

unknown [44]

KRAS, MAPK2, PTNP11 Noonan spectrum Not SGA, ISS +/ –  syndromic features ~ 1– 2% [44]

Genes noted here are only representative of a much larger number that have been implicated in short stature/ growth failure. For a more extensive listing of genes associated with 
monogenic disorders, see Wit et al. [87].
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Intrinsic Defects in Growing Tissues

Certain growth disorders are the result of aberrations in basic 
mechanisms of cellular growth and consequently affect all growing 
tissues. Conditions that retard the cell cycle or increase apoptosis 
would be expected to result in global reduction in growth and be 
expressed by both pre-  and postnatal growth failure. Fanconi an-
aemia and Bloom syndrome are examples of such disorders. They 
are characterized by DNA instability and are manifest by low birth-
weight, slow growth, and a propensity to malignancy. Other con-
ditions in this category are the RASopathies (RAS/ MAPK pathway 
syndromes [17]) which include Noonan and Noonan- like syn-
dromes and the 3- M syndrome (typically mutation of CUL7, OBSL1 
or CCDC8) [18]. Though uncommon, mutations in these pathways 
can be found in individuals in whom common genetic and endo-
crine conditions have been excluded.

Disorders of the Growth Plate and Skeleton

Growth in stature is the sole result of division, maturation, and ex-
pansion within the growth plates of the axial skeleton. Thus, it is 
not surprising that the cause of short stature in many, including 
those with ISS, involve defects in chondrocyte response to hor-
monal stimuli or its division and maturation within the growth 
plate itself [19]. Genome- wide association studies have identified 
700 distinct loci that determine adult stature [20]. A large number 
of these involve genes that are active within the growth plate. In 
addition, genetic defects that cause severe short stature and ob-
vious skeletal dysplasia in some present with a much more modest 
phenotype when the mutation results in a lesser change in func-
tion. Conditions associated with aberrations in ACAN and SHOX 
are illustrative. Mutations in ACAN (encoding a matrix protein) are 
the basis for spondyloepiphyseal and spondyloepimetaphyseal dys-
plasia but are also found in approximately 2% of individuals with 
ISS. Those affected typically show modest changes in body segment 
proportion and an advanced bone age, which is characteristic of 
the syndrome [21, 22]. SHOX is a transcription factor located on 
the X chromosome and is the main reason why girls with Turner 
syndrome are short. The severe form of SHOX haplo- insufficiency 
results in Leri- Weill dyschondrosteosis but SHOX defects are also 
found in approximately 5% of individuals with ISS [23, 24].

Psychological Aspects of Short Stature

Shortness during childhood could be perceived as a disadvan-
tage and might interfere with normal psychological development. 
No clear- cut relationships have been established between reduced 
stature and psychological distress. The question of psychosocial 
morbidity as a justification for treatment in ISS has been asserted 
by proponents of rhGH treatment in non- GH deficient children but 
continues to be a contentious subject. There is a (mis)perception 
among children and adults that taller is better and that short people 
who are assertive have a ‘complex’ that attempts to compensate for 
their size.

Psychosocial Stress and Adjustment

The belief that short stature is an impediment to social adjust-
ment due to more negative social experiences, including teasing, 
being treated younger than your age (juvenilization), having fewer 

friends, and less social acceptance is pervasive [25]. Studies of pa-
tients referred for short stature (normal variants as well as those 
with pathological conditions) showed slightly more than half were 
regularly teased about being short. This is about the same pro-
portion as juvenilization [26]. As adults, those with short stature 
also experience more problems driving a car, have less income, 
hold fewer higher- level academic degrees, and have problems with 
dating and marriage; the latter being particularly the case for shorter 
men [27]. Therefore, it is not surprising that children and adults of 
both genders desire to be taller [28]. There are reports that suggest 
short children are more likely to be bullied than their taller peers 
[5] . Paediatric endocrinologists also share these beliefs; more than 
50% report the emotional well- being of children and adults with 
heights less than third percentile is sometimes impaired and more 
than a quarter believe it is always or often impaired [29]. Therefore 
these children and adolescents may experience more psychosocial 
stress. However, not all short children are equally affected and fur-
thermore the stressors are not directly related to the degree of short 
stature [26].

In contrast to studies of children or families seeking medical care, 
community- based studies reach different conclusions. A large, lon-
gitudinal, non- interventional study of 7– 9- year- old children con-
ducted in a single region in the UK (the Wessex study) showed no 
evidence that stature of less than third percentile was associated with 
significant psychosocial or academic disadvantages [30]. Despite 
the desire to be taller and reports of bullying there was no measur-
able effect on self- esteem or school performance. A similar study in 
the United States of 11– 18- year- olds showed height was unrelated 
to popularity, total number of friends, or whether friendships were 
reciprocated. Although children were often judged younger than 
they actually were, this was unrelated to social acceptance among 
peers. In addition, the findings did not vary based on gender. [31].

Educational Attainment and Economic Status

The effects of adult height on educational attainment and the type 
of employment and income level achieved have been explored is 
some detail [32]. Studies of stature and income frequently report 
that taller men and women earn more than their shorter peers 
do [33]. Upon further scrutiny, it appears that taller people earn 
more because of stronger cognitive abilities throughout their lives. 
Height is associated with better mental and physical health and cog-
nitive function in adult life [34]. Secondary analysis supports the 
hypothesis that stronger cognitive ability explains the difference 
in occupational status and income and that height only serves as a 
proxy measure for an attribute of greater importance (i.e. cognitive 
ability). Thus, height is a marker of early childhood health and nutri-
tion, both of which affect cognitive development. This suggests that 
childhood nutrition and environment contribute to cognitive de-
velopment which subsequently influences educational attainment, 
school achievement and, later, occupational choice. All of these may 
in turn affect health and cognitive function in old age [34].

Health- Related Quality of Life

Examination of health- related quality of life (HrQoL) is a novel ana-
lytical approach to provide a better understanding of the psycho-
social consequences of short stature and can help clinicians identify 
vulnerable groups of paediatric patients that could benefit from fur-
ther assessment and referral. Use of the instrument in a study of 345 
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children aged 8– 18  years showed that children with short stature, 
particularly those with current height below – 2 SD, are at increased 
risk for internalizing problems. Children/ adolescents with short 
stature presented more parent- reported internalizing problems and 
lower self-  and parent- reported condition- specific HrQoL, compared 
to patients with an achieved height above – 2 SD. GH treated children 
self- reported better HrQoL than the GH untreated group [35].

Functional Impairment

An association between short stature and functional impairment 
(e.g. decreased intelligence, poor academic achievement, and behav-
iour problems) has long been postulated, but there is no consensus 
as to whether such a cause- and- effect relationship exists. In the 
Wessex Growth Study short children up to 13 years of age achieved 
significantly lower scores on measures of intelligence quotient, 
reading attainment, and basic number skills, and were less satisfied 
with their height. However, they did not differ significantly from 
the control children of average stature on measures of self- esteem, 
self- perception, parents’ perception, or behaviour. Furthermore, 
the short children more frequently came from working class homes 
and therefore their attainment scores were predicted by class and 
IQ together rather than by height alone. These results provide only 
limited support for the hypothesis that short children are disadvan-
taged [36]. A systematic review of the association of short stature and 
functional impairments showed most short children scored within 
the normal range in functional tests; however, within studies, short 
stature was often associated with decreased intelligence, academic 
achievement, and visual- motor skills. On average, children with 
short stature score lower than their peers on functional tests but few 
short children scored outside the normal range. Among six studies 
examining academic achievement in children with ISS or constitu-
tional delay of growth and adolescence, all short children scored at 
least within approximately 1 SD of normal scores. However, most of 
these same studies found that children with short stature were more 
likely to have lower academic achievement scores than children of 
average height. These studies show no evidence regarding whether 
treatment of short stature improves functional impairment adapta-
tion [37]. Therefore, while treatment of short stature has been justi-
fied by potential improvements in functional impairment, quality of 
life, and economic status due to increased stature, the data remain 
inconclusive, and the subject controversial.

Approach to the Patient

Certain diagnoses must be excluded to categorize a patient as 
having ISS (see Table 7.1.4.2). Those listed are conditions that have 
the potential to slow growth with few outward manifestations. In 
addition, the growth pattern for ISS typically has an onset of the 
growth attenuation either before birth or within the first years of 
life. A growth chart that displays normal growth for several years 
after which the growth rate markedly slows is atypical for ISS and 
indicates an acquired cause of growth failure should be pursued.

Defining short stature as 2 SD or more below the mean for age 
and sex will identify many children with healthy variations in height 
and lacking underlying pathology. The condition is simply benign 
normal variation. A smaller number of children will have a patho-
logic condition affecting growth and perhaps other aspects of their 

health. It can be a challenge for the clinician to identify those and 
therefore many children receive the nebulous diagnosis of idio-
pathic or familial short stature after routine studies. Thus, assuming 
the conditions listed in Table 7.1.4.2 have been eliminated, several 
questions must be addressed. To what extent is the patient’s stature 
compromising quality of life? What is the likelihood that the patient 
will reach an acceptable adult stature? Should additional testing be 
conducted in an attempt to reach a definitive diagnosis? Is treat-
ment of the growth deficit warranted and, if so, with what modality?

A foreknowledge of future growth and ultimate height as an 
adult would be helpful in addressing those questions. Assessment 
of growth velocity over 6– 12 months is an essential element in the 
evaluation. It is especially relevant for those born SGA as the ma-
jority have accelerated growth following birth and reach a normal 
size by age 2 years [38]. A below average growth velocity after age 
2 years would be a concern for any patient.

Accurately predicting adult height in a young child is difficult. 
Most methods rely primarily on bone age determination and were 
derived from individuals with variants of normal stature, not from 
those with pathologic conditions [39]. However, as a group, about 
two- thirds of children with ISS ultimately reach an adult stature 
within the lower normal range [40], the increase in SD score from 
childhood to final height being attributed to a delay in pubertal 
onset that prolongs the growing period. Thus, those with modest 
height deficits early in life (e.g. – 2 to – 2.5 SD) and who maintain 
near normal growth rates may need no treatment other than re-
assurance and perhaps androgen therapy for those with constitu-
tional delay of growth and adolescence.

Figure 7.1.4.1 illustrates an approach to pursue specific diag-
noses that might not be evident following standard testing in the 
short child. Because of the tremendous technical advances allowing 
the detection of meaningful variations in the human genome at 
reasonable cost, we believe that a genetic approach to uncovering 
the cause short stature is warranted for many [7] . Five distinct clin-
ical scenarios that encompass the majority of patients with the ini-
tial diagnosis of ISS are described in Figure 7.1.4.1. Each scenario 

Table 7.1.4.2 Diagnoses to exclude before classification as ISS and 
related conditions

Condition Standard Testing Comment

Growth hormone 
deficiency

IGF1, IGFBP3, GH 
stimulation

Hypothyroidism T4, TSH Thyroid dysgenesis may 
mimic ISS

Turner syndrome   
in girls

Karyotype or sex 
chromosome FISH

May present with short 
stature as the only 
obvious clinical finding

Bone dysplasias & 
chondrodystrophies

Anthropometry,   
consider skeletal survey

Probably 
underdiagnosed

Occult GI disease (e.g. 
inflammatory bowel 
disease), malnutrition

CBC, ESR, or CRP,   
celiac screen

Renal disease Electrolytes, BUN,   
Cr, UA

Rare— prenatal onset 
can be SGA

Other chronic systemic 
diseases (e.g. asthma, 
cyanotic congenital 
heart disease)

Specific tests prompted 
by history and physical 
examination

In most cases, cause 
would be obvious
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corresponds roughly to the pathophysiologic groups described 
previously and is associated with specific diagnostic steps. For ex-
ample, patients with modest short stature and a history and phys-
ical examination consistent with constitutional delay of growth and 
adolescence (scenario 1) are simply observed. Those showing subtle 
features of skeletal dysplasia would have assessment of select genes 
such as SHOX and NPR2, as mutations in those are consistent with 
that phenotype. Box 7.1.4.1 delineates features that would increase 
the likelihood of attaining a genetic diagnosis.

Another group includes those patients with evidence for defects 
in the GH/ IGF axis based on measures of circulating IGF1 and the 
GH response to stimuli. The increase in circulating IGF1 following 
GH administration (the IGF generation test) has been suggested as 
a way to identify intermediate forms of GH resistance. Although 
attractive in concept, it has not proved sufficiently sensitive and is 

of limited value [41]. Instead, a molecular genetic approach is in-
dicated, with the hormonal measures dictating which genes are 
analysed. Low levels of IGF1 in the face of normal or elevated GH 
release are consistent with defects in GHR, IGF1, IGFALS, whereas 
if both IGF1 and GH are increased, defects in IGF1R are more likely. 
A recent report supports the value of this approach by identifying 
genetic defects for half the cases when a problem with GH/ IGF axis 
is suspected on clinical/ hormonal grounds [42].

The fifth scenario addresses those individuals who appear to have 
a pathologic condition affecting growth by virtue of dysmorphic 
features or severe short stature, but for whom no specific diag-
nosis or pathway is suspected. Those individuals would undergo 
an untargeted survey of their genome starting with comparative 
genome hybridization and ending with whole exome sequencing. 
Diagnostic yields may approach one- third depending on selection 
of subjects [43, 44].

Reaching a specific diagnosis has several benefits. Foremost, it 
ends the diagnostic odyssey and can provide the family with add-
itional information regarding prognosis, the potential value of 
treatment, and the risk for relatives and offspring. However, there 
remain drawbacks and limitations to pursuing specific diagnoses in 
this way. In many cases involving novel or modest changes in gen-
etic structure, solid information about height prognosis or response 
to growth- promoting agents is lacking. In countries where ISS is an 
approved indication for rhGH therapy, it is possible that reaching 
a specific diagnosis removes the patient from the ISS category and 

Figure 7.1.4.1 Proposed schema for molecular diagnosis in a child with short stature of undetermined cause. Each box contains a potential clinical 
scenario leading to an investigative strategy. Short stature of undetermined cause is defined as short stature more than – 2 SDs below the mean, with 
or without being born small for gestational age, with no readily recognizable syndrome diagnosis, no substantial microcephaly, normal screening 
investigations (e.g. karyotype [in females], routine blood testing to exclude occult systemic disease, and thyroid function), and no growth hormone 
deficiency by standard growth hormone stimulation testing. SHOX- short stature homeobox. IGF- insulin- like growth factor.
Reproduced with permission from Murray PG, Clayton PE, Chernausek S. A genetic approach to evaluation of short stature of undetermined cause. The Lancet Diabetes & 
Endocrinology. Volume 6, Issue 7, P564– 74, July 01, 2018. Copyright © 2018 Elsevier Ltd.

Box 7.1.4.1 Factors favouring genetic studies in ISS

 • Severe growth deficit (Ht. <– 3 SD)
 • Height much below target ht. (e.g. mid- parental height + 2 SD, 

patient – 2SD)
 • Pedigree suggestive of monogenic disorder
 • Dysmorphic features
 • Developmental delay
 • Disproportionate short stature
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makes acquiring treatment more difficult. In addition, there are 
circumstances where the genetic basis of the condition will not be 
uncovered using whole exome sequencing. Epigenetic changes or 
mutations in non- coding regulatory regions will not be detected. 
In certain cases short stature will be the result of a combination of 
genetic variations each of which alone would have a modest effect 
on stature, but when combined interact to yield a more pronounced 
phenotype. The current approaches typically seek a monogenic ex-
planation and are inadequate to deal with more complex situations 
[45]. Despite this, the advantages of reaching a specific diagnosis 
outweigh the disadvantages.

Treatment to Increase Stature

Medical treatments that influence stature either involve 
increasing the growth rate (e.g. rhGH, rhIGF1), prolonging the 
growth period (e.g. GnRH agonists, aromatase inhibition), or 
combine the two effects (e.g. rhGH and aromatase inhibition). 
At the current time, the only treatment approved by national 
regulatory agencies for ISS or the short child born SGA is rhGH. 
Moreover, approvals are not uniform across the continents. For 
example, rhGH is approved for ISS by USFDA, but not EMEA 
and the criteria for treatment of the short SGA patient also dif-
fers by agency. Data relevant to ISS for both approved and off- 
label therapies are discussed in the following section. The reader 
should review current literature, regulatory agency publications, 
and professional society guidelines for specific prescribing infor-
mation and recommendations.

Human Growth Hormone

Human growth hormone has been prescribed since 1957 initially 
to treat GH deficiency and later for short stature due to other 

causes. It was first isolated from cadaveric pituitary glands, re-
quiring arduous and costly collection of glands, followed by ex-
traction and purification of the hormone. This limited supply 
restricted its use to children with severe GH deficiency who were 
treated with low doses and suboptimal schedules. The use of 
pituitary- derived GH was discontinued in 1985 following an out-
break of Creutzfeldt- Jakob disease and all subsequent treatment 
has been with recombinant hormone (r- hGH). The develop-
ment of recombinant DNA- derived GH, allowed the production 
of virtually unlimited amounts of GH, leading to the approval 
as therapy for additional childhood conditions characterized by 
short stature.

The story of GH treatment in children for ISS begins in 
1983 when 15 non- GH deficient short children were treated 
with cadaveric GH for 6  months and increased their growth 
rates by more than 2  cm per year [46]. Subsequent trials (see 
Table 7.1.4.3) demonstrated efficacy and led to the 2003 US FDA 
approval for GH treatment of children with ISS with heights at 
or less than  – 2.25 standard deviations (≤1.2  percentile) below 
the mean for age and sex and pretreatment growth rates unlikely 
to permit attainment of adult height in the normal range. The 
effectiveness of GH therapy in ISS was affirmed at the 2008 ISS 
Consensus Workshop which concluded that children with ISS 
whose heights were less than – 2 SDS for age and sex and were 
more than 2 SDS below their mid- parental target height or had 
a predicted height less than - 2 SDS warrant consideration for 
treatment [1].

Controversy persists despite the consensus statement as to the 
effectiveness and value of GH treatment for children with ISS [47]. 
A detailed meta- analysis of the rhGH trials examined the impact 
of rhGH therapy of children with ISS [48]. Out of the 19 GH ISS 
trials to reach adult height (mean duration of 5.4 years), 10 met 
the criteria for controlled trials; of which three were randomized 

Table 7.1.4.3a Summary of results from the randomized controlled trials of GH therapy in children with ISS treated to final height

Study & group N GH dose
(mg/ kg/ day)

Mean
age at start of 
therapy (yrs)

Mean (SD)
years
of therapy 
(yrs)

Height at 
baseline   
(SD score)

Mean 
adult height
(SD score)

Mean
height gain
(SD score)

Difference 
between
case and 
control
in adult height
(SD score)

McCaughey et al. 1998 [88]

Treated 8 0.04 6.24 (0.38) 6.2 – 2.52 (0.26) – 1.14 (1.06) 1.38 (0.7) 1.23

Untreated 6 – 6.14 (0.64) 6.14 – 2.55 (0.32) – 2.37 (0.46) 0.18 (0.4) – 

Leschek et al. 2004 [89]

Treated 22 0.03 12.5 (1.6) 4.4 – 2.7 (0.6) – 1.77 (0.80) 0.93 (0.75) 0.57

Untreated 11 – 12.9 (1.1) 4.1 – 2.8 (0.6) – 2.34 (0.56) 0.46 (0.23) – 

Albertsson- Wikland et al. 2008 [90]

Treated with 0.033   
mg/ kg/ day

18 0.033 11.5 (1.3) – – - 1.7 (0.68) 1.20 (0.82) 0.5

Treated with 0.067   
mg/ kg/ day

31 0.067 11.5 (1.3) – – - 1.5 (0.84) 1.30 (0.73) 0.7

Combined treatment 
groups

49 (0.0330– 0.067) 11.5 (1.3) 5.64 – 2.84 (0.56) - 1.6 (0.68) 1.24 (0.82) 0.6

Untreated 19 – 12 (1.6) – – 2.76 (0.39) - 2.2 (0.75) 0.40 (0.62) – 
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trials and seven were non- randomized. The three randomized 
controlled trials included 115 children, 79 cases, and 36 con-
trols whereas the seven non- randomized control included 477 
children, 181 cases, and 296 controls. Analysis of the random-
ized trials showed that the adult height of the GH- treated ex-
ceeded that of untreated children by 0.65 SDs, or about 4 cm, after 
5.4 years of rhGH therapy [48]. In the non- randomized controlled 
studies, the adult height of the rhGH- treated patients exceeded 
that of controls by only 0.45 SDS or about 3 cm on average. The re-
lationship between height gain and quality of life or psychosocial 
outcomes was not addressed in this analysis. These authors con-
cluded that:  (1) no single, high quality evidence RCT has been 
carried out up to the achievement of adult height; (2) the overall 
magnitude of rhGH effects on reducing the adult height deficit 
in children with ISS is on average less that achieved with other 
conditions for which rhGH was licensed; and (3)  the individual 
response to therapy is highly variable.

GH treatment of the short child born small for gestational 
age. The definition of ‘small for gestational age’ has varied from 
less than the 10th percentile for birth weight to less than – 2 SDs 
for weight or length. The latter definition is more commonly ac-
cepted as indicating prenatal growth restraint and is the definition 
applied in a 2007 consensus statement [2] . Children born SGA rep-
resent a heterogeneous group at risk for multiple long- term com-
plications including short adult stature along with other metabolic 
and endocrine disorders. For the 10– 15% of SGA children who do 
not experience catch up growth within the first few years, rhGH is 

effective in increasing adult height, particularly when started early 
in life and at a sufficient dosing. In addition, rhGH treatment also 
positively affects body composition with an increase in lean mass 
leading to a decreased risk of metabolic complications in SGA [49]. 
Additional information concerning children born small for gesta-
tional age can be found in Chapter 7.1.3.

Safety during rhGH treatment. Human growth hormone is a 
safe drug when prescribed as recommended with adverse events 
rarely observed (78 per 100 000 treatment years for patients with 
ISS) [50]. Adverse effects are related to the stimulation of skeletal 
growth (e.g. slipped capital femoral epiphysis and scoliosis), the 
water retentive action of growth hormone (e.g. intracranial hyper-
tension) or the effect of GH on glucose metabolism (e.g. decreased 
insulin sensitivity) [51]. See Box 7.1.4.2. In children, the frequency 
of adverse effects depends on the underlying disorder and is similar 
or lower in patients with ISS when compared to other rhGH- treated 
conditions [52]. At dosages of 0.24– 0.37 mg/ kg/ week, rhGH treat-
ment in children with ISS does not cause hyperglycaemia. At dos-
ages ≥0.3 mg/ kg/ week, a dose- dependent increase in fasting and 
stimulated insulin levels is observed [50]. Current evidence derived 
from ‘on- treatment’ surveillance studies in GH deficient children 
indicates that rhGH does not increase the risk for new malignancies 
nor is there an increased risk of recurrence of primary cancer in 
cancer survivors. For the latter group there is suggestive evidence 
that the development second malignancies may be increased by GH 
treatment [53]. Thus, the safety profile of rhGH at doses ≤0.37 mg/ 
kg/ week for the treatment of children with ISS is similar to or better 

Table 7.1.4.3b Summary of results from the non- randomized controlled trials of GH therapy in children with ISS treated to final height

Study & group N GH dose
(mg/ kg/ day)

Mean
age at start   
of therapy   
yrs. (SD)

Mean
years
of therapy

Height at 
baseline SD 
score (SD)

Mean 
adult height
SD score (SD)

Mean
height gain
SD score (SD)

Difference 
of treated vs. 
untreated
mean height 
gain SD score

Wit et al. 1995 [91]

Treated 12 0.02 9.2 (1.6) 5.7 – 3.8 (0.7) – 2.4 (0.9) 1.4 (0.9) 0.6

Untreated 27 – 10.5 (1.2) – 3.2 (0.3) – 2.4 (0.7) 0.8 (0.5) – 

Hindmarsh et al. 1996 [92]

Treated 16 0.02– 0.04 8.35 (1.88) 7.5 – 2.17 (0.58) – 1.33 (0.94) 0.84 (0.76) 0.38

Untreated 10 – 7.62 (1.50) – – 2.34 (0.61) – 1.88 (0.57) 0.46 (0.6) – 

Buchlis et al. 1998 [93]

Treated 36 0.04 11.9 (2.8) 3.5 – 2.9 (0.6) – 1.5(0.8) 1.4 (0.7) 0.6

Untreated 58 – 12.5 (2.5) – – 2.9 (0.6) – 2.1(1.0) 0.8 (0.8) – 

Lopez- Siguero et al. 2000 [94]

Treated 35 0.02 11.1 (1.4) 5.3 – 2.78 (0.5) – 1.31 (0.7) 1.47 (0.6) 0.9

Untreated 42 – 10.8 (2.2) – 2.4 (0.4) – 2.03 (0.7) 0.37 (0.8)

Coutant et al. 2001 [95]

Treated 32 0.02 11.7 (2.0) 3.9 – 3.0 (0.67) – 2.1 (0.76) 0.9 (0.57) 0.24

Untreated 51 – 12.1 (2.8) – 2.74 (0.64) – 2.08 (1.01) 0.66 (0.89)

Wit et al. 2002 [96]

Treated 30 0.03– 0.04 10.7 (2.2) 5.9 – 3.3 (0.5) – 1.9 (0.9) 1.4 (0.9) 0.8

Untreated 64 10.9 (1.1) – 3.0 (0.5) – 2.4 (0.8) 0.6 (0.6)
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Box 7.1.4.2 Effects of growth hormone treatment in children

Known adverse effects of growth hormone treatment in children
 • Intracranial hypertension
 • Slipped capital femoral epiphysis
 • Progression of scoliosis

Potential/ theoretic adverse effects of growth hormone treatment 
in children
 • Pancreatitis
 • Increased risk for adverse cardiovascular events during adulthood
 • Increased risk of second malignancy in cancer survivors

than that seen in other rhGH- treated conditions and is not associ-
ated with any predictable adverse events [50].

Long- term safety of rhGH. With the expanded use of rhGH in 
children and the higher doses employed, concerns about the po-
tential for adverse effects developing long after the completion of 
GH therapy have arisen. Studies that address this problem have 
been extremely limited until recently. The SAGhE (Safety and 
Appropriateness of Growth Hormone Treatments in Europe) 
cohort is the largest and longest follow- up study of GH- treated 
patients independent of industry [54,  55]. This ongoing study 
assesses the cause- specific mortality and cancer incidence of 
now over 24 000 patients from eight European countries treated 
during childhood with GH since 1984. As such, it is a major 
resource for investigating cancer and mortality risks in rhGH 
patients.

The first reports from SAGhE were discordant, with some indi-
cating increased mortality and risk for stroke [56, 57] while others 
found no excess deaths due to cancer or cardiovascular events [58]. 
The overall all cause standardized mortality ratios were noted to 
be increased in a subsequent systematic review, but malignancy 
and cardiovascular standardized mortality ratios were not signifi-
cantly increased [59]. The validity of these early SAGhE data was 
questioned by many, especially since in the cohort from Belgium, 
Netherlands and Sweden there was no convincing evidence for the 
induction of new cancers or relapse of pre- existing malignancies 
following GH treatment [58]. Most recently a combined registry 
analysis of the long term safety of rhGH has shown no increased 
risk of mortality in children or adults treated with rhGH. No evi-
dence of increased risk of stroke, new malignancy, leukaemia, non- 
leukaemic extracranial tumours or recurrence of malignancy in 
patients without predisposing risk factors was seen [60]. In children 
and adults it can be stated with certainty that rhGH given by the 
current dose ranges and indication especially the idiopathic short 
stature indication for this medication is considered remarkably 
safe [53].

Patient selection and dosing for rhGH. Treatment of ISS 
with rhGH assumes that the patient will benefit from having a 
stature that approximates that of peers during childhood and 
as an adult. The benefits may be psychosocial or functional in 
those with severe short stature, but there are no data that indi-
cate GH- treated patients are otherwise healthier. Thus, it can be 
a challenge to determine which patients are most likely to benefit 
given the variability in response and concerns about long- term 

safety. The 2016 guidelines developed by the Pediatric Endocrine 
Society suggest ‘a shared decision- making approach to pursuing 
GH treatment for a child with ISS. The decision can be made on a 
case- by- case basis after assessment of physical and psychological 
burdens, and discussion of risks and benefits’. These guidelines 
also recommend a starting dose of 34 µg/ kg daily, increasing up 
to 67 µg/ kg daily if needed. However, studies comparing dose 
regimens are limited. Typically the response to treatment is best 
in the first year, so for some patients a higher initial dose may be 
warranted. Lastly, patient’s growth should be monitored closely 
given the unpredictability of response to treatment and GH dis-
continued in those who do not show a meaningful increase in 
growth rate above baseline. The response required to justify con-
tinued treatment may differ among providers, but a growth vel-
ocity of at least +1.0 SD for age and sex or an increase of at least 
3 cm per year above baseline have been suggested as reasonable 
cut points [1] .

Recombinant Human Insulin- Like Growth   
Factor 1 (rhIGF1)

Regulatory agencies within the United States, Japan, and Europe 
have approved rhIGF1 for treatment of short stature due to se-
vere primary IGF1 deficiency, defined as height and circulating 
IGF1 concentrations 3 SD or more below means for age and sex 
with adequate GH secretion. Most reports of treatment largely 
reflect results from patients with GH insensitivity due to GH re-
ceptor deficiency (Laron syndrome) [61]. However, studies that 
are more recent have demonstrated short- term growth response 
to rhIGF1 alone and in combination with hGH in less severely 
affected individuals [62]. Because of the generally suppressed 
levels of IGF1 in ISS [10, 63], some children will qualify for treat-
ment and could potentially respond. In ISS children who do not 
respond to GH treatment, rhIGF1 therapy is a theoretical option; 
however, data are lacking regarding efficacy and safety in this 
population [64].

Sex Steroids

Testosterone esters are commonly prescribed for boys with con-
stitutional delay of growth and puberty (CDGP) as both short 
stature and lack of secondary sexual characteristics are of fre-
quent concern to the patient. Treatment will accelerate growth 
and induce a masculine phenotype and body composition [65]. 
Testosterone esters at doses of 50– 100 mg as intramuscular injec-
tions per month are effective in stimulating growth and puberty 
without attenuating adult height when used in boys older than 
13 years with no signs of puberty and a predicted adult height in 
the normal range [66]. A 3– 6  month course of these low doses 
of testosterone may suffice to induce spontaneous development 
of puberty and subsequent psychological well- being in this sub-
group of CDGP. The oral preparation testosterone undecanoate 
(40  mg/ day) can also be used, although its effect is considered 
more variable than that of intramuscular preparations. No data 
are available for newer cutaneous forms of androgens, for ex-
ample gels or patches.

Oxandrolone is an anabolic androgenic steroid, which has a the-
oretical benefit of having less androgenic effects than testosterone 
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and additionally does not aromatize to oestrogen. It has been 
shown to increase height velocity in the short term in several 
studies but does not lead to increase in predicted or measured 
final adult height [67]. While it does offer the advantage of oral 
administration over IM for testosterone, it does have the disadvan-
tages of being only weakly androgenic and carrying a small risk for 
hepatotoxicity. While European and US regulatory agencies have 
approved oxandrolone for treatment of short stature in girls with 
Turner syndrome, approval is currently lacking specifically for ISS. 
Given the lack of an effect on adult height and the scarcity of data 
for use in the population, its place in the management of ISS is 
uncertain.

Characteristics of growth in girls with CDGP is less well known. 
A proportion of CDGP girls do not attain adult height consistent 
with their mid- parental target height. Those with a lower height 
SDS in childhood have a reduction in final adult height. Low- dose 
oestrogen treatment, which might seem a logical approach, does 
not seem to influence adult height in girls with CDGP [68].

Aromatase inhibitors. Males with mutations in the aromatase 
enzyme CYP19A1 exceed their adult target heights because they 
cannot synthesize oestrogens from androgens which, in turn, de-
lays growth plate maturation. This observation gave rise to the no-
tion that aromatase inhibitors used during puberty could augment 
adult height by blocking oestrogen production and thereby pro-
longing growth during adolescence. Small controlled trials have 
been conducted in adolescent boys, the first of which was with 
letrozole in constitutional delay in growth and puberty with adult 
height increase [69] and afterwards in children with ISS alone [70] 
or in combination with rhGH [71]. Combination therapy with AI/ 
GH for up to 36  months increases height in pubertal boys with 
ISS more than either GH or AI alone. Height gains from baseline 
stature for those treated for 36 months were: AI, mean, +23.8 cm; 
GH, +26.7  cm; and AI/ GH, +30.7  cm. These gains in height 
compare favourably with the expected height gain from 14.1 to 
17.4 years of +13.0 cm for boys with a height SDS of −2.0 [71]. AIs 
alone and in combination with GH were well tolerated without ad-
verse effects for up to 3 years. They concluded that AIs are an alter-
native treatment to enhance linear growth in adolescent boys with 
ISS, particularly in combination with GH [71]. This treatment 
modality is not used in girls due to a risk for ovarian cyst develop-
ment and the potential for subsequent ovarian torsion. Concerns 
about adverse effects such as aberrant bone turnover leading to 
vertebral anomalies, reduced HDL cholesterol, increased insulin 
resistance, impairment of cognitive function, and long- term ef-
fects on spermatogenesis remain. These concerns coupled with a 
lack of larger studies put the use of aromatase inhibitors in the 
category of experimental drugs; they should be used cautiously 
and ideally in clinical trials that continue to evaluate safety and 
efficacy.

Gonadotropin Releasing- Hormone Analogues

Gonadotropin releasing- hormone analogues (GnRHa) block lu-
teinizing hormone and follicle- stimulating hormone secretion, 
thereby decreasing gonadal production of androgens and oes-
trogens resulting in prolongation of growth. Although GnRHa 
treatment effectively delays epiphyseal fusion, it renders patients 
hypogonadal at a critical time of development. When administered 
to children with ISS, 3.5 years of GnRHa resulted in approximately 

4  cm of increased adult height compared to controls [72]. The 
modest height gain compared to controls is due in part to the 
slowing of growth rate that accompanies the treatment. In an at-
tempt to counteract this, rhGH and GnRHa have been adminis-
tered in combination to patients with ISS and short children born 
SGA. Adolescents with Tanner stage 2– 3, age and bone age less 
than 12 years for girls or less than 13 years for boys, height SD less 
than – 2.0 SDS or between – 1.0 and – 2.0 SD plus a predicted adult 
height less than  – 2.0 SD were randomly allocated to receive GH 
plus GnRHa or no treatment for 3 years. FH was assessed at the 
age of 18 years or older in girls or 19 years or older in boys. Initial 
growth rates are increased by the rhGH addition, but the effect on 
final height is either modest or insignificant after stopping treat-
ment as 50% of the predicted height gain at treatment withdrawal 
was lost at treatment withdrawal [73]. Most recently, a randomized 
control study treating patients with ISS at puberty onset with ei-
ther GH with leuprorelin in combination or GH alone. Although 
promising, a new treatment adverse event emerged as more fre-
quent bone fractures occurred in combination than GH [74]. These 
modest increases in adult height probably do not outweigh the dis-
advantages of delaying puberty. Therefore, while GnRHa are the 
standard treatment for central precocious puberty and are safe, its 
use alone or in combination with GH is controversial and not gen-
erally recommended for treatment of ISS when pubertal onset is at 
a normal age.

In summary, administration of rhGH continues to be the prin-
cipal treatment to address compromised stature in children with 
ISS. In recent years, long- term benefits of the growth achieved 
from rhGH has been questioned because of modest or variable 
height gains and limited evidence of psychological benefit. That 
said, studies to date have not always used optimal doses and were 
conducted in relatively older children (i.e. 11+ years) for whom 
efficacy and benefit may be constrained. Therefore, for each child 
with substantial non- GH deficient short stature a risk to benefit 
ratio assessment must be made and a decision reached in conjunc-
tion with parent and patient wishes. Many ethical concerns such 
as the duty to provide appropriate assent and re- assent at critical 
junctions such as pubertal onset, protecting children from un-
necessary treatment, considering fairness to non- treated children, 
and allocating healthcare resources responsibly should also be 
considered. Less expensive and invasive treatments or perhaps no 
growth enhancing treatment at all along with counselling remain 
viable options.

conclusions

The slow- growing, short child of undetermined aetiology continues 
to challenge healthcare providers. A decade ago most were categor-
ized simply as ISS after testing that typically included assessments 
of GH secretory status. In some cases, GH was administered to 
improve stature. Although the value of GH treatment for ISS is a 
matter of persistent debate, it is clear that the response is highly vari-
able among individuals, with some showing remarkable response. 
Certainly, treatment may be warranted in children with severe short 
stature to alleviate restrictions on activities of daily living [75].

The availability of newer genetic tests and the appreciation for a 
much wider range of conditions attenuating growth has improved 
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our ability to make specific diagnoses and reduced the population 
of those labelled ISS. However, uncovering novel diagnoses pre-
sents additional challenges as we frequently lack information on the 
prognosis for adult height or response to growth- promoting ther-
apies. Despite this, we believe that reaching a specific diagnosis is 
worthwhile and that with time a better understanding of the distinct 
conditions will lead to appropriate management and therapy.
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Introduction

Tall stature can be defined as a height above the 97th percentile (cor-
responding to a standard deviation score (SDS) of +1.88). Extreme 
tall stature is commonly defined as a height exceeding +3 SDS. Even 
though tall stature is constitutional in most cases, growth disorders 
causing excessive growth are important to rule out since they can be 
associated with other health implications. There are several physical 
and developmental signs to look out for which could be associated 
with a growth disorder. These can be either primary or secondary, a 
division that is further detailed next.

Growth and Growth Plate Regulation

Many signalling pathways, local and systemic, have been demon-
strated to regulate longitudinal bone growth [1, 2]. Systemic factors 
include growth hormone (GH), insulin- like growth factors (IGFs), 
insulin, thyroid hormone, leptin, sex steroids, vitamin D, and gluco-
corticoids. There are also local regulators in the growth plate such as 
fibroblast growth factors (FGFs), and bone morphogenetic proteins 
(BMPs). Dysregulation of these signalling pathways may cause ex-
cessive growth and tall stature.

Growth Hormone and IGF- I

Growth hormone (GH) is a single polypeptide chain produced 
by the pituitary gland. Secretion is regulated by the hypothalamic 
peptides, growth hormone- releasing hormone (GHRH) and the 
inhibitory hormone somatostatin. It is also stimulated by ghrelin 
produced in the stomach while IGF- 1 exerts negative feedback 
control. Growth hormone stimulates longitudinal bone growth 
both via direct stimulation of the growth plate, and indirectly 
by stimulating the hepatic production of IGF- 1 [3] . IGF- 1 is also 
ubiquitously expressed in many other tissues such as fat, muscle 
and in the growth plate. It has systemic effects on amino acid up-
take, bone mineral density, muscle mass, and lipolysis [4]. In add-
ition, it has local effects in the growth plate under the influence of 
GH stimulating both proliferation and hypertrophy of chondro-
cytes as well as ossification by affecting the osteoblasts [5, 6]. In a 
growing individual, a GH secreting pituitary adenoma will cause 
accelerated growth and tall stature which is referred to as pituitary 
gigantism.

Sex Steroids

Sex steroids including oestrogen and testosterone are mainly pro-
duced by the gonads. Oestrogens play an important role for growth 
in both girls and boys. In girls, oestrogens are mainly produced in 
the ovaries. In boys, the main production occurs in peripheral tis-
sues through aromatization of androgens. Oestrogens affect growth 
by reducing IGF- 1 mediated negative feedback which regulates the 
effect of GH and its secretion [7] . Oestrogens stimulate growth 
during puberty but are also the factor that finally leads to growth 
plate fusion at the end of puberty in both genders [8]. Testosterone 
increases the effect of GH on IGF- 1 secretion [7]. Androgen recep-
tors are expressed in the human growth plate but any local direct 
effects of androgens on longitudinal bone growth have not been 
established [9].



SEcTIoN 7 Disorders of Growth, and Development and Transition1148

Oestrogens act by binding two different nuclear receptors in the 
growth plate, oestrogen receptor (ER)α and ERβ, and a more recently 
discovered G protein- coupled oestrogen receptor 1 (GPER1) [10, 11]. 
ERα and ERβ are both expressed throughout the different zones of the 
growth plate [12]. The abundance of both receptors increases as the 
cells differentiate [13]. Oestrogens stimulate osteoblasts and inhibit 
osteoclasts but the exact mechanisms through which they promote 
bone growth are not clear [14]. Open growth plates at 28 years of age 
were observed in a 204 cm tall male who had an ERα inactivating 
mutation [15]. Patients with aromatase deficiency exhibit similar 
phenotypes with a lack of pubertal growth spurt and growth plates 
which remain open into adulthood leading to tall stature. Patients 
with aromatase deficiency respond to oestrogen treatment which 
improves bone mineralization and closes the growth plates. Such 
therapy has no effect in an ERα- mutated patient suggesting that ERα 
has an important role for growth plate fusion in humans.

Local Regulators of Growth in the Growth Plate

One type of local regulator in the growth plate are fibroblast 
growth factors (FGFs) which have important roles at every stage 
of endochondral bone formation. Fibroblast growth factor- 1 and 
FGF- 3 are growth- inhibiting whereas FGF- 2 is growth promoting 
[2,  16]. Bone morphogenetic proteins (BMPs) are also present 
throughout the endochondral ossification process and seem to have 
antagonizing effects to FGFs in some of the stages [17]. Parathyroid 
hormone- related peptide (PTHrP) has a stabilizing role in the 
growth plate by maintaining chondrocytes in a proliferative stage 
and also inhibiting hypertrophy [18]. C- type natriuretic peptide 

(CNP) is a local positive regulator of growth [19]. Activating muta-
tions or overexpression of CNP can cause tall stature [20, 21].

Diagnosis of Tall Stature

Even though tall stature is constitutional in the vast majority of cases, 
growth disorders causing excessive growth are important to rule out 
in patients seeking medical attention for tall stature since they can 
be associated with other health issues. There are several physical and 
developmental signs to look out for which could be associated with 
a growth disorder. To give some examples, an increased birth length 
may be a sign of Beckwith- Wiedemann syndrome. A  large head 
circumference, on the other hand, may indicate an underlying syn-
drome such as Sotos syndrome or Weaver syndrome. Developmental 
problems are common in individuals with homocystinuria and sev-
eral syndromes including Klinefelter, Triple X, Fragile X, Loeys– 
Dietz, Sotos, and Weaver syndrome. There is a common division into 
primary and secondary growth disorders which are summarized in 
Table 7.1.5.1. Primary growth disorders affect the growth process 
itself and may have a prenatal onset. Secondary growth disorders are 
caused by external factors and affect growth indirectly.

constitutional Tall Stature

Constitutional tall stature is also known as familial tall stature. It is 
genetic, hence dependent on the height of the mother and father of 

Table 7.1.5.1 Overview of growth disorders associated with tall stature

Major clinical findings
(in addition to tall stature)

Diagnostic testing

Primary growth disorders

Marfan syndrome Long extremities, aorta dilatation, scoliosis, flexible   
joints, ectopia lensis

Ghent criteria, genetic testing for FBN- 1 mutation, 
echocardiography, and ophthalmology evaluation

Loeys– Dietz syndrome Long extremities, aorta dilatation, scoliosis, flexible   
joints, cleft palate

Genetic testing for mutations of the TGFß signalling 
pathway

Homocystinuria Long extremities, scoliosis, ectopia lensis,   
developmental delay

Blood test for homocysteine concentration

Multiple endocrine neoplasia 2B Long face, scoliosis, joint laxity, alacrima, mucosal 
neuromas on the tongue, lips, oral cavity, and   
conjunctivae

Genetic testing for mutations in the RET gene

Klinefelter syndrome Small testes, muscle weakness, cognitive disabilities, 
infertility, gynaecomastia

Chromosome karyotyping (XXY or variants with ≥2 X 
chromosomes)

Fragile X Protruding forehead and large ears, autism,   
developmental delay

Genetic testing for FMR1 mutation

Sotos syndrome Large skull, cognitive disabilities Genetic testing for NSD1 mutation

Weavers syndrome Dysmorphic facial features, learning difficulties Genetic testing for EZH2 mutation

Beckwith– Wiedemann syndrome Neonatal hypoglycaemia, macroglossia,   
hemihyperplasia, embryonic tumours

Clinical assessment and genetic testing

Secondary growth disorders

Pituitary gigantism Frontal bossing, prominent jaw, large hands and feet, 
delayed puberty, muscle weakness

Blood test for basal GH and IGF- 1; GH suppression test

Precocious puberty (central and peripheral) Early onset of puberty and pubertal growth spurt   
(tall stature in childhood)

Blood test for LH, FSH, oestrogen and testosterone,   
bone age

Familial glucocorticoid deficiency Failure to thrive, hypoglycaemia Blood test for plasma ACTH and cortisol. Genetic testing
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the child. Height is highly heritable in a polygenic manner. It has 
been estimated in a sibling study that the heritability of height is 
80% [22]. Through genome- wide association studies (GWAS) over 
400 loci associated with height have been identified, explaining ap-
proximately 20% of the phenotypic and 25% of the genetic height 
variation [23, 24]. Elevated levels of GH and IGF- 1 have been ob-
served in studies of individuals with constitutional tall stature but 
the results are inconclusive [25– 28]. One study showed higher peak 
GH concentrations in tall children when compared to those of short 
and normal height [25]. Another study showed higher IGF- 2 levels 
in tall individuals when compared to controls whereas no difference 
in IGF- 1 levels was found [26]. IGF- 1, IGF- 2, and GH levels were 
compared between tall and normal/ short army recruits (six in each 
group) and even though a tendency towards higher levels was seen in 
taller individuals, differences were not statistically significant which 
can however relate to a small number of study participants [28].

Constitutionally tall children often grow more rapidly in the first 
4 years of life, after which growth drops to more normal rates [29]. 
Dickerman et al. studied the growth patterns from birth to 9 years 
of age in 65 children diagnosed with constitutional tall stature. 
Their mean birth lengths were 52.1 and 53.5 cm in girls and boys, 
respectively, corresponding to the 75th percentile. At 4 years of age, 
their heights had increased to 111.7 and 113.0 cm, respectively, cor-
responding to 2.5 SD above the mean. Between four and nine years, 
the growth curves were parallel with the 50th percentile, but 2.75 
SD above on average. The authors suggest that the fact that the birth 
length does not deviate from normal indicates that factors leading 
to tall stature are postnatal.

Primary Growth Disorders

Marfan Syndrome

Marfan syndrome is a connective tissue disorder caused by a mu-
tation in the fibrillin- 1 gene (FBN1) located on chromosome 15 
(15q21.1). This gene encodes a glycoprotein called fibrillin- 1 which 
is essential for connective tissue formation. Marfan syndrome af-
fects approximately two to three per 10 000 individuals [30, 31]. It 
is usually inherited in an autosomal dominant pattern although ap-
proximately 25% of affected individuals have a de novo mutation. 
The most serious abnormality associated with this syndrome is dila-
tation of the aorta which can lead to aortic dissection and rupture, a 
fatal condition. Other clinical features include ectopia lentis, scoli-
osis, crowded teeth as well as flexible and painful joints. Children 
with Marfan syndrome may grow extremely tall with especially long 
arms, legs, fingers, and toes. In 1986, an expert panel developed a set 
of diagnostic criteria, called the Berlin nosology, aimed to facilitate 
accurate diagnosis [32]. This was later revised due to overdiagnosis 
and the commonly used Ghent criteria were developed [33], with 
further revisions in 2010 [34]. These diagnostic criteria are mainly 
focused on the family history of Marfan, ectopia lentis, aortic dila-
tation, and FBN- 1 mutations. Additional criteria include body dis-
proportions and musculoskeletal abnormalities.

Loeys– Dietz Syndrome

Loeys– Dietz syndrome is an autosomal dominant genetic disorder 
affecting the collagen production in the connective tissue caused 
by a mutation of the transforming growth beta signalling pathway. 

It has similarities to Marfan syndrome such as an increased risk of 
aorta dissection due to an aneurysm. Other clinical features beside 
overgrowth are hypertelorism and cleft palate [35].

Homocystinuria

Homocystinuria is an autosomal recessive disorder caused by a muta-
tion in the cystathionine- beta- synthase (CBS) gene on chromosome 
21 (21q22.3) affecting approximately one in 6000 newborn children 
[36]. Individuals with homocystinuria have a deficient elimination of 
homocysteine and its metabolites. There are two types, B6- responsive 
and B6- nonresponsive homocystinuria, the first usually being milder 
than the second. Homocystinuria affects connective tissues in the 
body, including fibrillin. Affected individuals may exhibit clinical 
features similar to those in Marfan syndrome including tall stature 
with long legs and arms, scoliosis, and ectopia lentis. They might also 
suffer developmental delay (especially the B6- nonresponsive type) and 
thromboembolic complications which can lead to an early death [37].

Multiple Endocrine Neoplasia Type 2B

Another differential diagnosis in patients with Marfanoid habitus 
is multiple endocrine neoplasia type 2B (MEN2B) which is a rare 
autosomal dominant disorder caused by mutations in the RET gene. 
Clinical manifestations include mucosal neuromas on the tongue, 
lips, oral cavity, and conjunctivae which are white- yellow papules a 
few millimetre in size and may be present at birth and can usually 
be found by age 10 years [38]. Gastrointestinal complaints caused by 
diffuse gastrointestinal ganglioneuromatosis may be present from 
infancy or early childhood. Affected individuals are at high risk of 
developing medullary thyroid cancer at a very young age and have 
an increased risk of pheochromocytoma.

Klinefelter Syndrome

Klinefelter syndrome, also called 47,XXY, affects one to two boys 
per 1000 [39]. Due to an extra X- chromosome, these patients have 
excess expression of certain genes. One of these is the short stature 
homeobox (SHOX) gene, which has been shown to influence the 
phenotype seen in Klinefelter syndrome [40, 41]. Clinical features 
include tall stature, small external genitalia, muscle weakness, cog-
nitive disabilities, behavioural problems, infertility, and gyneco-
mastia. Affected boys also have a higher risk of developing diabetes 
mellitus, cancer, and cardiovascular disease. Klinefelter syndrome is 
often diagnosed late, when affected men fail to conceive [42].

Fragile X

Fragile X affects approximately one in 5000 males and one in 10 000 
females and is caused by a mutation in the fragile X mental retard-
ation 1 (FMR1) gene located on the X- chromosome. Symptoms in-
clude tall stature, intellectual disability, developmental delay, autism 
and a characteristic appearance with a protruding forehead, and 
large ears [43].

Sotos Syndrome

Sotos syndrome affects one in 10 000 to 14 000 newborns and is 
caused by mutations in the nuclear receptor binding SET domain 
protein 1 (NSD1) gene in 90% of the cases. The skull is large and af-
fected individuals have an increased height velocity during the first 
4 years of life and an increased adult height. Cognitive disabilities 
are common [44].
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Nevo Syndrome

Nevo syndrome is caused by a NSD1 deletion and is inherited in an 
autosomal recessive pattern. It shares clinical features with the more 
common Sotos syndrome described earlier [45].

Weaver Syndrome

Mutations in the oncogene EZH2 causes Weaver syndrome which is 
associated with tall stature, dysmorphic facial features, and learning 
difficulties [46]. Due to the similar clinical picture it is often mis-
taken for Sotos syndrome.

Trisomy X

Trisomy X is a sex chromosome aneuploidy affecting approximately 
1 in 1000 girls. It is associated with tall stature as well as behavioural 
problems and learning difficulties [47].

Simpson– Golabi– Behmel Syndrome

The overgrowth condition Simpson– Golabi– Behmel syndrome 
(SGBS) is caused by a mutation in the X- linked SGBS gene. In add-
ition to tall stature affected individuals may exhibit supernumerary 
nipples, muscular hypotonia and an increased risk of tumours in 
infancy has been seen [48].

Beckwith– Wiedemann Syndrome

Most affected individuals with Beckwith– Wiedemann syndrome 
(BWS) have an imprinting disorder of one or two gene clusters that 
contain the IGF2 and H19 genes, under control of chromosome 15 
imprinting centre 1 (IC1), and the CDKN1C and KCNQ1OT1 genes, 
under control of imprinting centre 2 (IC2). Approximately 65% of 
children with BWS have a birth weight above the 90th percentile 
[49]. They are tall in childhood and mean adult height has been re-
ported to be 1.8 ± 1.2 SDS above normal [50]. Congenital anomalies 
such as macroglossia, ear creases or pits, naevus flammeus, and ab-
dominal wall defects are characteristic of BWS as is hemihyperplasia 
[49]. Affected individuals may develop hypoglycaemia due to 
hyperinsulinism in the neonatal period and also have an increased 
risk of developing embryonic tumours, especially Wilms tumour.

PTEN Hamartoma Tumour Syndromes

This group of growth disorders includes Cowden disease and 
Bannayan– Riley– Ruvalcaba syndrome and affects approximately 
one in 200 000– 250 000 [51]. They are caused by a mutation of the 
PTEN tumour suppressor genes and are inherited in an autosomal 
dominant pattern.

Perlman Syndrome

Perlman syndrome is a rare autosomal recessive genetic disorder 
caused by a mutation in the DIS3L2 gene. It is characterized by 
overgrowth, dysmorphic facial features, renal dysplasia, and an in-
creased risk of developing Wilms tumour. It has a poor prognosis 
with a high neonatal mortality.

Secondary Growth Disorders

Pituitary Gigantism

Pituitary gigantism causes abnormal growth in childhood due to 
excessive secretion of GH. The most common cause is a benign 

pituitary tumour but the incidence is unknown [52]. In some cases, 
underlying causes are Carney complex, McCune– Albright syn-
drome (MAS), multiple endocrine neoplasia type 1 (MEN- 1), and 
neurofibromatosis [53, 54]. Pituitary gigantism causes bones as well 
as muscles and internal organs to grow excessively. Other phys-
ical features associated include frontal bossing, a prominent jaw, 
large hands, and feet. It can also cause delayed puberty, headache, 
muscle weakness, double vision, and sleeping problems. Different 
treatment methods are available including transsphenoidal surgery, 
somatostatin analogues, and GH antagonists [55].

obesity

Obese children often experience tall stature due to early adrenarche, 
early puberty, and advanced skeletal maturation. The mechanism 
is thought to be related to hyperinsulinemia. Insulin binds to the 
IGF- 1 receptor and increases height velocity. It also increases free 
IGF- 1 in the circulation [55]. However, adult height is usually not 
affected due to a more blunted pubertal growth spurt and earlier 
growth plate closure [56].

Hyperthyroidism

Thyrotoxicosis in childhood may cause an acceleration of skeletal 
maturation and linear growth. It is unclear whether this acceler-
ation affects the final height or if it is compensated by an accelerated 
bone maturation [57, 58].

Precocious Puberty

Children are considered to experience premature puberty if onset is 
before 8 years of age for girls and 9 years for boys [59]. Precocious 
puberty affects approximately one in 500 girls and one in 2000 boys 
[60]. These girls and boys are tall during childhood, but due to the 
advancement in skeletal maturation and early growth plate fusion, 
adult height is usually unaffected or if left untreated sometimes can 
be reduced [39, 55].

Familial Glucocorticoid Deficiency

Familial glucocorticoid deficiency (FGD) is characterized by a 
failure of the adrenal cortex to produce glucocorticoids in spite of 
normal levels of ACTH [61]. There are different types of this condi-
tion caused by different mutations. FGD type 1 is caused by a mu-
tation in the ACTH receptor. Mutations in accessory or regulatory 
proteins can give the same clinical picture with failure to thrive and 
hypoglycaemia in early childhood and later an association with tall 
stature where the mechanism is unclear [62].

Aromatase Deficiency

Aromatase deficiency is a rare autosomal recessive disease caused 
by a mutation of the gene CPY19 affecting the aromatization of an-
drogens into oestrogens. This leads to delayed skeletal maturation 
and open growth plates even after adolescence resulting in extreme 
tallness unless the patient is treated with oestradiol. Affected girls 
are born with ambiguous genitalia [63].

Psychosocial Aspects of Being Tall

The most common complaint with tall stature is psychosocial prob-
lems. Tall individuals may experience social difficulties at school 
and parents are sometimes concerned of their tall child’s ability to 
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find a partner. In an Australian cohort of 650 tall women (approxi-
mately one third were previously treated with high- dose sex steroids 
to reduce their heights), no difference in mental or physical health 
was found between treated and untreated individuals. However, 
both these groups had a significantly higher risk of developing 
major depression compared with population- based studies [64].

In a public school in the United States, social outcomes in relation 
to height were studied in 956 pupils in grade 6– 12 in order to estab-
lish whether or not there were grounds for intervention in extremes 
of height. They found that there were minimal effects from height 
on social behaviour and popularity [65].

There are also studies reporting positive traits associated with tall 
stature. Higher income in tall individuals has been reported [66]. 
Another study in which the 45 210 study participants were divided 
into fifths according to their heights reported that the shortest 20% 
had a lower mood than the taller participants except for those finan-
cially disadvantaged. In this group the association between height 
and mood was surprisingly reversed [67].

A Swedish study of the risk of suicide in association with fetal 
and childhood growth reported that short adults are more prone to 
commit suicide and tall adult stature is protective [68].

Assessment of the Tall child

The assessment of tall stature can be facilitated by using a flow chart 
(Figure 7.1.5.1). A  thorough history and physical examination is 
essential as summarized in Box 7.1.5.1. It is important to assess the 
child’s height against standard growth charts and to decide whether 
the child has normal body proportions or not. Where dispropor-
tionate growth occurs, it is more likely that there is an underlying 
genetic syndrome. Furthermore, it is necessary to establish whether 
one or even both parents are tall, and if so whether there is a dom-
inant growth abnormality such as Marfan syndrome. Also, chil-
dren with heights close to average might need investigation if their 
heights are well above their mid- parental target height or if they 
experience sudden growth acceleration. Some conditions can cause 
excessive growth during childhood with a normalization of height 
before adult age, such as obesity and precocious puberty.

Auxological measurements should include total height as well 
as sitting height and arm span. Sitting height percentage is usually 
calculated as the proportion of the upper body segment compared 

to total height (including the lower extremities). Patients with 
Klinefelter or Marfan syndrome usually have disproportionally long 
legs and arms. Even individuals with constitutional tall stature often 
have relatively long legs with a lower sitting height percentage than 
individuals of average height. Body mass index (BMI) should be 
calculated and pubertal staging performed including measurement 
of testicular volumes in boys. Bone age can be determined from an 
X- ray image of the left hand and wrist. This should not be done until 
the patient has entered puberty as final height predictions based on 
bone age are unreliable at prepubertal ages. Box 7.1.5.1 summarizes 
suggested initial investigations at the primary care level.

Of vital importance is to exclude potentially serious conditions 
which might require treatment, such as Marfan syndrome. If this is 
suspected, the patient should be referred for echocardiography to 
assess for possible aorta dilatation which can lead to aortic rupture. 
In some cases, clinical geneticists are consulted and specific genetic 

Height SDS>+2 or Height-TH>+2 SDS

Dysmorphic features, mental retardation or other
signs suspicious of associated syndrome?

Disproportionate? Recent growth acceleration?

Yes

Yes Yes

Signs of puberty? Height-TH >+2SDS

Pituitary gigantism
Hyperthyroidism
Obesity

Precocious puberty
(Hyperthyroidism)
(Obesity)

Fragile X
Sotos syndrome
Weaver syndrome
Bannayan-Riley-Ruvalcaba
syndrome
Simpson-Golabi-Behmel
syndrome
Nevo syndrome

Marfan syndrome
Homocystinuria
Klinefelter syndrome
Loeys-Dietz
syndrome
Trisomy X

Familial
glucocorticoid
deficiency
Oestrogen
deficiency/resistance

Constitutional
tall stature

No

No No

Yes YesNo No

Figure 7.1.5.1 Flow chart for the assessment of a tall child.

Box 7.1.5.1 History and examination in assessment 
of tall children

History
• Pregnancy and birth information including birth weight, length, head 

circumference
• Early development (speech, motor skills, social development)
• Cognition and learning difficulties
• Family history including pubertal timing, growth, and heights, 

cardiovascular-  and other disorders
• Medical history
• Nutrition

Physical examination and tests
• Auxology (plotted onto a growth chart) including height, weight, 

head circumference, sitting height, leg length, arm span
• Dysmorphic signs
• Pubertal stage
• Signs of thyroid disease
• Musculoskeletal abnormalities including laxity in joints, spinal 

deformation
• Neurological examination
• Cardiovascular examination
• Ophthalmology examination/ consultation
• Bone age X- ray (left hand and wrist): only of value for adult height 

prediction once the patient has entered puberty
• Lab tests or genetic karyotyping if suspicion of specific disorders (see 

Table 7.1.5.1)
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testing requested. Karyotyping is performed when, for example 
Klinefelter syndrome is suspected. Some diagnoses can be con-
firmed with blood tests, for example pituitary gigantism (GH and 
IGF- 1) and homocystinuria (plasma homocysteine). Box 7.1.5.2 
indicates when referral to a paediatric endocrinologist should be 
considered.

In the clear majority of cases, tall children will be diagnosed with 
constitutional tall stature. Reassurance is often sufficient in the 
management of constitutionally tall patients and their families. In 
rare cases, an intervention might be called for. Following an algo-
rithm may facilitate the management of a tall child being considered 
for surgical treatment to reduce further growth (Figure 7.1.5.2).

Height Prediction in Tall Girls and Boys

As an individual’s height is 80% heritable, calculations have been pro-
posed to predict adult height based on parental heights (i.e. ‘target 
height’, TH). However, this method has a large margin of error and 
more reliable is a prediction based on skeletal maturation assessed 
by hand and wrist X- ray. The so called bone age can be determined 
with the atlas of Greulich and Pyle [69]. Based on the bone age, the 
remaining growth is then estimated with methods such as the tables 
of Bayley and Pinneau [70] or Tanner– Whitehouse [71]. De Waal 
et al. evaluated different methods of adult height prediction in tall 
individuals and concluded that the precision was clinically accept-
able in girls but not in boys. In both tall girls and tall boys, the tables 
of Bayley– Pinneau overestimates while Tanner– Whitehouse under-
estimates final height. The absolute error was on average approxi-
mately 2 cm in girls and 3 cm in boys for each of these methods 
[72]. There are also automated options for bone age determination 
from X- ray images including BoneXpert (Visiana, Denmark) [73]. 
This software has been found to be reliable in several different pa-
tient groups, resulting in predictions similar to those made by ex-
perienced clinicians [74– 76]. However, it has to our knowledge not 
been studied specifically in tall individuals.

Strong desire from patient and care-giver to limit further growth?

Monitor growth every 6–12 months
Yes

Yes

Yes

Yes

No

Knee X-ray; open growth plates?

No treatment Percutaneous epiphyseodesis surgery

Yes; Bone age X-ray; prediction of adult height (PAH)

PAH ≥185 cm in girls and ≥200 cm in boys
and

predicted remaining growth ≥ 10 cm? 

Present height ≥165 cm in girls and ≥180 cm in boys?No

Figure 7.1.5.2 Flow chart for monitoring a tall child considered for surgical treatment.

Box 7.1.5.2 Referral to specialist

Consider referral if:
• Marked height (but not weight) acceleration after 1 year of age
• Tall stature atypical for the family (height >2 SD over SD for target 

height)
• Patient/ parental concern of extreme adult height

Information to include in referral:
Patient history
• Who initiated investigation?
• Growth chart including height and weight from birth until present
• Other health issues including any back or joint problems, previous 

lens dislocation
• Time of pubertal onset and menarche (girls)
• Any school difficulties

Hereditary factors
• Sudden deaths in the family
• Parental heights and timing of puberty

Physical examination
• Pubertal stage
• Testicle volumes (boys)
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Growth- Reducing Therapy

The use of growth reduction therapies is declining, possibly due to 
more acceptance of tall stature in the society and fear of side ef-
fects [77]. Historically, sex steroids have been the most common 
treatment method to reduce growth in tall girls and boys. Other 
therapies which have not reached the same popularity are somato-
statin analogues (inhibits GH release from the pituitary gland) and 
bromocriptine (dopamine agonist) [78– 82]. Surgical options have 
been introduced in the last decades which may replace medical 
methods of growth reduction [83– 85].

High- Dose Sex Steroid Therapy in Girls

Oestrogens cause growth plate fusion during normal pubertal de-
velopment. Sex steroid therapies to reduce growth in tall children 
were developed in the 1950s. It has been demonstrated that admin-
istration of high- dose oestradiol accelerates skeletal maturation 
which causes premature fusion and reduced adult height [86– 88]. 
The daily doses of ethinyl oestradiol have gradually decreased from 
approximately 500 to 100 µg during the following decades, in some 
with the addition of medroxyprogesterone acetate.

Treatment efficacy varies greatly in literature which is partly ex-
plained by difficulties in final height prediction in tall individuals. 
A study of 56 treated girls showed a treatment effect of up to 6 cm 
height reduction [89]. This study included a control group to esti-
mate the prediction error and found it to be 1.2 cm. Drop et al. re-
ported 1.1– 2.4 cm reductions in adult height compared to prediction 
in high- dose oestrogen treated girls depending on which method 
that was applied to predict adult height [90]. Another study showed 
a mean growth reduction in 159 treated women of between 1.7 and 
4.2 cm depending on prediction method. They also found a linear 
relationship between bone age at start of treatment and the degree of 
effect. Treatment needed to be started before 14 years of age to have 
any effect at all [72]. In 279 tall girls treated with diethylstilboestrol 
or ethinyl oestradiol, their adult heights were reduced by 2.5 cm on 
average and the effect decreased by one cm per year of delay in treat-
ment start [91]. A more recent Danish study of 60 girls treated with 
17β- oestradiol girls showed a reduction in adult height of 1.6 cm [92].

Reported short- term side effects of high- dose oestrogen treat-
ment include acne, weight gain, nausea, and headache [93– 96]. With 
regards to long- term side effects, infertility in women treated with 
high- dose oestrogens for tall stature has been reported [97, 98]. The 
treated women had decreased fecundity, were more likely to have 
used fertility drugs and had more advanced aging of their ovaries 
compared to those untreated. There are also indications of possible 
risk increases in thrombosis and cancer [99, 100].

High- Dose Sex Steroids in Boys

Boys have also been treated with high- dose sex steroids to reduce 
adult height and the testosterone compounds used were generally 
long- acting esters such as testosterone propionate, enanthate and 
decanoate [90]. Testosterone doses of 250– 500 mg were usually ad-
ministered through intramuscular injections every second week 
and the treatment duration was typically 1.5 years [90, 101].

A final height reduction of 4.4  cm was reported in 33 treated 
boys [94]. Others reported a final height reduction of 4.8 cm when 
using the Bayley and Pinneau tables for height prediction but as low 
as 0.5  cm with the Tanner- Whitehouse prediction methods [72]. 

Height reductions of approximately seven centimetres were found in 
another study of 25 treated tall boys [102]. Other important factors 
affecting the efficacy were timing of initiation and duration of the 
treatment. Failure in optimizing these conditions appears in some 
cases to have led to an effect opposite to that desired. Drop et al. re-
ported that when treatment was started at a bone age of 14 years or 
later, final height was increased instead of decreased [90]. Van den 
Bosch et al. reported that an addition of what the authors considered 
to be a low dose of ethinyl oestradiol (50 µg daily) at the beginning of 
testosterone therapy in tall boys caused an instant decrease in height 
velocity [103]. Decker et al., on the other hand, found no additional 
effect of ethinyl oestradiol in this combination [104].

Reported short- term side effects of high- dose sex steroid therapy 
in boys include acne, weight gain, gynecomastia, and aggression 
[93– 94]. Male infertility after testosterone treatment has not been 
shown even though lower serum testosterone levels have been re-
ported [105, 106].

Surgical Methods

Epiphysiodesis is a surgical method to stop growth by destruction 
of the epiphyseal growth plate. It was first described by Phemister 
in 1933 for correcting leg length discrepancy [107]. With an open 
approach a block of bone was removed from the physis in the 
longer leg and put back in a rotated position, in which bony bridges 
formed and prevented further bone growth. In the 1980s a less inva-
sive method was developed, so called percutaneous epiphysiodesis 
[108, 109].

Bilateral epiphysiodesis to reduce height in tall adolescents was 
first described in 1997 [85]. The Phemister method was used and 
they reported a height reduction of nine centimetres and no serious 
side effects in six treated boys. The first report on bilateral percu-
taneous epiphysiodesis to reduce height was published in 2006 and 
included 17 treated tall boys [84]. It was performed on the growth 
plates of the distal femur, proximal tibia, and proximal fibula. In boys, 
the procedure was found to be safe and reduced final heights by on 
average 7 cm (range 1.2– 13.8 cm). Another study on both girls and 
boys showed a growth reduction of 4.1 and 6.4 cm, respectively, and 
no serious side effects were reported [83]. The authors recommend 
treatment when the patient has at least 15 cm of predicted remaining 
growth which likely results in a reduction of adult height by at least 
5 cm. As an example, a girl with a predicted adult height of 190 cm 
should be treated before having reached a height of 175 cm and a 
boy with a predicted adult height of 205 cm should be treated before 
having reached a height of 190 cm. In recent years, radiofrequency 
application has been proposed as a new method for epiphysiodesis 
but has so far only been tested in rabbits [110, 111].

With a surgical approach to reduce height, many of the reported 
or potential side effects of pharmacological treatments mentioned 
earlier can be avoided [72, 94, 95, 98]. On the downside, surgery 
always brings a risk of infection and complications associated with 
anaesthesia. Also, skeletal deformities including leg length differ-
ence are other potential side effects.

Ethical considerations Regarding Growth- Reducing 
Therapies

There are important ethical considerations to address before of-
fering any treatment to reduce height. When a child presents for 
evaluation of tall stature it is important to establish whether it is 
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the child, the parents, or someone else who are most concerned. 
Other important questions are: what is the long- term value of the 
treatment? Is it possible that the psychosocial impact of being ex-
tremely tall is pronounced only during adolescent years due to 
peer pressure and reluctance to stand out, factors for which the 
importance diminishes with age? Treated individuals are generally 
healthy adolescents. Few side effects or long- term complications 
are acceptable under such circumstances. There are no known 
significant physical problems associated with height per se that 
could be avoided by reducing further growth potential. Sex steroid 
treatment in girls has been shown to impair future fertility and its 
use has since diminished. For surgical options, long- term com-
plications are yet to be investigated. In the case of percutaneous 
epiphysiodesis, however, the procedure has been used within the 
field of paediatric orthopaedic surgery for many decades to treat 
leg length discrepancy and is regarded as safe. Also, the accept-
ance in society of extreme height seems to be increasing and any 
psychosocial impact of standing out because of being tall may be 
diminishing.

Summary

Tall stature is usually constitutional but might be caused by a 
growth disorder. Assessment of children and adolescents seeking 
medical attention for tall stature must be thorough and exclude any 
associated condition, such as Marfan syndrome, which might need 
medical treatment and monitoring. Other disorders associated with 
tall stature are Klinefelter syndrome, homocystinuria and the rare 
condition pituitary gigantism where there is an overproduction of 
growth hormone. In those few cases where an intervention is con-
sidered to reduce further growth, it is crucial to establish if it is the 
patient her-  or himself who has a genuine desire to be treated and 
to carefully weigh up potential gains against risks. Any psychosocial 
advantage from such treatment has not been established, while the 
impact of height reduction on mental health has also not been ad-
equately defined. In the past, tall boys and girls have been treated 
with high dose sex steroids but it has been shown to reduce fertility 
in girls and the use of this therapy has decreased markedly. New 
surgical methods are becoming more common including percutan-
eous epiphysiodesis. With this method the growth plate cartilage 
around the knee is destroyed surgically and the impact on height 
is certainly comparable, if not better than hormonal treatment. 
Overall, however, acceptance of tall stature is improving in society 
and in future it is likely that intervention for height reduction will 
rarely be required.
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Introduction

The biological sex of a human being is dependent on a genetic 
pathway that determines the differentiation of the gonads to de-
velop either into a testis or an ovary. This pathway usually starts 
with the initial setting of either a 46,XX or a 46,XY karyotype. 
Subsequently, a tightly regulated cascade of both sex chromosome 
and autosome derived genetic expression is initiated. From the 
bipotent gonadal anlagen, ovarian or testicular cells develop, which 
set the stage for hormone synthesis and allow the shaping of the 
individual phenotype into either male or female. These processes 
occur in a precise step- wise and time- dependent manner and any 
disruption at sensitive time intervals will allow deviation from the 
usual pathways.

These conditions are described as ‘disorders or differences of sex 
development (DSD)’, and the clinical approach of professionals to-
wards people affected by DSD is described in the next Chapter 7.2.2. 
DSD encompasses mostly rare to very rare genetically determined 
variants of a discrepancy between chromosomal, gonadal, and 
phenotypic sex. It is unclear at this time if external, non- genetic 
factors may disrupt the endocrine pathways and thus lead to DSD. 
Sex development is not only related to development of genital struc-
tures, but also includes sexually dimorphic development of brain 

structures. Therefore, DSD will affect not only the appearance of 
primary genital structures and subsequent sexual maturation at 
puberty, but also gender identity. Furthermore, the initial genetic 
components of gonadal development may be involved in differen-
tiation and function of other organs, such as the adrenal, the heart, 
the skeletal system or even the neurological system. Therefore, pa-
tients with DSD conditions may have associated endocrine illnesses 
and other system disorders.

chromosomal Sex

The chromosomal sex of an individual is determined with the fu-
sion of egg and sperm at the time of conception. Usually, one X 
chromosome is inherited from the mother, while the sperm from 
the father may provide either an X or a Y chromosome to account 
for the 46,XX or 46,XY karyotype of the embryo. This genetic 
layout is seen as a starting point of sex development in the prin-
cipally ‘un- sexed’ child. The chromosomes themselves may har-
bour sex- specific and sex- nonspecific, pseudoautosomal genes. Sex 
chromosome division may be altered either prior to conception or 
during the first cell divisions of the blastocyst, leading to numer-
ical aberrations. Well- known are sex chromosome trisomies such 
as 47,XXY (Klinefelter syndrome) or monosomies such as 45,X 
(Turner syndrome), but also higher numbers of sex chromosomes 
(such as 48,XXXY, 49,XXXXY etc.) have been described in hu-
mans [1] . Mosaicism (e.g. 45,X/ 46,XY) arises from the loss of a sex 
chromosome during the first cell cycles. Also, chimeric alterations 
(e.g. 46,XX/ 46,XY) may occur. It is believed that the presence of   
Y- chromosomal material expressing SRY (sex determining region Y) 
in any 46,XX or mosaic individual may lead to testicular or par-
tial testicular development of the gonadal structures and, hence to 
a range of phenotypes.

Development of the Bipotential Gonad

Most information regarding the development of the gonads and the 
genes involved in their development in mammals come from mouse 
genetics and humans presenting with DSD. The gonadal primordium 
is believed to arise as part of a common adrenogonadal primordium 
from the urogenital ridge, which develops as a paired structure at 
10.5 days post- coitum (dpc) in mice and around the fifth week post- 
conception (p.c.) in humans. A gubernaculum forms at the cranial 
and caudal ends to allow the descent of the gonad during later de-
velopment (Figure 7.2.1.1). The bipotential gonads harbour two dis-
tinct cell types, somatic cells and germline cells, that differ in their 
embryologic origin. The somatic part is composed of cells developing 
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from the coelomic epithelium and the mesenchyme beneath. It 
originates from the intermediate mesoderm and partly from the 
mesonephros. Genital ridge formation starts with increased prolif-
eration of epithelial cells on the surface of the mesonephros forming 
a dense and pseudostratified layer. Its underlying basal membrane 
becomes disintegrated and allows the epithelial cells to invade the 
mesonephros. The germ line, however, comes from the primordial 
germ cells which derive from the ectoderm. In the mouse, induction 
of primordial germ cells from the proximal epiblast is first visible as 
a cluster of about 45 cells around 6.25 dpc [2] . The primordial germ 
cells proliferate and migrate to the gonadal ridge after which they 
undergo epigenetic reprogramming and erasure of parental imprints 
[3]. In humans, at the end of the fifth week p.c. (10.5 dpc in mice), 
the primordial germ cells migrate to the surface of the gonadal ridge 
joining the somatic cells. The growing coelom epithelium is now in 
very close contact with the primordial germ cells, maintaining the 
integrity of germ cells and the somatic part of the gonadal ridge. The 
germ cells proliferate and no differences between male or female 
gonads are visible in mice up to 12 dpc, and the sixth week p.c. in 
humans (Figure 7.2.1.2).

Genes Involved in Formation of the Bipotent 
Gonad

Studies of knock out mice and people with gonadal dysgenesis pro-
vided information on genes involved in genital ridge development. 
A set of genes including GATA binding protein 4 (Gata4), nuclear 
receptor subfamily 5 group A  member 1 (Nr5a1, also known as 
steroidogenic factor 1, Sf1), Wilms tumour 1 (Wt1), Lim homeobox 

protein 9 (Lhx9) and empty spiracles homeobox 2 (Emx2) have all 
been shown to be vital to the development of the genital ridge [4] . 
Wt1 is expressed as early as 9.5 dpc in the whole urogenital ridge 
[5] and plays an important role in the development of the gonad 
as well as the kidneys. This zinc finger transcription factor has 24 
isoforms. Alternative splicing leads to an insertion or omission of 
three amino acids (+/ –  KTS; lysine, threonine, serine) between the 
third and fourth zinc finger. The Wt1- KTS isoform seems to have 
a key role in gonadal ridge development since ablation of the Wt1- 
KTS leads to a lack of broadening of the genital ridge due to in-
creased apoptosis [6].

GATA4 is a zinc finger transcription factor that is necessary for 
genital ridge initiation and is expressed in the genital ridge in an 
anterior- posterior direction preceding immediately the thickening 
of the coelomic epithelium. Gata4 knock- out is embryonic lethal 
due to defects in early ventral morphogenesis [7] . Therefore, con-
ditional Gata4 knock- out mice have been created that display no 
gonadal initiation. Their coelomic epithelium remains a monolayer 
and the basement membrane underneath persists unfragmented 
preventing migration [4]. Knock out mice for Emx2 also show 
gonadal dysgenesis and a decrease of epithelial cells migrating to 
the mesenchymal part of the gonadal ridge [4, 8,  9]. In humans, 
haploinsufficiency caused by deletions encompassing EMX2 have 
been linked to a wide spectrum of DSD ranging from hypospa-
dias to complete sex reversal [10]. Lhx9 KO mice show agenesis of 
the gonads in both sexes. The genital ridge develops, but the coel-
omic epithelium fails to proliferate and gonads are not formed. 
Nevertheless, germ cells migrate normally to the presumptive go-
nadal region at the expected time [11]. Although mice lacking Lhx9 
do not exhibit further severe defects, to date no mutations in this 
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Figure 7.2.1.1 The indifferent or bipotent gonads with the gubernaculum and the mesonephric and paramesonephric ducts.
Reprinted from Hiort O, Danne T, Wabitsch M (eds.) Pädiatrische Endokrinologie und Diabetologie, 2nd edition, Springer 2019, reproduced with permission of SNCSC. Adapted 
by cand.med. Mirkka Hiort.
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gene in humans have been described. Nr5a1 expression follows 
Gata4 expression and is restricted to the genital ridge and the ad-
renal primordium. Mice lacking Nr5a1 have a similar phenotype to 
Lhx9 KO mice. They lack adrenal glands and gonads and both male 
and female mice have female internal genitalia [12]. Interestingly, 
expression of Nr5a1 in Lhx9 – / –  mice is greatly reduced, suggesting 
that LHX9 might be a regulator acting upstream of Nr5a1.

After fragmentation of the basement membrane some pro-
liferating SF1 positive cells of the coelomic epithelium undergo 
epithelial- mesenchymal transformation (EMT) and migrate inwards 
into the mesenchyme forming the gonadal somatic precursor cells.

Testis Determination

The presence and expression of the master switch gene Sry (sex- 
determining region of the Y chromosome) leads to an upregulation 
of its target Sox9 and drives the bipotential precursors into the Sertoli 
cell lineage leading to testis development. In mice, XY genital ridges 
with a deletion or malfunction of Sry or Sox9 can differentiate into 
an ovary and forced expression of Sry or overexpression of Sox9 in 
XX genital ridges can induce development of testes [13– 15]. This 
demonstrates that the cell types in the genital ridge are equally cap-
able of expressing both male and female pathway genes resulting in 

testis or ovary development with a high dependency on the presence 
of a Y- chromosome (including the Sry gene). Sry expression is the 
trigger to activate the testis determining pathway and to suppress 
the ovarian determining pathway [16]. In mice, Sry is expressed 
only in a small- time window from 10.5 dpc to 12.5 dpc starting in 
the centre of the gonad. The expression expands rapidly to its poles, 
reaches its maximum around 11.5 dpc and extinguishes from the 
centre to the poles. An accurate spatiotemporal expression of Sry 
is necessary since delayed or reduced Sry expression impairs testis 
development [17]. In humans SRY expression starts in the seventh 
week of gestation (41– 44 days post ovulation, d.p.o.) in XY gonads 
but persists at low levels throughout the embryonic phase and be-
yond [18]. Studies in mice have shown numerous factors regulating 
Sry expression. Recently, these factors have been integrated into a 
model consisting of three regulatory modules that modify the ac-
tivity of the three key transcription factors SF1, GATA4, and WT1 
binding to the Sry promoter [17]. Mutations that affect the level of 
SRY expression or its timing during sex determination might also 
be responsible for some idiopathic cases of gonadal dysgenesis [19]. 
One of the earliest morphological changes after Sry expression is 
an increase in proliferation that results in an increase of the size of 
the XY gonad compared to the XX gonad. This increase in prolifer-
ation is dependent on SRY and occurred in two phases. In the first 
phase enhanced proliferation is observed in SF1 positive cells of the 
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coelomic epithelium contributing to the Sertoli- cell population, and 
in a second phase proliferation occurs in SF1 negative cells of the 
genital ridge that are not precursors of Sertoli cells [20].

The transcription factor SRY binds to and activates the testis specific 
enhancer (TES) on Sox 9 [21, 22]. After Sry is downregulated, SOX9 
maintains its expression in Sertoli cell precursors by binding to its own 
TES via the same binding motif as SRY [21]. SOX9 also directly or 
indirectly upregulates the proliferation- promoting factor FGF9 that 
maintains Sox9 expression via its FGF receptor 2 (FGFR2). FGFR2 was 
detected at the plasma membrane of proliferating coelomic epithelial 
cells and in the nucleus of Sertoli precursors [23, 24]. In Fgf9 or Fgfr2 
KO mice Sox9 expression is reduced and all testis specific events in the 
developing gonad are disrupted such as cell proliferation, Sertoli cell 
differentiation or testis cord formation [24– 27]. Recently, a first patient 
with a heterozygous mutation in FGFR2 displaying craniosynostosis 
with 46,XY DSD due to gonadal dysgenesis has been reported [28] and 
gave a first indication that FGF9 levels may also play a role in human 
testis development. SRY and SOX9 also bind to the promoter of the 
Ptgs gene encoding prostaglandin D synthase mediating the synthesis 
of PGD2 [29, 30] initiating a paracrine feed- forward loop. PGD2 binds 
to its DP- receptor and activates an intracellular cascade that leads to 
activation of cAMP- dependent protein kinase A and phosphorylation 
of SOX9 protein. Phosphorylated SOX9 translocates into the nucleus 
and binds to its own promoter thereby maintaining its expression [31]. 
This pathway is a second SOX9 amplification pathway independent of 
the FGF9 pathway [32] contributing to Sertoli cell differentiation and 
may play a role in Sox9 upregulation of neighbouring SRY negative 
cells to reach a threshold of SOX9 positive Sertoli precursors to force 
testis development.

One of the early target genes of SOX9 is anti- Müllerian hormone 
(AMH), a signalling molecule of the TGF (transforming growth 
factor) superfamily responsible for the regression of the Müllerian 
ducts in XY embryos (see next). In the genital ridge, Amh expres-
sion is limited to pre- Sertoli cells after Sry is expressed and testis 
cord formation becomes visible [33]. Once Amh expression is ini-
tiated its expression level continues at high levels during gestation. 
Several transcription factors that are also important for the devel-
opment of the gonadal ridge and the first steps of sex determination 
such as WT1, GATA4, SF1, and SOX9 are recruited to the Amh pro-
moter and control Amh transcription [34, 35].

Differentiation of Sertoli cells is the first step towards testis deter-
mination. Sertoli cells are the organizing centres in the developing 
testes. They influence testis cord formation and the differentiation 
of other important cell types of the testis, like peritubular myoid 
cells, fetal Leydig cells and endothelial cells [16]. Testis cord for-
mation starts with the aggregation of pre- Sertoli cells around clus-
ters of germ cells, but does not depend on the presence of germ 
cells, since cords devoid of germ cells develop normally. The cords 
tubularize and attach with both ends to a common junction, the 
rete testis. Peritubular myoid cells (PMC) form the outer layer of the 
seminiferous tubules and are in direct contact with the surface of 
Sertoli cells. In mice, this is a monolayer, but in humans it typically 
consists of multiple layers that are separated by an extracellular ma-
trix, which is deposited by both PMC and Sertoli cells [36, 37]. PMC 
are first visible at 13.5 dpc in mice or 12 weeks in humans [38, 39].

In mice, Sertoli cells express Desert Hedgehog (Dhh) shortly after 
Sry and its expression persists into adulthood. DHh is one of three 
secreted mammalian hedgehog proteins (Sonic Hedgehog, SHh; 

Indian Hedgehog IHh, and DHh) that acts as a morphogenic ligand 
via its receptor patched1 to regulate Leydig cell and PMC differenti-
ation. Dhh KO- mice show affected PMC and Leydig cell differenti-
ation with disrupted testicular cord structure, fewer fetal Leydig cells 
in the embryo and absence of adult Leydig cells [40]. The pheno-
type of the XY mice depends on the genetic background and ranges 
from infertile males to complete sex reversal [41,  42]. In humans 
homozygous mutations in DHH are associated with partial or com-
plete gonadal dysgenesis with and without polyneuropathy [43– 45]. 
Interestingly, ectopic activation of the hedgehog pathway in SF1 
positive somatic precursors of fetal mouse ovaries transformed these 
cells into fetal Leydig cells. These cells produce androgens and INSL3 
(insulin- like growth factor 3) and lead to virilization of the female 
embryos and ovarian descent, but the female reproductive system 
is left intact [46]. Leydig cells appear at least in two phases (three 
phases in humans) as two distinct Leydig cell populations: In the fetal 
testis as fetal Leydig cells (FLC) and in the adult testis as adult Leydig 
cells (ALC). In humans, there is a third phase of Leydig cell ampli-
fication in the neonatal phase (neonatal Leydig cells, NLS) during 
minipuberty between one and six months of age [47]. It is believed 
that fetal Leydig cells decline in the postnatal testis and are replaced 
by another population of adult Leydig cells, but recent lineage tracing 
experiments in mice have shown that FLC may persist in the adult 
testis. In mice, fetal and adult Leydig cells differ in the androgens 
they produce. An example is the expression of Hsd17b3, which con-
verts androstenedione to testosterone. Hsd17b3 is expressed in ALC 
but not FLC, therefore the main androgens produced by FLC and 
ALC are androstenedione and testosterone, respectively. In the fetus, 
androstenedione is converted by Sertoli cells to testosterone required 
for masculinization of the embryo [48]. Another difference between 
FLC and ALC in rodents is the ability of FLC to produce gluco-
corticoids [49]. Nevertheless, recent studies support the hypothesis 
that FLC and ALC arise from stem Leydig cells (SLC) that have their 
origin in the fetal testis, but it is unclear if they arise from common 
progenitors. The initial steroidogenesis of FLC is independent of 
gonadotrophins, but human FLC become dependent on placental 
human chorionic gonadotrophin (hCG) and human LH/ CG re-
ceptor (LHCGR), which is expressed at the 11th week of gestation. 
In humans, testosterone secretion peaks between week 12– 14 and 
the concentration of hCG is 10- fold higher than that of LH. During 
the second trimester, hCG concentration falls significantly followed 
by a decrease of testosterone secretion while LH concentration 
 remains constant [50]. Human mutations in the LH/ CG- receptor 
show the importance of gonadotrophin stimulation of fetal Leydig 
cells, since 46,XY patients with homozygous inactivating mutations 
in the LHCGR gene present with Leydig cell hypoplasia or Leydig cell 
agenesis [51]. In contrast mutations in the LHB (luteinizing hormone 
beta polypeptide) gene in 46,XY individuals lead to normal viriliza-
tion at birth, but cause pubertal delay and hypogonadism [52, 53] 
indicating that FLC are dependent on hCG but not LH.

ovary Determination

Sex determination is regulated by a molecular antagonism be-
tween testis and ovary pathways. The cell fate decision in the sup-
porting cells, that determine a Sertoli or granulosa cell line, is a key 
step in sex determination. Since Sry is absent in a XX gonosomal 
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background, Sox9 is not upregulated in the gonadal ridge. Therefore, 
SF1 positive supporting cell precursors are not recruited to the 
Sertoli cell lineage. Instead the Wnt/ ß- catenin pathway is activated 
by R- spondin1 (Rspo1), Wingless- related MMTV integration site 4 
(Wnt4), and Forkhead box L2 (Foxl2) [54]. Wnt4 and Rspo1 are ex-
pressed in the early somatic precursor cells of the genital ridge and, 
if not downregulated by the testis pathway, maintained in the mouse 
ovary. RSPO1 is involved in the female- specific upregulation of 
Wnt4 and therefore knockout of either Wnt4 or Rspo1 in mice leads 
to a similar phenotype with partial female to male sex reversal, asso-
ciated with a presence of steroidogenic cells with ectopic androgen 
production and formation of coelomic vessels [55, 56]. In humans, 
a heterozygous WNT4 missense mutation was detected in a 46,XX 
patient with regressed Müllerian structures and elevated androgen 
production suggesting partial gonadal dysgenesis [57]. Homozygous 
disruption of WNT4 is associated with SERKAL syndrome (46,XX 
Sex Reversal with dysgenesis of Kidneys, Adrenals and Lungs) 
including 46,XX DSD (OMIM # 611812) [58]. Disruption of RSPO1 
causes a syndrome characterized by 46,XX ovotesticular DSD (fe-
male to male sex reversal), palmoplantar hyperkeratosis and predis-
position to squamous cell carcinoma of the skin (OMIM #610644)
([59, 60]. In contrast, a 46,XY patient with sex reversal carrying a 
chromosome 1p31– 35 duplication including WNT4 and RSPO1 
genes has been identified [61]. Signalling through the canonical 
WNT pathway by WNT4 and RSPO1 induces stabilization and 
nuclear translocation of ß- catenin and activation of target genes. 
ß- catenin is expressed in the gonads of both sexes, but specific ab-
lation of ß- catenin in SF1 positive somatic cells of the gonadal ridge 
affects only ovarian development and the phenotype is similar to 
that seen in Wnt4 or Rspo1 knockouts [62]. Conditional knock- in 
mice that express a stabilized form of ß- catenin in Sf1 positive som-
atic cells of XY gonads also override the male programme and show 
a male to female sex reversal [63]. The Rspo1/ Wnt4/ ß- catenin and 
the Fgf9 signalling pathway repress each other [23]. Interestingly, 
Sox9 and Fgf9 are not upregulated in Ctnnb1 (ß- catenin) XX knock 
out mice [62] demonstrating that masculinization is a direct effect 
of loss of ß- catenin and other genes must be repressed by ß- catenin. 
This is supported by several studies of double knock- out mice af-
fecting male and female pathway genes like Wnt4/ Fgfr2, Wnt4/ Fgf9 
[64], Rspo1/ Sox9 [65], and Ctnnb1/ Sox9 [66]. While knock- out of 
Sox9 or the Fgf9 pathway could be rescued in XY- mice by additional 
knock- out of the ß- catenin pathway, possibly by expression of other 
SRY target genes like Sox8, XX- mice still show partial masculiniza-
tion. These results suggested that Sox9 might be dispensable and 
that some other pro- testis genes require repression by the Wnt/ ß- 
catenin pathway [66].

Surprisingly, once the ovary or testis is determined, its main-
tenance needs further lifelong expression of pro- ovarian or pro- 
testis genes. Conditional ablation of the transcription factor 
Foxl2 in the adult mouse ovary leads to somatic ovary to testis 
trans- differentiation with reprogramming of granulosa and theca 
cells into Sertoli- like and Leydig- like cells capable of testosterone 
production at a level consistent with normal males [67]. FOXL2 
maintains the ovarian phenotype mainly by repression of Sox9 to-
gether with oestrogen receptor 1/ ESR1 [67]. In humans, hetero-
zygous mutations in FOXL2 cause the blepharophimosis/ ptosis/ 
epicanthus inversus syndrome (BPES, OMIM #110100) associ-
ated with ovarian failure [68]. Recently, BPES in conjunction with 

congenital heart failure was also detected in two of three children 
with 46,XX ovotesticular/ testicular DSD (OTDSD/ TDSD) har-
bouring a heterozygous frame shift mutation in Nuclear receptor 
subfamily 2 group F member 2 (NR2F2, also known as Chicken 
ovalbumin upstream promoter transcription factor 2, Coup- TFII) 
indicating that NR2F2 might be a new pro- ovary and anti- testis 
sex determining factor [69].

In contrast, loss of the double- sex and mab- 3 related transcrip-
tion factor 1 (Dmrt1) in XY mice activates Foxl2 expression and 
re- programmes Sertoli cells into granulosa cells, even if ablated con-
ditionally in adults [70]. Under the influence of transdifferentiated 
Sertoli cells, theca- like cells form and produce oestrogen and even 
germ cells are feminized in the mutant gonads [70]. This plasticity 
of Sertoli and granulosa cells after terminal differentiation dem-
onstrates that the molecular antagonism between male and female 
sex determination continues into adulthood and indicates that 
DMRT1 and FOXL2 are essential for postnatal sex maintenance 
of the testis or ovary, respectively. Interestingly, XY Dmrt1 mutant 
mice are born as males with testes and feminize only after birth [71]. 
However, chromosome 9p deletions in humans removing DMRT1 
or partial deletions of DMRT1 can cause 46,XY DSD with feminiza-
tion at birth (OMIM #154230) [72, 73].

Sex Differentiation

Sex differentiation refers to the development of the phenotypic fea-
tures of sex, namely the development of the internal and external 
male or female structures. This is mostly a hormone driven process, 
depending on the presence or absence of either anti- Müllerian hor-
mone (AMH) or androgenic sex steroids. This finally results in the 
male or female somatic sex.

While the female somatic sex at birth does not seem to be de-
pendent on ovarian endocrine activity, male sex differentiation 
has to be seen as the active, hormone- dependent, and irreversible 
modification of the primarily bipotent tissue structures of the in-
ternal and external genital anlagen. Androgenic steroids such as tes-
tosterone will lead to irreversible downstream expression patterns 
of genes corresponding to induction of the male phenotype in cells 
of the genital tubercle. Thus, these androgenic steroids program the 
transcriptome and epigenome of the cells in a so- called male pro-
gramming window in the developing embryo [74]. Clinically, the 
effects are seen as the anogenital distance, the development of the 
scrotum and penile differentiation and length. These effects are also 
likely to account for reproductive issues such as sperm count and 
long- term testosterone levels in the adult male. We have to presume 
that the androgenization effects are also major players in the deter-
mination of facets such as body composition (muscle:fat ratio) and 
bone mineral density.

Development of Internal Genital Structures

In both sexes the internal genital structures arise again from 
bipotent anlagen, the Wolffian ducts and the Müllerian ducts. 
Under the influence of AMH secreted from the Sertoli cells of the 
testes during the critical period, the Müllerian ducts regress. So in 
the typical male development, the differentiation and growth of the 
uterus, upper third of the vagina, and fallopian tubes is actively sup-
pressed. AMH acts through the AMH II receptor in the Müllerian 
duct mesenchyme [75].
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In contrast, the Wolffian ducts develop under the influence of 
testosterone, giving rise to the epididymis, the seminal vesicles, 
and some parts of the prostate. The human fetal testes synthesize 
testosterone from the eighth week of gestation. The timing of de-
velopment for testosterone- dependent structures, however, is very 
distinct. The prostate forms around the tenth to thirteenth week 
of gestation, while the seminal vesicles develop later, around week 
14– 16 (for a review, see [74]). Testosterone initially stabilizes the 
Wolffian ducts and elongation and convolution of the cranial end 
leads to formation of the epididymis, the middle portion forms the 
vasa deferentia and the caudal part differentiates into the seminal 
vesicles. The prostate develops from the urogenital sinus, which 
arises in humans around the seventh week of gestation from the 
cloaca. Androgens, namely testosterone, will lead to differentiation 
into zonal subdivisions to form the prostate. Female development 
does not depend on hormonal influences to mediate differentiation. 
In the absence of AMH, the Müllerian duct will differentiate into 
the uterus, fallopian tubes, cervix, and upper vagina. The lack of 
androgens causes the Wolffian duct to regress.

Again, the male development is dominant and hormone de-
pendent. In some types of DSD with high amounts of testosterone 
formed in the adrenal, such as 21- hydroxylase deficiency leading to 
congenital adrenal hyperplasia, there are residues of prostate tissue 
even in 46,XX individuals.

Development of External Genital Structures

The external genital anlagen is in a bipotent stage around the seventh 
week of gestation. If no sex steroids are acting on the tissue, female 
external structures will arise with a clitoris, labia minora and majora. 
Under the influence of androgens, namely dihydrotestosterone con-
verted peripherally from testosterone through 5alpha- reductase type 
2, the phallic structure arising from the genital tubercle will form 
into a penis with elongation of the urethra to the tip of the phallus. 
Likewise, the urogenital folds will fuse and form the scrotal folds, 
while the labia minora are equivalent to parts of the shaft of the 
phallus in the male. This differentiation will be finished by the end 
of the twelfth week of gestation and thereafter, high amounts of di-
hydrotestosterone are needed for the growth of the phallus and of the 
prostate. Interestingly, these differentiation processes can only take 
place during very defined and strict time intervals, which represent 
the previously described ‘male programming window’. Elaborate 
animal model experiments demonstrate that the lack of androgens 
will lead to a female phenotype regardless of karyotype while andro-
genization leads to a male phenotype regardless of karyotype.

Thus, human sex development depends to a large extent on the 
systematic and local synthesis and action of specific hormones, 
which act in a very distinct spatial and time- dependent manner [76]. 
The precursor of sex steroids is cholesterol, which is metabolized 
through a variety of enzymes, which may in part be dependent on 
adequate co- enzymes and co- factors. The majority of steroidogenic 
enzymes are P450 (CYP) enzymes, which catalyse redox reactions 
relying on electron supply via specific electron transfer. Typically, 
these enzymes are localized in the mitochondria. This applies 
for instance to the first critical enzyme P450 side- chain cleavage 
(CYP11A1), 11beta- hydroxylase (CYP11B1), and aldosterone syn-
thase (CYP11A1); in contrast 17alpha- hydroxylase (CPY17A1), 21- 
hydroxylase (CYP21A2), and aromatase (CYP19A1) are localized 
to the endoplasmic reticulum. The latter enzymes depend on P450 
oxidoreductase (POR) for electron transfer.

The initial step of cholesterol conversion to pregnenolone is 
crucial and of special interest, because it not only relies on the 
P450 side- chain cleavage enzyme (P450scc), but in selected or-
gans such as adrenal and testis it needs a specific transporter, 
the Steroidogenic Acute Regulatory (StAR) protein; StAR pro-
motes a rapid trans- membranous crossing of cholesterol into the 
mitochondrium. Two very rare conditions have been described 
due to mutations of either P450scc or StAR. The description of 
deleterious mutations in P450scc came as a surprise, because it had 
been thought that this would also hamper severely the placental 
steroid production and thus not be compatible with life [77, 78]. 
However, recently mutations have been described which only par-
tially affect P450scc function and lead to minor phenotypes in the 
DSD spectrum [79, 80]. StAR defects have initially been described 
in infants with grossly enlarged adrenals, ‘congenital lipoid adrenal 
hyperplasia’ [81], due to accumulation of cholesterol within the 
cytoplasm, but these findings have been challenged in part by other 
case descriptions [82].

CYP17A1 is an interesting protein with actually two enzym-
atic capacities, namely the 17alpha- hydroxylase activity and an 
additional 17,20 lyase activity. The first converts pregnenolone or 
progesterone to their 17alpha- hydroxylated products, the latter me-
tabolizes these compounds into dehydroepiandrosterone (DHEA) 
or androstenedione, respectively. The differentiation of the two 
enzymatic capacities of CYP17A1 is important in the diagnosis 
of DSD, because of the presence or absence of alterations of the 
mineralo-  and glucocorticoid pathways. Isolated 17,20 lyase defi-
ciency is mostly due to defects in the cytochrome b5, which is an 
allosteric factor promoting the interaction with POR and CYP17A1 
and thus enhancing the 17,20 lyase activity without influencing 
17alpha- hydrolyse activity [83].

The 3beta- hydroxysteroid dehydrogenase type 2 (HSD3B2) en-
zyme is critical, because of its ability to convert pregnenolone and 
its 17alpha- hydroxylated form into progesterone and 17- OH pro-
gesterone, therefore playing an important role in the adrenal for 
mineralo-  and glucocorticoid synthesis. In addition, HSD3B2 con-
verts DHEA directly into androstenedione and thus controls the 
complete Δ4 steroid synthesis pathway. Mutations affecting HSD3B2 
are associated with rare forms of congenital adrenal hyperplasia, but 
due to its capacity to convert DHEA to androstenedione it should 
be considered in the differential diagnosis of DSD.

Mainly in 46,XY DSD, defects of the down- stream cascade 
of testosterone synthesis play an important role. The enzymes 
are crucial and necessary for male phenotypic development. 
17beta- hydroxysteroid dehydrogenase (HSD) type 3 (HSD17B3) 
synthesizes testosterone from androstenedione. This enzyme is 
mostly expressed in the testes and primarily acts during fetal 
development.

However, currently, a number of isoenzymes are known, for in-
stance 17beta HSD type 5 (AKR1C3, aldo- keto reductase family 1 
member C3) which may be involved in substantial testosterone syn-
thesis in the testes postnatally, especially at the time of puberty [84]. 
This may support virilization in patients with 17beta HSD type 3 
deficiency during pubertal development despite underlying dele-
terious mutations [85]. Conversion of testosterone to the more po-
tent dihydrotestosterone (DHT) is mainly not localized in the testes, 
but directly in the androgen target tissues. Here 5- alpha reductase 
type 2 (SRD5A2) is the main enzyme, in particular during prenatal 
development. Lack of DHT due to mutation of SRD5A2 will lead to 
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variable phenotypes of under- androgenization from almost com-
pletely female external genitalia to only slightly diminished penile 
size [86]. These patients have a high virilization potential at the 
time of puberty, mainly due to the effects of testosterone; however, 
some of DHT may also be synthesized via the 5- alpha reductase 
type 1 (SRD5A1) pathway in these patients. Genetic alterations of 
HSD17B3 and SRD5A2 play a role only in 46,XY male development; 
in females with homozygous or compound heterozygous mutations, 
no abnormality in sex development is seen and these women are 
presumably fertile.

It has recently been demonstrated that 5- alpha reduction of tes-
tosterone is not the only pathway of DHT synthesis. Via the so- called 
backdoor pathway DHT may be produced from androstanediol, 
a compound that is converted through several steps directly from 
17- alpha- hydroxy progesterone and requires CYP17A1 and 17- 
beta HSD type 3 and type 5, with the latter also known as 3alpha 
hydroxysteroid dehydrogenase type 2.  This alternative mode for 
DHT synthesis could explain some of the virilization in patients 
with congenital adrenal hyperplasia due to 21 hydroxylase defi-
ciency, because of the very high substrate levels of 17- OH proges-
terone [87] (Figure 7.2.1.3).

In humans and other mammals, androgens act via a single an-
drogen receptor (AR) in a very specific manner. Both sexes express 
the AR, therefore the appropriate levels of androgens promote 
male sex development of an individual. The AR is a single- copy 
gene  localized on the X- chromosome at Xq11– 12. Due to the 
hemizygous state of the gene in 46,XY individuals, mutations in the 

AR gene directly affect male sex development. The AR acts as a typ-
ical nuclear receptor via transcriptional regulation of defined target 
genes. The genetic and functional structure of the AR is of interest 
as numerous studies have been performed to explain a genotype- 
phenotype correlation in androgen insensitivity syndrome (OMIM 
#300068), but also in conditions relating to other functions of 
the AR, such as spinobulbar muscular atrophy (SBMA, OMIM 
#313200) or the role of the AR in prostate cancer. The gene is com-
posed of 8 exons, where the first large exon encodes for the variable 
N- terminal domain, exons 2 and 3 for the DNA- binding domain, 
and exons 5– 8 for the ligand- binding domain. The N- terminal do-
main contains two variable repeat regions, a CAG and a GGN re-
peat, which have been associated with aspects of androgen action. 
Elongation of the CAG- repeat has been associated with sub-  or in-
fertility [88], and very expanded CAG repeats may lead to spinal 
and bulbar muscular atrophy [89].

The AR initially resides in the cytoplasm and is bound to a 
complex of heat- shock proteins, chaperones, and co- chaperones. 
Ligand- binding induces a conformational switch, involving N-  and 
C- terminal interaction, which eventually unmasks a nuclear local-
ization signal. The ligand- bound AR translocates rapidly into the 
nucleus, which again may involve a number of heat- shock proteins 
and immunophilins. Within the nucleus, the AR forms a homodimer 
and binds to androgen- response elements within the target DNA. 
Some of these elements may also be recognized by other steroid re-
ceptors, but the AR can bind to selective androgen- response elem-
ents, also involving specific co- regulator proteins, which enhance 

Figure 7.2.1.3 The ‘backdoor’ pathway of dihydrotestosterone synthesis.
Reproduced with permission from Steroid Biochemisty by Kamrath, Wudy, Krone, in Hiort, Ahmed (eds.): Understanding Differences and Disorders of Sex Development (DSD), 
Karger (Series: Endocrine Development) ISSN 1421- 7082; vol. 27. Copyright © 2014 S. Karger AG, Basel.
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or supress AR- dependent transcription of target genes. Many co-
factors possess enzymatic activities that lead to post- translational 
modifications including phosphorylation, acetylation, methylation, 
ubiquitination, sumoylation, and ADP- ribosylation. More than 300 
different AR- interacting proteins have been described, but their 
role in DSD conditions remains unclear. Analysis of AR- dependent 
transcription of target genes demonstrates that cell- specific classes 
of genes may be up-  or downregulated.

Interestingly, different androgens can elicit different effects via 
the single AR, as has been shown in elegant cellular model studies 
[90]. This is also seen in normal sex development with the different 
actions of testosterone and DHT or even androstenedione and is 
exemplified by DSD conditions due to mutations in the aforemen-
tioned enzymatic pathways.

This may be due to the different binding capacities of the various 
androgens, but also due to cellular metabolism within the target 
cells, as demonstrated by DHT synthesis in cells harbouring the 
5- alpha reductase enzyme. Furthermore, AR action is, in common 
with other nuclear receptors, dependent on cell-  or tissue- specific 
coregulators, which may also be expressed in a time- dependent 
manner [91]. Hence, androgen- related genital and sex development 
will arise from very specific gene expression patterns regulated 
through the AR [92, 93]. This effect is irreversible, and genetic signa-
tures will be present throughout life representing the sexual pheno-
type of an individual. Each individual may have a specific ‘androgen 
response index’, which may reflect the variability in all humans, but 
may be specifically altered in people with DSD conditions [76].

The Role of oestrogens in Prenatal Development

Currently, little is known about the role oestrogens play in prenatal 
sex development. We know from patients with complete gonadal 
dysgenesis, who presumably have no gonadal function and therefore 
should have a lack of systemic oestrogen synthesis, that sex devel-
opment is comparable to other 46,XX females. However, the fetus is 
usually exposed to oestrogenic steroids via the placenta and there-
fore should receive some general effects through these compounds. 
Some endocrine disrupting compounds are actively enriched in the 
fetus, such as bisphenol A, and we are now recognizing their effects 
both on fertility and sexual behaviour of exposed fetuses [94].

Brain Sexual Differentiation

Mammalian sex development is not restricted to genital tissues. 
Functional studies in mouse models demonstrate that up to three 
quarters of all genes will be transcribed in a sex- dimorphic expres-
sion pattern [95]. This includes also the brain, which is of course of 
high interest in DSD, because this will influence the psychological 
aspects of sex including gender identity, gender role behaviour and 
sexual orientation. The latter are developed through biological fac-
tors (genes and hormones) as well as through modification of psy-
chological, social, and cultural factors. In part, a sex- specific gene 
expression signature is already present in the brain before gonadal 
differentiation sets in [96]; however, for more than 30  years the 
additional influence of perinatal androgens on the sex- specific de-
velopment of certain brain regions has been recognized [97]. Sex 
differences may characterize specific neural regions, such as the 
pre- optic area, the bed nucleus of the stria terminalis, the medial 

nucleus of the amygdala, the ventromedial nucleus of the hypothal-
amus, the arcuate nucleus, and the cerebral cortex.

In general, sex steroids will play an activating and an organiza-
tional role in brain and behavioural development. While activating 
influences are transient and correspond to a waxing and waning 
of hormone levels (e.g. associated with sexual interest), organiza-
tional aspects are permanent and will, as in sex determination and 
development in general, not be changed throughout life. Significant 
differences in DNA methylation are encountered between males, fe-
males, and also masculinized females [98]. This aspect is also the 
core understanding of those increasing voices that describe people 
with DSD living as intersex persons, and has already led to the rec-
ommendation not to assign a usual sex to affected persons or even 
to develop further positions on variant sex assignment.

Perinatal hormone exposure may influence behavioural patterns. 
For instance, if female rats are treated with testosterone during the 
first days of life, they lose the typical female reproductive behaviour 
and instead develop male behavioural patterns. This demonstrates 
that early post- natal androgens may influence permanently organ-
izational structures in the brain. In contrast, peripheral oestrogens 
may play only a minor role in female- typical behavioural patterns, 
with levels modulating qualitative behavioural aspects. However, 
there are suggestions that testosterone may pass the blood– brain 
barrier and may be aromatized in the brain to local oestrogens, 
which then promotes masculinizing brain effects [98].

Throughout life, the diminishing of sex hormone levels may lead 
to different peripheral and central patterns of change in stress re-
sponse systems in male and female rats [99], thereby implying a sex 
difference for different mood disorders like depression.

conclusion

Recently it has become increasingly clear that sex development is 
not a simple pathway leading to robust different poles of male and 
female. Rather, sex development starts from a common trunk al-
lowing numerous alterations of phenotype through genetic and 
endocrine programming and is also susceptible to cultural and 
social influences in humans. While the identification of the effects of 
sex and gender factors from molecular to genomic sciences has led 
to recognition of male and female differences in health and disease, 
a general appreciation and acceptance of broad variability within 
and between the sexes is only partially acknowledged at this time. 
It will need further understanding of the developmental processes 
and a linkage with social sciences to comprehend the continuum of 
human sex development.
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Introduction

The birth of a new baby is one of the greatest wonders of nature 
and one of the most exciting events known to humankind. The first 
question that is usually posed by the new parent is ‘is it a boy or 
a girl?’; without this information the parents cannot even formu-
late the second question which is usually ‘is he/ she alright?’. It is no 
wonder that the birth of a child with an abnormality of genital devel-
opment where the sex of rearing is uncertain at birth, presents dif-
ficult clinical and ethical issues. However, the recognition of genital 
ambiguity may depend on the expertise of the observer. Whilst the 
prevalence of genital anomalies at birth may be as high as 1 in 300 
births [1] , the prevalence of complex anomalies that may lead to true 
genital ambiguity may be as low as 1 in 5000 births [2]. Rather than 
treating every affected child as a medical emergency, it is paramount 
that such a child is assessed by an expert with adequate knowledge 
about the range of variation in the physical appearance of genitalia, 
the underlying pathophysiology of disorders of sex development and 
the strengths and weaknesses of the tests that can be performed in 
early infancy. This expert should ensure that the parents’ needs for 
information are comprehensively addressed while appropriate in-
vestigations are performed in a timely fashion. This expert needs to 
have immediate access to the multidisciplinary team that is essen-
tial for the management of such a child. In the field of rare condi-
tions, it is imperative that the clinician shares the experience with 
others through national and international clinical and research col-
laboration. The I- DSD registry is an example of how registries can 
facilitate international collaboration to address issues ranging from 
fundamental mechanisms to clinical outcomes [3].

Terminology

The use of terminology which is clear, easy to use and understood by 
all health professionals, patients and their families is fundamental to 
the management of affected newborns and children. In addition, 
terminology should respect the individual and avoid terms which 
might cause offense. The term ‘intersex’ has had variable connota-
tions even within professionals; some employed it as a term that 
covered all affected newborns whilst at the other end of the spec-
trum, some believed that the term should only apply to those where 
there is complete mismatch between chromosomal and anatomic 
sex. The consensus reached in 2005 on management of these pa-
tients, stressed the importance of the aspect of terminology and re-
commended substitution of the term ‘intersex’ with ‘disorder of sex 
development (DSD)’ which is defined as any congenital condition 
in which development of chromosomal, gonadal or anatomic sex is 
atypical [4] . It also recommended the abandonment of terms such as 
‘pseudohermaphroditism’ and ‘true hermaphroditism’. Whilst, the 
new nomenclature (Table 7.2.2.1) is easier to use and understand, 
and helps the professional planning investigations, it will neverthe-
less evolve over time as our understanding of long- term outcome, as 
well as molecular aetiology, improves. Given that atypical genitalia 
may occur as commonly as 1 in 300 births and may not always be 

associated with a functional abnormality, some have advocated the 
use of ‘differences’ in preference to the term ‘disorder’ [5, 6]. The 
strength of the acronym ‘DSD’ is that it can be used to cover both 
differences and disorders of sex development. The likelihood of this 
difference existing as a disorder will depend on the functional im-
plications of the condition which may be heavily influenced by the 
social and cultural framework within which the child exists [7].

General Principles of Management

Optimal clinical management of infants with DSD should comprise 
the following principles:

 • All newborn infants should receive a male or female sex 
assignment.

 • When there is any doubt about sex assignment, a hasty decision 
must be avoided prior to expert evaluation.

 • Whilst all specialist neonatal units should be expected to be able 
to stabilize the critically unwell infant with a DSD, comprehensive 
evaluation and the development of a plan for long- term manage-
ment must be performed at a specialist centre with an experi-
enced multidisciplinary team.

 • The specialist centre should be able to complete first- line investi-
gations quickly which are sufficient for deciding sex assignment 
and excluding immediate medical concerns. The centre should 
be able to develop a plan for second- line investigations that will 
guide long- term management.

 • Management should be patient- centred, holistic, and as far as 
possible, evidence- based. Decisions which are not evidence- 
based should be explained to the family.

 • Patient and family concerns should be respected and addressed in 
strict confidence.

 • Open communication with patients and families is essential and 
participation in decision- making is encouraged. The multidiscip-
linary specialist team should have the ability to arrange, or pref-
erably, provide, long- term care from infancy to adulthood in the 
affected individual.

communication

The initial contact with the parents of a child with a DSD is im-
portant as first impressions from these encounters often persist. 
A key point to emphasize is that the child with a DSD has the poten-
tial to become a well- adjusted, functional member of society. The 
use of the phrase ‘differences in sex development’ may be particu-
larly beneficial in introducing the concept of the range of variation 
in sex development that can be encountered to those with little prior 
knowledge of the field. It should be emphasized that DSD is not 
shameful. In those cases where there are no doubts about sex as-
signment, it should not be assumed that the parents’ need for in-
formation and psychological help are any less (Table 7.2.2.2). The 
parents’ perception of risk may be quite different from the clinical 
perception of the severity of illness [8] . In those cases where there is 
true genital ambiguity, it should be explained to the parents that the 
best course of action may not initially be clear, but the healthcare 
team will work with the family to reach the best possible set of deci-
sions in the circumstances. The healthcare team should discuss with 
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the parents what information to share in the early stages with family 
members and friends. It is essential that the parents do not register 
the birth until the sex of rearing is established. Parents need to be 
informed about sex development; they should be provided with 
written information and directed to internet- based information 
(Box 7.2.2.1). Ample time and opportunity should be made for con-
tinued discussion with review of information previously provided.

The Multidisciplinary Team

Optimal care for children with DSD requires an experienced multi-
disciplinary team that is generally found in regional centres. The 
team may exist as a clinical network with links to other children’s 
centres (Scottish DSD Network, https:// www.sdsd.scot.nhs.uk). 
Ideally, the team includes paediatric subspecialists in endocrin-
ology, surgery and/ or urology, psychology/ psychiatry, gynaecology, 

genetics, neonatology, nursing and, if possible, social work, and med-
ical ethics. Core composition will vary according to DSD type, local 
resources, developmental context, and location. The team has a re-
sponsibility to educate other healthcare staff in the appropriate initial 
management of affected newborns and their families and should also 
have the ability to review and discuss its own performance through 
audit of clinical activity and attendance at joint clinics and education 
events. For new infants with a DSD, the team should develop a plan 
for clinical management with respect to diagnosis, gender assign-
ment and treatment options before making any recommendations. 
Ideally, ongoing discussions with the family are conducted by one 
professional with appropriate communication skills. Transitional 
care should be organized with the multidisciplinary team operating 
in an environment comprising specialists with experience in both 
paediatric and adult practice. Support groups have an important role 
to play, and their contact details should be supplied to the parents, 
it is possible that affected parents may prefer to talk to local families 

Table 7.2.2.2 Themes, subthemes, and percentage of parents who raised the theme during qualitative interview about 
the parents’ own experience during the early years of their affected child’s life

Theme & subthemes % Theme & subthemes %

General experience Coping strategies

Suboptimal initial provision of information at birth 95 Relying on the clinical staff 63

Emotional vulnerability of the mother 68 Treatability of condition 58

Relief on talking to a consultant surgeon 16 ‘Moving the concern to the back of the mind’ 53

Comparison of child with another who is ‘worse’ 37

Handling the subject of genital anomalies Lack of pain 32

Ridicule and stigma 68 Comparison of child with another in similar situation 32

Difficult subject to discuss with parents/ relatives 63 ‘Getting on with it’ 11

Difficult subject to discuss with friends 63 ‘Focusing on the positive’ 11

Appropriate level of sensitivity as inpatients 26 Less of a concern if more serious anomalies present 11

Support for parents to discuss condition with child 21

Professional need for sensitivity when teaching 16 Impact of condition on child & family

Non- specific concerns about anaesthetic & surgery 84

Concomitant stressors Sexual function & fertility 84

Complications associated with delivery and prematurity 32 Unclear about post- operative appearance of genitalia 58

Problems with cognitive or social development 11 Special care after surgery 47

Other offspring with medical conditions 11 Need for more than one operation 37

Recent bereavements 11 Risk of recurrence 26

Marital disharmony 11 Pain following surgery 22

Delay in surgery and likelihood of ridicule in school 11

Sources of support

Relatives –  helpful 74 Suggestions on improving service

Consultant surgeons 74 Local network of affected families 42

Other healthcare staff 42 Information on cleaning genitalia 42

Relatives— not helpful 26 Information on postop care of urinary catheter 26

Parents of other affected children 16 Gradual and steady provision of information 32

Health visitors 16 Images of average outcomes 32

General practitioners 16 Recommended websites 32

Link person for family support at presentation 21

Pain control following surgery 11
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affected in a similar way. The availability of such a local pool of vol-
untary helpers who had some support from the specialists would 
complete the composition of the multidisciplinary team.

clinical Evaluation of the Infant with a 
Suspected DSD

The infant with a suspected DSD may need evaluation for a few 
reasons. Firstly, there may be a need to determine the sex of rearing. 
Secondly, there may be concerns about immediate, life- threatening 
metabolic conditions that are more likely to be associated with cer-
tain diagnoses that are, for instance, associated with adrenal insuf-
ficiency. Thirdly, an improved knowledge of the aetiology of the 
underlying condition may allow the development of a long- term 
management plan. Fourthly, continued evaluation over the longer- 
term will allow the affected individuals and their care- providers 
to understand issues such as fertility, sexual function and the risk 
of tumour development and help with informed disclosure of the 

diagnosis itself. Finally, the process of evaluation also allows the cre-
ation of rapport with the patient and the parents.

Initial Approach

It is very likely that the clinician from whom a specialist opinion 
is sought will encounter the infant and the parents after the 
family have already been seen by other health professionals. 
Their anticipation of meeting someone who can answer all their 
questions, provide them with reassurance and solve all the prob-
lems can be a daunting and impossible task for a single clinician, 
irrespective of their level of expertise. It is likely that this clin-
ician will form a long- lasting relationship with this family and 
over time with the help of the multidisciplinary team will be able 
to address most of the issues mentioned. It is, therefore, very im-
portant to have a positive and systematic approach for the first 
encounter with the family with emphasis on the general well- 
being of the child.

History

An adequate history should concentrate particularly on:

Family history:  Parental consanguinity, history of an infant with 
salt- losing, unexplained infant deaths, or DSD in relatives. These 
elements may indicate autosomal recessive genetic disorders as-
sociated with disturbed steroidogenesis (usually CAH). In con-
trast, an X- linked recessive mode of inheritance is suggestive of 
androgen insensitivity syndrome (AIS).

Antenatal history: Maternal ingestion of drugs which may cause 
fetal virilization (androgens), or signs of maternal androgen 
excess which may indicate a maternal androgen secreting 
tumour; Exposure to specific environmental factors able to 
inhibit virilization of the fetus. Some assisted conception 
techniques include progestogen- containing drugs and these 
methods increase the likelihood of male offspring with genital 
anomalies.

Information about antenatal counselling and results of prenatal 
tests:  Knowledge of what has already been discussed with the 
parents by health professionals, and their understanding of the 
information, is essential.

Social history: An enquiry about the family social network, parents’ 
general understanding of DSD and their current concerns.

General Examination

The general physical examination should determine whether there are 
any dysmorphic features and the general health of the baby. Affected 
infants, particularly those who have XY DSD, are more likely to be small 
for gestational age and may display other developmental anomalies [1, 
9, 10]. In addition to a systematic examination, the affected infant should 
be examined for mid- line defects which may point towards an abnor-
mality of the hypothalamo– pituitary axis. The state of hydration and 
blood pressure should be assessed as various forms of adrenal steroid 
biosynthetic defects can be associated with differing degrees of salt loss, 
varying degrees of masculinization in girls or under- masculinization 

Box 7.2.2.1 Some examples of online information on DSD 
for patients, parents, and professionals

General Information about sex development
 • UK Intersex Association— http:// www.ukia.co.uk
 • Intersex Society of North America— https:// www.isna.org
 • Child physiology— https:// www.sickkids.ca

Congenital adrenal hyperplasia
 • Congenital Adrenal Hyperplasia Education & Support Network—  

https:// www.congenitaladrenalhyperplasia.org
 • Children Living with inherited Metabolic Diseases (CLIMB) 

Congenital Adrenal Hyperplasia UK Support Group—  https:// www.
livingwithcah.com

 • Adrenal Hyperplasia Network— http:// www.ahn.org.uk

Androgen insensitivity syndrome
 • Androgen Insensitivity Syndrome Support Group— http:// www.aissg.org
 • eMedicine— http:// emedicine.medscape.com/ article/ 924996- overview
 • Complete androgen insensitivity syndrome— https:// www.rch.org.au/ 

endo/ cais/ Complete_ androgen_ insensitivity_ syndrome/ 

XY/ XO gonadal dysgenesis
 • Turner Syndrome Support Society— http:// tss.org.uk/ 

Hypospadias
 • Hypospadias UK Trust— https:// www.hypospadiasuk.co.uk

Clinical networks
 • The Scottish DSD Network— https:// www.sdsd.scot.nhs.uk
 • Netzwerk Intersexualitat— http:// www.uksh.de/ 

kinderhormonzentrum- luebeck/ Forschung/ DSDnet.html

Registries
 • I- DSD Registry— http:// www.i- dsd.org
 • I- CAH Registry— http:// www.i- cah.org

Consensus views
 • CAH Clinical Practice Guideline— The Endocrine Society

https:// www.ncbi.nlm.nih.gov/ pmc/ articles/ PMC2936060/ 
 • Consensus Statement on Management of Intersex Disorders – 

https:// www.pedsendo.org/ education_ training/ healthcare_ providers/ 
consensus_ statements/ assets/ DSDconsensusPediatrics2006.pdf

Medical and genetic overview
 • Medline Plus— https:// www.nlm.nih.gov/ 
 • Genecard— https:// www.genecards.org
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in boys, or hypertension. The cardiovascular collapse with salt loss 
and hyperkalaemia in congenital adrenal hyperplasia does not usually 
occur until the second week of life (with salt loss usually evident from 
day 4) and so will not be apparent at birth in a well neonate, however, 
it should be anticipated in a suspected case. Jaundice (both conjugated 
and unconjugated) may be observed in cases of hypopituitarism or cor-
tisol deficiency. The urine should be checked for protein as a screen for 
any associated renal anomaly (e.g. Denys– Drash/ Frasier syndromes) 
and a pre- feed blood glucose should be checked for hypoglycaemia 
(suggestive of hypopituitarism, or occasionally in CAH e.g. 3βHSD de-
ficiency). Renal tract anomalies such as ureteropelvic junction obstruc-
tion, vesicoureteric reflux, pelvic or horseshoe kidney, crossed renal 
ectopia, and renal agenesis may occur in as many as 1% and 5% of cases 
with isolated distal and proximal hypospadias, respectively [11].

Examination of the External Genitalia

A detailed physical examination and documentation of the genitalia 
is necessary to evaluate the degree of genital anomaly. The first step 
is careful inspection and palpation. In a number of infants, gonads 
or swellings may be visible in the labioscrotal folds or the inguinal 
regions but they may disappear on palpation. In those presenting 
with apparently normal female external genitalia, bilateral hernias 
containing testes (and, rarely uterus or fallopian tubes) should be 
sought by palpation. In any case, if gonads are palpated externally, 
these will be testes (ovaries tend to remain in the pelvic position) or, 
rarely, ovotestes. A careful measurement of the phallus (stretched 
dorsal length) and comparison to published normative data [4]  is 
recommended to assess the extent of deviation of the appearance 

from normal and to explain this difference to the parents. The pres-
ence or absence of a chordee should be noted; the location of two 
(urethral and vaginal) or one orifice (urethral or urogenital sinus) 
that opens on the dorsal (epispadias) or ventral surface (hypospa-
dias) of the phallic structure should be noted. An epispadias is a 
very rare condition and is usually part of a spectrum of conditions 
(bladder and cloacal exstrophy) where there can be a failure of fu-
sion of a number of lower abdominal and pelvic organs including 
external genitalia. Hypospadias is a much commoner condition 
where the location of the urethral orifice may be proximal and 
close to the perineum, mid- shaft or distal and close to the coronal 
sulcus or the glans. A  shorter anogenital and anoscrotal distance 
may correlate with the severity of hypospadias [12]. The description 
of the degree of labioscrotal fold fusion, i.e. complete absence of 
scrotal fusion, a posterior fusion of labia majora, a partially fused 
hemiscrotum or completely fused scrotum is also very important. 
Finally, the nature of the skin of the genitalia and labioscrotal folds 
(texture and pigmentation) and the shape of the folds and whether 
they are sac- like provides helpful information on androgenization 
and the possibility of finding testes.

Although scoring systems such as the Prader scoring system for 
XX DSD [13] and modifications of this system for XY DSD [14, 15] 
may provide an integrated summary description of the genitalia, 
these scoring systems are not sufficiently discriminatory to por-
tray the full spectrum of the variation encountered in the external 
genitalia. The external masculinization score (EMS) which scores 
external genitalia individually for scrotal fusion, microphallus, 
location of urethral meatus and location of each gonad may be a 
more objective method of describing the external appearance [16] 
(Figure 7.2.2.1).

Figure 7.2.2.1 Scoring external genitalia.
Reproduced with permission from Ahmed SF, Rodie M. Investigation and initial management of ambiguous genitalia. Best Practice & Research Clinical Endocrinology & 
Metabolism. Volume 24, Issue 2, April 2010, Pages 197– 218. Copyright © 2009 Elsevier Ltd.
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Why Investigate

There are clear reasons for investigating an infant with genital anom-
alies and these include determination of sex of rearing, concerns 
about early medical problems, concerns about medical and surgical 
problems in later childhood and development of a long- term plan 
that anticipates future health issues such as sexual development 
and function, tumour risk and fertility. A  clear knowledge of the 
underlying aetiology may also facilitate explanation of the condi-
tion to the parent and the older child. Thus, investigations should 
be performed with these different objectives in mind and should be 
split into first- line and second- line investigations. First- line investi-
gations should, in most cases, be sufficient to guide sex of rearing, 
exclude early medical problems and provide an idea of the nature 
of the problem. In the newborn infant, detailed dynamic endocrine 
investigations should only be performed if they can alter the man-
agement of the child; in most cases these investigations can be per-
formed after 3 months when many reproductive and adrenal- related 
hormones have reached a status quo and the results are easier to in-
terpret. Furthermore, collecting blood samples may be simpler in the 
older child and collection of multiple blood samples from an other-
wise well infant may exert unnecessary stress on the child’s parents.

Which Infant Should be Investigated?

Most infants with a suspected DSD will present with:

 • overt genital ambiguity
 • a family history of DSD such as complete androgen insensitivity 

syndrome
 • a discordance between genital appearance and a prenatal karyotype
 • apparent female genitalia with an enlarged clitoris and posterior 

labial fusion
 • apparent female genitalia with an inguinal/ labial mass
 • apparent male genitalia with bilateral undescended testes
 • apparent male genitalia with a microphallus
 • apparent male genitalia with proximal hypospadias
 • apparent male genitalia with distal or mid- shaft hypospadias with 

undescended testis

The greatest amount of debate regarding the need for investigation in-
volves the case of the boy presenting with hypospadias and/ or crypt-
orchidism (i.e. the undermasculinized boy). Considerable variation 
exists about the extent to which these infants should be investigated 
[17]. Routine systematic examination of 423 consecutive newborn 
boys in one hospital revealed that 412 (98%) had an EMS of 12. The 
median (tenth centile) EMS for the group of 11 infants with an EMS 
of less than 12 was 11 [10, 16]. One infant with isolated micropenis 
had an EMS of 9; three infants with isolated glandular hypospadias 
had an EMS of 11; three infants with absent unilateral testis also had 
an EMS of 11; four infants with a unilateral inguinal testis had an 
EMS of 11.5. Thus, an EMS of less than 11 was only encountered in 
1/ 423 boys [16]. These data are similar to population data suggesting 
that genital anomalies occur in about 1:300 total births and 75% of 
these patients have an associated hypospadias [1] . Population studies 
also suggest that approximately 50% of hypospadias cases affect the 
distal penis (glandular or coronal) [18]. The largest study to date of 

karyotype analysis in children with isolated cryptorchidism, isolated 
hypospadias or a combination of the two anomalies revealed chromo-
somal anomalies in 27 of the 916 patients with cryptorchidism (2.94%) 
and in 7 of the 100 with hypospadias (7%) and in 4 of the 32 with 
a combination of cryptorchidism and hypospadias (12.5%) [19]. The 
incidence of chromosome anomalies was 1.8% in cases of isolated 
cryptorchidism and 6.7% in those with other associated anomalies. In 
patients with hypospadias, abnormal karyotypes were only detected 
when there were additional congenital abnormalities. In one spe-
cialist centre, out of 63 unselected cases with proximal hypospadias 
(penoscrotal, scrotal, perineal) who were studied for all known causes 
of hypospadias with clinical as well as molecular biological techniques, 
an underlying aetiology was identified in 31% of cases. Of these 31% 
of cases, 17% were due to complex genetic syndromes, 9.5% were due 
to chromosomal anomalies and 1 involved the vanishing testes syn-
drome, the androgen insensitivity syndrome and 5 alpha- reductase 
type 2 deficiency, respectively [20]. Thus, infants who require further 
evaluation and investigation should include all children with EMS of 
less than 11 and all children with familial hypospadias. This will avoid 
detailed investigations of boys with isolated glandular hypospadias 
and boys with isolated inguinal testes.

First- Line Investigations

Typically, in the young infant with DSD, gonadal palpability com-
bined with karyotyping, ultrasound examination for Müllerian 
structures and determination of 17- hydroxyprogesterone level 
should provide a reasonable guide for the initial practical man-
agement of the newborn with a DSD (Figure 7.2.2.2). Karyotype 
is indicated in all such cases of atypical genitalia and even when 
prenatal karyotype is available. The results of the karyotype and the 
ultrasound should be available within 48hrs of presentation. Whilst 
FISH or PCR analysis using X and Y specific probes is sufficient 
for initial management it is recommended that these tests are con-
firmed by a formal karyotype. It also needs to be borne in mind that 
any mosaicism that is evident may be tissue dependent. Ultrasound 
is the imaging modality of choice in newborns and if this is difficult 
to perform, then a laparoscopy should be considered especially as 
dysgenetic gonads are not clearly delineated by MRI. Genitograms 
are not as frequently carried out and have been replaced with cyst-
oscopy/ genitoscopy in most specialist centres [21, 22].

Due to the effects of stress of labour, and insufficient time for accu-
mulation of hormone in CAH, a sample for 17- hydroxyprogesterone 
may be difficult to interpret in an infant who is less than 36 hours 
old. Besides 17- hydroxyprogesterone, biochemistry tests should 
include serum testosterone, anti- Müllerian hormone (AMH), cor-
tisol, androstenedione, ACTH, gonadotropins, a sample for DNA 
extraction, and urine for analysis and steroid profile. It is likely that 
the biochemistry results will be available within a week. Any spare 
sample should be stored for analysis at a later date. Given that steroid 
hormones and gonadotrophins fluctuate over the first few weeks of 
life, serial measurements are particularly valuable. Infants with salt- 
losing forms of congenital adrenal hyperplasia may start to show bio-
chemical signs of salt loss from day 4, with a rise in potassium being 
the earliest sign. Whilst it is safest to provide salt and mineralocor-
ticoid where salt loss is suspected, it is also important to establish 
the diagnosis for long- term management. Urinary electrolytes are 
unhelpful. Sending a sample for plasma renin activity or measuring 
renin concentration prior to treatment can be helpful retrospectively, 
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and genetic analysis in CAH is informative. Monitoring weight is 
useful in any infant where there is a risk of salt loss.

Serum testosterone estimation has often been used as a marker 
of functioning testes as well as a sign of intact pathways for the syn-
thesis of testosterone. However, given that many commercially avail-
able testosterone assays are non- specific in the early neonatal period 
[23] and can cross- react with other conjugated steroids, it is possible 
that for the newborn infant serum AMH level is a more diagnos-
tically reliable marker of testes than serum testosterone. AMH is a 
useful tool to assess Sertoli function in suspected DSD and may have 

diagnostic utility in conditions associated with androgen deficiency 
or insensitivity [24]. There is a clear difference between AMH con-
centration in boys and girls, especially in early childhood. In boys 
under the age of 8 years, a serum AMH concentration of 200 pmol/ 
L may be an appropriate cut- off to denote normality, given that it 
was the approximate tenth centile for this age range. However, AMH 
concentrations are generally higher in the young boy before they fall 
in late childhood (Figure 7.2.2.3). It should also be noted that AMH 
concentrations tend to rise over the first 3 months in some young in-
fants [25] and may in some cases be lower than 200 pmol/ L at initial 
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Figure 7.2.2.3 AMH concentration in boys and girls.
Reproduced with permission from Ahmed SF, Rodie M. Investigation and initial management of ambiguous genitalia. Best Practice & Research Clinical Endocrinology & 
Metabolism. Volume 24, Issue 2, April 2010, Pages 197– 218. Copyright © 2009 Elsevier Ltd.
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evaluation, although still above 25pmol/ L which approximately rep-
resents the 90th centile for girls [26].

Second- Line Investigations

In most cases these tests are performed to investigate the under-
lying aetiology but are usually not necessary to determine the sex 
of rearing.

These investigations could include:

 • Biochemistry to assess the gonadal and adrenal axes-  hCG Stimulation 
to assess production of testosterone, androstenedione, dihydrotes-
tosterone (DHT), 11- deoxycortisol and 17- hydroxypregnenolone. 
To detect abnormalities of the last three steroids, it may be more 
effective to analyse a urine steroid profile (spot or 24 hr) by gas 
chromatography- mass spectrometry (GC- MS). Other biochemical 
investigations that may need to be considered include LHRH, ACTH 
stimulation, renin, and aldosterone. Measurement of serum choles-
terol and 7- dehydrocholesterol are indicated in the child who has fea-
tures consistent with Smith– Lemli– Opitz syndrome.

 • Imaging: ultrasound scan, MRI, genitogram.
 • Internal surgical examination: cystourethroscopy, laparoscopy.
 • Pathology: gonadal biopsy; there are, however, unresolved questions 

as to whether one biopsy represents the whole gonad. In addition, it 
is unclear as to what is the minimum amount of ovarian or testicular 
tissue that should be present to classify the gonad as an ovotestis.

 • Genetics:  high resolution karyotype, karyotype from different 
tissues (blood, skin, gonads), DNA for storage and analysis. 
Molecular genetic investigations are increasingly being performed 
at an earlier stage (Figure 7.2.2.4) in the diagnostic process [27].

 • Functional studies of androgen sensitivity: a functional assessment 
of androgen sensitivity can be performed by assessing the clin-
ical response of testosterone on the phallus. Secondly, androgen 
sensitivity can be assessed by measuring change in an androgen- 
responsive circulating protein such as sex hormone binding globulin 
(SHBG); SHBG levels should fall following androgen exposure and 
a failure to show this reduction may be indicative of androgen in-
sensitivity [28]. The utility of this test in the young infant is unclear 
given that circulating SHBG is very variable in the young infant. 
Androgen binding studies involve evaluation of the concentration 
of androgen receptors; the number of receptors and their affinity 
for testosterone are measured on cultured genital skin fibroblasts. 
However, the results may depend on the site from which the skin is 
originally collected. Over 80% of cases with a phenotype consistent 
with complete androgen insensitivity syndrome and abnormal an-
drogen binding may have a variant in the androgen receptor (AR) 
gene [29]. However, in cases consistent with a partial androgen in-
sensitivity syndrome phenotype, only 50% of cases with abnormal 
binding may have a variant in the androgen receptor gene. Given 
that AR analysis may reveal a variant in over 80% of cases with a 
CAIS phenotype anyway, there probably is no need to perform an-
drogen binding studies in this group of infants. However, the yield 
of AR variants in PAIS is much lower at less than 30%. Boys with 
PAIS and a variant in the AR may have poorer clinical outcomes, 
thus, routine genetic analysis of AR to confirm PAIS will inform 
long- term prognosis and management [30]. It is also possible that in 
some cases of AIS, the gene variant may exist beyond the AR coding 
region. Identification of such cases of AIS will be challenging and 
may require more complex tools such as measurement of androgen 

responsive proteins in genital skin fibroblasts [31] or measurement 
of androgen responsive peripheral transcriptome [32].

The hcG Stimulation Test

Although controversy exists regarding the optimal regimen, stimu-
lation with human chorionic gonadotrophin (hCG) has been used to 
assess the presence of functioning testicular tissue and the detection 
of defects in testosterone biosynthesis and action for over 40 years 
[33]. In the UK, a number of different protocols are used for hCG 
stimulation but most use intramuscular hCG 1000– 1500 units on 3 
consecutive days for a standard test [17]. If there is a poor response, 
this test can be followed by prolonged hCG stimulation 1500 units on 
3 consecutive days for the first week followed by 1500 units on 2 days 
a week for the 2 following weeks. The definition of a normal response 
may depend on the age of the child and the regimen itself. In infants 
and older children, who have a more active gonadotrophin axis, the 
Leydig cells may be more responsive to hCG stimulation and the 
shorter duration of hCG stimulation may be sufficient [34]. Recently, 
in an older group of children with suspected hypogonadotropic 
hypogonadism, cut- off for a normal testosterone response has been 
reported to be at 3.5 nmol/ L after 3 days of stimulation and 9.5 nmol/ 
L after the 3 week stimulation regimen [35]. Besides testosterone, 
other androgens that should be assessed include dihydrotestosterone 
and androstenedione. For these two metabolites, the day 4 sample is 
more important than the day 1 sample. There is no additional benefit 
of collecting a sample for these two metabolites on day 22.

Aetiology of XX DSD

46,XX DSD can be divided into disorders of ovarian development, 
disorders of androgen synthesis, disorders of Müllerian develop-
ment and other conditions affecting sex development.

The most common cause of 46,XX DSD with ambiguous geni-
talia in newborns is congenital adrenal hyperplasia (CAH). It 
is characterized by androgen excess and a variable alteration in 
glucocorticoid and mineralocorticoid function and a specific pro-
file of steroid hormones. This profile can identify enzyme defects 
including deficiency of 21α- hydroxylase (90– 95% of cases), 11β- 
hydroxylase (4– 8% cases), 3β- hydroxysteroid dehydrogenase type 
2 (rare), and P450 oxidoreductase (unknown prevalence). Other 
causes of androgen excess leading to masculinization of XX indi-
viduals including P450 aromatase deficiency, maternal androgen 
excess, and androgenic tumours in pregnant mothers (e.g. luteoma) 
are relatively infrequent, however, these should be considered in the 
differential diagnosis of maternal/ fetal virilization.

Disorders of Gonadal Development

46,XX ovotesticular DSD (Formerly Known as   
‘True Hermaphrodites’) and 46,XX Testicular DSD   
(‘46,XX Males’)

Rarely, the developing ovary may contain some testicular tissue 
(Ovotesticular DSD) or may develop as a functioning testis that 
secretes adequate amounts of testosterone for adequate viriliza-
tion and AMH for regression of the Müllerian ducts (testicular 
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DSD). The incidence of 46,XX testicular DSD is estimated to be 1 
in 20 000. Ovotesticular DSD can be subclassified according to the 
type and location of the gonads. Lateral cases (20%) have a testis on 
one side and an ovary on the other. Bilateral cases (30%) have tes-
ticular and ovarian tissues present bilaterally as ovotestes. Unilateral 
cases (50%) have an ovotestis present on one side and a normal 
ovary or testis present on the other side. In ovotesticular DSD, the 
initial manifestations are ambiguous genitalia in almost all cases 
and the internal duct structures display gradations between male 
and female. There is often a urogenital sinus and a uterus or a hemi-  
or a rudimentary uterus on the side of the ovary or ovotestis. Breast 

development will occur in puberty and even menses may occur in 
a significant proportion when ovarian tissue is present. However, 
without removal of testicular tissue, these children will also proceed 
to virilize at puberty. Presence of functional testicular tissue can be 
investigated by checking AMH or testosterone levels following hCG 
stimulation. Assessment of functioning ovaries by biochemical 
markers has not been thoroughly explored and the utility of meas-
uring oestradiol after repeat FSH stimulation or measurement of an 
ovarian specific marker such as Inhibin A  requires further study. 
Two- thirds of affected children are raised as boys (see section, ‘Sex 
Assignment in the Affected Newborn’). If the testicular components 
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Figure 7.2.2.4 Suggested pathway for investigating cases of 46,XY disorder of sex development (DSD) through an integrated endocrine and genetic 
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Reproduced with permission from Alhomaidah D, McGowan R, Ahmed SF. The current state of diagnostic genetics for conditions affecting sex development. Clin Genet. 2017 
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are removed, serial AMH levels may allow adequate confirmation of 
complete removal of functioning testicular tissue. In contrast, 46XX 
testicular DSD is usually associated with a normal male phenotype 
or a relatively mild abnormality of the male genitalia, such as distal 
or mid- shaft hypospadias. In adulthood, although testosterone syn-
thesis is not affected, spermatogenesis is usually severely affected.

ovarian Dysgenesis

Ovarian dysgenesis is most frequently seen in association with sex 
chromosome aneuploidy such as Turner syndrome and related 
variants. However, these conditions do not present in infancy with 
physical abnormalities of sex development.

Disorders of Androgen Excess

21α- Hydroxylase (cYP21) Deficiency

Congenital adrenal hyperplasia due to 21- hydroxylase deficiency is 
the commonest cause of 46XX DSD, accounting for up to 95% of all 
cases. Consensus guidelines exist for the management of this con-
dition in infancy as well as in the older child [36]. The newborn girl 
with this condition can be virilized to a varying extent, as illustrated 
by the Prader classification (Figure 7.2.2.1). High serum concentra-
tion of 17OH- progesterone (>300 nmol/ L) after the first 48 hours of 
birth and high androstenedione and testosterone in the early neo-
natal period are the biochemical hallmarks of this condition. More 
than 75% of these infants will also be salt losers because of a de-
ficiency of mineralocorticoid synthesis and the affected child will 
present with a salt losing crisis in the second or third week of life.

3β- Hydroxysteroid Dehydrogenase   
(HSD3B2) Deficiency

3β- hydroxysteroid dehydrogenase type 2 catalyses the conversion 
of Δ5 steroids to Δ4 steroids and a deficiency of this enzyme results 
in adrenal insufficiency as well as accumulation of pregnenolone, 
dehydroepiandrosterone (DHEA), and androstenediol. In periph-
eral tissues, as well as the placenta, the accumulating steroids, and 
particularly DHEA, can be converted to more potent androgens, 
such as testosterone, by the Type 1 isoenzyme. Most girls with this 
condition present with relatively mild signs of virilization such as 
clitoromegaly, associated with adrenal deficiency.

P450 oxidoreductase (PoR) Deficiency

Defects in P450 oxidoreductase can cause combined deficiencies 
of 21α- hydroxylase, 17α- hydroxylase, and aromatase enzymes and 
this can be associated with abnormal genital development in both 
girls and boys. Children with this condition usually have cortisol 
deficiency, but have normal mineralocorticoid function.

11β- Hydroxylase (cYP11B1) Deficiency

This is the second commonest cause of virilizing congenital adrenal 
hyperplasia accounting for approximately 5% of all cases. Apart 
from a DSD, this condition may also be associated with hyperten-
sion and hypokalaemia, but these abnormalities are not universally 
present, particularly, not in infancy. These abnormalities are due to 
the accumulation of 11- deoxycorticosterone which is a weak min-
eralocorticoid. They may be associated with a low renin. Children 
with this condition usually have cortisol deficiency.

Familial Glucocorticoid Resistance

This is a rare condition, usually due to a heterozygous mutation in 
the glucocorticoid receptor α gene. The partial end- organ insensi-
tivity leads to high ACTH, cortisol, mineralocorticoids, and andro-
gens. One case of a girl with a homozygous mutation in this gene 
and a coexisting heterozygous mutation in CYP21 has been de-
scribed with marked virilization at birth.

P450 Aromatase Deficiency

Aromatase deficiency is inherited as a rare autosomal recessive con-
dition caused by CYP19A1 gene mutation. There is often a history 
of maternal virilization after the second trimester of pregnancy 
coupled with elevated maternal androgen levels which resolve after 
the pregnancy. Urine from these mothers has elevated levels of 16α- 
hydroxyandrostenedione (16OH- D4A) and its metabolites. In in-
fancy and subsequently during puberty, these girls have high serum 
androgens and low oestrogen concentrations as affected individuals 
cannot synthesize endogenous oestrogens. Girls show no signs of 
feminization and progressively virilize. Inadequate oestrogen sup-
plementation may be associated with osteoporosis and a failure of 
timely epiphyseal fusion. Molecular testing of the CY19A1 gene is 
available.

Maternal Androgen Excess

Any maternal source of elevated androgens can induce virilization 
of the female fetus. Ovarian tumours include luteoma of pregnancy, 
arrhenoblastoma, hilar- cell tumour, masculinizing ovarian stromal 
cell tumour, and Krukenberg tumour. Discrepancy between the 
marked virilization of the mother and the minimal androgen ef-
fect in female offspring can be explained by the placental aromatase 
activity, which converts androgens to oestrogens, or to the metab-
olism of androgen, which thus becomes less active. Apart from 
untreated maternal virilizing CAH, androgen- secreting adrenal tu-
mour in the mother is rare. In both cases, investigation of abnormal 
androgen production by the mother must be performed immedi-
ately after delivery. Maternal ingestion of androgens, progestogens, 
or other drugs is another cause of fetal virilization. Exogenous ster-
oids administered during the pregnancy may cause posterior fusion 
of the labia, clitoral enlargement, and even increased degrees of an-
drogenization. In the past, several oral progestational compounds, 
given because of threatened abortion, have been implicated, such as 
19- nor testosterone. Other drugs, like danazol or stilbestrol that are 
used in pregnancy, have also been associated with abnormalities of 
the genitalia.

Disorders of Müllerian Development

Abnormalities in uterine development can result in bicornuate 
uterus, uterine hemiagenesis, hypoplasia, or agenesis. These can be 
associated with renal, cardiac or spine abnormalities as part of the 
Mayer– Rokitansky– Küster– Hauser (MRKH) syndrome or MURCS 
(Müllerian agenesis, renal aplasia, cervical spine anomalies) syn-
drome. MRKHS (1:5000 females) is thought to be the second com-
monest cause of primary amenorrhoea after ovarian dysgenesis. 
The MURCS syndrome occurs in approximately one- third of all 
MRKH patients. On rare occasions, absence of Müllerian structures 
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and the presence of coexisting hyperandrogenaemia, has been as-
sociated with a mutation in the WNT4 gene [37]. Other conditions 
such as maturity onset diabetes of the young, the hand– foot– genital 
syndrome and Laurence– Moon– Biedl syndrome have also been as-
sociated with abnormalities of Müllerian development.

other 46,XX DSD

Complex urogenital abnormalities, such as cloacal anomalies, can 
affect both sexes and require major reconstructive surgery.

Variations That May Present as DSD

Clitoral lengths are variable and when in doubt should be compared 
to published norms [4] . In addition, the clitoris may be enlarged 
in conditions such as neurofibromatosis. In any newborn girl, the 
labial folds may be very swollen and oedematous immediately after 
birth and may look like scrotal sacs. In premature babies, the lack of 
labial adipose tissue may make the relative size of the clitoris more 
pronounced so that it is mistaken for clitoromegaly. Labial adhe-
sions and vaginal bleeding in the newborn are signs of the normal 
oestrogen surge in the newborn period.

Aetiology of XY DSD

46,XY DSD can be divided into disorders of testis development, dis-
orders of androgen synthesis, disorders of androgen action and other 
conditions affecting sex development. Biochemically, based on AMH 
and the hCG stimulation test, these disorders can also be divided into 
conditions where (1) AMH levels are low and testosterone levels do not 
rise following hCG stimulation— abnormalities of testes development 
or maintenance; (2) AMH levels are normal and testosterone levels 
do not rise following hCG stimulation— abnormalities of testosterone 

synthesis; (3) AMH levels are normal and testosterone levels do rise 
following hCG stimulation— abnormalities of testosterone action, 
dihydrotestosterone synthesis, persistent Müllerian duct syndrome 
or non- specific disorder of masculinization; (4) AMH levels are low 
and testosterone levels do rise following hCG stimulation— persistent 
Müllerian duct syndrome (Figure 7.2.2.5). However, in many cases, 
the biochemical assessment will not clearly delineate the case into any 
of these four categories.

Disorders of Testis Development

These disorders can have a spectrum of phenotypes and presen-
tations. In the most extreme case, complete testicular dysgenesis, 
infants raised as girls do not present until adolescence with pri-
mary amenorrhoea. These girls will have normal external female 
genitalia and Müllerian structures and this condition is often called 
Swyer’s syndrome. Partial gonadal dysgenesis may be associated 
with a variable and internal phenotype even extending to a pheno-
type of simply male infertility. Accordingly, there will be a variable 
reduction in AMH and testosterone response to hCG stimulation. 
Given that several single gene disorders, as well as chromosomal 
rearrangements have been described to be associated with the clin-
ical picture of gonadal dysgenesis, the latter should not necessarily 
be considered the final diagnosis. These disorders are often associ-
ated with abnormalities in other systems and a thorough clinical 
evaluation of the affected infant will prove very useful in directing 
appropriate genetic analysis that can lead to the correct diagnosis. 
Currently, a genetic diagnosis is only reached in approximately 30% 
of cases of gonadal dysgenesis. The importance of reaching a genetic 
diagnosis in these cases is highlighted by conditions such as those 
associated with a mutation in the steroidogenic factor (SF1) gene 
which may occasionally be associated with adrenal deficiency or a 
mutation of the Wilms’ tumour- related gene- 1 (WT1), where the 
DSD may be the first sign of conditions such as WAGR syndrome, 
Denys– Drash syndrome, and Frasier syndrome.
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Disorders of Androgen Synthesis

Defects anywhere along the pathway of androgen synthesis and 
target organ action can result in an XY DSD.

cholesterol Synthesis Defects

A deficiency of 7- dehydrocholesterol reductase (DHCR7) results 
in a failure of cholesterol synthesis and results in the Smith– Lemli– 
Opitz syndrome. This is associated with a wide range of clinical 
features including microcephaly, cardiac defects, micrognathia, 
cleft palate, polydactyly, and syndactyly. In childhood, these chil-
dren may display intellectual disability and growth failure. The 
genitalia in the affected XY infant may range from hypospadias 
to completely normal female external genitalia with no Müllerian 
ducts. The condition is diagnosed by low levels of cholesterol and 
elevated levels of its precursor, 7- dehydrocholesterol, as well as an 
androgen deficiency and a normal AMH. Adrenal insufficiency 
may occur in some cases and needs evaluation. Mutational ana-
lysis of the DHCR7 gene will provide further confirmation of the 
diagnosis.

Leydig cell Hypoplasia

A defect of the luteinizing hormone- choriogonadotropin receptor 
(LHCGR) gene leads to impaired sensitivity to hCG and LH and 
Leydig cell agenesis or hypoplasia. The genitalia in the affected XY 
infant may range from isolated hypospadias or micropenis to com-
pletely normal female external genitalia with no Müllerian ducts. 
The biochemical picture may include high basal and luteinizing 
hormone- releasing hormone (LHRH)- stimulated luteinizing hor-
mone (LH) and follicle- stimulating (FSH) levels. There is a poor re-
sponse to hCG stimulation and the AMH levels should be normal. 
Histology of the testes in the prepubertal child will show a marked 
lack of Leydig cells. Mutational analysis of the LH/ hCG receptor 
gene provides further confirmation of the diagnosis.

congenital Lipoid Adrenal Hyperplasia

Defects in the steroidogenic acute regulatory (StAR) protein lead 
to deranged intracellular transport of cholesterol and abnor-
malities of steroid biosynthesis. Affected XY infants have severe 
adrenal failure and the external genitalia are unambiguously fe-
male with no Müllerian structures. The testes may be palpable in 
the labioscrotal folds but are usually undescended. CT or MRI 
imaging of the adrenal glands, as well as histology, may reveal 
lipid accumulation. This condition is commoner in Japan and 
Korea. A  non- classical form of this condition also exists and is 
associated with progressive adrenal insufficiency in early child-
hood but without any overt abnormalities of androgen synthesis. 
Mutational analysis of the StAR gene will provide further confirm-
ation of the diagnosis.

P450 Side chain cleavage Deficiency

Defects in the P450scc enzyme result in a failure of conversion 
of cholesterol to pregnenolone which is the first common step in 
steroid biosynthesis. Affected XY infants have a phenotype which is 
very similar to congenital lipoid adrenal hyperplasia due to defect of 
StAR protein. Mutational analysis of the P450scc gene (also called 
CYP11A1) will provide further confirmation of the diagnosis.

3β- Hydroxysteroid Dehydrogenase (3β- HSD)   
Type 2 Deficiency

Defects in 3β- HSD Type 2 results in a failure to convert Δ5- 
steroids to Δ4- steroids. The genitalia in the affected XY infant may 
range from isolated hypospadias or micropenis to more severe 
undermasculinization but not completely normal female external 
genitalia. There are no Müllerian ducts. Besides a poor androgen 
response to hCG stimulation, affected infants will have adrenal de-
ficiency which may not necessarily include salt wasting. A  urine 
steroid profile that shows high concentrations of Δ5- steroids (e.g. 
17OH- pregnenolone, pregnenolone, dehydroepiandrosterone) and 
low concentrations of Δ4- steroids (e.g. progesterone and cortisol) is 
helpful. However, there is a need for careful analysis and interpret-
ation of the steroid profile as extra- adrenal/ gonadal 3β- HSD type 
1 may raise the levels of some Δ4- steroids such as androstenedione 
and 17OH- progesterone. In addition, raised 17- OHP can lead to an 
erroneous diagnosis of 21 hydroxylase deficiency. Mutational ana-
lysis of the 3β- HSD Type 2 gene (also called HSD3B2) will provide 
confirmation of the diagnosis.

17α- Hydroxylase/ 17,20- Lyase Deficiency

Defects of the P450c17 enzyme can lead to a variable extent of a com-
bined deficiency of 17α- Hydroxylase and 17,20- Lyase activity. In the 
affected XY infant, this will be associated with a variable degree of 
undermasculinization ranging from mild abnormalities of the geni-
talia to unambiguously female external genitalia. These account 
for around 1% of cases of 46,XY DSD. Besides a poor androgen re-
sponse to hCG stimulation, affected infants will have a poor cortisol 
response to adrenal stimulation but may not display adrenal insuf-
ficiency as they have highly raised deoxycorticosterone levels which 
may lead to a state of low renin hypertension and hypokalaemic al-
kalosis in the older child. Mutational analysis of the P450c17 gene 
(also called CYP17) will provide confirmation of the diagnosis.

P450 oxidoreductase Deficiency

The P450 oxidoreductase enzyme is necessary for electron transfer 
from NADP to many P450 enzymes and its deficiency can affect the 
activity of a number of P450 enzymes. Infants with XY DSD and an 
abnormality of this enzyme tend to present with a clinical picture 
consistent with combined deficiency of 21α- hydroxylase deficiency 
and 17,20- lyase deficiency. The genitalia in the affected XY infant 
may range from isolated hypospadias or micropenis to more severe 
undermasculinization but not completely normal female external 
genitalia. There are no Müllerian ducts. Besides a poor testosterone re-
sponse to hCG stimulation, affected infants will have adrenal deficiency 
which is usually restricted to glucocorticoid deficiency. The deficiency 
of this enzyme may be associated with a condition called Antley– 
Bixler syndrome which is a skeletal dysplasia classically characterized 
by radiohumeral stenosis and craniosynostosis. This syndrome is not 
universally associated with abnormalities of the P450 oxidoreductase 
enzyme. Mutational analysis of the P450 oxidoreductase gene (also 
called POR) may provide confirmation of the diagnosis.

17β- Hydroxysteroid Dehydrogenase (17β- HSD)   
Type 3 Deficiency

17β- HSD has 6 isoenzymes which convert androstenedione, DHEA 
and estrone to testosterone. Deficiency of 17β- HSD Type 3 is 
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associated with XY DSD and affected infants often present with fe-
male external genitalia or sometimes ambiguous genitalia. However, 
these children can undergo spontaneous virilization during puberty 
with a rise in testosterone levels, possibly due to increased activity of 
the other isoenzymes. Thus, early accurate diagnosis of this condi-
tion is important as the affected infant may need sex reassignment if 
initially raised as a girl (see section, ‘Sex Assignment in the Affected 
Newborn’). These infants shall have a poor testosterone response 
to hCG but may have a relatively high level of serum androstene-
dione such that the testosterone:androstenedione ratio may be less 
than 0.8. However, this is not an invariable finding in this condition; 
furthermore, a low ratio may also be found in poorly functioning 
testes. Mutational analysis of the 17β- HSD type 3 gene (also called 
HSD17B3) will provide confirmation of the diagnosis.

Steroid 5α- Reductase (5α- RD) Type 2 Deficiency

5α- RD exists as two isoenzymes. Type 1 is expressed in skin and 
type 2 in the genitalia. In XY DSD infants may present with a vari-
able phenotype ranging from micropenis or hypospadias to female 
external genitalia. This phenotype is due to reduced activity of 5α- 
RD type 2 and a failure to convert testosterone to dihydrotestos-
terone. The classical biochemical profile includes a high testoster
one:dihydrotestosterone ratio following hCG stimulation (normal 
ratio is <25:1) although many affected cases have a lower ratio. 
An additional diagnostic feature is a urinary steroid profile which 
shows a decreased ratio for 5α:5α- reduced C21 and C19 steroids. It 
may not be possible to detect this abnormality in the urine until 
late infancy. Like 17β- HSD type 3 deficiency, these children can 
undergo spontaneous virilization during puberty with a rise in 
testosterone levels, possibly due to increased activity of the Type 
1 isoenzymes. Thus, early accurate diagnosis of this condition is 
important as the affected infant may need sex reassignment if ini-
tially raised as a girl (see section, ‘Sex Assignment in the Affected 
Newborn’).

Disorders of Androgen Action

In XY DSD, a disorder of the androgen receptor leads to a pheno-
type that can range from a man with infertility through to a range 
of abnormalities of the genitalia in the newborn boy (partial an-
drogen insensitivity syndrome, PAIS) to completely female ex-
ternal genitalia (Complete Androgen Insensitivity Syndrome, 
CAIS). The exact prevalence of PAIS and CAIS are unknown and 
estimates vary widely. Older estimates give prevalence rates of 
CAIS in 46,XY individuals of approximately 1:20 000 to 1:64 000. 
Children with AIS should have normal testosterone and dihydro-
testosterone response to hCG stimulation and should have a 
normal urinary steroid profile. However, a number of children 
with a confirmed genetic diagnosis of AIS may have a poor re-
sponse to hCG stimulation, and this may be related to associated 
abnormalities of the testes or the test itself. The AMH level should 
be normal; sometimes it has been shown to be somewhat high for 
age- matched standards. Similarly, LH levels may be high espe-
cially following LHRH stimulation. There are no Müllerian ducts. 
In the older infant, fixed treatment with testosterone may not be 
accompanied by changes in testosterone responsive effects, such 
as a fall in SHBG or change in the size of the phallus. Mutational 

analysis of the androgen receptor gene (also called AR) will pro-
vide confirmation of the diagnosis. Androgen binding studies may 
be helpful in directing mutational analysis, particularly in cases 
of PAIS. As the condition is inherited in an X- linked pattern, a 
consistent family history is very helpful. Furthermore, exploration 
of X- linked markers in affected and non- affected family members 
can indicate the likelihood of the condition. A number of cases of 
XY DSD are incorrectly labelled as ‘PAIS’ when no firm biochem-
ical or genetic abnormalities are identified in gonadal function, 
androgen synthesis or androgen action. Strictly speaking, the term 
PAIS should be reserved for those children who have XY DSD and 
a genetic abnormality of the AR gene. The children without a gen-
etic abnormality may be better described as ‘XY DSD with a non- 
specific disorder of under- masculinization’.

Persistent Müllerian Duct Syndrome (PMDS)

AMH is secreted by the Sertoli cells from around 7 weeks gesta-
tion and subsequently acts through the AMH Type 2 receptor to 
lead to regression of the Müllerian ducts. PMDS is a rare condition 
occurring due to a variant of the AMH gene or its receptor. In XY 
infants with PMDS, boys are born with male external genitalia but 
have persistence of internal Müllerian structures. The diagnosis is 
usually suspected when a child has a repair of an inguinal hernia, 
orchidopexy, or coincidental intrabdominal surgery. There are two 
anatomic forms. In the commoner type, there is one inguinal hernia 
which contains the ipsilateral testis and the ipsilateral fallopian tube 
and the uterus. In some of these herniae, the contralateral testis 
may also be present. In the less- commoner form, all the structures 
including the testes are present in the pelvis. Affected children have 
a normal testosterone response to hCG but fertility and, sometimes 
Leydig cell function may be compromised in adulthood due to un-
successful attempts at orchidopexy and anatomical abnormalities 
of the epididymis and the vas deferens. Surgical opinion about the 
timing of salpingectomy and hysterectomy vary.

Disorders of Testes Maintenance

A number of different terminologies (bilateral vanishing testes, 
embryonic testicular regression, rudimentary testes, congenital 
anorchia) are used to describe a group of conditions which are 
characterized in infants with a XY karyotype and absent or rudi-
mentary testes. The syndrome entails the presence of testes which 
vanish during embryogenesis. The aetiology of this syndrome 
is unclear:  regression of the testes in utero may be due to a gen-
etic variant, a teratogen factor, or a bilateral torsion. Clinically, the 
syndrome encompasses a spectrum of phenotypes, ranging in se-
verity from genital ambiguity to a male phenotype with an empty 
scrotum. The management of patients with a defect of testes main-
tenance is dictated by their position in the clinical spectrum of the 
disorder. Patients with rudimentary testes have a male phenotype 
with micropenis, small atrophic testis with pre- Sertoli and Leydig 
cells. Some patients present with perineal hypospadias and per-
sistent Müllerian derivatives. Congenital anorchia is characterized 
by the complete absence of testicular tissue at birth, but normal 
male sexual differentiation without Müllerian derivatives.
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Gender and Its Development

Unlike the sex categories, male and female, gender has several 
aspects:  gender assignment, gender role, gender identity, gender 
attribution, and sexuality. In most societies, gender assignment 
occurs at birth, long before we have a say in the matter, marking 
the beginning of the process of gender socialization. The process 
of gender socialization also includes society’s expectations of how 
males or females should behave, as expressed in their gender role 
behaviour. Gender identity is distinct from gender role behav-
iour and refers to the individual’s perception of one’s own gender 
and how it conforms to the male or female gender role in society. 
Gender attribution is what we all do when we meet someone and 
want to decide whether they are a man or a woman. This is often 
based on obtaining a number of cues which are symbolic mani-
festations of gender and that have traditionally included clothing, 
mannerisms, physical appearance, gait, and occupational choice. 
Finally, sexuality refers to erotic desires, sexual practices, or sexual 
orientation. In some cultures, individuals are often socially identi-
fied as homosexuals or heterosexuals as if a person’s sexual orien-
tation encapsulates the total personality and identity. For most 
people, their gender identity, gender role, and the symbolic gender 
manifestations are congruent and, in addition, they will be sexually 
attracted to the opposite sex. However, it is also possible that a man 
may have gender manifestations that do not completely converge 
with his male gender identity and remains sexually attracted to a 
member of the opposite sex; of course, a number of other permu-
tations may also exist. Some aspects of gender, such as role, assign-
ment, the symbolic manifestations, as well as the different types of 
sexuality, may differ markedly from one society to another and con-
tinue to evolve within respective societies. In some cultures, the dis-
tinction is becoming less absolute and it may be better to consider 
these aspects as a continuum, with female characteristics at one ex-
treme and male ones at the other. The development of gender iden-
tity is the result of a complex interaction between genetic, prenatal, 
and postnatal endocrine influences and postnatal psychosocial and 
environmental experiences. Gender development consists of gender 
identity formation such as gender knowledge, self- perception, pref-
erences (toy, playmate), and gender role behaviours [38]. By the end 
of the first year of life, infants may already be able to discriminate 
between the sexes, and some may be able to display sex related toy 
preferences. By 2– 3 years of age children are able to correctly label 
themselves and others according to gender. By the age of 3 years, 
preference for one sex role has emerged with the child having a 
clear sense of whether he/ she is a boy or girl. Children fix on cues 
such as clothing and hair in gender labelling exercises; even when 
genital cues are available they are used far less to make categoriza-
tion decisions than these other cues, at least until the age of 8 years 
or so, possibly reflecting insufficient biological understanding of 
gender differences. By the age of 5 years, children learn that gender 
remains stable over time, becoming preoccupied with categorical 
differences between males and females. However, it is not until 
children have mastered the concept that gender remains constant 
(despite superficial changes in appearance), at the age of between 
5 and 7, that many argue is when a gender identity has been fully 
attained. Theorists have suggested that once ‘gender constancy’ has 
been mastered, this becomes a motivator to shaping sex appropriate 
gender behaviour [38].

Sex Assignment in the Affected Newborn

Initial gender uncertainty is unsettling and stressful for families as well 
as the health professionals. Given that gender development is a rela-
tively long- term process, clinical professionals involved in manage-
ment need to be clear of the distinction between sex assignment and 
gender assignment; the latter cannot be achieved by the clinical team 
and should be considered intrinsic to the child’s own development. 
However, expediting a thorough assessment and reaching a decision 
on sex assignment is required. Factors that influence sex assignment 
include the diagnosis, genital appearance, surgical options, need for 
lifelong replacement therapy, the potential for fertility, views of the 
family and sometimes, circumstances relating to cultural practices. 
More than 90% of 46,XX CAH patients and all 46,XY CAIS assigned 
female in infancy identify as females. Evidence supports the current 
recommendation to raise markedly virilized 46,XX infants with CAH 
as female. In the late presenting virilized 46,XX child who has been 
raised as a boy, there are cases where gender reassignment has not 
been undertaken and there is a need for long- term outcome studies in 
these cases as well as those where gender reassignment has occurred 
[39]. Approximately, 60% of 5α- reductase (5αRD2) deficient patients 
assigned female in infancy and virilizing at puberty (and all assigned 
male) live as males. In 5αRD2 and possibly 17β- hydroxysteroid de-
hydrogenase (17βHSD3) deficiencies, where the diagnosis is made in 
infancy, the combination of a male gender identity in the majority and 
the potential for fertility (documented in 5αRD2, but unknown in 
17βHSD3) should be discussed when providing evidence for gender 
assignment. Among patients with PAIS, androgen biosynthetic de-
fects, and incomplete gonadal dysgenesis, there is dissatisfaction with 
the sex of rearing in about 25% of individuals whether raised male 
or female; recent data have shown a trend towards these affected 
infants being raised as boys [40]. The decision on sex of rearing in 
ovotesticular DSD should consider the potential for fertility based on 
gonadal differentiation and genital development, and assuming the 
genitalia are, or can be made, consistent with the chosen sex. In the 
case of mixed gonadal dysgenesis (MGD), factors to consider include 
prenatal androgen exposure, testicular function at and after puberty, 
phallic development, and gonadal location. Individuals with cloacal 
exstrophy reared female show variability in gender identity outcome, 
but more than 65% appear to live as women.

Surgical Management

The surgeon has a responsibility to outline the surgical sequence and 
subsequent consequences from infancy to adulthood. Only surgeons 
with expertise in the care of children and specific training in the 
surgery of DSD should perform these procedures. Parents now ap-
pear to be less inclined to choose surgery. As orgasmic function and 
erectile sensation may be disturbed by clitoral surgery, the surgical 
procedure should be anatomically based to preserve erectile func-
tion and the innervation of the clitoris. Emphasis should be placed 
more on functional outcome, rather than a strictly cosmetic appear-
ance. It is generally felt that surgery that is performed for cosmetic 
reasons in the first year of life relieves parental distress and improves 
attachment between the child and the parents. However, systematic 
evidence for this belief is lacking. It is anticipated that surgical re-
construction in infancy will need to be refined at the time of puberty. 
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Vaginal dilatation should not be undertaken before puberty. The sur-
geon must be familiar with a number of operative techniques in order 
to reconstruct the spectrum of urogenital sinus disorders. An absent 
or inadequate vagina (with rare exceptions) requires a vaginoplasty 
in adolescence when the patient is psychologically motivated and a 
full partner in the procedure. In the case of a DSD associated with 
hypospadias, standard techniques for surgical repair include chordee 
correction, urethral reconstruction, and the judicious use of testos-
terone supplementation. The magnitude and complexity of phallo-
plasty in adulthood should be taken into account during the initial 
counselling period. It should also be explained to parents that sexual 
contentment is not simply dependent on penetrative sex. Parents 
must not be given unrealistic expectations about penile reconstruc-
tion, including the use of tissue engineering. The testes in patients 
with CAIS and those with PAIS, raised female, need to be removed to 
prevent malignancy in adulthood, but this can be deferred until ado-
lescence which allows spontaneous feminization and an opportunity 
for the patient to have a say in the timing of removal. The streak 
gonad in a patient with MGD raised male should be removed in early 
childhood. Bilateral gonadectomy is performed in early childhood 
in females (bilateral streak gonads) with gonadal dysgenesis and Y 
chromosome material. In patients with androgen biosynthetic de-
fects raised female, gonadectomy should be performed before pu-
berty. A scrotal testis in patients with gonadal dysgenesis remains at 
risk for malignancy and there is little consensus on screening besides 
regular palpation in adolescence and adulthood.

Psychosocial Management

Psychosocial care should be an integral part of management in order 
to promote positive adaptation and allow parents to express and re-
solve their concerns. The early concerns of parents may be less to do 
with the long- term implications of the condition and more to do with 
coping and adjustment during infancy (Table 7.2.2.2). Experienced 
healthcare staff including the mental healthcare services who work 
as part of a clinical network with access to others with more spe-
cialist knowledge and experience may be particularly valuable in 
providing generic psychosocial support. A  common issue seems 
to be related to how the condition should be explained to friends 
and relatives [8] . This expertise can facilitate team decisions about 
gender assignment/ reassignment, timing of surgery and sex hor-
mone replacement. Psychosocial screening tools that identify fam-
ilies at risk for maladaptive coping with a child’s medical condition 
should be considered [41]. Once the child is sufficiently developed 
for a psychological assessment of gender identity, such an evaluation 
must be included in discussions about gender reassignment. Gender 
identity development begins before the age of 3 years, but the earliest 
age at which it can be reliably assessed remains unclear. The gen-
eralization that the age of 18 months is the upper limit of imposed 
gender reassignment should be treated with caution and viewed 
conservatively. Atypical gender role behaviour is more common in 
children with DSD than in the general population, but should not 
be taken as an indicator for gender reassignment. It is important 
to emphasize the distinction between sex- typical behaviour, sexual 
orientation, and gender identity. Thus homosexual orientation (rela-
tive to sex of rearing) or strong cross- sex interest in an individual 
with DSD is not an indication of incorrect gender assignment. In the 
longer- term, most current studies suggest that affected individuals 

lead productive lives, but a small proportion may have functional 
problems and may also suffer from gender identity disorders [42]. 
Parents do need to be aware of these issues. It should be explained 
that the process of disclosure concerning facts about karyotype, 
gonadal status, and prospects for future fertility is a collaborative 
ongoing action which requires a flexible individual- based approach.
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Definition of Pubertal Maturation

Puberty (Latin pubertas, of ripe age, adult) is ‘the condition of being 
or the period of becoming first capable of reproducing sexually 
that is brought on by the production of sex hormones and the ma-
turing of the reproductive organs (such as the testes and ovaries), 
development of secondary sex characteristics (such as male facial 
hair growth and female breast development), and in humans and 
the higher primates by the first occurrence of menstruation in the 
female’ [1] .

We shall use pubertal maturation, a process, to define the phys-
ical and hormonal changes as the child becomes an adolescent and 
then an emerging adult. The psychological/ behavioural changes as-
sociated with pubertal development will not be further discussed in 
this chapter.

Pre- pubertally the hypothalamic- pituitary- gonadal (HPG) axis is 
active during the second trimester of gestation but relatively qui-
escent following mini- puberty in the first few months of life and 
preceding pubertal maturation. The outward signs differ in boys 
and girls. One evaluates pubic hair (both sexes), breast matur-
ation (females), and penile and testicular maturation (boys). These 
are noted in detail in Table 7.3.1.1 and shown in Figure 7.3.1.1. 
Individuals vary in the level of maturity attained at a given point in 

time (maturity status at a given age), in timing (when maturational 
events occur) and in tempo (rate of maturation) [2] . Thus, in indi-
viduals of the same sex and chronological age, wide variations of 
biological age occur as indicated by physical examination and bone 
age determination. Not only is there variability in the age of attain-
ment of one or another stage, but there may be significant variability 
between the stages for breast and pubic hair or genital development 
and pubic hair within any individual (Tables 7.3.1.2 and 7.3.1.3) 

7.3 

Pubertal Disorders

Table 7.3.1.1 Pubertal maturation in males and females

Stage Physical characteristics

Pubic hair in males and females

1 Prepubertal

2 Sparse growth of long, slightly pigmented hairs at the base of the 
penis (males) or mons veneris/ labia majora (females)

3 Further darkening and coarsening of hair, with spread over the 
symphysis pubis

4 Hair is adult in character, but not in distribution, has not spread 
to the lower abdomen (males) or to the medial surface of the 
thighs (males and females)

5 Hair is adult in distribution, with extension to the lower 
abdomen (males) and/ or the medial surface of the thighs (males 
and females)

Breast development in females

1 Prepubertal

2 Breast budding, widening of the areola with elevation of both 
breast and nipple as a small mound

3 Continued enlargement of both breast and areola, but without 
separation of their contours

4 Formation f the areola and nipple as a secondary mound 
projecting above the contour of the breast

5 Adult shape with the areola and nipple recessed to the contour 
of the breast

Genital development in males

1 Prepubertal

2 Enlargement of the testes and scrotum, thinning and reddening 
of the scrotal skin, penis remains prepubertal

3 Further growth of testes and scrotum; enlargement of the penis, 
predominately in length

4 Further growth of testes and scrotum with pigmentation of 
the scrotal skin; further enlargement of the penis, especially in 
circumference, and development of the glans

5 Testes, scrotum, and penis are adult in size and shape
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Figure 7.3.1.1 Continued

(a)

(b)
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[2– 4]. Some boys complete the process of moving from G2 to G5 in 
two years and others may take up to 4.5 years. Boys may enter G2 
only 6 months after girls are at stage 2 for breast development, but 
they differ by almost 2 years in age at peak height velocity (PHV), 
a maturational benchmark or biological anchor of pubertal matur-
ation. This translates to girls having PHV often at B2 and boys in the 
latter part of G3 or G4.

Tables 7.3.1.2 and 7.3.1.3 show the variability of entry into a 
stage and progression on to the next stage. However, one of the 
limitations of the data is that they are cross- sectional and it re-
quires a longitudinal study to evaluate the ‘kinetics’ or trajectory 
of an individual. Additionally, there are limitations of the sexual 
maturity rating (SMR) process, especially at the earliest stages 
when palpation is mandatory to distinguish breast budding from 

(c)

Figure 7.3.1.1 Tanner staging of (a) pubic hair, (b) genital development in boys, and (c) breast development in girls.
Panels (a) and (b) are reproduced with permission from Marshall WA and Tanner JM. Variations in the pattern of pubertal changes in boys. Archives of Disease in Childhood, 
45:13– 23, 1970. Panel (c) is reproduced with permission from Marshall WA and Tanner JM. Variations in pattern of pubertal changes in girls. Archives of Disease in Childhood, 
44:291– 303, 1969. Copyright © 1970, BMJ Publishing Group Ltd and the Royal College of Paediatrics and Child Health.
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adipomastia or as the testis changes from a prepubertal volume. 
The prepubertal testis has a volume ≤3 ml, or ≤2.5 cm in longest 
diameter, while at stage 5 the testis is 12– 25 ml or 2.8– 5  cm in 
longest diameter.

The sequence of pubertal progression is predictable and once 
entrained usually goes to completion. However, there is variability 
in the rate of progression just as there is in its onset. Thelarche is 
usually the first sign in more than 90% of girls, followed by sexual 
hair a year or more later. However, pubarche may occur first (and/ 
or simultaneously with breast development) in a small percentage 
of girls [5] .

There are very significant changes in the shape and compos-
ition of the adolescent body as it progresses through male or 

female maturation. These changes include the maturation of body 
tissues such as increases in haemoglobin concentration (much 
later in boys than girls, at SMR 4 or 5); alkaline phosphatase, es-
pecially the bone fraction as an indicator of bone osteoblastic ac-
tivity during rapid bone growth; a small increase in blood pressure 
[2] ; the amount and the distribution of adipose tissue; and both 
bone mass and fat- free lean tissue mass [6]. Significant increases 
in total energy requirement (boys greater than girls) accompany, 
and likely drive, the changes in body composition. Body measure-
ments at any one time do not indicate the state of maturity; how-
ever, longitudinal data that span adolescence may be evaluated for 
specific growth parameters that do indicate maturity status: age of 
onset of the growth spurt and age at PHV [2]. Growth spurts in 
other dimensions also occur but not necessarily in synchrony, as 
may be seen in Table 7.3.1.4 [2, 7]. In both sexes the peak velocity 
in weight, lean mass, and bone mineral content occur after peak 
height velocity. These parameters reach their young adult values 
often in the late second or early third decade, especially for males. 
This pattern has physical performance implications for both sexes, 
as the strength of adolescent boys accelerates markedly compared 
to girls relatively early in pubertal maturation [8, 9] and to a greater 
degree in males. In any event it is more strongly correlated to the 
biological parameter of peak height velocity than to chronologic 
age [8]. The development of muscle strength not only depends on 
the neuroendocrine axes for growth hormone and the gonads, but 
also depend on neural and biomechanical factors. Sex differences 
emerge during puberty, with boys demonstrating accelerated in-
creases in strength, but girls continuing to increase strength at a 
similar rate as in prepuberty, allegedly due to neuromuscular facili-
tation rather than increased muscle bulk [10]. By late puberty boys 
and girls may differ in strength by ~50% [11].

It should be remembered that there are consequences of pu-
bertal body composition changes that remain as risk factors for 
common diseases in the adult, for example, cardiovascular dis-
ease. Some of these, especially increased fat mass, often track into 
adulthood [6] .

Table 7.3.1.2 Percentages of Swiss girls in each stage of breast 
development when they reached each stage of pubic hair 
development (top); and in each stage of pubic hair development 
when they reached each stage of breast development (bottom)

Pubic hair stage Percentage in each breast stage

B1 B2 B3 B4 B5

PH2 49 46 5 0 0

PH3 0 36 51 12 1

PH4 0 4 47 33 16

PH5 0 1 6 34 59

Breast stage Percentage in each pubic hair stage

PH1 PH2 PH3 PH4 PH5

B2 16 67 16 1 0

B3 2 26 50 20 2

B4 0 4 28 43 25

B5 0 0 7 29 64

B, breast; PH, pubic hair.

Table 7.3.1.3 Percentages of Swiss boys in each stage of genital 
development when they reached each stage of pubic hair 
development (top); and in each stage of pubic hair development 
when they reached each stage of genital development (bottom)

Pubic hair stage Percentages in each genital stage

G1 G2 G3 G4 G5

PH2 9 54 33 4 0

PH3 0 9 49 37 5

PH4 0 0 6 64 30

PH5 0 0 0 20 80

Genital stage Percentage in each pubic hair stage

PH1 PH2 PH3 PH4 PH5

G2 63 36 1 0 0

G3 15 50 32 3 0

G4 0 9 42 44 5

G5 0 1 10 34 55

G, genital; PH, pubic hair.

Table 7.3.1.4 Ages at attainment and peak velocities of aspects 
of body composition in boys and girls

Girls Boys

Mean SD Mean SD

Measurement

Ages at peak velocity (yr)

Stature 11.8 0.9 13.4 1.0

Lean mass 12.1 1.0 13.7 0.9

Weight 12.3 1.2 13.8 1.1

Fat mass 12.6 2.0 14.0 1.3

Bone mineral content 12.5 0.9 14.0 1.0

Peak velocities

Stature (cm/ yr) 8.6 1.1 10.4 1.2

Lean mass (kg/ yr) 5.2 1.2 8.8 1.6

Weight (kg/ yr) 8.7 1.4 10.3 1.9

Fat mass (kg/ yr) – 0.4 1.8 – 1.9 2.2

Bone mineral content (g/ yr) 325 67 407 93
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Hormones of Puberty

Regulation of Gonadal Steroid Production

Gonadotropin releasing hormone (GnRH) is secreted from the 
hypothalamus in a pulsatile fashion. A  complex neuroendo-
crine regulatory mechanism involving multiple stimulatory and 
inhibitory inputs contributes to GnRH secretion. GnRH secre-
tion in prepubertal children as measured by LH concentration 
is characterized by low and irregular pulses occurring every 3– 4 
hours, and serum concentrations of LH and FSH are low. As the 
child approaches puberty, both the amplitude and frequency of 
GnRH pulses increase during the night- time hours, with pulse 
frequency approximating once per hour and returning to base-
line by morning (Figure 7.3.1.2). This phenomenon leads to a di-
urnal variation in testosterone secretion in boys and to a lesser 
extent, oestradiol concentrations in girls. As puberty progresses, 
the changes in GnRH pulses extend to the daytime hours, stabil-
izing at a period of every 90– 120 minutes, with corresponding in-
creases in afternoon concentrations of sex steroids [12]. However, 
the diurnal variation in testosterone remains noticeable in adult 
men throughout the lifespan. Changes in GnRH pulse frequency 
alter relative production of FSH and LH, with slower pulsatility 

increasing FSH production. In adult women, pulse frequency 
varies over the menstrual cycle, ranging from every 60– 100 
minutes [13].

An interesting phenomenon is the transient activation of GnRH, 
gonadotropin, and sex steroid secretion that occurs in the first 
few months of life, termed the ‘minipuberty of infancy’. In boys, 
testosterone concentrations fall in the first weeks after birth. By 4 
weeks of age, however, testosterone levels rise and peak in boys at 
7.2 ± 2.3 nmol/ L at about 1– 3 months of age, approximating levels 
seen in early- mid puberty [14]. By 5– 6 months of age, testosterone 
concentrations fall and reach otherwise normal prepubertal ranges 
in the second half of the first year. In girls, oestradiol levels do not 
have an obvious peak but fluctuate over time, decreasing by 6– 
12 months of age [15]. Gonadotropin levels in boys are sufficient 
to cause increases in testicular volume, and testosterone concentra-
tions are high enough to cause penile growth and acne [16]. In girls, 
oestradiol levels during the minipuberty contribute to breast bud 
and uterine growth [17].

As puberty approaches, increases in GnRH pulsatility can be 
measured in both boys and girls as subtle increases in LH levels 
years before the clinical onset of puberty. These increases have been 
detected in serum as well as in urine [18, 19]. As clinically apparent 
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Figure 7.3.1.2 LH and testosterone secretion in a boy in the early stages of pubertal maturation demonstrating increased testosterone 
concentration and LH pulse amplitude and frequency during sleep, with decreases in both amplitude and frequency in the morning.
Reproduced with permission from Boyar RM, Rosenfeld RS, Kapen S, Finkelstein JW, et al. Human puberty. Simultaneous augmented secretion of luteinizing hormone and 
testosterone during sleep. J Clin Invest. 1974 Sep;54(3):609– 18. Copyright © 1974 The American Society for Clinical Investigation.
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changes occur with pubertal maturation, concentrations of sex ster-
oids increase concurrently [20] and eventually reach adult levels.

Gonadal Peptide Hormones

In addition to the sex steroids testosterone and oestradiol, other 
important products of the testes and ovaries are the peptide hor-
mones inhibin and anti- Müllerian hormone (AMH). Both are 
products of the Sertoli cells of the testes and the ovarian granulosa 
cells. Inhibin exists in two major isoforms, inhibin B and inhibin A, 
with inhibin B produced primarily during the follicular phase and 
inhibin A during the luteal phase [21]. Inhibin secretion is stimu-
lated by FSH and functions in both males and females as part of a 
negative feedback loop to suppress pituitary release of FSH. Anti- 
Müllerian hormone plays an important role in the development of 
the male internal genitalia in the early weeks of gestation. In the 
adult ovary, AMH appears to decrease the growth of primordial fol-
licles. Measurement of AMH has clinical utility as a reflection of the 
number of primordial ovarian follicles and possibly in the assess-
ment of polycystic ovary syndrome.

Serum concentrations of AMH and the inhibins change between 
infancy and adulthood. In boys, AMH concentrations are high 
at birth and gradually decline during prepubertal life, with levels 
averaging 90– 100 ng/ ml at age 7– 10 years. At the onset of puberty, 
concentrations fall rapidly to reach levels similar to those seen in 
females. In girls, AMH concentrations are low at birth and remain 
modest in comparison to males. Levels increase slightly around the 
time of puberty, but average 2– 3 ng/ ml in adolescent girls [22]/ 

By contrast, concentrations of inhibin B gradually rise during 
the prepubertal years. Several investigators have studied this re-
lationship of the rise in inhibin B to the clinical manifestations of 
puberty. In a prospective, longitudinal study of a small number 
of boys and girls, Crofton et al. found progressive increases in in-
hibin B from genital Tanner stages 1 through 3 in boys and in-
creases in both inhibin A  and B between breast Tanner stages 
1 and 4 in girls [23]. In a series of much larger cross sectional 
studies of data derived from NHANES III, Lee and colleagues 
[24, 25] found a gradual increase of inhibin B in both boys and 
girls through late childhood and into early adolescence, with the 
majority of prepubertal girls having levels below the limit of de-
tection. On a population basis in girls, inhibin B was modestly 
useful for predicting the onset of puberty as established on clinical 
grounds, with an optimal cut- point on receiver operating char-
acteristic (ROC) analysis of 17.9 pg/ ml, but relatively high false 
positive and negative rates [24, 25]. However, in boys the degree 
of interindividual variation rendered inhibin B alone unhelpful to 
establish the onset of puberty [20].

Growth Hormone/ Insulin- like Growth Factor- 1 (IGF- 1)

A hallmark of puberty is acceleration of height velocity, often called 
the pubertal growth spurt. Growth hormone is released in a pulsa-
tile fashion, with more than 75% of daily release occurring at night. 
The most reliable pulse of growth hormone secretion occurs 45– 
90 minutes after the onset of the first cycle of deep sleep, with a 
variable number of lesser pulses through the night [26]. With the 
onset of puberty and the rise in oestradiol and testosterone con-
centrations, the amount of growth hormone released increases by 
a factor of approximately three. Serum concentrations of IGF- 1 in-
crease by a similar amount [27]. In addition to directly stimulating 

growth hormone secretion, aromatizable androgens potentiate the 
effect of growth hormone on IGF- 1 release. Additionally, growth 
hormone has a direct effect on ovarian granulosa cells to increase 
steroidogenesis, and IGF- 1 acts to increase ovarian FSH receptors 
[28]. With progression of puberty, oestrogen concentrations rise 
in both sexes, ultimately resulting in maturation of the epiphyseal 
growth plates and cessation of linear growth. The higher concentra-
tion and earlier secretion of oestrogens in girls appears to account 
for the earlier occurrence of the pubertal growth spurt and the 
shorter average adult height in girls vs. boys [29].

Regulation of Pubertal Timing

The timing of puberty is a complex trait, with a Gaussian distribu-
tion in the general population. It is a dynamic interaction between 
genes and the environment, with influences including nutritional 
factors, environmental influences, and genetic input. It is estimated 
that between 50% and 80% of the variance of normal pubertal 
timing is explained by genetic factors [30, 31]. Efforts to understand 
the genetics of pubertal timing have led to the discovery of many 
genes that are clearly necessary for pubertal maturation. Many of 
these genes, when mutated, lead to specific syndromes of delayed or 
absent puberty. However, it is not clear that these genes individually 
or as a group explain much of the variability of the onset of normal 
puberty, and despite the identification of these involved genes, our 
understanding of the genetic trigger(s) for the onset of pubertal 
maturation remains incomplete. Genome- wide association studies 
and other high throughput technologies have shown promise in 
elucidating regulatory systems for complex traits. Additionally, 
systems biology approaches have demonstrated multi- layered net-
works of genetic control [32]. These networks comprise lower level 
primary mechanisms of GnRH secretory control and higher levels 
of transcriptional regulation, theorized as a system of network 
‘nodes’ [33]. Primary GnRH secretory control is exerted through 
stimulatory and inhibitory neuronal inputs as well as excitatory 
glial- neuronal interactions. Higher level control networks seem to 
be largely inhibitory and may themselves be controlled in part by 
epigenetic mechanisms. Putative members of higher- level control 
networks include IRF2BPL (EAP1), CADM1 (SynCAM), POU2F2 
(OCT2), and TTF1 [33].

In 2003, the kisspeptin/ GPR54 system was discovered to be a key 
regulatory factor in the initiation of increased GnRH pulsatility at 
the onset of puberty [34]. In the human, kisspeptin is produced in 
neurons in the infundibular nucleus and preoptic area of the hypo-
thalamus and interacts with its receptor, GPR54, on GnRH secreting 
neurons. A  subpopulation of kisspeptin neurons, termed KNDy 
neurons, coexpress neurokinin B and dynorphin, Multiple factors in-
fluence kisspeptin secretion, including neurokinin B and dynorphin, 
which are thought to be stimulatory and inhibitory factors, respect-
ively [35]. Kisspeptin expression increases with the physiologic onset 
of puberty in several mammalian species. In multiple animal species, 
including humans, exogenous administration of kisspeptin increases 
the pulse amplitude of GnRH. Administration of kisspeptin to 
healthy male and female volunteers increases gonadotropin concen-
trations [36, 37]. In humans, inactivating mutations of this system 
have been associated with delays in puberty, while activating muta-
tions lead to precocious puberty [38]. The kisspeptin/ GPR54 system 
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may also be involved in the negative and positive feedback effects of 
sex steroids on GnRH secretion. Despite these lines of evidence, it 
remains unestablished if kisspeptin is the primary trigger of puberty 
or if it acts as an amplifier [35].

GnRH secretion is negatively regulated by makorin ring finger 
protein 3 (MKRN3), a hypothalamic factor that may act directly on 
GnRH secreting neurons or may act via the KNDy neurons [39]. 
Serum concentrations of MKRN3 decrease as normal puberty pro-
gresses in boys and girls [40]. MKRN3 is an imprinted gene on 
chromosome 17q11– q13 that is silenced on the maternal allele. 
Thus, inactivating mutations lead to autosomal dominant preco-
cious puberty, but only when paternally inherited. Methylation de-
fects appear to be uncommon. MKRN3- related precocious puberty 
affects both girls and boys, with a median age at pubertal onset of 6 
and 8.25 years, respectively [41].

Gamma- aminobutyric acid (GABA)- secreting neurons play an 
inhibitory role in puberty and may be involved in the juvenile pause, 
the temporary suppression of the hypothalamic- pituitary- gonadal 
axis that occurs during childhood. Suppression of GABAergic neur-
onal input may lead to the initiation of puberty [42]. Additional 
factors may include increased glutamate stimulation of N- methyl- 
D- aspartate (NMDA) receptors, which are stimulatory to GnRH re-
lease [43], and an decreased negative feedback effect of low levels of 
circulating sex steroids. Investigation of this phenomenon is diffi-
cult due to species specificity [44].

Epigenetics

Multiple lines of evidence suggest that epigenetic changes may play 
roles in the timing of puberty. Major epigenetic mechanisms in-
clude DNA methylation as well as acetylation and methylation of 
histones. In rodent models, all three mechanisms alter the activity 
of kisspeptin neurons and GnRH neurons. Alterations in epigenetic 
markers may occur during pubertal maturation, including increases 
in histone acetylation that increase kisspeptin mRNA transcription 
and methylation changes in promotor region of the GNRH gene in 
rodents and non- human primates [35].

MicroRNAs (miRNAs) provide an additional epigenetic mech-
anism for regulation of gene expression and translation. MicroRNAs 
are approximately 22 nucleotide- long non- coding RNAs that tran-
scriptionally silence target genes by increasing mRNA degrad-
ation. Individual miRNAs may affect dozens of target genes, while 
target genes may each be controlled by several miRNAs, creating 
a diverse network of regulatory control. Evidence for miRNA 
control of pubertal timing comes primarily from studies of mice. 
Several distinct miRNAs either activate or suppress hypothalamic– 
pituitary– gonadal function, both at the level of the hypothalamus 
and by altering gonadal maturation [35]. There is limited evidence 
suggesting a role of miRNAs in human pubertal maturation. GWAS 
demonstrated an association between age at menarche and changes 
at chromosome 6q21 near the LIN28B gene, implicated in pro-
cessing of the let- 7 family of miRNAs, shown in animal studies to 
be a pubertal activator [45].

Environmental Effects

Because development and maintenance of reproductive compe-
tency is an energy- intensive process, it is unsurprising that puberty 
is metabolically gated. In general, factors that result in negative en-
ergy balance delay the onset or progression of pubertal maturation, 

while positive energy balance, such as occurs with obesity, tends to 
accelerate the process.

Studies of the relationship of obesity to the timing of pubertal mat-
uration in girls have demonstrated earlier onset of breast development 
in obese girls. A recent meta- analysis reviewing 11 studies of a total 
of 4841 subjects showed a relative risk of 2.44 for obese girls to have 
early breast development. Interestingly, although some of the ana-
lysed studies showed a relationship between obesity and the age at 
menarche, this did not reach statistical significance in the combined 
meta- analysis [46]. Data in boys were less consistent, and the investi-
gators were unable to demonstrate a relationship between obesity and 
genital development. This was due in part to the low number of male 
subjects in included studies. It is likely that in boys different degrees of 
obesity produce different effects on the timing of pubertal maturation.

A key factor that links body fat stores to reproductive maturation 
is leptin, an adipocyte- derived signalling molecule. Indeed, humans 
carrying mutations in either the gene encoding leptin or its receptor 
demonstrate disruption of puberty, and leptin replacement in defi-
cient individuals helps to restore hypothalamic– pituitary– gonadal 
function [47]. Leptin appears to be a permissive factor for puberty 
in both males and females, in that threshold levels are required for 
pubertal initiation. However, leptin in and of itself is not sufficient. 
The mechanism of action for this permissive effect of leptin is not 
well- understood. Kisspeptin expression is increased by leptin [48], 
but whether this is due to a direct effect on KNDy neurons or is 
driven by intermediary cells is unclear. Such intermediates may in-
clude POMC neurons and GABAergic neurons [35]. Other possible 
links between energy stores and reproductive maturation include 
ghrelin, proposed to have inhibitory effects, and insulin, which may 
act within the CNS as a permissive or stimulatory factor.

In addition to classical endocrine and neuroendocrine systems, 
overfeeding may lead to earlier pubertal maturation by inducing 
epigenetic changes, especially during key points in development, 
such as fetal life, early post- natal life, and puberty. Evidence for 
this comes predominately from animal studies, with limited human 
data [49].

An interesting phenomenon is the higher prevalence of early pu-
berty in girls who have been internationally adopted. Theories for 
why this occurs have included the effects of early nutritional de-
privation with later catch up weight gain, a response to psychologic 
stress, lack of accurate age determination, or as a result of environ-
mental endocrine disrupting chemical exposure [50– 52].

Environmental Endocrine Disruptors

Endocrine disrupting chemicals (EDCs) are broadly defined as nat-
urally occurring or synthetic chemicals that have stimulatory or in-
hibitory effects at hormone- responsive tissues leading to alterations 
in normal developmental or physiologic processes. From a repro-
ductive standpoint, most EDCs have estrogenic or anti- estrogenic 
actions, anti- androgenic actions, or a combination and may have ef-
fects at the level of the brain, gonads, or target tissues. They have been 
linked to alterations in decreased sperm counts, infertility, gonadal 
cancers, and genital malformations. Although a single EDC may have 
minimal measurable effects at environmental concentrations, human 
exposures are typically multiple, and the possibility of additive or syn-
ergistic effects is a concern [35]. Most of our understanding of the 
estrogenic effects of EDCs comes from animal studies, although there 
are both prospectively and retrospectively collected human data.
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Exposure to EDCs has been postulated to contribute to earlier 
age at onset of puberty [53]. Interpretation of human studies is chal-
lenging as a result of variations in the aspects of puberty that were 
assessed and characteristics of the exposures, such as the specific 
EDCs studied, times of exposure, exposure doses, and the effects of 
other EDCs, either those assessed or unknown exposures. In a study 
of 200 adolescents living in a polluted area of Belgium, delays in 
genital development and pubic hair growth in boys were associated 
with serum concentrations of polychlorinated biphenyls (PCBs), 
and delayed breast development in girls occurred when serum di-
oxin concentrations were high [54]. Similarly, Leijs et al. reported 
results from a prospective study that related prenatal and perinatal 
exposure to dioxin- like compounds with delayed onset of breast 
development in girls and a trend to delayed age at first ejaculation 
in boys [55]. Other investigators have been unable to demonstrate 
large effects of similar EDCs [56, 57].

Many of the action of EDCs are thought to occur through their 
direct effects on oestrogen receptors (ER), particularly for high- dose 
exposures. However, in animal studies very low- level exposure has 
been shown to cause abnormal development through alternative 
mechanisms. Bisphenol A (BPA) is a plasticizer found in many bottles, 
cans, and other items that come in contact with food. It is estimated 
that 90% of the US population has detectable BPA concentrations in 
urine [58]. BPA is a selective oestrogen receptor modulator (SERM) 
that acts both at ERα and ERβ. Low dose in utero BPA exposure in 
mice altered expression of DNA methyltransferases in the fetal CNS, 
enzymes involved in epigenetic gene methylation. These alterations 
were associated with changes in methylation of the ERα gene in the 
same brain regions, which led to altered ERα gene expression. Exposed 
female offspring demonstrated disrupted sexually dimorphic behav-
iours, indicating long- lasting effects even at low doses [59].

Secular Trends in Pubertal Maturation

Secular or long- term temporal trends for human puberty, menarche, 
and reproduction have been of interest for centuries. One should 
distinguish the issue of timing— the chronological ages at which 
certain events within the pubertal maturation scheme occur— from 
tempo, which refers to the time taken to pass through the various 
stages of pubertal maturation. In terms of an evolutionary/ develop-
mental model, data from skeletal ages of remains (e.g. limb length) 
suggest that in Palaeolithic women menarche occurred at ages be-
tween 7 and 13  years (slightly younger or comparable to present 
ages), early sexual maturation being an evolutionary trade- off of 
a reduced life expectancy [60]. There was an apparent stabiliza-
tion at age 12– 15 years through the Classical and Medieval times, 
which are not so different from the present era. During the mid- 
nineteenth century Industrial Revolution there was an increase to 
15.5 to 17.4 years [61, 62], with adolescents from the higher socio-
economic strata at the lower end of that age range, perhaps reflecting 
good general health and nutritional status. The increase in the age 
at menarche during the mid- nineteenth century was considered to 
be related to deleterious living conditions in which hygiene deteri-
orated, the population density increased, nutrient availability was 
diminished, and infectious diseases were common.

Investigators have since shown a secular trend toward a decreasing 
age at menarche from the mid- 19th century (~16– 17  years) as 

sanitation and living standards improved and the burden of infec-
tious diseases diminished, especially water and food borne illnesses 
[60]. This general trend occurred at a rate as high as 12 months per 
decade, decreasing to perhaps 3  months per decade in the early 
and mid- twentieth century. Over the last 4– 6 decades, this trend 
has levelled off, except for continuing small decreases in age at me-
narche in some areas of the developing world [60]. A similar trend 
was noted in boys using the timing of voice breaking as the criterion 
for pubertal maturation.

More recently, there has been interest in other indicators of pu-
bertal maturation besides menarche, including indicators for boys. 
Trends have been noted in adult height, with a gain of 1– 3 cm per 
decade as well as in weight, although the latter has been more vari-
able [63]. There is significant heterogeneity in these changes related 
to ethnic, geographical, and socioeconomic factors, including ‘mod-
ernization’ that has included decreases in family size and child/ early 
adolescent labour. Stress and endocrine disrupting chemicals (EDC) 
have also been implicated [64]. It is likely that early nutritional alter-
ations have also played a role. There is a significant influence of birth 
weight as an output variable of environmental factors acting in utero 
[63]. Especially strong is the influence of the rate of weight gain in the 
first 1000 days from conception (developmental origins of health and 
disease, DOHaD, or Barker hypothesis) [63, 65] on the timing and 
tempo of pubertal maturation and subsequent menarche in girls [66]. 
During these first 2 years the child maintains developmental plasti-
city [65] or the ability to modify structure and function in response 
to environmental cues, especially those present in utero [63]. These 
permanent effects are thought to occur by epigenetic mechanisms in 
response to the mismatch of the initial environment (e.g. poor nutri-
tion in utero) to the later environment (e.g. a surfeit of energy avail-
ability). Some girls with lower birth weight and rapid early, post- natal 
weight gain enter puberty early and mature more rapidly than peers 
of normal birth weight, often resulting in short stature as adults [67].

Recent trends show slightly more than a year earlier start of pu-
bertal maturation in girls, but a much smaller decrement in the age 
at menarche, indicating a slower tempo from the start of matur-
ation to its completion [68]. Are there longer- term effects of this 
modern trend? There likely are, with respect to earlier menopause; 
reproductive system neoplasia, breast cancer; and the metabolic 
syndrome linked to the long- term consequences of obesity [64].

Secular changes can occur even over the span of several decades, 
especially within an isolated society that may undergo demographic 
and epidemiological shifts. Demographic shifts include a change 
from relatively low population growth and a small difference be-
tween birth and death rates to a rapid population growth and a di-
vergence of births and deaths. Epidemiologic shifts include a change 
from high infectious disease mortality to an increase in mortality 
from degenerative (non- communicable) diseases in older adults 
[69]. This is precisely what has happened in the Valley of Oaxaca 
in southern Mexico, with a direct correlation between changes 
in maturation and demographic and epidemiological transitions 
within the Zapotec- speaking indigenous population as chronicled 
over 4 decades by Malina and his coworkers [69]. The data show 
changes in body size (height, weight, and BMI all increase) and in 
the age of menarche over the time of observation. The age at me-
narche (15 years) was stable in those born between 1896 and 1954 
before the demographic change. However, there was a decrease of 
~0.51 yr/ decade for those born from 1955 to 1981 (14 years) at the 
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onset of the demographic transition and an accelerated decrement 
of 0.78 yr/ decade for those born between 1983 and 1992, with sub-
sequent menarche at approximately 13 years [69]. This insular and 
very well evaluated and reported population is likely a microcosm 
for the more broad- based populations for which there are data over 
centuries.

An interesting set of data have come from the Fels Longitudinal 
Study [6]  in which two cohorts of females were followed longi-
tudinally. One cohort was born in the years 1929– 1954 and the 
second in 1955– 1982. All had data obtained until at least age 
21 years, and there was an average of 21 serial observations. The 
initial BMI 6 years before menarche was indistinguishable between 
the two cohorts. The final BMI 6  years beyond menarche was 
1.2 kg/ m2 greater in the more recently born women. This difference 
was statistically significant. In fact, the later- born cohort began to 
have greater BMI four years before menarche. Yet at all times the 
heights at each year were indistinguishable between cohorts. This is 
consistent with those in the later cohort having more adipose tissue 
compared to those in the earlier cohort. There were no significant 
differences between the two cohorts (that is, no secular trend) in 
attaining ages at early childhood minimum height velocity (MHV), 
prepubertal MHV, PHV, or age at menarche. From a larger data-
base, Chumlea and colleagues concluded that there is no secular 
trend in the age at menarche in US girls over the past few decades 
[70]. Thus, it seems in the general US population that the secular 
trend in menarche has vanished over the past 4 or more decades; 
however, that does not mean that in isolated populations, as noted 
by Malina et al. [69], rapid changes in socioeconomic variables can 
still support secular changes in pubertal maturation, including age 
at menarche.

Tempo of Pubertal Maturation

Pubertal tempo is a measure of the rate of individual change over 
time. It may refer to passage between individual stages or across 
multiple stages; for example, from the beginning (B2) to the end 
(B5 or menarche). The data of Marshall and Tanner showed that 
traversing genital stage 2 to stage 5 in boys required approximately 
3 years, with a range of 1.86– 4.7 years. In girls the transition from 
B2 to B5 took an average of 4 years, but with a striking range, 1.51 
to nearly 9 years. It should be noted that some girls mature to B4 but 
not B5 and others may ‘skip’ B4 maturation stage [71, 72].

Flor and colleagues noted the synchrony of the magnitude of skel-
etal age maturation and the magnitude of pubertal acceleration or 
delay in their study of boys with sexual precocity due to congenital 
adrenal hyperplasia, familial male- limited precocious puberty, or 
delayed sexual maturation due to constitutional delay of growth 
and puberty [73]. The synchronous maturation was not related to 
weight, height nor BMI. The hypothesis, at least in boys, is that skel-
etal maturation influences the HPG axis maturation.

Quantitative data for girls were presented by Pantsiotou and col-
leagues, who noted differences in first to third quartile maturation 
compared to the slowest fourth quartile for passage through sev-
eral stages of sexual maturation (Table 7.3.1.5) [74]. These data are 
concordant with those of Rosenfield and colleagues, who showed 
that those girls who began pubertal development early had a slower 
course through pubertal maturation to menarche [68].

Activity in sport has been proposed as a modifier of growth and 
pubertal maturation; however, at least in some aesthetic sports, for 
example, artistic gymnastics, distance running, and ice skating, 
body size is apparently a selection criterion [75]. In small subsets of 
male and female adolescents in the Wroclaw, Poland Longitudinal 
Growth Study, Malina and Bielicki found that the heights and 
weights of boys who were active in sport and training followed the 
growth trajectory of early maturing boys [76]. The growth trajec-
tories for girls who were active in sport and training were indistin-
guishable from those of the normal, non- training girls [76].

Distinction of Early Normal Puberty 
from Precocious Puberty

At times, the challenge for the clinician is to determine whether a 
patient’s pubertal changes occur because of normal maturational 
processes that happen at the younger end of the age spectrum or 
because of pathological processes occurring later in childhood. 
Precocious puberty may take numerous forms, as discussed in 
Chapter  7.3.3, and an extensive discussion is beyond the scope 
of this chapter. However, there are a number of considerations 
when trying to distinguish pathologic vs. early normal pubertal 
maturation.

 1. Age at onset. Much has been published about the younger end 
of the normal range of pubertal onset. Traditional teaching has 
been that it is abnormal for signs of puberty to occur before age 
8 years in girls and 9 years in boys. However, the data upon which 
these ages are based were derived from relatively racially and eth-
nically homogenous populations and were obtained before the 
dramatic increase in the prevalence of childhood obesity. More 
recent studies of racially/ ethnically diverse children show that 
puberty may begin earlier in African- American and Mexican- 
American children than in White children and that pubertal 
maturation in general may begin earlier [77]. While the younger 
end of normal is a subject for further debate, the clinician should 
have a high index of suspicion when pubertal changes occur be-
fore these ages.

 2. Pattern of maturation. Physiological puberty usually follows a 
characteristic sequence in which breast development and tes-
ticular enlargement occur in temporal relationship to pubic hair 
and other signs of maturation. Physical changes occurring out 
of sequence or missing elements of maturation (e.g. pubic hair 
without testicular growth) should be viewed with suspicion.

 3. Tempo of maturation. Pubertal changes that progress more rap-
idly than normal may indicate a pathological cause (e.g. adrenal 
tumour).

Table 7.3.1.5 Rates of pubertal maturation in girls. Data presented 
as years (IQR)

Maturation stages Early Average Late

B2 to PHV 1.6 (1.0– 2.2) 1.1 (0.7– 1.7) 0.9 (0.3– 1.1)

PHV to menarche 0.8 (0.6– 1.2) 0.8 (0.4– 1.3) 0.9 (0.5– 1.3)

B2 to menarche 2.3 (2.0– 2.8) 2.1 (1.7– 2.8) 1.6 (1.4– 2.4)

B2, Breast Tanner stage 2; IQR, interquartile range; PHV, peak height velocity.
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 4. Rate of linear growth. There is a predictable relationship of 
the pubertal growth acceleration to the other physical changes 
in boys and girls, with peak height velocity occurring earlier in 
the maturational process in girls than in boys. When signs of 
pubertal maturation are noted without accompanying normal 
growth acceleration, a normal variant such as premature 
adrenarche or premature thelarche may be present.

 5. Skeletal maturation. There is a close relationship between skel-
etal maturation (bone age) and the onset of the pubertal growth 
spurt. Both boys and girls with normal puberty begin the pu-
bertal growth spurt when 85% of adult height is attained [78]. 
When translated into bone age, this corresponds to a bone age 
of 11.0 years for girls and 13.5 years for boys using the methods 
of Bayley and Pinneau and Greulich and Pyle [79]. Thus, an ob-
vious linear growth acceleration at significantly younger bone 
ages should raise concern for abnormal puberty.

 6. Laboratory testing. Endocrine testing may confirm the pres-
ence of pathologic causes of early puberty, such as suppression 
of LH secretion in response to GnRH analogue administration 
in cases of peripheral precocious puberty or high concentrations 
of 17- hydroxyprogesterone in the 21- hydroxylase deficiency 
variant of congenital adrenal hyperplasia. Of note, there is a 
large degree of overlap in gonadotropin concentrations between 
normal prepubertal children and those in the early stages of nor-
mally timed or precocious central puberty, making the measure-
ment of LH and FSH levels an insensitive approach to assessing 
the onset of puberty. Additionally, demonstration of normal pu-
bertal changes in endocrine testing will not by itself distinguish 
central precocious puberty from normal timing.

 7. Imaging. Similar to laboratory testing, imaging of the CNS, ad-
renal glands, or pelvis may identify pathologic causes of puberty. 
Demonstration of ovarian enlargement on pelvic imaging sug-
gests gonadotropin- mediated puberty, but will not distinguish 
central precocious puberty from normal timing.

Distinction of Late Puberty (Physiologic) 
from Pathologic Delay

When evaluating a child with delayed puberty, it is important to 
distinguish those with true pathology, for example, idiopathic 
hypogonadotropic hypogonadism, from those with ‘late blooming’ 
or constitutional delay of growth and puberty (CDGP). The latter is 
characterized by a delay in the timing and potentially the tempo of 
maturation. Height velocity appears slow as affected children con-
tinue to grow at their previous prepubertal rate or slower, compared 
to their peers who are undergoing the pubertal growth spurt. The 
evaluation should include determination of a child’s bone age, which 
appears younger than chronological age [80]. When plotted on the 
growth chart against bone age rather than chronological age, the 
height of a child with CDGP appears normal and more consistent 
with mid- parental target height. A  family history of CDGP is not 
uncommon, and children often reach their genetic potential without 
intervention. Spontaneous puberty occurs by 18 years of age; how-
ever, testosterone therapy has the potential to reduce some of the 
psychosocial distress that frequently accompanies delayed puberty.

Although some studies have shown little effect of CDGP on psy-
chosocial well- being [81], others demonstrate an association with 

poor psychological outcomes. Some of these negative outcomes 
may persist into adolescence and emerging adulthood. The Oakland 
Growth Study, for example, found that late maturing boys were not 
only perceived as less mature and less attractive than peers, but also 
had more feelings of inadequacy, which persisted into emerging 
adulthood [82]. Delayed pubertal timing has also been associated 
with higher rates of depression, anxiety, and substance use in ado-
lescence and young adulthood. Academic achievement may be ad-
versely affected as well [81].

Delayed puberty may also occur in those with permanent hypo-
gonadism, caused by failure to produce sufficient levels of testos-
terone, sperm, or both [83]. The differential diagnosis between 
these two categories, especially the latter, is complex and discussed 
in greater detail in other chapters (7.3.2 and 2.3.1) in this text. 
Clinical and laboratory findings to distinguish those with CDGP 
from those with idiopathic hypogonadotropic hypogonadism are 
noted in Table 7.3.1.6.

Nutritional and other Non- Hormonal causes 
of Delayed Puberty

Worldwide, malnutrition caused by inadequate intake of calories, 
protein, or both is by far the largest factor in poor growth, stunting, 
and delayed puberty. The greatest impact is on infants and tod-
dlers, often with lifelong consequences of stunting and inadequate 
psychological and intellectual development. This may manifest by 
being born small- for- gestational age or as infectious diseases and 
diarrhoea during infancy. Although these factors may continue 
through childhood and manifest as delayed pubertal maturation 
(and development), there is less documentation.

Table 7.3.1.6 Clinical and laboratory findings in IHH and CDGP

Feature IHH CDGP

Hormonal profiling 
during ‘mini- puberty’ at 
4– 8 weeks of life

Lack of appropriate rise 
in LH and testosterone

Elevated LH and 
testosterone levels

Pubertal onset Absent or pubertal 
arrest (less common)

Delayed; spontaneous 
progressive maturation 
by age 18

Puberty pattern Absent or arrested 
gonadarche

Delayed pubarche and 
gonadarche

Growth Prepubertal growth; 
+/ –  eunuchoid 
proportions (delayed 
growth plate fusion)

Normal growth for bone 
age

Family history of delayed 
puberty

+/ – +/ – 

Sense of smell +/ –  Anosmia (30– 50%) Normal

Testicular size Small testes (1– 2 
ml); +/ –  history of 
cryptorchidism

Normal for bone age

Stretched penile length +/ –  micropenis Normal for bone age

Possible associations Bilateral synkinesia 
(mirror movements), 
dental agenesis, renal 
anomalies, hearing 
impairment, midline 
defects (cleft lip/ palate)

None
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In this section, we will highlight some acquired causes of de-
layed growth and maturation that are seemingly ‘primary’ as op-
posed to those resulting from chronic diseases and their treatments. 
Adolescent eating disorders include anorexia nervosa, an extreme 
dissatisfaction with one’s body (size or shape or even certain parts). 
This dissatisfaction may lead to pathologic phobias and food aver-
sion [84]. Bulimia nervosa reflects a fear of fatness and attempts to 
lose weight by fasting and binge eating but then purging to avoid 
weight gain. Patient with bulimia nervosa are usually not as under-
weight as those with anorexia nervosa. Both disorders are more 
commonly seen in adolescent girls.

Similarly, there is a large group of adolescents, mainly female, 
with perhaps a ‘sub- clinical’ form of anorexia nervosa, designated as 
‘fear of obesity’. These adolescents practice many of the same dietary 
strategies to remain thin, often with goals of a fraction of their ideal 
weight [85]. Slowing of growth and maturation is one consequence 
of this eating behaviour, which may occur in over 50% of 12th grade 
girls, especially in affluent areas [86].

‘Excessive’ Energy Expenditure

Energy availability and growth and pubertal maturation may be better 
understood through a dissection of the mechanism of relative en-
ergy deficiency in sport, formerly known as the female athlete triad, 
as this concept also affects males [87]. The triad originally referred 
to the relationship between three inter- related components:  energy 
availability (EA), menstrual function, and bone health [88]. There 
is often a trajectory over time:  healthy athlete to the opposite end 
of the spectrum— low EA, amenorrhea, and osteoporosis [87]. The 
broadened definition now includes a clinical syndrome that results 
from relative energy deficiency including alterations in metabolic 
rate, protein synthesis, menstrual function, bone health, immunity, 
and cardiovascular and psychological health [87]. The more direct 
connection to puberty was shown in two elegant reports by Loucks 
who noted alterations in LH pulsatility within 5 days of decreasing 
the daily energy balance from 45 kcal/ kg lean body mass (LBM)/ day 
to 30, 20, and 15 kcal/ kg LBM/ day. Although no significant slowing 
of the GnRH pulse generator occurred at 30 kcal/ kg LBM/ day, sig-
nificant slowing— as defined by number of LH pulses— was noted 
at 20 kcal/ kg/ LBM/ day, with further slowing at 10 kcal/ kg LBM/ day 
[89]. That this was relevant to the hypothalamic– pituitary– gonadal 
axis at puberty was shown by Loucks, noting that susceptibility to the 
effects of the energy deficit was attenuated as adolescent women ‘aged’, 
and was gone by 14 years post- menarche [90]. These data fit well with 
the known ‘physiologic’ disorders of menstrual cycles within the first 
2 years following menarche. The data may be interpreted as an ex-
quisite sensitivity to nutritional or psychologic stressors.

A similar mechanism may be operative in the male, as states 
of chronic undernutrition can cause profound suppression of re-
productive function, including diminished pulsatile LH secretion. 
Using the male rhesus monkey as an example, Cameron and col-
leagues showed that a brief period of fasting suppressed LH se-
cretion, commencing a few hours after a missed meal. This was 
considered to be due to an energy deficit and not non- specific 
‘stress’, since naloxone, an opioid antagonist, did not reverse the al-
teration to the central gonadal axis [91].

An example in the human is that short stature of youth artistic 
gymnasts has been attributed to the effects of intensive training, es-
pecially from an early age. The data from a conference devoted to 

this issue are noted by Malina et al. [75], and may be summarized 
as follows:

 1. Near adult or adult height of female and male artistic gymnasts is 
not compromised by intensive training at a young age or during 
the pubertal growth spurt

 2. Gymnastics training does not attenuate growth of the upper (sit-
ting height) or lower (legs) body segment lengths.

 3. Gymnastics training does not appear to attenuate pubertal 
growth and maturation, including skeletal age, secondary sex 
characteristics, age at menarche, rate of growth, and timing and 
tempo of the growth spurt.

 4. Present data are insufficient to address the issue of intensive 
gymnastics training and alterations within multiple endocrine 
systems

 5. Though shorter and lighter than their average peers, gymnasts 
have an appropriate weight for height, making it less likely that 
malnutrition is an important factor.

 6. Given the individuality of physical growth and biological mat-
uration and the variety of factors known to influence these pro-
cesses, it is difficult to specify effects attributable to systematic 
training in artistic gymnasts.

 7. Artistic gymnasts show patterns of growth characteristics com-
parable to short, late- maturing youth with short parents.

 8. Other variables that may affect growth and maturation should 
be considered and include: dietary intake, family size and related 
characteristics, and quantitative indicators of training time, in-
tensity, and environment (e.g. ‘toxic’ stress).

Although these data were gathered and debated specifically for art-
istic gymnastics, their reach goes far beyond this very select group 
of adolescents; for the effects of some of the factors listed here, espe-
cially #8, may have profound effects on far larger groups of adoles-
cents from many backgrounds.

Stress

In day- to- day activities the stress response is meant to be transient. 
Its accompanying anti- growth, anti- reproductive, catabolic, and 
immunosuppressive effects are temporarily beneficial and/ or of no 
adverse consequences to the individual [92]. On the other hand, 
chronic activation of this system may affect growth, maturation, 
and reproduction due to its effects on the hypothalamic– pituitary– 
adrenal (HPA) axis. In the realm of growth and maturation, pro-
longed activation of the HPA axis may lead to:

 • Suppression of GH secretion
 • Glucocorticoid- induced effects on IGF- I action
 • CRH- induced increases in somatostatin, indirectly inhibiting GH 

secretion [92]
 • Inhibition of gonadotropin secretion

These hormonal effects are manifest in the clinical realm as the syn-
drome of psychosocial short stature, a term that was originally used to 
describe severely compromised height in children or adolescents due 
to emotional deprivation and/ or physical/ psychological abuse [93]. 
The original description included a syndrome simulating idiopathic 
hypopituitarism, with apparent GH deficiency or secondary adrenal 
failure. What was of great surprise was that removal from the inciting 
environment led very quickly to reversal of the signs and symptoms. 
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Within a month of convalescent ‘therapy’ away from the initial envir-
onment, a number of the children grew at an accelerated rate and had 
reversal of their abnormal pituitary stimulation tests [94, 95].

The syndrome is seemingly far less common in the adolescent, but 
one of us (ADR) followed such a patient through late adolescence 
and into young adulthood [96]. Growth failure and delayed sexual 
maturation developed in an adolescent male after severe emotional 
trauma at age 12 years. He had an eating disorder, was profoundly 
malnourished for several months, and then resumed eating spon-
taneously. When evaluated at age 17  years 8  months, he was en-
tirely prepubertal, tested multiple times as GH deficient, and had 
low gonadotropin levels. The hormonal deficits persisted for many 
years despite good nutrition and lack of abuse, a course inconsistent 
with psychosocial short stature or effects of malnutrition per se. In 
his third decade the patient spontaneously grew to a normal adult 
stature compatible with his mid- parental target height and had full 
maturation of primary and secondary sexual characteristics. The 
conclusion was that psychologic trauma induced a deranged hor-
monal state that persisted for almost a decade [96].

Disorders (Differences) of Sex Development (DSD)

Most individuals with DSDs present at birth or during infancy. 
However, some of the milder DSDs, especially those that change 
at adolescence, present with differences in the development or pro-
gression of pubertal maturation. Chapter  7.2.2 (‘Disorders of Sex 
Development (DSD) in the Newborn’) presents the subject in depth. 
In summary, the following groups of adolescents may present with 
a suspected DSD:

 1. Girls with primary amenorrhea, with or without breast 
development

 2. Girls who virilize at puberty
 3. Boys with pubertal delay (very small percentage of the far more 

prevalent group with CDGP)

Summary and conclusions

Puberty is the time for major changes in sexual maturation and psy-
chosocial development. We emphasize the physical changes and 
their hormonal and regulatory concomitants as the immature, pre-
pubertal boy and girl traverse multiple adolescent stages to become 
emerging adults at nearly full adult height and sexual maturation. 
Fully developed body composition usually does not occur until 
the third decade. Genetic and environmental factors, including the 
social environment, nutrition, and endocrine disrupting chemicals, 
are noted as modifiers or modulators of these physiologic processes, 
with emphasis on the timing, tempo, and longer- term secular trends. 
We finish with describing some common variants of pubertal mat-
uration, which are more fully described in Chapters 7.3.2 and 7.3.3.
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Introduction

Puberty may be defined as the physiologic process resulting in the 
attainment of sexual maturity and reproductive capacity. An as-
sessment of puberty is an integral component of the evaluation 
and treatment of endocrine disorders in children and adolescents. 
Not only does it impact sexual maturation, but it has other effects 
with lifelong consequences, including linear growth, changes in 
body composition, and skeletal mineralization. Patients with dis-
orders of puberty, including precocious and delayed puberty, make 
up a large percentage of the children and adolescents who consult 
paediatric endocrinologists. An understanding of delayed or ab-
sent puberty requires a foundation in the normal processes regu-
lating the onset of puberty and factors essential for its progression 
and completion. In this chapter, we will first review normal growth 
and puberty, particularly with regard to their interdependence. We 
shall then discuss the differential diagnosis of delayed or absent 
puberty and present diagnostic algorithms for hypergonadotropic 
and hypogonadotropic hypogonadism, emphasizing some gender- 
specific aspects.

Physical changes of Puberty

Concurrent with the secretion of sex steroids during puberty, 
major physical changes, physiologic adaptations, and social and 
emotional challenges occur. The measurement and assessment of 
these changes are critical for determining when pubertal matur-
ation is progressing normally or not and to monitor the efficacy of 
treatment.

Puberty in Boys

In boys, the earliest physical change associated with puberty is tes-
ticular enlargement, although a subset of boys has pubic hair growth 
due to adrenal androgens prior to testicular enlargement. Testicular 
size is commonly assessed by using a series of calibrated, testis- 
shaped ellipsoids (beads) called the Prader orchidometer. If this is  
not available, the long axis of the testis can be measured using simple 

callipers or an ordinary tape measure. Prepubertal testes are <4 ml in 
volume and less than or equal to 2.5 cm in length. As puberty ensues, 
the testes gradually enlarge, mainly due to increases in volume of the 
seminiferous tubule content, and eventually reach the adult volume 
of 15– 25 ml or length of 4– 5  cm. Physical changes accompanying 
testicular enlargement include thinning of the scrotal skin, apocrine 
sweating and odour, and the growth of sexual hair. Additional changes 
present in boys include an increase in muscular size and strength and 
body hair growth in a typical adult male pattern. Deepening of the 
voice occurs during the second half of pubertal maturation.

Genital development in boys is often assessed using the method 
of Tanner. Two rating scales are used in males: one for pubic hair 
growth and another for enlargement of the testes, penis, and 
scrotum. Tanner stages for boys are reviewed in Table  7.3.1.1 in 
Chapter  7.3.1. Briefly, pubic hair growth starts as fine, straight, 
lightly pigmented hairs generally located on the pubic symphysis 
at the base of the penis. As puberty progresses, the hair becomes 
coarser and curly, with darker pigmentation. At Tanner stage 5, 
the growth extends down the medial thighs and up the lower ab-
domen. Genital Tanner stages are somewhat more subjective. The 
earliest stage of puberty consists of testicular enlargement only, fol-
lowed by gradual enlargement of the penis, first in length and then 
in circumference, and enlargement of the testes to reach full adult 
maturity [1] .

Puberty in Girls

In girls, the first clinically apparent sign of puberty is breast de-
velopment, although pubic hair growth precedes breast develop-
ment by up to 6 months in approximately 30%. It is common for 
one breast to grow for several months before the other, and mild 
asymmetry is often present. Pubic hair growth usually begins within 
6 months of the onset of breast development. As oestrogen levels in-
crease, changes occur in the vaginal mucosa. In the prepubertal girl, 
the vaginal epithelium is thin with a dark red colour and consists 
mainly of basal and parabasal cells. With advancing pubertal mat-
uration, the epithelium proliferates and thickens. Intermediate and 
superficial cornified squamous cells overlay the parabasal cells and 
give the mucosa a pink, opalescent appearance. This is often accom-
panied by a physiologic vaginal discharge.

The progression of puberty in girls is also assessed with Tanner 
staging. Pubic hair in girls is assessed using the same hallmarks 
as in boys, although normal girls with Tanner stage 5 pubic hair 
do not have extension up the lower abdomen (Table  7.3.1.1 in 
Chapter 7.3.1). Some physicians add a Tanner stage 6 in girls to de-
scribe those with pubic hair extension both to the medial thighs and 
in the midline of the lower abdomen. Breast development is com-
monly measured using Tanner staging as well, and this is also de-
picted in Table 7.3.1.1 in Chapter 7.3.1. Breast development begins 
at Tanner stage 2 with budding, in which there is a firm palpable 
disk of tissue not larger than the areola. In stage 3, the diameter of 
the tissue exceeds the areola but does not have stage 4 morphology. 
Stage 3 encompasses a large range of development, from very early 
in puberty up to the later stages of maturation. With stage 4, there 
is a ‘double contour’ in which the profile of the areola is distinct 
from the profile of the breast. Although stage 5 is considered to be 
full adult development, some normal adult women do not progress 
beyond stage 4, and some never develop a double contour, skipping 
stage 4 altogether [2] .
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Growth and Pubertal Maturation

The clinical hallmark of puberty as it relates to body size is the pu-
bertal growth spurt. In boys, the peak of the growth spurt is timed 
to Tanner stage III– IV, whereas in girls the peak occurs earlier in 
puberty, typically at Tanner stages II– III. The average peak growth 
velocity in boys is 9.5  cm/ year, and in girls it is somewhat less, 
8.3 cm/ year. The later onset of puberty, the later occurrence of the 
growth spurt within puberty in boys, and the greater magnitude of 
the growth spurt result in an average height difference between the 
sexes of 13 cm.

Puberty also has effects on skeletal maturation, and the timing 
of puberty is more closely correlated with the bone age than with 
chronologic age. In European girls, the average bone age at the time 
of thelarche is 10.5 years (95% confidence limits 8.5– 13.2), and at 
the time of menarche it is 12.8 years (11.3– 13.6). In girls, the peak 
height velocity occurs at a bone age of 12 years. In boys, the average 
bone age at stage 2 of puberty is 11.5 years (9.0– 14.2). At peak height 
velocity in boys, the bone age ranged between 11.9 and 15.5 years 
in one study and between 12.5 and 16 years in another study [3, 4].

Children with advanced bone ages typically enter puberty earlier 
than their peers, while those with delayed bone ages enter puberty 
later. Factors that alter the bone age also alter the timing of puberty, 
and these may include sex steroids and the GH/ IGF- 1 system [4] .

Age at onset of Puberty

There is a great deal of disagreement about the age at which pubertal 
maturation is normal. Most of this disagreement relates to the lower 
age limit of normal. There is evidence that the age of onset of puberty 
has decreased in the last several decades in both girls and boys. For 
boys, data show that the average age at Tanner stage 2 maturation is 
between 11.2 and 12.4 years. The normal range of attainment of stage 
2 puberty in boys is commonly considered to extend from 9 years up 
to 13.5 years. For girls, there is more disagreement. Historically, the 
normal range of onset of puberty has been between 8 and 13 years, but 
the lower limit of normal may extend down to 7 years for white girls 
and 6 years for black girls. An analysis of data from the Third National 
Health and Nutrition Examination Survey (NHANES) in the United 
States revealed that body mass index (BMI) is an independent pre-
dictor of the age of onset of puberty, with earlier occurrence of breast 
and pubic hair development and earlier menarche in girls with BMI 
above the 85th percentile [5] . The upper limit of 13 years for girls re-
mains generally accepted. The tempo of pubertal maturation is also 
important to consider. Girls starting puberty earlier than average tend 
to have a slower progression to menarche than girls starting puberty 
later. Hence, the age at menarche has less variability than the age at 
thelarche and is about 12.6  years. This phenomenon also probably 
occurs in males, but the lack of a clearly definable event such as me-
narche in male puberty makes study difficult [6– 9].

Hypothalamic– Pituitary– Gonadal (HPG) 
Axis Maturation

A detailed discussion of HPG axis maturation is beyond the scope 
of this chapter but is discussed in more detail in Chapter  7.3.1. 
‘Recognizing Normal and Disordered Pubertal Development’. 

Briefly, the hypothalamic- pituitary- gonadal axis is active in utero, 
with peak secretion of gonadotropin releasing hormone (GnRH), 
luteinizing hormone (LH), and follicle stimulating hormone (FSH) 
occurring between 20 and 24 weeks’ gestation. During later preg-
nancy, levels drop as the negative feedback effects of gonadal hor-
mones intensify. There is a brief ‘minipuberty of infancy’ that occurs 
early after birth, but by 5– 6 months of age GnRH secretion, LH and 
FSH levels, and gonadal steroid levels fall to their prepubertal levels. 
This cessation of activity is known as the juvenile pause. Over the 
course of the next several years, the juvenile pause persists, reaching 
the greatest degree of axis suppression in females at about age 
6 years.

When measured using immunoassays, which lack sensitivity at 
low concentrations, the morning increases in testosterone and oes-
tradiol may be difficult to detect during the very earliest stages of 
puberty. However, modern techniques, such as liquid chromatog-
raphy/ tandem mass spectrometry (MS) can usually detect even the 
lower prepubertal levels. In early puberty, gonadotropin levels also 
may be difficult to distinguish from normal prepubertal levels, in 
part due to the pulsatile nature of their secretion and in part due 
to the low amplitude of secretion during the daytime. These factors 
make the routine laboratory evaluation of delayed puberty difficult, 
because randomly obtained gonadotropin and sex steroid levels do 
not differentiate a patient who is nearing a normal but delayed pu-
berty from one who will never enter puberty due to a pathological 
condition. However, as GnRH pulsatility increases in early puberty, 
pituitary stores of LH also increase. These stores may be released 
following acute stimulation by GnRH. This is the basis for the 
GnRH stimulation test, which may be positive even before physical 
changes of puberty become clinically apparent.

Over the course of puberty in girls, LH levels increase 25– 40- 
fold relative to levels present before puberty. Oestradiol concentra-
tions increase from <5 pg/ ml (<18.4 pmol/ L) before puberty up to 
>100 pg/ ml (>367 pmol/ L) in a post- menarchal girl. Testosterone 
concentrations in prepubertal males generally are below 10 ng/ 
dL (0.35  nmol/ L), and in young adults they are above 300 ng/ dL 
(10.4 nmol/ L).

control of Pubertal Timing

The mechanisms underlying regulation of pubertal timing have 
been partially elucidated in recent years, but much remains poorly 
understood. There is a strong influence of genetics on the timing 
of puberty, and it is estimated that 50– 80% of the variance can be 
attributed to genetic factors [10,  11]. Genome- wide association 
studies have demonstrated associations between a number of loci 
and age at menarche. A  recent study of 11  000 samples with as-
sociated clinical data identified loci relevant to timing of both fe-
male and male puberty [12]. Interestingly, loci associated with 
increased body mass index (BMI) were also associated with early 
puberty in females, while those loci were variably associated with 
either early or delayed puberty in boys, reflecting the conflicting 
clinical data of the impact of this parameter on male puberty [13]. 
Additional environmental inputs on pubertal timing include endo-
crine disrupting chemicals. Although exposure to these substances 
is often associated with early pubertal maturation, they may also 
lead to delayed maturation in both males and females. Investigation 
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of these effects is confounded by the multiplicity of exposures. 
Additionally, differing levels of exposure may lead to opposite ef-
fects on pubertal timing. Further, there appears to be a window of 
vulnerability, with effects being particularly apparent after exposure 
in early life [14]. The effects of these and other environmental fac-
tors may be through direct genomic mechanisms, but also likely 
involve non- genomic (epigenetic) mechanisms, such as effects on 
DNA and histone methylation, histone acetylation, and microRNA 
expression. This topic is discussed in more detail in Chapter 7.3.1., 
‘Recognizing Normal and Disordered Pubertal Development’.

Delayed Puberty and Hypogonadism

The causes of delayed puberty and hypogonadism can be divided 
into those involving delays or defects in hypothalamic regulation 
of the initiation of puberty and those involving primary defects of 
the gonads. These groups of conditions are best differentiated by the 
serum concentrations of gonadotropins after the age when puberty 
is expected. Hypothalamic and pituitary deficiencies are termed 
hypogonadotropic hypogonadism or central hypogonadism, and 
primary gonadal disorders are termed hypergonadotropic hypo-
gonadism or primary hypogonadism.

constitutional Delay of Growth and Puberty   
(Transient Hypogonadotropic Hypogonadism)

Constitutional delay of growth and puberty (CDGP) is a common 
variant of physiologic (normal) maturation. Its major outward 
characteristics include a slowing of linear growth during the late 
preteen and early teen years as well as a delay in the timing (and 
perhaps tempo) of puberty. In the typical scenario, a boy (or his 
parents) seeks endocrinological evaluation in the early teenage 
years because of significant concern for the discrepancy in growth 
and pubertal maturation between the patient and his/ her age 
peers (Figure 7.3.2.1). The condition must be distinguished from 
hypogonadotropic hypogonadism [15, 16] (Table 7.3.2.1).

Clinically, the height age (the age for which the patient’s height 
is the 50th centile) is delayed with respect to the calendar age but 
is concordant with the ‘biological age’ as indexed by the bone age. 
Sexual maturation is either prepubertal or lagging behind that of 
their peers, although it is often appropriate for the bone age. The 
height velocity is normal for a prepubertal child, although it may 
decline to subnormal values if the delay is more than 2– 3 years (pre-
pubertal ‘dip’). When the height is plotted on the standard growth 
curve, the height gain appears to be ‘falling off ’ the previously de-
fined height centile, since the standard growth curve incorporates 
the pubertal growth spurt at an ‘average’ age. This discrepancy in 
growth between the normal adolescent age peers and the one with 
CDGP only accentuates the difference between them. The height 
discrepancy and the delay in pubertal maturation are often compel-
ling concerns of the patient or the family, bringing the adolescent 
to medical consultation. Tanner has devised longitudinal growth 
curves that account for the later growth and adolescent maturation, 
because this pattern is so common. The large majority of those with 
CDGP follow this ‘custom’ curve, emphasizing that the standard 
growth curves based upon cross- sectional data, although adequate 
for the population ‘averages’, do not necessarily describe the growth 
of an individual.

Biochemically, adolescents with CDGP resemble their peers with 
comparable biological (bone) ages. Thus, the pubertal increases in 
haemoglobin, haematocrit, creatinine, and alkaline phosphatase 
will not be present. Serum levels of growth hormone (pulsatile pat-
tern), IGF- I, IGFBP- 3, LH, FSH, and the sex steroids may be di-
minished for chronological age, but normal when compared to 
younger adolescents of the same stage of pubertal maturation. The 
suppressed HPG axis found in adolescents with CDGP represents 
an extension of the physiologic hypogonadotropic hypogonadism 
(the ‘juvenile pause’) noted since infancy.

Without intervention with sex steroids, adolescents with CDGP 
will undergo spontaneous pubertal maturation and will reach their 
target height range as calculated from parental stature. Maturation 
occurs as much as several years after that of their peers. Failure to 
enter puberty spontaneously indicates long- term hypogonadism. 
Many adolescents with CDGP find the delay intolerable and suffer 
significant emotional distress because they differ in their appear-
ance from their peers during these years. That is often the rationale 
for the short- term use of gonadal steroid therapy. Linear growth 
and a more mature ‘appearance’ are more objective outcomes of go-
nadal steroid administration.

Although some studies have shown little effect of CDGP on psy-
chosocial well- being [17], others demonstrate an association with 

Figure 7.3.2.1 Healthy fraternal twin boys, age 15 years. The boy on 
the right has had normally timed pubertal development. His brother on 
the left has constitutional delay of growth and puberty.
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poor psychological outcomes. Some of these negative outcomes 
may persist into adolescence and emerging adulthood. The Oakland 
Growth Study, for example, found that late maturing boys were not 
only perceived as less mature and less attractive than peers, but also 
had more feelings of inadequacy, which persisted into emerging 
adulthood [18]. Delayed pubertal timing has also been associated 
with higher rates of depression, anxiety, and substance use in ado-
lescence and young adulthood. Academic achievement may be ad-
versely affected as well [17].

Hypogonadotropic Hypogonadism

There are many causes of combined pituitary hormone deficiency, 
both congenital and acquired, that may include deficiency of GnRH 
or gonadotropins. These conditions are reviewed in subsections 2.3 
and 2.4.

The neuroendocrine control of mammalian reproduction is gov-
erned by a single gene coding for gonadotropin- releasing hormone 
(GnRH). A neural network of approximately 1500 to 2000 neurons 
integrates various upstream genes that are responsive to environ-
mental cues such as food (energy) availability, stress, and perhaps 
light- dark cycles (at least in seasonally breeding mammals).

A cascade of signalling molecules and transcription factors plays 
a crucial role in pituitary development, cell proliferation, patterning, 
and terminal differentiation [19]. Genes are expressed in an orderly 
sequence to activate or inhibit downstream processes (target genes) 
that have specific roles in the terminal differentiation of pluripo-
tential precursor cells. Genes identified in association with isolated 
hypogonadotropic hypogonadism are listed in Table 7.3.2.2. It 

should be noted however, that there is increasing evidence that dis-
orders of puberty may be caused by mutations in multiple genes in 
the same individual (oligogenicity), with some disorders presenting 
from the accumulative burden of mutations in genes such as FGFR1 
and CHD7. In a recent large study of 116 subjects with Kallmann 
syndrome (KS) and normosmic isolated hypogonadotropic hypo-
gonadism (nIHH), abnormalities in genes known to cause isolated 
hypogonadotropic hypogonadism (IHH) were identified in 51%. 
Fifteen per cent (15%) of subjects had abnormalities in two or more 
genes [20]. This oligogenicity, with synergism between gene defects, 
likely broadens the phenotypic spectrum and the endocrine profiles 
of the subjects.

Kallmann syndrome is the combination of hypogonadotropic 
hypogonadism (HH) and a diminished sense of smell— hyposmia 
or anosmia. It is mainly due to a failure of the GnRH- secreting 
neurons, which have an extra- CNS origin in the nasal placode, to 
leave their origin in the olfactory epithelium and migrate into the 
CNS. This is accomplished via the olfactory bulb and tract, finally 
ending at the arcuate nucleus of the hypothalamus. These neurons 
form a network among themselves and project dendrites toward 
the median eminence. Through an inadequately understood mech-
anism, the neural network generates pulses of GnRH, which travel 
to the median eminence, are secreted into the hypothalamic- 
pituitary portal system, and then cause the pituitary gonadotrophs 
to produce LH and FSH pulses in the general circulation. These 
activate the gonads to produce testosterone or oestrogen/ proges-
terone. Genes involved in the migration of GnRH neurons may 
lead to KS, although not all patients with these genetic abnormal-
ities will also have anosmia or hyposmia. Those with normosmic 
isolated hypogonadotropic hypogonadism (nIHH) have an intact 
sense of smell. They present with a lack of sexual maturation at the 
appropriate age associated with inappropriately low gonadotropin 
levels in the presence of prepubertal concentrations of sex steroid 
hormones, otherwise normal anterior pituitary function, findings 
on brain imaging, and appropriate response to exogenous pulsatile 
GnRH administration. Patients with nIHH may not have mutations 
in genes regulating GnRH neuron migration but may instead have 
defects in genes important in other aspects of gonadotropin secre-
tion. Approximately 50% of patients presenting with IHH have KS, 
with the other half having nIHH [20]. Abnormalities of at least 30 
genes have been shown to cause both Kallmann syndrome and/ or 
nIHH, and gene mutations have been identified in 31– 51% of af-
fected patients [20– 22]. Individuals with classic KS and nIHH may 
be found in the same kindred [23]. Many of the identified genes 
known to cause KS and nIHH encode receptor- ligand pairs or are 
involved in networks regulating developmental pathways.

Genetic Abnormalities Associated with Kallmann 
Syndrome and nIHH

Fibroblast growth factor- 8 (FGF8), its receptor FGFR1, and related 
proteins have been identified as critical to the normal development 
and migration of GnRH precursor neurons from the fetal olfactory 
placode to the arcuate nucleus of the hypothalamus [21]. Mutations 
of some genes in this system (as listed in Table 7.3.2.2) have also 
been associated with defects in the ears and kidneys as well as add-
itional areas of the CNS. Together, defects in genes involved in the 
FGF8 system account for approximately 23% of cases of congenital 
hypogonadotropic hypogonadism [24].

Table 7.3.2.1 Comparison of CDGP and IHH

Clinical/ lab test CDGP IHH

History of   
undescended   
testicles

– ±

Anosmia/ hyposmia – + (30– 50% of patients)

Family history of 
delayed puberty

+ ±

Presence of 
endogenous   
progressive pubertal 
maturation by age 
18 years

+ – 

Puberty pattern Delayed 
adrenarche

More likely to have normal 
adrenarche

Height for age Usually short Usually normal

General physical   
exam

Normal Usually normal but may have:
Synkinesia
Cleft lip and/ or palate
Sensorineural hearing loss
Dental agenesis
Skeletal malformations

Genital exam Delayed pubertal 
maturation. 
Testicular and 
penile length 
appropriate for 
bone age

Small testes (1– 2 ml) ± small 
phallus

Laboratory evaluation Unreliable to distinguish between CDGP and IHH

Table data obtained from Wehkalampi, et al. [16] and from Ambler [15].



7.3.2 Pubertal Delay and Hypogonadism 1205

Mutations in the FGF8 gene in association with KS were first de-
scribed in 2008 [24]. FGF8 is transcribed as four isoforms and is 
expressed in a variety of tissues, including the brain, limbs, heart, 
eye, and ear. Patients with loss of function mutations have hypo-
gonadism, which may be anosmic or normosmic. Associated ab-
normalities include hearing loss, hyperextensibility of the digits, 
and cleft lip/ palate [25]. Interestingly, one patient with an FGF8 
mutation developed adult- onset hypogonadism, presenting with 

infertility and decreased libido. He responded normally to pulsatile 
GnRH therapy [24].

Fibroblast growth factor receptor 1 (FGFR1, aka KAL2) is one 
of four tyrosine kinase receptors for the much larger family of 
FGF ligands (at least 23 members) and binds FGF8. Although 
only approximately 10% of all persons with KS have mutations 
in this receptor, almost as many with nIHH have the same set of 
mutations. The inheritance is autosomal dominant. Mutations in 
FGFR1 may occur in association with mutations in CHD7 with 
increased frequency (oligogenicity) [20]. Interestingly, some 
who clearly met the criteria for nIHH subsequently had normal 
puberty, sexual maturation, and fertility after receiving sex- 
hormone replacement therapy. Ten per cent (5/ 50) of the subjects 
in one large series showed this phenotypic response, including 
increased testicular size suggesting sustained gonadotropin se-
cretion, pulsatile LH secretion, adult levels of testosterone, and 
a normal ejaculate and sperm count [26,  27]. Isolated anosmia 
without hypogonadism has also been identified within families 
with FGFR1 mutations.

ANOS1 (also called KAL1) was the first gene discovered to cause 
KS. Its protein product, anosmin- 1, has neural cell adhesion prop-
erties and is produced in a variety of neural tissues, including the 
developing olfactory bulb [26, 28]. Anosmin- 1 modulates FGFR1 
signalling on the cell surface and has roles in neurogenesis and the 
motility and migration of neural cells. It is an absolute require-
ment for the developing GnRH neurons to traverse the cribriform 
plate and take residence in the arcuate nucleus [29]. In addition to 
hypogonadism, individuals with ANOS1 deficiency lack olfactory 
epithelium and the olfactory bulb and tracts. Associated anom-
alies include synkinesia (mirror movements of the extremities), 
unilateral renal agenesis, oculomotor abnormalities, sensorineural 
hearing loss, and mid- line facial clefts. The mode of inheritance 
is X- linked recessive; as such it is approximately 10- fold more 
common in males. Approximately 10– 20% of males with KS have 
mutations in the ANOS1 gene [30].

HS6ST1 is the gene encoding heparan sulphate 6- O- 
sulfotransferase 1 and is required for the modification of heparan 
sulphate. 6- O- sulfated heparan sulphate is part of a proteoglycan 
complex located on the cell surface that is required for normal FGF 
signalling. HS6ST1 mutations have been identified in kindreds with 
both KS and nIHH, some members of which have palatal abnor-
malities. Hypogonadism is inherited in a complex non- Mendelian 
pattern [31].

Other genes involved in the FGF8 system include FGF17, IL17RD, 
DUSP6, SPRY4, KLB, and FLRT3, each of which are found in rela-
tively small percentages of patients with KS or nIHH [23].

The prokineticin system is composed of two very similar recep-
tors (PROKR1 and PROKR2) within the rhodopsin receptor family, 
analogous to the kisspeptin receptor, GPR54. These receptors have 
two polypeptide ligands, PROK1 and PROK2. The former and its 
receptor, PROKR1, are primarily found in the gastrointestinal tract, 
but PROK2 and PROKR2 are located in neuroendocrine areas, 
including the arcuate nucleus, olfactory tract, and the suprachi-
asmatic (clock) nucleus. The phenotype includes abnormal devel-
opment of the olfactory bulbs combined with hypogonadotropic 
hypogonadism. Humans with mutations in PROK2 or PROKR2 
may have the Kallmann or the nIHH phenotype and endocrine 
profile [26].

Table 7.3.2.2 Single gene defects leading to isolated 
hypogonadotropic hypogonadism

Genes OMIM numbers

Genes important for GnRH neuron migration associated with anosmic/ 
hyposmic IHH (Kallmann syndrome)

FGF8 system genes FGF8 600483

FGFR1 136350

ANOS1 300836

HS6ST1 604846

FGF17 603725

IL17RD 606807

DUSP6 602748

SPRY4 607984

KLB 611135

FLRT3 604808

Other genes associated with 
Kallmann syndrome

PROK2 607002

PROKR2 607123

CHD7 608892

SOX10 602229

WDR11 606417

SEMA3A 603961

SEMA3E 608166

CCDC141 616031

FEZF1 613301

IGSF10 617351

AXL 109135

NELF 608137

SMCHD1 614982

Genes associated only with normosmic IHH

KISS1 603286

KISS1R 604161

GNRH1 152760

GNRHR 138850

TAC3 162330

TACR3 162332

LEP 164160

LEPR 601007

PCSK1 162150

NR0B1 300473

LHB 152780

FSHB 136530
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Mutations in chromodomain helicase DNA- binding protein 
7 (CHD7) are found in the majority of patients with CHARGE 
syndrome (Coloboma of the eye, Heart defects, Atresia choanae, 
Retarded growth and development, Genitourinary defects, and 
Ear abnormalities). Some affected patients have pituitary defects, 
including growth hormone deficiency and HH. Patients initially 
identified as having Kallmann syndrome have been subsequently 
reclassified as having CHARGE syndrome based on the presence 
of ear abnormalities and detection of mutations in CHD7 [32]. 
Mutations in CHD7 may occur in association with mutations in 
FGFR1 with increased frequency (oligogenicity) [20].

Mutations in the SOX10 gene have been associated with 
Waardenburg syndrome, a constellation of deafness and pigmen-
tation abnormalities of the eyes and hair. Investigation of the fre-
quency of SOX10 mutations in patients with KS demonstrated gene 
defects in 38% of those with KS and hearing impairment. SOX10 
mutations were found in only 2% of individuals with KS who had 
normal hearing [33].

Other genes implicated in KS include WDR11, SEMA3A, 
SEMA3E, CCDC141, FEZF1, IGSF10, AXL, NELF, and SMCHD1 
[23, 34, 35].

Genetic Abnormalities Associated only with nIHH

The KISS1 and KISS1R genes encode kisspeptin and the kisspeptin 
receptor. A few years after the discovery of the ANOS1 gene came 
the isolation of the kisspeptin receptor and its cognate ligand, a 54 
amino acid peptide comprising residues 68– 121 (also known as 
metastin) of the 145 amino acid precursor, kisspeptin- 1 [26,  36]. 
KISS1R is a G- protein- coupled receptor gene that, when mutated, 
causes autosomal recessive nIHH in both mice and humans, sug-
gesting that it is an obligatory upstream controlling mechanism for 
pulsatile GnRH secretion. A subset of kisspeptin- secreting neurons 
demonstrates paracrine or autocrine regulation by neurokinin B 
and dynorphin. Subjects with mutations in the KISS1R gene lack 
pubertal development at the appropriate time, but have an intact 
sense of smell. Male and female subjects with mutations in the 
KISS1R gene achieve fertility and normal pregnancy following ei-
ther exogenous gonadotropin therapy or long- term, pulsatile GnRH 
administration. As more mutations have been found, the phenotype 
has expanded to delayed puberty rather than absent pubertal devel-
opment. In humans, inactivating mutations of this system have been 
associated with delays in puberty, while activating mutations lead to 
precocious puberty [37]. These findings solidify the position of the 
kisspeptin/ GPR54 system acting before (upstream of) GnRHR.

The GnRH receptor, GNRHR, is a G- protein coupled receptor ex-
pressed on the gonadotropes. Mutations result in impaired GnRH 
binding, intracellular trafficking, recycling, or signal transduction 
and cause a spectrum of defects from completely deficient to partial 
insufficiency of the HPG axis. The mode of inheritance is autosomal 
recessive. Reports of several series of subjects with nIHH have 
noted a frequency of GnRHR gene insufficiency ranging from 3.5% 
to 16.7% [38,  39]. Several patients with homozygous frame shift 
mutations in the GNRH1 gene encoding GnRH have been reported 
[40, 41], but this appears to be a rare cause of nIHH. Affected males 
had cryptorchidism and microphallus, and both males and females 
exhibited a complete absence of pubertal development, low gonado-
tropin concentrations, and low serum levels of testosterone and oes-
tradiol, respectively. The patients were normosmic, and there were 

no other associated abnormalities. In addition, Chan et al. identified 
several heterozygous variants in patients with nIHH which are of 
uncertain significance [41].

TAC3/ TACR3 encode neurokinin B and its receptor. It has 
been estimated that mutations in this system may be responsible 
for over 5% of cases of nIHH [42, 43]. Neurokinin B is co-located 
in some neurons expressing kisspeptin, where it appears to be in-
volved in autocrine/ paracrine regulation of kisspeptin secretion 
in association with dynorphin. Neurokinin B and its receptor are 
also expressed in other reproductive tissues, including the uterus 
and ovary. The majority of the patients identified as having muta-
tions in this system have had abnormalities in the receptor [43, 44]. 
Nearly all of the male patients had micropenis, but testicular 
volumes varied, suggesting some degree of testicular function. 
Interestingly, many affected individuals appear to have had par-
tial or complete recovery of gonadal function in adulthood when 
observed following treatment [43]. A smaller number of patients 
with mutations in the TAC3 gene have been described. However, 
the phenotype of these individuals is indistinguishable from those 
with mutations in the receptor, including the potential for gonadal 
recovery. Study of the TAC3/ TACR3 genes in a group of Finnish 
patients with constitutional delay of growth and puberty did not 
reveal any abnormalities [45].

Deficiency of leptin leads to a phenotype of early and severe 
hyperphagia, accelerating weight gain, insulin resistance, impaired T- 
cell function and nIHH as an adolescent [46]. Circulating leptin con-
centrations are below the level of sensitivity of common leptin assays. 
Although thyroid, adrenal and somatotropic functions in adults are 
normal, the levels of gonadotropins and sex- steroids are within the 
prepubertal range as is the physical examination. Pulsatile LH secre-
tion is absent; however, with administration of recombinant human 
leptin, marked changes in body composition (decreased fat mass) 
and adolescent maturation occurred [46]. Leptin administration to 
prepubertal children did not induce puberty, indicating that leptin 
is a permissive factor for puberty. Those with mutations of the leptin 
receptor have the same phenotype except that leptin levels are ele-
vated and the response to exogenous leptin is absent or attenuated. 
Recombinant human leptin administration prevented the experi-
mental disruption of LH pulsatility induced by fasting and restored 
menstrual cyclicity in some women with functional hypothalamic 
amenorrhea [47].

Mutation of the prohormone convertase 1/ 3 gene (PCSK1) leads 
to a monogenic obesity syndrome that may include nIHH. The 
gene is expressed primarily in endocrine glands and hypothal-
amus, and the protein product is needed to process a variety of 
prohormones into the mature hormones, including the cleavage of 
pro- opiomelanocortin (POMC) to α- melanocyte stimulating hor-
mone (α- MSH). Additional conditions seen in patients with PCSK1 
mutations include altered thyroid and adrenal function, abnormal 
glucose metabolism, and intestinal malabsorption. nIHH appears 
to occur in about 50% of affected individuals [38, 48].

NR0B1, located on the short arm of the X chromosome, encodes 
DAX1 (dosage- sensitive sex reversal- adrenal hypoplasia congenita) 
an orphan nuclear receptor predicted to be a transcription factor 
important in the development of the adrenal cortex and pituitary 
gonadotrophs. Loss of function of the DAX1 protein leads to an 
X- linked recessive disorder characterized by hypogonadotropic 
hypogonadism and adrenal failure without the hyperandrogenism 
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of virilizing congenital adrenal hyperplasia. Patients with this 
disorder, called adrenal hypoplasia congenita, have both gluco-
corticoid and mineralocorticoid deficiencies and hypogonadotropic 
hypogonadism that may not be manifest until the second decade of 
life. DAX1 is a negative regulator of SF1- mediated activity. Puberty 
is usually delayed, especially in boys, and a diagnosis of nIHH can 
be made at the appropriate age. Some may have a mixed picture of 
partial nIHH with an added defect at the gonad, illustrating the im-
portance of DAX1 and SF1 for steroidogenesis [49]. Duplication of 
NR0B1 is associated with an XY disorder of sex development, either 
with a female phenotype or ambiguous genitalia.

Inactivating mutations of the human LHβ subunit (LHB) lead 
to nIHH in men and women [50]. All male subjects had normal 
genitalia at birth, but no pubertal development or fertility. The 
mode of inheritance is autosomal recessive. Circulating LH levels 
are undetectable, without an LH response to exogenous GnRH ad-
ministration but with a normal response to hCG. Females have a 
milder presentation. One female subject with two brothers having 
nIHH due to LHβ deficiency presented with full sexual develop-
ment and secondary amenorrhea and infertility. Menarche oc-
curred at 13 years. She had premature menopause, but remained 
hypogonadotropic [50]. Thus there can be widely disparate pheno-
types with the same mutation, especially as modified by sex. 
A specific explanation is lacking for the normal spontaneous pu-
bertal development but subsequent premature menopause in the 
affected woman.

Females with isolated deficiency of the follicle stimulating hor-
mone beta subunit (FSHB) present with delayed pubertal develop-
ment and primary amenorrhea, normal or high levels of LH, and 
low or undetectable levels of FSH. Males have normal pubertal de-
velopment but small testes and oligospermia. Exogenous GnRH ad-
ministration raises LH, but not FSH levels [51].

Exercising Adolescent and Adult Women and Men

Exercise has an important impact on the HPG axis, and high levels 
of exercise can induce HH. The prevailing concept in this arena is 
that of energy conservation or the laws of thermodynamics. One 
must have ‘enough’ energy to support body growth and to store en-
ergy, predominantly fat, for longer- term energy requirements such 
as the menstrual cycle, pregnancy, and lactation [52]. The concept is 
that for current energy requirements:

Energy retention energy intake EI energy expenditure EE= −( )[ (( )].

In experiments with female athletes, Loucks modified this to:

 Energy availability EA EI exercise EE /fat-free mass FF( ) [ ]= − MM .( )

The latter equation takes into account that it is the FFM that is the 
metabolically active (fuel burning) tissue and emphasizes how EA 
may be reduced by either restricting EI or increasing exercise EE 
(EEE) [52].

This latter equation may be rearranged to make the message 
clearer for experimental studies:

 EI = EEE + EA x FFM .   

Randomized clinical trials controlling for both EI and EEE have 
shown that energy balance occurs at EA = 45 kcal/ kg FFM *day in 
healthy young women and that there is damped pulsatile release of 
LH after 5 days with EA below 30 kcal/ kg FFM*day, which roughly 
corresponds to the resting metabolic rate in healthy young adults. 
The susceptibility of the HPG axis to alterations in EA is strongly age 
dependent as might be hypothesized from the very high incidence 
of subclinical menstrual disorders shortly after menarche. This con-
cept was experimentally tested by decreasing the energy availability 
to 25 kcal/ kg FFM*day in gynecologically younger (5– 8 years after 
menarche) and older (14– 18 years after menarche) young women. 
After 5 days of caloric restriction and exercise, it was noted that only 
the gynecologically younger women had disrupted pulsatile release 
of LH. Thus, the gynecologically older women had a more ‘robust’ 
HPG axis, and the data likely explain the high incidence of ‘athletic 
amenorrhea’ in young women with the female athlete triad: eating 
disorder, osteopenia, and amenorrhoea [52].

This concept was updated for the International Olympic 
Committee in 2014 [53] which noted that compelling evidence 
existed that showed that the aetiologic factor underpinning the fe-
male athlete triad was an ‘energy deficit relative to the intake and 
the energy expenditure required to support homeostasis, health and 
the activities of daily living, growth and sporting events’. They fur-
ther noted dysregulation and dysfunction in many aspects of the 
body’s physiologic functions. For these reasons they proposed chan-
ging the syndrome from Female Athlete Triad to Relative Energy 
Deficiency in Sport (RED- S) [53]. The authors neatly summarized 
the health consequences as shown in Figure 7.3.2.2. These include 
neuropsychiatric issues such as depression and irritability, difficulty 
concentrating, decreased coordination, and impaired judgment. 
Metabolic problems include decreases in glycogen stores, muscle 
strength, and endurance. Impacts on training lead to increased risk 
for injury and decreased training response.

The concept of high energy output and high psychological stress 
at low energy intake occurs in men as well, as noted in American 
Army Rangers during field training [54].

Treatment may be difficult and multiple options are outlined in 
the RED- S article [53]. The most straightforward approach would 
be to prescribe a greater caloric intake or to decrease exercise energy 
expenditure. This is a difficult treatment plan for a highly competi-
tive athlete, likely a gymnast, dancer, or long- distance runner. The 
American Academy of Pediatrics Committee of Sports Medicine 
and Fitness, 1999– 2000 has presented a series of recommenda-
tions [55]. Those relevant to the female athlete triad are shown in 
Box 7.3.2.1. A detailed update for the Female Athlete Triad (RED- S) 
taking into account the data shown earlier has been published [56]. 
Recommendations for screening, considerations for return to play 
and guidance for the clinician generally follow those in Box 7.3.2.1.

Hypergonadotropic Hypogonadism

The karyotype abnormality consisting of two or more X chromo-
somes and one or more Y chromosomes is known as Klinefelter 
syndrome. Klinefelter syndrome is the most common alteration 
of chromosome number, with a prevalence of 1:650 males in the 
general population [57]. It is thought that as many as 75% remain 
undiagnosed, even in adulthood. Infants and young children often 
have problems with expressive language development, and school 
aged children may have difficulty with reading. An assortment of 
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behavioural challenges is often present. Psychological testing often 
shows disorders of executive function as well. Physically, the testes 
appear normal during infancy and childhood, and levels of FSH and 
LH are normal before puberty. As pubertal maturation unfolds, the 
testes do not increase in size normally, and the seminiferous tubules 
gradually become hyalinized, with loss of germ cells and Sertoli 
cells. Clinically, the testes remain small and may become very firm 
to palpation. In one study, the mean bitesticular volume (sum of the 
volume of both testes) was 4.6 ml [58]. LH and FSH levels begin 
to rise into the upper portion of the normal adult range early in 
puberty. By mid- puberty, LH and FSH concentrations are often ab-
normal. Although the onset of puberty is typically normally timed, 
80% of affected individuals do not achieve normal adult concentra-
tions of testosterone. The abnormal testosterone secretion results in 
a slow tempo of physical changes and lack of attainment of normal 
pubic hair and other sexual hair growth, as well as small penis size 
and lack of muscular development. The relatively low levels of tes-
tosterone and high concentrations of oestradiol predispose adoles-
cents and adults to gynecomastia, which occurs in about 40% of 
affected individuals.

Essentially all affected men with Klinefelter syndrome have 
azoospermia or severe oligospermia and are infertile. However, 
intracytoplasmic germ cell injection (ICSI) has proven to be a feasible 
approach for those who have viable spermatozoa isolated from ejacu-
lates or after microdissection testicular sperm extraction (mTESE). 
Additional health problems occurring with higher frequency in men 
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Figure 7.3.2.2 Health consequences of Relative Energy Deficiency in Sport (RED- S), including neuropsychiatric, metabolic problems, and impacts 
on training.
Reproduced with permission from Mountjoy M, Sundgot Borgen J, Burke L, Carter S, Constantini N, Lebrun C, et al. The IOC consensus statement: beyond the Female Athlete 
Triad— Relative Energy Deficiency in Sport (RED S). Br J Sports Med. 2014 Apr;48(7):491– 7. Copyright © 2014, BMJ Publishing Group Ltd and the British Association of Sport and 
Exercise Medicine.

Box 7.3.2.1 Guidelines for assuring safe and healthy sports 
participation for children and adolescents

• Dietary practices; exercise intensity, duration, and frequency; and 
menstrual history should be reviewed during evaluations that 
precede participation in sports

• Amenorrhea should not be considered a normal response to exercise. 
That is, the underlying cause should be sought before denoting it as 
“athletic amenorrhea” in these gynecologically young women

• Disordered eating should be considered in adolescents with 
amenorrhea

• Education and counselling should be provided to athletes, parents, 
and coaches regarding disordered eating, menstrual dysfunction, 
decreased bone mineralization, and adequate energy and nutrient 
intake to meet energy expenditure and maintain normal growth and 
development.

• An adolescent with menstrual dysfunction attributed to exercise 
should be encouraged to increase energy intake and to modify 
excessive exercise activity to return to energy balance

• Oestrogen- progesterone supplementation may be considered in 
mature amenorrhoeic (late adolescent) athletes

• Measurement of bone mineral density and level of 25- 
hydroxyvitamin D should be considered tools to help make 
treatment decisions. The adolescent athlete is unlikely to have 
reached peak bone mass and thus, it is appropriate to use age- 
adjusted Z- scores rather than T- scores

Data derived in part from the American Academy of Pediatrics, Committee on 
Sports Medicine and Fitness, 1999–2000, with relevance to the female athlete triad. 
Pediatrics. 2000 Sep;106(3):610-3. (Ref 55)
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with Klinefelter syndrome include metabolic syndrome, type 2 dia-
betes, osteopenia, venous thromboembolism, ischemic heart disease, 
and a variety of autoimmune conditions including hypothyroidism. 
The risk for breast cancer, mediastinal cancers, and non- Hodgkin 
lymphoma is also higher than in the general population [58]. Men 
with higher- order aneuploidies such as 48,XXXY or 48,XXYY tend 
to have more severe and varied manifestations.

Partial or complete loss of one of the two X chromosomes in 
phenotypic females is known as Turner syndrome. Turner syn-
drome has an incidence of 1:2000 live born female infants. Turner 
syndrome is the most common cause of first trimester spontaneous 
abortions, and only about 1% of 45,X conceptuses are live born. The 
most common karyotype is 45,X, comprising about 50% of affected 
girls. Most of the remainder have various forms of mosaicism or 
partial deletion, usually including loss of at least the short arm of 
the second X chromosome.

The ovaries of fetuses affected with Turner syndrome show ac-
celerated loss of germ cells [59]. At birth, the oocyte number is re-
duced to far below normal. The high rate of oocyte loss continues, 
and the ovaries of affected girls are typically depleted of germ cells 
within a few years of birth. Classically, girls with Turner syndrome 
fail to enter puberty, with an absence of breast development. Pubic 
and axillary hair typically develop normally due to adrenal an-
drogen production. However, approximately 20% of girls will have 
spontaneous breast development, more commonly those with mo-
saic or partial forms of Turner syndrome. Spontaneous menses can 
occur, again most often in girls with mosaic forms, although sec-
ondary amenorrhea nearly always develops. Pregnancy may very 
rarely occur [60].

Gonadotropin levels in the neonatal period and infancy may be 
normal. In early and mid- childhood, LH and FSH concentrations 
are also normal, due to the high degree of negative feedback from 
low levels of oestrogen on the hypothalamus and pituitary. However, 
by late childhood and early adolescence, gonadotropin levels are 
often elevated well above the adult range. A karyotype is necessary 
to confirm the diagnosis and should be obtained regardless of the 
presence of physical stigmata of Turner syndrome.

The 47,XXX karyotype is common, with a prevalence of 1:900– 
1000 in the general population. There are few or no recognizable 
phenotypic features of the condition, although reports indicate 
that affected individuals are taller than average. There is a higher 
than normal incidence of neurodevelopmental disorders, such 
as poor attention span, academic difficulties, decreased verbal 
fluency, and poor spatial cognition. Although ovarian func-
tion is usually normal, primary ovarian dysfunction occurs in 
a subset of individuals. This may present as delayed puberty or 
as premature ovarian insufficiency. In studies of adult women 
with premature ovarian insufficiency, the 47,XXX syndrome oc-
curs in approximately 3% of patients. Gonadotropin levels are 
elevated, and a karyotype analysis is diagnostic [61]. Females 
with larger numbers of additional X chromosomes (48,XXXX 
or 49,XXXXX) are more likely to have phenotypic and develop-
mental abnormalities.

A large number of genes important for normal ovarian function 
reside on the long arm of the X chromosome. Deletions of portions 
of Xq and balanced translocations with breakpoints on Xq are asso-
ciated with ovarian dysfunction. The location of breakpoints associ-
ated with hypergonadotropic hypogonadism cluster in two regions, 
Xq13.3- 21.1 and Xq26- qter. The ovarian dysfunction may take the 
form of either primary or secondary amenorrhea [62].

XY and XX gonadal dysgenesis are terms describing hetero-
geneous groups of disorders of gonadal differentiation. These 
conditions are also discussed in Chapter 7.2.2, ‘Disorders of Sex 
Development (DSD in the Newborn’, with a focus on the new-
born. Their effects on pubertal maturation are reviewed here. 
Individuals with XY and XX gonadal dysgenesis typically have 
normal female genitalia and are often not recognized until they 
fail to enter puberty. Those with XY complete gonadal dysgenesis 
(Swyer syndrome) have failure of testis determination early in 
fetal life, with formation of streak gonads and subsequent failure 
to secrete testosterone and anti- Mullerian hormone (AMH). In 
the absence of testosterone and AMH, both internal and external 
genitalia develop along female lines. If partial testis determin-
ation occurs, leading to partial Leydig and Sertoli cell function, 
incomplete masculinization of the internal and external struc-
tures occurs, resulting in ambiguous genitalia. Abnormalities 
of several genes have been implicated as causes of XY complete 
gonadal dysgenesis, including defects in SRY accounting for 10– 
15% of children (OMIM #480000) [63], defects in WT- 1 associ-
ated with Denys– Drash and Frasier syndromes (OMIM #607102), 
abnormalities of SOX9 associated with campomelic dysplasia 
(OMIM #608160), NR5A1 encoding SF- 1 associated with ad-
renal hypoplasia (OMIM #184757), and duplication of NR0B1 
encoding DAX1 (OMIM #300473). Recently, a number of indi-
viduals with 46,XY gonadal dysgenesis have been found to have 
autosomal dominantly inherited activating mutations in MAP3K1 
(OMIM #600982), which activate the genetic cascade leading to 
ovarian differentiation and inhibiting testis formation [64]. In 
addition to absent puberty, affected individuals have a 30% inci-
dence of gonadal tumours, most commonly gonadoblastoma and 
dysgerminoma [65]. Spontaneous pubertal changes in a patient 
known to have XY complete gonadal dysgenesis should prompt a 
search for a sex steroid- secreting gonadoblastoma.

Girls with XX gonadal dysgenesis do not have physical features 
of Turner syndrome, but they are typically somewhat shorter than 

Table 7.3.2.3 Historical and physical examination features 
important in the evaluation of delayed puberty and hypogonadism

Historical findings Physical examination

• Partial pubertal development
• Family history of delayed puberty
• Sense of smell
• Dental development
• Chronic disease
• Head trauma
• Chemotherapy
• Radiation therapy
• Headache
• Visual problems
• Galactorrhoea
• Delayed language development
• Poor school performance
• Otitis media in females
• Lymphedema in females
• Congenital heart disease
• Trauma of testes or ovaries
• Undescended testes
• Viral orchitis
• Congenital malformations

• Height percentile
• Height velocity
• Weight percentile
• Stigmata of Turner syndrome in 

girls
• Stigmata of Prader– Willi syndrome
• Other dysmorphic features
• Delayed dentition
• Anosmia or hyposmia
• Visual fields
• Funduscopy
• Presence of thyromegaly
• Breast development Tanner stage
• Axillary hair
• Pubic hair Tanner stage
• Presence of other sexual hair 

growth
• Genital Tanner stage
• Testicular volume
• Synkinesia



SEcTIoN 7 Disorders of Growth, and Development and Transition1210

average. Similar to individuals with Swyer syndrome, they have 
normal female internal and external genitalia. Ovarian histology 
ranges from fibrous streaks to hypoplastic ovaries. Gonadal tu-
mours are uncommon in this population. Identified causes of 
46,XX gonadal dysgenesis include mutations in NR5A1 (SF- 1, 
OMIM #184757) and NOBOX (OMIM #610934) [66,  67], and 
FSH resistance caused by a mutation in the FSH receptor (OMIM 
#136435).

Those affected by either XY or XX gonadal dysgenesis have ele-
vations of gonadotropin levels by the time of expected puberty. 
Karyotype analysis will reveal the diagnosis in 46,XY patients, 
and imaging studies of the pelvis will demonstrate the absence of 
ovaries. 46,XX gonadal dysgenesis must be distinguished from pre-
mature ovarian insufficiency caused by a number of other condi-
tions, including autoimmune oophoritis or exposure to radiation or 
chemotherapeutic agents.

Complete androgen insensitivity syndrome (CAIS, OMIM 
#300068, see also Chapter  7.2.2, ‘Disorders of Sex Development 
(DSD) in the Newborn’) is caused by mutations in the androgen 
receptor gene. The prevalence of CAIS has been reported to be be-
tween 1:20 400 and 1:99 000 genetic males [68]. The effects on pu-
bertal maturation are reviewed here.

At the time of puberty, the testes secrete testosterone, and tes-
tosterone levels typically rise into the adult male range or higher. 
Because of the androgen resistance, there are few or no clinical signs 
of androgen activity, such as pubic or axillary hair. Breast develop-
ment appears to proceed normally, caused by aromatization of cir-
culating testosterone. Primary amenorrhea occurs because of the 
absence of the uterus.

Gonadotropin levels are often normal at birth and typically are 
in the normal prepubertal range during childhood. As the indi-
vidual reaches the age of normal puberty, LH secretion increases 
because of the lack of negative feedback from testosterone via the 
androgen receptor. High testosterone and LH concentrations in a 
female with primary amenorrhea and clinical signs of androgen re-
sistance is virtually diagnostic, and the diagnosis is then confirmed 
with a karyotype demonstrating a 46,XY composition and genetic 
studies of the AR gene.

Galactosemia (OMIM #230400) is an inborn error of metab-
olism most commonly caused by a mutation in the GALT gene 
encoding galactose- 1- phosphate uridyltransferase. Premature 
ovarian failure occurs in 75– 96% of female patients with 
galactosemia. The age at onset of ovarian dysfunction ranges from 
childhood to adulthood, and patients may present with absent 
puberty or may have normal pubertal maturation and menarche 
but develop secondary amenorrhea later. Ovarian function may 
wax and wane, with periods of amenorrhea alternating with spon-
taneous ovarian cycles and possible fertility. Those individuals 
harbouring more severe mutations are more likely to experience 
consistent and lifelong ovarian failure. Patients with milder forms 
of galactosemia caused by defects in genes other than GALT may 
not have overt features of galactosemia but may present with pri-
mary ovarian insufficiency [69].

The mechanism of ovarian damage in cases of galactosemia 
is unknown. Ovarian tissue has a high content of galactose and 
its metabolites and normally has high galactose- 1- phosphate 
uridyltransferase activity. In contrast, the testis has low enzymatic 

activity and low galactose content, presumably accounting for the 
absence of testicular dysfunction in males with galactosemia. It is 
thought that accumulation of galactose and galactose- 1- phosphate 
in ovarian cells has direct cytotoxic effects by decreasing the activity 
of a number of metabolic pathways.

Defects in the receptors for LH and FSH are very rare causes 
of abnormal pubertal maturation. The LH receptor in the male is 
critical for normal testosterone secretion in utero. Hence, partial 
loss of LH receptor function (OMIM #152970) causes inadequate 
testicular secretion of testosterone and ambiguous genitalia in the 
46,XY fetus. Alternatively, complete loss of the LH receptor leads 
to an inability to secrete any testosterone and a subsequent lack of 
masculinization of the 46,XY fetus leading to normal female ex-
ternal genitalia. If the individual is assigned to the female sex and 
not diagnosed early in life, there is complete absence of pubertal 
development and primary amenorrhea, as the testicular tissue will 
not secrete testosterone and there will be no aromatization to oes-
trogens. 46,XX females with loss of LH receptor function usually 
have normally timed breast development but experience primary 
or secondary amenorrhea and hypoestrogenemia. This highlights 
the importance of normal FSH activity for females in early puberty 
and the importance of LH activity to establish normal menses and 
oestrogen levels in later puberty and adulthood [70].

Abnormalities of the FSH receptor have mainly been described in 
the Finnish population. Females carrying mutations in the FSH re-
ceptor gene (OMIM #136435) usually present with 46,XX gonadal 
dysgenesis, with absent puberty and primary amenorrhea. Some 
affected individuals, however, will have spontaneous pubertal de-
velopment and even menarche, although those identified as having 
the disorder have all become amenorrhoeic. Males with defects of 
the FSH receptor have normal pubertal development, normal tes-
tosterone levels, and normal or near normal gonadotropin levels. 
However, they may have oligospermia [71].

In addition to those discussed earlier, a large number of other 
single gene defects and genetic syndromes are associated with 
hypergonadotropic hypogonadism. Defects of steroidogenesis 
may cause disorders of sex development that are recognized in 
the newborn period as ambiguous genitalia. Some of these dis-
orders, however, will result in a phenotypic female who is unable 
to synthesize either androgens or oestrogens. These disorders may 
cause congenital adrenal hyperplasia and include steroidogenic 
acute regulatory protein (StAR) deficiency (OMIM #600617) 
and 17- hydroxylase deficiency (OMIM #609300). Patients with 
carbohydrate- deficient glycoprotein syndrome produce abnor-
mally glycosylated gonadotropins that are biologically inactive. The 
disordered puberty is more severe in females than males. Noonan 
syndrome, caused by a defect of the PTPN11 gene in 50% of individ-
uals (OMIM #176876), is a constellation of features including short 
stature, characteristic facies, and right- sided cardiac defects, as well 
as undescended testes. Although females with Noonan syndrome 
have normal ovarian function, some males may have abnormal 
Leydig cell function. Some boys with Noonan syndrome have de-
layed puberty with low gonadotropins. Aside from any evident dys-
morphic features, these boys would not be distinguishable from 
those with CDGP or IHH. Other well- recognized genetic syndromes 
associated with hypergonadotropic hypogonadism include the fra-
gile X pre- mutation (OMIM #300624), pseudohypoparathyroidism 
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type 1a (Albright hereditary osteodystrophy, OMIM #103580), 
autoimmune polyglandular syndrome type 1 (OMIM #607358), 
progressive external ophthalmoplegia, blepharophimosis syn-
drome, myotonic dystrophy, and ataxia- telangiectasia syndrome 
(OMIM #607585) [72, 73].

Vanishing testis syndrome refers to the case of the phenotypic-
ally normal male born with bilaterally absent testes. Normally func-
tioning testicular tissue is presumably present in early gestation, as 
the external and internal genitalia are normally formed and there 
are typically no Müllerian remnants, implying normal secretion of 
testosterone and AMH in utero. This condition is thought to be due 
to antenatal bilateral torsion of the testes or other vascular events. 
This condition is uncommon, occurring in approximately 1:20 000 
males. Careful physical examinations at birth and during childhood 
will reveal apparent bilateral undescended testes, and further evalu-
ation by measuring AMH, inhibin B, or human chorionic gonado-
tropin (hCG)- stimulated testosterone will demonstrate the absence 
of functioning testicular tissue. However, if a good physical examin-
ation is not performed in childhood, this condition may remain un-
detected and present with delayed pubertal development. In some 
cases, the vascular insult may occur near the time of delivery, and 
bilateral testicular necrosis may be identified [74].

Gonadal tissue is very radiosensitive, with germ cells being par-
ticularly prone to radiation injury. Although loss of germ cells 
in the male leads to infertility, Leydig cells are more resistant to 
radiation- induced damage. Hence, at lower doses of radiation, 
there may be loss of fertility with preservation of endocrine func-
tion, diagnosed by elevation of FSH with normal LH and tes-
tosterone levels. At higher doses of radiation, both fertility and 
hormone secretion are affected, with elevation of both FSH and 
LH and low testosterone concentrations. With any degree of ra-
diation exposure in the male child or adolescent, germ cell loss 
can occur, while Leydig cell injury does not usually occur until 
doses exceed 20– 30 Gy. This situation contrasts with females, in 
whom germ cell loss is closely tied to loss of endocrine function 
due to loss of follicle development. The number of oocytes in the 
female is limited, and exposure later in adolescence or in adult-
hood, when there are normally fewer oocytes present, is associated 
with worse endocrine and reproductive outcomes than exposure 
early in childhood, when the number of oocytes present is larger. 
Radiation exposure in doses above 10 Gy in pubertal girls is asso-
ciated with adverse reproductive outcomes, while doses above 15 
Gy place prepubertal girls at risk [75].

Chemotherapeutic medications, especially alkylating agents, 
commonly cause gonadal injury in both prepubertal and pubertal 
patients. Higher dose protocols are more likely to cause gonadal 
dysfunction. This group of medications includes cyclophospha-
mide, ifosfamide, cisplatin, procarbazine, busulfan, chlorambucil, 
and others. Similar to the case of radiation exposure, females are 
at higher risk for chemotherapy- induced fertility and hormonal 
sequelae, while defects of testosterone secretion in males exposed 
to alkylating agents are uncommon. Overall, males who have sur-
vived cancer in childhood have a 24% decrease in fertility, while fe-
males have a 10- fold increase in the incidence of premature ovarian 
insufficiency [76].

A variety of approaches have been used to preserve gonadal func-
tion in children and adolescents undergoing cancer treatments. 

Oophoropexy, which refers to surgical relocation of the ovaries, may 
move at- risk ovaries out of the field of radiation but results in loss 
of spontaneous fertility and may make assisted reproductive tech-
niques more difficult. Although oocyte and embryo cryopreserva-
tion are accepted techniques for preserving fertility in adults, these 
are not options for the prepubertal patient, as they require ovarian 
hyperstimulation with or without a sperm donor. Although these 
techniques may be available for post- menarchal adolescents, they 
require a 2– 4- week interval of ovarian hyperstimulation before 
chemotherapy can begin. This may result in an unacceptable delay 
in many cases [77]. Other techniques, such as ovarian tissue cryo-
preservation, are being studied but are currently not available out-
side of clinical trials. Treatment with long acting GnRH analogues 
has been proposed for suppression of ovarian function with the goal 
of preserving fertility after cancer treatment. Data have shown vari-
able degrees of success, and this approach is not recommended as 
the sole fertility preservation technique [78]. For male adolescents 
undergoing chemotherapy or radiation treatment, semen samples 
obtained before treatment may be frozen, and this should be offered 
to all those at risk [76]. Testicular tissue cryopreservation may be 
performed as part of clinical trials and is considered experimental 
at this time [78].

Autoimmune oophoritis (AO) presents as premature ovarian insuf-
ficiency or less commonly as absent puberty, arrested puberty, or pri-
mary amenorrhea. It is estimated that 1– 5% of women with premature 
ovarian insufficiency have ovarian autoimmunity. AO is commonly re-
ported in type 1 autoimmune polyglandular syndrome (APS, OMIM 
#607358), and may be less often found in type 2 APS. It is nearly al-
ways associated with autoimmune adrenalitis, and approximately 20% 
of females with primary adrenal insufficiency, will have AO. In the set-
ting of type 1 APS, 36% of females will have AO, and 4% of males will 
have autoimmune orchitis. Affected individuals have clinical ovarian 
insufficiency, low oestradiol concentrations, and elevation of FSH. 
Anti- Müllerian hormone levels are low. Other manifestations of auto-
immunity may be present, including hypothyroidism, systemic lupus 
erythematosus, Sjögren syndrome, rheumatoid arthritis, haemolytic 
anaemia, pernicious anaemia, inflammatory bowel disease, and others 
[79]. Antibodies to several cytochrome P450 steroidogenic enzymes 
have been documented in patients with AO, but assays for these auto-
antibodies are not commonly available. However, because of the close 
association between autoimmune adrenalitis and AO, antiadrenal 
antibodies directed against the 21- hydroxylase enzyme may serve as 
a surrogate marker in the patient with clinical ovarian insufficiency. 
Because primordial follicles are preserved early in the course of AO, 
treatment with immunosuppressive agents such as glucocorticoids 
may be effective [73, 80].

Viral orchitis is an uncommon problem that usually affects adult 
men. Infection with the mumps virus causes orchitis in 15– 30% of 
postpubertal males, although orchitis is rare in children. In 15– 30% 
of cases, orchitis is bilateral. Symptoms include pain, oedema, and 
erythema of the scrotum. After resolution, approximately half of af-
fected men have decreases in testicular volume. Some patients will 
have minor alterations in endocrine function, but sterility is rare 
[81]. In women, mumps oophoritis is less common, affecting 5% of 
infected adult women. Mumps oophoritis is very rare in childhood, 
and rarely causes alterations of endocrine function or fertility in any 
affected female [82].
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Other causes of orchitis and oophoritis include bacterial in-
fections with Chlamydia trachomatis, Neisseria gonorrhoea, and 
Escherichia coli; other viral pathogens such as Coxsackie virus and 
varicella; and non- infectious causes such as Henoch– Schönlein 
purpura and other vasculitides.

Diagnosis of Delayed Puberty and Hypogonadism

Diagnostic algorithms for the evaluation of delayed puberty and 
possible hypogonadism are presented in Figures 7.3.2.3 and 7.3.2.4. 
The evaluation starts with a careful history and physical examin-
ation (Table 7.3.2.3). Important historical features include the pres-
ence or absence of any signs of puberty, including the age at onset 
and the tempo of progression. Inquiry about the patient’s sense of 
smell is important, because patients and families will not volunteer 
this information in this setting. The growth pattern of the patient 
must be assessed by examination of a standard growth chart. Finally, 
the timing of puberty in the parents, siblings, and other relatives is 
critical, as many of the possible conditions are heritable.

Important physical features include the patient’s height and 
weight, the presence or absence of any signs of puberty, and the 

quantification of these signs if possible. Quantification of pubertal 
development includes assessment of Tanner stages, measurement 
of testicular volume and penile length in males, and assessment of 
breast size in females or gynecomastia in males.

The laboratory diagnosis begins with determinations of LH and 
FSH concentrations. Normal or low gonadotropin levels direct the 
evaluation along the hypogonadotropic hypogonadism pathway, 
while elevations of gonadotropins suggest a diagnosis involving pri-
mary testicular or ovarian abnormalities. Sex steroid levels should 
be measured in the morning because of the diurnal variation, par-
ticularly for testosterone. Many commercially available assays for 
oestradiol are insensitive, and biologic effects of oestradiol may be 
present at serum concentrations below the detection limit. Serial 
measurements of gonadotropins and sex steroids may be helpful to 
quantify the progression of puberty or lack thereof.

Treatment of Delayed Puberty 
and Hypogonadism

The principle goal of treatment of adolescents with delayed or ab-
sent puberty is the attainment of sex steroid levels and physical 
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Figure 7.3.2.3 Algorithm for the evaluation and management of delayed puberty and hypogonadism in boys. AMH, Anti- Müllerian hormone; BA, 
bone age; CNS, central nervous system; FSH, follicle stimulating hormone; GH, growth hormone; LH, luteinizing hormone; MRI, magnetic resonance 
imaging; Rx, treatment; T, testosterone; TFTs, thyroid function studies.
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features that are appropriate for the stage of adolescent maturation. 
Replacement may be temporary in cases of transient delayed pu-
berty, such as constitutional delay of growth and puberty (CDGP), 
or long- term in adolescents with permanent absence of pubertal 
maturation. Subsequent goals of sex steroid therapy in the adoles-
cent are to promote physiological linear growth and development 
of secondary sexual characteristics and to permit the acquisition of 
normal body composition, including muscle mass and bone min-
eral content, to mimic the normal physiologic process. Regardless of 
whether the patient has hyper-  or hypogonadotropic hypogonadism, 
long- term sex steroid replacement is accomplished similarly.

Androgen Preparations

Agents presently available for androgen replacement are listed in 
Table 7.3.2.4. Not all of the preparations are universally available, 
and treatment may need to be individualized using the locally avail-
able preparations. Few preparations are suggested for the induc-
tion of puberty, mainly because the dosage forms are metered to 
full androgen replacement for the adult. As most are drug delivery 
devices, they cannot be easily altered to deliver the small, and then 
increasing, doses of testosterone required to permit normal pubertal 
maturation in hypogonadal adolescents or in those with CDGP.

The oral 17α- hydroxylated preparations are virtually never 
used because of the concern of liver toxicity, and there is very 
little experience in adolescents with the buccal or nasal formula-
tions. Testosterone undecanoate is not considered hepatotoxic. 

Unmodified testosterone, administered orally, is rapidly inactivated 
by first- pass hepatic metabolism.

Oxandrolone is a non- aromatizable, non- 5- α reducible oral 
steroid hormone, which interacts directly with the androgen re-
ceptor. It augments height velocity in boys with CDGP without dis-
proportionate advancement of skeletal maturation, which would 
theoretically decrease adult height [83]. In prepubertal boys, a 
marked increase in body mass index, a decrease in the triceps and 
subscapular skin folds, and an increase in the upper body muscle 
area have been noted following oxandrolone, 2.5 mg/ day [84]. At 
that dose, oxandrolone was an anabolic steroid without significant 
virilizing action.

The primary clinical uses for androgen therapy in adoles-
cent males are to induce pubertal maturation and as replacement 
therapy in those with permanent hypogonadism of either the 
hypogonadotropic or hypergonadotropic variety. The most common 
cause, although its precise incidence is unknown, is CDGP.

Without intervention, most adolescents with CDGP will undergo 
normal pubertal maturation spontaneously and most, but not all, 
will reach their genetically determined mid- parental height range 
[85]. Many adolescents suffer significant emotional distress because 
they differ in their appearance from their peers during these years. 
Androgen therapy was initially proposed for boys with CDGP to 
alleviate their psychological discomfort, in addition to the benefi-
cial effects on bone mineral accrual, lean body mass (protein anab-
olism) and the regional distribution of body fat.

Figure 7.3.2.4 Algorithm for the evaluation and management of delayed puberty and hypogonadism in girls. BA, bone age; CNS, central nervous 
system; E2, oestradiol; FSH, follicle stimulating hormone; GH, growth hormone; LH, luteinizing hormone; MRI, magnetic resonance imaging; Rx, 
treatment; TFTs, thyroid function studies.
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The authors recognize that the majority of boys who have sought 
subspecialist evaluation are anxious to begin androgen therapy, 
and are generally pleased with the results, albeit subtle, even after 
3 months of therapy with 50– 75 mg long- acting testosterone esters 
per month. Their reasons to begin therapy fall into the appearance 
(too young), social (not considered a peer), and athletic (cannot 
compete because of size and lack of strength) spheres. The dose is 
increased by 25– 50 mg per month every 3 months if spontaneous 
pubertal maturation has not occurred. This may be assessed by an 
increase in testicular size, indicating gonadotropin release despite 
the negative feedback effects of the exogenous testosterone, or by 
rising early morning levels of testosterone obtained at least 3 weeks 
following the previous testosterone injection. Therapy is discon-
tinued when the testicular volume is approximately 6–8 mL. The 
longest acting ester available is testosterone undecanoate, and be-
cause of its ~3- month duration of action, it is not appropriate for 
adolescents with presumed CDGP.

For those with permanent hypogonadism, the escalation of 
the testosterone cypionate or enanthate ester continues until one 
reaches approximately 150 mg monthly, after which one might con-
sider switching to twice monthly at 100 mg each administration, 

increasing to a maximum of 200 mg twice monthly, which is the 
average adult dose. At about the time of moving to twice monthly 
injections, one might consider the cutaneous gel which is available 
in sachet packages of 2.5 and 5 g or a metered pump dispensing 
1.25 g, which we consider a mid- pubertal dose. The advantage of 
the gel is that the levels of testosterone, dihydrotestosterone (DHT), 
and oestradiol are all within the physiological range for the entire 
day. Subsequent alterations in dose can be made by measuring the 
circulating level of testosterone. Those receiving intramuscular tes-
tosterone have higher than normal levels of T, DHT, and oestradiol 
for the first part of the dosing interval and lower than normal for the 
latter part of the interval.

oestrogen Preparations

Puberty can be induced using an oestrogen preparation started at 
approximately 12 years, an age appropriate to induce breast devel-
opment without affecting the physiological rate of bone maturation 
or growth potential [86]. The initial dose should be low, one sixth 
to one quarter of the adult dose (Table 7.3.2.5), and increased grad-
ually at intervals of 3– 6 months. The administration of very low- 
dose depot oestradiol (initial dose of 0.2 mg/ month, IM) permitted 

Table 7.3.2.4 Androgen preparations

Agent Dosing route Induction of puberty Adult dose

Enanthate/ cypionate Intramuscular 50– 100 mg IM every 4 weeks for 4– 6 months
1.  For CDGP: Dose can be increased after 3 months   

if no signs of pubertal maturation. Dose increase 
by 25– 50 mg/ month with evaluation at 3– 4- month 
intervals until testes 8– 10 ml

2.  IHH: Increase dose by 25– 50 mg/ month at   
4– 6- month intervals until full adult replacement   
dose of ~200 mg/ 2 week or 100 mg/ week

200 mg twice monthly

Mixture of esters
(Sustanon)

Intramuscular 50– 75 mg every 4 weeks for 4– 6 months
1.  For CDGP: Dose can be increased after 3 months   

if no sighs of pubertal maturation. Dose increased   
by 25 mg/ month with evaluation at 3– 4- month 
intervals until testicular volume reaches 6–8 mL

2.  IHH: Dose may be escalated gradually to 100 to   
150 mg/  month before changing to 250 mg/ 3   
weeks, the approximate adult dose

250 mg every 2– 3 weeks

Undecanoate Intramuscular Not recommended 750– 1000 mg every 10– 12 weeks (range 10– 14 weeks)

Undecanoate Oral 40 mg daily; titrate gradually to adult dose 80 mg twice daily

Testosterone Transdermal patch Begin with 2 mg/ day patch for perhaps 12 h/ day   
and gradually titrate to full adult dose

2.5– 5 mg

Testosterone Transdermal gel 0.5 gm/ day increasing dose based on T levels   
(low level of evidence)
Increase dose in stepwise fashion by 0.5 g increments 
to the full adult dose

5– 10 g/ day

Table 7.3.2.5 Oestrogen preparations

Agent Dosing route Induction of puberty Adult dose

Oestradiol cypionate Intramuscular 0.2 mg/ month ~2.5 mg/ month

Micronized oestradiol Oral 0.25 mg/ day 1– 4 mg/ day

Oestradiol Transdermal patch* 6.25– 12.5 µg twice weekly 100 μg twice weekly

Oestradiol Transdermal gel 0.1 mg/ day 1.5 mg/ day

*The designated patch dosage is the amount delivered daily; how often one changes the patch depends on the 
manufacturer’s specifications.
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relatively age- appropriate (12– 13 years of age) feminization without 
interfering with the effect of growth hormone on the enhancement 
of height potential [87].

In a study of girls with Turner syndrome, 56 subjects who were 
receiving rhGH therapy received low dose, oral micronized oestra-
diol (5 µg/ kg*day) for 2 years followed by one year at 7.5 µg/ kg*day 
and then 10 µg/ kg*day [88]. The main purpose of the study was 
to induce feminization as close to physiologically as practicable 
without negatively affecting adult height. The majority had similar 
breast development and progression compared to a population of 
Dutch girls, but delayed by approximately 2 years. As previously re-
ported, adult uterine size was not attained, likely due to the 45,X 
karyotype and not due to the protocol for the escalation of the oes-
tradiol dose. No direct comparison with the transdermal applica-
tion of oestradiol was made.

Transdermal oestradiol patches have been used with some ad-
vantages over the traditional oral administration of oestradiol or 
one of its synthetic analogues. Nocturnal application (3.1– 12.5 µg/ 
day of 17β- oestradiol) in girls with hyper-  or hypogonadotropic 
hypogonadism produced levels of oestradiol that are similar to 
those measured in girls during spontaneous adolescent maturation 
[89]. Cutaneous administration of oestradiol in hydroalcoholic 
gel is another therapeutic possibility that can be used to induce 
puberty.

Detailed recommendations for low dose oestrogen treatment 
options for pubertal induction in adolescent girls with Turner syn-
drome and considerations for use may be found in [90]. The au-
thors ‘suggest the following practical approach to feminize girls 
with Turner syndrome: initiate puberty with low dose transdermal 
oestradiol, when available, starting with half of a 14 µg patch ap-
plied weekly or a whole 14 or 25 µg patch for one week per month at 
11– 12 years of age’. These investigators also recommend against the 
use of conjugated oestrogens unless other forms are unavailable. In 
general, the dose of oestrogen can be increased every 6– 12 months 
to reach full replacement dose after two or three years of therapy.

Replacement therapy in most patients eventually involves cyclic 
oestrogen/ progesterone therapy. Once full oestrogen replace-
ment has been reached, cyclical progesterone (e.g. 5– 10 mg of 
medroxyprogesterone acetate) can be added every month to induce 
monthly menstrual bleeding. Once full pubertal maturation has 
been reached, the oestrogen dosage should be the minimum that 
will maintain normal menstrual periods, prevent calcium loss from 
bone, and permit the accrual of peak bone mass early in the third 
decade [90]. At that time, low dose birth control pills are an alterna-
tive option; however, by definition the dose of oestrogen is greater 
than the physiologic dose for an adult woman.
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Introduction

Precocious puberty (PP) may be caused by central or peripheral 
mechanisms. Precocious puberty leads to the progressive develop-
ment of secondary sexual characteristics including breast develop-
ment in girls and testicular enlargement in boys, together with the 
development of pubic hair, and an acceleration of growth velocity 
and bone maturation, resulting in premature fusion of the growth 
plates, potentially responsible for adult height deficit [1] .

Premature sexual maturation is a frequent cause for referral to 
paediatric endocrinology. Clinical evaluation is generally sufficient 
to reassure the patient and family, but premature sexual maturation 
may reveal severe conditions and need a thorough evaluation to 
identify its cause and potential for progression, in order to propose 
an appropriate treatment [1] . Although the use of long- acting GnRH 
agonists has revolutionized the treatment of central precocious 
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puberty, questions remain regarding their optimal use [2]. One of 
the main ongoing controversial issues is the definition of normal 
pubertal development. The onset of puberty may also be subject to 
the effects of environmental (secular trends, adoption, absence of 
the father and possible exposure to estrogenic endocrine- disrupting 
chemicals), socioeconomic disadvantage, nutritional (body mass 
index), and constitutional (genetics, ethnicity) factors, with impli-
cations for the definition of precocious puberty [3, 4].

Normal and Premature Sexual Maturation

Normal pubertal development results from the activation of pulsatile 
hypothalamic GnRH secretion leading to activation of the pituitary- 
gonadal axis. The onset of puberty is marked clinically by breast 
development in girls and testicular enlargement in boys. Tanner 
stages (see Figure  7.3.1.1 in Chapter  7.3.1, ‘Recognizing Normal 
and Disordered Pubertal Development’) are used to evaluate pu-
bertal development and the onset of puberty corresponds to Tanner 
2 breast (B2) stage in girls (best assessed by both inspection and pal-
pation) and Tanner 2 genital (G2) stage in boys (testicular volume 
greater than 4 ml or testicular length greater than 25 mm).

Defining the normal limits of pubertal development is difficult, 
given the paucity of truly normative data and the numbers of com-
ponents to consider including not only pubertal onset, but also pro-
gression of puberty and onset of menarche. Although there have been 
discussions to decrease the cut- off defining early pubertal onset in 
girls, the traditional limits of 8 years in girls and 9.5 years in boys are 
still used by most paediatric endocrinologists [1] . Sexual hair develop-
ment is a component of pubertal maturation that reflects the actions 

of androgen produced by the gonads or by the adrenals. Similarly, the 
traditional limits of pubic hair development have been set to 8 years in 
girls and 9.5 years in boys with wide ethnical variations.

There are several elements to remember when considering 
normal and abnormal pubertal development. First, the activation 
of the gonadotropic axis is not an all or nothing phenomenon, but 
evolves over several years, starting 2 to 3 years before the clinical 
onset of puberty. Second, the mean duration of the transition from 
one stage to the next is generally close to 6 months on average but 
varies among individuals. In slowly progressive puberty, pubertal 
development can remain at the B2 stage or revert to the B1 stage be-
fore resuming later. It is noteworthy that although the mean age at 
the B2 stage has decreased in the past decades, the age at menarche 
has been relatively stable, indicating a longer duration of puberty 
[5] . Third, the onset of puberty is affected by a number of factors in 
addition to ethnicity [6]. The prevalence of precocious puberty is 
about 10 times higher in girls than in boys and has been estimated 
at 0.2% of girls and less than 0.05% of boys. The number of cases 
increases with age for both sexes and onset of puberty below 6 years 
in girls and 7 years in boys accounts for only 15% of all cases [7, 8].

Aetiologies and Mechanisms Underlying 
Premature Sexual Development

Figure 7.3.3.1 summarizes the mechanisms underlying premature 
sexual development. Premature sexual development results from 
the action of sex steroids or compounds with sex steroid activity on 
target organs. The most common mechanism of progressive preco-
cious puberty is the early activation of pulsatile GnRH secretion. 

Figure 7.3.3.1 Principal mechanisms of premature sexual development.
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Peripheral, or gonadotropin- independent precious puberty is due 
to the production of sex steroids by gonadal or adrenal tissue, in-
dependently of gonadotropins which are generally supressed. 
Exposure to exogenous sex steroids or to compounds with ster-
oidal activity can also result in premature sexual development. It is 
also important to recognize variants of pubertal development that 
can mimic precocious puberty but do not lead to long- term conse-
quences and are usually benign.

Central precocious puberty is due to the premature activation of 
GnRH secretion and results in a hormonal pattern that is similar to 
that of normal puberty, although early. Central precocious puberty 
can be due to hypothalamic tumours or lesions or be idiopathic in the 
majority of cases, in particular in girls (Table 7.3.3.1). Recent studies 
have implicated the inactivation of Makorin ring finger 3 (MKRN3) 
genes in ‘idiopathic’ CPP [9, 10]. MKRN3 is an imprinted gene located 
on the long arm of chromosome 15, with a potentially inhibitory ef-
fect on GnRH secretion. MKRN3 gene defects have been identified 
as a cause of paternally transmitted familial CPP, but such defects do 
not underlie maternally transmitted CPP and are rarely involved in 
sporadic forms [11, 12]. More recently, a paternally inherited DLK1 
deletion has been reported in one family with isolated CPP [13]. 
Non- isolated idiopathic CPP has also been reported associated with 
complex and rare syndromic phenotypes such as Silver– Russell and 
Temple syndromes or encephalopathy disorders [14].

Peripheral precocious puberty can result from gonadal, adrenal or 
hCG- producing tumours, activating mutations in the gonadotropic 
pathway and exposure to exogenous sex steroids (Table 7.3.3.2). 
Peripheral precocious puberty can rarely lead to activation of pulsatile 
GnRH secretion and to central precocious puberty (Table 7.3.3.1).

It is essential to recognize that most cases of premature sexual 
maturation correspond to benign variants of normal development 
that can occur throughout childhood (Table 7.3.3.3). This is particu-
larly true in girls below the age of 2 to 3 years where the condition is 
known as premature thelarche. Similarly in older girls, at least 50% of 
cases of premature sexual maturation will regress or stop progressing 
and no treatment is necessary [15]. Although the mechanism under-
lying these cases of non- progressive precocious puberty is unknown, 
the gonadotropic axis is not activated. Premature thelarche probably 
represents an exaggerated form of the physiological early gonado-
tropin surge that is delayed in girls relative to boys.

consequences of Premature Sexual Maturation

Progressive premature sexual maturation can have consequences 
on growth and psycho- social development. Growth velocity is ac-
celerated as compared to normal values for age and bone age is ad-
vanced in most cases. The acceleration of bone maturation can lead 

Table 7.3.3.1 Clinical characteristics of the various forms of central precocious puberty

Cause Symptoms and signs Evaluation

Due to a CNS lesion

Hypothalamic hamartoma May be associated with gelastic (laughing attacks), focal or 
tonic- clonic seizures

MRI: Mass in the floor of the third ventricle 
iso- intense to normal tissue without contrast 
enhancement

Or other hypothalamic tumours:
•  Glioma involving the hypothalamus 

and/ or the optic chiasm.
•  Astrocytoma,
•  Ependymoma,
•  Pinealoma,
•  Germ cell tumours.

May include headache, visual changes, cognitive changes, 
symptoms/ signs of anterior or posterior pituitary deficiency 
(e.g. decreased growth velocity, polyuria/ polydipsia), fatigue, 
visual field defects
If CNS tumour (glioma) associated with neurofibromatosis, 
may have other features of neurofibromatosis (cutaneous 
neurofibromas, café au lait spots, Lisch nodules)

MRI: contrast- enhanced mass that may involve the optic 
pathways (chiasm, nerve, tract) or the hypothalamus 
(astrocytoma, glioma) or that may involve the 
hypothalamus and pituitary stalk (germ cell tumour), 
May have evidence of intracranial hypertension.
May have signs of anterior or posterior pituitary 
deficiency (e.g. hypernatremia)
If germ cell tumour: ßhCG detectable in blood or CSF

Cerebral malformations involving the 
hypothalamus:
•  Suprasellar arachnoid cyst,
•  Hydrocephalus,
•  Septo- optic dysplasia,
•  Myelomeningocele,
•  Ectopic neurohypophysis.

May have neurodevelopmental deficits, macrocrania, 
visual impairment, nystagmus, obesity, polyuria/ polydipsia, 
decreased growth velocity.

May have signs of anterior or posterior pituitary 
deficiency (e.g. hypernatremia) or hyperprolactinemia

Acquired injury:
•  Cranial irradiation,
•  Head trauma,
•  Infections,
•  Perinatal insults.

Relevant history
Symptoms and signs of anterior or posterior pituitary 
deficiency may be present

MRI may reveal condition- specific sequelae or may 
be normal

Idiopathic— no CNS lesion ≈ 92% of girls and ≈ 50% of boys
History of familial precocious puberty or adoption may be 
present
Syndromic/ chromosomal disorders

No hypothalamic abnormality on the head MRI. The 
anterior pituitary may be enlarged
MKRN 3 gene evaluation if paternally transmitted

Secondary to early exposure to sex steroids

Associated with any cause of 
gonadotropin- independent precocious 
puberty.

Relevant history
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to premature fusion of the growth plates and short stature. Several 
studies have assessed adult height in individuals with a history of 
precocious puberty. In older published series of untreated patients, 
mean heights ranged from 151 to 156 cm in boys and 150 to 154 cm 
in girls, corresponding to a loss of about 20 cm in boys and 12 cm in 
girls relative to normal adult height [16]. However, these numbers 
correspond to historical series of patients with severe early onset 
precocious puberty which are not representative of the majority of 

patients seen in the clinic today. Height loss due to precocious pu-
berty is inversely correlated with the age at pubertal onset, and cur-
rently treated patients tend to have later onset of puberty than those 
in historical series [16].

Parents often seek treatment in girls because they fear early 
menarche [17]. However, there is little data to predict the age of 
menarche following early onset of puberty. In the general popula-
tion, the time from breast development to menarche is longer for 

Table 7.3.3.2 Clinical characteristics of the various forms of peripheral precocious puberty

Disorder Characteristic symptoms and signs Test results

Autonomous gonadal activation

McCune– Albright syndrome and recurrent 
autonomous ovarian cysts due to somatic   
activating mutation of the GNAS gene resulting in 
increased signal transduction in the Gs pathway

Mostly in girls. Typically rapid progression of breast 
development and early occurrence of vaginal bleeding 
(before or within a few months of breast development)
Precocious puberty may be isolated or associated 
with café- au- lait pigmented skin lesions (with irregular 
borders) or bone pain due to polyostotic fibrous 
dysplasia. More rarely other signs of endocrine 
hyperfunction (e.g. hypercortisolism, hyperthyroidism), 
liver cholestasis or cardiac rhythm abnormalities

Typically large ovarian cyst or cysts on pelvic 
ultrasound examination,
Bone lesions of fibrous dysplasia
May have laboratory evidence of hypercortisolism, 
hyperthyroidism, increased GH secretion, 
hypophosphatemia, liver cholestasis

Familial male- limited precocious puberty due to 
germinal activating mutations of the LH receptor 
gene

A familial history of dominant precocious puberty 
limited to boys (but transmitted by mothers) may be 
present but some cases are sporadic

Activating mutation of the LH receptor gene

Germline mutations of GNAS gene resulting in dual 
loss and gain of function. (rare)

Single case report of a boy with concomitant 
pseudohypoparathyroidism and gonadotropin- 
independent precocious puberty

Tumours

Granulosa cell tumours of the ovary. Rapid progression of breast development, abdominal 
pain may occur. The tumour may be palpable on 
abdominal examination

Tumour detection on ultrasound or CT scan

Androgen producing ovarian tumours Progressive virilization Tumour detection on ultrasound or CT scan

Testicular Leydig cell tumours Progressive virilization; testicular asymmetry (the 
tumour itself is rarely palpable)

Tumour detection on testicular ultrasound

hCG producing tumours Tumours can originate in the liver or mediastinum. 
Pubertal symptoms in boys only. May be associated 
with Klinefelter syndrome

Elevated serum hCG

Adrenal disorders Manifest with signs of androgen exposure

Congenital adrenal hyperplasia Increased androgen production leading to virilization 
in boys and girls

Increased adrenal steroid precursors in serum, 
mainly 17OH- progesterone (basal or after an 
ACTH stimulation test)

Adrenal tumour Increased androgen production leading to virilization 
in boys and girls. Very rarely, oestrogen- producing 
adrenal tumour

Tumour on abdominal ultrasound or CT scan
Elevated DHEAS, or adrenal steroid precursors

Generalized glucocorticoid resistance Symptoms and signs of mineralocorticoid and 
adrenal androgen excess, such as hypertension and 
hypokalaemic alkalosis

Elevated free urinary cortisol and plasma cortisol

Environmental agents

Exogenous sex steroids Manifestations vary with the type of preparation 
(androgenic or estrogenic); most commonly described 
after topical exposure to androgens; tracing the source 
of exposure may be difficult

Endocrine evaluation can be misleading due to 
widely variable serum levels of sex steroids with 
time

Exposure to oestrogenic endocrine- disrupting 
chemicals

May play a role in precocious puberty in adopted 
children (by modulating the timing of pubertal 
gonadotropic axis activation) although this remains 
unproven

No validated biochemical test

Severe untreated primary hypothyroidism Signs of hypothyroidism. No increase of growth 
velocity
Manifest mostly with increased testicular volume in 
the absence of virilization. Due to a cross- reactivity of 
elevated TSH to the FSH receptor

Elevated serum TSH levels, low free T4 level. No 
bone age advancement
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children with an earlier onset of puberty, ranging from a mean of 
2.8 years when breast development begins at age 9 to 1.4 years when 
breast development begins at age 12 [18].

Adverse psychosocial outcomes are also a concern, but the 
available data specific to patients with precocious puberty have 
serious limitations [2] . In the general population, a higher pro-
portion of early- maturing adolescents engage in exploratory be-
haviours (sexual intercourse, legal, and illegal substance use) and 
at an earlier age, than adolescents maturing within the normal age 
range or later [19]. In addition, the risk for sexual abuse seems to 
be higher in girls or women with early sexual maturation [20]. 
However, the relevance of these findings to precocious puberty is 
unclear, and they should not be used to justify intervention.

Evaluation of the child with Premature 
Sexual Development

The evaluation of patients with premature sexual development 
should address several questions: (1) Is sexual development really 
occurring outside the normal temporal range? (2)  What is the 
underlying mechanism and is it associated with a risk of a serious 
condition, such as an intracranial lesion? (3)  Is pubertal devel-
opment likely to progress? And (4)  Would this impair the child’s 
normal physical and psychosocial development?

clinical Evaluation

A complete family history (age at onset of puberty in parents and sib-
lings) and personal history including the age at onset and progres-
sion of sexual development should be taken. Any evidence suggesting 
possible central nervous system disorder, such as headache, increased 
head circumference, visual impairment or seizures should be sought. 
Growth should be evaluated by drawing a complete growth chart, be-
cause progressive precocious puberty is almost invariably associated 
with and sometimes preceded by an acceleration of growth velocity.

The stage of pubertal development should be classified according 
to Tanner (see Figure 7.3.1.1 in Chapter 7.3.1). Careful assessment 
is needed in obese girls to avoid overestimating breast development. 
The development of pubic hair results from the effects of androgens, 
which may be produced by testes or ovaries in central precocious 
puberty. Acne, oily skin, and hair may be present and result from the 
action of androgens. In girls, pubic hair in the absence of breast de-
velopment is suggestive of adrenal disorders, premature pubarche or 
exposure to androgens. In boys, measurement of testicular volume 

may suggest the cause of puberty, as testicular volume increases in 
central precocious puberty as in normal puberty and in cases of 
peripheral precocious puberty due to testicular disorders (although 
generally less so), whereas it remains prepubertal in adrenal dis-
orders, premature pubarche and other causes of peripheral preco-
cious puberty. Physical examination should also assess for signs of 
specific causes of precocious puberty, such as hyperpigmented skin 
lesions suggesting neurofibromatosis or McCune– Albright syn-
drome. It is also important to recognize clinically the benign vari-
ants of precocious pubertal development with usually isolated and 
non- progressive secondary sexual characteristic (breast or pubic 
hair), normal or slightly increased growth velocity and no or slight 
bone age advancement, if performed (Table 7.3.3.3).

Premature sexual development can be associated with high levels 
of anxiety in girls and psychological evaluation of the child and of 
the familial environment may be useful.

Laboratory Evaluation and Imaging

Additional testing is generally recommended in all boys with pre-
cocious pubertal development, in girls who present with precocious 
Tanner 3 breast stage or higher or in girls with precocious B2 stage 
and additional criteria such as increased growth velocity, advanced 
bone age, symptoms or signs suggestive of central nervous system 
dysfunction or of peripheral precocious puberty.

Bone Age

Bone age measured using a reference atlas such as Greulich & Pyle 
evaluates the impact of sex steroids on epiphyseal maturation and is 
usually advanced in progressive precocious puberty. Caution should 
be taken in overinterpreting bone age, since there is a physiological 
scatter of approximately plus or minus one year of bone age vs chrono-
logical age in Caucasian children and a systematic advance of bone 
age in children of African descent when using references obtained 
in Caucasians. Bone age can also be used to predict adult height, al-
though with a low precision (95% confidence interval of about ± 6 cm) 
and a tendency to overestimate adult height in precocious puberty.

Hormonal Measurements

Hormonal measurements that can be useful for the evaluation of 
premature sexual maturation are summarized in Table 7.3.3.4.

 • Sex steroids should be determined in the morning, using assays 
with detection limits adapted to paediatric values. Most boys with 
precocious puberty have morning plasma testosterone values in 
the pubertal range. In girls, serum oestradiol levels are highly 

Table 7.3.3.3 Benign variants of premature sexual maturation

Condition

Non- progressive precocious 
puberty

See Table 7.3.3.5 for differential characteristics with progressive central precocious puberty

Isolated precocious   
thelarche

Unilateral or bilateral breast development; particularly frequent before the age of 3 years No further evaluation needed 
in most cases

Isolated precocious 
pubarche

Pubic hair development can be associated with adult body odour, axillary hair, or mild acne Normal cortisol precursors 
in serum, including normal 
levels of 17OH- progesterone 
after ACTH stimulation

Isolated precocious 
menarche

Isolated vaginal bleeding without breast development or pubic hair, and no genital trauma. It is 
important to evaluate clinically for a vaginal lesion (sex abuse, foreign body, tumour)
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variable and have a low sensitivity for the diagnosis of precocious 
puberty. Very high oestradiol levels are generally indicative of 
ovarian diseases (cysts or tumours).

 • LH determinations are the key to diagnosis and should be based 
on ultrasensitive assays. Because prepubertal LH levels are <0.1 IU/ 
L, LH assays used should have a detection limit near 0.1 IU/ L. The 
measurement of gonadotropins following GnRH (or GnRH agonist) 
stimulation is considered the gold standard. However, normative 
values are scarce and cut- offs levels are not well validated. During 
normal puberty, the peak LH level increases progressively with a large 
overlap between successive pubertal stages resulting in an ability to 
fully discriminate only stage I and stage IV [16]. Peak LH levels of 5 
to 8 IU/ L suggest progressive central precocious puberty [17].

 • Random LH measurements have been proposed as an alternative 
but variable cut- off values have been proposed. However, unless 
LH values are clearly elevated, we consider that it is preferable to 
confirm the diagnosis of progressive central precocious puberty 
by a stimulation test before initiating treatment. In girls below the 
age of 3 or 4 years, gonadotropin levels tend to be physiologic-
ally elevated and caution should be taken when interpreting the 
values to avoid over- diagnosing precocious puberty [21].

 • FSH provides less information than LH measurements since FSH 
levels vary little through pubertal development. However, the 
stimulated LH/ FSH ratio may help differentiate progressive pre-
cocious puberty (which tends to have higher LH/ FSH ratios) from 
non- progressive variants that do not require GnRHa therapy.

Pelvic or Testicular Ultrasonography

In girls, pelvic ultrasonography can be used to detect ovarian cysts 
or tumours. Uterine changes due to oestrogen exposure can be used 
as an index of progressive puberty. A uterine volume greater than 
2.0 ml and a uterine length of more than 34 mm have 89% and 80% 
sensitivity and 89% and 58% specificity respectively for precocious 
puberty in one series [22]. Testicular ultrasound scans should be 
performed if testicular volume is asymmetric or in peripheral pre-
cocious puberty, in order to detect Leydig cell tumours, which are 
generally not palpable.

Brain MRI

Neuroimaging is essential in the etiological evaluation of progres-
sive central precocious puberty. Magnetic resonance imaging (MRI) 
is the examination of choice in the study of the brain and of the 
hypothalamic- pituitary region, for the detection of hypothalamic 
lesions. The prevalence of such lesions is higher in boys (30– 80% of 
cases) than in girls (8– 33%), and is much lower when puberty starts 
after the age of 6 years in girls, this population accounting for the 
majority of cases. It has been suggested that an algorithm based on 
age and oestradiol levels could replace MRI, but such an approach 
has not been clearly validated [23– 25].

Differentiating Progressive and Non- Progressive Forms 
of central Precocious Puberty

Clinical evaluation, hormonal measurements and imaging usually 
allow the identification of one of the following situations:

 • Progressive central or gonadotropin- dependent precocious 
puberty, with high serum testosterone in boys, variable serum 
oestradiol in girls, peak serum LH after GnRH stimulation in the 
pubertal range, advanced bone age and oestrogenized uterus on 
ultrasound examination.

 • Peripheral or gonadotropin- independent precocious puberty, 
with high serum testosterone in boys, generally high and occa-
sionally markedly elevated serum oestradiol in girls, low (sup-
pressed) peak serum LH after GnRH stimulation, advanced bone 
age and oestrogenized uterus on ultrasound examination.

 • Benign variants of precocious pubertal development, with low 
serum sex- steroid levels, normal pelvic ultrasound examination 
and peak serum LH after GnRH stimulation in the prepubertal 
range (if done, not necessary in most cases).

Table 7.3.3.5 summarizes features reflecting the intensity and 
duration of the gonadotropic axis activation that are useful in 
distinguishing between progressive central precocious puberty and 
non- progressive forms of precocious puberty. Although these cri-
teria are not fully evidence- based, and reflect personal experience 

Table 7.3.3.5 Criteria to differentiate non- progressive forms and progressive central precocious puberty in girls

Progressive central precocious puberty Non progressive precocious puberty

Clinical Pubertal stages Progression from one stage to the next 
in 3 to 6 months

Stabilization or regression of pubertal signs

Growth velocity Accelerated (≈>6 cm/ year) Usually normal for age

Bone age Usually advanced by at least 1 year Usually within one year of chronological age

Predicted adult height Below target height range or declining 
on serial determinations

Within target height range

Pelvic ultrasonography Uterine development Uterine volume >2.0 ml or 
length >34 mm
Pearl- like shaped uterus
Endometrial thickening   
(endometrial echo)

Uterine volume ≤2.0 ml or length ≤34 mm
Prepubertal, tubular shaped uterus

Hormonal evaluation Oestradiol Usually measurable oestradiol level with 
advancing pubertal development

Oestradiol not detectable or close to the detection limit

LH peak after GnRH or GnRH 
agonist

In the pubertal range In the prepubertal range

Reproduced with permission from Carel JC, Leger J. Clinical practice. Precocious puberty. The New England Journal of Medicine. 2008;358(22):2366– 77. Copyright © 2008, 
Massachusetts Medical Society.
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as well as data obtained in cross- sectional and small- sized longitu-
dinal studies, they can provide useful orientation. When discrepant 
results are obtained, it is recommended to wait a few months and 
reassess, to avoid unnecessary treatment [15].

The Normal Variants of Puberty

The distinction between early puberty and normal puberty is not 
clear- cut. There are several variants of normal puberty, which may 
pose problems for differential diagnosis, particularly as they have a 
high prevalence [26– 28].

Isolated Premature Breast Development or 
Premature Thelarche

Premature thelarche is isolated breast development before the 
age of 8  years. There are two peaks in the frequency of premature 
thelarche:  the neonatal period, which is marked by gonadotropin 
activation, this peak potentially lasting for 2 or 3 years, and the pre-
pubertal period [29]. Premature thelarche differs from early puberty 
in the absence of any other aspect of sexual development, usually with 
a lack of scalability of breast development and no acceleration of height 
velocity or significant advance in bone maturation (≥2 years). Uterine 
ultrasound scans provide a simple means of checking that there is no 
change in the uterus. No further exploration or treatment is required 
and the outcome is the persistence of moderate breast development (in 
two- thirds of cases) or regression (one- third of cases). However, iso-
lated premature breast development may precede the onset of central 
precocious puberty, which should not be ignored if patients develop 
other pubertal signs and an acceleration of height velocity.

Premature Development of Pubic Hair or 
Premature Pubarche

Premature pubarche is the appearance of pubic hair before the age 
of 8 years in girls and 9 years in boys. It may be accompanied by 
clinical signs of hyperandrogenism: acne, axillary hair, accelerated 
growth rate. It corresponds to adrenal maturation (adrenarche) 
and is not a differential diagnosis for central precocious puberty. 
Possible differential diagnoses to be systematically excluded include 
adrenal tumours and congenital adrenal hyperplasia [30, 31].

Slowly Progressive Forms of Precocious Puberty

Studies monitoring these benign variants of precocious puberty 
have shown that treatment with GnRH agonists is not appropriate 
because there tends to be either a total regression of pubertal signs 
or a slow progression towards puberty (Table 7.3.3.5)

Management

central Precocious Puberty

GnRH Agonists

GnRH agonists are generally indicated in progressive central pre-
cocious puberty. GnRH agonists continuously stimulate the pi-
tuitary gonadotrophs, leading to desensitization and decreases in 
LH release and, to a lesser extent, FSH release [32]. Several GnRH 
agonists are available in various depot forms and their approval for 
use in precocious puberty varies between countries. Despite nearly 
30 years of use of GnRH agonists in precocious puberty, there are 

still ongoing questions on their optimal use and an international 
consensus statement, has summarized the available information 
and the areas of uncertainty as of 2007 [2] .

GnRH agonist treatments should be followed by experienced 
clinicians and result in the regression or stabilization of pubertal 
symptoms, decrease of growth velocity and bone age advancement 
[2] . GnRHa- injection dates should be recorded and adherence 
with the dosing interval monitored. A suppressed LH response to 
the stimulation by GnRH, GnRH agonist, or after an injection of 
the depot preparation (which contains a fraction of free GnRH 
agonist) is indicative of biochemical efficacy of the treatment but is 
not recommended routinely. Progression of breast or testicular de-
velopment usually indicates poor compliance, treatment failure or 
incorrect diagnosis and requires further evaluation.

There are no randomized controlled trials assessing long- term 
outcomes of the treatment of central precocious puberty with 
GnRH agonists:  at most, heightened outcomes have been evalu-
ated. Among approximately 400 girls treated until a mean age of 
11 years, the mean adult height was about 160 cm and mean gains 
over predicted height varied from 3 to 10  cm [16]. Individual 
height gains were very variable, but were calculated using predicted 
height, which is itself poorly reliable. Factors affecting height out-
come include initial patient characteristics (lower height if bone age 
is markedly advanced and shorter predicted height at initiation of 
treatment) and, in some series, duration of treatment (higher height 
gains in patients starting treatment at a younger age and with longer 
durations of treatment).

Other outcomes to consider include bone mineral density, risk 
of obesity, and psychosocial outcomes. Bone mineral density may 
decrease during GnRH agonist therapy. However, subsequent bone 
mass accrual is preserved, and peak bone mass does not seem to 
be negatively affected by treatment [2] . There have been concerns 
that GnRH agonist use may affect BMI. However, childhood obesity 
is associated with earlier pubertal development in girls, and early 
sexual maturation is associated with increased prevalence of over-
weight and obesity. Altogether, the available data indicate that long- 
term GnRH agonist treatment does not seem to cause or aggravate 
obesity, as judged from BMI [2, 33]. However, the risk of obesity is a 
concern in girls with premature sexual maturation and BMI should 
be closely monitored. As discussed earlier, psychosocial evaluation 
data are scarce in patients with premature sexual maturation and 
there is little evidence to show whether treatment with GnRH agon-
ists is associated with improved psychological outcome [2, 34, 35].

Although tolerance to GnRH agonist treatment is generally con-
sidered good, it may be associated with headaches and menopausal 
symptoms such as hot flushes. Local complications (3– 13%) such as 
sterile abscesses may result in a loss of efficacy and anaphylaxis has 
been exceptionally described [36].

The optimal time to stop treatment has not been established 
and factors that could influence the decision to stop GnRH agon-
ists include aiming at maximizing height, synchronizing puberty 
with peers, ameliorating psychological distress, or facilitating care of 
the developmentally delayed child. However, data only permit ana-
lysis of factors that affect adult height. Several variables can be used 
to decide on when to stop treatment including chronological age, 
duration of therapy, bone age, height, target height, growth velocity. 
However, these variables are closely interrelated and cannot be con-
sidered independently. In addition, retrospective analyses suggest 



7.3.3 Precocious Puberty 1225

that continuing treatment beyond the age of 11 years is associated 
with no further gains [37]. Therefore, it is reasonable to consider 
these parameters as well as informed parent and patient preferences, 
with the goal of menarche occurring near the population norms [2] . 
Pubertal manifestations generally reappear within months of GnRH 
agonist treatment being stopped, with a mean time to menarche of 
16 months [38]. Long- term fertility has not been fully evaluated, but 
preliminary observations are reassuring [38, 39].

The addition of growth hormone [40] or oxandrolone [41] when 
growth velocity decreases or if height prognosis appears to be un-
satisfactory has been proposed. However, data are limited on the ef-
ficacy and safety of these drugs in children with precocious puberty.

Management of Causal Lesions

When precocious puberty is caused by a hypothalamic lesion (e.g. 
mass or malformation), management of the causal lesion has gener-
ally no effect on the course of pubertal development. Hypothalamic 
hamartomas should not be treated by surgery for the management 
of precocious puberty. Precocious puberty associated with the 
presence of a hypothalamic lesion may progress to gonadotropin 
deficiency.

Peripheral Precocious Puberty

Management of Causal Lesions

Surgery is indicated for gonadal tumours and postoperative chemo-  
or radiotherapy should be discussed as part of a multidisciplinary 
team including surgeons and oncologists.

Large ovarian cysts (greater than 20 ml or 3.4 cm in diameter and 
typically more than 75 ml or 5.2 cm) should be managed very care-
fully given the risk of adnexal torsion. In such cases, puncture pos-
sibly ultrasound- guided should be considered and allows molecular 
analysis of the cystic fluid for activating GNAS mutation.

Removal of exogenous exposure to sex steroids is obvious but 
the search for environmental exposure is often very difficult and 
requires careful investigation.

Benign Variants of Premature Sexual Maturation

Benign variants of premature sexual maturation should be followed 
clinically with reassurance to the parents. There is limited data 
on long term outcomes of individuals with these conditions and 
it has been suggested that premature pubarche is a risk factor for 
hyperandrogenism in adulthood.

Medications

There is no aetiological treatment for peripheral causes of preco-
cious puberty and the rarity of the diseases renders evaluation of 
therapeutic strategies very difficult. In McCune- Albright syndrome 
and recurrent ovarian cysts, aromatase inhibitors and Selective 
oestrogen receptor modulators have been used to inhibit the pro-
duction or action of oestrogens, respectively. These approaches are 
partly effective but no definitive strategy has emerged [42]. In fa-
milial male precocious puberty due to LH receptor activating mu-
tations, ketoconazole, an inhibitor of androgen biosynthesis has 
been shown to be effective in the long term and the combination 
of anti- androgens and aromatase inhibitors has been proposed 
[43]. However, caution must be used with the use of ketoconazole 
given the risk of liver toxicity. Non classical and classical forms 

of congenital adrenal hyperplasia should be managed with 
glucocorticoids.

conclusion

The main concern when examining a patient with premature sexual 
development should be the existence of a malignant or potentially 
threatening lesion, either intracranial, in the gonads, the adrenals, 
or elsewhere. However, these lesions are exceedingly rare and on 
a daily basis, the main difficulty is with the differentiation of pro-
gressive and non- progressive forms of precocious puberty and with 
the decision to treat, particularly for girls with an onset of puberty 
between the ages of 6 and 8 years. The psychological aspects of pre-
cocious puberty should also be evaluated during and after the treat-
ment of these patients.
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Introduction

Healthcare professionals are increasingly aware that the transition 
from childhood to adulthood requires special consideration, in 
terms of meeting the needs of young people with any long term con-
dition, both through healthcare design and delivery and the need 
for a specific skill and behaviour set in order to do this effectively. 
Young people can be a forgotten group, not adequately considered 

in paediatric or adult service development strategies resulting in 
disrupted care. This phase of life is key, as it is when a young person 
develops their ideas about, and relationships with the healthcare 
system and their own health condition, thus setting the scene for 
future interactions.

Young people with endocrine conditions, whether onset is in 
early childhood or during adolescence, often require lifelong care, 
and therefore both paediatric and adult healthcare professionals re-
quire knowledge about:

 1. Biopsychosocial development and how it can both affect and be 
affected by having an endocrine condition

 2. Key aspects of adolescent health
 3. Developmentally appropriate healthcare
 4. Effective transition between paediatric and adult services
 5. Endocrine specific care during adolescence and young   

adulthood

Adolescence and Young Adulthood

The WHO have defined ‘adolescence’ as the period from age 10 to 
19  years, but have also described a ‘young person’ as being from 
age 10 to 24 years [1] . This supports the move from developmental 
psychologists to consider biopsychosocial development not only 
in adolescence but extending into the third decade, embracing the 
concept of ‘emerging adulthood’ [2]. Further supporting evidence 
for the extension into young adulthood is provided from neurosci-
ence research into brain development.

Differential pace of brain development during adolescence and 
young adulthood has been proposed as providing an explanation for 
‘adolescent’ behaviour, for example, exploratory risk- taking behav-
iours. The limbic regions develop earlier, the areas associated with 
emotion and reward, followed much later by the pre- frontal cortex, 
which enables planning, considers inhibition, and allows future 
thinking. The pre- frontal cortex is thought to continue developing 
into the mid- 20s [3] .

Biopsychosocial development is an interdependent process 
(Figure 7.4.1), and there are a number of factors, including cul-
tural and socioeconomic, that may alter the rate of progression 
through adolescence and into young adulthood. Understanding 
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biopsychosocial development, (summarized in Table 7.4.1), and 
the potential complex interplay is invaluable for all clinical inter-
actions between healthcare professionals and young people. The bi-
directional relationship between ‘normal’ development and having 
an endocrine condition is significant.

Biological Development

Growth and puberty are covered in Chapter 7.1, but there are also 
changes in body composition beyond the achievement of adult 
height in late puberty with considerable sexual dimorphism [4– 6].

Total body fat increases during puberty, with a steady increase in 
females and a slower increase in males due to the simultaneous rise 
in fat- free mass. This can be perceived as weight gain leading to im-
pact on self- esteem and body image. Lean body mass (fat- free mass) 
increases to age 15 years in females but to age 18 years in males, with 
the maximal rate of change age between 12 and 15 years [7, 8]. The 
endocrine role of adipose tissue through release of adipocytokines 
during adolescence and young adulthood has potential implications 
for the development of future health problems such as cardiovas-
cular disease, obesity, and diabetes; metabolic programming im-
pacts on energy expenditure and insulin resistance [9– 12].

Bone mineral content also increases, with 40% of bone density 
accrued during adolescence [13], with peak bone mass typically 
occurring in the early 20s in females and late 20s in males [14].

Muscle strength and mass increase through adolescence, most 
significantly in males due to the effect of androgens. This accrual 
peaks during the growth spurt in males and during menarche in 
females. By age 17 years, muscle mass is two- fold higher in males 
compared with females [15].

Other biological changes include:

 • Blood pressure increases in puberty, more rapidly in males than 
females [16].

 • Lipids - Total cholesterol and LDL cholesterol decrease in both 
males and females as puberty progresses; HDL is lower and trigly-
cerides are higher in males by the end of puberty when compared 
to both males in earlier pubertal stages and females [17].

 • Haemoglobin and haematocrit increase in males due to andro-
gens, and can decrease in females due to menstruation [18].

Psychosocial Impact of Altered Biological Development

Pubertal Development

When compared to previous generations, girls now have menarche 
at a younger age [19]. Early pubertal maturation can have a det-
rimental impact on mental health [20]. Girls entering puberty at 
a younger age have been shown to have elevated rates of depres-
sion and these rates remain stable over the pubertal period. Earlier 
onset of puberty in girls is associated with earlier age of first sexual 
encounter, teenage pregnancy as well as the development of mood 
disorders [21– 23].

Early- maturing males experience an initial benefit of entering 
puberty before their peers, conferring social benefits of increased 
muscle mass and older appearance. However over time rates of de-
pression also increase in this group, potentially as a result of earlier 
introduction to risk taking behaviours, and association with older 
acquaintances [20].

Delayed or absent puberty can also have dramatic impact on 
psychosocial and emotional well- being [24– 28]. Victimization and 
bullying have been reported. Young men diagnosed with congenital 
hypogonadotropic hypogonadism and Kallmann Syndrome have 
increased rates of anxiety and depression compared with their peer 
group [29– 32]. Some young people become socially isolated as a 
result. Self- esteem and social outcomes do improve with the timely 
introduction of treatment at a physiologically appropriate age, as 
shown in both Kallmann syndrome and Turner syndrome [32, 33]. 
However, if the diagnosis is made late there can be ongoing sequelae 
for the young person, lasting into adult life. Psychological counsel-
ling is a key aspect of managing hypogonadism in adolescence.

Short Stature

Children and young people with short stature are reported to be 
at risk of social isolation, bullying and stigmatization, and tend to 
have low self- esteem and be underestimated by their parents, peers, 
and teachers [34, 35]. Parents also experience heightened anxiety 
and seem to have more awareness of potential impact on future 
functional limitations [36, 37], though levels of concern seem to be 
similar for families of children with other long- term conditions and 
may be more related to illness burden than height itself [38, 39].

Puberty & Growth CNS development
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Adolescent Development
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autonomy
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Identity
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Figure 7.4.1 Biopsychosocial development of adolescence.
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Psychosocial Development

Identity

The concept of ‘self ’ evolves during adolescence, with the young 
person developing their own identity, and becoming autonomous 
in their thinking and acting. Part of this process is an evolving 
separation from the parents/ main caregivers, with less reliance 
on their opinions and development of their own. Young people 
become more aware of how others see them, and more or less 
comfortable with who they are and what their life looks like from 
the outside. This includes the development of their sexual iden-
tity, along with moral/ religious identity and academic/ vocational 
identity. Self- esteem and self- efficacy form part of this process— 
the judgement or evaluation of one’s ability and the belief in one’s 
ability to achieve a particular task/ goal. Where on the continuum 
of development an individual sits will hugely impact on their 
ability and confidence in managing their long- term condition, 
and this therefore needs to be taken into account during any clin-
ical interactions. For example, the way a young person feels about 
their body image and how it is changing during adolescence will 
impact on their consultations; young people with long- term con-
ditions have been shown to have lower self- esteem when it comes 
to body image than their counterparts without any underlying 
medical conditions [40, 41].

Thinking

The mode of thinking evolves during adolescence, with concrete 
thinking early in the process (rigid ideas with no sight of poten-
tial future effects of current actions), and the development of ab-
stract thinking and logical thought process over time (the ability 

to link current actions with future consequences). It takes time for 
the ‘bullet- proof ’ effect to progress to the complex abstract thinking 
needed to understand the long- term consequences on their future 
and their health of actions taken now. By late adolescence (age 17– 
20 years) young people are starting to understand these potential 
consequences, so the approach of healthcare professionals needs to 
adjust depending on the stage of development of a young person’s 
thought processes.

Social Development

As young people develop biologically and psychologically, they 
are also adapting to a changing social environment. This involves 
changes in the way they interact with family, peers, and potential 
partners, with exposure to new behaviours and responsibilities. 
There can be significant cultural differences in how these changes 
evolve, depending on geography and ethnic background, with add-
itional impact of socioeconomic status.

 • Relationships and support frameworks

Throughout adolescence, there is an expected change in the 
interaction with parents/ guardians, moving from a reliance on 
their support and guidance, to an active rejection of their input 
in favour of peer support. Ultimately there is re- acceptance of 
parental support in collaboration with peer support and the 
input of partners by late adolescence. With a long- term condi-
tion in the equation, the parental support relationship can be 
more complex: it is often relied upon, having been essential from 
childhood, potentially preventing young people from developing 
independence; for parents it can be hard to relinquish that 
control.

Table 7.4.1 Biopsychosocial phases of adolescence

Early
10– 13 yrs

Mid
14– 16 yrs

Late
17– 19 yrs

Biological/ 
physical

Girls
Breast bud and pubic hair
development (Tanner stage II);
initiation of growth spurt

Boys
Testicular enlargement;
beginning of genital growth
(Stage II)

Girls
Mid to late puberty (Stage IV– V);
completion of growth; menarche (Stage IV
event); development of female body shape
with fat deposition

Boys
Mid puberty (Stages III & IV);
spermarche & nocturnal
emissions; voice breaking; initiation of
growth spurt (Stage III– IV)

Boys
Completion of pubertal development (Stage V);
continued androgenic effects on muscle bulk 
and body hair

Boys & Girls
Increase in bone mass

Psychological/ 
cognitive

Thinking remains concrete but with
development of early moral concepts
Progression of sexual identity
development
Sexual orientation
Reassessment and restructuring of
body image in face of rapid growth

Emergence of abstract thinking although
ability to imagine future applies to others
rather than self (self- seen as ‘bullet- proof ’)
Growing verbal abilities; adaptation to
increasing educational demands
conventional morality (identification of law
with morality)
Development of fervently held ideology 
(religious/ political)

Complex abstract thinking
Post- conventional morality (ability
to recognise difference between
law and morality)
Increased impulse control
Further completion of personal (and sexual) 
identity
Further development or rejection of
ideology and religion

Social Realization of differences from parents
Beginning of strong peer identification
Early exploratory behaviours

Emotional separation from parents
Strong peer group identification
Exploratory/ risk behaviours
Heterosexual peer interests develop
Early notions of vocational future

Development of social autonomy
Development of intimate relationships
Development of vocational capability

Adapted with permission from Pinquart M. Body image of children and adolescents with chronic illness: a meta- analytic comparison with healthy peers. Body Image 
2013;10(2):141– 8. Copyright © 2012 Elsevier Ltd. (Ref 40).
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 • Exploratory and risk- taking behaviours

During adolescence it is normal to explore behaviours that 
healthcare professionals consider risky. Substance use, including 
smoking, drugs, and alcohol, will commonly be tried for the first 
time during adolescence. Ninety- five percent of adult smokers 
have usually started by age 25  years [42], which indicates that 
health choices made during adolescence translate into longer 
term habits and adverse health outcomes [43]. The Key Data on 
Adolescence for 2017 [42] revealed that 5% of 15 year olds are 
regular smokers. Interestingly, the number of 15 year olds regu-
larly using drugs has halved between 2001 and 2015, and only 
9% of school pupils aged 11– 15 years had consumed alcohol in 
the week preceding the survey, the lowest rate since the 1980s. 
This indicates that education and awareness raising in young 
people is having an impact. In consultations with young people 
with endocrine conditions, consideration should be given to 
whether these exploratory behaviours are occurring, potentially 
at a higher rate than in healthy peers [44], and that such be-
haviours may have more serious consequences for some young 
people, for example, childhood cancer survivors. There, there-
fore, needs to be a non- judgemental and open approach to dis-
cussing these issues. This is also a real opportunity to consider 
health promotion elements of consultations, as these behaviours 
often translate into adult life.

 • Sexual and reproductive health

The average age of first sexual intercourse is 16 years of age, which 
falls in the middle of this adolescent development phase. There is 
therefore a duty to consider sexual health issues in consultations 
with young people in an endocrine clinic. Young people may have 
questions regarding sex and intimacy that they do not have the op-
portunity to discuss with other healthcare providers; indeed many 
young people will see the endocrine clinic as their main healthcare 
point of contact and will not attend their GP much, if at all. There 
is an opportunity to address safe sex, sexually transmitted infec-
tions (STIs) and contraception. Two thirds of new diagnoses with 
chlamydia happen in those under 25  years old. Teenage preg-
nancy remains a real issue, though rates have been consistently 
falling from the 1990s onwards, with the most recent reported 
under 18 pregnancy rate in 2015 in the UK being 20.8 per 1000 
young women [42]. This remains higher than in other European 
countries. Some endocrine conditions may generate questions 
around ability to have sex, fertility, and whether there is a need for 
contraception— this needs to be openly addressed and questions 
should be welcomed.

 • Education and vocation

Attainment of educational goals and progression to vocation are 
normal aspects of adolescent development. This can be affected 
by the presence of a long- term condition:  attendance at school/ 
college may be interrupted by health issues/ hospital attendances. 
It has been shown that the presence of a long- term condition can 
lead to less educational attainment, less preparation for the move 
into the workplace, and less likelihood of achieving financial in-
dependence from parents [45, 46]. This is most marked in those 
with a significant disability, such as some survivors of childhood 
cancer [47].

 • Concordance/ adherence

Young people may not reliably take their medications, and if cata-
strophic consequences do not occur, it is difficult to convince young 
people to take their medications solely on the premise that bad 
things may happen. This relates most often to the concrete thinking 
of early adolescence, having yet to progress to abstract thought pro-
cesses and an understanding of consequence. Other factors include 
lack of practice at looking after their own medications, differing 
priorities and psychological problems. This is a challenge in some 
endocrine disorders, the prime example being glucocorticoid insuf-
ficiency, where healthcare providers must ensure safety education 
highlights that glucocorticoid replacement is vital for a healthy life. 
Concordance, or the establishment of a therapeutic alliance between 
young person and healthcare provider, is the key to improving ad-
herence with a long- term medication regimen for a long- term con-
dition. The emphasis is on a shared approach to the condition and 
its treatment, rather than a judgemental, paternalistic approach, 
which is likely to be ineffective. Where there are cognitive impair-
ments limiting adherence to treatment regimens (e.g. in some con-
genital/ genetic disorders) or after brain radiotherapy, there needs 
to be collaboration with families and caregivers to develop practical 
solutions to the problem.

common Physical Health concerns in Young People

There are some common physical health concerns that pre-
sent during adolescence. It is useful for healthcare professionals 
interacting with this age group to have an understanding of these, 
and where to signpost young people, as this may be the main focus 
for the young person in a consultation. Figure 7.4.2 illustrates 
common health concerns affecting young people [48].

 • Skin

Acne is a problem for 85% of adolescents, with 10– 20% affected 
by moderate to severe acne [49]. It usually begins with the onset 
of puberty. It can have significant psychosocial consequences for 
a young person, affecting their self- esteem and body image, and 
impacting on social interactions and interpersonal relationships. 
It can be treated either topically or systemically depending on se-
verity. Endocrine disorders potentially aggravating acne during 
adolescence include PCOS and congenital adrenal hyperplasia due 
to increase in circulating androgens.
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 • Sleep and fatigue

Sleep disorders can be both a cause of problems and the result of 
other issues in adolescence. The normal circadian rhythm slows 
during adolescence, meaning that young people are awake for 
longer, and it can be normal to be unable to sleep until after 11 p.m. 
[50]. Between 8 and 10 hours are needed per night for optimal 
functioning during adolescence, but many do not achieve this. It 
is also more likely that sleep patterns will vary day to day, which 
can disrupt sleep quality. Treatable sleep disorders can also occur, 
including insomnia, narcolepsy, sleep apnoea, and restless legs.

Fatigue is also a common problem in adolescence, and could 
be considered normal for many young people. It is defined as ab-
normal exhaustion after normal activities. There are increasing 
demands during adolescence as a result of physical changes, 
growth, increasing social and academic demands, all of which are 
compounded by reduced sleep time. Most young people will still 
manage to engage in usual activities despite experiencing fatigue. 
But for the minority this fatigue is significant and leads to reduced 
school attendance, impaired academic performance, reduced 
social interaction and impacts on relationships. When fatigue 
is persistent and impacting on function over a period of greater 
than 3 months, consideration should be given to investigation for 
underlying medical causes, psychological causes, and also the pos-
sibility of chronic fatigue syndrome. CFS is reported to occur in 
0.2– 0.6% of young people in the UK, a much higher rate than in 
the adult population [51]. CFS is the most common cause of school 
absence in the UK.

 • Musculoskeletal issues and pain

A quarter of children are believed to suffer from recurrent or 
chronic pain, most commonly headache, back pain, or abdominal 
pain. The proportion affected is believed to increase during ado-
lescence [52]. Sometimes these physical complaints can signify 
underlying psychological distress. Headache is reported in 20– 25% 
of young people on at least a weekly basis [52]. Common causes 
are tension headache, migraine, ENT or dental causes, or dietary 
causes such as caffeine related. Back pain is common and non- 
specific, often related to growth spurts and settling thereafter (e.g. 
Scheuermann’s disease). Joint problems, sports injuries, and trauma 
are also common presentations.

 • Breathing problems and asthma

A study of 12– 14 year olds has shown that one third have experi-
enced wheeze in the preceding year, with one- fifth having a diag-
nosis of asthma [53]. Most experience remission of symptoms by 
the end of puberty, but there is evidence that it is under- recognized 
during the teenage years.

 • Overweight and underweight

One in five children aged 11– 15 years is obese in England. It is now 
the commonest disorder in childhood and adolescence. Teenagers 
consume 8 times the recommended daily sugar allowance, and ex-
ercise levels are decreasing— by age 13– 15 years, only 19% of boys 
and 7% of girls achieve 1 hour of exercise per day, and only 1 in 12 
young people aged 11- 18  years eat 5 portions of fruit and veget-
ables per day [42]. Some young endocrine clinic attenders have 
particular issues with appetite and weight gain, such as those with 

hypothalamic disorders. The sequelae of obesity in adolescence are 
multifactorial and include psychosocial issues, development of type 
2 diabetes and increased cardiovascular risk, asthma, musculoskel-
etal problems, and liver disease.

At the opposite extreme, eating disorders including anorexia ner-
vosa, bulimia nervosa, and binge eating can also present in ado-
lescence. Factors influencing their development include biological, 
psychological, and cultural factors. Being underweight during ado-
lescence can impact on normal endocrine development with poor 
pubertal progression or cessation of menses, poor growth, and poor 
bone development.

 • Self- harm and mental health issues

75% of mental health issues start before 24 years of age, with 10% 
of young people experiencing a mental health disorder at any one 
time [54]. A  quarter of young women aged 16– 24  years exhibit 
symptoms of anxiety or depression [54]. There may be concurrent 
issues that point towards mental health problems, such as trouble at 
school, violence, and substance use. Long- term conditions increase 
the likelihood of mood disorder in young people as well as in adults, 
including endocrine conditions [55].

consultations with Young People and 
Psychosocial Screening

To meet the needs of young people, as with patients of any age, the 
healthcare professional requires good communication skills. There 
are however some differences, which are important to emphasize. 
Confidentiality can be a concern for young people, particularly 
noted in older teenagers and young women [56]. It is important to 
explain the right to confidentiality including its limitations, rather 
than assuming it is understood. Encouragement of lone consulting 
for all or part of the consultation will also benefit the therapeutic al-
liance between healthcare professional and young person, hopefully 
increasing their confidence in negotiating consultations [57, 58]. To 
ensure that all aspects of a young person’s life are covered, a psy-
chosocial screen is useful, and one known as ‘HEEADSSS’ provides 
a useful framework (Table 7.4.2). It is important that the young 
person is the focus of the consultation, and while ideally this is done 
with the young person on their own, if accompanied the questions 
should be directed to them rather than their parents/ caregivers 
[59, 60].

Developmentally Appropriate Healthcare

Due to the complexity of this period of life, health services must 
support the young person to engage with endocrine care; appro-
priate care in this age group is now called ‘developmentally appro-
priate healthcare’. A recent review of the literature and a qualitative 
survey have identified the following themes that are required to de-
liver such care [61, 62]:

(i) Biopsychosocial development and holistic care
(ii) Acknowledgement of young people as a distinct group

(iii) Adjustment of care as the young person develops
(iv) Empowerment of the young person by prioritising health edu-

cation and health promotion
(v) Interdisciplinary and interorganizational work.
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Table 7.4.2 HEEADSSS communication framework

Theme Relevance Opportunity

Home Identifying whether a young person feels happy and safe at home 
and has a supportive family who they can communicate with is a 
protective factor

Identifying safeguarding issues

Education & 
Employment

Young people with endocrine conditions may have lower 
educational and vocational attainment for any number of intrinsic 
and extrinsic reasons
Identifying whether a young person is engaged with education 
or training and has a plan for employment when they leave is a 
protective factor

Assessing and addressing the impact of having an endocrine 
condition on education, training, and employment
Assessing and addressing vocational readiness including aspiration 
of the young person; educational achievement; prior work 
experience; knowledge of resources, responsibilities, and rights; 
psychological aspects including self- esteem; expectations of the 
young person, their family, their teachers
Addressing information needs of school, college, university, 
employment agencies and work to support the young person
Discussing with the young person about disclosure to appropriate 
people about their condition to support education and vocation
Offering neuropsychology for some young people, such as those 
treated for brain tumours, to guide them towards their strengths

Exercise & Eating Young people with endocrine conditions are at risk of having 
or developing obesity which is associated with low self- esteem 
and potentially longer- term consequences such as diabetes, 
cardiovascular disease, reduced fertility, and sleep apnoea
Young people who are childhood cancer survivors and have had 
treatment with the chemotherapy agent anthracyclines need 
advice about exercise such as weightlifting

Employing the 5As (Ask, Advise, Agree, Assist, Arrange) may 
support the young people becoming more active and eating more 
healthily

Activities   
(Including   
Peers)

Young people with an endocrine condition may have a disrupted 
peer network due to intrinsic or extrinsic factors
Identifying young people with a supportive peer network and 
involvement in group activities is a protective factor

Enquiring about teasing and bullying may identify an area of risk 
and a young person in need of support
Exploring potential for peer interaction through young person 
support groups, youth groups or with the assistance of a 
youth worker
Enquiring about use of public transport and driving to support 
independence

Drugs (Smoking, 
Alcohol, Other 
Substances)

Young people with endocrine conditions are as likely as their 
healthy peers to explore the use of drugs
Some young people with endocrine conditions are at risk of 
cardiovascular and/ or respiratory disease, in particular childhood 
cancer survivors
Young people on hydrocortisone or desmopressin who drink 
alcohol may increase their risk of adrenal crisis or hyponatraemia, 
respectively

Enquiring whether family or peers smoke, drink alcohol or use 
drugs is a recognized risk even if the young person denies use
Employing the 5As (Ask, Advise, Agree, Assist, Arrange) may 
support the young people changing their drug use
Educating young people on hydrocortisone or desmopressin 
about keeping themselves safe when drinking alcohol

Sexuality Young people with endocrine conditions are as likely as their 
healthy peers to become sexually active in adolescence and be at 
risk of unwanted pregnancy or sexually transmitted infections
Young people with endocrine conditions may have questions 
about sexuality, ability to have sex and fertility.
Young people with PCOS on anti- androgens should be advised 
about avoiding pregnancy
Young people with endocrine conditions caused by genetic 
disorders or associated with cardiac concerns should be advised 
about prepregnancy counselling

Identifying gender concerns
Educating young people about sexual health and contraception 
and signposting to relevant services
Discussing concerns about ability to have sex, in particular young 
people with disorders of sex development, and referring for 
further assessment if appropriate
Discussing implications of their condition on fertility and referring 
for further assessment if appropriate
Educating young people about the importance of pre- pregnancy 
genetic counselling and cardiac assessment and avoiding 
pregnancy in those on antiandrogens

Suicide,   
Depression, & 
Self- Image

Mental health issues are common in adolescence
Protective factors include: having an adult to talk to when stressed, 
a peer support network and coping skills, as well as positive self- 
esteem and image

Asking them to rate their general happiness to encourage 
discussion
Asking about self- harm and suicide
Referring to appropriate services if required

Sleep Sleep problems in adolescence are common and can be a sign of 
anxiety and depression

Enquiring about sleep and discussing sleep hygiene

Safety Safety about driving alone or with friends
Safety about internet use
Safety about hydrocortisone and desmopressin in general and 
when away from home

Enquiring about safety with regards to driving and internet use
Educating about medic alert jewellery, sick day rules, emergency 
hydrocortisone injection and keeping safe with diabetes insipidus
Discussing with the young person about disclosure to appropriate 
people (friends, colleagues) about their condition and offering to 
provide them with education
Empowering them to insist on optimal care in healthcare settings
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This approach to care should be adopted by both children’s and 
adult services. It is relevant not only to those undergoing tran-
sition and transfer to adult services but also for young people 
presenting for the first time to an endocrine service during ado-
lescence and young adulthood. To assist healthcare organizations 
in provision of developmentally appropriate healthcare, a toolkit 
is available [63].

Training Healthcare Providers

Delivering developmentally appropriate healthcare requires trained, 
competent healthcare providers. Whilst this is logical, and is a fea-
ture of all of the national and international guidance available in 
this area, it is recognized that training in this area is suboptimal, and 
therefore presents a barrier to implementing optimal care. A survey 
of specialist trainees in Diabetes & Endocrinology in the UK re-
vealed that they felt under- prepared to deal with young people in 
clinics, with 65% rating their training in adolescent and young adult 
health as minimal or non- existent (76% in endocrinology, 42% in 
diabetes) [64].

Transition and Transfer

Transition is defined as the purposeful, planned process that ad-
dresses the medical, psychosocial, and educational needs of ado-
lescents and young adults with long term conditions, as they move 
from child- centred to adult- oriented healthcare systems [65]. This is 
not to be confused with transfer— which is the isolated event when 
the healthcare of a young person moves from services for children 
to services for adults.

The aims of transition are to:

 • Provide high quality, coordinated, uninterrupted healthcare that 
is patient- centred, age and developmentally appropriate, cultur-
ally competent, flexible, responsive, and comprehensive with re-
spect to all persons involved

 • Promote skills in communication, decision- making, assertiveness 
and self- care, self- determination, and self- advocacy

 • Enhance the young person’s sense of control and interdependence
 • Provide support for the parent(s)/ guardian(s) of the young person 

during this process
 • Maximize lifelong functioning and potential

There is a limited but emerging evidence base regarding transi-
tion of young people. A Cochrane review conducted in 2016 [66] 
revealed only four randomized controlled trials involving 238 
participants. In the UK in 2016 NICE reviewed the evidence and 
published guidance on ‘Transition from children’s to adult ser-
vices for young people using health or social care services’ [67]; 
this makes recommendations on the overarching principles, how 
to plan and support transition and transfer, and on supporting 
infrastructure.

A recent trial [68] recruited 374 young people with long term 
conditions (diabetes, autistic spectrum disorder and cerebral palsy), 
retaining 274, with 149 crossing into adult services. The aims of 
the study were to address the needs and wishes of young people, 
to identify the features of care that were most effective and effi-
cient, and to determine how transitional care should be designed, 

commissioned, and delivered. This trial found that, although the 
present guidance on the care of young people suggested a number 
of key requirements of a transition service, there were three factors 
that made a real impact on the young people: meeting the adult team 
before transfer, the development of self- efficacy/ self- management 
skills, and being allowed to have parents/ guardians involved if that 
suited them.

Due to the limited evidence base a Delphi study of international 
experts identified key elements that should be part of a transition 
program (Box 7.4.1) and what indicators could be used to assess its 
success (Box 7.4.2).

There is evidence, although limited, that transition in endocrin-
ology could be improved. A single centre study identified that 25% 
of young people transferred from paediatric care were not seen 
within 12 months of transfer by adult services [69, 70]. In congenital 
adrenal hyperplasia, there is evidence that 50% of young people 
with CAH were lost to follow up during the transition period, and 
are not receiving specialist care despite the risks of long- term mor-
bidity [61, 62]. One study found that patients with CAH who did 
transition successfully had a better quality of life [71]. In Turner 
syndrome, one survey of adult women with the condition found 

Box 7.4.1 Key elements for successful transition: Delphi study

 1 Co- ordination (timing of transfer, communication, and follow- up) 
between paediatric and adult healthcare professionals

 2 Planning transition from an early age, possibly from the transition 
to high school aged approximately 12 years old (and at least 1 year 
before the planned date of transfer to adult services)

 3 Setting the scene with young people and their families with regards 
to the aims for evolving self- management

 4 Involving young people in the planning of transition— taking into 
account their thoughts and preferences

 5 If developmentally appropriate, seeing the adolescent alone at least 
for part of the consultation (and talking about leading up to this in 
preparation)

 6 Identifying an adult care provider willing to take on the young 
person before transfer

 7 Tailoring the transition plan to the needs of the young person 
and family

 8 Identifying someone within the team who will play the role of 
transition coordinator/ named contact

 9 Providing a written health summary and biopsychosocial profile 
summary to the young person and the adult care provider before 
transfer

 10 Having a written transition protocol/ plan that is available to young 
people, parents, and providers

 11 Making sure that at least one appointment with the adult provider 
after transfer is fixed in anticipation

 12 Ensuring healthcare professionals involved in these clinics have 
sufficient knowledge and skills in adolescent health

 13 Parents and caregivers should be included in the process of transition
 14 Keeping the primary care provider (GP, family doctor, nurse 

practitioner/ advanced practice nurse) informed of the transition 
process

 15 Putting in place mechanisms/ resources to contact young people 
lost to follow- up

 16 Discussing the differences between paediatric and adult care with 
the young person and their family

 17 Discussing risk behaviours and healthy lifestyles and their influence 
on health
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that only 63.2% had regular follow- up and many were not on oes-
trogen replacement [72].

Young People with Endocrine conditions 
Undergoing Transition

The approach to a young person with an endocrine condition de-
pends on the condition and the timing of the presentation and in-
cludes the following aims:

 • To ensure the young person who presented earlier in childhood 
has all the information previously shared with their parents about 
their diagnosis, previous investigations, and management

 • To address the priorities of the young person presenting later in 
adolescence, particularly in respect of delayed puberty and short 
stature

 • To revisit the diagnosis or degree of hormone deficiency/ excess
 • To discuss investigations and management with the young person 

regarding cardiometabolic, bone and reproductive health, as well 
as quality of life

 • To raise awareness of maintaining safety for those on hydrocorti-
sone and desmopressin and recognizing ill health and what to do 
and when to seek help

 • To identify the level of endocrine care required in adult life and 
whether care can be provided by the family doctor, for example, 
in congenital hypothyroidism, or whether transfer to adult ser-
vices are required

In addition, more generic approaches are also important:

 • To encourage increasing independence in healthcare including 
organizing medication and prescriptions, arranging appoint-
ments at times suitable to them, coming in for part or all the 
consultation independently of their parents and contacting the 
hospital in between appointments to seek information and advice

 • To address barriers to engagement with healthcare including 
adherence

 • To discuss useful resources to get health information and support 
including patient support groups

 • To address concerns about venepuncture or injections, particu-
larly around transfer to adult services

 • To highlight benefits and ways of disclosure about condition to 
friends, teachers, and employers

 • Through psychosocial screening (see earlier) to address broader 
issues such as psychological, social, and educational/ vocational 
issues, and health behaviours by identifying risk and protective 
factors

 • To deliver health promotion, including discussion about sexual 
health and contraception

ongoing Management of congenital and 
Acquired conditions Diagnosed in childhood

Who Needs Re- Evaluation?

The completion of linear growth is an opportunity to review cur-
rent endocrine status, and adequacy of endocrine replacement, and 
for some to revisit the diagnosis, and screen for health conditions 
more common in adult life. Agreement would be required between 
paediatric and adult endocrine teams and the young person and 
their carers where it is most appropriate for these evaluations to 
take place.

This is the case for:

 • patients where the underlying diagnosis made in childhood 
was unclear, and establishing that the endocrine issues persist is 
important

 • patients with hypopituitarism, particularly isolated hormone de-
ficiencies which may recover, for example, growth hormone defi-
ciency (see next) and hypogonadotropic hypogonadism (10– 20% 
exhibit spontaneous recovery)

 • patients at risk of evolving hypopituitarism: post radiotherapy and 
those with congenital hypopituitarism associated with structural 
abnormalities in the hypothalamic– pituitary area (e.g. ectopic 
posterior pituitary), midline brain, and optic nerve abnormalities 
and genetic defects (e.g. in the GH- 1 or POU1F1 genes)

 • patients with congenital adrenal hyperplasia; a short synacthen 
test to assess cortisol status may assist with those who are poorly 
compliant with glucocorticoids, by providing further informa-
tion to support discussion with the young person, or in those 
with non- classical CAH as alternative management could be con-
sidered at this age

 • patients who require assessment of reproductive health; for ex-
ample, testicular ultrasound for testicular adrenal rest tumours 
in boys with CAH and assessment by gynaecology for some girls 
with CAH

 • patients who require comprehensive health screening, for ex-
ample, in young people with Turner syndrome (requirement for 
cardiovascular and hearing assessment) and in childhood cancer 
survivors (monitoring for non- endocrine late effects)

Who Needs to be Part of the Wider Multidisciplinary 
Team Involved in Transition in Endocrinology?

Involvement of the multidisciplinary team is important at this time; 
paediatric and adult endocrinologists and endocrine nurses need to 
liaise with each other. Young people should have access to the fol-
lowing people (dependent on the condition):

Box 7.4.2 Key indicators of successful transition: Delphi study

 1 Young person not lost to follow- up
 2 Attending scheduled visits in adult care (no missed consultations 

unless previously cancelled and rescheduled)
 3 Young person building a trusting relationship with adult provider
 4 Continuing attention to self- management
 5 Young person’s first visit in adult care no later than 3– 6 months after 

transfer
 6 Number of emergency department/ unscheduled care visits for 

regular care in the past year (avoidable if routine medical care had 
been occurring)

 7 Young person and family satisfaction with transfer of care
 8 Maintenance/ improvement of standard for disease control 

evaluation (such as glycosylated haemoglobin for diabetes).
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 • Psychologists (although not always available within the service) can 
provide much needed support for all young people with endocrine 
conditions as they make the transition from childhood to adulthood

 • Clinical geneticist should be a key member of the transition team 
from several perspectives; to provide information about those 
with a clear or potential genetic diagnosis that may have previ-
ously been shared with parents, to explain the potential implica-
tions of genetic mutations for future offspring (as in congenital 
adrenal hyperplasia)

 • Urologist/ gynaecologist is essential for many patients with a dis-
order of sex development (DSD) who may require a physical assess-
ment and a discussion about sexual function and future pregnancy

 • A  fertility specialist is essential for those focussed on under-
standing more about options for fertility at this time, particularly 
if there may be opportunities for fertility preservation; for ex-
ample in females with Turner syndrome with a menstrual cycle, 
female childhood cancer survivors at risk of premature ovarian 
insufficiency, males with Klinefelter syndrome, males with CAH 
who have testicular adrenal rest tumours

 • A  cardiologist is important for females with Turner syndrome 
and cancer survivors previously treated with anthracyclines or 
chest irradiation

 • Neurorehabilitation specialists, neurologist and neurosurgeons 
for young people are required for those with a past history of a 
brain tumour who require ongoing surveillance or have neuro-
logical sequelae from the tumour or its treatment

 • ENT/ audiology are key for groups of young people with endo-
crine conditions associated with reduced hearing which in turn 
reduces quality of life; for example, Turner syndrome, Charge 
syndrome, and some childhood cancer survivors

The focus of care in late adolescence is related to quality of life, and 
cardiovascular, bone and reproductive health from the perspective 
of monitoring and optimizing hormone replacement. In adoles-
cents after the achievement of adult height, there is a change in the 
management approach in some conditions from that in paediatrics 
to reflect adult practice, for example, the management of sex steroid 
deficiency or glucocorticoid replacement in CAH in adolescents 
who have completed puberty. However, adolescence and young 
adulthood is seen as a distinct treatment period for young people 
with growth hormone deficiency (GHD).

childhood onset Growth Hormone Deficiency 
in Adolescence and Young Adulthood

Following on from the established role of GH replacement in chil-
dren with GHD starting in the 1960s and the availability of re-
combinant GH in the 1990s, the extension of indications for GH 
replacement in GHD were considered [73]. The term ‘adult growth 
hormone deficiency syndrome’ was used to describe the clinical 
entity that included decreased lean body mass and bone mineral 
density, increased visceral adiposity, abnormal lipid profile, de-
creased muscle strength and exercise endurance, diminished quality 
of life, and the potential for increased morbidity and mortality [74]. 
In addition, evidence from clinical trials showed that GH replace-
ment improved aspects of the syndrome [75]. It was only logical 

that potentially a lifelong role for GH replacement should be ex-
plored in patients with childhood onset (CO) GHD on achieving 
adult height, to address developmental aspects described in CO 
GHD and/ or metabolic aspects described in AO GHD [75].

One key study [76] compared body composition in 92 CO GHD 
patients with 35 age- matched untreated AO GHD patients (with the 
majority of both groups having other hormone deficits); the mean 
age of those with severe GHD was 21 years and they had been off 
GH replacement for a mean of 1.6 years. Compared with AO GHD, 
CO GHD patients were shorter and had a lower body mass index. 
Corrected for height, CO GHD compared with AO GHD patients 
had a lower bone mineral content (BMC), lean body mass (LBM) 
and fat mass (FM) [76]. The closer the CO GHD patients were to 
achieving their genetic target height, the higher the BMC and LBM 
(76). Therefore, there was a significant maturational deficit (16– 20% 
less compared with AO GHD patients) in somatic development in CO 
GHD patients treated with GH replacement during childhood [76].

In 2003 there was a consensus meeting focussing on the man-
agement of patients treated with GH replacement for GHD during 
childhood [77]. Based on the available evidence at that time it was 
recommended that ongoing GH replacement should be offered to 
all adolescents at the end of growth who remain GHD. The main 
rationale for continuing GH replacement included optimizing body 
composition and peak bone mass with the potential outcome of re-
ducing fractures in later life. With this ‘new’ indication came the 
challenge of defining the biochemical diagnosis of GHD in adoles-
cence, reassessment strategy, the approach to initiation and moni-
toring of treatment.

Bone and Body composition

Although there is a clear maturational deficit in both bone mass 
and lean body mass, there is little evidence that this low bone mass 
contributes to an increase in fractures. The evidence suggests an 
increased fracture risk in AO hypopituitarism, but is insufficient 
for isolated CO or AO GHD (reviewed in [78]). There is no evi-
dence that isolated CO GHD or severe GH resistance (e.g. Laron 
syndrome) causes an increased fracture risk in children or adults. 
Only one study in GH- naive Russian adults with CO MPHD dem-
onstrated an increase in non- traumatic fractures [79].

Overall, it is proposed that fracture risk is related to other hor-
mone deficits with over/ under replacement (e.g. sex steroid, gluco-
corticoids, or diabetes insipidus) or other non- endocrine factors 
rather than GHD.

One explanation for this is the skeleton has adapted both to 
relative short stature and low muscle mass. Using appropriate 
size- corrections, bone density is normal in children and adults 
with isolated GHD (reviewed in [78]). Cortical density, trabecular 
density and trabecular volume are normal when measured by 
peripheral quantitative computerized tomography (pQCT) and 
histomorphometry [80]. The only clear deficit affects cortical thick-
ness (periosteal expansion). It has been proposed that untreated CO 
GHD in adolescence and young adulthood results in a reduction of 
muscle mass and force, which would ultimately have an impact on 
bone geometry, more specifically reducing cortical thickness, de-
scribed as the mechanostat theory. In support of this theory, during 
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GH therapy muscle enlargement precedes and exceeds any gain in 
bone mass (reviewed in [78]).

After discontinuing GH replacement at adult height, several but 
not all studies have showed a significant reduced accrual of bone 
mass, decrease in lean mass (LM) (– 8%) and increased fat mass 
(FM) (10– 17%) in patients with CO GHD who were diagnosed 
with persistent GHD and had stopped GH replacement for at least 
2  years (reviewed in [81]). In terms of muscle strength, previous 
studies have reported a lower maximum isotonic strength in young 
adults with CO GHD, as measured by hand grip force (reviewed 
in [81]).

Restarting GH replacement therapy resulted in a notable im-
provement in body composition, with LM increasing by 14% and 
FM being reduced by 7% over 2 years of therapy (reviewed in [81]). 
Some but not all studies also reported a positive effect on bone with 
increases in total body BMC and lumbar spine bone mineral density 
(BMD) after one or two years (reviewed in [81]).

Methods of assessing bone in these studies are key. A study using 
pQCT, which is uninfluenced by short stature, showed a reduction 
in cortical thickness after 6 months off GH replacement [82], while 
after 2 years on GH replacement a significant increase in cortical 
thickness was observed using digital X- ray radiogrammetry, an-
other technique not influenced by short stature [83]. Assessment of 
bone quality, using more advanced non- invasive imaging tools, may 
provide a greater insight into the effects of GHD and GH replace-
ment on bone [84].

In summary it is clear from the evidence that GH replacement in 
late adolescence and young adulthood increases LBM and reduces 
FM mass, and this in turn has a positive effect on bone geometry, 
although the benefit to long- term health and reduction in fractures 
has not been quantified.

cardiovascular Risk

The potential that GH replacement may reduce cardiovascular mor-
bidity and mortality in adults remains unproven and therefore an 
important area of research [85].

In adolescents and young adults with CO GHD some studies 
have reported an adverse lipid profile and also other indicators of 
increased cardiovascular risk at adult height despite conventional 
GH replacement [86– 88], which deteriorates further on discon-
tinuation [86– 90] and improves on recommencement [87– 89]. 
In contrast, some studies comparing discontinuation with con-
tinuation of GH replacement or recommencement have shown no 
difference in lipid profile changes or other indicators [86, 90– 94]. 
In a database study, those patients with organic CO GHD that 
had been off GH for more than 2 years had a more adverse lipid 
profile with improvement in HDL cholesterol after 1 year on GH 
replacement [95].

Cardiac structure and function were assessed by echocardiog-
raphy. At baseline, GHD subjects had a lower early- to- late mitral 
flow velocity ratio (E/ A; marker of diastolic function) but a normal 
left ventricular (LV) mass index and ejection fraction compared 
with normal controls. Six months after GH replacement withdrawal, 
both LV mass index and E/ A decreased, although remaining within 
the normal range. Six months after restarting GH replacement, car-
diac parameters were brought back to the levels measured at study 

entry, with LV ejection fraction and E/ A remaining lower than in 
normal controls [87]. Similar results were identified in older pa-
tients with CO GHD [96]. Two other studies have not identified any 
echocardiographic abnormalities [86, 92]. The clinical relevance of 
these cardiac changes is not clear. Reassuringly, continuation, dis-
continuation and recommencement of GH replacement have not 
been shown to have any effect on exercise capacity [92, 93].

Intima- media thickness (IMT) at the common carotid arteries 
has been reported to be both similar after 6 months off GH replace-
ment [88] and increased after 3 years off GH replacement [94] in 
GHD patients compared with controls at baseline. Therefore, dur-
ation off GH replacement may be a factor.

Studies have demonstrated an increase in insulin sensitivity [88, 
91, 97] with a reduction in fasting glucose [93] on discontinuation 
of GH replacement. Once GH replacement is restarted, insulin sen-
sitivity decreases [88, 97], resulting in an increase in fasting glucose 
levels (93), but glucose tolerance was not impaired [86]. Importantly, 
there was no further deterioration in insulin sensitivity [86, 91] or 
fasting glucose with continued GH replacement [93].

In summary the results from studies of cardiovascular risk in 
adolescence are inconsistent; however there is some suggestion that 
with more prolonged discontinuation of GH replacement, there 
may be negative effects on cardiovascular risk, in particular lipid 
profile and intima media thickness, but only subtle effects on cardiac 
morphology and function Reassuringly, no clinically significant ef-
fects on insulin sensitivity or glucose homeostasis were observed.

Quality of Life

Quality of life is recognized as an area that improves with GH re-
placement in some adults with GHD, and is the main indication for 
treatment in some countries.

In the transition period, one study examined the effect of seam-
less continuation of GH replacement compared with discontinu-
ation and found no effect on QoL at baseline or after 2 years off GH 
replacement [92]. In a study looking at recommencement of GH 
replacement, although QoL was significantly lower than in normal 
controls (females  – 0.4 vs. 1.2 SDS; males  – 0.7 vs. 1.1 SDS), no 
change in the overall score was identified with GH replacement des-
pite significant improvement in individual parameters that were low 
at baseline, including sexual arousal and body shape [98]. No such 
effect on individual QoL parameters was confirmed by a similar 
study design [86]. However other studies have shown benefit. In 
one study of 22 subjects followed through 2 years discontinuation 
and 1  year recommencement of GH therapy, the number of psy-
chological complaints and depression increased during the first 
6 months of discontinuation, while anxiety decreased and QoL im-
proved during the first 6 months that GH was recommenced [99]. 
Some differences were observed between those with MPHD and 
those with IGHD [99]. In a database study, a lower QoL was identi-
fied in those with organic GHD but not those with idiopathic GHD; 
the former group who had a higher BMI, had achieved less height 
gain and had been off GH for longer (more than 2 years). However, 
after 1 year on GH replacement, there was improvement in QoL in 
both organic and idiopathic GHD groups [95]. In a slightly older 
cohort of patients (25– 29 year olds) with CO GHD having routine 
clinical care recorded in the KIMS database, QoL as measured by 



7.4 Transition in Endocrinology 1237

adult growth hormone deficiency assessment (AGHDA) differed 
between different aetiologies but demonstrated similar levels of im-
provement with GH replacement [100]. It is possible that studies 
with less heterogeneous groups selected for poor QoL would show 
greater improvements in QoL with GH.

Using different measures of QoL in a study exploring discontinu-
ation in 40 GHD adolescents and young adults, no changes were 
found in the Nottingham Health Profile and Psychological General 
Well- Being Index but differences did occur in the Mood Adjective 
Check List and visual analogue assessment [101]. QoL tools have 
not been specifically developed for this age group, and there is a 
pressing need to have an appropriate well- validated tool for these 
patients [102].

Retesting GH Status at Adult Height

Retesting is essential as patients diagnosed as GHD in childhood will 
not necessarily be GHD in late adolescence and young adulthood, 
in part because of the different GH stimulation cut offs applied in 
adolescence compared with paediatric practice and also with ap-
parent recovery in significant numbers of GHD patients. This has 
been attributed to long- term exposure to sex steroids potentially 
augmenting pituitary size and GH secretion, transient GHD and in-
correct diagnosis due to issues with biochemical testing [103].

Likelihood of Persistent Severe GHD

Information about the extent of hypopituitarism, structure of 
the hypothalamic pituitary area and the underlying aetiology al-
lows retesting of GH status at end of growth to be stratified into 
those that do not need retesting (very high likelihood of persistent 
GHD) and those with a high and low likelihood of persistent GHD 
(Table 7.4.3).

Number of additional pituitary hormone deficits can predict like-
lihood of persistent GHD. Data from the adult population has iden-
tified that three or four additional pituitary hormone deficits has 
specificity of 96% and 99% respectively for diagnosing severe GHD 
[104], and this has been confirmed in the adolescent population 
[105]. In addition, evidence of severe GHD on testing in childhood 
increases the likelihood of persistent severe GHD in adolescence 
and young adulthood [106, 107].

The presence of structural abnormalities in the hypothalamic- 
pituitary area also predicts likelihood of ongoing GHD. The ma-
jority of patients diagnosed with GHD in childhood and with no 
structural pituitary abnormality on MRI will have adequate GH se-
cretion when retested (66– 85% depending on the test and cut- off 

used) [105, 108, 109– 112]. The presence of structural abnormal-
ities, such as an ectopic posterior pituitary (EPP), increases the like-
lihood of persistent GHD; 60% had persistent GHD out of a cohort 
of 18 with ectopic posterior pituitary [113]. The higher the location 
of the EPP in relation to the pituitary stalk, the more likely will be 
the persistence of GHD; in the majority of patients with persistent 
severe GHD (defined as GH peak <5 μg/ L), the posterior pituitary 
was located at the median eminence (93%), whereas in around 80% 
of subjects with a GH peak of at least 5μg/ L at reassessment, it was 
visible along the stalk [110].

The aetiology of CO GHD spans genetic and acquired causes and 
while proven genetic causes usually have a high likelihood of persist-
ence [114], acquired causes are associated with more variation de-
pendent on the insult. GHD is a frequent consequence in childhood 
cancer survivors treated for tumours in the hypothalamic– pituitary 
area [115] and in brain tumour and nasopharyngeal carcinoma sur-
vivors exposed to HP axis radiotherapy ≥30 Gy [116– 118]. GHD 
can also be diagnosed in childhood following cranial radiotherapy 
for haematological malignancies exposed to lower doses of 18– 
24 Gy or doses used for haematopoietic stem cell transplantation. 
However, recovery is more likely in this group [119]. In an analysis 
of 73 patients who had received cranial irradiation and were diag-
nosed with GHD in childhood, those treated with higher doses, as 
used in the treatment of brain tumours, 61% had persistent severe 
GHD (peak GH <3 mcg/ L) compared with 33% following cranial 
radiation or total body irradiation used in the treatment of haem-
atological malignancies [106].

Traumatic brain injury may also result in GHD; the incidence of 
hypopituitarism is reported over the broad range of 10– 60% [120– 
122]. Recovery is also variably reported. In one study, 23 patients 
aged 16 to 25 years were followed up at 3 and 12 months after the 
event; at 12 months hormone deficits persisted in 30%, consisting of 
mainly GH and gonadotropin deficiencies [120].

Retesting Strategy Based on Likelihood 
of Persistent Severe GHD

The first consensus on retesting for GHD [77] and subsequent 
guidelines [123, 124] have proposed strategies based on likelihood 
(Figure 7.4.3).

For those patients with panhypopituitarism (defined as three or 
more additional hormone deficiencies) retesting was optional and 
in these patients GH replacement can be continued seamlessly if 
the young person agrees. Those with known transcription factor or 
genetic mutations also did not require retesting [123].

Table 7.4.3 Factors increasing likelihood of persistent GHD (* indicates very high likelihood)

Higher likelihood Lower likelihood

• Severe GHD (<3mcg/ L) on testing in childhood
• Three additional pituitary hormone deficits*
• Abnormal pituitary MRI including ectopic posterior pituitary
• Proven genetic cause for GHD*
• Tumour in the hypothalamic- pituitary area
• High- dose cranial irradiation (>30Gy)

• Peak GH during provocative testing during childhood 
>3 mcg/ L

• Isolated GHD with normal pituitary MRI
• Low dose irradiation (<30 Gy)
• Traumatic brain injury
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For those with a high likelihood of having persistent GHD, a 
measurement of serum IGF- 1 concentration at least one month 
after finishing GH replacement should be done, progressing stimu-
lation testing only if the IGF- 1 is in the normal range. Patients with 
a low likelihood of persistent GHD, should have both serum IGF- 1 
estimation as well as a GH stimulation test.

Evidence Base for Retest Strategy

While an IGF- 1level in general has low accuracy in diagnosing 
GHD, regardless of aetiology, an IGF- 1 of less than  – 2SDS has a 
positive predictive value for severe GHD in adulthood of 96% [104]. 
This has been shown in studies in adolescents and young adults in 
the transition period with non- acquired GHD [125] and radiation- 
induced GHD [126].

If provocative testing is required only one provocative test is re-
commended by all the consensus statements in those with a high 
likelihood when IGF- 1 is within the normal range, and in those 
with a low likelihood of persistent GHD [77, 123, 124]. However, 
guidelines from the Endocrine Society highlight that as idiopathic 
GHD in adults is very rare, more stringent criteria are proposed 
including the performance of two provocative tests, particularly if 
the IGF- 1 is in the normal range [124].

The insulin tolerance test (ITT) has been validated for the diag-
nosis of persistent GHD in the transition period. There is a lack 
of agreement as to the peak GH cut- off in this age group, with all 
three consensus/ guideline documents suggesting three different 
cut- off levels from the adult criterion of <3  mcg/ L (124) to the 
evidence- based <6 mcg/ L [123]. The latter was defined in a study of 

26 patients (8 had isolated GHD and 18 had MPHD in childhood) 
which identified that a GH cut- off of 6.1 μg/ L during an ITT had 
a sensitivity of 96% and specificity of 100% [127]. This was valid-
ated in a study of 79 patients divided by high and low likelihood 
of severe GHD, and found that a GH cut- off of 5.6 μg/ L during an 
ITT had the highest accuracy for predicting persistent GHD with 
a sensitivity of 77%, specificity of 93%, and correct classification of 
87% of patients [107]. More recently, a study looking at cut- offs in 
children and adolescents suggested that the optimal cut- off during 
an ITT was 5.1 μg/ L, that during an arginine stimulation test was 6.5 
μg/ L, and that for clonidine was 6.8 μg/ L [125]. The other test with 
supporting evidence in the transition period is the GH- releasing 
hormone (GHRH)— arginine test and a higher cut- off compared 
with adults (19 μg/ L) had optimal sensitivity and specificity [128]. 
However, the GHRH- arginine test may be falsely normal in individ-
uals with hypothalamic dysfunction. Although the ITT and GHRH-  
arginine test have been validated, GHRH is not always available and 
the ITT is contraindicated in some individuals and is not practical 
in many endocrine practices. The arginine test can be used but 
the response is dependent on BMI, so the arginine test should be 
limited to non- obese adolescents. Glucagon stimulation testing is 
a promising alternative for provocative testing in adults but has not 
been tested in the transition period.

Further Re- Evaluation of GH Status

Some groups may require further re- evaluation, regardless of 
the results of initial testing at the end of growth. Those at risk of 
evolving hypopituitarism, including GHD, are those treated with 

All Young People treated with GH during Childhood for GHD
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Figure 7.4.3 All young people treated with GH during childhood for GHD.
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radiotherapy [106] and patients with ectopic posterior pituitaries 
[110, 129]. In addition, patients with discordant results pose a par-
ticular challenge. For example, in one study 50% of patients (4 of 
8) with IGHD and an ectopic posterior pituitary had discordant re-
sults with an adequate peak GH but with a low IGF- 1 concentration 
[107]. Despite the normal GH peak, this cohort of patients should 
be monitored as they are at risk of development of severe GHD and 
evolving pituitary hormone deficiencies [110, 129].

Further evaluation using adult criteria around the time of as-
sumed attainment of peak bone mass and attainment of full som-
atic development (~25 years) can be considered but is likely to be 
dependent on the severity of GHD and the local indication for 
ongoing GH replacement in adult life. Those with low likelihood 
of persistent GHD as described earlier, who retest as GHD at end 
of childhood, should be re- evaluated before a commitment is made 
to lifelong GH replacement as should those with discordant tests 
(normal IGF- 1; GHD on provocative testing).

Growth Hormone Replacement in Adolescence 
and Young Adulthood

For those young people who test as being persistently GHD, there 
needs to be a discussion as to whether their preference is to con-
tinue GH replacement in the transition period with potential but 
unclear long- term benefits or have a holiday from daily injections, 
which may be preferable to young people for many reasons.

The optimal GH dose during the transition period is not clear. 
Studies have used GH doses that varied from 12.5 to 25 µg/ kg/ day 
(weight- based) to 200 µg/ day (fixed dosing) [86, 98, 130, 131]. With 
respect to bone health and body composition, one study demonstrated 
no dose dependency [130, 131], whereas another found that a higher 
dose had a greater effect on spine BMD compared with a lower dose. 
Although similar effects were observed with LBM and FM at 6 months 
between the two doses, these were more likely to be sustained with the 
higher dose [86]. This study also demonstrated a greater improvement 
in LDL- C with the higher dose of GH replacement [86]. A dose effect 
in relation to quality of life has not been demonstrated [86, 98].

Some differences in dosing based on age have been recommended 
by The Endocrine Society Guidelines for Evaluation and Treatment 
of Adult Growth Hormone Deficiency [124]; patients <30 years of 
age may benefit from initial doses of 0.4– 0.5 mg daily (as opposed to 
the initial doses of 0.2– 0.3 mg daily for patients aged 30– 60 years) 
and those transitioning from paediatric to adult replacement may 
need even higher doses. Females receiving oral (but not trans-
dermal) oestrogen may need higher doses than other patients.

Doses should be titrated to normalize serum IGF- I concentra-
tions for age and gender (0 to +2SDS). Despite these recommenda-
tions, a review of young people (aged 15– 26 years) with childhood 
onset GHD on the KIMS database showed that their mean IGF- 1 
SD score was – 1.36 (– 1.83 SDS in females) after 1 year on a GH dose 
of 0.5 mg/ day, suggesting inadequate dosing [132]. However, the re-
lationship between IGF- 1 level and biological endpoints is lacking 
[133]. As such, there is a lack of a biomarker for GH replacement in 
late adolescence and young adulthood [134].

Changes in body composition and bone mineral density are 
the most obvious candidates to be used as biomarkers and all the 
guideline documents recommend these parameters are assessed at 

baseline and during treatment. However, as previously described, 
there is little evidence of reduced bone mineral density, if correct 
methods are used such as volumetric BMD assessment or an ad-
justment to the areal BMD [78]. Finally, it is not clear how these 
measures would be used to alter management.

Other markers to assess could include cardiometabolic param-
eters including glucose homeostasis. These are most important to 
monitor in at risk groups such as adolescents and young adults with 
obesity or a family history of type 2 diabetes or at risk of diabetes 
or adverse lipid profile as a consequence of treatment, for example 
following total body irradiation or brain tumours. They are not re-
quired in all patients.

It is also recognized that adolescents may develop impaired 
quality of life and experience psychosocial problems related to GHD 
and/ or the underlying chronic disease. There is a pressing need for 
validated instruments to assess QoL in this age group.

Holistic Approach to the Patient with childhood 
onset GHD

In keeping with the approach for all young people with long term 
conditions, it is important to focus on the wider aspects of growing 
up. Several studies in patients with childhood onset GHD com-
pared with patients with AO GHD have identified reduced social 
outcomes including being less likely to live independently, living in 
partnership and having children, regardless of the underlying diag-
nosis [47]. Although some studies have shown similar educational 
and vocational outcomes to patients with AO GHD [47], others 
have shown lower educational level, lower income, higher risk of re-
tirement compared with the general population and that this in turn 
impacts on mortality [135]. The endocrine team should routinely 
address these aspects with a view to offering support and encour-
aging independence as well as signposting.

oestrogen Replacement in Adolescents

Girls with gonadotrophin deficiency or premature ovarian insuf-
ficiency (POI), including Turner Syndrome and some childhood 
cancer survivors, require oestrogen replacement throughout life. 
There are choices for the young person to consider, whether they are 
presenting in adolescence with delayed puberty or have completed 
pubertal induction and are considering their preferred oestrogen 
replacement in adult life. Guidelines for POI [136] and Turner syn-
drome [137] detailing the rationale for the most appropriate ap-
proach to oestrogen replacement have been published.

Girls with delayed puberty require an individualized approach to 
ensure that the priorities for achieving maturity or maximizing re-
maining growth are met. A shortened protocol for pubertal induc-
tion is generally successful, although available studies are too small 
to identify the reasons for unsatisfactory pubertal outcomes such 
as breast hypoplasia [138]. No data on long- term outcomes such as 
peak bone mass are available.

After pubertal induction, optimizing oestrogen replacement is 
important because oestrogen deficiency, particularly in the setting 
of POI, is associated with reduced life expectancy largely due to car-
diovascular disease [136]. Oestrogen deficiency is also associated 



SEcTIoN 7 Disorders of Growth, and Development and Transition1240

with reduced bone mineral density (BMD) and an increased risk 
of fractures later in life [136, 137]. Despite lack of longitudinal out-
come data, early initiation of oestrogen replacement is strongly re-
commended to control future risk of cardiovascular disease and 
optimize BMD; it should be continued at least until the average age 
of menopause. Lifestyle measures, such as regular weight- bearing 
exercise, avoiding smoking, maintaining a healthy body weight as 
well as adequate dietary calcium and vitamin D, are important.

Oestrogen prescribing for pubertal induction varies between 
countries and clinicians. After pubertal induction is complete, there 
is now a move towards offering young women with oestrogen de-
ficiency physiological oestrogen replacement in the form of hor-
mone replacement therapy (HRT) rather than the combined oral 
contraceptive pill, unless there are concerns about the possibility of 
spontaneous pregnancy. The reason for this move is based on HRT 
being more favourable for bone health and cardiovascular health 
with lower blood pressure, better renal function, and less activation 
of the renin angiotensin system [136].

Evidence for the optimal mode of oestrogen administration (oral 
or transdermal) is inconclusive. Transdermal oestradiol results in 
more physiological oestrogen concentrations and is preferred in 
young women with obesity, hypertension, migraines, and increased 
risk of venous thromboembolism [136]. Cyclical progestogen is re-
quired to maintain the health of the endometrium. Young women 
and their parents, particularly their mothers, should be reassured 
that concerns about the increased risk of breast cancer with HRT 
does not apply to this age group [136].

Altered sexual function and genitourinary symptoms may still 
occur despite adequate oestrogen replacement [136], and these 
should be discussed at their appointments. If these issues do occur, 
options such as increasing oestrogen dose as well as lubricants and 
local oestrogen can be considered. For some women with POI and 
reduced libido, the use of testosterone supplementation could be 
considered, although young women should be counselled about 
lack of data on long- term efficacy and safety. Duration of this 
therapy should potentially be restricted to 24 months.

Routinely annual evaluation should include smoking status, BMI 
and blood pressure; in some groups, such as those with Turner syn-
drome and some cohorts of survivors of childhood cancer, those 
with brain tumours and following bone marrow transplantation, this 
should also include a lipid profile and HbA1c. Assessment of bone 
mineral density (BMD) should be considered, particularly if other 
risk factors are present, and repeated at 5 years if evidence of osteo-
porosis has been found [136]. Appropriate adjustments to BMD 
should be made for short stature. A decrease in BMD should prompt 
review of oestrogen replacement and other potential factors.

Glucocorticoid Replacement in Adolescents 
with congenital Adrenal Hyperplasia

Management of adolescents with congenital adrenal hyperplasia 
(CAH) presents challenges, but also offers opportunities to involve 
young people in making decisions about their management [139]. 
Control can deteriorate in adolescence due to physiological changes 
during puberty [140] and reduced adherence to medical therapy. 
Once linear growth is complete, there is a shift in focus of treatment 
to prevention of long- term adverse outcomes such as subfertility 

secondary to testicular adrenal rest tumours or menstrual irregu-
larities, increased cardiovascular risk, and osteoporosis. These long- 
term adverse outcomes are in evidence during adolescence [141].

In adolescents with classical CAH, education about avoiding and 
recognizing signs and symptoms of adrenal crisis is key, as there 
is evidence that adrenal crises in CAH increase in frequency in 
young adulthood [142]. Although it is accepted that lifelong gluco-
corticoid therapy is required, the glucocorticoid regimen should be 
re- assessed after completion of growth and puberty, particularly 
in those struggling to achieve optimal control. While hydrocorti-
sone is almost exclusively used in paediatrics for the management 
of CAH, studies from the UK and US demonstrate that two thirds of 
adults are on long- acting glucocorticoid preparations such as dexa-
methasone or prednisolone [143,  144]. There are no randomized 
controlled trials comparing these regimens, however a recent UK 
study did identify that increased adiposity, insulin resistance and 
use of prednisolone or dexamethasone are associated with impaired 
QoL in adults with CAH [145]. While hydrocortisone may be the 
optimal glucocorticoid, in some the priority will be simplifying the 
glucocorticoid regimen and changing to a long acting glucocorticoid 
once or twice daily as required. Long- acting hydrocortisone prepar-
ations are being trialled in patients with CAH [146]. Choice of long- 
acting glucocorticoid may depend on circumstances. In adolescent 
males with testicular adrenal rest tumours, short term dexametha-
sone may potentially preserve or restore fertility [147]. In females 
who are heterosexually active without adequate contraception, 
dexamethasone should be avoided because the placenta does not 
inactivate it. The exception to this would be when the young woman 
who is planning a pregnancy and has been assessed by a clinical 
geneticist as being at risk of having an affected child, when the pros 
and cons of dexamethasone should be discussed.

The overall aim is to use the lowest dose of glucocorticoid to 
normalize androstenedione concentrations (normalizing 17OHP 
concentrations will result in overtreatment). Long- acting gluco-
corticoid medications have reduced mineralocorticoid effects but 
monitoring plasma renin activity and blood pressure is always indi-
cated. Fludrocortisone doses should be adjusted to maintain plasma 
renin activity within the normal range.

Patients with non- classic CAH represent a group less at risk 
of adrenal crisis and consequently may not need glucocorticoid 
therapy continuously lifelong. Guidelines suggest that patients 
should be given the option for discontinuing glucocorticoids [148]. 
Some authors have recommended weaning boys with non- classical 
CAH off hydrocortisone from mid puberty and girls 2– 3 years after 
achieving menarche [149]. In patients diagnosed in late adoles-
cence, glucocorticoid therapy might be indicated only at specific 
times. In females, glucocorticoids may be required to regularize 
periods to enhance fertility and reduce rate of miscarriage [149]; 
other options such as the use of the combined oral contraceptive 
pill and antiandrogens are available for other symptoms in those 
not seeking fertility [150]. Assessment of adrenal function is im-
portant as around a third will have subnormal cortisol levels during 
a short Synacthen test and, despite a lack of evidence in relation to 
the occurrence of adrenal crisis, the advice to cover sickness with 
hydrocortisone should be emphasized [151,  152]. Although data 
are lacking for long- term outcomes in non- classical CAH, follow up 
into adulthood is advised, particularly in females who may require 
management of hyperandrogenaemia or assistance with fertility.
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conclusion

Addressing the health needs of adolescents and young adults with 
long- term endocrine conditions requires developmentally appro-
priate healthcare with effective and safe transition and transfer to 
adult endocrine services. More evidence is required to inform how 
to deliver effective care to this age group. Paediatric and adult endo-
crinologists need to recognize the implications of having an endo-
crine condition on psychological and social development. They need 
the knowledge about common presentations of endocrine conditions 
and management during adolescence to allow appropriate counsel-
ling of patients about their choices and involve them in their care.
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Introduction

Female reproductive physiology is characterized by highly com-
plex hypothalamic– pituitary– ovarian interactions that, when 
functioning properly, achieve ovarian follicular development; epi-
sodic presentation of ova for possible fertilization (ovulation); 
and physiological preparation for possible pregnancy (e.g. endo-
metrial decidualization). Reproductive neuroendocrine systems 
coordinate cyclic ovarian function to accomplish these goals, and 
gonadotropin- releasing hormone (GnRH)- secreting neurons rep-
resent the final common pathway for hypothalamic control of 
reproduction.

Anatomy of the Reproductive 
Hypothalamic– Pituitary Axis

The hypothalamus resides at the base of the brain, constituting the floor 
and inferior- lateral walls of the third ventricle. The hypothalamus is in-
volved with a wide variety of biological processes including growth and 
development, energy homeostasis, weight maintenance, responses to 
stress, and reproduction. With regard to reproduction, the cell bodies 
of some 1000– 1500 GnRH- secreting neurons are diffusely located 
throughout the preoptic area and the infundibular nucleus (the arcuate 
nucleus in lower mammalian species) (Figure 8.1.1.1) [1] . Selective 
destruction of the arcuate nucleus in mature female monkeys leads to 
severe hypogonadotropic hypogonadism [2], suggesting that normal 
gonadotropin secretion is particularly dependent on the population of 
GnRH neurons residing in the infundibular (arcuate) nucleus.

GnRH neurons extend processes through the tuberoinfundibular 
tract to the median eminence at the base of the third ventricle. 
GnRH neuron fibres have been called ‘dendrons’ because, in mice, 
they demonstrate characteristics of both axons and dendrites, 
including functional synaptic inputs throughout the length of the 
fibre [3] . Bursts of GnRH neuronal firing result in the release of 
GnRH into an extensive capillary network located within the me-
dian eminence— the proximal portion of the hypophyseal portal 
system. GnRH release may also be influenced by interactions with 
other cell populations in the median eminence. For example, pro-
jections from tanycytes— specialized ependymal cells lining the 
third ventricle— can reduce GnRH release by enveloping and phys-
ically isolating GnRH nerve terminals [4].

The hypophyseal portal circulation represents the anatomical and 
functional connection between the median eminence and cells of 
the anterior pituitary. The superior hypophyseal artery feeds the ca-
pillary network within the median eminence. This network drains 
into sinusoids that coalesce to form the hypophyseal portal veins, 
which traverse the pituitary stalk and constitute the chief blood 
supply for the anterior pituitary.

The pituitary gland is located within a saddle- like structure of the 
sphenoid bone (the sella turcica), and it is connected to the base 
of the hypothalamus by the pituitary stalk. The anterior lobe (pars 
distalis) of the pituitary contains specialized cells (gonadotropes) 
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that produce luteinizing hormone (LH) and follicle- stimulating 
hormone (FSH). GnRH binds to GnRH receptors on the cell sur-
face of gonadotropes, initiating an intracellular cascade that results 
in the synthesis and secretion of LH and FSH. These gonadotropins 
are released directly into the systemic circulation and ultimately 
direct ovarian follicular development, cyclic ovulation, and cyclic 
changes of ovarian sex steroid production.

embryological origins of GnRH Neurons

During embryologic development, nascent GnRH neurons are 
first identified in the nasal (olfactory) placode [5] . Initial GnRH 

cell migration toward the hypothalamus is guided by olfactory/ 
vomeronasal neuron axons projecting toward the olfactory bulb, 
with subsequent migration guided by neurons that project caud-
ally into the forebrain (Figure 8.1.1.2). Once reaching the hypothal-
amus, GnRH cells extend processes to the median eminence and 
gain access to the hypophyseal portal system.

As olfactory neurons form a pathway to guide GnRH neuronal mi-
gration, appropriate GnRH cell migration is dependent on normal 
olfactory system development. This is exemplified by Kallmann 
syndrome, in which abnormal olfactory system development ren-
ders an inadequate guidance infrastructure for GnRH neurons. 
Accordingly, individuals with Kallmann syndrome have congenital 
hypogonadotropic hypogonadism in addition to anosmia (absent 
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Figure 8.1.1.1 Anatomic foundations for GnRH neuron- gonadotrope interactions. GnRH neuron cell bodies reside in the infundibular nucleus 
(part of the mediobasal hypothalamus) and the preoptic area. GnRH neurons processes (dendrons) extend to the median eminence (also part of the 
mediobasal hypothalamus), where GnRH is released into the hypophyseal portal system. GnRH subsequently travels to the anterior pituitary where it 
interacts with gonadotrope cells.
Adapted with permission from Johnson and Everitt’s Essential reproduction, ed 6. Blackwell Publishing, 2007, Fig. 6.4.
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Figure 8.1.1.2 Schematic of embryological GnRH cell migration from the nasal epithelium to the hypothalamus, guided by olfactory/ vomeronasal 
neurons.
Adapted with permission from Stamou MI, Cox KH, Crowley WF, Jr. Discovering Genes Essential to the Hypothalamic Regulation of Human Reproduction Using a Human 
Disease Model: Adjusting to Life in the ‘- Omics’ Era. Endocr Rev 2015; 36:603– 21. (Ref 5) Copyright 2015 Oxford University Press.
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sense of smell). Kallmann syndrome was first described in patients 
with deletion of the ANOS1 (formerly KAL1) gene, which encodes 
a matrix glycoprotein important for fetal olfactory development. 
Human fetuses with X- linked Kallmann syndrome exhibit arrested 
migration of GnRH- immunoreactive cells along terminal nerve fas-
cicles in the nasal mucosa or at the cribriform plate [6] . Numerous 
other genes related to fetal GnRH cell migration underlie forms 
of congenital hypogonadotropic hypogonadism with and without 
anosmia [5].

GnRH Secretion

GnRH- 1 is a decapeptide encoded by the GNRH1 gene on 
human chromosome 8 (8p11.2- p21) [7] . GNRH1 produces 
a 92- amino acid precursor peptide (prepro- GnRH) with the 

following segments:  a 23- amino acid signal sequence, GnRH, a 
3- amino acid proteolytic processing site, and a 56- amino acid 
GnRH- associated peptide. Essentially all mammalian species 
demonstrate the same amino acid structure of GnRH- 1:  (pyro)
Glu- His- Trp- Ser- Tyr- Gly- Leu- Arg- Pro- Gly- NH2.

Although loosely affiliated from an anatomical perspective, GnRH 
neurons are highly integrated from a functional perspective. GnRH 
neurons exhibit extensive connections to other GnRH neurons and 
to other neuronal populations. GnRH neuronal activity is charac-
terized by episodic and coordinated bursts of action potential firing, 
which presumably correlate to changes in GnRH release at the me-
dian eminence. Episodic firing rate activity— with periods of high 
and low firing rates— appears to be an intrinsic property of GnRH 
neurons, but firing patterns and rates are substantially influenced by 
complex afferent neuronal networks (vide infra).

GnRH is released into the hypophyseal portal system in epi-
sodic bursts (Figure 8.1.1.3) [8] . Intermittent GnRH presentation 
to gonadotropes is an absolute requirement for maintenance of 
gonadotropin synthesis and secretion:  there are no known par-
allel or backup systems. In particular, intermittent GnRH stimula-
tion increases or maintains GnRH receptors on gonadotropes— the 
‘self- priming’ or ‘autopriming’ effect, which is partly mediated 
via GnRH receptor density on gonadotrope cells. Absent or in-
appropriate GnRH secretion in humans leads to pubertal failure, 
hypogonadotropic hypogonadism, and infertility, all of which can 
be reversed with pulsatile exogenous GnRH administration [9].

Gonadotropin responses to GnRH can decrease with higher 
GnRH pulse frequencies [10]. Continuous GnRH receptor stimu-
lation markedly reduces gonadotropin synthesis and secretion (de-
sensitization) (Figure 8.1.1.4) [11], which is partly a reflection of 
reduced GnRH receptor expression on gonadotropes (i.e. receptor 
downregulation). Desensitization can be achieved for therapeutic 
purposes with long- acting GnRH receptor agonists, which transi-
ently increase gonadotropin release, but subsequently cause desen-
sitization of gonadotropin secretion. Competitive GnRH receptor 
antagonists are also available:  these peptides reversibly bind to, 
but do not stimulate, the GnRH receptor, reducing gonadotropins 
within 24 to 72 hours.

Moenter et al., 1992
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Hours

LH

Figure 8.1.1.3 Temporal relationship between pulses of GnRH in the 
pituitary portal system and pulses of LH in the peripheral circulation 
( jugular vein). These data were obtained from a sheep model.
Adapted with permission from Moenter SM, Brand RM, Midgley AR, Karsch FJ. 
Dynamics of gonadotropin- releasing hormone release during a pulse. Endocrinology 
1992; 130:503– 10. (Ref 8) Copyright © 1992, Oxford University Press.
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Figure 8.1.1.4 Impact of pulsatile vs. continuous GnRH administration in GnRH- deficient monkeys. These monkeys were gonadectomized (but sex 
steroid- replaced) and rendered GnRH deficient via radiofrequency ablation of the arcuate nucleus. Normal gonadotropin secretion is maintained 
with intermittent exogenous GnRH administration. However, continuous GnRH infusion markedly downregulates luteinizing hormone and follicle- 
stimulating hormone production.
Adapted with permission from Belchetz PE, Plant TM, Nakai Y, Keogh EJ, Knobil E. Hypophysial responses to continuous and intermittent delivery of hypothalamic 
gonadotropin- releasing hormone. Science 1978; 202:631– 33. Copyright 1978 © The American Association for the Advancement of Science.
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Upstream Regulation of GnRH Neurons

The regulation of pulsatile GnRH release is highly complex. 
A  number of upstream neuronal populations— along with their 
associated neurotransmitters and neuropeptides— substantially 
impact GnRH neuron activity and largely mediate ovarian 
feedback— largely via circulating sex steroid concentrations— in 
addition to mediating the influence of energy availability and stress. 
Relevant signalling compounds include dopamine, norepinephrine, 
glutamate, γ- aminobutyric acid (GABA), nitric oxide, kisspeptin, 
neurokinin B, and endogenous opiates.

Kisspeptin is a critical requirement for normal GnRH secretion 
[12, 13]. The human kisspeptin gene (KISS1) encodes a 154- amino 
acid precursor protein (kisspeptin 1– 145); and proteolytic modifica-
tion yields a number of bioactive kisspeptin fragments: kisspeptin- 
54, - 14, - 13, and - 10. Functional native kisspeptin species contain 
the carboxy- terminal amino acids 112 to 121, which are important 
for receptor binding and function. Kisspeptin neurons form syn-
aptic contacts with GnRH neurons, including at GnRH neuron ter-
minals in the median eminence. Kisspeptin stimulates GnRH neurons 
via the kisspeptin receptor (KISSR; also known as the G- protein 
coupled receptor 54, or GPR54)— a seven transmembrane domain, 
G- protein- coupled receptor expressed by a majority of GnRH 
neurons. Persons with inactivating KISS1R or KISS1 mutations 
exhibit pubertal failure and hypogonadotropic hypogonadism. 
Kisspeptin- related stimulation of LH release is blocked by GnRH 
antagonists, and pulsatile GnRH administration can fully restore re-
productive function in patients with KISS1R mutations. These find-
ings suggest that the effects of kisspeptin on LH release is mediated 
by GnRH. Of interest, the effects of kisspeptin on LH release appear 
to be influenced by several factors including menstrual cycle phase 
and hormonal milieu.

Rodents exhibit two distinct populations of kisspeptin neurons. 
Kisspeptin neurons in the arcuate nucleus (mediobasal hypothal-
amus) mediate the negative feedback effects of oestrogen on GnRH 
release; while kisspeptin neurons in the anteroventral periven-
tricular nucleus (AVPV) of the preoptic area mediate the positive 
feedback effects of oestrogen on GnRH release (i.e. GnRH surge 
generation). Kisspeptin neurons are primarily located in the in-
fundibular (arcuate) nucleus in humans and monkeys. It remains 
uncertain whether unique populations of kisspeptin neurons play 
similar respective roles in primates [14].

Neurokinin B (NKB) is a decapeptide encoded by the tachykinin 
3 gene (TAC3) [12,  15]. NKB preferentially binds to and acts via 
the neurokinin 3 receptor (NK3R), encoded by the TACR3 gene. 
The role of NKB in central reproductive function is complex. 
Homozygous loss- of- function TAC3 or TACR3 mutations cause 
pubertal failure and hypogonadotropic hypogonadism. Senktide, a 
selective NK3R agonist, can provoke LH release, and this effect is 
abolished by GnRH receptor antagonism. Of interest, a number of 
studies suggest that NKB primarily influences GnRH release via its 
effects on kisspeptin release. For example, kisspeptin neurons ex-
press NK3R; senktide increases kisspeptin neuronal activity; LH 
responses to senktide are absent or impaired in Kiss1R knockout 
mice, with Kiss1R antagonism, or after Kiss1R desensitization; and 
continuous kisspeptin infusion enhances LH secretion in patients 
with loss- of- function TAC3 or TACR3 mutations. NKB analogues 
may have therapeutic use in the future.

Endogenous opioid peptides (EOP)— including endorphins, en-
kephalins, and dynorphins— participate in numerous neuroendo-
crine functions. Endorphins (e.g. β- endorphin) are derived from 
proopiomelanocortin (POMC) and act primarily via μ (micro)- 
opioid receptors; while dynorphins are products of the precursor 
prodynorphin and act chiefly at κ (kappa)- opioid receptors (KOR). 
Although derived from different precursor proteins, active endor-
phins, enkephalins, and dynorphins contain a common sequence 
at the amino- terminal (Tyr- Gly- Gly- Phe- [Met or Leu]). Ample evi-
dence suggests that sex steroid negative feedback on GnRH release 
is at least partly mediated by hypothalamic opiates. Hypophyseal 
blood concentrations of β- endorphin increase during the luteal 
phase in monkeys [16]; opiate receptor antagonists increase LH pulse 
frequency when administered to women in the luteal phase [17], 
and exogenous opiates (e.g. morphine) can cause hypogonadotropic 
hypogonadism. Recent animal studies suggest that dynorphin is an 
important mediator of GnRH pulse frequency suppression by pro-
gesterone [12, 13]. For example, progesterone receptors colocalize 
with arcuate nucleus dynorphin neurons; dynorphin- containing 
varicosities associate with GnRH neurons; progesterone treatment 
increases dynorphin A concentrations in the third ventricle cere-
brospinal fluid; and delivery of κ- opioid receptor antagonists to the 
mediobasal hypothalamus reverses progesterone inhibition of LH 
pulse secretion.

Animal studies suggest that kisspeptin, NKB, and dynorphin 
are often coexpressed in single neurons [12]. Such KNDy (‘candy’) 
neurons (Kisspeptin, Neurokinin B, Dynorphin) are extensively 
interconnected and project to GnRH neurons, including GnRH 
neuron fibres within the median eminence. Although corres-
ponding data in humans are limited, autopsy studies generally sup-
port the notion that kisspeptin and NKB colocalize in a portion of 
neurons in the infundibular nucleus [18]. Regardless, kisspeptin, 
NKB, and dynorphin— released from neurons that do or do not 
colocalize with the other peptides— substantially influence GnRH 
neuronal function in humans, and such neurons are likely a funda-
mental component of the GnRH pulse generator (vide infra).

RFamide- related peptides (RFRPs)— the mammalian orthologues 
of gonadotropin- inhibitory hormone (GnIH)— also appear to exert 
an important influence on central reproductive function [19]. 
RFRP- immunoreactive cells have been identified in human hypo-
thalami, and RFRP- immunoreactive fibres approximate GnRH 
neurons. Animal studies suggest that RFRP- 3 reduces GnRH neur-
onal firing rates, but an understanding of the roles of RFRPs in hu-
mans requires further study.

The GnRH Pulse Generator

The fundamental nature of pulsatile GnRH secretion— including 
the neuroanatomical components of the GnRH pulse generator 
and mechanisms underlying episodic GnRH release— remains un-
clear. The mediobasal hypothalamus, which contains both the in-
fundibular (arcuate) nucleus and the median eminence, appears to 
contain all requisite components of the GnRH pulse generator. In 
monkeys and sheep, LH pulse initiation is temporally associated 
with discrete episodes of neuronal firing (multiple unit electrical ac-
tivity) in the area of the mediobasal hypothalamus (Figure 8.1.1.5) 
[20, 21]; and in monkeys, experimental electrical stimulation of the 



8.1.1 Neuroendocrinology of Reproduction 1253

mediobasal hypothalamus provokes GnRH release into the hypo-
physeal portal system [22]. Moreover, pulsatile LH secretion is 
maintained in monkeys after mediobasal hypothalamic isolation 
from the remainder of the brain; and isolated human mediobasal 
hypothalami release GnRH in a pulsatile fashion [23].

Numerous studies suggest that pulsatility is an intrinsic prop-
erty of GnRH neurons; and coordination of GnRH release may re-
flect extensive interconnections among GnRH neurons. However, 
a number of observations suggest that kisspeptin, NKB, and 
dynorphin help to orchestrate coordinated GnRH neuronal activity 
[12,  24]. Although mechanisms remain unclear, some investiga-
tors have proposed a model whereby initial NKB release stimulates 
kisspeptin secretion, which initiates a GnRH pulse; and subsequent 

dynorphin release inhibits kisspeptin secretion, terminating the 
GnRH pulse. Although pulsatile GnRH release may occur in the 
absence of kisspeptin action (e.g. humans with KISSR mutations 
demonstrate low- amplitude LH pulses [25]), it seems clear that 
kisspeptin is mandatory for normal GnRH secretion.

Pituitary Gonadotropes

The anterior pituitary (adenohypophysis) is of ectodermal origin 
and forms during embryological development as an upward inva-
gination of pharyngeal epithelium (Rathke pouch). Gonadotropes 
are specialized cells of the anterior pituitary that synthesize and 
secrete LH and FSH. GnRH binds to the GnRH type I receptor, a 
seven transmembrane G- protein- coupled receptor on the plasma 
membrane of gonadotropes:  this activates a number of intracel-
lular signalling cascades that enhance gonadotropin synthesis and 
secretion [26].

Each gonadotropin consists of α and β subunits, which dimerize. 
The biological specificity of LH and FSH relates to their unique β- 
subunits (the 121- amino acid LHβ and the 117- amino acid FSHβ, 
respectively). The α- subunit is common to LH, FSH, human chori-
onic gonadotropin (hCG), and thyrotropin. Gonadotropins also 
undergo variable post- translational modification— glycosylation in 
particular— which alters both bioactivity and elimination half- life.

Even though both LH and FSH are produced in a common cell 
type in response to GnRH stimulation, circulating LH and FSH 
concentrations vary differentially throughout ovulatory cycles. 
Numerous mechanisms underlie differential release of LH and FSH 
throughout the cycle [26]. For example, higher frequency GnRH 
pulses favour LH synthesis and secretion, while lower frequency 
GnRH pulses enhance FSH synthesis and secretion (Figure 8.1.1.6) 
[10]. In addition, inhibins and oestradiol selectively restrain FSH re-
lease during the mid-  and late follicular phase and the luteal phase.
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Figure 8.1.1.6 Impact of GnRH pulse frequency on LH and FSH secretion in GnRH- deficient monkeys. These monkeys were gonadectomized (but 
sex steroid- replaced) and rendered GnRH deficient via radiofrequency ablation of the arcuate nucleus. Normal gonadotropin secretion is maintained 
when exogenous GnRH was administered in a pulsatile fashion every hour. Decreasing the frequency of GnRH pulse administration to once every 3 
hours was followed by a decrease in circulating LH but an increase in circulating FSH concentrations.
Adapted with permission from Wildt L, Hausler A, Marshall G, Hutchison JS, Plant TM, Belchetz PE, Knobil E. Frequency and amplitude of gonadotropin- releasing hormone 
stimulation and gonadotropin secretion in the rhesus monkey. Endocrinology 1981; 109:376– 85. Copyright © 1981 Oxford University Press (10).



SecTIoN 8 Female Reproductive Endocrine Disorders1254

Patterns of GnRH and Gonadotropin Secretion 
in Women

The hypophyseal portal system is inaccessible in humans, so direct 
in vivo measurements of pulsatile GnRH secretion are unavailable. 
However, LH pulses identified in the peripheral circulation cor-
respond on a one- to- one basis with GnRH pulses identified in the 
hypophyseal portal system in animals (Figure 8.1.1.3) [8] ; thus, LH 
(or α- subunit) pulse frequency— as determined by frequent periph-
eral blood sampling— accurately reflects GnRH pulse frequency. 
While LH (GnRH) pulse frequency approximates one pulse every 
60– 90 minutes in the follicular phase, LH pulse frequency de-
creases to approximately one pulse every 3 to 8 hours during the lu-
teal phase [27, 28]. In open loop conditions (e.g. surgical or natural 
menopause), LH pulse frequency approximates one pulse per hour 
[29]. Similarly, isolated human mediobasal hypothalami generate a 
GnRH pulse every 60 to 100 minutes [23]. Thus, a ‘circhoral’ (once 
per hour) pulse frequency may be a fundamental characteristic of 
the adult GnRH pulse generator, with changes reflecting the applica-
tion or withdrawal of sex steroid (primarily progesterone) negative 
feedback. Since high and low GnRH pulse frequency preferentially 
favours LH and FSH secretion, respectively, cyclic changes in GnRH 
pulse frequency contribute to differential changes in LH and FSH 
concentrations across ovulatory cycles [30].

LH pulse amplitude can be modulated by changes of GnRH re-
leased per pulse, by changes of gonadotrope responses to GnRH 
stimulation, or both. LH pulse amplitude also varies inversely with 
the preceding LH interpulse interval [31]. LH pulse amplitude tends 
to decrease across the follicular phase as a result of oestradiol nega-
tive feedback. However, the very high oestradiol concentrations at 
midcycle provoke increased gonadotropin release (the midcycle 
gonadotropin surge). During the luteal phase, LH pulse amplitudes 
are variable, but generally approximately double the amplitudes ob-
served in the follicular phase.

In normally cycling women, circulating FSH concentrations are 
highest in the early part of follicular phase, wane across the fol-
licular phase, but increase again as part of the midcycle gonado-
tropin surge. FSH concentrations remain relatively low during the 
luteal phase, but increase again at the luteal- follicular transition. 
The longer half- life of FSH tends to mask pulsatile release.

Negative Feedback Regulation of GnRH and 
Gonadotropin Secretion

In normally cycling women, changes in circulating oestradiol con-
centrations reflect follicular development during the follicular phase 
and corpus luteum function during the luteal phase. In general, oes-
trogens restrain gonadotropin secretion; and oestrogen deficiency 
(e.g. natural or surgical menopause) leads to a marked increase 
in gonadotropin secretion. Oestrogen restraint at the hypothal-
amus primarily reflects reductions in GnRH pulse amplitude ra-
ther than pulse frequency. GnRH pulse amplitude, but not GnRH 
pulse frequency, are increased in postmenopausal women and in 
ovariectomized post- pubertal female monkeys, and this is reversed 
with oestrogen replacement [32]. Low- dose oestradiol adminis-
tration does not substantively alter LH release in GnRH- deficient 
women treated with fixed- dose exogenous GnRH pulses [33].

Day- to- day changes in GnRH pulse frequency primarily reflect 
the imposition and removal of progesterone negative feedback. In 
the early luteal phase, the increase in progesterone secretion from 
the corpus luteum slows LH pulse frequency, and exogenous pro-
gesterone slows follicular phase LH pulse frequency [34]. This 
effect of progesterone requires the permissive presence of oestra-
diol [35, 36], likely through increased hypothalamic progesterone 
receptor expression [37]. In contrast, androgens appear to reduce 
hypothalamic progesterone receptor expression and, thus, an-
tagonize progesterone’s ability to inhibit GnRH pulse frequency 
[38,  39]. At the gonadotrope, progesterone augments pituitary 
gonadotropin responses to GnRH [40, 41].

Sex steroid feedback on GnRH secretion appears to be largely 
mediated by kisspeptin (KNDy) neurons (Figure 8.1.1.7) [13]. 
While GnRH neurons express few sex steroid receptors, kisspeptin 
and KNDy neurons colocalize with oestrogen, progesterone, and 
androgen receptors. Oestrogen or oestrogen plus progesterone re-
duces kisspeptin expression in the arcuate nucleus in monkeys, 
while kisspeptin expression in the infundibular (arcuate) nu-
cleus is increased in sex steroid deficient monkeys and women. 
Similarly, postmenopausal women demonstrate fewer infundibular 
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prodynorphin- expressing neurons compared to premenopausal 
women.

FSH secretion is also selectively impacted by inhibins, activins, 
and follistatin [42]. Inhibins are heterodimer peptides that select-
ively inhibit FSH release from pituitary gonadotropes and con-
tribute to differential LH and FSH release across the menstrual cycle. 
Two inhibin isoforms contain identical α- subunits but different β- 
subunits (βA for inhibin A, βB for inhibin B). Inhibin B is primarily 
secreted by ovarian granulosa cells in response to FSH stimulation 
during the early follicular phase; while inhibin A  is primarily se-
creted by the corpus luteum in response to LH stimulation during 
the luteal phase. Activins and follistatin are pituitary gonadotrope 
products that influence FSH secretion via autocrine- paracrine sig-
nalling. Activins stimulate production of FSH, while follistatin re-
duces FSH production by binding activin. Follistatin production 
varies as a function of GnRH pulse frequency and partly mediates 
the reduction in FSH production in response to high GnRH pulse 
frequencies.

Sex Steroid Positive Feedback and the Midcycle 
Gonadotropin Surge

In contrast to the effects of relatively low oestradiol levels, high oes-
tradiol concentrations at midcycle provoke the midcycle gonado-
tropin surge, characterized by an approximately tenfold increase 
in LH and an approximately fourfold increase in FSH levels. While 
some studies suggest that oestradiol alone can produce normal 
gonadotropin surges, the modest preovulatory increase in circu-
lating progesterone may coordinate the timing of the surge, in-
crease the duration of the surge, and/ or contribute to the midcycle 
increase in FSH release [43, 44].

Midcycle levels of sex steroids markedly increase gonadotrope 
responsiveness to GnRH stimulation [45, 46]. Although midcycle 
surge generation in women is critically dependent on continued 
GnRH stimulation and can be prevented with GnRH receptor ant-
agonists [47], it remains unclear whether midcycle GnRH surges 
occur in women. A  study involving incomplete GnRH receptor 
antagonism suggested that GnRH secretion does not increase at 
midcycle in women [48]. Moreover, pulsatile administration of 
constant- dose exogenous GnRH— or even reduced dose— produces 
gonadotropin surges in GnRH- deficient women [46]. Taken to-
gether, these findings suggest that sex steroid augmentation of pi-
tuitary gonadotropin release is sufficient for gonadotropin surge 
generation in women.

Physiological Influences on GnRH Secretion

energy Availability

Biological processes require metabolic energy. In settings of re-
stricted energy availability, maintenance of life- sustaining functions 
is prioritized. Pregnancy and lactation are metabolically expensive; 
and since reproduction is not critical for individual survival, it is 
metabolically gated. Inadequate energy availability suppresses re-
productive function:  this forms the basis for both nutritional in-
fertility and functional hypothalamic amenorrhea (discussed in 
Chapter  8.8.2). The neurobiological mechanisms underlying the 

influence of nutritional status on the reproductive system remain 
poorly understood. However, inadequate energy availability cul-
minates in impaired GnRH and gonadotropin secretion. The repro-
ductive effects of reduced energy availability appear to be mediated 
by circulating factors (e.g. leptin and insulin) in addition to com-
plex central neural pathways involving myriad neuropeptides (e.g. 
kisspeptin) and neurotransmitters [49].

Stress

A ‘stressor’ is a potential threat to homeostasis (e.g. injury, illness, 
reduced energy availability, situations that provoke psychological 
distress, etc.). Both marked acute stress and chronic stress can re-
duce reproductive function, and in some cases this can be viewed 
as an appropriate adaptive response. As examples, critical illness 
is typically characterized by a reversible hypogonadotropic hypo-
gonadism [50]; and psychological stress can play a role in func-
tional hypothalamic amenorrhea [51]. Stress- related impairment 
of reproductive function primarily relates to suppression of GnRH 
secretion. The reproductive effects of stress appear to be medi-
ated by corticotropin- releasing hormone (CRH), arginine vaso-
pressin (AVP), and cortisol, in addition to complex central neural 
pathways involving numerous neuropeptides (e.g. kisspeptin) and 
neurotransmitters [52].

Lactation

Lactation is often accompanied by amenorrhea and subfertility. 
In the setting of limited resources, lactational amenorrhea can be 
viewed as an important adaptation since short interbirth intervals 
could jeopardize infant well- being. In the setting of lactation, pul-
satile GnRH release is slowed, rendering hypogonadotropic hypo-
gonadism. Mechanisms remain unclear, but this in part reflects the 
very high metabolic cost of milk production and, thus, reduced 
energy availability for reproductive functions. Reduced GnRH se-
cretion during lactation may partly reflect hyperprolactinemia, and 
neural mechanisms may also be important since the frequency and 
duration of suckling appears to impact contraceptive effectiveness.

circadian changes and Sleep

Both basal gonadotropin secretion and LH surges may exhibit 
circadian patterns, but the degree to which this pertains is species 
dependent. For example, LH surges in female rodents are temporally 
constrained to the late afternoon hours; but in female monkeys and 
women, LH surges do not appear to be confined to a specific time of 
day. Similarly, although women exhibit diurnal changes in gonado-
tropin secretion, recent studies suggest that LH and FSH secretion 
does not change markedly when accounting for sleep status, body 
position, activity level, light exposure, and nutritional cues [53].

Sleep can have a profound influence on pulsatile LH (and by in-
ference GnRH) secretion in humans, and such changes may con-
tribute to normal gonadotropin production across puberty and 
during the early follicular phase (EFP). Early puberty is character-
ized by a sleep- associated increase in LH pulse amplitude and fre-
quency: this begins shortly after sleep onset and also occurs during 
daytime sleep [54]. During puberty, LH pulse initiation appears 
to be encouraged by slow wave sleep but discouraged by rapid eye 
movement (REM) sleep [55]. Sleep- related slowing of LH pulse fre-
quency occurs in late pubertal girls and in women, most promin-
ently during the EFP, but also in the late follicular phase. In women 
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studied during the EFP, LH pulse initiation is encouraged by brief 
awakenings but discouraged by REM sleep [56]. Naloxone appeared 
to prevent the sleep- associated decrease in LH pulse frequency in 
the EFP, suggesting that sleep- related slowing may be mediated by 
hypothalamic opioids [57].
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Sex organ Development

The development of embryonic gonad towards gender specific 
phenotype is a sequential and complex process. In humans, fetal 
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organogenesis starts 4 weeks post conception and is completed by 
the gestational week (GW) 9. After this, a rapid growth will follow 
and the fetus will maturate for organ functions. The primordial 
germ cells can be identified in the wall of the yolk sac at GW 3 
onwards. At this bipotential state the germ cells migrate into the 
dorsal mesentery of the hindgut in the urogenital ridges of undif-
ferentiated gonads (Figure 8.1.2.1). The karyotype of the embryo 
(46,XX or 46,XY) and the presence of the sex determining region 
on the Y- chromosome (SRY) determines whether the gonads will 
develop into an ovary or testis. Female or male gonads can be dis-
tinguished as early as by the GW 8 [1,  2]. Furthermore, several 
other genes like SRY box- related gene 9 (SOX9), Wilms tumour 
gene 1 (WT1), EMX2, LIM1, and steroidogenic factor 1 (SF- 1) in 
males and WNT- 4, RSPO- 1, FOXL- 2, and DAX- 1 in females, have 
also been identified coordinating the gonadal development [3, 4]. 
After the differentiation process, the gonadal hormones, mainly di-
hydrotestosterone converted from testosterone and anti- Müllerian 
hormone (AMH, Müllerian inhibiting substance, MIF), have sig-
nificant role in the development of genitalia (Figure 8.1.2.1). The 
Müllerian ducts will develop as a female tubule system, the uterus 
and fallopian tubes, whereas the Wolffian ducts will become epi-
didymis and ductus dereference. In the presence or in absence of 
testosterone the urogenital sinus will form as male or female ex-
ternal genitalia.

embryological Development of the ovarian 
Follicle Pool and the Transient Activation 
of the ovaries

In females, after migration to gonadal ridges, the primordial germ 
cells start proliferating through mitosis into oogonial stem cells that 
enter meiosis at GW 22, arresting at the diplotene stage to become 
primary oocytes. Only part of the oogonia will undergo meiosis 
having potential to ovulate eventually after puberty while the rest 
of them will undergo apoptosis. The oocytes that have reached the 
diplotene stage start associating with clusters of somatic cells that 
form pre- granulosa cells, forming primordial follicles that reach the 
highest number of 7 million around mid- gestation (Figure 8.1.2.2). 
After the saturation point, the number of primordial follicles starts 
to decrease by means of apoptosis and only 2  million primordial 
follicles are left at the time of birth.

The levels of follicle stimulating hormone (FSH) and luteinizing 
hormone (LH) in fetal circulation peak at mid- gestation and de-
crease by the end of the third trimester [5, 6]. The meaning of this 
rise in gonadotrophins is not well known, however, it is thought 
that this enhanced gonadotrophin secretion results into occasional 
follicle development in the fetal ovary, supported by the concomi-
tant follicular expression of AMH that can also be measured from 
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Figure 8.1.2.1 The sex organ development in human. At the bipotential state the germ cells migrate into the dorsal mesentery of the hindgut in 
the urogenital ridges. The karyotype of the embryo (46,XX or 46,XY) and the presence of the sex determining region on the Y- chromosome (SRY) 
determines whether the gonads will develop into an ovary or testis.
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the fetal circulation [7] . The levels of gonadotrophins decrease grad-
ually towards the term of the pregnancy.

The withdrawal of placental steroids and thereby the lack 
of inhibitory feedback at birth induce a transient activation of 
hypothalamus– pituitary axis during the first months of infancy. 
This results into a short- term and transient release of gonado-
trophins from the pituitary of the neonate, activating follicular de-
velopment and proliferation of granulosa cells reflected by the rise 
in serum AMH levels. This phenomenon, known as minipuberty, is 
dependent on the fetal age at birth, prematurity delaying the onset 
[7– 9]. After the postnatal ovarian activation, gonadotrophins and 
thereby sex steroid hormone and AMH levels decrease and remain 
low until puberty. The quiescent period ends before puberty as a 
consequence of maturation of the hypothalamus– pituitary– ovarian 
axis (Figure 8.1.2.2).

Initiation of the Puberty and Menstrual cycles

Sensitization of the hypothalamus- pituitary- axis to ovarian steroid 
hormones and maturation of feedback mechanisms initiate the 
menstrual cycles (menarche) at puberty between the ages of 10 
and 16, the mean age of the menarche being 12– 13 years. During 
the uterine maturations, the tubal form of the uterus will change 
into a round adult shape under oestrogen influence and the endo-
metrium will start proliferating. At this point, the ovarian follicle 
pool has further diminished beholding only around 400 000 fol-
licles that will serve as oocyte reserve for ovulatory cycles during 
female reproductive life (Figure 8.1.2.2). After menarche, the 
menstrual cycles are irregular due to incomplete maturation of the 
hypothalamus– pituitary– ovarian axis, and it may take over 2 years 
for it to mature and the cycles to become regular. Eventually, ap-
proximately 400 follicles will ovulate during the reproductive life 

span. As the follicle pool diminishes, also the menstrual cycles be-
come irregular. At menopause, around the age of 50 years, only a 
few hundred or possibly thousands of follicles are left as the follicle 
pool is exhausted.
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Introduction

The vast majority of our knowledge about follicle development had 
been retrieved from animal studies conducted before the 1950s [1] . 
Although initial attempts to understand human folliculogenesis has 
begun with histologic examinations of ovaries derived from post- 
mortem examination or oophorectomy, recent imaging studies and 
endocrinologic assessments have made significant improvements 
throughout the process of understanding the whole human men-
strual cycle and related folliculogenesis. Nowadays, we can appre-
ciate the fact that each follicle is distinct and controlled by endocrine 
and diverse paracrine factors that will determine its own fate [2].

According to studies performed on early human fetus, follicular 
development begins as early as the fourth month of fetal life [3] . In 
the early life of female, oogonia initiates the first meiotic division 
and arrests in the dictyate stage to generate the primary oocytes 
and then is surrounded by somatic cells. At the end of 20 weeks of  
gestation, number of those follicles containing oocytes consti-
tutes true ovarian follicular reserve and reproductive potential 
with an estimated number of 7 million. Of them, only 400 become 
a Graafian follicle and rest deplete during reproductive ages (see 
Chapter 8.1.2). The current chapter aims to summarize the journey 
of primordial follicles while aiming to reach the stage of dominant 
follicle and its corresponding endometrial changes.

Follicle Activation and Growth

In the context of follicle activation, it is noteworthy to mention that 
medical or surgical hypophysectomy has been shown to be associ-
ated with decreased ovarian weight and a significant reduction in 
the total number of developing follicles in animal studies [4] . On the 
contrary, induction of those rats with an amount of follicle stimu-
lating hormone (FSH) yields an improvement in ovarian weight and 
initiates follicle development from preantral stage up to the antral 
stage. Although development to the antral stage is not solely de-
pendent on FSH as shown in FSH- null mice [5], preantral follicles 
are responsive to FSH treatment [2]. Those findings suggest that 
FSH has a critical role for the regulation of preantral follicle growth 
accompanied by oocyte and granulosa cell derived paracrine factors 

[2]. From the view of clinical practice, it might be postulated that a 
prolonged stimulation of FSH, longer than 2 weeks might eventually 
induce follicle development from preantral stages.

oocyte– Granulosa cell Interaction

Under the subheading of ‘granulosa cell derived’ paracrine factors, 
one should mention about C- type natriuretic peptide (CNP) as 
an autocrine/ paracrine follicle- stimulating agent secreted during 
secondary and antral follicle stages in response to FSH stimula-
tion [6] . It activates its receptor natriuretic peptide receptor- B or 
2 as expressed in granulosa cells of secondary follicles and signal 
via the production of cGMP to evoke desensitization reflected by 
dephosphorylation in the kinase- homology domain [7]. Whereas 
stimulation of cGMP production induces follicle development from 
primary and early secondary to the late secondary stages, it inhibits 
meiotic resumption of the oocyte [8].

Other than CNP, a large group of diverse peptide/ protein ligands 
derived by granulosa cells have been explored to modulate follicle 
growth [2] . Of those activins, anti- Müllerian hormone (AMH) 
and bone morphogenetic protein- 6 (BMP- 6) act throughout 
RSK receptors. AMH is a glycoprotein from TGF- β family that is 
secreted by granulosa cells within 2– 5  mm antral stage follicles 
and decreases when the follicles begin their FSH- dependent cyclic 
recruitment process [9, 10]. The main action of AMH is avoiding 
transition from primordial follicle to primary follicle and hence 
inhibiting the FSH- dependent cyclical recruitment [9].

It appears that not only granulosa cells but also oocyte itself is 
an active member of folliculogenesis. R- spondin2 [11], growth dif-
ferentiation factor- 9 (GDF9) and bone morphogenetic protein- 15 
(BMP15) [12] have been shown to promote granulosa cell growth as 
‘oocyte- derived’ structures. A diminished level of R- spondin2 in pri-
mary and larger follicles was noticed to be associated with a failure 
in follicle development during late reproductive life and premature 
ovarian insufficiency [13]. Although they are lacking in primor-
dial follicles, in- vivo administration of R- spondin agonist might 
stimulate the development of primary follicles to the antral stage 
in animal models [11]. GDF- 9 is also an important local factor for 
the development of follicles beyond the primary stage and promotes 
androgen production from theca cells [14]. Similarly, BMP15 is an-
other potent stimulator of granulosa cell proliferation and yields 
different actions among species.

Steroids and Gonadotropin Receptors

In addition to local peptide hormones, oestrogens, andro-
gens, and progesterone play important role for the regulation of 
folliculogenesis via specific receptors. Whereas oestrogen receptor- 
alpha variants and theca cell- specific deletion of oestrogen receptor- 
alpha leads to premature ovarian failure [15], deletion of androgen 
receptors may yield subfertility [16]. Notably, local increment in the 
concentration of oestrogens induces follicle growth and contributes 
to the selection of dominant follicle. Dihydrotestosterone, as an an-
drogen, increases FSH receptor expression and provokes oestrogen 
and progesterone biosynthesis [2] . On the contrary, high levels are 
associated with follicular atresia.

As might be clearly understood from the aforementioned 
studies, the full process for detecting the dominant follicle is highly 
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complicated. The total duration of time to reach a preovulatory 
stage takes around 85 days. Although FSH cannot control every 
step of folliculogenesis, without any circulating FSH, particularly 
follicles 2– 5 mm in diameter undergo atresia. During the lifespan 
of a Graafian follicle, with parallel to the molecular mechan-
isms given here, the initial change is morphological alteration, as 
granulosa cells timely become more cuboidal. Nevertheless, for the 
activation of a primordial follicle, BMP acts as a promoter. Nerve 
growth factor, brain derived neurotropic factor, neutrophin- 3 and 
4/ 5 are various neurotrophins that may alter the early follicular 
development. After the first awakening of the primordial follicles, 
FSH receptors also arise in number [17]. The decline in previous 
luteal phase both in the process of steroidogenesis and produc-
tion of inhibin A from granulosa cells, a significant rise in concen-
tration of FSH becomes evident particularly during the mid- late 
luteal phase.

Two- cell, Two- Gonadotropin System

The next step after the awakening of a primordial follicle is for-
mation of multilayer of granulosa cells surrounding the oocyte to 
form the preantral follicle stage (Figure 8.1.3.1). While zona pellu-
cida appears around the oocyte, the outer stroma modifies to theca 
cells. FSH receptors not only induce proliferation of granulosa cells 
but also act to induce the function of aromatase enzyme that con-
verts androgens to oestrogens. Hence, local increase of oestrogen 
concentration steadily increases the number of FSH receptors on 
granulosa cells. Although low dose of androgens are essential as a 
precursor of aromatase activity and induction of the enzyme, high 
doses are associated with overproduction of 5- alpha androgens that 
in turn inhibit the enzyme activity and causes atresia.

As the layers of granulosa cells increase and fluid accumulation 
begins within a preantral follicle, the later stage of those follicles 
is designated as antral follicle. During this process, granulosa cells 
around the oocyte differ from the ones that cover the whole follicle 
with its functionality and called as cumulus oophorus. The content 
of the fluid within an antral follicle essentially consists of oestrogen 
and hence concentration of the steroids reflects the functional cap-
acity of granulosa and theca cells within the context of two- cell, 

two- gonadotropin system. Insulin like growth factor- II produced 
in theca and granulosa cells also stimulate aromatase activity. One 
should also address that LH receptors are present only theca cells, 
and solely granulosa cells have FSH receptors. LH secretion is re-
sponsible for the production of androgens, namely androstenedione 
and testosterone which in turn metabolize to estrone and oestra-
diol with aromatase activity, respectively. Notably, inhibin induces 
and activin stimulates action of FSH, LH, and IGF- I. These findings 
might suggest that LH is also important for the late development of 
folliculogenesis and maturation. Nevertheless, within the context of 
selection of dominant follicle, a fall in FSH levels due to increased 
concentration of oestrogen decreases the aromatase activity and as-
sociated oestrogen synthesis. Impairment in granulosa cell will lead 
to a significant reduction in aromatase activity and cause more an-
drogenic microenvironment and finally atresia. Briefly, containing 
the highest potency of aromatase activity and LH receptors with re-
sponse to FSH appears to be the crucial factor for a given follicle in 
order to be attained as a dominant follicle in the later phase of the 
menstrual cycle [17].

Novel Pathways of Follicle Activation

One of the novel discovered pathways in the process of folliculo-
genesis appears to be ‘Hippo signalling’ that is also essential for 
organ size control. As an incision is made to the ovary, G- actin 
within granulosa cells polymerize to F- actin and inhibits several 
negative growth regulators acting in a serine/ threonine kinase 
cascade that ultimately phosphorylates and inactivates key tran-
scriptional coactivators, Yes- associated protein and transcriptional 
co- activator with PDZ- binding motif [2] . These alterations induce 
expression of downstream CCN growth factors and BIRC apoptosis 
inhibitors that in turn activates dormant follicles.

Another molecular mechanism to induce dormant follicles ap-
pears to be related with ‘PTEN- PI3K- AKT pathway’. Stimulation of 
phosphatidylinositol- 3- kinase (PI3K) yields AKT stimulation that 
subsequently suppresses FOXO3 actions in nucleus to promote 
primordial follicle growth. Meanwhile, PTEN gene encodes an en-
zyme that converts PIP3 to PIP2, thus damping the actions of PI3K. 
Oocyte- specific deletion of the PTEN gene leads to global activation 
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of primordial follicles [18] whereas treatment with PTEN inhibitors 
promotes primordial follicle activation [19].

early Follicular Phase

During early follicular phase, activin has a critical role with re-
spect to an improvement in aromatase activity with parallel to FSH 
exposition and simultaneous inhibition of production of andro-
gens. Activin has also a role in boosting the receptivity of FSH. 
According to imaging studies, recent theories of ovarian follicular 
recruitment proposed that there are two or more cohorts of antral 
follicles during the early phases of menstrual cycle (Figure 8.1.3.2). 
Of interest, whereas the dominant follicle develops from the final 
wave, other waves of cohorts do not produce an ovulatory follicle 
[1] . Those findings suggest that Graafian follicle selection might be 
observed more than once during natural menstrual cycles [20] ra-
ther than being once in the early follicular phase of the menstrual 
cycle, as mentioned earlier [21]. The competency of corpus luteum 
also seems to be similar in women with two versus three waves or 
in women with major versus minor waves preceding the ovulatory 
wave [22]. However, the appearance of second wave in the late lu-
teal phase or early follicular phase, rather than in mid- luteal phase, 
facilitates the selection of a dominant follicle [20]. The functional 
status of dominant follicles that develop during anovulatory waves 
preceding the ovulatory wave in women is not fully understood; 
but available data suggest that dominant follicles of anovulatory 
waves may exhibit different physiologic characteristics than dom-
inant follicles of ovulatory waves in women [1].

In the follicular phase, there are substantial changes in the endo-
metrium with respect to increased levels of oestrogen and enhanced 
receptivity. All components of the endometrium including glan-
dular structures, stromal cells, and vascular tissues present prolifer-
ation. Two-thirds of its upper part constitutes the functional layer, 
the remaining inner part makes up the basal layer. According to 
imaging studies, an average of 5  mm increase is observed in the 
thickness of endometrium. Ciliogenesis is also initiated 7/ 8th day 
of the cycle [17].

Mid- Late Follicular Phase

During mid- late follicular period, namely preovulatory phase, dom-
inant follicle grows up with a rate of 1– 4 mm per day and reaches 
to the maximal diameter of 30 mm. There is a steady increase in the 
aromatase activity and hence oestradiol levels but a contradictory 
decrease in fluidic AMH concentration. IGF- II continues to induce 
aromatase activity and oocyte- derived substances. GDF- 9 and BMP- 
15 are involved in the process of follicle development and cumulus 
expansion [23]. There are also increased numbers of LH receptors, 
which will be used during ovulation, and time of triggering.

ovulation

In a regular cycle of 28 days, ovulation occurs in mid- cycle, around 
the 14th day. In this short but defining period, two important events 
take place. First, the oocyte resumes meiosis and is released from 
the ovary along with a cumulus complex. Second, transition from 
follicular phase to luteal phase of the cycle is observed. The key step 
for both of these events is the mid- cycle LH surge.

Oestradiol rises constantly in the follicular period and reaches 
significant levels at the late follicular phase. Beyond a certain 
threshold, the inhibitory effect of oestradiol on GnRH is reversed 
and a positive feedback mechanism takes over. High oestradiol 
levels increase the sensitivity of the anterior hypophysis to GnRH, 
leading to increased secretion of LH and FSH, which in turn results 
in production of more oestradiol. An oestradiol level of around 200 
pg/ ml– 1 for a minimum of 48 hours and some progesterone activity 
is required to induce this positive feedback mechanism [24]. Some 
researchers believe that increased inhibin A levels also play a role in 
the LH surge [25].

The rise in the serum progesterone levels contributes to the in-
creased responsiveness of LH to GnRH. Progesterone is the dom-
inant hormone in the luteal phase, however, studies show that 
progesterone starts to rise just prior to LH surge in ovulatory 
women. This elevation is believed to contribute to the increased sen-
sitivity of LH to GnRH. While the rise in progesterone is relatively 
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small, it is essential for the LH surge. The surge is delayed or totally 
inhibited in patients receiving antiprogestin RU486 [26].

The positive feedback loop climaxes with the discharge of nearly 
all LH stored in the anterior hypophysis, causing 10-  and 4- fold in-
crease in LH and FSH levels, respectively [27]. The surge lasts about 
40– 48 hours, resulting in meiotic maturation and releasing of the 
cumulus- oocyte complex. During and after the LH surge, proges-
terone levels keep rising, whereas oestrogen levels show a significant 
and swift drop. This drop is what limits the LH surge, since proges-
terone alone cannot support the LH sensitivity to GnRH without 
oestradiol.

The LH surge blocks cGMP production in granulosa cells con-
sequently decreases the cAMP levels in the oocyte and meiosis, 
which was arrested for years, resumes [28]. Then, second meiotic 
metaphase stage is completed, and first polar body is extruded. At 
this point, meiosis once more waits for completion, this time to 
be achieved with fertilization. One of the consequences of the LH 
surge is the initiation of a series of reactions that will lead to release 
of the cumulus- oocyte complex. The initial step is the expansion 
of the cumulus cells, also known as mucification. A group of epi-
dermal growth factors (EGFs), namely amphiregulin, epiregulin, 
and betacellulin, cause secretion of glycoproteins from cumulus 
cells that result in the formation of an extracellular hyaluronan- 
rich matrix [29]. This results in the dispersion of the cumulus 
cells and significant expansion of the cumulus- oocyte complex 
[30]. Mucification is believed to be important in the release of the 
cumulus- oocyte complex from the ovary and its transport to the 
Fallopian tube.

Another event preceding the release of the oocyte- cumulus com-
plex is the induction of prostaglandin production by the aforemen-
tioned progesterone rise prior to LH surge. The prostaglandins, 
produced by the follicle wall, stimulates the release of proteases that 
first thins and then perforates the apex of the follicle wall, an area 
known as macula pellucida. Thus, the cumulus- oocyte complex is 
released from the ovary along with 2– 3 ml follicular fluid approxi-
mately 36 hours after the LH surge.

There appears to be no histologically significant change in the 
endometrium during ovulation; however, LH surge and ovulation 
are the key events that result in the transition from the proliferative 
phase to the secretory phase of the endometrium.

Luteal Phase and Menstruation

Unless pregnancy occurs, luteal phase begins with ovulation and 
lasts around 14  days. Mainly, it consists of two parts referred as 
luteinization and luteolysis.

Macroscopically, the ruptured follicle fills with fibrin clot and 
undergoes a series of changes. after ovulation. Theca and granulosa 
cells luteinize and form a cell complex with increased expression 
of LH receptors. Angiogenic and inflammatory changes con-
tribute to this new formation as well [31]. The formation of corpus 
luteum now constitutes the principal unit in the ovary to support 
luteal phase.

Luteinization begins with ovulation and lasts about 7– 9  days. 
During this period, corpus luteum is highly sensitive to LH. While 
LH pulses in this period are relatively less frequent compared to 
the preovulatory stage, they are still regular enough to induce 

significant production of progesterone and oestradiol [32]. Along 
with these two major hormones, 17- hydroxyprogesterone, estrone, 
inhibin A, and relaxin are also secreted from the corpus luteum and 
increase during luteinization.

If conception does not occur, luteolysis begins. This is marked 
with the regression of the corpus luteum and the gradual decline 
in progesterone and oestradiol levels. While a LH pulse occurs 
every 90– 100 minutes in the follicular phase and almost every 
hour in the preovulatory period, their frequency drops to a pulse 
every 3– 5 hours in the mid- luteal phase [33]. The most prominent 
mechanism behind the drop of pulse frequencies of LH and FSH 
in the luteal phase is the inhibitory effect of progesterone on the 
hypothalamus. It provokes production of an endogen opioid, β- 
endorphin, which reduces the secretion of GnRH, resulting in 
more sparse LH pulses as progesterone increases [34]. As these 
pulses get irregular and less frequent in the late luteal phase, the 
corpus luteum starts to degenerate and eventually undergoes 
apoptosis.

Two different pathways keep FSH levels low throughout the lu-
teal phase. The first one is the inhibitory effect of increased oestra-
diol and inhibin A on FSH. The second is the reduction of GnRH 
pulses due to the increased production of β- endorphin by increased 
progesterone levels [35]. As the corpus luteum degenerates in the 
absence of human chorionic gonadotropin (hCG) or regular LH 
pulses, both of these pathways lose their inhibitory effect on FSH. 
Thus, towards the end of luteolysis, FSH starts to increase and the 
first step for initiating the recruitment of follicles in the next cycle 
is taken.

If conception occurs, luteolysis and apoptosis of the corpus 
luteum is avoided by hCG that is secreted by the fetal trophoblastic 
cells. LH and hCG share the same β- subunit, which allows hCG to 
act as an LH substitute by binding to LH receptors on the corpus 
luteum. hCG levels increase dramatically with the rapid growth of 
fetal trophoblastic cells as pregnancy advances, and this not only 
maintains but also increases the production of progesterone, oes-
tradiol, and other ovarian steroids by the corpus luteum. This in-
creased workload is visible as the size of the corpus luteum is 
doubled by the sixth gestational week due to hypertrophy of its 
cells [36]. Endometrial decidua is stabilized and supported by the 
progesterone secreted from the corpus luteum until the eighth ges-
tational week. At this week, the placenta is developed enough to 
produce sufficient progesterone to support endometrium by itself, 
and gradually takes over this duty from the corpus luteum. This is 
known as the luteoplacental shift.

With regard to the luteal phase of the ovary, the secretory phase of 
the endometrium begins with the LH surge and ovulation. It can be 
divided into three periods, namely, early secretory, mid- secretory, 
and premenstrual phases.

In the early secretory phase, glycogen builds up in glandular epi-
thelial cells, shifting the nuclei centrally. It is interesting to note that 
mitotic activity in the endometrium is observed almost exclusively 
in the first 3 days following ovulation [37].

Coiled arteries that can extend as endometrium thickens, 
known as spiral arteries, develop in the mid- secretory phase. 
Concomitantly, endometrial glands attain their peak activity and 
stroma takes an oedematous character. During this period, endo-
metrium thickness may reach up to 8– 10 mm as a maximum. In an-
ticipation of a possible pregnancy, stromal cells proliferate around 
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blood vessels, natural killer cells accumulate around them, and a 
complex series of immunological, haematological, and metabolic 
changes take place in order to promote any possible implantation.

In the premenstrual phase, secretory activity is reduced due to 
decreased progesterone and oestrogen levels. The secretory endo-
metrium cannot maintain itself and degrades. Inflammatory cells 
invade the endometrium as catabolic events that result in shrinkage 
of the endometrium follow. Finally, intermittent contraction of the 
arterioles in the endometrium results in local ischaemia and leads 
to shedding of the functional layer of the endometrium, manifesting 
itself as menstrual bleeding.
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Introduction

Female reproductive endocrine disorders are common, and can 
result in significant morbidity for women due to their impact on 
fertility, in addition to physical, psychological, and sexual conse-
quences. It is therefore important that women with menstrual dis-
orders are recognized, receive thorough clinical evaluation, and 
have access to appropriate services, to facilitate prompt diagnosis 
so that hormone levels are maintained and the potential health 
consequences on fertility, bone, and cardiovascular health are min-
imized. Women with reproductive endocrine disorders are most 
likely to present with either menstrual irregularity or infertility, or, 
more rarely, with a physical, psychological, or sexual consequence 
of the underlying condition such as acne, depression, or dyspar-
eunia. In women of reproductive age who present with difficulty 
in conceiving following at least 12 months of regular unprotected 
intercourse thorough clinical evaluation is warranted [1] . Earlier 
assessment after six months may be appropriate in women over 
35 years, or in those with a known history of oligo-  or amenorrhea, 
known or suspected uterine, tubal, or peritoneal disease, or mod-
erate to severe endometriosis. In cases of infertility it is essential that 
both partners are evaluated as 35% of infertile couples have com-
bined male and female factor infertility [2]. It is also important to 

remember that multiple factors may impair fertility in an individual 
couple, which may be both male and female factor. Furthermore, 
because both partners are affected by decisions surrounding fertility 
investigation and treatment, it is optimal to see couples together in 
clinic. Fertility evaluation may also benefit women planning to con-
ceive using sperm from a known or anonymous donor. A thorough 
history and physical examination is essential in the assessment of 
reproductive disorders. Clinical assessment may help to suggest the 
cause of reproductive disorders, and allow for more focused inves-
tigations and diagnostic evaluation. Diagnosis enables appropriate 
treatment to be sought, which is particularly important to minimize 
long- term health consequences and given the time- sensitive treat-
ment goal of pregnancy, if desired.

History

A detailed history is arguably the most powerful diagnostic tool in 
determining the underlying cause of female reproductive disorders. 
A good history will enable the clinician to perform a relevant exam-
ination and to target investigations to confirm a likely diagnosis. 
The history is also important to identify women who have modifi-
able risk factors, such as disordered eating or excessive exercise. In 
women with infertility, it is necessary to establish the duration that 
a couple has been trying to conceive and to review the results of any 
previous evaluation and treatments. It is also necessary to enquire 
about childhood development; sexual development during puberty; 
menstrual history; sexual history; contraceptive history; previous 
obstetric history; illnesses and infections; surgeries; medications 
used; exposure to certain environmental agents and social and per-
sonal history. Table 8.2.1.1 summarizes some of the key clinical find-
ings for different causes of female reproductive endocrine disorders.

Childhood and pubertal development: Determining a woman’s 
childhood and adolescent development may reveal abnormalities in 
growth and/ or pubertal development, which in turn may help to 
identify the underlying cause of menstrual disturbance. Patients may 
have experienced primary amenorrhea, most frequently caused by 
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Table 8.2.1.1 Common symptoms and signs of conditions causing infertility

Symptoms Signs

Hypothalamic amenorrhea Oligo/ amenorrhea
Weight fluctuations
Eating disorders
Strict eating habits and dieting
Stress
History of excessive exercise
Previous fractures (e.g. stress fracture)
Dyspareunia
Poor libido
Substance abuse
Family history of eating and reproductive 
disorders

Low BMI
Lanugo
Mottled, cool extremities
Hypercarotenaemia
Signs of self- harm
Hypotension
Bradycardia
Atrophic breasts
Atrophic vaginitis

Hyperprolactinaemia Oligo/ amenorrhea
Headaches
Galactorrhoea
Poor libido
Visual disturbance
History of relevant medications e.g. 
antidepressants

Scotoma or bitemporal hemianopia
Breast secretions

Hyperthyroidism Oligo/ amenorrhea
Heat intolerance
Weight loss
Increased appetite
Irritability
Mood changes
Tremor
Eye complaints

Tremor
Hyperkinesis
Goitre, bruit
Warm vasodilated peripheries
Tachycardia or atrial fibrillation
Eye signs incl. exophthalmos, lid lag, ‘stare’, 
ophthalmoplegia

Hypothyroidism Menorrhagia
Lethargy
Depression
Weight gain
Cold intolerance
Dry skin and or hair
History of thyroid disease or surgery

Mental slowness
Dry, thin hair
Goitre
Neck scars
Hypertension
Bradycardia
Slow relaxing reflexes

PCOS Oligo/ amenorrhea
Weight gain
Acne
Hirsutism
Family history of PCOS

Raised BMI with central adiposity
Hirsutism   
Acne
Acanthosis nigricans
Skin tags
Hypertension

Obesity Oligo/ amenorrhea
Weight fluctuations
Eating disorders
Eating behaviours and diet

High BMI
Central adiposity
Acanthosis nigricans
Hypertension

Primary ovarian insufficiency Oligo/ amenorrhea
Poor libido
Dyspareunia
Previous fractures (e.g. stress fracture)
Hot flushes
Urogenital symptoms (e.g. frequency)
Family history of POI/ early menopause
History of radiation therapy or 
chemotherapy

Often no signs
Atrophic vaginitis
Signs of other autoimmune disease (e.g. 
goitre, vitiligo)

Turner’s syndrome Primary or secondary amenorrhea
Pubertal delay
Hearing loss

Short stature
Webbed neck
Shield chest with widely spaced nipples
Cubitus valgus
Low posterior hairline
Short fourth and fifth metacarpals
Hypertension
Abnormality of cardiac examination (e.g. 
murmur)

Late- onset congenital adrenal 
hyperplasia (21- hydroxylase 
deficiency)

Oligo/ amenorrhea
History of precocious puberty
Acne
Hirsutism

Short stature
Hirsutism   
Acne
Androgenic alopecia
Hypertension
Clitoral hypertrophy
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primary ovarian insufficiency (e.g. Turner’s syndrome), congenital 
deficiency of gonadotrophin releasing hormone (GnRH) (see next) 
or, much more rarely, anatomical abnormalities such as Müllerian 
agenesis [3] . Delayed or absent pubertal development may be a 
manifestation of congenital hypogonadotropic hypogonadism, a 
group of heterogeneous disorders typically caused by GnRH defi-
ciency [4] or may be attributable to intersex disorders [5].

Menstrual history: Women with reproductive endocrine dis-
orders predominantly present with menstrual disturbance, and 
the most common cause of female infertility is ovulatory dys-
function [2] . It is important to establish the regularity and dur-
ation of menses. A  history of regular and consistent menses is 
highly suggestive of normal ovulatory function. In most ovulatory 
women, menstrual cycles are regular and predictable, occurring, 
on average, every 25– 35 days, and should have consistent flow and 
characteristics. Some degree of variation in menses is normal, how-
ever; a study of more than 1000 menstrual cycles found that 56% 
of women experienced variations in intermenstrual interval ex-
ceeding 5 days within 6 months and in 75% of women within 1 year 
[6]. Assessing for regular symptoms of premenstrual molimina 
(breast tenderness, ovulatory pain, bloating) is also useful in sug-
gesting a patient is likely to be ovulating regularly [7]. Irregular 

and infrequent menstrual periods (oligomenorrhea) usually sig-
nals irregular ovulation, and is defined as fewer than six to eight 
menstrual periods per year. Although it does not make pregnancy 
impossible, it can reduce the opportunities to conceive and clearly 
has an impact on fertility. Absent menstrual periods (amenorrhea) 
signals an absence of ovulation resulting in infertility, and can be 
classified as either primary or, more commonly, secondary amen-
orrhea. There are multiple causes of oligo-  and amenorrhea, many 
of which are shared, which a full history and examination can help 
to determine. It is also important to ascertain the duration of men-
strual disturbance, as this can influence what investigations and 
management is appropriate.

Identifying the flow of a woman’s menstrual periods and the pres-
ence of abnormal uterine bleeding is another essential component 
of a menstrual history, and is of particular importance in women 
presenting with infertility, who may have a purely gynaecological 
condition, rather than a reproductive endocrine disorder. Abnormal 
uterine bleeding including menorrhagia can be a symptom of 
uterine polyps or fibroids, hypothyroidism, cancer, or perimeno-
pause. The presence of painful menstrual periods (dysmenor-
rhoea) can also help to identify conditions that may affect fertility, 
such as endometriosis, pelvic inflammatory disease, fibroids, and 

Symptoms Signs

Androgen- secreting tumour Hirsutism   
Acne
Rapid onset of symptoms

Hirsutism   
Acne
Androgenic alopecia
Hypertension
Clitoral hypertrophy
Deepening of voice

XY karyotype- Androgen 
Insensitivity Syndrome

Primary amenorrhea
Lower abdominal pain
History of gonadal tumours

Tall stature
Thin
Clitoral hypertrophy
Underdeveloped labia
Blind vaginal pouch
Normal breast development
Underdeveloped pale nipples
Absent/ sparse pubic and axillary hair

XY karyotype- gonadal dysgenesis Primary amenorrhea
Lower abdominal pain
History of gonadal tumours

Tall stature   
Thin
Female external genitalia
Underdeveloped breasts
Narrow pelvis and hips
Sparse pubic hair

Cushing’s syndrome Oligo/ amenorrhea
Weight gain
Change in appearance
Depression
Poor libido
Thin skin/ easy bruising
Acne
Muscular weakness
Polyuria/ polydipsia
History of fractures
History of steroid use

High BMI/ central adiposity
Moon face
Plethora
Acne
Hirsutism
Thin skin
Bruising
Striae
Buffalo hump (dorsal fat pad)
Proximal myopathy
Visual fields
Hypertension

Acromegaly Oligo/ amenorrhea
Headaches
Change in appearance
Vision changes

Skin changes— thickening, skin tags, hirsutism,  
 hyperhidrosis
Peripheral vision loss
Enlarged jaw
Frontal bossing
Macroglossia
Visual field defects 

Table 8.2.1.1 Continued
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adenomyosis. If these conditions are suspected, further assessment 
with gynaecological review is indicated.

Many women record the timing of their menstrual cycle and 
characteristics of menstrual bleeding, especially in those having 
menstrual irregularity or attempting conception. Traditionally a 
paper record or diary may be kept; however, several electronic soft-
ware applications have been developed to assist women in tracking 
their menstrual cycles, which may be accessible on computers and 
smartphones for minimal or no cost. It may be useful to look at 
these during a clinic appointment to give an accurate overview of 
a woman’s menstrual patterns. Some women may chart serial basal 
body temperature (BBT) to help track ovulation and monitor their 
menstrual cycles. BBT is usually measured first thing in the morning 
before getting out of bed and in ovulatory cycles is meant to show a 
biphasic pattern, with a woman’s temperature rising after ovulation; 
whereas anovulatory cycles typically result in monophasic patterns. 
However, BBT is an unreliable method of ovulation detection as 
some ovulatory women do not have clear biphasic BBT patterns [8]  
and interpretation of the charts can be difficult and subject to wide 
interobserver variation [9]. Furthermore, several cohort studies 
that evaluated the use of BBT to time intercourse reported no im-
provement in the chance of natural conception [10,  11]. Women 
should therefore be advised that charting BBT is generally not 
recommended.

Sexual history: The sexual history of the couple is a sensitive, 
yet important, element of clinical evaluation of women with infer-
tility. Frequency and timing of intercourse as well as sexual dysfunc-
tion should be explored, since infrequent or ineffective intercourse 
can be an explanation for infertility. Spontaneous pregnancy rates 
are reported to be highest during the two- to- six days immediately 
prior to ovulation [12, 13]. However, there are limitations to timing 
intercourse in couples with infertility: ovulation can be difficult to 
predict in women with irregular menses; furthermore, timed inter-
course has been reported to be emotionally stressful for couples [14]. 
Therefore, couples that are concerned about their fertility should be 
advised that vaginal sexual intercourse every 2 to 3 days optimizes 
the chance of pregnancy [15]. Women should be specifically asked 
about pain during sexual intercourse (dyspareunia), as it is rarely 
self- reported by patients and often only revealed after direct ques-
tioning [16]. Dyspareunia may contribute to infertility either by re-
ducing the frequency of coitus, or because the underlying aetiology 
negatively affects fertility. For example, superficial dyspareunia may 
be caused by vaginal atrophy, as seen in hypo- oestrogenic conditions 
such as GnRH deficiency, hypothalamic amenorrhea, or premature 
ovarian insufficiency, whereas deep dyspareunia may be related to 
endometriosis or pelvic inflammatory disease. The use of sexual lu-
bricants should also be assessed. In vitro studies have shown that 
vaginal lubricants can have a detrimental effect on sperm motility 
[17, 18], although the evidence for this is mixed [19]. It is possible 
that vaginal lubricant use during intercourse may negatively impact 
conception rates, particularly when the male partner has reduced 
sperm quality. For this reason, it is generally advised that common 
vaginal lubricants are not used during sexual intercourse, in couples 
trying to conceive [20]. It is also important to discuss previous 
sexually transmitted infections, and their treatment, as well as the 
number of sexual partners; the number of which increases the in-
cidence of undiagnosed sexually transmitted diseases. Chlamydia 
trachomatis and Neisseria gonorrhoea are both important causes in 

the development of pelvic inflammatory disease, salpingitis, and 
subsequent tubal infertility.

Contraceptive history: It is important to ascertain the use of 
any previous contraceptive methods and duration since ceasing 
contraception. Progesterone- only injectable contraceptives have 
been reported to cause amenorrhea lasting up to 1 year following 
cessation of therapy [21, 22]. There is no clear evidence to suggest 
that oral contraceptives, progesterone- only subdermal implants, 
copper intrauterine devices or the levonorgestrel intrauterine 
system cause a delay in return of menses or fertility [23]. The use 
of a copper intrauterine device for contraception has historically 
been linked to increased rates of pelvic inflammatory disease and 
subsequent tubal infertility [24]. However this link is controversial, 
with recent evidence showing no increased risk of tubal infertility 
in copper intrauterine device users [25]. Women should therefore 
be counselled that the potential risks of pelvic inflammatory dis-
ease or infertility among intrauterine device users is likely to be 
very low.

Endocrine history: Symptoms of oestrogen deficiency such as 
hot flushes, vaginal dryness, dyspareunia, poor libido, depression, 
loss of concentration, and urogenital symptoms, may represent pri-
mary ovarian insufficiency or hypothalamic amenorrhea. Young 
women have the highest risk of developing thyrotoxic disorders 
such as Graves’ disease, so it is important to screen for features such 
as hyperphagia, heat intolerance, palpitations, diarrhoea, tremor, 
mood disturbance, and insomnia. Symptoms of hirsutism and 
acne are associated with hyperandrogenic states most often caused 
by polycystic ovarian syndrome; however, other hyperandrogenic 
disorders include ovarian or adrenal tumours (often rapid onset 
of symptoms), congenital adrenal hyperplasia, and Cushing’s syn-
drome. While Cushing’s syndrome and acromegaly can commonly 
cause menstrual disturbance and infertility [26,  27], they usually 
present with other classical symptoms, which may include weight 
gain, changes in facial appearance, bruising, acne, weakness, poly-
uria and polydipsia, headaches, mood changes, and changes in 
vision. Pituitary tumours may disrupt gonadal function, either 
because of mass effect, or because of the effects of hormonal se-
cretion from the tumour [28]. Symptoms may include changes in 
vision, headaches, or change in sense of smell. In addition, symp-
toms of hormone excess may be present if the tumour is func-
tioning. Surgical treatment or irradiation of pituitary tumours may 
also result in infertility from disruption of gonadotrophic cells 
or resulting hypopituitarism [29,  30]. Radiation therapy for non- 
pituitary brain tumours is also associated with a significant risk of 
hypothalamic- pituitary dysfunction, and subsequent infertility [31]. 
The development of hypogonadism following cranial radiotherapy 
is dose- related and therefore a specific history of radiotherapy 
treatment is necessary [32]. Galactorrhoea and decreased libido are 
signs of hyperprolactinaemia. A  history of traumatic brain injury  
can be associated with altered GnRH function and hypothalamic 
amenorrhea [33]. Infections and infiltrative disorders such as 
sarcoidosis, haemachromatosis or, tuberculosis can damage the 
hypothalamus or pituitary resulting in disrupted menstruation and 
infertility [34– 37]. Diabetes mellitus may cause menstrual irregularities, 
oligomenorrhoea or secondary amenorrhoea [38].

Other medical history: Chronic illness or ill- health per se may 
disrupt menstrual cycles, which can be associated with impaired fe-
male fertility. Chronic kidney disease and renal replacement therapy 
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are associated with hyperprolactinaemia [39], ovulatory dysfunc-
tion, amenorrhoea, and reduced fertility [40]. Malabsorptive dis-
eases, such as coeliac disease or inflammatory bowel disease, can 
cause reproductive changes including delayed onset of menarche, 
amenorrhea, impaired fertility, and adverse pregnancy outcomes, 
possibly related to autoimmune- mediated mechanisms or nutri-
tional deficiency. Infertility may be the initial clinical feature of 
coeliac disease in women who are otherwise asymptomatic from a 
gastrointestinal perspective [41]. Women with Turner’s syndrome 
may have symptoms of hearing loss, or valvular heart disease. It is 
widely recognized that cytotoxic chemotherapy drugs and pelvic 
irradiation can result in premature ovarian failure; it is therefore 
essential to elicit a past history of any cancer and cancer treatment, 
including childhood cancer [42, 43].

Surgical history: A surgical history is also of importance when 
evaluating a woman with a potential reproductive disorder. A  his-
tory of total or partial thyroidectomy may be associated with ongoing 
thyroid hormone dysfunction that can adversely affect fertility [44]. 
A  history of fractures, particularly stress fractures, may point to 
women whose subfertility is caused by a condition resulting in oes-
trogen deficiency, such as hypothalamic amenorrhea or primary 
ovarian insufficiency. It is also important to note previous abdominal 
and pelvic surgery such as appendicectomy or ovarian cystectomy, 
which predispose to adhesion formation and increase the likelihood 
of tubal dysfunction. Unilateral oophorectomy does not generally 
cause reduced fertility in young women, since they have many prim-
ordial follicles per ovary; however, prior unilateral oophorectomy 
may impact fertility in older women as they may develop diminished 
ovarian reserve sooner than women with two ovaries [45].

Obstetric and gynaecological history: In addition to a thor-
ough menstrual history, a full obstetric and gynaecological history 
should be assessed for events potentially associated with sub-
sequent infertility or with an adverse outcome in a future preg-
nancy. If necessary, further clinical evaluation and investigation 
by a gynaecologist may be appropriate. Important points to dis-
cuss are a history of abnormal smears, colposcopy, cervical surgery 
(including cone biopsies) or endometrial or cervical malignancies, 
which may cause cervical stenosis, a history of pelvic inflammatory 
disease or endometriosis and previous pregnancies and their out-
come including ectopic pregnancies and their treatment, miscar-
riages and their management, molar pregnancies, and termination 
of pregnancies. A history of significant peripartum haemorrhage 
in previous pregnancies, or insufficient postpartum breast milk 
production, is classical for Sheehan’s syndrome, which is caused by 
hypoperfusion and subsequent ischaemic necrosis of the pituitary 
gland [46]. Genital tuberculosis is rare in countries with high mean 
income, but it should be carefully considered in women from other 
countries, where it may be a more common cause of female infer-
tility [47]. Clinical symptoms of genital tuberculosis are varied, but 
include chronic lower abdominal or pelvic pain, vaginal bleeding, 
menstrual irregularity, general malaise, and infertility.

Personal and social history: Several aspects of personal and 
lifestyle history may contribute to reproductive disorders and 
profoundly affect fertility, including age, weight, diet, exercise, 
smoking, alcohol, illicit drug use and occupation. Personal and 
lifestyle history can also help to determine whether any modifiable 
risk factors are present, and if so, to provide appropriate advice 
and support. It is important to specifically enquire whether trends 

in body weight and eating patterns mirror changes in reproductive 
function such as menstrual disturbance. Women with obesity 
have an increased risk of ovulatory dysfunction when compared 
with women with lower body mass index, even after adjusting for 
menstrual irregularity [48]. Participating in a group programme 
involving exercise, dietary advice and support improves pregnancy 
rates more than weight loss alone [49]. Low body weight or recent 
weight loss may signify hypothalamic amenorrhoea. Women with 
hypothalamic amenorrhoea have a higher than normal risk of 
having a previous eating disorder (whether or not formerly diag-
nosed). Restoration of body weight and reduction in exercise in-
tensity may be sufficient to restore menses and improve rates of 
conception in some patients with hypothalamic amenorrhoea [50]. 
It is crucial that the subgroup of women with anorexia nervosa or 
bulimia are detected and referred for specialist care including psy-
chiatric evaluation. High intensity strenuous exercise can also lead 
to disrupted menstrual cycles or amenorrhea, so this is another im-
portant lifestyle factor to explore while taking a history [51]. There 
is substantial evidence that female smokers have reduced fertility 
[52], and there is also an association between passive smoking in 
women and delayed conception [53]. Furthermore, it is widely 
known that maternal smoking in pregnancy is associated with in-
creased risks for the infant. Women should therefore be strongly 
advised against smoking, and referred to appropriate smoking ces-
sation intervention groups. Furthermore, it is important to realize 
that conception planning represents an effective window of op-
portunity to support and motivate smoking cessation in women 
[54]. There is inconsistent evidence about the impact of drinking 
alcohol on female fertility. However, it is known that excessive al-
cohol consumption is harmful to a developing fetus, and current 
advice from the UK Chief Medical Officer is to abstain from al-
cohol consumption while trying to conceive and when pregnant 
[55]. Drugs of abuse such as cocaine and marijuana can negatively 
impact ovulation and tubal function [56, 57]. A specific enquiry 
about occupation may also reveal potential aetiological factors in 
female infertility. Shift work, intense physical workload and long 
working hours have all been associated with reduced fecundability 
and prolonged time to conception [58, 59]. Furthermore, chemical 
substances used in lamp, wood, shoe, rubber, and textile manufac-
turing have been reported to negatively impact female fertility, al-
though further detailed research is required [60].

Psychiatric/ Psychological history: The belief that psychological 
factors play a role in menstrual disturbance and infertility is long- 
standing. In the seventeenth century, Richard Morten described 
that psychiatric illness and infertility were two cardinal features of 
anorexia nervosa [61]. It is important for a clinician to explore po-
tential stressors in females presenting with menstrual disturbance 
or infertility, such as work-  or study- related stress, personal stress, 
in addition to psychiatric disorders such as anxiety and depression. 
Psychological stress or psychiatric symptoms may contribute to 
the cause of infertility; be the consequence of infertility; or both. 
There is evidence that preconception stress, as measured by sal-
ivary alpha- amylase, is associated with a longer time- to- pregnancy 
and an increased risk of infertility [62]. Psychological stress is a 
common cause of hypothalamic amenorrhea, resulting in infertility 
[63]. Furthermore, the recognition, evaluation, and treatment of in-
fertility are stressful for most couples, with one study finding 40% of 
infertility patients fulfilling the diagnosis of a psychiatric disorder, 
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most commonly anxiety disorders and depressive disorders [64]. 
Stress can negatively impact the success of fertility treatment [65]; 
as well as contribute to the discontinuation of fertility treatment be-
fore pregnancy is achieved [66]. It has been found that psychosocial 
interventions for couples during infertility treatment, in particular 
cognitive behavioural therapy, may be effective both in reducing 
psychological distress and in improving clinical pregnancy rates 
[67]. It is therefore essential that any clinician evaluating a woman 
for reproductive disorders pays attention to their emotional and 
psychological health when thinking about the cause, as well as when 
planning potential fertility treatment.

Family history: In women without consanguineous parents, 
reproductive disorders rarely have an obvious, Mendelian inherit-
ance. However, several factors relevant to female reproductive dis-
orders and infertility may affect multiple family members, which 
is likely to represent a combination of genetic and environmental 
factors, such as pubertal disorders, eating disorders, functional 
hypothalamic amenorrhea, polycystic ovary syndrome, premature 
ovarian insufficiency, diabetes mellitus, and autoimmune thyroid 
disease.

Drug history: Various prescribed and over- the- counter drugs 
can adversely affect reproductive function, and therefore a detailed 
drug history is an important component of clinical evaluation. 
Drugs which interfere with the female reproductive system typic-
ally do so by one of three mechanisms; inhibiting GnRH release, 
inducing hyperprolactinaemia or causing hypophysitis, resulting 
in hypopituitarism. Opioids profoundly inhibit hypothalamic 
kisspeptin and GnRH secretion, leading to hypogonadotropic 
hypogonadism [68], and are an under- recognized cause of sec-
ondary amenorrhea [69]. Several psychotropic medications 
including neuroleptics, selective serotonin reuptake inhibi-
tors (SSRIs) and clomipramine cause hyperprolactinaemia by 
inhibiting the tonic inhibition of hypothalamic dopamine on 
prolactin secretion [70– 72]. Drugs for gastrointestinal condi-
tions, such as the dopamine antagonists metoclopramide and 
domperidone [73, 74], and certain antihypertensives [75, 76] have 
also been associated with hyperprolactinaemia. Cytotoxic agents 
Ipilimumab and tremelimumab are human monoclonal anti-
bodies, which target CTLA- 4, and promote an immune- mediated 
response against cancer cells. However, they can also cause auto-
immune reactions in other areas of the body, including the pi-
tuitary; leading to hypophysitis and hypopituitarism in 2.3% of 
patients [77].

examination

A physical examination should be performed to assess for potential 
causes of reproductive disorders. Examination should include basic 
anthropometric measurements, general inspection, examination of 
the neck, eyes, cardiovascular, and respiratory systems, abdominal 
and pelvic palpation, examination of secondary sexual characteris-
tics, and gynaecological examination.

Anthropometric measurement: Anthropometric measurements 
are a simple but powerful tool in the assessment of female repro-
ductive disorders. Measurement of height is useful to determine 
women with short stature, which may be associated with Turner’s 
syndrome (often combined with a stocky or square appearance) or 

growth hormone deficiency caused by hypothalamic or pituitary dis-
ease; or women with unusually tall stature, which can be associated 
with XY karyotype. Height and weight can also be used to calculate 
body mass index (BMI). Underweight women with BMI <18.5 kg/ m² 
are more likely to have ovulatory dysfunction, hypothalamic amen-
orrhea, eating disorders, and hyperthyroidism. Women with obesity 
are at increased risk of ovulatory dysfunction, as well as polycystic 
ovary syndrome, hypothyroidism, or rarer endocrine diseases such 
as Cushing’s disease. Waist circumference or waist- to- hip ratio is 
also helpful as it can identify women with central obesity (defined 
by a waist circumference of >88 cm in adolescent and adult women 
[78]) and is associated with insulin resistance and polycystic ovarian 
syndrome. High waist circumference can also be a sign of Cushing’s 
disease. If available in the clinic, it is useful to measure body fat per-
centage, using the bioelectrical impedance method, as some women 
who exercise strenuously or maintain a restrictive diet can have an ab-
normally low body fat percentage, in spite of a normal BMI, which is 
in itself associated with ovulatory dysfunction and amenorrhea [79].

Inspection of  skin: Close inspection of the skin is invaluable 
for gaining diagnostic clues to the aetiology of female reproductive 
endocrine disorders. Women with hypothalamic amenorrhea 
caused by weight loss, restrictive eating, or an eating disorder may 
be characteristically thin, with lanugo, mottled, cool extremities or 
yellow pigmentation (hypercarotenaemia) of the skin. There may 
be evidence of non- suicidal self- injury (for example skin cutting, 
picking, or burning with a lit cigarette), which is common in anor-
exia nervosa [80]. Hyperthyroidism may be associated with tremor, 
hyperkinesis, and warm vasodilated peripheries; whereas patients 
with hypothyroidism may display characteristic ‘peaches and cream’ 
complexion, dry thin hair, loss of eyebrows, cold peripheries, dry 
skin, and oedema. Conditions causing androgen excess, most com-
monly polycystic ovarian syndrome, or more rarely congenital 
adrenal hyperplasia, 5- alpha reductase deficiency, or androgen- 
secreting ovarian or adrenal tumours, can cause hirsutism, acne, and 
androgenic alopecia. Hirsutism is defined clinically as an abnormal 
amount of terminal hair growth that occurs in a male pattern in 
women [81] and is commonly graded by the modified Ferriman– 
Gallwey system where hair growth is rated from 0 (no growth of 
terminal hair) to 4 (extensive hair growth) in nine areas of the body. 
A total score of > 6– 8 is considered as hirsutism. However, the scale 
is limited by its subjective nature and because it does not take into 
account all areas of the body that can be affected by androgenic 
hair growth, for example, buttocks and sideburns. Furthermore, it 
requires a full- body examination, which some patients may con-
sider invasive. Given these limitations some clinicians prefer to use 
‘patient- important hirsutism’, which takes into consideration all 
symptoms of hirsutism that cause the patient distress, irrespective 
of the degree of physical findings [82]. Hirsutism must be distin-
guished from hypertrichosis, the generalized growth of excessive 
vellus hair, which can be congenital, caused by metabolic disorders, 
such as thyroid dysfunction, or a side effect of some medications 
(see Chapter 8.4.4, for details). Excessive acne vulgaris is another 
important cutaneous manifestation of hyperandrogenaemia, al-
though there is no universally accepted, well- validated scale for 
reporting acne severity. Androgenic alopecia, or male- pattern bald-
ness, is a less common symptom of hyperandrogenaemia, usually 
affecting the fronto- temporo- occipital scalp. Insulin resistant states, 
which can be found in obesity or polycystic ovarian syndrome, 
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can also be associated with skin changes including skin tags and 
acanthosis nigricans (thickened, hyperpigmented skin, predom-
inantly of the flexures). Turner’s syndrome, a cause of primary 
ovarian insufficiency, is associated with a characteristic phenotype 
including a short- webbed neck, ‘shield’ chest with widely spaced 
nipples, cubitus valgus, and Madelung deformity of the forearm and 
wrist. Characteristic facial features may also be present including 
epicanthal folds, downslanting palpebral fissures, low set ears, and 
micrognathia. Women with Cushing’s syndrome typically have 
a moon face, plethora, acne, hirsutism, thin skin, bruising, striae, 
dorsal fat pad, frontal balding, skin pigmentation, and oedema. 
Acromegaly can cause changes in appearance including frontal 
bossing, enlarged jaw, macroglossia, thick greasy skin, spade- like 
hands and feet, tight rings, and oedema.

Eye examination: Examination of the eyes is useful to determine 
patients with menstrual dysfunction caused by Graves’ disease or a 
pituitary tumour. Hyperthyroidism caused by Graves’ disease can 
be accompanied by thyroid eye disease, signs of which include ex-
ophthalmos, tearing, conjunctival oedema, and periorbital oedema. 
Examination of eye movements may also reveal ophthalmoplegia. 
Impairment of vision in one or both eyes is a common consequence 
of suprasellar extension of a pituitary tumour. Classically this may 
cause a bitemporal hemianopia, although initially more subtle visual 
loss can be elicited, such as a scotoma on the bitemporal fields [83].

Neck examination: Inspection of the neck may reveal a trans-
verse scar from total-  or subtotal thyroidectomy, and palpation may 
reveal a goitre, thyroid nodules, or thyroid tenderness in cases of 
infertility associated with thyroid disease. Parotid gland swelling, or 
sialadenosis, is a common sign of bulimia nervosa [84].

Breast examination: Inspection of the breasts may reveal atro-
phic breasts in cases of hypo- oestrogenemia such as GnRH defi-
ciency, hypothalamic amenorrhea, or primary ovarian insufficiency. 
Applying pressure in a clockwise manner around the areola may 
elicit nipple discharge [85], which may be present in about 25% of 
cases of premenopausal women with hyperprolactinemia [86].

Cardiovascular examination: Blood pressure and radial pulse 
rate are important basic measurements that should be taken during 
clinical assessment. Bradycardia and hypotension are associated 
with anorexia nervosa; tachycardia or atrial fibrillation, a full pulse 
and/ or systolic hypertension with hyperthyroidism; bradycardia 
and/ or hypertension with hypothyroidism; and hypertension with 
obesity, or hyperandrogenic conditions, such as polycystic ovary 
syndrome, congenital adrenal hyperplasia, or an androgen- secreting 
tumour. Women with primary ovarian insufficiency caused by 
Turner’s syndrome may have hypertension, and/ or a number of car-
diac malformations, including aortic valve abnormalities, aortic arch 
abnormalities, atrial and ventricular septal defects, and pulmonary 
venous abnormalities [87]. The risk of aortic dissection or rupture in-
creases dramatically in pregnancy, and is associated with a 2% risk of 
mortality [88]. It is therefore critical that women with Turner’s syn-
drome planning pregnancy (usually through in vitro fertilization), 
have a full medical evaluation, with particular attention paid to the 
cardiovascular system, before fertility treatment is considered [89].

Pelvic and abdominal examination: Abdominal and pelvic 
palpation should be performed on all women presenting with 
menstrual dysfunction or infertility. A palpable mass may suggest 
uterine fibroids or an ovarian mass. Scars indicate previous sur-
gery, which may be a consequence of gynaecological disease (e.g. 

previous surgical treatment for endometriosis), or may be a cause 
of infertility due to subsequent adhesion formation. Tenderness on 
pelvic palpation may suggest pelvic inflammatory disease, ovarian 
cysts, or endometriosis.

Gynaecological examination: Gynaecological examination 
should be performed by a clinician with appropriate experience. 
Patient consent should be requested before conducting a gynaeco-
logical examination, and a chaperone offered, regardless of whether 
the clinician performing the examination is a male or female [90]. 
Some women may experience substantial fear, embarrassment, 
or anxiety regarding gynaecological examinations, which can 
be related to previous pelvic examinations, or rarely due to pre-
vious traumatic experiences such as sexual abuse or assault [91]. 
Providing an explanation of each step of the procedure, having a 
considerate and sensitive approach to examination and, have both 
been found to improve patient experience during a vaginal exam-
ination [92]. Patients should always be given the opportunity to 
stop the examination at any point, and clinicians should be sen-
sitive to signs of patient discomfort. The external genitalia should 
be examined first. Vulval and vaginal atrophy, thin reddened skin, 
and lack of lubrication are signs of oestrogen deficiency. Clitoral 
hypertrophy is a sign of virilization and can be associated with con-
genital adrenal hyperplasia, androgen- secreting ovarian or adrenal 
masses, or androgen insensitivity syndrome [93]. External genitalia 
should be examined for female genital mutilation, also known as 
female circumcision or female genital cutting, which is a common 
cultural practice in some parts of Africa and Asia, affecting more 
than 125 million females worldwide [94], and increasingly seen by 
clinicians throughout the world as a result of immigration. Female 
genital mutilation should be classified according to the World 
Health Organization, and clearly documented. Infertility is more 
common in women with female genital mutilation, and there is a 
positive association between the anatomical extent of female muti-
lation and infertility [95]. Furthermore, women with female genital 
mutilation are significantly more likely than those without female 
genital mutilation to have adverse obstetric outcomes, with greater 
risks associated with more extensive female genital mutilation [96]. 
Anatomical abnormalities of the vagina and cervix should be as-
sessed, including an intact hymen, transverse vaginal septum, or 
Müllerian agenesis, especially in cases of primary amenorrhea. 
Speculum examination is appropriate to examine the vagina and 
cervix. Abnormal mucopurulent discharge may signify infection 
and should be further investigated. A  bimanual examination can 
be performed to assess the uterus for size, shape, position, and mo-
bility, and the adnexae for tenderness or masses. Uterine enlarge-
ment, irregularity, or lack of mobility are signs of a uterine anomaly, 
including fibroids, endometriosis, or pelvic adhesions. Tenderness 
or masses in the adnexae or recto- uterine pouch is consistent with 
chronic pelvic inflammatory disease, ovarian cysts, or endometri-
osis. Endometriosis may also cause palpable tender nodules in the 
posterior fornix, recto- uterine pouch, uterosacral ligaments, or 
rectovaginal septum [97].

Secondary sexual characteristics: If indicated by the history, 
clinical examination of secondary sexual characteristics should 
be performed, including pubic hair and breast development, as 
assessed by Tanner stages (Figure 8.2.1.1) [98]. Tanner stages 
rate sexual maturity for pubic hair and breast development in 
five stages, with stage one representing pre- puberty and stage five 
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representing mature adult development. Incomplete pubertal devel-
opment is usually associated with primary amenorrhea, and sug-
gests oestrogen deficiency, which could be caused by hypothalamic 
or pituitary dysfunction, ovarian failure, and/ or a chromosomal 
abnormality.
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Hormonal evaluation

β- hcG

In cases of abnormal uterine bleeding (irregular, heavy or absent), 
it is important to rule out pregnancy. Measuring urine or serum 
β- hCG should be the initial laboratory evaluation in these women. 
Therefore, all patients with menstrual bleeding disorders should be 
tested for pregnancy.

oestradiol, Progesterone, LH, and FSH

Measuring serum gonadotropins (FSH, LH) along with serum oes-
tradiol and progesterone levels provides information to aid in the 
diagnosis of hypothalamic, pituitary, and ovarian causes of amen-
orrhea or oligomenorrhea. It can rule out causes such as ovarian in-
sufficiency when elevated serum FSH and LH levels accompany low 
serum oestradiol (<20 pg/ ml) and progesterone (<1 ng/ ml) levels, 
indicating low or absent ovarian reserve.

Finding a transient elevation in serum FSH and LH levels with 
serum oestradiol levels <150 pg/ ml and progesterone <2  ng/ ml 
can indicate the midcycle ovulatory gonadotropin surge [1] .

Compared to normal women, women with functional hypothal-
amic amenorrhea have a 53% reduction in LH pulse frequency but 
comparable LH pulse amplitude [2] . In these women, the diagnosis 
of functional hypothalamic amenorrhea is made after excluding 
other causes such as severe weight loss, excessive exercise resulting 
in low body fat, severe psychological stress, and physical wasting 
from severe systemic diseases (i.e. disseminated malignancies and 
pituitary or central nervous system lesions). Serum LH and FSH 
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levels are often normal; however, very low and often undetectable 
serum LH and FSH levels suggest organic hypothalamic amenor-
rhea due to genetic mutations affecting gonadotropin- releasing 
hormone (GnRH) production and function or central causes, such 
as pituitary, hypothalamic, or other brain tumours, and infiltrative 
lesions [1]. Patients with hypothalamic amenorrhea characteristic-
ally have a low level of serum oestradiol and low or low- to- normal 
levels of LH and FSH, whereas the gonadotropin response to GnRH 
stimulation can be preserved.

Serum oestradiol assessment can be limited by factors re-
lated to the assay used, such as poor sensitivity, variation among 
assays, and the fact that a measurement reflects a single time 
point [3] .

Low serum oestradiol and progesterone (<1  ng/ ml) levels are 
consistent with anovulation and may be seen in women with underlying 
polycystic ovary syndrome (PCOS). An elevated serum LH to FSH 
ratio previously has been reported in PCOS patients, but neither cir-
culating levels of LH and FSH, nor the ratio of serum LH to FSH 
contribute significantly to the diagnosis of PCOS, particularly since 
LH secretion is pulsatile in nature and one- third of PCOS patients 
have normal circulating LH levels. Moreover, LH secretion and pulse 
amplitude are inversely related to body mass index (BMI) and percent 
body fat, suggesting that obesity in PCOS patients further modifies 
gonadotropin secretion [4] .

Serum FSH and oestradiol checked on cycle days 2– 4 can help 
to measure ovarian reserve. Serum FSH concentration starts to in-
crease early in the menstrual cycle with diminished ovarian reserve 
and in reproductive ageing, but the assays have significant inter-  
and intracycle variability limiting their reliability [5] .

Basal oestradiol alone should not be used to screen for dimin-
ished ovarian reserve. The test can aid to correctly interpret basal 
serum FSH value. With lower ovarian reserve as normally occurs 
with reproductive ageing, there is an early rise in serum oestradiol 
levels that can lower an otherwise elevated basal serum FSH con-
centration into the normal range

Anti- Müllerian hormone is another measure for ovarian reserve 
and is discussed later in this section.

Androgens (Testosterone, DHeAS)

Measuring serum testosterone is essential to identify hyper-
androgenaemia as one of the criteria for diagnosing PCOS. 
Testosterone is produced either directly by the ovary or adrenal 
gland, or indirectly through metabolism of secreted androstene-
dione or DHEA (or its sulphate DHEAS) in peripheral tissues, such 
as fat and skin [6] . Approximately 50% of testosterone arises from 
peripheral conversion of androstenedione, whereas 25% is secreted 
by the ovaries and an additional 25% by the adrenal. LH is the 
stimulus for ovarian testosterone production.

High serum testosterone values in the adult- male range may in-
dicate the presence of an androgenic tumour, while only a mod-
erate increase of this androgen is a poor predictor of androgenic 
tumours. Androgen- producing ovarian tumours are uncommon, 
occurring only in about 1 in 500 hirsute women [7] . Ovarian tu-
mours that produce androgens directly include Sertoli– Leydig 
cell tumours (androblastoma, arrhenoblastoma), granulosa- theca 
cell (stromal cell) tumours, and hilus cell tumours. Nevertheless, 
any large ovarian tumour (i.e. cystic teratomas, Brenner tumours, 
serous cystadenomas, and Krukenberg tumours) can produce 

androgens indirectly by causing hyperplasia of the surrounding 
normal stroma [8].

Several limitations exist, however, in measuring testosterone, 
which include lack of a standardized assay; poor sensitivity and 
accuracy in the female range; and variability based upon men-
strual cycle phase, time of day, and feeding [9] . Avoiding inter-
ference by steroids of similar configuration requires extraction 
and separation of other circulating steroids chromatograph-
ically before subjecting the sample to immunoassay or mass 
spectrometry [9].

Serum total testosterone levels are above the upper normal limit 
in about 50% of women with PCOS by 1990 NIH criteria [10]. There 
is an overlap in total testosterone values between PCOS patients and 
normal women. When measured by liquid chromatography– mass 
spectrometry (LC- MS/ MS), serum total testosterone levels that best 
distinguish PCOS from normal women are approximately 50  ng/ 
dl in the general population (10% estimated PCOS prevalence) and 
35 ng/ dL in the clinical or referred, setting (70% estimated PCOS 
prevalence) [11].

Measuring free testosterone is recommended by the 2004 
Rotterdam consensus to detect hyperandrogenism in PCOS 
women [12]. Free testosterone is more sensitive than total testos-
terone in assessing hyperandrogenaemia [13]. As a surrogate of 
free testosterone by equilibrium dialysis, the free androgen index 
(FAI) is calculated by measuring sex hormone binding globulin 
(SHBG) and total testosterone [14]. The FAI is elevated in about 
54– 89% of women with PCOS by 1990 NIH criteria [10, 15]. The 
FAI also is elevated in 30% of women with PCOS by Rotterdam 
criteria who have normal total testosterone levels, thereby identi-
fying a subset of these PCOS women who should be considered as 
hyperandrogenic [15].

Serum levels of total testosterone in excess of 200  ng/ dL are 
suspicious for an ovarian androgen- producing tumour. However, 
the best predictor of an androgen secreting neoplasm is virilization 
defined as male temporal balding, deepening of the voice, and 
enlargement of the clitoris, which occurs in 98% of such tumours, 
regardless of circulating testosterone levels [16].

The value of routinely measuring circulating androstenedione or 
DHEA as precursors of testosterone in hyperandrogenic women is 
more controversial. Serum androstenedione and total testosterone 
levels are elevated in 88% and 65% of PCOS women by Rotterdam 
criteria, respectively [17]. The combined use of total testosterone, 
androstenedione and FAI identifies hyperandrogenaemia in about 
90% of PCOS patients [15].

Elevated serum DHEAS levels occur in 40– 70% of 
hyperandrogenic  women with PCOS [18]. Although increased 
in women with symptoms of androgen excess, only 16% of 
hyperandrogenic women have increased serum DHEAS in the pres-
ence of normal total and free testosterone levels [7] . Conversely, low 
serum DHEAS levels can occur in adolescents and young women 
with functional hypothalamic amenorrhea from anorexia ner-
vosa, despite hypercortisolism and adequate adrenocorticotropic 
hormone (ACTH) [19,  20]. Measuring serum DHEAS, however, 
should be considered to rule out adrenal aetiologies [1]. In gen-
eral, measurements of DHEAS are of lower yield unless indicated 
by clinical findings of severe hirsutism with high concentrations far 
exceeding the normal range (>6000 ng/ dl), suggestive of an adrenal 
tumour [21].
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17 α- Hydroxyprogesterone (17 oHP)

A basal serum 17- OHP level is useful to exclude late- onset con-
genital adrenal hyperplasia (CAH) due to 21- hydroxylase defi-
ciency. It must be remembered, however, that an elevated basal 
serum 17- OHP level can also represent a normal finding in the lu-
teal phase of the menstrual cycle [22], and can be repeated in the 
follicular phase of the menstrual cycle if necessary.

Random measurements of basal serum 17- OHP may be normal 
in mildly affected non- classic patients unless performed in the early 
morning (i.e. before 08.00 h) [23].

A morning serum 17 OHP level more than 200 ng/ dL should 
prompt a measurement of serum cortisol and 17OHP at 30 to 60 
minutes after ACTH administration (250 mcg intravenous or intra-
muscular). Post- ACTH 17OHP values in the 1000– 10000 ng/ dl range 
are typical of non- classic 21 hydroxylase enzyme deficiency [24– 26]. 
If laboratory data are equivocal, genetic testing for mutations in the 
CYP21A2 gene on DNA from peripheral blood cells is available.

Prolactin

A single measurement of serum prolactin level is usually adequate 
to document hyperprolactinemia. Prolactin secretion, however, 
is pulsatile and stress, as well as a number of physiological states 
such as sleep, and exercise can also mildly elevate prolactin levels. 
For these reasons, a test that shows a level of 25– 40 ng/ ml should 
be repeated before hyperprolactinemia is diagnosed [27]. When 
other causes of hyperprolactinemia have been ruled out (including 
medication intake) on the basis of history, physical examination, 
and assessment of thyroid and renal function, the diagnosis of a 
prolactinoma can be confirmed by gadolinium- enhanced magnetic 
resonance imaging (MRI) (see later in this section).

In general, serum prolactin levels are correlated with tumour 
size. Values between upper limits of normal and 100 ng/ ml may 
be due to drugs or idiopathic causes, but can also be caused by 
microadenomas. Macroadenomas are typically associated with 
levels of over 250  ng/ ml, and in some cases the level exceeds 
1000 ng/ ml [27, 28]. Care must be taken in interpreting a mod-
erate elevation of the prolactin level (<100 ng/ ml) in the presence 
of a macroadenoma, as this may be due to either compression of 
the pituitary stalk by the tumour or these values can be artificially 
low due to the ‘hook effect’. The ‘hook effect’ occurs when a very 
high serum prolactin level saturates both the capture and signal 
antibodies used in immunoradiometric and chemiluminescent 
assays, preventing the binding of the two in a ‘sandwich’. The 
artefact can be avoided by repeating the assay with serial serum 
dilution [29].

The degree of prolactin elevation correlates with the severity of 
hypogonadism. High prolactin levels greater than 100  ng/ ml are 
associated with hypogonadism and low serum oestradiol levels, 
which result in amenorrhoea and vaginal dryness; while levels of 
50 to 100 ng/ ml can be associated with both oligomenorrhea and 
amenorrhea, and levels of 20 to 50 ng/ ml can result in insufficient 
progesterone secretion and luteal phase shortening that may result 
in subfertility [30].

In PCOS, elevations in serum prolactin have been reported 
to occur and likely represent lactotrope stimulation by chronic 
oestrogen exposure [31,  32] rather than coexistence of a 
prolactinoma.

Growth Hormone

Growth hormone (GH) is secreted by the anterior pituitary 
somatotroph cells in a pulsatile fashion. Over 95% of patients with 
acromegaly harbour a GH secreting pituitary adenoma arising from 
somatotroph cells, leading to GH and insulin- like growth factor- 1 
(IGF- 1) hypersecretion.

Patients with clinical features of acromegaly or with a pituitary 
mass require biochemical evaluation. Serum IGF- 1 measurement 
is recommended as the initial screening as it is the best marker 
for integrated GH secretion [33]. A normal serum IGF- 1 level ef-
fectively excludes the diagnosis of acromegaly. Hepatic and renal 
failure, hypothyroidism, malnutrition, severe infection, and poorly 
controlled diabetes mellitus may cause falsely elevated, normal, or 
low IGF- 1 values [33]. Levels must be assessed in age- appropriate 
normal values with knowledge of the specific assay being used due 
to significant interassay variability [34].

Random measurements of GH are not useful due to the pulsatile 
nature of its secretion and the significant level variation throughout 
the day and in response to stimuli.

A dynamic test, such as an oral glucose tolerance test, is more 
specific and can be used to establish the diagnosis in those with 
elevated or equivocal IGF- 1 levels. Normally GH should de-
crease to 1 ng/ ml or less within 2 hours after ingestion of 75 g of 
glucose, and so a nadir serum GH level < 1 ng/ ml excludes the 
diagnosis [35].

Anti- Müllerian Hormone (AMH)

AMH is a homodimeric disulphide- linked glycoprotein of the 
transforming growth factor- β (TGF- β) superfamily [36]. AMH level 
is lowest at birth and remains low during the prepubertal years; it 
then peaks during puberty and ultimately declines to undetectable 
levels at menopause [37, 38]. During ovarian follicle development, 
minimal AMH is produced by primordial follicles as was shown in 
immunohistochemistry studies in human ovarian tissue confirming 
the absence of AMH staining in primordial follicles [39]. The pro-
duction of AMH increases in pre- antral and early antral follicles 
until a follicular diameter of 8 mm after which a sharp decline oc-
curs [40]. It was demonstrated that 5– 8 mm sized follicles contribute 
60% of the circulating AMH. In contrast, granulosa cells of larger 
preovulatory follicles beyond 10 mm fail to produce AMH [40].

Anti- Müllerian hormone has been suggested as an ideal marker 
for assessing the remaining oocyte pool because it correlates with 
antral follicle counts (AFC), outcomes from ovarian stimulation, 
and the onset of menopause [41, 42]. AMH level can be an add-
itional helpful assessment measure in women with PCOS [43], as it 
has been shown to correlate with polycystic ovaries. Serum AMH 
levels in women with PCOS are elevated 2-  to 3- fold and are posi-
tively correlated with AFC and serum androgen levels [44,  45]. 
High serum AMH is specific but not sensitive to distinguish PCOS 
from asymptomatic women with polycystic ovaries [46].

Thyroid Hormone

The diagnosis of thyroid disease is easily made with modern im-
munoassays. Thyroid stimulating hormone (TSH) is the initial test 
to diagnose thyroid disease linked with reproductive dysfunction. 
An elevated serum TSH level greater than 10 mIU/ L indicates 
hypothyroidism.
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Clinical hypothyroidism is defined by both elevated serum TSH 
levels and reduced serum free T4 concentrations, while subclinical 
hypothyroidism describes the mild or early changes when the TSH 
rises before the free T4 falls below normal. The mild elevation in TSH 
compensates for the early decline in T4 production by the thyroid.

During pregnancy, trimester- specific and lab- specific reference 
ranges should be used to determine the optimal serum TSH range 
and the diagnosis of clinical hypothyroidism [47].

Although not necessary for the diagnosis of hypothyroidism, 
additional tests of thyroperoxidase and antithyroglobulin anti-
bodies may influence treatment decisions by establishing under-
lying Hashimoto thyroiditis.

Serum TSH measurement has the highest sensitivity and speci-
ficity of any single blood test used to evaluate suspected thyrotoxi-
cosis and should be used as an initial screening test [48]. However, 
when thyrotoxicosis is strongly suspected, diagnostic accuracy im-
proves when a serum TSH, free T4, and total T3 are assessed at the 
initial evaluation [49].

The diagnosis of thyrotoxicosis is clear with elevated free T4 and 
low TSH levels. However, a low TSH level with a low or normal free 
T4 level has several additional diagnoses to consider other than 
subclinical hyperthyroidism. Diagnosis of thyrotoxicosis during 
pregnancy should be made more cautiously than hypothyroidism, 
because the serum TSH level can be low in the first trimester due 
to hCG- mediated thyroid stimulation. Thyroid binding globulin is 
elevated during a normal pregnancy and so serum total T4 would 
be increased accordingly. Serum free T4 concentration can be 
measured instead and will be elevated in overt hyperthyroidism.

cortisol

ACTH- dependent or independent endogenous Cushing syndrome 
may need to be ruled out in certain scenarios. Cushing’s syndrome 
may arise from a cortisol- producing tumour of the adrenal gland or 
from an ACTH- producing pituitary adenoma (Cushing’s disease). 
Cushing syndrome is a rare cause of androgen excess in women 
and may be mistaken for PCOS. Screening for Cushing syndrome 
is indicated if clinical signs of Cushing’s syndrome are suspected, 
including obesity, increased fat over the face (moon faces), trunk, 
and cervico- dorsal as well as supraclavicular regions, hypertension, 

easy bruising from thinning of the skin, impaired glucose tolerance, 
muscle wasting of the upper legs and arms, osteoporosis, and purple 
abdominal striae. Other manifestations include hirsutism, acne, and 
irregular menses. Mental disturbances include excessive euphoria, 
irritability, insomnia, and depression. Depression may occur due to 
excess cortisol action on the CNS limbic system.

The initial screening tests for hypercortisolism (after ruling out 
exogenous glucocorticoid use) include:  24- hour urine free cor-
tisol, overnight dexamethasone suppression test, or late- night sal-
ivary cortisol [50]. Both false- positive and false- negative results 
are common. Consequently, tests often must be repeated before a 
diagnosis can be made or excluded. Once hypercortisolism is con-
firmed, an ACTH measurement will determine if the disease is 
ACTH- dependent or ACTH- independent.

Patterns of hormonal changes with different endocrine disorders 
are summarized in Table 8.2.2.1.

Imaging Studies

Head Imaging

This can be performed with computed tomography (CT) or more 
commonly with brain MRI with gadolinium enhancement to pro-
vide better details. MRI is the single best imaging procedure for 
most sellar masses, and there is usually no need to perform any 
other imaging study. Specific appearance depends on the under-
lying aetiology:

Craniopharyngioma: Both CT and MRI can be helpful in diag-
nosing craniopharyngiomas. CT can show calcification that is char-
acteristic of the adamantinomatous subtype, whereas MRI with 
gadolinium enhancement provides better structural analysis.

Rathke’s cleft cyst: Most cysts are small and discovered incidentally 
by MRI. The MRI characteristics include a sellar and/ or suprasellar, 
symmetrical, round, or ovoid mass that enhances on either T1 or 
T2- weighted images but does not concentrate gadolinium. MRI 
often shows a hypointense sellar lesion with rim enhancement and 
a hyperintense signal in the T2- weighted images. Hyperintensity 
on T1- weighted images and isointensity on T2- weighted images 

Table 8.2.2.1 Common causes of abnormal menstrual bleeding and accompanying laboratory patterns

LH  
(IU/ L)

FSH 
(IU/ L)

LH/ FSH E2  
(pg/ mL)

P4  
(ng/ mL)

AMH  
(ng/ mL)

PRL  
(ng/ mL)

TSH  
(μU/ mL)

T4  
(μg/ dL)

DHEA- S 
(μg/ dL)

17 OHP 
(ng/ dL)

T  
(ng/ dL)

Functional
hypothalamic
anovulation

<10 <10 ~1 <50 <1 >1 Low nl Low nl Low nl nl nl Low nl

Ovarian
insufficiency
menopause

>15 >15 FSH>LH <50 <1 <0.5 nl nl or ↑ nl or ↓ nl nl Low nl

PCOS <15 <10 LH>FSH <50 <1 nl or ↑ High nl nl nl High nl nl High 
nl or 
slight ↑

Non- classical CAH <15 <10 LH>FSH <50 ≤1 nl nl nl nl High nl ↑ ↑

Hyperprolactinemia <10 <10 LH<FSH <50 <1 nl ↑ nl or ↑ nl nl or 
slight ↑

nl nl

Abbreviations: 17OHP, 17- hydroxyprogesterone; nl, normal; P4, progesterone; PRL, prolactin; T, testosterone.
Reproduced with permission from Functional Hypothalamic Amenorrhea: An Endocrine Society Clinical Practice Guideline. J Clin Endocrinol Metab, May 2017, 102(5):1413– 39. 
Copyright © 2017, Oxford University Press.
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suggests that mucoid material is present in the cyst; hyperintensity 
in both T1-  and T2- weighted images suggests the presence of blood.

Sarcoidosis: Lesions can appear as subdural plaques or infundibular 
plaques, infiltrating masses, or as multiple nodules on MRI studies.

Langerhans cell histiocytosis: Findings on MRI are abnormal in most 
patients with Langerhans cell histiocytosis and endocrinopathy. 
Most common abnormalities on MRI include the loss of the 
posterior pituitary bright spot on T1- weighted images and infun-
dibular enlargement. Other less common radiological abnormalities 
include a thickened infundibular stalk, a partially or completely empty 
sella, and lesions in the hypothalamus [51].

Prolactinoma: Head MRI should be performed in a patient with 
any degree of hyperprolactinemia to identify a mass lesion in the 
hypothalamic– pituitary region, unless the patient is taking a medi-
cation known to cause hyperprolactinemia. MRI may show either a 
micro (<1 cm) or macro (>1 cm) adenoma. Most microadenomas 
have lower signal intensity than the normal bright pituitary gland 
on T1- weighted images, and they usually do not distort the archi-
tecture of the gland. A convex outline of the pituitary gland or devi-
ation of the pituitary stalk can also be detected [52].

The enhancement of macroprolactinomas with gadolinium is 
quite variable. These macroprolactinomas may distort the architec-
ture of the gland with the inferior portion, as they also tend to in-
vade the cavernous sinus and erode the bony floor [52].

If a mass lesion is found in the sellar region, secretion of other 
pituitary hormones should also be evaluated. A pituitary adenoma 
can cause hypersecretion of other pituitary hormones, but any sellar 
mass can cause hyposecretion of one or more pituitary hormones.

Pituitary apoplexy: Pituitary apoplexy can be confirmed by MRI in es-
sentially all cases, while CT may not show this disorder in 54% to 79% of 
patients [53]. However, because vascular emergencies are more common 
than pituitary apoplexy, head CT is often the first procedure performed 
to evaluate the symptoms that are common to both conditions.

Sheehan’s syndrome: In the early stage of Sheehan syndrome, MRI 
shows an enlarged pituitary; in later stages, an empty sella can be 
present [54], with the typical finding of intrasellar cerebrospinal 
fluid (CSF) filling in continuity with overlying subarachnoid spaces, 
and residual pituitary gland with a semi- lunate morphology flat-
tened against the sellar floor [55].

Lymphocytic hypophysitis: MRI often shows an enlarged pitu-
itary mimicking an adenoma, sometimes with suprasellar extension 
and occasionally with thickening of the infundibulum. In rare cases, 
an empty sella is present [56].

Functional hypothalamic amenorrhoea: If there are no clear indi-
cations or other explanations for the amenorrhea (an eating disorder 
such as anorexia nervosa or history of excessive exercise, or weight 
loss), brain MRI should be considered [1] . Empty sella syndrome 
can also be present as an underlying diagnosis [57]. A  history of 
significant head trauma should raise suspicion of pituitary stalk 
damage and associated pituitary hormone deficiencies [1].

ovarian Imaging

In 2003, a polycystic ovary was defined at a consensus conference 
in Rotterdam, Netherlands as having 12 or more follicles per 

ovary, measuring 2– 9  mm in diameter irrespective of location, 
or an ovarian volume of greater than 10  cm3 [12]. With newer 
equipment and advanced technology, however, the precision of 
counting follicles has improved. A recent task force report recom-
mends that the threshold for polycystic ovary morphology based 
on follicle count should be increased to greater than 25 follicles 
per ovary to avoid overinterpretation of polycystic ovary morph-
ology and misdiagnosis of PCOS [58]. This new recommendation 
warrants further investigation and may need to be adjusted by 
patient age.

While the sonographic evidence of polycystic ovaries in the pres-
ence of clinical or biochemical hyperandrogenism and/ or oligo- 
anovulation is regarded as confirmatory for PCOS, polycystic ovary 
morphology can occur in normal ovulatory women without a his-
tory of hyperandrogenism [59]. Moreover, the polycystic ovary 
should not be confused with ultrasound appearance of an ovary 
containing multiple small antral follicles in women recovering from 
hypogonadotropic hypogonadism. Therefore, the implication of 
a multifollicular ovary or polycystic ovary should be considered 
within the clinical setting. Few cysts are seen in severe hyperthecosis 
and the ovaries appear more solid [60].

Pelvic ultrasound (US) may be helpful to rule out structural causes 
for abnormal uterine bleeding such as fibroids or polyps, but cur-
rently, there are not enough data to support measuring endometrial 
thickness to evaluate premenopausal women with abnormal uterine 
bleeding. On the other hand, thin endometrium (less than 4 mm) 
can be seen in women with hypoestrogenic causes of amenorrhea.

When clinically indicated and supported by severe androgen excess, 
e.g. testosterone levels exceeding 200 ng/ dl, a pelvic ultrasound is war-
ranted to rule out ovarian virilizing tumours. In addition, some granulosa 
cell tumours produce oestrogen and may present with symptoms of un-
opposed oestrogen, depending on their age of presentation.

Virilizing tumours of the ovary are most commonly solid, non- 
calcified, and unassociated with ascites [61]. Steroid cell tumours, 
Leydig tumours, and Sertoli– Leydig cell tumours are character-
istic virilizing neoplasms. Leydig cell tumours are usually small tu-
mours (mean size 2.4 cm) that may be difficult to depict via different 
imaging methods, and are reportedly isoechoic to the uterus by son-
ography and hypoattenuating by CT [62].

Sertoli– Leydig cell tumours (mixed sex cord- stromal tumours) 
have a non- specific appearance. On US, these tumours usually pre-
sent either as a distinct hypoechoic mass or a heterogeneous mass 
that is primarily solid with multiple cystic spaces. Small virilizing 
Sertoli– Leydig cell tumours may be easily detected using colour 
Doppler US rather than transvaginal US alone [62, 63].

Granulosa cell tumours are typically unilateral masses (average 
size, 12  cm) [62]. Although granulosa cell tumours are the most 
common oestrogen- producing tumours, a small subset is andro-
genic [62, 63]. Women typically present with hyperoestrogenicity, 
including abnormal uterine bleeding [62, 63].

Variability in appearance depends in part on tumour type, with 
Sertoli– Leydig tumours mostly solid and virilizing granulosa cell 
tumours more cystic [61].

Ultrasound is typically sufficient for the evaluation of adnexal 
masses, but MRI may be used if further characterization of an ad-
nexal mass is needed. If metastatic disease is expected and pre-
operative evaluation is attempted, CT, MRI, or positron emission 
tomography (PET) may be needed.
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Adrenal Imaging

DHEAS levels exceeding 6000– 7000  ng/ dl (or testosterone levels 
>200 ng/ dl) may be associated with an androgen- producing tumour 
of the adrenal gland [21]. Imaging studies of the adrenal glands may 
be considered to locate the lesion.

Although CT remains the primary adrenal imaging procedure 
[64], MRI has advantages in certain clinical situations to charac-
terize local invasion from adrenal carcinoma without exposure to 
ionizing radiation.

The maximum diameter of the adrenal mass is predictive of ma-
lignancy. Most adrenal adenomas are less than 4 cm in diameter. In 
contrast, most adrenal carcinomas are greater than 4 cm in diameter 
when discovered [65].

Bone Density Imaging

After 6 months of amenorrhea, clinicians should consider a base-
line bone density evaluation in any adolescent or woman with func-
tional hypothalamic amenorrhea [1].

Dual energy X- ray absorptiometry (DXA) is the most com-
monly used densitometric technique for adolescents and adults 
throughout the world because of its speed, precision, safety, low 
cost, and widespread availability [1] . Z- score should be used in 
adolescents or premenopausal women (as opposed to T- score in 
postmenopausal women) as recommended by the International 
Society for Clinical Densitometry. A Z- score of –2.0 or lower is 
defined as ‘below the expected range for age’, and a Z- score above 
–2.0 is ‘within the expected range for age’ [66]. The Z- score com-
pares the bone density measure to age- , sex- , and race- matched 
controls.

The goal of bone densitometry is to identify individuals with low 
bone mass who are at increased risk for skeletal fragility, and to 
guide and monitor treatment [67]. Baseline bone mineral density 
at – 2.0 or less at any skeletal site has the greatest risk for fractures, 
and in these patients, clinicians should attentively monitor nutri-
tional intake and a patient’s skeletal status [67].

The spine (a trabecular- rich site) is the most common site of low 
bone density in adolescents and young women with amenorrhea 
and also predicts fracture risk; it is therefore an important site to 
monitor [68– 71]. In older adolescents (above age 15  years) and 
women with functional hypothalamic amenorrhea, measuring hip 
bone density gives information about weight- bearing cortical bone 
and can be useful to monitor bone density longitudinally [67].

In one study of 130 young females with anorexia nervosa (mean 
age 24 years), more than 90% had osteopenia and nearly 40% met 
World Health Organization (WHO) criteria for osteoporosis (T- 
score ≤ 2.5) [72].

Patients with primary ovarian insufficiency on average have 2– 
3% lower bone mineral density at L1– L4, femoral neck, and total 
hip. More than 1- year delay in the diagnosis of oestrogen deficiency 
is a risk factor for reduced bone mineral density below the expected 
range for age (Z- score < - 2) [73].

Thyroid Imaging

Radioactive iodine scans are not necessary to make the diagnosis 
of hyperthyroidism but are most useful for distinguishing Graves’ 
disease from toxic adenoma, thyroiditis, and factitious disorder. 
Usually, clinical factors often obviate the need for diagnostic scans, 

especially since radioactive iodine scans are contraindicated during 
pregnancy.

In pregnancy, breastfeeding, or women trying to conceive, 
ultrasonography with Doppler blood flow may be useful for 
distinguishing Graves’ disease from thyroiditis. The need for experi-
enced technicians and radiologists, however, limits the ability to rec-
ommend the general use of ultrasonography for this purpose [47].

other Tests

These tests may be indicated when encountering a diagnosis of 
hypergonadotropic hypogonadism related to spontaneous primary 
ovarian insufficiency (i.e. non- iatrogenic). Insulin resistance testing is 
also listed to be considered when a diagnosis of PCOS is encountered.

Karyotype

Turner syndrome occurs in 1 in 2500– 3000 girls and young women 
[74]. Approximately 50% of patients have a monosomy X with com-
plete loss of one X chromosome (45,X) [75], while the rest may have 
a mosaic chromosomal complement of 45, X. Therefore, once the 
diagnosis of primary ovarian insufficiency is established, a karyotype 
with 30 cells counted is recommended to identify women who have 
primary ovarian insufficiency related to abnormal karyotype [76].

Fragile X Testing

Premutation in the FMR1 gene (expansion of CGG trinucleo-
tide repeats to 55– 200 repeats) can lead to increased risk of pri-
mary ovarian insufficiency [77]. FMR1 premutation is found in 
14% of patients with familial primary ovarian insufficiency and the 
prevalence is about 2% in sporadic cases [78]. Testing for FMR1 
premutation is helpful to rule out fragile X associated primary 
ovarian failure and is indicated in these situations.

Autoimmune Testing

Autoimmune primary ovarian insufficiency is associated with 
multiple endocrine disorders (i.e. hypothyroidism, adrenal in-
sufficiency, hypoparathyroidism, diabetes mellitus, hypophysitis) 
and non- endocrine abnormalities (chronic candidiasis, idiopathic 
thrombocytopaenic purpura, vitiligo, alopecia, autoimmune haemo-
lytic anaemia, pernicious anaemia, systemic lupus erythematosus, 
rheumatoid arthritis, Crohn’s disease, Sjögren’s syndrome, primary 
biliary cirrhosis, and chronic active hepatitis) [79– 81].

Testing for associated autoimmune conditions in women diag-
nosed with primary ovarian insufficiency is important to iden-
tify the mechanism of the disease (autoimmune lymphocytic 
oophoritis) [82], and to treat or monitor patients who have these 
other autoimmune disorders (i.e. polyglandular autoimmune 
endocrinopathies). These tests include checking for the pres-
ence of adrenal autoantibodies by either 21- hydroxylase (CYP21) 
immunoprecipitation or indirect immunofluorescence [76].

Measurement of serum thyroid autoantibodies is reasonable as thy-
roid autoimmune disease, most commonly Hashimoto’s thyroiditis, is 
present in 14– 27% of women at initial diagnosis [76, 83, 84].

Testing for diabetes with fasting/ postprandial glucose or haemo-
globin A1c appears justified in those patients with normal karyo-
type and spontaneous primary ovarian insufficiency [83].
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Other tests to rule out associated autoimmune disorders may be 
considered, including complete blood count, chemistry panel levels to 
rule out pernicious anaemia, and hypoparathyroidism, respectively.

These tests that can be ordered in patients with primary ovarian 
insufficiency are listed in Box 8.2.2.1.

Insulin Resistance Testing

About 60– 95% of women with PCOS have insulin resistance [85], 
as do most women with simple obesity. Therefore, ascertainment 
of metabolic dysfunction is warranted, particularly in these high- 
risk individuals. Determining insulin resistance in the presence of 
euglycemia is limited by the lack of a highly sensitive test that is 
practical for population- based clinical use [86– 88]. Nevertheless, 
an oral glucose tolerance test is simple and is the best screening 
measure for detecting glucose intolerance or diabetes, particularly 
in PCOS women who often have normal fasting glucose levels [89].

Haemoglobin A1C was a strong predictor of the development of 
glucose- defined diabetes during the Diabetes Prevention Program [90] 
and its follow- up [91]. Hence, it is reasonable to consider an A1C range 
of 5.7– 6.4% as identifying individuals with prediabetes. Prediabetes 
should not be viewed as a clinical entity in its own right but rather as 
an increased risk for diabetes and cardiovascular disease [92]. Similar 
to those with impaired fasting glucose and/ or impaired glucose toler-
ance, individuals with A1C of 5.7– 6.4% should be informed of their in-
creased risk for diabetes and cardiovascular risk and counselled about 
effective strategies to lower their risks [92]. Haemoglobin A1C of 6.5% 
or greater can be used as a diagnostic test for diabetes, as suggested by 
the current guidelines from the American Diabetes Association [92].

The efficacy of interventions for primary prevention of type 2 
diabetes [93, 94] has primarily been demonstrated among individ-
uals who have impaired glucose tolerance with or without elevated 
fasting glucose, not for individuals with isolated impaired fasting 
glucose or for those with prediabetes defined by A1C criteria.

From a cardiovascular risk perspective, a 2- hour 75- gram oral 
glucose tolerance test (Table 8.2.2.2), along with a fasting lipid 

panel (with target levels based on cardiovascular disease risk fac-
tors) [95, 96]) should be performed in obese individuals or in lean 
PCOS women with advanced age (40 years), personal history of 
gestational diabetes, family history of type 2 diabetes, or other 
cardiovascular disease risk factors (i.e. smoking, hypertension, 
etc) [97].

Women with normal glucose tolerance and lipid levels can be 
rescreened every 2  years or sooner if additional risk factors are 
identified, while those with impaired glucose tolerance should be 
screened annually to rule out developing type 2 diabetes [98].
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Introduction

Folliculogenesis and ovulation require appropriate gonadotropin- 
releasing hormone (GnRH) input to drive appropriate pituitary se-
cretion of LH and FSH. Ovarian dysfunction either causes or is 
caused by altered GnRH drive. The myriad of factors that modulate 
GnRH drive convey information about (1)  developmental stage; 
(2) ovarian function and reserve, including stage of folliculogenesis; 
(3) energy balance, body composition, and metabolism; (4) circa-
dian and circannual position; (5) stress and emotional states; and 
(6)  cognitive assessments. When hypoestrogenism results from 
diminished or absent follicle pool, maximal GnRH- LH pulsatility 
ensues and reflects insensitivity to oestradiol negative feedback 
[1] . Polycystic ovary syndrome may be viewed as masculiniza-
tion of the GnRH ‘pulse generator’ that results in an increase in 
LH pulse frequency and amplitude accompanied by a decrease in 
FSH that leads to chronic anovulation and thecal- stromal ovarian 
hyperstimulation [2]. GnRH- LH drive that is chronically too slow 
to support full folliculogenesis results in hypothalamic hypo-
gonadism that reflects increased sensitivity to estradiol negative 
feedback.

Clinically, reduced GnRH drive results in a spectrum of ovarian com-
promise, ranging from luteal insufficiency to chronic anovulation and a 
variety of menstrual patterns such as amenorrhoea, polymenorrhoea, 
menorrhagia, and oligomenorrhoea (Figures 8.3.1.1 to 8.3.1.4). Rarely, 

there is an organic or congenital cause for reduced GnRH drive, such as 
brain tumours, coeliac disease, or migration of an insufficient number 
of GnRH neurons from the olfactory placode into the hypothalamus 
during fetal development [3].

Typically, the cause of hypothalamic hypogonadism is functional, 
that is, due to the endocrine consequences of psychological or be-
havioural variables. Anorexia nervosa provides the most dramatic 
example, but most women who develop functional hypothalamic 
hypogonadism (FHH) or functional hypothalamic anovulation and 
amenorrhea (FHA) do not meet diagnostic criteria for syndromal 
eating or psychiatric disorders. The nomenclature used to describe 
FHH reflects behavioural antecedents and also includes exercise 
amenorrhoea, stress- induced anovulation, functional hypothal-
amic chronic anovulation, and hypothalamic hypoestrogenism. 
Reifenstein [4]  first introduced the term ‘psychogenic amenorrhoea’. 
Despite the multiplicity of names, the pathogenesis of anovulation 
is similar. Typically FHH presents as secondary amenorrhoea. 
The diagnosis requires exclusion of organic causes. The term 
‘functional’ also implies that amelioration of causal behavioural fac-
tors will restore ovulatory ovarian function. Support for the concept 
that the proximate cause of the anovulation in FHA is insufficient 
GnRH drive was initially provided by showing that administration 
of exogenous pulsatile GnRH restored folliculogenesis [5– 7]. The 
reduction in GnRH pulsatility manifests in the circulation and can 
be detected as a reduction in LH pulsatility [8].

Appropriate treatment depends on understanding the 
psychoneuroendocrinology of FHH. The primary cause of 
anovulation in FHH is insufficient GnRH drive that reflects altered 
brain modulation of hypothalamic function in response to per-
ceived or actual psychogenic and metabolic stressors. As shown 
in Figure 8.3.1.1, FHH is more than diminished GnRH drive and 
comprises a constellation of neuroendocrine secretory adaptations 
including obligatory activation of the hypothalamic– pituitary– 
adrenal (HPA) axis that aligns reproduction with circumstance 
[8] . Not surprisingly, reduced HPA activation precedes recovery of 
ovarian function [9, 10]. Appropriate treatment of FHA requires rec-
ognizing the critical role GnRH drive for ovarian function and the 
role of behavioural factors in activating the HPA axis.

Regulation of the GnRH Pulse Generator

The GnRH pulse generator refers to the collective functioning of 
GnRH neurons residing in the mediobasal hypothalamus that 
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secrete GnRH into the portal vasculature and thereby regulate LH 
and FSH release from pituitary gonadotrophs (Figure 8.3.1.2). 
GnRH neurons are endogenously pulsatile. However, for the bolus 
of GnRH to be sufficient to trigger gonadotropins release, a group of 
GnRH neurons must secrete synchronously. Bolus size reflects the 
cohort size of GnRH- to- GnRH synapses or appositions. The GnRH 
pulse generator is active during fetal life and then is suppressed by 
central processes that cause enhanced negative feedback sensitivity 
to oestradiol until the onset of puberty. HPA activation increases 
the sensitivity of GnRH to oestradiol inhibition [11]. Figure 8.3.1.3 
illustrates a hypothetical scheme to explain how different pulse fre-
quencies might result from varying the size of the GnRH cohort 
that synchronously releases GnRH pulses into the portal circulation 

to drive the pituitary release of LH and FSH (Figures 8.3.1.5 and 
8.3.1.6).

Figure 8.3.1.7 illustrates the proximate neuromodulatory 
cascade that alters GnRH function [12]. Behavioural activa-
tion of the HPA axis reduces GnRH drive and results in FHH. 
Hypercortisolaemia, as reflected by increased urinary free cortisol 
and elevated cerebrospinal fluid levels of cortisol [13], has been 
demonstrated in amenorrhoeic athletes and non- athletes [8, 10, 
14, 15]. Acute nutritional deprivation activates the HPA axis and 
reduces LH pulsatility [16]. Given the energetic expense of repro-
duction, it is not surprising that metabolic factors gate reproductive 
function. Psychosocial influences, including external stressors and 
attitudes, heighten behavioural reactivity [17– 19] and alter the 

H-P-Adrenal

H-P-Thyroidal

H-P-Gonadal

Psychogenic
challenge

Metabolic
imbalance

Figure 8.3.1.1 In stress- induced anovulation/ functional hypothalamic amenorrhoea, energetic imbalance, and psychosocial challenge 
synergistically amplify the independent impact of the other upon neuroendocrine outputs to thereby suppress the hypothalamic– pituitary– ovarian 
(HPO) and hypothalamic– pituitary– thyroidal (HPT) axes, while concomitantly activating the hypothalamic– pituitary– adrenal (HPA) axis.

Figure 8.3.1.2 Neuroanatomical photomicrograph of gonadotrophin- releasing hormone pulse generator. Shown is the hypothalamic region from a 
rhesus monkey. Median eminence and adjacent basal hypothalamus are stained for gonadotrophin- releasing hormone in brown and counterstained 
with a methyl-grey Nissl stain. Gonadotrophin- releasing hormone neurons are visible at the border of the median eminence, within the median 
eminence, and within the hypothalamus. The dense accumulation of gonadotrophin- releasing hormone axons occurs where gonadotrophin- 
releasing hormone axons converge upon the portal loops that carry the gonadotrophin- releasing hormone to the pituitary.
Reproduced with permission from Berga SL et al. Secondary amenorrhoea, Chapter 2. In: Atlas of Clinical Gynecology, Reproductive Endocrinology, Vol III (Stenchever MA, Series 
Editor; Mishell DR Jr, Volume Editor). Current Medicine, Inc., Philadelphia, PA, USA, 1999, with special thanks to Gloria Hoffman, PhD who performed and contributed the work.
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neuroendocrine cascade that modulates GnRH drive [20,  21]. 
Endocrine- disrupting chemicals, such as bisphenol A  and some 
polychlorinated biphenyls, may sensitize GnRH and kisspeptin 
neuroregulatory cascades to stressors by modulating GnRH gene 
transcription and/ or by acting as oestrogen agonists or antagonists 
[22]. Behavioural modifications that reduce cortisol levels reversed 
the associated neuroendocrine cascade and restored ovulation in 
women with FHA [23, 24].

Hormonal
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Excitatory
inputs

Inhibitory
inputs

1

23

Activity

Cell 1

Cell 2

Cell 3

Cumulated
activity

Median
eminence

GnRH
pulses

Figure 8.3.1.3 Diagram of the gonadotropin- releasing hormone 
pulse generator and its modulation. The gonadotrophin- releasing 
hormone pulse generator and mechanisms of its control are illustrated. 
The hypothetical activity of three gonadotrophin- releasing hormone 
neurons is shown in the lower right. When the activity of the neurons 
is summed at the level of the median eminence, bursts of activity 
that result in pulses of gonadotrophin- releasing hormone (short 
arrows) are produced. Some of the factors that influence the firing or 
release of gonadotrophin- releasing hormone are also illustrated. The 
gonadotrophin- releasing hormone neurons shown in this figure receive 
input from other gonadotrophin- releasing hormone neurons, both 
dendritic (in the form of bridges) and axonal (indicated by the terminal 
from the unlabelled neuron to cell 3). These cells also receive extrinsic 
excitatory and inhibitory inputs from neurons in various regions of the 
brain whose activity, in turn, is greatly modified by gonadal steroids and 
nutritional signals. In addition, pulse generator activity can be affected by 
changes in glial investment of gonadotrophin- releasing hormone soma 
and terminals that influence cohort size. Glia also can reversibly isolate 
gonadotrophin- releasing hormone cells from extrinsic influences or 
prevent gonadotrophin- releasing hormone from gaining easy access to 
the portal vasculature.
Reproduced with permission from Berga SL et al. Secondary amenorrhoea, 
Chapter 2. In: Atlas of Clinical Gynecology, Reproductive Endocrinology, Vol III 
(Stenchever MA, Series Editor; Mishell DR Jr, Volume Editor). Current Medicine, 
Inc., Philadelphia, PA, USA, 1999, with special thanks to Gloria Hoffman, PhD who 
contributed this diagram.
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Figure 8.3.1.4 Graph of three types of menstrual cycles: ovulatory, 
anovulatory, and luteal insufficiency. Blood samples were taken daily 
or nearly daily across a menstrual interval (from the first day of vaginal 
bleeding of one cycle to the first day of bleeding of the next cycle) 
in three women between ages 20– 30 years who reported regularly 
regular menstrual cycles. The top panels for each menstrual cycle type 
show the gonadotrophins, luteinizing hormone (closed circles) and 
FSH (open circles). The bottom panels show oestradiol (closed circles) 
and progesterone levels (open circles). In the ovulatory cycle (top two 
panels), FSH was highest in the early follicular phase and the luteinizing 
hormone surge occurred as expected at midcycle. There was the 
expected preovulatory exponential rise in oestradiol and roughly 14 days 
of progesterone secretion above 1 ng/ ml after the midcycle surge. In 
the anovulatory cycle (middle two panels), gonadotrophin levels were 
relatively low, indicating that the cause of the anovulation was not 
follicular depletion. Late in the cycle, there was an elevation and decline 
in oestradiol unaccompanied by any significant progesterone secretion. 
The decline in oestradiol triggered withdrawal bleeding, leading to 
anovulatory cycling. In the cycle labelled luteal insufficiency (bottom two 
panels), there was a luteinizing hormone surge, but it occurred around 
day 22 and progesterone secretion occurred for only 6 days. None of 
these cycles were clinically distinguishable from the other and all women 
assumed that they were having normal menstrual cycles although the 
hormone levels reveal that they were not.
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As shown in Figure 8.6.1.7, kisspeptin is the G protein– coupled 
receptor ligand for its receptor, GPR54. Kisspeptin– GPR54 sig-
nalling plays a critical role in the initiation of GnRH secretion 
during puberty. Kisspeptin/ neurokinin B/ dynorphin (KNDy) 
neurons within the arcuate nucleus secrete kisspeptin, which 
stimulates GnRH neurons [25]. KNDy neurons integrate other 
neuromodulatory signalling systems linked to reduced GnRH 
pulsatility [26]. Stressors, regardless of type, activate the HPA axis 

and elicit a constellation of neuroendocrine alterations, including 
hypothalamic hypothyroidism that conserves and diverts energetic 
expenditure [8, 10]. Metabolic signals such as leptin regulate KNDy 
neurons via a GABAergic mechanism [12]. In monkey models, ad-
ministration of a CRH antagonist, astressin reversed the impact of 
social stress upon central GABA- a binding in prefrontal cortex and 
altered responsivity to ghrelin [27– 29].

Mechanisms implicated in the regulation of GnRH pulsatility in-
clude glial interposition into the synaptic cleft to reduce appositions 
and effective GnRH cohort size [30] and multiple neuromodulatory 
factors including corticotropin- releasing hormone, endogenous 
opioids, neuropeptide Y, leptin, γ- aminobutyric acid (GABA) and 
ghrelin [12, 29, 31]. In monkeys, challenge paradigms have included 
restraint stress, exercise, nutritional restriction, injection of insulin, 
endotoxin [32], and social instability; stressors are synergistic [20]. 
However, monkey studies do not reveal why humans initiate dele-
terious coping strategies or persistently engage in stressful behav-
iours. The response to some stressors, such as endotoxin, is blunted 
by sex steroids [32], while the response to restraint is heightened if 
the ovaries are present [15]. Further, some individuals are more sen-
sitive to the same stressor than others [20, 21, 33, 34]. The neuro-
endocrine and endocrine responses to exercise were exaggerated in 
men whose cortisol levels did not suppress when given dexametha-
sone when compared with the responses in men whose cortisol 
levels did suppress [35]. In women with FHA, a 20- minute exercise 
challenge not only provoked a drop in glucose that was not seen in 
eumenorrheic women but also elicited a proportionally larger rise 
in cortisol [36]. In contrast, in lactational amenorrhoea, stress re-
sponses to challenge are blunted [37]. Reactivity to challenge may 
be mediated in part by the serotonergic system [33], particularly 
variants in the serotonin transporter [11, 34]. Overall, the impact of 
stressors is species- specific, context- dependent, and idiosyncratic.

Although the hypothalamus synthesizes and secretes specific re-
leasing hormones that govern the synthesis and secretion of specific 
pituitary hormones, it nonetheless functions as an integrated unit 
to coordinate the endocrine responses to internal and external sig-
nals. Because of these complex interdependent relationships, it is 
simplistic to view FHA as an isolated disturbance in GnRH drive 
(Figure 8.3.1.1).

Recognition of Functional Hypothalamic 
Anovulation

The diagnosis of functional hypothalamic anovulation entails 
excluding all other causes of amenorrhoea and anovulation. Reduced 
GnRH drive manifests as FSH>LH with low oestradiol (<60 pg/ ml) 
and progesterone concentrations (<1 ng/ ml). A thorough search for 
organic causes must be conducted. While focal neurological signs 
would be certain to raise suspicion of a central organic cause, condi-
tions such as adult- onset hydrocephalus [38] may be accompanied 
by dizziness or vague symptoms, rather than lateralizing symptoms. 
In most instances, if suspected, organic causes can be confirmed by 
magnetic resonance imaging (MRI). Conditions such as coeliac dis-
ease (gluten enteropathy) and irritable bowel syndrome that result 
in nutritional insufficiency should be excluded as well.

The epidemiology of FHA is not well described. In addition to 
individual factors, there appears to be a dose– response relationship 
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Figure 8.3.1.5 Luteinizing hormone pulse patterns in two women 
with FHA are shown in the top two panels and in two eumenorrheic, 
ovulatory women who were studied in the early follicular (EF) phase in 
the bottom two panels. Luteinizing hormone pulse patterns are the best 
in vivo surrogate for assessing gonadotrophin- releasing hormone activity 
in humans. To assess luteinizing hormone pulsatility in conditions in 
which slower frequencies are anticipated, one generally obtains blood 
samples from a forearm vein at 15- min intervals for 24 h. Computer- 
driven algorithms are then used to resolve the string of luteinizing 
hormone determinations into pulses so that frequency and amplitude 
can be computed. The eumenorrheic women regularly display regular 
luteinizing hormone pulses of even amplitude whereas the women with 
FHA display irregular luteinizing hormone pulses with an overall slower 
frequency and variable amplitude. In general, women with FHA have 
luteinizing hormone pulse frequency that is roughly half of that observed 
in eumenorrheic women. The expected nocturnal slowing is seen in 
the eumenorrheic women whereas some augmentation of luteinizing 
hormone is seen in women with FHA, a pattern that is somewhat similar 
to that seen in puberty.
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Figure 8.3.1.6 Serum oestradiol (o) and progesterone (▪) levels and vaginal bleeding (•) in a woman with functional hypothalamic amenorrhoea 
(FHA) who was observed and did not recover (top panel) compared with a woman with FHA who was treated with cognitive behaviour therapy (CBT) 
and recovered (lower panel). The inset depicts the proportion of women with FHA who had evidence of ovarian recovery following randomization to 
observation (OBS, n = 8; o) or CBT (n = 8; ▪).
Adapted with permission from Berga SL, Marcus MD, Loucks TL, Hlastala S, Ringham R, Krohn MA. Recovery of ovarian activity in women with functional hypothalamic 
amenorrhea who were treated with cognitive behavior therapy. Fertil Steril, 2003; 80: 976– 81. Copyright © 2003 American Society for Reproductive Medicine.
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Figure 8.3.1.7 Schematic representation of neural interactions between metabolic and reproductive functions depicting likely sites of action of leptin, insulin, 
and ghrelin to control the release of gonadotropin- releasing hormone. Abbreviations: 3V, third ventricle; AgRP, agouti- related peptide; ARC, arcuate nucleus; 
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Kiss1r, kisspeptin receptor; KNDy, kisspeptin/ neurokinin B/ dynorphin; LepR, leptin receptor; MC3r, melanocortin receptor 3; MC4r, melanocortin receptor 4; 
ME, median eminence; NPY, neuropeptide Y; PMV, ventral premammillary nucleus; POA, preoptic area; POMC, pro- opiomelanocortin.
Reproduced with permission from Navarro VM1, Kaiser UB. Metabolic influences on neuroendocrine regulation of reproduction. Curr Opin Endocrinol Diabetes Obes. 2013 
Aug;20(4):335– 41.
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between the type and severity of stress and the proportion of indi-
viduals who develop amenorrhoea [39]. To what extent more subtle 
forms of anovulation and luteal insufficiency are due to intermittent 
or mild reductions in GnRH drive is difficult to ascertain in gen-
eral clinical practice because the manifestations may be clinically 
subtle or occult [40]. Oligoasthenospermia may sometimes be the 
male analogue of functional hypothalamic anovulation. The behav-
ioural causes of FHH may differ in men and women, but this is an 
area that has received minimal investigative attention [41]. A com-
bined metabolic and psychogenic stressor, a war drill, acutely and 
reversibly raised cortisol levels while suppressing testosterone and 
gonadotropin levels in men [42]. Short- term fasting studies suggest 
that the GnRH pulse generator of men may be more sensitive to 
metabolic challenge than that of women [43]. Available evidence 
suggests that extreme forms of hypothalamic hypogonadism, such 
as anorexia nervosa or bulimia affect 3% of women [44], that FHA 
unrelated to an eating disorder affects roughly 5% of college- aged 
women [39], that recreational running is associated with a roughly 
55% prevalence of cycles that are anovulatory or display luteal insuf-
ficiency [40], and that men are susceptible to functional reductions 
in GnRH drive without obvious clinical manifestations [41, 42].

Pathogenesis of Functional Hypothalamic 
Anovulation

The final common aetiological pathway to functional hypothal-
amic anovulation is reduced GnRH drive that manifests in the cir-
culation as a reduction in LH pulse frequency [8] . Several studies 
have documented that the LH pulse frequency of amenorrhoeic 
women with FHA is about half that of women in the follicular 
phase [8]. (Figure 8.3.1.5). Pulsatile administration of GnRH re-
sulted in ovulation and conception in women with FHA [5– 7]. For 
folliculogenesis to result in ovulation, however, GnRH drive must 
remain above and below critical thresholds for approximately 12– 
14  days. Presumably, intermittent or lesser reductions in GnRH 
pulse frequency lead to poor follicular development with subse-
quent luteal insufficiency.

FHA is more than an isolated interruption of the hypothalamic– 
pituitary– ovarian axis. A constellation of neuroendocrine secretory 
aberrations has been demonstrated [8] . While cortisol levels are 
higher in FHA than in eumenorrheic women, the diurnal pattern 
remains intact [8,  10]. In both eumenorrheic and amenorrhoeic 
women, cortisol secretion peaks nocturnally. Among women with 
anovulation, increased cortisol secretion appears to be specific to 
FHA [10]. Ovarian function is not necessary for GnRH drive to 
be suppressed by stress. FSH levels in postmenopausal women 
admitted to the intensive care unit continue to decline after the 
peak in cortisol levels demonstrating a lag between recovery of the 
hypothalamic– pituitary– adrenal and resumption of GnRH drive 
[45]. Elevated cortisol levels have been observed in women with 
depression and anorexia nervosa but not bulimia [46]. In women 
athletes, only those with amenorrhoea displayed elevated cor-
tisol levels and reduced luteinizing hormone pulse frequency [47]. 
Interestingly, women with FHA did not meet criteria for depres-
sion [17– 19]. The development of anovulation sufficient to cause 
amenorrhoea may require greater or more sustained HPA axis acti-
vation than generally seen in depression and bulimia. Since energy 

deficits enhance HPA activation, the extent of energy insufficiency 
may explain differential rates of FHA in women with depression 
and bulimia [20].

Cortisol per se is not likely to be the cause of reduced GnRH pulse 
frequency in FHA. Acute, exogenous, high- dose administration of 
cortisol (over 300% of physiological) did not reduce GnRH drive 
[48]. Hydrocortisone infusions given to mimic moderate (136% in-
crease) and severe (197% increase) stress had no acute impact on 
gonadotropin secretion [49]. In FHA, the increase in cortisol is in 
the range of 20– 30%. In underweight anorectics, the increase was 
in the range of 150%, but after short- term weight recovery, the in-
crease was about 70% of the control group [46]. Typically, weight 
restoration alone is insufficient to restore menses, despite reduced 
cortisol levels. Since the increased cortisol secretion observed in 
women with FHA and anorexia nervosa is lower than the levels 
needed to independently suppress gonadotropin secretion, other 
factors must play a causal role. Of note, the decline in LH caused by 
insulin- induced hypoglycaemia in rhesus monkeys was comparable 
in monkeys pretreated with metyrapone to block cortisol synthesis 
and those who were not treated [50]. Similarly, an intravenous in-
fusion of corticotropin- releasing hormone caused a decrease in 
gonadotropin in monkeys with and without adrenalectomy [51]. 
While these observations do not obviate a role for cortisol as an indi-
cator of stress, they do suggest that neural concomitants of the stress 
signal or concomitant metabolic signals, rather than cortisol per se, 
cause stress- induced suppression of GnRH pulsatility. While an in-
crease in cerebrospinal corticotropin- releasing hormone has been 
detected in women with anorexia nervosa [46], women with FHA 
do not have a detectable increase in cerebrospinal corticotropin- 
releasing hormone [52] despite an increase in cerebrospinal fluid 
(CSF) cortisol concentrations [13]. The lack of suppression of CSF 
CRH in the presence of increased CSF cortisol indicated resistance 
to feedback inhibition of hypothalamic CRH release by cortisol and 
suggests that mechanisms other than CRH and cortisol mediate the 
stress- induced suppression of GnRH [13].

Cortisol is a hormone with profound metabolic actions and in-
creased secretion produces metabolic mobilization, including inhib-
ition of gluconeogenesis. Cortisol also dampens thyroid- stimulating 
hormone (TSH) release and causes ‘sick euthyroid syndrome’, pre-
sumably as a means of conserving or diverting energy expenditure. 
As noted earlier, studies have suggested that increased HPA drive 
predisposes to further endocrine reactivity in response to the sub-
sequent metabolic challenge of exercise [36]. The converse may also 
hold. Prior metabolic alterations may predispose to neuroendocrine 
reactivity in the face of psychogenic challenge [20, 21]. We found that 
women with FHA showed reduced levels of thyronine and thyroxine 
despite similar TSH patterns [8] . During recovery from FHA, TSH 
increased dramatically following a reduction in cortisol levels were 
reduced [10, 24]. These data indicate that the recovery begins with 
a decrease in CRH followed by recovery of GnRH and TRH drive.

In a monkey model, metabolic challenge sensitized the 
hypothalamic– pituitary– ovarian (HPO) axis to the effects of subse-
quent social stress [20]. Monkeys with the greatest sensitivity to stress 
had differential serotonergic tone [33] and higher baseline heart 
rates. Administration of a CRH antagonist reversed the inhibition of 
LH pulsatility induced by the administration of a potent orexigenic 
signal, ghrelin [29]. In women, caloric deprivation sufficient to slow 
LH pulsatility in eumenorrhoeic women dropped circulating glucose 
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and increased circulating cortisol levels, indicating that metabolic 
stress activates the HPA axis [16]. Women with FHA responded to 
a graded exercise challenge with a small drop in circulating glucose 
while eumenorrheic women showed a rise in glucose during exer-
cise [36]. Simultaneously, exercise provoked a larger rise in cortisol 
in amenorrhoeic as compared to eumenorrhoeic women [36]. These 
data indicate that the impact of exercise is state dependent. While ex-
ercise is often performed to reduce psychological stress, at an endo-
crine level, it may amplify the stress cascade and heighten stress 
reactivity. Thus, the management of stress needs to be contextual. 
Psychogenic solutions need to be found for psychosocial dilemmas 
and exercise is not a substitute for good mental hygiene.

Role of Behavioural Variables

Behaviours linked to the development of FHH include exercise 
[40, 47], weight loss [53, 54], affective [17– 19, 54], and eating dis-
orders [44], various personality characteristics [17– 19,  55], drug 
use [54], and a number of external and intrapsychic stresses [17– 
19, 39, 54,  55]. Given individual variation in metabolism, auto-
nomic tone, habitus, aptitudes, and psychological valences, what is 
stressful to one may be more or less so to another. It is likely that any 
given stressor, when the ‘dose’ is large enough, can activate the cen-
tral neural pathways leading to reduced GnRH drive [39]. Typically, 
women with FHA report multiple, seemingly minor, stressors, such 
as a combination of job or school pressures, poor eating habits, 
and relatively increased energy expenditure through activity or ex-
ercise rather than a solitary stressor [17– 19]. Others report over-
eating or ‘emotional eating’ and weight gain as indicators of stress 
but the correlation between overeating and FHH has not been 
well established. Our studies indicated that women with FHA dif-
fered from eumenorrheic women and women with other causes of 
anovulation and amenorrhea psychologically. In particular, women 
with FHA displayed unrealistic expectations and attitudes such as 
perfectionism and high need for social approval that are likely to 
impair coping responses [17– 19]. Although women with FHA do 
not typically meet criteria for an eating disorder, they display atti-
tudes and behaviours similar to women with eating disorders. One 
is a drive for thinness and disordered eating. The bottom line is that 
attitudes and expectations engender a panoply of behaviours, such 
as aberrant food intake and excessive exercise, that independently 
and synergistically activate the HPA axis and elicit a constellation of 
neuroendocrine adaptations including reduced GnRH drive.

To test the hypothesis that changing attitudes would reduce stress 
and restore ovarian function, we randomized women with FHA to cog-
nitive behaviour therapy (CBT) or observation for 20 weeks. CBT con-
sisted of 16 sessions that focused on attitudes rather than behaviours 
and provided general guidance but not explicit requirements about nu-
trition and exercise. The goal of CBT was to improve problem- solving 
strategies and coping mechanisms, to foster realistic expectations of 
self and others, and to help the individual develop strategies for dealing 
with specific and common stressors [23]. Of those randomized initially 
to CBT, 87% recovered ovarian function while only 25% of those ran-
domized to observation recovered ovarian function (Figure 8.3.1.6). 
Recovery of ovarian function was accompanied by decreased noc-
turnal cortisol [24], increased leptin and TSH independent of weight 
gain, and an improvement in attitudes.

Taken together, available data indicate that behaviours or expect-
ations that activate to the HPA axis suppress ovarian and thyroidal 
function. Generally, a mix of multiple, seemingly minor, psycho-
genic, and metabolic stressors appears to be more deleterious to re-
productive function than a solitary stressor.

Treatment considerations

Recovery from FHA is expedited by identifying attitudinal ante-
cedents that fuel stress sensitivity. Society might admire the achieve-
ments made possible by unbridled ambition, but the endocrine 
system rewards moderation. Conflicted aspirations may seem mun-
dane to the clinician, but to the individual facing such decisions, 
having to choose among goals may be perceived as life- defining and 
potentially life- threatening. Certain behaviours, such as exercise 
and dieting, may provide a sense of autonomy and control, but iron-
ically, these behaviours also serve as metabolic challenges that sen-
sitize the endocrine system to ongoing or subsequent psychogenic 
stress and vice versa. Thus, addressing behaviours and attitudes that 
fuel FHA is likely to foster neuroendocrine recovery and resump-
tion of ovulation while institution of dieting and exercise regimens 
are likely to sustain FHA and hypercortisolism.

Long- term health complications of FHH/ FHA include osteopenia/   
osteoporosis and infertility. A  key goal is to restore menstrual 
cycles. Kisspeptin has been investigated as a possible modality [56]. 
Likewise, subcutaneous daily recombinant leptin has been investi-
gated as a treatment option for FHA but its use only restored ovula-
tory function in less than half of the 8 women treated [57]. In contrast, 
CBT not only fostered recovery of ovarian function, but also reduced 
hypercortisolaemia and increased in leptin and TSH [24].

Ovulation induction is often undertaken for women with FHA 
who desire fertility. Unfortunately, use of clomiphene, a selective 
oestrogen receptor modulator, or letrozole, an aromatase inhibitor, 
may not increase FSH sufficiently to foster folliculogenesis to the 
point of ovulation because of increased sensitivity to oestrogen nega-
tive feedback [11]. Indeed, the absence of increased FSH levels in 
women with FHA despite low oestradiol levels indicates increased 
sensitivity to oestrogen negative feedback. Women with FHA rarely 
report hot flashes even in the face of profound hypoestrogenism; 
the presence of hot flashes in a woman with presumed FHH should 
engender a thorough search for an organic aetiology. Other options 
for ovulation induction include exogenous pulsatile administra-
tion of GnRH and exogenous administration of gonadotropins [5] . 
Should ovulation induction be undertaken? Women with FHA who 
are underweight during pregnancy have an increased risk of intra-
uterine growth restriction and preterm delivery [58]. Children born 
to mothers with subclinical hypothyroidism (30% lower maternal 
thyroxine) had a mean full- scale intelligence quotient 7 points lower 
than the control population [59]. Women with FHA display varying 
decrements in thyroxine compared to control populations [8,  44], 
but our data indicated a 25% decrement in women with FHA in the 
absence of low weight [8]. During the first trimester, the mother is 
the sole source of thyroxine for the fetus, and in the second trimester, 
she is the predominant source. Ovulation induction in the presence 
of metabolic mobilization, such as that which accompanies FHA, 
may carry as yet unspecified risks for the child’s neuropsychological 
development [60]. Women with FHA may also display compromised 
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parenting skills. A woman who is stressed to the point of developing 
anovulation is unlikely to cope well with the additional stress of a 
newborn. Thus, ovulation induction in a woman with FHA carries 
risks such as intrauterine growth restriction, preterm delivery, and 
poor neuropsychological development in the offspring. The pre-
ferred course of action would be to foster recovery through behav-
ioural and cognitive alterations that spur neuroendocrine recovery 
including resumption of ovulatory function before resorting to ovu-
lation induction or assisted reproduction. Recognizing that stress 
has profound effects on reproductive physiology provides a lens for 
understanding the social determinants of health [61].

A common rationale for instituting hormone replacement or 
contraceptive therapies is prevention of osteoporosis. While hor-
monal contraception or exogenous hormone replacement is un-
likely to cause harm, it may also provide few benefits [9] . Hormone 
replacement strategies are unlikely to promote bone accretion in 
the face of metabolic imbalance including hypercortisolism. In par-
ticular, excess cortisol reduces osteoblast activity and impairs bone 
formation. Sex steroid therapy will not ameliorate ongoing meta-
bolic compromise. Indeed, women with FHH/ FHA may be cata-
bolic rather than anabolic. When eumetabolic, oestrogens inhibit 
bone resorption but androgens are needed to stimulate bone forma-
tion. Both androgens and oestrogens are low in FHA. Further, cor-
tisol interferes with oestrogen action [62]. Women with anorexia 
nervosa have lower bone mass than women with FHA, but both 
have lower bone mass than age- matched eumenorrhoeic women 
[63]. Women with anorexia nervosa do not build bone in response 
to exogenous sex steroid administration because of concurrent 
nutritional deficits and ongoing metabolic compromise including 
hypercortisolaemia [63]. While sex steroids and bisphosphonates 
primarily retard bone resorption, women with anorexia nervosa, 
and FHA already have reduced bone formation, so it is not clear 
that the use of either will significantly improve bone accretion 
[9]. Further, bisphosphonates get incorporated into the maternal 
skeleton and are mobilized during pregnancy and thus carry the 
additional hazard of being potentially teratogenic. Resumption of 
menses is associated with bone accretion, but bone density remains 
below expected values, indicating that it may not be possible to 
fully recover ‘lost bone’. Delayed menarche in young ballet dan-
cers was associated with higher rates of scoliosis, as well as fracture 
[64]. In one small study of amenorrhoeic athletes, oral contracep-
tive use led to a small gain in bone over placebo, while cyclic pro-
gestin exposure led to greater bone loss than placebo [65].

The characteristic hypothalamic alterations induced by challenge 
only become problematic when challenge elicits a chronic, rather 
than acute, response. The long- term consequences of persistent HPA 
activation have been studied in animal models and hippocampal 
neuronal loss has been documented. The multiple health conse-
quences of chronic stress in humans are impressive [66]. Persistent 
stress in elderly women (manifested as an elevated urinary free cor-
tisol) was associated with cognitive decline across time, while stress 
reduction led to cognitive improvement [67]. Both perceived stress 
and chronicity of stress were significantly associated with advanced 
cellular ageing as evidenced by lower telomerase activity and shorter 
telomere length in healthy premenopausal women [68]. Hormone 

therapy per se is unlikely to be harmful, but more than hormone 
administration is needed. The stress process needs to be dampened.

Although psychopharmacological approaches have not been 
studied in FHA, they should be considered. Benzodiazepines are 
contraindicated during pregnancy, so their use would carry the 
greatest risk were conception to occur during pharmacological 
intervention. Antidepressants may reduce HPA activation, but it is 
not clear that their use will address associated metabolic imbalances 
that would be problematic were conception to occur. Naltrexone 
has been employed with variable success [69]. The optimal treat-
ment is to reduce stress and restore metabolic balance so that the 
hypothalamus recovers and gonadal function resumes. An inte-
gral goal of treatment is to help women identify sources of psycho-
genic and metabolic stress, and to provide emotional support, while 
coping mechanisms other than dieting or exercise are learned. Non- 
pharmacological therapies, such as stress management, relaxation 
training, and psychoeducation empower individuals by fostering 
self- care and competency. In this regard, non- pharmacological ther-
apies have the potential to produce long- term mental and physical 
health benefits extending beyond resumption of ovulatory function.

FHA is theoretically reversible, but few studies have documented 
the course of recovery or the likelihood. Hirvonen found that 72% 
recovered in 6 years [70]. One report showed that 9 of 16 women 
with FHA who underwent ovulation induction and conceived be-
came eumenorrhoeic postpartum [71]. Roughly half of women 
with anorexia nervosa or bulimia have a full recovery [44]. To avoid 
disappointment and unrealistic expectations, patients should be 
counselled that reproductive recovery may not immediately ensue 
following lifestyle alterations.

Summary

The development of FHH/ FHA demonstrates that attitudes, moods, 
and behaviours alter neuroendocrine function. Although a link be-
tween brain states and gonadal function has long been hypothesized, 
only recently have we been able to specify some of the mechanisms 
mediating this relationship. In the psychoneuroendocrinologic con-
text, health depends on achieving psychological harmony through real-
istic expectations of self and others and metabolic harmony through 
balanced diet and energy expenditure. Although reduction in or avoid-
ance of some stresses may be possible, the complete elimination of 
frustrations and demands is in itself unrealistic. Thus, the development 
of awareness and the institution of appropriate coping patterns are in-
strumental to maintaining health, including reproductive health. The 
burden of reducing and managing stress should not fall exclusively to 
the individual, but should also be a societal goal. While the medical 
profession participates in defining and understanding the role of stress 
in disease, it is by no means the only profession or social institution 
with an obligation to ameliorate this health burden.
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Prolactin Biology

Prolactin is a polypeptide hormone, named from its well- known 
effects to promote lactation. It is essential for successful reproduc-
tion in man and mammals, although it is known to have a wide 
variety of non- reproductive effects whose clinical significance re-
mains uncertain. Prolactin is secreted by lactotrophic cells of an-
terior pituitary gland, but many other sites of production have been 
identified, including the endometrium, immune cells including T- 
lymphocytes, and skin [1– 4]. Circulating prolactin is generally as-
sumed to derive mainly from pituitary secretion, and extrapituitary 
production is thought to exert mainly local paracrine effects within 
tissues. The clinical condition of hyperprolactinaemia is almost al-
ways attributable to abnormal pituitary prolactin secretion and ec-
topic neoplastic causes of hyperprolactinaemia are extremely rare.

Lactotrophic cells constitute a large proportion (25– 40%) of the 
endocrine cell types in the pituitary, though their numbers and size 
can vary during and after pregnancy [5] . This indicates a signifi-
cant degree of plasticity in pituitary structure that may be important 
in the susceptibility of the pituitary to the frequent formation of 
microadenomas [6].

Unlike other pituitary hormones, pituitary prolactin secretion 
is under predominantly inhibitory control from the hypothal-
amus, and transection of the pituitary stalk results in sustained 
hyperprolactinaemia. The prolactin inhibitory factor was identified 
as dopamine, secreted by tubero- infundibular neurons, which acts 
on D2 receptors on lactotrophic cells to reduce prolactin synthesis 
and secretion [4, 7]. A series of other hypothalamic hormones may 
act as stimuli to prolactin secretion, including TRH, VIP, galanin, 

and fibroblast growth factor [4] . However the main physiological 
mechanism for pulses of prolactin secretion is thought to be the 
episodic interruption of dopamine inhibition.

The reproductive effects of prolactin are found at all levels of the 
hypothalamo- pituitary- gonadal axis, with effects on the frequency 
of gonadotropin- releasing hormone (GnRH) pulses, inhibition of 
the secretion of gonadotrophins, and suppression of luteolysis [8] . 
These multiple levels of suppression of gonadal function mean that 
the hyperprolactinaemia that normally occurs during breastfeeding 
effectively suppresses fertility [9].

A variety of non- reproductive effects of prolactin have been docu-
mented which are of less clear significance in man. The prolactin 
receptor (PRLR) is found in many peripheral tissues, and studies of 
prolactin and PRLR knockout mice have clearly confirmed not only 
the reproductive effects of prolactin, but also effects on maternal 
behaviour, adipose tissue depots, bone mineralization, and immune 
response [10, 11].

Hyperprolactinaemia

Hyperprolactinaemia, reflecting sustained overproduction from the 
pituitary, is relatively common in the population [12]. The causes 
are listed in Box 8.3.2.1. The commonest cause is the use of drugs 
that have dopamine D2 receptor antagonist activity, including anti-
psychotic agents such as phenothiazines, although some newer agents 
have little effect [13]. Pregnancy and lactation are the commonest 

Box 8.3.2.1 Causes of hyperprolactinaemia

 • Pregnancy and lactation
 • Acute stress
 • Medication

 —  Metoclopramide
 —  Domperidone
 —  Sulpiride
 —  Phenothiazines
 —  Haloperidol
 —  Selective serotonin reuptake inhibitors
 —  Methyldopa

 • Chest wall and nipple stimulation
 —  Herpes zoster
 —  Burns
 —  Nipple stimulation, piercings

 • Pituitary- hypothalamic disease
 —  Non- tumoural (idiopathic) hyperprolactinaemia
 —  Prolactinoma— microprolactinoma, macroprolactinoma
 —  Disconnection hyperprolactinaemia

•	 Hypothalamic tumour
•	 Granuloma
•	 Craniopharyngioma
•	 Meningioma
•	 Trauma

 —  Acromegaly: mixed mammosomatotroph adenoma
 • Associated endocrine conditions

 —  Hypothyroidism
 —  Polycystic ovary syndrome

 • Miscellaneous conditions

 —  Renal failure
 —  Cirrhosis
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physiological causes, and short- term acute stress, such as the anxiety 
provoked by blood sampling, is also a frequent cause of transient 
rises in serum prolactin that may be misinterpreted in clinical prac-
tice and necessitate a second confirmatory blood sample.

Pathological pituitary causes of hyperprolactinaemia may re-
flect a functioning pituitary prolactinoma, a prolactin- secreting 
microadenoma or macroadenoma, but in many cases no adenoma 
is detectable on scanning, in which case the condition is termed 
idiopathic or non- tumoural hyperprolactinaemia. Anatomical dis-
turbance in the suprasellar region may cause effective functional dis-
connection of the anterior pituitary gland from the inhibitory effects 
of dopamine: the resulting ‘stalk disconnection’ hyperprolactinaemia 
may lead to diagnostic confusion between functioning prolactinomas 
and non- functioning pituitary adenomas or other non- pituitary le-
sions, which usually require different management.

Prolactin hypersecretion can coexist with various conditions. 
Prolactin is frequently cosecreted with growth hormone by mammo-
somatotroph cells, and mixed GH- prolactin- secreting tumours can 
present clinically as either acromegaly or hyperprolactinaemia. 
Thus the evaluation of hyperprolactinaemic patients should con-
sider the possibility of acromegaly. Hyperprolactinaemia com-
plicates the presentation of polycystic ovarian syndrome in up to 
30% of patients [14], though the mechanism and nature of the as-
sociation remain uncertain. Other miscellaneous recognized causes 
of hyperprolactinaemia include hypothyroidism, nipple, or chest 
wall stimulation (including herpes zoster, burns, nipple piercings), 
chronic renal failure, and cirrhosis.

Presentation

The typical clinical features that suggest hyperprolactinaemia are 
those of galactorrhoea and oligo- / amenorrhoea. Galactorrhoea is 
frequent though not universal, and may be unilateral or bilateral, 
and is explained by the direct effects of prolactin in the breast, to 
promote milk protein synthesis, and ductal epithelial cell prolifer-
ation. Oligomenorrhoea is due to suppression of the hypothalamic– 
pituitary– ovarian axis, though some women may develop irregular 
anovulatory menstrual bleeding. Prolonged hypogonadism due to 
hyperprolactinaemia may lead to osteopaenia [15].

Weight gain has been reported in hyperprolactinaemic women 
[16], which improves with dopamine agonist treatment, but whose 
mechanism is still not well understood. Insulin resistance has also 
been described in hyperprolactinaemic women [17].

Although prolactin receptors are widespread and prolactin has 
been described to have a series of effects on immune tissues, there 
appear to be no clinically significant abnormalities in immune func-
tion or autoimmune disease in patients with hyperprolactinaemia, 
although prolactin deficiency in severe hypopituitarism may have 
adverse effects [18, 19].

Investigation

Prolactin Measurement

Serum prolactin levels are readily measured by most clinical bio-
chemistry laboratories, and most immunoassays generate results 
that are expressed in terms of a WHO international standard that 

comprises 23kD monomeric prolactin, and expressed in mU/ L 
or ng/ ml [20]. Prolactin levels should be measured on more than 
one occasion, and persistent unexplained hyperprolactinaemia 
requires evaluation. It should be remembered that pregnancy is a 
well- known physiological cause of hyperprolactinaemia, and the 
possibility should be considered before embarking on further inves-
tigation of a woman with amenorrhoea and hyperprolactinaemia.

Serum prolactin levels rise at night during sleep, but this is rarely 
a problem in routine clinical practice, and blood samples therefore 
do not need to be timed. The reference range for serum prolactin 
varies slightly according to age and gender, with slightly higher 
levels seen in premenopausal women. Dopamine antagonist drugs 
can markedly raise prolactin levels to several times the upper limit 
of the normal range, and in patients on prolactin- raising medica-
tion a judgement needs to be made as to whether further investiga-
tion is necessary or not.

In patients with pituitary adenomas the degree of prolactin 
elevation is generally roughly proportional to the size of the ad-
enoma, with microprolactinomas (<10  mm tumour diameter) 
usually associated with prolactin levels below 8000  mU/ L, and 
macroprolactinomas usually giving levels above 10  000mU/ L. 
Patients with large pituitary adenomas and only slight prolactin ele-
vation may have non- functioning pituitary tumours causing stalk 
disconnection hyperprolactinaemia.

Pitfalls in Prolactin Assays: Hook Effect 
and Macroprolactinaemia

Some prolactin assays are susceptible to a ‘high dose hook effect’, 
whereby extreme elevation of prolactin in the sample saturates both 
the capture and the detection antibodies in an immunometric sand-
wich assay resulting in gross under- reading of the sample concentra-
tion. If such an effect is suspected in a patient with clinical features of 
a large macroprolactinoma but only marginal hyperprolactinaemia, 
the blood sample should be re- analysed after dilution to overcome 
this hook effect.

The other important issue affecting serum prolactin assays is 
the frequent occurrence of macroprolactinaemia, in up to 10% of 
the population. Prolactin normally circulates as monomeric pro-
tein, but it is also found in a dimeric form and in high molecular 
weight complexes (>100kD), formed of prolactin- immunoglobulin 
complexes (‘big- big prolactin’, or ‘macroprolactin’) [21]. Some pa-
tient samples contain large amounts of macroprolactin, a condition 
termed macroprolactinaemia, though the complexes are thought to 
have limited bioactivity. Macroprolactinaemia is found in a propor-
tion of patients with hyperprolactinaemia, so its presence cannot be 
taken to exclude genuine pituitary disease. On the other hand, the 
incidental finding of artefactually raised prolactin in a patient with 
no features of pituitary disease can lead to fruitless or misleading 
investigation, and therefore most laboratories now screen for the 
presence of macroprolactin complexes using polyethylene glycol 
precipitation [20].

other Biochemical Investigation

Patients with genuine unexplained and persistent hyper-
prolactinaemia should be considered for investigation of pituitary 
function, including assessment of the pituitary gonadal axis (serum 
oestradiol, LH, and FSH measurement, and assessment of ovula-
tion). Thyroid function should be tested as hyperprolactinaemia 
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can be a feature of hypothyroidism. The possibility of acromegaly 
should be considered, with assessment of GH and IGF- 1 levels. 
Polycystic ovary syndrome should also be considered, and bio-
chemical evaluation could include measurement of androgen levels. 
In patients with pituitary disease the adequacy of pituitary- adrenal 
function should be tested, by measurement of 9am plasma cortisol 
or a short tetracosactrin test (see Box 8.3.2.2).

Pituitary Imaging and other Tests

Persistent hyperprolactinaemia may be due to pituitary or hypo-
thalamic mass lesions, as outlined previously, and these should be 
evaluated by pituitary imaging (see online Figure 8.3.2.1). The main 
purpose of imaging is to exclude a large mass lesion that threatens 
adjacent structures:  small pituitary microadenomas are common 
incidental findings in the normal population, and they may require 
no action at all. In most centres MR scanning is the investigation 
of choice. CT scanning is a good alternative but often less satisfac-
tory for imaging of adjacent structures such as the optic chiasm and 
cavernous sinus. Although some patients find the machines less 
claustrophobic than MR scanners, CT involves a significant X- ray 
dose, and repeated scanning of the orbits should be avoided to min-
imize risk of cataract. In patients where a pituitary or hypothalamic 
mass lesion is detected, visual fields should be assessed formally by 
manual or computerized perimetry.

Treatment

Microprolactinomas and Non- Tumoural 
Hyperprolactinaemia

Patients with hyperprolactinaemia may require treatment for 
various reasons, including restoration of ovulatory function, main-
tenance of adequate oestrogenization, suppression of galactorrhoea, 
or reduction in size of a mass lesion. Some patients may not require 
treatment at all, for example patients who have no significant mass 
lesion and no galactorrhoea, and with adequate oestrogen status. 
The main current treatment option is dopamine agonist therapy, and 
this will be considered first, followed by the other available options. 
Treatment is mainly directed at the hormonal disturbance, and pa-
tients with small pituitary microprolactinomas are often treated in 
the same way as patients with non- tumoural hyperprolactinaemia. 

The issues for patients with macroprolactinomas are slightly dif-
ferent, and these will be considered separately.

Dopamine Agonists

Pituitary prolactin synthesis and secretion are suppressed by dopa-
mine, and ergot- derived dopamine D2 receptor agonists have be-
come the standard treatment for hyperprolactinaemia since their 
introduction in the 1970s [22, 23]. The drugs in current use are all 
orally active and include bromocriptine, the first drug of this class 
to be used, and cabergoline; quinagolide is a non- ergot dopamine 
agonist, with similar effects at the D2 receptor, but slightly dif-
ferent side effects. A series of other ergoline derivatives have been 
used including pergolide and lisuride, but are not in routine use 
at present. Bromocriptine and quinagolide are usually given daily, 
whereas cabergoline is given once or twice weekly.

Prolactin levels fall rapidly, within hours of first administration, 
and the effect of treatment can be judged biochemically within days 
or weeks. Prolactin levels typically normalize within 12– 24 months 
of dopamine agonist therapy in up to 95% of patients with 
microprolactinoma, whereas restoration of normal ovulatory func-
tion occurs in approximately 82% of females; recovery of gonadal 
function is less common in male patients [23,  24]. Resistance to 
dopamine agonists is uncommon, and treatment is more often con-
strained by side effects, which are outlined next. Thus women with 
anovulatory infertility due to hyperprolactinaemia can rapidly and 
effectively be rendered fertile with simple oral treatment, and ovu-
lation may occur before the resumption of a first period after long 
spells or amenorrhoea. Patients should therefore be warned to take 
contraceptive precautions if pregnancy is not sought immediately.

Cabergoline is usually recommended as the drug of choice in 
hyperprolactinaemia because of its higher efficacy in normalizing 
prolactin levels, as well as a higher frequency of pituitary tumour 
shrinkage [25]. The greater efficacy of cabergoline may be explained 
by the higher affinity for dopamine receptor binding sites as well as 
potentially superior drug compliance, owing to lower incidence of 
unpleasant side effects compared to bromocriptine [25]. Although 
no clinical trials have directly compared the mass- reducing effects 
of different dopamine agonists, collective evidence suggests that 
bromocriptine decreases pituitary tumour size by approximately 
50% in two- thirds of patients, compared with a 90% decrease with 
cabergoline [25].

All dopamine agonist drugs have potential side effects of nausea, 
postural hypotension, headache, and nasal stuffiness, but these are 
more pronounced with bromocriptine and these side effects are rela-
tively unusual with quinagolide and cabergoline. Patients should be 
warned about the risk of developing mood disturbances or impulse 
control disorders such as pathological gambling, hypersexuality, 
and/ or uncontrollable spending which have previously been re-
ported in patients taking dopamine agonists. Psychotic depression 
is occasionally seen with all of these drugs, which should be avoided 
in patients with a psychotic predisposition.

Cabergoline and pergolide are used in higher doses in the 
treatment of Parkinson’s disease, and high cumulative doses 
of ergot- derived drugs have been found to be associated with 
the development of a fibrotic cardiac valvulopathy in these pa-
tients, possibly due to their action at the 5- HT2B serotonin 
receptor [26]. The doses used for hyperprolactinaemia are gen-
erally 5– 10 times lower than in Parkinson’s disease, but caution 

Box 8.3.2.2 Investigation of hyperprolactinaemia

 • Exclusion of pregnancy, review of medication
 • Biochemical testing
 —  Serum prolactin (two occasions)
 • Screen for macroprolactinaemia if appropriate

 —  Thyroid function testing
 —  Pituitary function testing

 • Gonadal function: oestradiol, LH, FSH
 • Screening for acromegaly: GH levels, IGF- 1
 • Adrenal function: 9.00 a.m. cortisol, stimulation testing if 

appropriate
 —  Screening for polycystic ovary syndrome if appropriate  

(serum androgens)
 • Visual field testing
 • Pituitary imaging: MR or CT scanning
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and echocardiographic monitoring have been advised for pitu-
itary patients, although almost all studies so far reported have 
shown no excess of valvulopathy in pituitary patients treated 
with low cumulative doses [27, 28]. This caution does not apply 
to quinagolide, as a non- ergot derivative.

Oestrogen Replacement

In patients in whom galactorrhoea and tumour bulk are not 
a problem, and the only issue is oestrogen deficiency due to 
anovulation, it may be possible to avoid the use dopamine agonists 
by simply replacing oestrogen. This should be considered in pre-
menopausal anovulatory women to avoid symptoms of oestrogen 
deficiency and bone mineral loss, if dopamine agonists are not 
considered necessary or cause excessive side effects. The effect of 
oral oestrogen therapy on the growth of microadenomas has not 
been examined in a randomized controlled fashion. However, pa-
tients treated with oral contraceptives and oestrogen/ progesterone 
replacement for 2 years have not shown an increase in tumour size 
[29, 30].

Ovulation Induction Without PRL Suppression

In most patients dopamine agonists are highly effective in restoring 
normal ovulatory function and fertility. However, some patients 
prove to be genuinely resistant to high doses of dopamine agon-
ists, or have intolerable side effects, and for these women it may 
be necessary to use exogenous gonadotrophin therapy to induce 
ovulation.

Observation Alone

In postmenopausal patients, oestrogen replacement therapy can 
be considered if necessary for control of symptoms and for main-
tenance of bone mineral density. As for premenopausal women, 
pituitary size and serum prolactin levels should be monitored, as pi-
tuitary adenoma growth may otherwise progress without symptoms.

In both pre and postmenopausal patients it may be possible 
to withhold any treatment. Thus, if cyclical ovarian function and 
endogenous oestrogen levels are preserved despite moderate 
hyperprolactinaemia, or in an asymptomatic postmenopausal 
woman, there may be no indication for any treatment at all. In such 
cases, annual checks of serum prolactin level should be continued, 
and pituitary MR scanning should be carried out if prolactin levels 
progressively rise.

Surgery and Radiotherapy

Surgery is rarely indicated for microprolactinomas, and success 
rates have been disappointingly low even in highly specialist centres 
[31]. This does however depend on the surgical expertise available, 
and selective microadenomectomy may be worth considering in 
patients who are resistant to or develop troublesome side effects 
on dopamine agonist treatment. Radiotherapy is almost never 
indicated— most of these patients have otherwise normal pituitary 
function, and stand to develop hypopituitarism as a long- term con-
sequence of pituitary irradiation.

Long- Term Follow- Up

Patients with microadenomas or idiopathic hyperprolactinaemia 
who achieve normal serum prolactin concentrations on dopamine 
agonist therapy should continue the treatment for at least one year. 

After that, an attempt to reduce the dose of dopamine agonist can 
be made, ensuring prolactin remains within normal range. If the 
prolactin levels continue to remain normal for two or more years 
and no adenoma is seen on magnetic resonance imaging, discon-
tinuation of the drug can be considered.

If the drug is discontinued, prolactin should be measured initially 
every three months and annually thereafter. The risk of recurrence 
of hyperprolactinaemia appears to be highest in the first 12 months 
after cessation of the therapy, and ranges from 26% to 69% [32, 33]. 
In the event of recurrence of hyperprolactinaemia, a magnetic res-
onance imaging of the pituitary should be performed and dopamine 
agonist therapy resumed at the dose which previously resulted in 
normoprolactinaemia and shrinkage of the pituitary lesion.

Macroprolactinomas

Pituitary prolactinomas larger than 10 mm in diameter may present 
not only with anovulation, but also with mass effects of headache 
and visual field loss due to optic nerve compression, and with fea-
tures of hypopituitarism. Most of these patients can be successfully 
treated with dopamine agonists, but there are some specific issues to 
be considered. In such patients the diagnosis should be reviewed at 
the start of treatment, as it includes not only prolactinoma, but also 
acromegaly, and non- functioning adenoma.

Dopamine Agonists

Dopaminergic drugs have proved highly effective even with very 
large prolactinomas, and both reduce prolactin levels and shrink 
adenomas in 85– 90% of cases [22]. Tumour shrinkage is gener-
ally rapid, and is usually sufficient to remove pressure on the optic 
chiasm and allow recovery visual field loss within days. Most tu-
mour shrinkage occurs within the first few weeks of therapy, but 
it may continue for months or even years. The mechanism is not 
fully understood but is likely to involve apoptosis of tumorous 
lactotroph cells.

Prolactin levels should be measured regularly, and dopamine 
agonist dose increased, as necessary, until normoprolactinaemia is 
achieved.

A magnetic resonance imaging should be repeated in 6 to 
12 months after commencing the therapy to determine if the size of 
the adenoma has decreased.

A small number of patients will demonstrate resistance to 
dopamine agonists, defined as either failure to achieve normo-
prolactinaemia on maximum tolerated dose

and/ or absence of tumour shrinkage by at least 50%. Most pa-
tients will achieve normal prolactin level with 0.25– 3  mg of 
cabergoline weekly. Treatment- resistant patients are often managed 
with much higher doses of cabergoline, which carries a higher risk 
of cardiac valvular abnormalities, as previously observed in patients 
with Parkinson’s disease taking at least 3 mg of cabergoline daily. 
Interval echocardiography might be required in this group of pa-
tients to assess for the development of valvular abnormalities.

Surgery and Radiotherapy

Surgery is rarely used even for large prolactinomas, because the ma-
jority respond so well to dopamine agonist drugs, and because it is 
extremely difficult to achieve a long- term cure with larger tumours 
with extrasellar extension of tumour tissue. However, it may have 
a role in debulking large tumours that have failed to show useful 
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shrinkage with drug therapy, in order to decompress and protect 
the optic chiasm.

Radiotherapy is rarely used alone, and has long- term adverse 
effects of hypopituitarism and increased risk of cerebrovascular 
disease, and risk- benefit analysis needs to be undertaken for in-
dividual patients. It does have a role in selected patients with 
macroprolactinoma to reduce the risk of tumour regrowth after 
debulking surgery, although hyperprolactinaemia tends to persist 
for many years, possibly due to radiation damage to hypothalamic 
dopaminergic neurons.

Even large tumours may shrink to disappearance, as judged by 
MR scanning, and long- term remission is seen in up to 50– 60% of 
cases, which should prompt trial withdrawal of dopamine agonists 
in most patients who achieve sustained tumour shrinkage. However, 
in these patients, cautious follow- up with interval MR scanning is 
mandatory, as these tumours have displayed their potential for sub-
stantial growth.

Patients with hyperprolactinaemia and pituitary macro-
adenomas may have either large prolactinomas or non- 
functioning macroadenomas that are causing stalk disconnection 
hyperprolactinaemia. In general, prolactin levels exceed 10 000 mU/ 
L (500 ng/ ml) in most patients with macroadenomas composed of 
lactotrophic cells, whereas non- functioning tumours cause dis-
connection hyperprolactinaemia that rarely exceeds 5000  mU/ L 
(20 ng/ ml) [22]. The response to dopamine agonists may be useful 
in discriminating the true diagnosis before resorting to pituitary 
surgery. Although serum prolactin levels are suppressed by dopa-
mine agonist therapy regardless of the nature of the tumour, sub-
stantial shrinkage of a macroadenoma suggests that it is in fact a 
prolactinoma, whereas non- functioning adenomas usually show 
little or no change in size.

Withdrawal of Treatment

In the case of a stable clinical picture, normoprolactinaemia and 
marked decrease in the size of macroadenoma, the dopamine 
agonist therapy can be decreased gradually to lowest dose necessary 
to maintain normal prolactin levels.

Discontinuation can be considered in those patients whose serum 
prolactin concentrations have been normal for more than two years, 
and whose adenoma can no longer be visualized by MRI [25, 34]. If 
the drug is discontinued, prolactin concentration and the size of the 
adenoma by MRI must be monitored.

Management of Pregnancy

In anovulatory hyperprolactinaemic patients, an important ob-
jective of therapy is the resumption of ovulatory cycles and preg-
nancy. However, oestrogen is a potential stimulus to pituitary 
lactotroph proliferation, and the very high oestrogen levels seen 
during normal pregnancy can result in clinically significant en-
largement of a prolactinoma. Pregnancy is associated with signifi-
cant pituitary enlargement in normal subjects, attributed mainly to 
proliferation of lactotroph cells, but in patients with prolactinoma 
there is a risk of substantial increase in tumour volume, sufficient to 
threaten the optic nerve.

In most patients, pregnancy is achieved by treatment of 
hyperprolactinaemia with dopamine agonists. Bromocriptine has 

been used for this purpose for over 30 years, and the accumulated 
evidence suggests that is it safe to use in pregnancy [35]. Similarly, 
cabergoline use in this setting does not appear to be associated 
with excess risk of miscarriage or congenital malformation [36]. 
However, it is probably advisable to limit exposure of any of these 
agents as far as possible, and all dopamine agonists of course would 
impair or prevent lactation and breastfeeding postpartum. In gen-
eral, therefore, it is prudent to stop dopamine agonist agents as soon 
as pregnancy is confirmed, but patients should be warned of the 
small risk of adenoma enlargement once the restraint of dopamin-
ergic treatment has been removed.

The actual risk of clinically important pituitary enlargement has 
been addressed by important meta- analyses and guidelines that 
help advise patients about pregnancy management [37, 38]. Women 
with microprolactinomas have a low risk (1– 2%) of tumour enlarge-
ment during pregnancy, and dopamine agonists should be stopped 
when pregnancy is confirmed. Patients should be warned to report 
symptoms of pituitary expansion, including headache or visual im-
pairment. Prolactin measurements can be made during pregnancy, 
but are highly variable between individuals and of limited value 
in guiding management. Women with macroprolactinomas have 
a higher risk of clinically significant or symptomatic tumour en-
largement, approximately 20– 30%. These patients can therefore be 
offered a choice of continuation of dopamine agonists throughout 
pregnancy, or stopping the drug with close monitoring of symptoms 
and visual fields until delivery. If a patient develops severe head-
aches and/ or visual field abnormalities, a pituitary MR scan can be 
performed to evaluate the tumour mass, and if there is a significant 
threat to the optic chiasm, a dopamine agonist can be restarted or 
pituitary surgery considered. Prolactinoma debulking before preg-
nancy may reduce the risk, but carries its own risks and is probably 
not justifiable for these patients.

Women whose micro-  or macroadenoma remained stable during 
pregnancy should not be discouraged from breastfeeding, and re- 
initiation of dopamine agonist can be delayed until breastfeeding is 
complete. However, women who experienced symptoms and signs 
in keeping with enlargement of lactotroph adenoma during or after 
pregnancy should not breastfeed and dopamine agonist therapy 
should promptly be initiated. A substantial (40– 60%) proportion of 
women display features of disease remission after pregnancy obvi-
ating the need for treatment with dopamine agonist [39, 40].
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Introduction

Premenstrual disorders (PMD) are psychoneuroendocrine dis-
orders which affect millions of women and their families all over the 
world. These disorders are characterized by cyclical recurrence of 
psychological, physical, and/ or behavioural symptoms experienced 
in the luteal phase of the menstrual cycle and relieved soon after the 
onset of menstruation. They have a negative effect on the personal, 
social, and occupational lives of affected women leading to a re-
duced quality of life during their reproductive years. Premenstrual 
syndrome (PMS) affects 30– 40% of women worldwide and 3– 8% 
experience a severe form of PMS called premenstrual dysphoric 
disorder (PMDD).

The absence of objective tests and poor reliability relating to 
retrospective symptoms complicate diagnosis and efficient treat-
ment. Until the recent publication of the International Society for 
Premenstrual Disorders (ISPMD) classification, there was a lack 
of consensus internationally among authoritative bodies regarding 
the classification, diagnosis, and management of these disorders 
[1] . The ISPMD classification now enables diagnostic accuracy and 
guides management of PMD. This chapter will review the classifi-
cation, aetiology, symptoms, diagnosis, and management options 
recommended for treating PMD (PMS and PMDD).

Prevalence and Morbidity

The difference in PMD classification and symptom interpret-
ation, prior to the ISPMD consensus, resulted in several studies 
providing a wide estimate of the prevalence of PMD [2] . The 
extent of impact of PMD is under- recognized by both the med-
ical and non- medical community. It is considered that as many 
as 80– 89% of women suffer from physiological premenstrual 
symptoms. Approximately 40% suffer from PMS and 3– 8% have 
extreme symptoms with a diagnosis of PMDD. Symptoms occur 
during reproductive life and are absent before menarche, during 
pregnancy, and post-menopause. PMD are experienced cyclically 
over most ovulatory cycles and spontaneous remission is rare. 
Withdrawal of effective treatment usually results in symptom re-
surgence after a few cycles.

Women with PMDD are estimated to be incapacitated for 
3.8  years of their reproductive life [3] . Morbidity results from 
the symptom severity experienced, including cyclical symptom 
recurrence, symptom duration, and the interference caused re-
lating to daily functioning and productivity. This includes inter-
personal relationships, work, and social life. PMDD is a chronic 
medical condition with an economic impact relating to loss of 
work productivity, which exceeds the medical costs involved in 
management [4].

classification of PMD

Although PMD are widely prevalent and have a major impact 
on millions of women worldwide, until recently there was no 
international agreement among authoritative bodies on their 
classification. The ISPMD classification of PMD was formulated 
based on existing systems in use for defining and categorizing 
the disorders. This included the World Health Organization’s 
International Classification of Diseases (ICD) 10th edition, the 
American College of Obstetricians and Gynecologists (ACOG) 
definitions, the Royal College of Obstetricians and Gynaecologists 
(RCOG) definition and the American Psychiatric Association’s 
Diagnostic and Statistical Manual of Mental Disorders, fourth 
edition (DSM- IV) criteria. According to the ISPMD, PMD can 
be classified into Core and Variant PMD based on strict clinical 
diagnostic criteria [1] .

core Premenstrual Disorders

The key characteristic is the timing of the symptom occurrence. It 
must involve all or part of the two premenstrual weeks and must 
resolve during or shortly after menstruation with a clear symptom 
free interval before ovulation. Although there is no need to establish 
ovulation for diagnosing core PMD, the elimination of ovulation 
results in a reduction or absence of symptoms. See Figure 8.3.3.1 
and Box 8.3.3.1.

Core PMD were defined as PMS and PMDD. A distinction can 
be made between the definitions of PMD suggested by authoritative 
bodies to determine the ones which meet core PMD criteria and 
those which do not. See Table 8.3.3.1.

Variant Premenstrual Disorders

Symptoms in this group do not meet the criteria for core PMD. 
They are further classified into four types:

Premenstrual Exacerbation

There is increased severity of symptoms of an underlying medical or 
psychiatric disorder in the luteal phase of the menstrual cycle. For 
example, diabetes, asthma, depression, migraine, etc. may exhibit 
premenstrual exacerbation. Symptoms reduce following menstru-
ation, but are not absent. See Figure 8.3.3.2.

Non- Ovulatory Premenstrual Disorders

Unspecified non- ovulatory ovarian activity is incriminated in 
causing symptoms in a small proportion of women. This area is 
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Figure 8.3.3.1 Core premenstrual disorder.
Adapted with permission from Management of premenstrual syndrome. BJOG 2016; 
DOI: 10.1111/ 1471- 0528.14260. Copyright © 2016 Royal College of Obstetricians 
and Gynaecologists.
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poorly understood due to lack of robust evidence. Follicular activity 
in the ovary is hypothesized in symptom causation.

Progestogen- Induced Premenstrual Disorders

Symptoms are iatrogenic and arise due to use of exogenous proges-
togens such as cyclical hormone replacement therapy or combined 
oral contraception. Continuous administration of progestogens 
such as progestogen only contraception including a levonorgestrel 
intrauterine system (LNG- IUS) can cause PMD like side effects in 
women sensitive to progestogens but these would not be classified 
as core or variant PMD as there is no cyclicity. See Figure 8.3.3.3.

Premenstrual Disorders Without Menstruation

Symptoms are reported in some women who have medical or sur-
gical amenorrhoea secondary to procedures such as hysterectomy 
with conservation of ovaries, endometrial ablation, or when using the 
LNG- IUS. These are due to an intact ovarian cycle. See Figure 8.3.3.4.

Symptoms

There are more than 200 reported symptoms. These encompass 
emotional, physical, behavioural, and cognitive domains (see 
Table 8.3.3.2). Probably, 80– 95% of women experience some de-
gree of premenstrual symptoms as a result of ovulation. These 
are called moliminal symptoms. The minimal severity of these 
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Figure 8.3.3.2 Premenstrual exacerbation.
Adapted with permission from Management of premenstrual syndrome. BJOG 2016; 
DOI: 10.1111/ 1471- 0528.14260. Copyright © 2016 Royal College of Obstetricians 
and Gynaecologists.

Table 8.3.3.1 Distinction between PMD definitions

PMS PMDD

The negative impact of symptoms 
on daily functioning and severity 
of distress differentiates PMS 
from physiological premenstrual 
symptoms.

Definitions which meet criteria for 
core PMD

RCOG
ACOG

Definitions which do not meet core 
PMD criteria

ICD- 10

The diagnosis of PMDD is focused 
on psychological symptoms and lays 
emphasis on the number, character, 
and severity of symptoms.

Definitions which meet criteria for 
core PMD

DSM- 5

Table 8.3.3.2 Characteristic symptoms of PMD

Physical Emotional Behavioural/ 
Cognitive

Breast tenderness or pain
Abdominal swelling or 
bloating
Headaches
Acne
Fatigue
Weight gain
Swelling of extremities
Musculoskeletal pains or 
arthralgia

Mood swings
Irritability
Anger
Loss of control
Lack of interest in usual 
activities
Loneliness
Anxiety
Depression
Hopelessness
Suicidal ideation or 
attempts

Change in appetite 
and food cravings
Sleep disturbances
Restlessness
Social withdrawal
Poor concentration
Confusion

Box 8.3.3.1 Characteristics of symptoms in core PMD

 1 Occur in ovulatory cycles
 2 The type and number of symptoms are not specified— they may be 

somatic and/ or psychological
 3 Absent after menstruation and before ovulation (symptom free week 

in follicular phase)
 4 Must recur in luteal phase
 5 Must be prospectively rated for a minimum of two cycles
 6 Must cause significant impairment to normal daily functioning, 

interfere with work, school, or interpersonal relationships or cause 
significant distress
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Figure 8.3.3.3 Progesterone- induced premenstrual disorder.
Adapted with permission from Management of premenstrual syndrome. BJOG 2016; 
DOI: 10.1111/ 1471- 0528.14260. Copyright © 2016 Royal College of Obstetricians 
and Gynaecologists.
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Figure 8.3.3.4 Premenstrual disorder with absent menstruation.
Adapted with permission from Management of premenstrual syndrome. BJOG 2016; 
DOI: 10.1111/ 1471- 0528.14260. Copyright © 2016 Royal College of Obstetricians 
and Gynaecologists.
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symptoms differentiates them from PMS, as they do not inter-
fere with daily functioning of the individual. When symptoms 
are very severe, women might fulfil the criteria for premenstrual 
dysphoric disorder (PMDD). Often symptoms are similar to those 
experienced in other medical or psychiatric conditions. Their pre-
menstrual timing and cyclical recurrence help differentiate PMD 
from other conditions. Complexity in diagnosis often arises when 
there is premenstrual exacerbation of an underlying medical or 
psychiatric condition, and one should be cautious when ruling 
out PMD in women suffering from chronic medical or psychiatric 
conditions.

Measurement of Symptoms

The ISPMD recommends two months of prospective rating of 
daily symptoms to enable accurate diagnosis. Studies have found 
retrospective recall of symptoms to be unreliable and bias in re-
porting can be due to the phenomenon of ‘menstrual magnifica-
tion’ where any symptom exacerbated premenstrually is attributed 
to PMDs [5] .

A variety of methods to quantify premenstrual symptoms is 
available with none universally preferable. Paper based methods 
include Calendar of Premenstrual Experiences, the Premenstrual 
Assessment Form, the Prospective Record of the Impact and 
Severity of Menstruation, Daily Record of Severity of Problems 
charts (DRSP) [6– 9]. DRSP (Figure 8.3.3.5) is recommended by the 
RCOG as reliable and easy to use, but they are also noted to delay 
diagnosis and are reported to be inconvenient when completing and 
analysing symptoms hence are rarely used by clinicians [10]. Some 
clinicians use the premenstrual symptoms screening tool (PSST) 
to avoid unnecessary data collection when the diagnosis of PMS 
is unlikely [11]. Electronic methods of symptom quantification ac-
ceptable to women are being explored to overcome the limitations 
of using paper charts to aid diagnosis. One of the earlier methods 
was the Menstrual Symptometrics Device which quantified men-
strual blood loss and premenstrual symptoms [12]. The Carolina 
Premenstrual Assessment Scoring System is a more recent com-
puterized system developed to provide an electronic diagnosis of 
PMD [13,  14]. The latest advance in this area include an easy to 
use, commercially available mobile phone app, PreMentricS, which 
is currently being validated for use as a clinicians’ aid to diagnosis 
(Figure 8.3.3.6).

Diagnosis

Establishing a diagnosis of PMD is complex as there are no ob-
jective tests available for this purpose. Clinical review should in-
clude a detailed review of medical, psychological, and psychiatric 
history, life stressors, substance abuse, and domestic violence. As a 
diagnosis of PMD is one of exclusion, physical examination is re-
commended including a breast and pelvic examination as dictated 
by the symptoms. Prospective symptom recording for 2  months 
prior to making a diagnosis is recommended [1, 10]. The benefits of 
prospective symptom charting include facilitation of diagnosis, pro-
viding a sense of symptom control for women by enabling a visual-
ization of change in symptoms based on lifestyle modifications. and 

treatment tailoring. An accurate diagnosis supports the use of the 
most effective management strategies for PMD.

Differential Diagnosis

Due to the range of symptoms experienced, a number of medical, 
psychiatric, and psychological conditions can mimic PMD and vice 
versa (see Table 8.3.3.3).

Many of the aforementioned conditions exhibit premenstrual 
exacerbation of symptoms which can often complicate diagnosis 
and lead to ineffective treatments (see Table 8.3.3.4). Diligence in 
diagnosing and treating these conditions is essential for optimal 
symptom management.

Risk Factors and comorbidity

Studies on twins have established a clear genetic influence in 
PMD [15]. Black women are noted to experience significantly less 
PMS and PMDD symptoms compared to Caucasian women [16]. 
Lifestyle risk factors for PMD include higher perceived stress levels, 
cigarette smoking, raised body mass index, earlier age of menarche, 
and greater alcohol or caffeine consumption. Recent evidence sug-
gests that antiepileptic medication affects premenstrual symptoms 
experienced by women with epilepsy [17]. Studies have found an 
association between PMD and developing hypertension later in 
life [18].

Mood and anxiety disorders peak in the reproductive age 
group in women and are highly likely to be comorbidities with 
PMD [19]. Major depressive disorders are the most prevalent 
psychiatric disorder in women with PMD [20]. The relationship 
between bipolar disorder and PMD is less clear. Women with 
PMD have higher rates of obsessive- compulsive disorders and a 
quarter of women with PMD are affected by panic and anxiety dis-
orders. Premenstrual exacerbation of schizophrenia has also been 
reported [21].

Pathophysiology

The definitive cause of PMD is unknown. There is no evidence to 
back hormonal imbalance as the cause. As there are no recorded 
differences in the hormonal levels, including thyroid stimulating 
hormone, oestrogen, progesterone, gonadotrophins, and adreno-
corticotropic hormones, in women with PMD, and those without, 
there are no laboratory investigations to help diagnosis.

PMS appears to be triggered by ovulation as it is absent in an-
ovulatory cycles. Progesterone released by the corpus luteum is im-
plicated in symptom causation. It is hypothesized that the degree 
of sensitivity in the central nervous system (CNS) to the effects of 
hormones (especially progesterone) influences the severity of pre-
menstrual symptoms experienced. A study where exogenous pro-
gestogen caused recurrence of symptoms in women with severe 
PMD post hysterectomy and bilateral salpingo- oophorectomy dem-
onstrated the sensitivity of those women to the effects of proges-
togen. Women with PMD do not have the characteristic biological 
markers seen in depression [22]. They respond to antidepressant 
medication within days, while in women with depression and anx-
iety disorders, may require weeks of treatment before symptom 
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response. Several neurotransmitters have been implicated in the 
causation of progesterone hypersensitivity including GABA, sero-
tonin, allopregnanolone, dopamine, endorphins, acetylcholine, 
cholecystokinin, and norepinephrine.

Serotonin

Serotonin has systemic hormone like effects influencing mood, be-
haviour, sexual function, appetite, and the immune system. Low 

serotonin levels cause panic, anxiety, irritability, and mood dis-
turbances. Conditions characterized by depletion of serotonin 
such as a tryptophan poor diet result in symptoms similar to PMD. 
Antidepressants (selective serotonin reuptake inhibitors (SSRIs) 
and serotonin norepinephrine reuptake inhibitors (SNRIs)) which 
enhance synaptic serotonin levels, provide relief from symptoms in 
women with PMDs in contrast to medications which increase nor-
epinephrine or dopamine.

Figure 8.3.3.5 Daily Record of Severity of Problems chart for prospective recording of symptoms.
Reproduced with permission from Endicott, J., Nee, J. & Harrison, W. Arch Womens Ment Health (2006) 9: 41. Copyright © 2005, Springer-Verlag/Wien. 
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Table 8.3.3.3 Differential diagnosis of PMD

Symptoms experienced Disorders to exclude Features differentiating symptoms from PMD

Headaches Migraine Timing of symptoms and absence of symptom free interval preovulation.

Abdominal bloating Irritable bowel syndrome Timing of symptoms and absence of symptom free interval preovulation.

Pelvic or abdominal pain Chronic pelvic pain
Endometriosis

Positive findings on clinical examination and investigations. Timing of symptoms 
helps exclude PMD diagnosis in women with chronic pelvic pain.

Fatigue Chronic fatigue syndrome
Anaemia
Fibromyalgia
Hypothyroidism

Absence of cyclical symptom recurrence. Clinical examination and laboratory 
investigations will yield positive results.

Breast symptoms Fibrocystic breast disease
Breast cancer

Clinical examination and radiological findings.

Emotional symptoms Depression
Anxiety disorders
Substance abuse
Post- traumatic stress disorder
Psychosis

No pure cyclical symptoms
Absence of asymptomatic phase pre ovulation. Past psychiatric history and failure 
to establish occurrence of symptoms in the luteal phase of the cycle should prompt 
psychiatric evaluation.

Combination of symptoms:
Headaches, breast tenderness, sleep 
disturbances, hot flushes

Perimenopause Lack of luteal timing. Elevated follicle stimulating hormone in perimenopause is of 
limited value.

Table 8.3.3.4 Disorders with premenstrual exacerbation

Somatic Psychological

Endometriosis, adenomyosis, dysmenorrhoea
Side effects of medications (especially hormonal contraception)
Perimenopausal symptoms
Migraines
Anaemia
Autoimmune disorders (e.g. systemic lupus erythematosis,
multiple sclerosis)
Hypothyroidism
Fibromyalgia, chronic fatigue syndrome
Breast disorders: fibrocystic, breast cancer, galactorrhoea
Eating disorders

Major depressive disorder
Bipolar disorder
Anxiety disorders
Seasonal affective disorder
Personality disorders
Substance abuse
Stress
Domestic violence
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Your charts show that the symptoms you experience are worst just before
your period and improve after it. The severity of your symptoms is more
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Figure 8.3.3.6 PreMentricS smartphone app allows daily recording of symptoms and graphically represents symptom scores to aid clinicians 
diagnosing premenstrual disorders.
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Allopregnanolone and GABA

Allopregnanolone, a neuroactive steroid, is a metabolite of pro-
gesterone which has been studied widely in relation to PMD. 
Allopregnanolone affects GABA, a major inhibitory neurotrans-
mitter system in the CNS (see Figure 8.3.3.7). Of the different types 
of GABA receptors, GABA A receptor carries out the basic inhibi-
tory control mechanism which is essential to the functioning of the 
CNS and regulation of mood and behaviour. This receptor is the site 
of action of allopregnanolone, alcohol, anticonvulsants, benzodi-
azepines, and barbiturates [23]. It is hypothesized that alteration of 
the GABA A receptor isoform is responsible for symptoms of PMD 
by causing decreased neurosteroid sensitivity and CNS excitability 
[23]. This is based on a study which used saccadic eye velocity as a 
proxy for central GABAergic tone and showed decreased respon-
siveness to pregnanolone and benzodiazepines in the luteal phase 
in women with PMS. SSRI treatments increase the GABA concen-
tration in the occipital cortex of the brain hence providing evidence 
of a link between the serotonergic and GABAergic neurotransmitter 
systems.

ovarian Steroids

The positive impact of ovulation suppressing treatments on pre-
menstrual symptoms in women with PMD provides evidence of 
the involvement of ovarian steroids, oestrogen, and progesterone, 
in symptom development. Ovulation suppression using combined 
oral contraception has had varied results with symptoms being ex-
perienced all throughout the cycle in some women. Although still 
unclear, the mechanism of symptom development in relation to 
ovarian steroids is hypothesized on the fluctuations in the pres-
ence of the sex hormones and effects of the oestradiol on the renin 
angiotensin system and sensitivity of the CNS to the circulating 
(endogenous and exogenous) progestogens. Unlike other endocrine 
abnormalities where there are differences in the levels of the related 
hormones (such as thyroid hormones in thyroid disorders), studies 
have not found any difference in the levels of ovarian hormones 
in women with PMD compared to asymptomatic women, which 

strengthens the hypothesis suggesting that the differences lie in the 
sensitivity of women to these hormones.

Treatment of PMD

The key to effective management of PMD lies in accuracy of the diag-
nosis. A diagnosis based on two months of prospective symptom 
recording is recommended prior to initiating treatment for these 
disorders. In case of discrepancy in diagnosis between two months 
of symptom recording, further months recording is recommended. 
Once diagnosis is established, management should be individual-
ized and the woman should be involved in the decision- making 
process as this leads to better understanding of the condition by 
the woman and greater treatment compliance. Contraceptive needs 
should be discussed in every case and a multidisciplinary team ap-
proach, involving the family physician, gynaecologist, psychiatrist/ 
psychologist, should be the ideal although this is rarely possible. 
Severe PMD which involves suicidal ideation should involve urgent 
consultation with a psychiatrist.

The most logical way of treating PMD involves the elimination 
of ovulation and ovarian steroid activity. Alternatively, as sero-
tonin depletion is hypothesized in symptom causation, medications 
which increase the serotonergic functioning can be used. Dietary 
and environmental interventions reduce sensitivity of the neuro- 
endocrine system. Pilot studies investigating the use of the GABAA 
receptor modulating steroid, sepranolone, in treating symptoms 
have shown initial positive results [24].

During the time of completion of the prospective symptom 
charts it may be prudent to initiate treatment by giving advice re-
garding lifestyle changes. Although there is no symptom- based 
classification for PMD, in situations where there is one dominant 
symptom, symptom- based treatment is likely to be most effective. 
In general, treatment options for PMD can be divided into those 
which involve suppression of ovulation and those which do not. 
See Figure 8.3.3.8.

Precursor of cholesterol

Mechanism of production of allopregnanolone
and action on GABA receptors

Progesterone

Closed chloride channels

3-alpha 5-alpha reduced progesterone
metabolites Including allopregnalonone

(Neuroactive steroids)

Open chloride channels
and increased GABAergic
transmission

Allopregnalone and Pregnanolone

(Which are positive allostearic
modulators of GABA A receptors)

In the brain
(Denovo)

Metabolized in the ovary,
adrenal gland and brain

Figure 8.3.3.7 Mechanism of production of allopregnanolone and action on GABA receptors.
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Treatments Without ovulation Suppression

The strongest evidence for efficacy of non- pharmacological ther-
apies include calcium, chasteberry, and cognitive behaviour 
therapy (CBT).

Lifestyle and Education

There are no randomized control trials (RCTs) to support the re-
ported decrease in premenstrual symptoms with regular aerobic 
exercise. It is believed that relief in symptoms is due to the release 
of endorphins [25]. Education regarding the condition to allow sat-
isfactory lifestyle modifications including reducing stress levels, 
incorporating exercise and weight loss have been suggested as an 
initial intervention in women presenting with PMD symptoms.

Dietary and Nutritional Supplements

Very few of the many dietary recommendations have been scientific-
ally explored. Calcium supplementation has the strongest evidence 
of benefit among the nutritional supplements explored. Dosage of 
1200  mg/ day of calcium carbonate can be used for this purpose. 
100 mg of vitamin B6 daily has been shown to be slightly superior 
to placebo. Caution is recommended when increasing the dose of 
vitamin B6 as it may precipitate peripheral neuropathy and it should 
be discontinued if any tingling or numbness is experienced in the 
extremities. Chasteberry (Vitex agnus castus) has shown encour-
aging results when dealing with emotional and physical PMD.

Cognitive Behavioural Therapy

This treatment can be initiated when prospective symptom re-
cording is being carried out and its efficacy is thought to stem from 
improved coping strategies and modification of irrational thinking 
[25]. Recent studies have indicated some benefit of couples CBT 
compared to one- to- one therapy [26]. CBT in combination with 
SSRIs was found to have longer maintenance of treatment effect 
compared to SSRI alone.

NSAIDS

Useful for pain management, but not effective in the presence of 
emotional or behavioural symptoms.

Anxiolytics

Anxiolytics such as benzodiazepines may be of use in women with 
predominant anxiety/ irritability symptoms. However, there is poor 
evidence to support their use in PMD and concerns regarding drug 
dependence have suggested usage restricted to the luteal phase of 

the menstrual cycle. Buspirone, a 5HT1A partial agonist, is an al-
ternative as it has low dependence and has shown some efficacy in 
treating PMD.

Selective Serotonin Reuptake Inhibitors (SSRIs) and  
Serotonin Norepinephrine Reuptake Inhibitors (SNRIs)

There is strong evidence of symptomatic benefit with the use of 
SSRIs for PMD. It is important to rule out bipolar disorder prior to 
prescribing this class of medication as they may trigger a manic epi-
sode if used without a mood stabilizer. As the onset of action is short 
for SSRIs when used for PMD, their use can be limited to the luteal 
phase of the cycle, with efficacy similar to continuous daily dosing 
of SSRIs as demonstrated in recent Cochrane review [27]. Dosage 
of use is recommended to be similar to that used in the treatment 
of depression:  fluoxetine 20– 40  mg/ day; sertraline 50– 150  mg/ 
day; paroxetine 10– 20 mg or 12.5– 25 mg of paroxetine continuous 
release (paroxetine CR) per day; and citalopram 10– 20  mg/ day. 
Most of the side effects of SSRIs are transient and include nausea, 
insomnia, headache, fatigue, diarrhoea, dizziness, and decreased 
libido or delayed orgasm. Although most of these disappear with 
continued use, the effects on sexual dysfunction reduce only after 
discontinuation of treatment, which can be a cause of discontinu-
ation of treatment. The overall response to SSRIs is 50– 60% and low 
response usually triggers the use of an alternative SSRI [25].

Diuretics

Spironolactone, an aldosterone receptor antagonist, may be useful in 
the management of women with mastalgia and severe bloating [28].

Complementary and Alternative Medicine

A number of other modalities which have had positive initial results 
but should only be offered in the context of a clinical trial are: acu-
puncture, Qi therapy, relaxation, reflexology, massage, krill oil, lav-
ender oil, Chinese herbs, and transmagnetic stimulation.

Treatment by Suppression of ovulation

These treatments are not recommended for women who wish to 
conceive as they involve the suppression of ovulation.

Combines Oral Contraception (COC)

The ‘pill’ is the most commonly used contraceptive method world-
wide. As the COC prevents ovulation, it eliminates the luteal phase 
of the cycle. In spite of this, traditional COCs have not shown effi-
cacy in the treatment of PMD. This is related to sensitivity of women 
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Figure 8.3.3.8 Management options for treating premenstrual disorders.
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to the progestogen component of the pill leading to PMS- like side 
effects.

RCTs have shown that newer oral contraceptives, containing 
ethinyl oestradiol (20 μg) and drospirenone (3 mg) in a 24/ 4 regimen 
are effective in treating women with PMD. Drospirenone is an 
antiandrogenic progestogen. It is derived from 17- α- spironolactone 
and has antimineralocorticoid properties. A shorter hormone free 
interval in the 24/ 4 regimen maintains sufficient sex steroid hor-
mone levels to prevent follicular development and supresses ovarian 
steroid synthesis. This regimen is approved by the United States 
Food and Drug Administration (FDA) for use in the treatment of 
PMDD. Most clinicians use this pill continuously (omitting the four 
placebo tablets), but there is no supportive research for this strategy.

Gonadotrophin- Releasing Hormone (GnRH) Analogues

GnRH agonists down- regulate gonadotrophin release, hence sup-
pressing ovarian function and the production of ovarian steroids. 
This reduces oestrogen and progesterone to postmenopausal levels. 
This treatment provides relief to women with PMD symptoms, but 
use is restricted by the cost and hypo- oestrogenic side effects. Add- 
back therapy with oestradiol and progestogen, although reducing 
the short- term vasomotor side effects and long term adverse ef-
fects (vaginal atrophy, increased cardiovascular risk, bone demin-
eralization and potentially osteoporosis), may cause resurgence of 
PMS- like symptoms. A recent review found that add- back therapy 
does not decrease the efficacy of GnRH analogue treatment [29]. 
Various types of add- back therapies, including tibolone, have been 
attempted, but none was found to be superior. Treatment with 
GnRH analogues is reserved for situations where other approaches 
have failed. It is a useful way of predicting efficacy of hysterectomy 
and bilateral oophorectomy in women contemplating surgery as 
a treatment option for severe PMD. It can also be used to deter-
mine whether severe symptoms are related to PMDD or another 
comorbidity. GnRH antagonists have the advantage of being or-
ally active and avoid the agonist ‘flare’, but there are no published 
studies.

Danazol

Danazol is an androgen analogue which inhibits gonadotrophins at 
high levels. Danazol has, in the past, been effective in treating PMD, 
but is rarely used due to its masculinizing side effects. There is a risk 
of virilization of a female fetus should pregnancy occur while taking 
it, necessitating use of reliable long acting contraception.

Oestradiol (E2)

Transdermal oestradiol (200 μg) effectively inhibits ovulation. No 
published studies support the use of oral oestrogens for this pur-
pose. To prevent endometrial hyperplasia and irregular bleeding 
secondary to unopposed oestrogen, addition of a progestogen 
is recommended. This has been given in the form of 2.5  mg of 
norethisterone or 100 mg of oral micronized progesterone for the 
first 7– 10 days of each calendar month or as an intrauterine system 
with 52  mg levonorgestrel in its core. The short duration of pro-
gestogen is to prevent the recurrence of symptoms in women al-
ready sensitive to progestogens. An intrauterine system may be an 
effective alternative treatment option in women as there is (usually 
but not always) minimal systemic absorption after the initial few 
months; it also provides effective contraception.

Tibolone

This is a synthetic steroid with oestrogenic, progestogenic, and an-
drogenic properties. There is some evidence that 2.5 mg tibolone 
may be effective in treating PMS [30]. Further trials are necessary 
before recommending it as a treatment option.

Surgery

This treatment option involves bilateral oophorectomy with hyster-
ectomy and may be contemplated in women over 35 years of age, 
whose family is complete, suffering from severe symptoms or where 
hysterectomy is indicated for other comorbidities. Careful selection 
of cases is necessary as it involves major surgery. GnRH adminis-
tration to confirm the efficacy of the planned surgery is advised 
[10]. Hormone replacement therapy is then recommended at least 
up to the age of menopause. Unopposed oestrogen can be used in 
women where hysterectomy has been performed. In women who 
have had bilateral oophorectomy with conservation of the uterus, a 
progestogen is required for endometrial protection when oestrogen 
replacement therapy is prescribed. This can reintroduce symptoms 
of PMS and therefore is not a recommended surgical option for 
treating PMD.

Summary

Premenstrual syndrome affects millions of women all over the 
world with up to 3– 8% of women suffering from a very severe 
form called PMDD. PMD occur during a woman’s reproductive 
years causing significant impairment in relationships, productivity, 
and quality of life. The aetiology is unknown. This in combination 
with the absence of objective diagnostic tests complicate diagnosis 
and treatment. Prospective symptom quantification is required to 
make a diagnosis. Lifestyle modifications, CBT, and calcium can 
be initiated in the diagnostic phase. Once diagnosed, a personal-
ized case- based approach is recommended for managing this com-
plex condition. Treatments involving COC, GnRH analogues with 
add- back hormone therapy, for example, oestradiol patches along 
with progestin can be attempted in young women where ovulation 
suppression is acceptable. Luteal phase SSRIs are recommended for 
those not wanting hormonal therapies. In very severe conditions 
surgical options involving bilateral oophorectomy and hysterec-
tomy can be considered. The ICD-11 was released recently in 2018 
and this, unlike the previous version, recognises the category of 
PMDD [31].
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Introduction

Polycystic ovary syndrome was first reported in 1935 by Stein and 
Leventhal in seven cases, with large stiff ovaries, amenorrhoea, 
and infertility. Five of the patients were hirsute and one had acne. 
Wedge resection resulted in two pregnancies and regular cycles in 
remaining [1] . As an heterogenous disorder, the definition of PCOS 
remains still controversial. Nevertheless, available international 
guidelines emphasize that androgen excess, ovulatory dysfunction 
and polycystic ovaries are the main features of the syndrome [2].

clinical Features Defining Polycystic 
ovary Syndrome

PCOS is not a disease, but a syndrome; therefore, it reflects various 
potential aetiologies with diverse clinical presentations. The prin-
cipal clinical features of PCOS are hyperandrogenism (HA), ovu-
latory dysfunction (OD) and polycystic ovarian morphology 
(PCOM). A recent meta- analysis of 24 studies on PCOS prevalence 
from all around the globe including Europe, United States (US), 
Asia, and Australia, revealed that overall reported prevalence (95% 
CI) of hirsutism, biochemical HA, OD, and PCOM in population 

were 13% (8– 20%), 11% (8– 15%), 15% (12– 18%), and 28% (22– 
35%), respectively [3] .

Androgen excess (Hyperandrogenism)

Androgen excess is detectable either by clinical exam or biochem-
ical analysis. Hirsutism is the main diagnostic criterion of clinical 
HA whereas acne and androgenic alopecia are among other skin 
manifestations. Androgen excess presented by elevated serum an-
drogen levels is referred as hyperandrogenaemia or biochemical 
HA. Most of the women with PCOS, but not all, have both clinical 
and biochemical evidence of HA [4] .

Hirsutism is defined as excess growth of body or facial terminal 
hair in females, in a male- like pattern and assessed by using a modi-
fied Ferriman– Gallwey (mFG) scoring system in which nine areas 
of the body (the upper lip, chin, chest, upper and lower abdomen, 
thighs, upper and lower back, and upper arms) are scored from 
0 to 4 by the observer [5] . Hirsutism is usually defined by a total 
mFG score of ≥4– 6 depending on ethnicity. Hirsutism is present in 
up to 80% of patients with HA. The rates of hirsutism would show 
variation depending on geographical region and ethnicity and it is 
important to use a population- specific cut- off level. Standardized 
visual scales [6] should be preferred when assessing hirsutism with 
acknowledging that self- treatment is common and can limit clinical 
assessment [2]. Approximately 70% of women with hirsutism have 
PCOS [7].

Other uncommon and less specific markers of clinical HA are 
acne and alopecia. A  meta- analysis of pooled data on studies of 
PCOS prevalence reported that the prevalence of acne and alopecia 
are 16% (95% CI, 8– 26%) and 2% (95% CI, 0– 5%) in adult women, 
respectively [3] . Approximately 40% of women complaining of se-
vere acne have a risk of having PCOS, whereas only 18% of women 
with androgenic alopecia were found to have PCOS [8]. On the 
other hand, acne or alopecia alone are not commonly associated 
with and should not be considered as a sign of clinical HA [7].

Assessment of biochemical HA in clinical practice is most useful 
in establishing the diagnosis of PCOS and/ or phenotype where 
clinical signs of HA, particularly hirsutism is unclear or absent [2] . 
Biochemical HA could not be reliably assessed in women on hor-
monal contraception and drug withdrawal is required for at least 
three months. The use of calculated free or bioavailable testosterone 
or free androgen index (FAI) is recommended for evaluation of
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biochemical HA. FAI is calculated as the ratio of total testosterone 
(tT) divided by sex hormone binding globulin (SHBG) and multi-
plied by hundred (FAI  =  TT × 100/ SHBG). Direct measurement 
of tT by chemiluminescence or radioluminescence immunoassays 
without extraction/ chromatography is not generally recommended 
for children or women including PCOS due to low precision, sen-
sitivity, and specificity of these assays. Commercially available as-
says for direct measurement of free testosterone (fT) are not reliable 
and should not be used in assessment of biochemical HA [9]. Most 
reliable results could be obtained by properly validated extraction/ 
chromatography immunoassays or liquid chromatography- mass 
spectrometry (LC- MS). Measurement of androstenedione (A4) 
and dehydroepiandrosterone sulphate (DHEAS) might provide 
limited information if total or free testosterone are not elevated. 
Normal values of androgens should be determined from healthy 
non- hirsute, eumenorrheic women, or by a cluster analysis of a 
large sample of general population. At least 70% of PCOS patients 
presenting to the clinics show biochemical HA when high- quality 
assays are used [10]. We have previously reported in a population 
study that 76% of unselected women with PCOS had biochemical 
and/ or clinical HA [11].

ovulatory Dysfunction

Ovulatory dysfunction presents with menstrual irregularities (<21 
or >35  days) often characterized by oligomenorrhoea, due to in-
frequent or absent ovulation. Oligomenorrhea is defined as men-
strual cycle length >35  days or having <8 menstrual cycles in a 
year whereas amenorrhea is the absence of menstruation for three 
or more consecutive months. PCOS is the most common cause of 
oligo- anovulation. Among women with oligo- anovulation, ~70% 
will have a diagnosis of PCOS [12], while ~80% of the women with 
PCOS have oligo- amenorrhea [10].

Most women with PCOS have a history of menstrual irregular-
ities starting from puberty or primary amenorrhea, whereas, some 
may have regular cycles at the beginning and subsequently develop 
irregular menstruation in association with weight gain [13]. Weight 
loss in those obese PCOS patients usually leads to a recovery of 
menstrual cycles [14]. Additionally, many women with PCOS tend 
to have more regular cycles by ageing [15], probably due to follicle 
loss through the process of ovarian ageing or a decrease in androgen 
levels by ageing [16].

Regular menses indicate ovulatory cycles in almost every woman 
in the general population [17]. On the other hand, having regular 
cycles might not be confirm regular ovulation particularly in 
women with HA [18]. A  study revealed that 40% of 132 hirsute 
women claiming ‘regular cycles’ had actually OD and this entity is 
known as ‘subclinical- OD’ [10]. Accordingly, in patients with hir-
sutism or PCOM who have apparently regular menstrual cycles, lu-
teal phase (days 21– 24 of the cycle) progesterone levels need to be 
measured and a progesterone level >5 ng/ ml should be used as a 
proof of ovulation.

Polycystic ovaries

Polycystic ovarian morphology on ultrasound is the most common 
feature of PCOS affecting up to 1 in 3 adult women in the population 
(22– 35% in prevalence studies) [3] . Introduction of the high fre-
quency ultrasound into clinical use, in1990s, enabled observation of 

the histologic findings of polycystic ovaries non- invasively. Initially, 
presence of ≥10 antral follicles in each ovary between 2 to 8 mm in 
diameter with peripheral location and relatively increased amount 
of stroma on ultrasound had been defined as PCOM, without any 
threshold for ovarian volume [19]. In 2003, presence of PCOM was 
included in the set of diagnostic criteria known as Rotterdam cri-
teria and presence of ≥12 antral follicles in either ovary between 2 to 
9 mm in diameter and/ or increased ovarian volume (>10 ml; calcu-
lated by the formula 0.5× length × width × thickness) was described 
as ultrasound criteria for PCOM [20]. It was recommended to use 
transvaginal rather than transabdominal ultrasound [10].

A recent meta- analysis including 12 population- based PCOS 
prevalence studies [3]  reported that the lowest prevalence of 
PCOM (11%) was obtained from a study conducted with 5 MHz 
probe [21], whereas, the highest prevalence (53%) was observed 
in a study with 5– 9  MHz ultrasound probe [8]. It appears that 
the ultrasound technology and frequency of the transducer ef-
fect definition of PCOM, the selected threshold for antral follicle 
count (AFC), the application of ovarian volume and the precise 
diagnosis of PCOM. Accordingly, 2018 international evidence- 
based guideline for the assessment and management of PCOS 
recommends the use of ≥20 antral follicles and/ or an ovarian 
volume ≥10 ml on either ovary as a threshold for PCOM when 
an endovaginal ultrasound transducer with a frequency band-
width that includes 8 MHz is used [2]. If using older technology 
or transabdominal ultrasound, the threshold for PCOM could 
be an ovarian volume ≥10  ml on either ovary due to difficulty 
or reliability of assessing follicle number with these approaches 
[2]. Considering the decrease of ovarian volume and AFC with 
ageing, age- specific cut- off values are needed to define PCOM.

It is noteworthy to mention that PCOM has a low predictive value 
for the diagnosis of PCOS in that only one out of four adult women 
with PCOM would eventually be diagnosed with PCOS [3] . On the 
other hand, pooled analysis of 13 studies including 3361 women 
with a diagnosis of PCOS revealed that ~75% of the women with 
PCOS have PCOM on ultrasound with using both above- mentioned 
sets of ultrasound criteria [10].

Anti- Müllerian Hormone (AMH), a polypeptide secreted only 
by granulosa cells of the pre- antral and antral follicles, has been 
proposed as an alternative surrogate marker for the detection of 
PCOM due to limitations and challenges of the ultrasound in the 
diagnosis of PCOS. Even though AMH levels are higher in women 
with PCOS than healthy women and correlate with AFC on ultra-
sound, the available assays show significant heterogeneity and lack 
standardization. Therefore, routine use of AMH as part of labora-
tory evaluation in PCOS is not yet recommended by current guide-
lines [2, 22].

Diagnostic criteria of Polycystic ovary Syndrome

Diagnostic criteria of PCOS in adult women are not necessarily ap-
plicable in adolescents. Some normal features of puberty including 
irregular cycles, ovulatory dysfunction, multicystic ovaries, and 
acne could be identical with features of PCOS. In this context, sets 
of diagnostic criteria for adults and adolescents have been reviewed 
separately (Table 8.4.1.1).
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Table 8.4.1.1 Sets of diagnostic criteria for polycystic ovary syndrome in adults and adolescents

Features of PCOS In adults In adolescents

NIH
1990

Rotterdam*
2004

Androgen Excess 
Society 2006

ICPE
2017#

International PCOS 
Network*
2018

Hyperandrogenism (HA; clinical 
and/ or biochemical HA)

✓ ± ✓ ✓ ✓

Ovulatory dysfunction (OD) ✓a ± ± ✓b ✓d

Polycystic ovarian morphology 
(PCOM)

– ± ± ±c –e

Diagnosis statement HA and OD are 
indispensable 
features

Any 2 out of 3 
features (HA, 
OD, PCOM) is 
sufficient

HA is a must 
and it should be 
accompanied by any 
one out of OD and 
PCOM or both

HA and OD are indispensable 
features

HA and OD are 
indispensable

NIH, National Institutes of Health; ICPE, International Consortium of Pediatric Endocrinology.
* Recommended sets of diagnostic criteria by the “The international evidence- based guideline for the assessment and management of PCOS” in 2008. # Severe cystic acne is suggested as 
optional criteria used in concert with indispensable criteria.
✓ A must criteria for diagnosis; ± It may present or not (optional); –  Not identified or suggested features in diagnostic set.
a detected by only menstrual irregularities
b should persist 2 years beyond menarche
c PCOM used in concert with the required criteria, and defined as ovarian volume>10 cm3

d reassessment is advised 8 years postmenarche
e should not be used <8 years after menarche

Diagnostic criteria of Polycystic ovary Syndrome 
in Adults

For the diagnosis of PCOS in adults, different groups have proposed 
three different sets of diagnostic criteria in the last three decades 
(Table 8.4.1.1) [20, 23]. The common prerequisite in all three sets 
is that the mimicking disorders should be ruled out before making 
the diagnosis of PCOS.

In 1990, an expert meeting sponsored by National Institutes of 
Health (NIH) produced the first set of diagnostic criteria [24]. As a 
result of a survey of participants, after the exclusion of mimicking 
disorders including non- classical congenital adrenal hyperplasia 
(NCAH), thyroid dysfunction, and hyperprolactinemia, the pres-
ence of clinical and/ or biochemical HA and presence of menstrual 
irregularities was proposed as indispensable features of PCOS 
for diagnosis (Table 8.4.1.1). Majority suggested that detection 
of PCOM by ultrasound was not essential for the diagnosis even 
though it was in the list of possible diagnostic criteria [24].

In 2003, European Society for Human Reproduction and 
Embryology/ American Society for Reproductive Medicine (ESHRE/ 

ASRM) sponsored consensus workshop was held in Rotterdam and the 
second set of diagnostic criteria was proposed [20]. In addition to NIH 
criteria, PCOM on ultrasound was accepted as a diagnostic feature. 
Presence of any 2 out of 3 following features was sufficient for the diag-
nosis of PCOS: (i) clinical and/ or biochemical HA; (ii) OD; and (iii) 
PCOM (Table 8.4.1.1). Rotterdam criteria expanded the definition of 
PCOS by adding new phenotypes to the NIH criteria (Figure 8.4.1.1).

In 2006, the Androgen Excess & PCOS Society (AE- PCOS) pub-
lished a task force report on diagnosis of PCOS [23]. The conclusion 
was that PCOS is a mainly hyperandrogenic disorder and the pres-
ence of clinical and/ or biochemical HA is indispensable. The second 
criterion in addition to HA could be OD or PCOM (Table 8.4.1.1). 
Hence, the AE- PCOS criteria were a compromise between NIH and 
Rotterdam criteria excluding the new non- hyperandrogenic pheno-
types proposed by Rotterdam [23].

There are many similarities between each proposed set of diag-
nostic criteria. However, the following differences and limitations 
are worth discussing: (i) the original NIH criteria defines menstrual 
dysfunction by <6 menses per year, it fails to include the women 
with regular menses and ‘subclinical- OD’, whereas the Rotterdam 

NIH 1990

–Androgen excess (Clinical
and/or biochemical-HA)

Ovulatory dysfunction (OD)

Polycystic ovaries (PCO)

Distributions of PCOS
phenotypes (%)

–

–

AE-PCOS 2006

Rotterdam 2003

Phenotype A Phenotype B Phenotype C Phenotype D 

203540–45

Figure 8.4.1.1 Phenotypes of polycystic ovary syndrome according to diagnostic criteria sets.
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and AE- PCOS criteria do not; (ii) in Rotterdam and AE- PCOS 
criteria the diagnosis depends on the use of a reliable method and 
cut- off to describe PCOM; (iii) neither Rotterdam nor AE- PCOS 
criteria described how hypothalamic amenorrhea with PCOM will 
be differentiated from PCOS; (iv) using different sets of diagnostic 
criteria decreases the comparability of PCOS research worldwide 
and causes confusion in clinical practice.

In 2012, NIH Evidence- based Methodology Workshop on PCOS 
was convened and announced the following recommendations 
[25]; (i) assigning a new name which reflects the complex meta-
bolic, hypothalamic, pituitary, ovarian, and adrenal interactions 
that characterize the syndrome, however, no specific name was 
suggested; (ii) using the broad, inclusionary diagnostic criteria 
of Rotterdam which includes the ‘classic NIH’ and the Androgen 
Excess and PCOS Society criteria, however with specifically identi-
fying each subphenotype in research and clinical initiatives: pheno-
type A:  HA + OD + PCO; phenotype B:  HA + OD; phenotype 
C: HA + PCO; and phenotype D: OD + PCO (Figure 8.4.1.1); and 
(iii) improving the methods and criteria used to assess androgen 
excess and OD.

The guidelines and position statement papers published after the 
NIH workshop all support the use of broader Rotterdam criteria for 
the diagnosis of PCOS with explicit reporting of the specific pheno-
types [2, 26, 27].

Diagnostic criteria of Polycystic ovary Syndrome 
in Adolescents

In pubertal transition after menarche, 85% and 59% of menstrual 
cycles are anovulatory in the first and third years, respectively 
[26]. Therefore, OD has not been considered as a sign of PCOS 
until it persists 2 years beyond menarche [28]. Similarly, PCOM 
is a very common finding among adolescents even by abdom-
inal ultrasound when the Rotterdam criteria are applied [26]. 
However, after 2 years from menarche the thresholds for increased 
ovarian size in adolescents becomes similar of those for adults 
[29]. Therefore, using ovarian volume is a better option than using 
AFC for defining PCOM in adolescents [29]. With regard to defin-
ition of HA in adolescents, mFG scores are not affected by age and 
tT and fT levels 1 to 2 years after menarche are generally compar-
able with those in adults [30]. Therefore, documented persistent 
HA could be diagnostic feature in adolescents. Overall, evidence 
suggests that assessment and diagnosis of PCOS in adolescents, 
particularly before the age of 18 years may cause overdiagnosis of 
the syndrome [31].

In the last few years, four sets of diagnostic criteria have been 
proposed for PCOS in adolescents: First, in 2012, the Amsterdam 
ESHRE/ ASRM- sponsored 3rd PCOS Consensus Workshop Group 
recommended to observe all three features (HA, OD, and PCO) 
for the diagnosis of PCOS but only in adolescents who are at least 
2 years postmenarche and/ or those with primary amenorrhea by the 
age of 16 years before diagnosis, after exclusion of related disorders 
[7] . Second, in 2013, Endocrine Society suggested that diagnosis 
should be based on clinical and/ or biochemical HA in the presence 
of persistent oligomenorrhea after exclusion of other pathologies. 
However, Endocrine Society recommended against the use of PCO 
appearance to make diagnosis in adolescent [26]. Third, in 2017, 

International Consortium of Pediatric Endocrinology (ICPE) re-
commended that for the appropriate diagnosis of adolescent PCOS 
clinical and/ or biochemical HA and menstrual irregularities 2 years 
beyond menarche are required after exclusion of related disorders. 
According to ICPE guideline PCO on ultrasound and severe cystic 
acne are optional features of PCOS and recommended to be used in 
concert with HA and menstrual irregularities to diagnose PCOS in 
adolescents (Table 8.4.1.1) [32]. Lastly, in 2018, ‘The international 
evidence- based guideline for the assessment and management of 
PCOS’ recommended both oligo- anovulation and HA as required 
criteria, however, suggested against use of PCO on ultrasound 
<8 years after menarche [2]. The guidelines also suggest that in ado-
lescents with a feature of PCOS who do not meet diagnostic criteria 
an increased risk could be considered planning reassessment at or 
before full reproductive maturity after 8 years postmenarche (Table 
8.4.1.1) [2].

Differential Diagnosis of Polycystic ovary Syndrome  
and exclusion of Mimicking Disorders

All mimicking and similar disorders should be excluded be-
fore making the diagnosis of PCOS. Thyroid dysfunction and 
hyperprolactinemia could mimic PCOS causing OD and should 
be excluded by measuring thyroid stimulating hormone and pro-
lactin, respectively. These two disorders are relatively rare in PCOS. 
Accompanying thyroid dysfunction in 7563 PCOS patients was re-
ported to be 1.15% whereas prevalence of hyperprolactinemia was 
2.8% in women with PCOS [10].

In patients with HA, non- classical congenital adrenal hyper-
plasia (NCAH) should be excluded. NCAH is an autosomal reces-
sive disease characterized with the deficiency of 21- hydroxylase. 
Depending on ethnicity, the prevalence of NCAH ranges between 
1% and 10% in patients with HA [33]. The clinical presentation of 
NCAH is identical with the classical features of PCOS; including 
OD, clinical-  and biochemical HA, and PCOM ~40% of the pa-
tients [34]. Basal morning 17- hydroxyprogesterone (17- HP) is 
measured in the early follicular phase for the diagnosis of 21- OH- 
deficient NCAH. A  cut- off value >2  ng/ ml detects NCAH with 
90% sensitivity. Patients with a screening level greater than 2 ng/ ml 
should undergo an acute adrenocorticotropic hormone (ACTH) 
stimulation test.

Other rare disorders such as adrenal or ovarian androgen- 
secreting neoplasms, Cushing’s syndrome, acromegaly, disorders 
of severe insulin resistance including hyperandrogenic insulin- 
resistant acanthosis nigricans (HAIR- AN) and lipodystrophy 
should be excluded by appropriate tests in case of clinical suspicion.

Phenotypes of Polycystic ovary Syndrome

PCOS presents with various phenotypes. The NIH 2012 evidence- 
based methodology PCOS workshop recommends the use of broader 
ESHRE/ ASRM diagnostic criteria, with explicit reporting of specific 
phenotypes in all research studies and clinical care [25]. In 2009; 
an AE- PCOS Task Force recommended using nine subphenotypes 
considering the four features of OD, clinical HA, biochemical HA, 
and PCOM [10]. Later, in 2012, NIH Evidence- based Methodology 
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Workshop on PCOS recommended to use phenotypic approach 
with four subphenotypes in order to maximize the homogeneity 
and comparability in research and clinical initiatives NIH as just 
stated [25] (Figure 8.4.1.1). This approach was also endorsed by the 
2018 international evidence- based guideline for the assessment and 
management of PCOS [2] .

Phenotype A and B (classic PcoS)

About 15– 20% of women with PCOS will have phenotype A (HA 
+ OD + PCO) whereas 30– 35% will show phenotype B (HA + 
OD) (Figure 8.4.1.1). Women with classic PCOS appear to be 
more hirsute and obese, show a more irregular menstrual pattern 
and more likely to have insulin resistance, dyslipidaemia, hep-
atic steatosis with an increased risk for metabolic syndrome com-
pared to ovulatory or non- hyperandrogenic phenotypes (C and 
D) [31, 35].

Phenotype c (ovulatory PcoS)

Phenotype C (HA + PCOM) or ovulatory PCOS seem to affect 
~35% of the women with PCOS in unselected population studies of 
the syndrome (Figure 8.4.1.1) [31]. Hirsutism scores, androgen and 
lipid levels, and risk of metabolic syndrome of women with pheno-
type C are in between classic PCOS and phenotype D [36].

Phenotype D (Non- Hyperandrogenic PcoS)

Phenotype D or non- hyperandrogenic PCOS is the least preva-
lent phenotype comprising ~15– 20% of the women with PCOS. 
These patients have normal androgen levels and the mildest degree 
of metabolic dysfunction including insulin resistance and (Figure 
8.4.1.1) [31]. Patients with phenotype D who have increased body 
mass index (BMI) might be more insulin- resistant compared to 
healthy women even though at a level lower than classic PCOS [37].

Referral Bias in Phenotypes of PcoS

Most of the available data linking PCOS with endocrine and meta-
bolic dysfunction and long- term comorbidities are derived from 
studies where included patients are those referred to the clinics for 
medical care. It should be kept in mind that there are significant 
differences between clinical versus unselected populations of PCOS 
patients. Patients presenting to the clinics have more severe pheno-
types, more severe clinical and biochemical HA and higher BMI 
compared to patients identified in unselected populations reflecting 
significant referral bias [38].

Prevalence of Polycystic ovary Syndrome

There are substantial discrepancies between the results of the epi-
demiological studies investigating the prevalence of PCOS. For ex-
ample, reported prevalence with Rotterdam criteria is between the 
range of 2– 21% [3] . The variation might be due to differences of 
selected study populations (referral bias) [38], limitations within 
the sampling and protocols applied, and a lack of standardized def-
initions for the features of PCOS. The effects of race and ethnicity, 
particularly, on the clinical presentation of androgen excess and en-
hancement in the ultrasound technology over time for visibility of 

AFC might also contribute to the inconsistencies between preva-
lence studies.

Recently, we have reported a systematic review and meta- ana-
lysis of 24 studies on prevalence of PCOS from all around the globe 
including Europe, US, Asia, and Australia [3] . Since there was sig-
nificant heterogeneity among the studies, we have also generated 
an appraisal tool, which showed that available studies had low to 
moderate methodological quality. The PCOS prevalence (95% CI) 
according to the diagnostic criteria of NIH, Rotterdam and AE- 
PCOS Society were 6% (5– 8%, n = 18 trials), 10% (8– 13%, n = 15 
trials) and 10% (7– 13%, n = 10 trials), respectively. Higher preva-
lence rates with Rotterdam and AE- PCOS Society criteria com-
pared to NIH are due to expansion of definition with inclusion of 
more phenotypes in addition to classic PCOS defined by NIH cri-
teria (Figure 8.4.1.2) [3].

Genetics of Polycystic ovary Syndrome

It has long been recognized that PCOS clusters in families and that 
both genetic and environmental factors contribute to the develop-
ment of the syndrome [39]. A  twin study on heritability of PCOS 
from The Dutch Twin Register database estimated about 70% influ-
ence of genetic factors on the pathogenesis of PCOS [40]. Recently, 
genome- wide association studies (GWAS) have supported the idea 
that PCOS has an oligogenic/ polygenic inheritance similar to type 2 
diabetes and cardiovascular disease [41]. However, clarifying the type 
of inheritance is difficult due to incomplete penetrance and epigen-
etic modifications with contributions of environmental effects [39].

Several studies have examined association of PCOS with more 
than 100 candidate genes involved in gonadotropin secretion and 
action, androgen biosynthesis, and action, folliculogenesis, in-
sulin action, and diabetes, metabolism, and inflammation [42, 43]. 
These studies have limitations including small sample size, not 
well- matched cases and controls and lack of replication [39, 44]. 
In this context, GWAS studies provided a new insight and a more 
comprehensive approach to identify the genetic basis of PCOS [45– 
50]. The mapped genes, genotype- phenotype associated genes, 
pathway associated genes, and functional genes elucidated by 
GWAS studies in Han Chinese and European ancestry are shown 
in Table 8.4.1.2. Although there are substantial ethnic differences, 
cross- ethnic meta- analysis of genetic variants for PCOS revealed 
that 12 of 17 genetic variants mapping to the Chinese PCOS loci, 
including YAP1, RAB5B/ SUOX, LHCGR, THADA, DENND1A, 
FSHR, c9orf3, SUMO1P1, similar effect size and identical direc-
tion in PCOS patients from Northern European ancestry, indi-
cating a common genetic risk profile for PCOS across populations 
and supports the hypothesis that PCOS is an ancient disorder that 
may have persisted for more than 50 000 years [51, 52].

Despite major advances in the field of PCOS genetics, identi-
fied susceptibility loci in GWAS studies so far appear to contribute 
less than 10% of the heritability of the disorder. In the future, 
identification of rare variants and functional gene networks by 
next generation sequencing along with epigenetic studies might 
further increase our understanding of the pathophysiology of the 
syndrome [53].
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Table 8.4.1.2 Genetic studies and identified genes in PCOS patients

Types of study Asian ancestry European ancestry

Associated gene polymorphisms 
with PCOS in case- control  
genetic studies [39, 44]

GnRHR, FSHR, FTO, IR, IRS StAR, GnRHR, FTO, IR, IRS, VDR, PPAR- γ, IL- 1β/  IL- 1Ra

Mapped genes in GWAS  
studies [51]

YAP1, RAB5B, and SUOX, LHCGR, THADA, DENND1A,  
FSHR, C9orf3, SUMO1P1/ ZNF217, HMGA2, TOX3, INSR

YAP1, RAB5B, LHCGR, THADA, DENND1A, FSHR, c9orf3, 
SUMO1P1, GATA4– NEIL2, KCNA4– FSHB, ERBB4, ERBB2, 
ERBB2, RAD50, KRR1

Genotype- phenotype  
associated studies [43]

THADA, DENND1A— associated with endocrine and 
metabolic disturbances and polycystic ovaries
LHCGR and INSR— associated with anovulation
C9orf3— associated with all classical PCOS features

DENND1A— associated with androgen excess and anovulation
FSHR— associated with lower levels of FSH
RAB5B— associated with glucose metabolism dysfunction

Pathway analysis studies  
using a data set obtained  
from GWAS studies  
[42, 45– 52]

INS, GNAQ, PLCB3, STXBP1, SMC3, PLCB2, and  
PLCZ1— associated with oocyte meiosis and the  
regulation of insulin secretion

LHCGR, FSHR, THADA, DENND1A, YAP1, RAB5B, and SUOX— 
associated with alteration of gonadotropin secretion.
GATA4— associated with gonadal development and 
transcription of steroidogenic genes.
NEIL2— associated with DNA repair. FDFT1- associated with 
cholesterol- biosynthesis pathway

Functional studies elucidated  
by GWAS [45– 52]

LHCGR and INSR-  genetic variants of might have changed 
the expression level via modification on methylation

NA

GWAS, genome- wide association studies; FSH, follicle- stimulating hormone; GnRHR, gonadotropin- releasing hormone receptor; FSHR, follicle- stimulating hormone receptor; 
FTO, fat mass and obesity associated gene; IR, insulin receptor; IRS, insulin receptor substrate; VDR, vitamin D receptor; MTHFR, methylenetetrahydrofolate reductase; PPAR- 
γ, peroxisome proliferator- activated receptor gamma; IL- 1β/  IL- 1Ra, interleukin- 1beta/ IL- 1 receptor antagonist; DENND1A, DENN/ MADD domain- containing 1 A; NEIL2, 
endonuclease 8- like 2; GATA4, zinc- finger transcription factor; FDFT1, farnesyl- diphosphate farnesyltransferase; NA, not available.

Author(s) and Year

AES - PCOS

RE Model for Subgroup

Rotterdam
Rashidi, 2014
Zhuang, 2014
Li, 2013
Tehrani, 2011
Ma, 2010
Kumarapeli, 2008

Rashidi, 2014
Zhuang, 2014
Tehrani, 2011

NIH

RE Model for Subgroup

RE Model for Subgroup

RE Model for All Studies

Rashidi, 2014
Zhuang, 2014
Tehrani, 2011

0.10 [0.07, 0.14]

0.14 [0.11, 0.17]
0.11 [0.10, 0.13]
0.06 [0.05, 0.06]
0.15 [0.12, 0.17]
0.06 [0.05, 0.07]
0.06 [0.05, 0.07]

0.05 [0.03, 0.07]
0.07 [0.06, 0.08]
0.07 [0.06, 0.09]

0.09 [0.07, 0.12]

0.06 [0.05, 0.08]

0.09 [0.07, 0.10]

0 0.06 0.12
Prevalence (%)

0.19 0.25

Prevalence (%) [95% CI]

0.12 [0.10, 0.15]
0.07 [0.06, 0.09]
0.12 [0.10, 0.14]

Figure 8.4.1.2 Prevalence (95% CI) of polycystic ovary syndrome according to unselected population studies.
Adapted with permission from Bozdag, G., Mumusoglu, S., Zengin, D., Karabulut, E., Yildiz, B.O., 2016. The prevalence and phenotypic features of polycystic ovary syndrome:  
A systematic review and meta- analysis. Hum Reprod. 31, 2841– 55. Copyright © 2016, Oxford University Press.

Criteria Phenotype A Phenotype B Phenotype C Phenotype D

Hyperandrogenism Present Present Present Absent

Anovulation Present Present Absent Present

PCO Present Absent Present Present

According to the Rotterdam consensus criteria, the diagnosis of PCOS can be established by presence of 2 out of 3 criteria listed in the 1st column (1). Hence, there are 4 
possible phenotypes of PCOS based on the various combinations of these criteria (1). Phenotypes A and B fulfil the NIH criteria and are associated with the greatest degree of 
insulin resistance and metabolic dysfunction (6).
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Introduction

The characteristic features of polycystic ovary syndrome (PCOS) 
are irregular menstrual bleeding, hirsutism, and distinctive ovarian 
morphology. Menstrual irregularity is due to chronic anovulation 
whereas excess hair growth results from androgen overproduction 
by the ovaries. The ovaries as demonstrated by ultrasonography are 
slightly enlarged and contain increased number of small follicles 
compared to that of normal ovaries. This appearance gives rise to 
the term polycystic ovary and the syndrome by which it is known. 
Despite this distinctive appearance, the morphogenesis of the poly-
cystic ovary is unknown. While PCOS also is associated with meta-
bolic dysfunction this section will focus on the reproductive aspects 
of the disorder.

clinical Features

Menstrual Irregularity

Menstrual dysfunction characterized by irregular or absent 
bleeding is extremely common in PCOS. Generally, women with 
this disorder have never assumed regular menstrual cyclicity. At 
late puberty, the onset of menstrual function is commonly associ-
ated with irregular bleeding episodes that may persist for several 
years before assuming a cyclical monthly pattern. During this time, 
young adolescent women are anovulatory and bleeding may be in-
frequent or absent. The duration of menstrual irregularity may be 
variable. As a result, suspicion of PCOS in early adolescence based 
solely on menstrual bleeding is unreliable. However, clinical expe-
diency may warrant an evaluation for menstrual irregularity after 
2 years. Despite the preponderance of anovulation in this condi-
tion, a small percentage of hirsute women with PCOS may exhibit 
normal ovulatory function with monthly menstrual bleeding. The 
mechanism for maintaining regular ovulatory cycles is unknown.

As women with PCOS enter late reproductive life, a resumption of 
ovulation and normal menstrual cyclicity may ensue for unknown 
reasons. These individuals have a smaller cohort of follicles, elevated 
levels of follicle- stimulating hormone (FSH), and reduced serum 



8.4.2 Polycystic Ovary Syndrome 1321

Figure 8.4.2.1 A cut section of a polycystic ovary. Note the peripheral distribution of small follicles within the ovarian cortex and the prominent 
central stroma. The ovary is encased by a thickened outer capsule.

androgens compared to age- matched anovulatory PCOS women. The 
reasons for this transformation in some PCOS women are unclear.

Hirsutism

Excessive hair growth usually appears on the face, chin, and lower 
abdomen in a male pubic hair pattern. Hirsutism may also in-
clude hair on the extremities, abdominal flank, and back. More 
severe cases include the appearance of hair on the chest. A rapid 
onset of hair growth is important as this may reflect an androgen- 
producing neoplasm. Virilization is uncommon in women with 
PCOS. While the amount of hirsutism has been correlated to 
serum androgen concentrations, variation among individuals may 
exist due to ethnic differences. Thus, determination of androgen 
excess is based on clinical and biochemical evidence. The primary 
source of androgen overproduction is the ovary. In approximately 
30– 50% of individuals, serum adrenal androgens are elevated.

Excessive hair growth based on activity of the androgen receptor 
(AR) in PCOS women has been studied with inconsistent results. 
The AR gene encodes variable length CAG repeat polymorphism 
in the X chromosome; notably, length of the CAG repeat, and AR 
activity are inversely correlated. While shorter CAG repeat number 
has been associated with PCOS women compared to normal con-
trols, it is unclear whether AR activity accounts for the inconsistent 
relationship between hirsutism and serum androgen levels in some 
ethnic populations of PCOS women.

Obesity, which is common in women with PCOS, may contribute 
to hirsutism by virtue of lowered sex- hormone- binding globulin 
(SHBG). Reduction in SHBG is directly correlated to obesity, thus 
giving rise to increased free testosterone levels. In particular, obese 
women with acanthosis nigricans are highly likely to have insulin re-
sistance with compensatory hyperinsulinemia, which is known to sup-
press SHBG and contribute to excess ovarian androgen production.

The Polycystic ovary

In women with PCOS the ovaries are slightly enlarged and con-
tain a 2– 3- fold increase in the numbers of growing pre- antral 

and small antral follicles compared with those of normal 
ovaries. The accumulation of small follicles of approximately 
2– 5  mm size appears to result from arrested growth at the 
mid- antral stage of development (Figure 8.4.2.1). Currently, 
the polycystic ovary (PCO) is defined as more than 12 follicles 
per ovary or an ovarian volume over 10 ml as demonstrated 
ultrasonographically [1] . Whether the greater follicle number 
is due to an increased rate of entry into the growing pool or 
a decreased rate of follicle atresia has not been established. 
It has been suggested that anti- Müllerian hormone (AMH) 
may be involved. AMH is produced by granulosa cells (GCs) 
of growing pre- antral and small antral follicles and negatively 
regulates follicle maturation. Its expression in growing pre- 
antral follicles of PCOS ovaries is decreased compared to that 
of normal ovaries, which may, in part, contribute to a greater 
number of small follicles [2]. While AMH levels in women 
with PCOS are elevated 2– 3- fold compared to that of normal 
women, this increase probably reflects an increased number 
of growing pre- antral and small antral follicles in women with 
this disorder.

Another factor that may contribute to PCO morphology is an-
drogen excess. It has been described that hyperandrogenic women 
with congenital adrenal hyperplasia or androgen- producing 
ovarian tumours display PCO. In addition, PCO are found in male- 
to- female transsexuals treated with long- term androgen. Notably, 
administration of high- dose testosterone to non- human primates 
increased ovarian size and follicle number, suggesting that PCO 
may be a consequence of increased local androgen production [3] . 
Recent studies have demonstrated that androgens decrease the ex-
pression of AMH and AMH receptor mRNA [4]. This suggests that 
an effect of androgen on the ovarian follicle population also may 
involve suppression of AMH.

Infertility

The leading cause of anovulatory infertility in women is PCOS 
as approximately 80% demonstrate irregular menstrual cycles. It 
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is noteworthy that the presence of regular menstrual cycles does 
not preclude anovulation as demonstrated in 16% of women with 
PCOS as defined by hyperandrogenism and oligo- anovulation [5] . 
Obesity in a majority of PCOS women also may contribute to in-
fertility. While the mechanism underlying ovulatory dysfunction in 
obese PCOS women is unclear, the interaction of PCOS and obesity 
likely serves to disrupt ovulation [6]. This may underlie restored 
ovulation in many obese PCOS women who sustain weight loss as 
opposed to PCOS individuals without obesity that fail to ovulation 
following weight loss.

In normal weight PCOS women, increased luteinizing hormone 
(LH) secretion and hyperandrogenaemia seem to impact follicle 
development, with insulin also enhancing gonadotropin actions 
on ovarian steroidogenesis and GC differentiation. By comparison, 
in obese women with PCOS the presence of metabolic disruption, 
including abnormal glucose- insulin homeostasis and adipogenic 
dysfunction, may be more important than LH in altering follicle de-
velopment and oocyte maturation.

Altered Reproductive Physiology

The basis for the failure of ovulation in women with PCOS has not 
been clearly established. Despite evidence incriminating alteration 
of hypothalamic– pituitary– ovarian interaction, neither the inciting 
event nor dominant disruptor responsible for the reproductive 
phenotype has been defined. Inappropriate gonadotropin secretion, 
excess ovarian androgen production, arrested follicle development, 
and distinctive ovarian morphology have been well described and 
conceptualized into numerous pathophysiological schema (Figure 
8.4.2.2). However, the underlying basis for PCOS remains to be 
established.

Inappropriate Gonadotropin Secretion

Women with PCOS exhibit increased LH secretion as shown 
by greater pulse frequency and amplitude, higher mean serum 

concentrations, and greater response to gonadotropin- releasing 
hormone (GnRH) compared to that of normal women [7] . As 
LH secretion reflects hypothalamic GnRH activity, it is assumed 
that activity of the hypothalamic GnRH pulse generator is in-
creased. Conversely, increased activity of GnRH delivery favours 
the expression of LHβ gene expression [8]. In addition, excess 
androgen production may dictate LH pulse frequency in this dis-
order. Administration of progesterone and oestrogen to women 
with PCOS failed to slow LH pulse frequency whereas in normal 
women a significant reduction in the pulsatile LH secretion 
was noted. However, when women with PCOS were pretreated 
with an androgen- blocking agent before oestrogen and proges-
terone treatment, normal LH pulse release was subsequently 
restored [9].

In contrast, FSH secretion in women with PCOS is decreased 
compared to that observed in normal women. The mechanism 
for decreased FSH secretion in PCOS has not been fully deter-
mined, although negative feedback by chronic oestrogen secre-
tion has been suggested. Alternatively, reduced serum FSH levels 
may result from increased activity of the GnRH pulse generator, 
which favours LHβ gene expression at the expense of the FSHβ 
gene [8] .

Whether hyperinsulinemia influences inappropriate gonado-
tropin secretion in PCOS is not clear. In contrast to studies per-
formed in rodents that suggest insulin may enhance LH response 
to GnRH, an effect of insulin in PCOS women has not been able to 
show consistent alterations in LH secretion or LH release following 
GnRH stimulation [10, 11]. Recently, it has been shown that AMH 
may influence GnRH secretion. In vitro studies of rat hypothalamic 
tissue have demonstrated that exposure to AMH was associated 
with an increase of GnRH neuronal activity [12]. This finding was 
supported in vivo by an injection of AMH into the lateral ventricle 
of female mice that produced a rapid increase of serum LH. Because 
serum AMH is elevated in women with PCOS, these results suggest 
that AMH may influence inappropriate gonadotropin secretion in 
this disorder.

GnRH

LH, FSH Obesity

Insulin resistance
(Hyperinsulinemia)

Anovulation

Adrenal

SHBG

Androgen

Figure 8.4.2.2 Proposed pathophysiology of polycystic ovary syndrome (PCOS). Increased hypothalamic GnRH activity drives pituitary LH 
hypersecretion that stimulates excess theca androgen production. Conversely, FSH secretion is decreased, which contributes, at least in part, to 
impaired follicle growth. Hyperandrogenaemia may inhibit steroid negative feedback on GnRH activity. Androgen excess in PCOS also is associated 
with increased visceral fat that contributes to insulin resistance, leading to hyperinsulinemia and dyslipidaemia. Altered metabolic function may 
disrupt ovarian folliculogenesis and increase theca cell androgen production. Hyperinsulinaemia lowers hepatic sex- hormone- binding globulin 
(SHBG) that results in an increase of bioactive testosterone in the circulation.
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Disordered Follicle Function

Inadequate FSH Secretion

It is well established that women with PCOS exhibit reduced 
serum FSH levels. The relative lack of FSH has been incriminated 
as a cause for anovulation in PCOS women as ovulation may be 
achieved with the administration of FSH. The relative suppres-
sion of FSH secretion may be the result of increased activity of 
hypothalamic GnRH in women with PCOS as described previ-
ously. Alternatively, reduction of circulating FSH may also arise 
from the negative feedback of chronic oestrogen secretion char-
acteristic of this disorder. However, GCs of PCOS women exhibit 
increased FSH binding and are readily responsive to FSH in vitro 
and in vivo [13]. This raises the issue of whether other factors 
within the microenvironment of the ovary exist to hinder follicle 
maturation.

Anti- Müllerian Hormone

Because AMH inhibits aromatase and circulating AMH levels are 
elevated in women with PCOS, excessive local production of this 
protein, combined with reduced FSH secretion, could set the stage 
for follicle arrest and decreased oestradiol (E2) production by the 
ovary. This is consistent with in vitro studies showing that GCs 
incubated for 48 hours in the presence of FSH exhibited reduced 
AMH production [14]. In addition, during controlled ovarian 
hyperstimulation, serum AMH levels declined with length of treat-
ment. However, these observations may also be explained by the 
decrease in AMH production seen in the final stages of follicle de-
velopment in normal ovaries. The possible role of AMH in follicle 
arrest in PCOS is uncertain as endogenous factors that regulate this 
protein are currently unknown.

Premature Luteinization

It has been shown in vitro that GCs obtained from small PCOS 
follicles produced more progesterone following LH stimulation 
than that observed in GC from larger sized normal follicles [15]. 
These results suggested that PCOS GCs acquire LH receptors 
at an earlier stage of development and, subsequently, undergo 
luteinization prematurely. Consistent with this notion LH re-
ceptor mRNA expression has been shown to be greater in PCOS 
GCs compared to GCs from normal follicles [16]. Because LH 
secretion is increased in PCOS, this proposed mechanism may 
be a prelude to terminal differentiation and arrested follicle 
development.

It is unclear how small antral follicles in PCOS might gain early 
acquisition of LH receptors. It is known that FSH induces LH re-
ceptor content in cultured GCs. However, in women with PCOS, 
FSH secretion is reduced. Insulin may amplify FSH- induced 
LH receptor in GCs although inhibition of LH receptors by in-
sulin has also been reported [17]. Moreover, androgen has been 
shown to inhibit FSH- induced LH receptor expression in cul-
tured rat GCs [18]. Despite these findings, insulin and LH were 
shown to act synergistically in stimulating steroid production in 
GCs from PCOS follicles [19]. These results suggest that increased 
hyperinsulinemia in women with PCOS promotes LH action on 
GCs, and by extension, contributes to follicle atresia and eventual 
arrest.

Growth and Differentiation Factor- 9

Studies have demonstrated that the most pronounced increase of 
growing follicles in PCOS occurs at the primary stage [20, 21]. This 
suggests that developmental transition from the primary to sec-
ondary stage may be slower in PCOS. A potential mechanism for 
restricted early follicle growth was reported by Filho et al. [22]. In 
women with PCOS the expression of growth differentiation factor- 9 
(GDF- 9), an oocyte- specific member of the TGF- β family known to 
play a critical role in folliculogenesis, was decreased compared to 
that observed in normal oocytes at all developmental stages. Only 
8– 12% of oocytes of primary follicles in PCOS contained signal for 
GDF- 9 compared to 96% noted in normal controls. In addition, 
the signal, when present in more advanced follicles, was weaker 
than corresponding normal follicles. In mice, adequate amounts 
of GDF- 9 are required for growth beyond the primary follicle as 
female GDF- 9 knock- out mice are infertile with a complete block 
in folliculogenesis at the primary stage [23]. Together, these results 
suggest that defects in follicle growth in PCOS may begin at the 
earliest stages of folliculogenesis.

Granulosa cell Function

Despite chronic anovulation, isolated PCOS granulosa cells ap-
pear to be extremely sensitive to FSH compared to normal GCs. 
Clinically, FSH- stimulated E2 responses have been shown to 
be greater in women with PCOS compared to those observed in 
normal women [24]. The heightened oestrogen response to FSH 
is consistent with ovarian hyper- responsiveness to gonadotropin 
stimulation commonly encountered in this disorder. In these clin-
ical studies, FSH- induced rises of E2 levels within three hours of 
administration, which suggests that any aromatase inhibition, pre-
viously suspected in PCOS, is relatively mild.

It is unknown whether PCOS granulosa cell are more sensitive to 
FSH primarily or secondarily due to intraovarian or extraovarian 
factors. Previously, it has been demonstrated that GCs obtained 
from unstimulated follicles of PCOS women have greater FSH 
binding of compared to GCs from normal ovaries [13]. Thus, in-
creased FSH receptor expression in PCOS GCs may account for in-
creased ovarian responsiveness to FSH.

Early in vitro studies have shown that androgens may enhance 
FSH- induced aromatase activity and thus, possible involvement 
of the FSH receptor. Subsequent studies in non- human primates 
revealed that testosterone treatment induced increases of FSH re-
ceptor mRNA expression, which likely contributed to greater 
ovarian size and increased follicle number observed in these ani-
mals [25]. Collectively, these findings suggest that androgen excess 
is responsible, at least in part, for enhanced GC responsiveness 
to FSH.

Insulin is another consideration that might impact GC function. 
In vitro studies have shown that PCOS GCs exhibit extreme sen-
sitivity to insulin whether in the presence or absence of gonado-
tropin stimulation [19]. Thus, insulin may act as a ‘co- gonadotropin’ 
within the ovary. In PCOS women treated with an insulin- lowering 
drug, thiazolidinedione, GC responsiveness to FSH during insulin 
infusion was significantly increased compared with that observed 
prior to treatment [26]. These findings suggested that the GC in 
women with PCOS may be insulin resistant.
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Theca cell Function

Androgen excess appears to be the result of an inherent defect of 
theca cell (TC) steroidogenesis in women with PCOS. The enzyme 
cytochrome P450 c17A1 (CYP17) catalyses two distinct activities, 
17α- hydroxylase and 17,20 lyase, that are essential to the produc-
tion of ovarian androgens. Studies have indicated greater activities 
of 17α- hydroxylase, 17,20 lyase, and 3β- hydroxysteroid dehydro-
genase in PCOS TCs than those observed in TCs from normal 
women, which likely form the basis for androgen overproduc-
tion in PCOS [27]. These results are commensurate with clinical 
studies, in which PCOS exhibited increased responsiveness of 17- 
hydroxyprogesterone to gonadotropin stimulation compared with 
normal women and has led to the concept of dysregulated expres-
sion of the CYP17A [28]. In addition, in PCOS women enhanced 
hCG- stimulated 17- hydroxyprogesterone production persisted des-
pite suppression of endogenous gonadotropins by GnRH agonist. 
Together, these findings support the concept of a primary abnor-
mality of TC steroid production.

Within the TC androgen production is driven by LH secretion, 
which activates CYP17A. It has been shown in TCs that LH stimu-
lated androgen production is dose- related. These results are con-
sistent with the positive correlation between elevated serum LH 
levels and circulating testosterone concentrations in women with 
PCOS. Moreover, in PCOS women treated with sex steroids or 
GnRH agonists, elevated LH levels are reduced or eliminated with 
a corresponding reduction in circulating androgen levels and hair 
growth [29]. Summarily, increased secretion of LH, combined with 
a highly responsive TC, is an essential component of androgen 
overproduction in PCOS.

In PCOS other factors may contribute to androgen excess, the 
most notable of which is insulin. Receptors for insulin, insulin- like 
growth factors I and II have been demonstrated in theca tissue from 
both normal and PCOS women. In addition, in vitro studies of TCs 
from normal women have shown that these growth factors may in-
dependently stimulate androgen production as well as enhance an-
drogen responses to LH [30].

Consistent with in vitro studies, insulin- induced hyperandrogen-
aemia has been reported in women with PCOS following prolonged 
insulin infusion over 16 hours [31]. During the administration 
of insulin changes in gonadotropin levels were not observed. 
These findings coincide with studies that have shown reduced 
hyperinsulinemia and associated decreases of serum androgens 
without corresponding changes of LH in women with PCOS treated 
with insulin- lowering drugs.

Treatment

Hirsutism

The primary therapeutic approach to excessive hair growth is re-
duction of ovarian androgen production by suppression of ovarian 
steroidogenesis. Combination oral contraceptives containing com-
bination oestrogen- progestin readily decrease circulating androgen 
levels and effectively slow the rate of hair growth. However, the range 
of response may be variable largely due to the severity of hirsutism 
at the time of treatment. Oral contraceptive therapy inhibits serum 
gonadotropin levels leading to a decrease of ovarian androgen 

production. In addition, the oestrogen component increases SHBG 
leading to a reduction of bioactive testosterone, whereas progestin 
serves to increase the metabolic clearance rate of testosterone as 
well as compete for 5α- reductase and the AR.

In adolescent PCOS with androgen excess, a proposed alter-
native to oral contraceptives includes a combination of low- dose 
pioglitazone– flutamide– metformin [32]. This therapy was as ef-
fective as ethinyl oestradiol- cyproterone acetate in reducing 
hyperandrogenaemia and also improved metabolic dysfunction and 
reduced markers of cardiovascular risk.

Antiandrogenic agents, either alone or more commonly in com-
bination with oral contraceptives, may be considered in the treat-
ment of hirsutism. Spironolactone is an aldosterone antagonist that 
competes for testosterone binding sites to lower the clinical effects 
of androgen excess. In addition, spironolactone appears to inter-
fere with cytochrome P450 to inhibit steroid enzyme action and 
decrease androgen production. Considering its antiandrogenic 
activity, pregnancy should be avoided in individuals using spir-
onolactone. Because this medication may decrease the action of 
aldosterone, serum potassium levels may increase and therefore 
should be monitored.

Other antiandrogens shown to have therapeutic benefit in-
clude flutamide and finasteride. Flutamide competes for the AR 
whereas finasteride inhibits 5α- reductase. Flutamide is not ap-
proved by the United States Food and Drug Administration for 
the treatment of hirsutism due to a reported increased risk for 
hepatic toxicity particularly in individuals that are obese. Because 
of its antiandrogenic effects, flutamide should be avoided during 
pregnancy.

Menstrual Irregularity

In PCOS women with irregular bleeding, the primary treat-
ment option is combination oral contraceptives. In the majority 
of cases, regular withdrawal bleeding will result. In individuals 
who are unable to tolerate combination oral contraceptives, ad-
ministration of progestin only containing oral contraception or 
intermittent progestin alone may decrease or eliminate bleeding. 
Long- acting progestational agents should be considered carefully 
due to the enduring effect after administration. Alternatively, an 
intrauterine device containing progestin also may be used. An 
additional benefit of progestin therapy is the reduced risk of endo-
metrial cancer.

Insulin- Lowering Drugs

Insulin- lowering drugs improve insulin sensitivity in PCOS 
women with insulin resistance. Metformin, a biguanide, increases 
insulin sensitivity in the liver to reduce gluconeogenesis and 
hyperinsulinemia. Administration of metformin to women with 
PCOS decreases androgen levels, increases rates of spontaneous ovu-
lation, and enhances ovulatory responses to clomiphene. However, 
in cases of severe obesity metformin has been shown to be consider-
ably less effective. In addition, evidence for metformin ameliorating 
excessive hair growth is lacking. Side effects of metformin include 
gastrointestinal symptoms, which are dose- related and tend to re-
solve after several weeks. A rare adverse effect of metformin therapy 
is lactic acidosis, which may occur in individuals with systemic and 
debilitating diseases.
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Infertility

Medical Treatment

In anovulatory women with PCOS that are overweight or obese, 
diet and lifestyle intervention are highly recommended as first- line 
therapy. Reduction in weight by 5– 10% may successfully restore 
ovulation and fertility. When pharmacological therapy is required, 
clomiphene citrate has been considered first- line therapy for ovu-
lation induction in PCOS women due to its ability to inhibit oes-
trogen negative feedback and induce an increase in FSH secretion. 
Recent studies have demonstrated that letrozole, an aromatase 
inhibitor, may also be considered as another first- line therapy for 
ovulation induction in PCOS women. Letrozole diminishes hypo-
thalamic oestrogen negative feedback and is thought to transiently 
increase FSH release without depleting oestrogen receptors. Both 
clomiphene and letrozole appear to have equivalent efficacy with 
respect of successful ovulation induction and pregnancy rates. 
Another alternative therapy is metformin that reduces circulating 
insulin and androgen levels, inhibits hepatic glucose production, 
decreases intestinal glucose uptake, and increases peripheral insulin 
sensitivity. If monotherapy with these agents is not successful, then 
metformin and clomiphene citrate may be combined in an effort to 
improve ovulation and pregnancy rates before proceeding to low- 
dose gonadotropin therapy or laparoscopic ovarian drilling.

In the absence of ovulation, induction using the aforementioned 
drugs would warrant use of low- dose gonadotropin therapy. Because 
women with PCOS are prone to excessive follicle responsiveness to 
gonadotropin administration and potential ovarian hyperstimulation, 
caution must be exercised when using these preparations. The goal 
is to create a transient increase in FSH above a threshold dose for 
selecting a limited number of developing follicles. Use of exogenous 
gonadotropins is associated with increased risks for multiple preg-
nancy and severe ovarian hyperstimulation syndrome.

Surgical Approach

In the original description of PCOS in 1935, several women that 
had undergone wedge resection resumed ovulation. Over the past 
several decades therapeutic wedge resection has gained in popu-
larity as electrocautery of the ovarian capsule during laparoscopy 
(i.e. laparoscopic ovarian drilling) induced high rates of ovulation 
and pregnancy [33]. Moreover, spontaneous ovulation appeared to 
persist following the procedure, although the duration was highly 
variable [34]. Laparoscopic ovarian drilling (LOD) is best suited for 
anovulatory women with PCOS who are resistant to clomiphene 
citrate or letrozole treatment. Disadvantages of this surgical method 
include surgical complications, adhesion formation, and premature 
menopause, particularly when large numbers of punctures are used, 
although, long- term surveillance of PCOS women undergoing LOD 
has been reassuring.

In vitro fertilization (IVF) is indicated for PCOS women who 
have associated infertility conditions, including tubal damage, se-
vere endometriosis, and male factor infertility, or who require 
preimplantation genetic testing. In addition, IVF also is a reasonable 
option for PCOS women who fail clomiphene therapy, are older or 
at increased risk of multiple birth from gonadotropin therapy be-
cause the multiple birth rate can be reduced by transferring one em-
bryo at a time.
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Introduction

Polycystic ovary syndrome (PCOS) is a common endocrinopathy 
among reproductive age women associated with reproductive fea-
tures related to disordered gonadotropin release and increased an-
drogen production leading to anovulation, infertility, and clinical 
hyperandrogenism Figure 8.4.3.1. The most commonly used and 
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Figure 8.4.3.1 Women with PCOS display disordered gonadotropin release that favours increased luteinizing hormone (LH) compared to follicle- 
stimulating hormone (FSH) resulting in overproduction of testosterone with defects in follicular development. Insulin resistance is an intrinsic 
abnormality in PCOS and further contributes to ovarian androgen production as well as reduction in SHBG leading to higher levels of bioavailable 
testosterone.

accepted criteria for diagnosis is based on the 2003 Rotterdam con-
sensus that has been endorsed internationally [1] . The definitions, 
phenotypes, and prevalence of PCOS is covered in Chapter 8.4.1.

In the 1980s, a series of studies clearly established that PCOS is 
associated with a significant reduction in peripheral insulin sensi-
tivity that is independent of adiposity [2– 5]. Furthermore, obesity is 
common among women with PCOS especially in the United States 
and exacerbates insulin resistance associated with the disorder. The 
combination of both intrinsic and obesity- related insulin resistance 
places women with PCOS at high risk for other metabolic compli-
cations such as type 2 diabetes (DM2), metabolic syndrome, and 
possibly cardiovascular disease. Although the reproductive features 
of the disorder may improve with age, the associated metabolic ab-
normalities may actually worsen. Furthermore, the risk for insulin 
resistance varies according to the phenotype of PCOS identified 
by the Rotterdam criteria. Women who present with all three cri-
teria for PCOS (phenotype A) or those who fulfil the NIH criteria 
(phenotype B) exhibit the greatest degree of insulin resistance [6] . 
This chapter will explore the pathophysiology of aberrant insulin 
action in women with PCOS and discuss the long- term metabolic 
complications and treatment strategies.

Pathophysiology of Insulin Resistance in PcoS

Insulin resistance is a common feature of PCOS that is independent 
of body weight and is the underlying cause for the heightened meta-
bolic risk [2– 5]. Non- obese women with PCOS have the same de-
gree of insulin resistance as obese reproductively normal women 
and obese women with PCOS are more insulin resistant compared 
to reproductively normal women of the same body mass index 

(BMI) [3, 7]. Insulin resistance in PCOS is characterized by reduced 
sensitivity and responsiveness to insulin- mediated glucose utiliza-
tion primarily in the skeletal muscle and adipose tissue even among 
non- obese women [3, 7,  8]. The cellular mechanisms for insulin 
resistance in PCOS have not been fully characterized. Studies on 
subcutaneous adipocytes of women with PCOS have revealed im-
paired insulin sensitivity [7, 9– 11] and reduced glucose transport 
[7– 9] related to lower expression of the insulin- sensitive glucose 
transporter, GLUT- 4 [12,  13]. This defect is present even among 
non- obese women with this condition [7]  although the finding has 
not been confirmed in all studies [8]. Additionally, subcutaneous 
adipocytes from women with PCOS display reduced insulin sen-
sitivity to the antilipolytic effect of insulin [10]. These appear to be 
post- receptor defects since no reduction in insulin receptor number 
or alteration in insulin binding have been identified [7, 9, 11].

A predisposition to accumulate fat in central depots independent 
of BMI has been reported in PCOS especially in non- obese women 
[14– 17] and predisposes to insulin resistance although this finding 
has not been demonstrated in overweight or obese women with this 
condition [18]. The predisposition to abdominal adiposity maybe 
related to chronic hyperandrogenism. Administration of a weak 
anabolic androgen to postmenopausal women over 9  months in-
creases visceral fat [19]. Female to male transsexuals have an in-
crease in visceral fat following administration of androgens [20]. 
Some, but not all, short- term interventions designed to lower an-
drogen levels or block androgen action in women with PCOS dem-
onstrate improved insulin sensitivity [21– 25]. These findings have 
not been universal especially among obese women although inad-
equate sample size has been a limitation [26– 31]. A  reduction in 
adipose tissue expression of adiponectin associated with lower cir-
culating levels of this adipokine has been demonstrated even among 
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non- obese women with PCOS [17, 32, 33]. In addition to reduced 
insulin action, women with PCOS have evidence for inadequate in-
sulin secretion related to β- cell dysfunction placing them at height-
ened risk for DM2 [34].

Hyperinsulinemia resulting from insulin resistance promotes 
ovarian and adrenal androgen overproduction. In vitro, theca cells 
from women with PCOS overproduce androgens in response to in-
sulin [4] . Treatment of women with PCOS with agents that lower 
insulin levels decreases both ovarian and adrenal androgens [35]. 
Hyperinsulinemia increases the availability of bioactive andro-
gens such as bioavailable testosterone through its suppressive ef-
fect on circulating sex hormone- binding globulin (SHBG) [36]. 
Hence, insulin resistance and hyperinsulinemia adversely impact 
hyperandrogenism and reproductive complications of PCOS as well 
as contribute to development of metabolic consequences.

Additionally, there is heterogeneity in insulin resistance among 
the various phenotypes of PCOS according to the Rotterdam cri-
teria. Insulin resistance and metabolic dysfunction is largely con-
fined to women who present with the classical form of PCOS 
consisting of oligomenorrhea and hyperandrogenism especially in 
combination with polycystic ovaries [6] .

Type 2 Diabetes Mellitus

Women with PCOS are at increased risk for glucose intolerance re-
lated to the intrinsic insulin resistance present in many women and 
worsened by the high prevalence of obesity. Furthermore, women 
with PCOS demonstrate pancreatic β- cell dysfunction and inad-
equate insulin secretion for the degree of insulin resistance [34]. 
About 30– 40% of obese reproductive- aged PCOS women have 
been found to have impaired glucose tolerance (IGT), and about 
10% have frank type 2 DM based on a 2- hour glucose level >200 
mg/ dl [37].

In a meta- analysis of 40 studies that examined the relationship be-
tween PCOS and glucose intolerance, a diagnosis of PCOS was asso-
ciated with an odds ratio of 3.26 (95% CI: 2.17– 4.90) for IGT and 2.87 
(95% CI:1.445.72) for DM2 [38]. However, the risk varied according 
to ethnicity and geographic location. Asian women had a fivefold in-
crease, followed by women in the Americas (fourfold increase) and 
women in Europe (threefold increase) [38]. Furthermore, women 
with PCOS are at increased risk of conversion from normal to IGT 
or from IGT to DM2 over time. The overall conversion rate from 
normal glucose tolerance to glucose intolerance over time is in the 
range of 2– 5% per year [14, 39]. However, the risk is higher among 
obese women approaching 5– 15% within 3 years [40].

Dyslipidaemia

Studies have demonstrated a number of lipid abnormalities in 
women with PCOS including elevated low- density lipoprotein 
(LDL) cholesterol and triglyceride levels compared to control 
women of the same age, BMI, and ethnicity [41, 42]. Smaller studies 
have also revealed lower high- density lipoprotein (HDL) choles-
terol in PCOS compared to matched control women [43]. Women 
with PCOS have an atherogenic lipoprotein profile even if non- 
obese [44]. Current guidelines recommend a screening lipid profile 
on all women with PCOS [45].

Metabolic Syndrome

The diagnosis of metabolic syndrome is often based on ATP III 
criteria. These criteria include a waist circumference above 88 cm 
in women, HDL cholesterol less than 50 mg/ dl, triglyceride above 
150 mg/ dl, hypertension defined as BP above 130/ 85 and impaired 
fasting glucose equal or greater than 100 mg/ dl [46]. The presence 
of three of these criteria will establish the diagnosis of metabolic 
syndrome which is a strong predictor for cardiovascular disease.

The risk for metabolic syndrome is increased among women with 
PCOS. A meta- analysis of 16 studies comparing the prevalence of 
metabolic syndrome in women with and without PCOS, demon-
strates an OR 3.01 (CI 2.06, 4.41); however, there is significant statis-
tical heterogeneity [47]. After PCOS and control women are matched 
for BMI, the statistical heterogeneity was resolved, yet women with 
PCOS still had a greater prevalence of metabolic syndrome OR 2.2 
(CI 1.36, 3.56). Additional subgroup analyses that included only lean 
women (BMI <25 kg/ m2) indicated a significant increase in risk for 
metabolic syndrome in PCOS with OR 3.00 (CI 1.30, 6.93) [47]. 
These data clearly indicate that the prevalence of metabolic syn-
drome is increased in PCOS women independent of obesity.

Non- Alcoholic Fatty Liver

Non- alcoholic fatty liver disease (NAFLD) is a hepatic complica-
tion that is strongly associated with insulin resistance and is the 
second most common indication for liver transplantation in the 
United States. A number of small cohort and cross- sectional studies 
indicate that the risk for NAFLD is increased among women with 
PCOS.  in addition, a recent systematic review and meta- analysis 
[48] as well as a large retrospective analysis [49] show that the odds 
ratio for NAFLD is ~2.5 (95% CI 2.19– 2.95) [48] and 2.23 (95% CI 
1.86– 2.66), respectively [49]. The increase in risk appears to be re-
lated to androgen excess in the current studies.

The current guidelines recommend that women with PCOS with 
metabolic risk factors may be screened using serum markers of liver 
dysfunction. If serum markers are elevated, non- invasive quantifica-
tion of fibrosis by ultrasound and liver biopsy may be considered [45].

cardiovascular Disease

Women with PCOS tend to have multiple risk factors for cardio-
vascular disease such as dyslipidaemia, DM2, abdominal adiposity, 
and metabolic syndrome. A number of studies reveal an increased 
prevalence of surrogates for cardiovascular disease such as in-
creased carotid intima media thickness [50, 51] and coronary ar-
tery calcification [52, 53]. Yet at this time, conclusive evidence for 
increased cardiovascular disease morbidity and mortality among 
women with PCOS is lacking. A number of older studies did not 
find the prevalence of non- fatal or fatal cardiovascular disease to be 
increased although risk for non- fatal cerebrovascular disease was 
higher [54, 55].

In more recent studies, such as a substudy of the Women’s 
Ischemia Evaluation Study (WISE), multivessel coronary disease 
was observed in 35% of women with PCOS compared to 25% of 
women without PCOS and the risk for stroke was also increased 
[43,  56]. Accordingly, a consensus statement by the Androgen 
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Figure 8.4.3.2 Obstructive sleep apnoea contributes to development of glucose intolerance and type 2 diabetes by activation of sympathetic 
pathways related to fragmented sleep and intermittent hypoxia. These defects predispose to insulin resistance, inflammation, and insulin secretory 
defects that eventually lead to development of glucose intolerance.

Excess and Polycystic Ovary Syndrome Society considers women 
with PCOS who are obese with a history of cigarette smoking, 
hypertension, glucose intolerance and subclinical vascular dis-
ease to be at risk and those with metabolic syndrome/ DM2 to 
be at high risk for development of cardiovascular disease [43].

Sleep Apnoea

Women with PCOS have an increased prevalence of obstructive 
sleep apnoea (OSA) that may even exceed those in men [57,  58]. 
Both obesity and hyperandrogenism have been proposed to account 
for the high prevalence of OSA in PCOS [59, 60]. However, it ap-
pears that the increased risk may be independent of these two 
risk factors; the risk has been shown to be increased by nine times 
even after adjusting for BMI compared to control women [60, 61]. 
Furthermore, in women with PCOS the presence of OSA was as-
sociated with 2- fold higher fasting insulin levels and other surro-
gate measures of insulin resistance (Figure 8.4.3.2) [62]. The current 
guidelines for clinical management of women with PCOS suggest 
screening overweight/ obese adolescents and women with PCOS for 
symptoms suggestive of OSA, and when identified, obtaining a de-
finitive diagnosis using polysomnography. If OSA is diagnosed, pa-
tients should be referred for institution of appropriate treatment [45].

Gynaecological cancers

Women with PCOS have many risk factors for endometrial 
cancer such as chronic anovulation with unopposed endometrial 
stimulation by oestrogen, central adiposity, and type 2 diabetes. 

A meta- analysis assessing the association between PCOS and endo-
metrial cancer found an increased risk of developing endometrial 
cancer in PCOS (RR = 2.7; 95% CI, 1.0– 7.29) [63]. Similar results 
were confirmed by a subsequent systematic review that revealed a 
threefold increased risk for this complication [64]. There are cur-
rently no data supporting routine screening with pelvic ultrasound 
or endometrial biopsy in asymptomatic women for endometrial 
cancer and such practices are not routinely recommended by the 
guidelines [45].

evaluation of Women with PcoS for 
Metabolic Abnormalities

Evaluation should cover the multiple metabolic abnormalities dis-
cussed here which could be present in women with PCOS. The 
risk factors for metabolic complications are not uniform among 
women with PCOS [6] . Women who display all three diagnostic 
criteria for PCOS by Rotterdam consisting of menstrual irregu-
larity, hyperandrogenism and polycystic ovaries or those who 
fulfil the NIH criteria consisting of menstrual irregularity and 
hyperandrogenism have been shown to manifest the greatest degree 
of insulin resistance and are at the highest risk for metabolic ab-
normalities [6]. Furthermore, the risk for metabolic abnormalities 
is modified by the presence of obesity, OSA, and family history of 
DM2 and cardiovascular disease. Hence, obtaining a comprehen-
sive history that includes a detailed assessment of menstrual cycles, 
weight, and lifestyle factors such as smoking in addition to family 
history of PCOS, diabetes, and cardiovascular disease is essential. It 
is also important to assess for obesity including abdominal obesity 
and hypertension to further stratify metabolic risk.
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Due to the high prevalence of abnormal glucose tolerance in PCOS, 
screening for prediabetes and DM2 is indicated. The current guidelines 
recommend use of an oral glucose tolerance test with a 75- g oral glu-
cose load to screen for IGT or DM2 [45, 65]. Haemoglobin A1c may 
have poor sensitivity in detecting IGT and women with PCOS have 
been shown to have 2- hour glucose values above 200 mg/ dl on a 75- g 
oral glucose load consistent with DM2 despite normal fasting glucose 
[66]. Studies have also demonstrated increased risk of conversion to 
glucose intolerance over time in women with PCOS [67] although the 
rate of overall conversion among all women with PCOS may not be 
higher than 2% per year [39]. The risk for conversion from normal to 
IGT and from IGT to DM2 is high among obese women with PCOS, 
reportedly 5 to 15% within 3 years [40]. Because of the higher risk of 
conversion to IGT and DM2 in PCOS, most current guidelines rec-
ommend periodic screening although an interval screening period 
has not been clearly established [45, 65]. The risk for abnormal glu-
cose tolerance is higher in women with PCOS with a family history of 
DM2 especially if obese so an individualized approach to screening for 
glucose tolerance is essential. Screening for metabolic abnormalities 
should not include fasting insulin levels since fasting insulin levels lack 
adequate accuracy and sensitivity [45] and are not useful in the diag-
nosis or management of PCOS or its metabolic sequelae. Specifically, 
there is no threshold value that defines insulin resistance that is in-
dependent of obesity. Any woman with PCOS who is overweight or 
obese should be presumed to be insulin resistant.

Women with PCOS should undergo screening with a fasting 
lipid profile due to a higher prevalence of dyslipidaemia [45, 65]. 
The guidelines do not provide specific recommendations regarding 
how often the screening should be repeated. Clinical judgement 
incorporating factors such as presence of dyslipidaemia at baseline, 
obesity, DM2, tobacco use, and personal or family history of cardio-
vascular disease are important considerations in this regard.

Due to a heightened risk for OSA especially among obese women 
with PCOS, screening for symptoms of this disorder is essential and 
supported by guidelines [45]. If women report symptoms suggestive 
of OSA, they should undergo a polysomnograph to obtain a defini-
tive diagnosis followed by treatment [45].

Approach to Long- Term Treatment of Women 
with PcoS

The best long- term therapy for women with PCOS is a matter of 
debate, and often deduced from diabetes or cardiovascular preven-
tion trials in similar populations, because such studies do not exist 
for women with PCOS. An individualized approach to each patient 
depending on symptoms and long- term risk is advised.

Lifestyle Modification

Lifestyle intervention resulting in weight loss is the principal treat-
ment of metabolic dysfunction in obese women with PCOS and 
additionally often results in improvements in menstrual irregularity 
and even fertility. Even a small reduction in body weight by as little 
as 5% has been shown to improve ovulation in women with PCOS 
[68]. There is a paucity of data in regard to the ‘optimal’ diet for the 

management of obesity in women with PCOS. In a systematic review 
of dietary studies in PCOS, weight loss improved the presentation of 
PCOS regardless of dietary composition [69]. Subtle differences were 
detected among the diets with greater reduction in insulin resistance 
and improved quality of life with a low- glycaemic index diet, greater 
weight loss for a monounsaturated fat- enriched diet and greater im-
provements in depression and self- esteem for a high protein diet [69].

Exercise improves insulin resistance and reduces cardiovascular 
risk in women with PCOS if performed for at least 30 minutes per 
day for 5  days per week. However, exercise without concomitant 
caloric reduction is unlikely to induce weight loss in women with 
PCOS [70].

Bariatric Surgery

Bariatric surgery is increasingly utilized in morbidly obese patients 
as a first line obesity therapy [71]. The current recommendations 
are to utilize bariatric surgery in patients with a BMI greater than 
40 kg/ m2 or with a BMI greater than 35 kg/ m2, and serious med-
ical comorbidities [71]. Bariatric surgery should be considered in 
women with PCOS who fulfil the general criteria based on BMI 
and comorbidities. A meta- analysis of 13 studies of 2130 women of 
whom 45.6% had PCOS, demonstrated that bariatric surgery and 
subsequent weight loss results in significant improvements in men-
strual irregularity from 56.2% to 7.7%, hirsutism from 67% to 32%, 
and infertility from 18.2% to 4.3% [72].

Metformin

In the 1990s, metformin was shown to ameliorate hyperandrogenism 
in both obese and non- obese women with PCOS [35]. Metformin 
lowers testosterone levels by approximately 20– 25% in women with 
PCOS [35]. This effect may be more pronounced among non- obese 
women with PCOS. There is significant variability in the clinical re-
sponse to metformin treatment in women with PCOS including in 
its ability to reduce testosterone and insulin levels, regulate menses 
and improve body weight and composition [73].

Current guidelines for management of PCOS recommend 
metformin treatment for women with IGT or type 2 diabetes 
who do not respond to lifestyle modification [45]. The impact of 
metformin on weight loss and body composition has been exam-
ined in a number of observational and randomized clinical trials 
but the results have been conflicting. A  meta- analysis of 16 ran-
domized clinical trials of 630 participants treated with metformin 
for 6  months at an average daily dose of 1500 mg reported no 
evidence of an effect on BMI and only a marginal reduction of 
waist:hip ratio [74]. However, there may be evidence for a bene-
ficial effect of metformin on BMI and abdominal obesity when 
added to lifestyle modification. In a meta- analysis published in 
2015, comparing nine randomized clinical trials (n  =  493 parti-
cipants) of metformin plus lifestyle vs. lifestyle alone, metformin 
plus lifestyle was more effective in reducing BMI [49]. Metformin 
may also have a favourable impact on body composition by re-
ducing abdominal fat, although larger well- designed randomized 
studies are necessary to establish a clear benefit [75].
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GLP- 1 Agonists

Glucagon- like peptide- 1 analogues have proven effective in re-
ducing body weight among obese and overweight individuals 
without diabetes [76– 78]. Small studies have also demonstrated 
effectiveness in this regard in women with PCOS [79]. Additional 
small studies have shown that the combination of these agents and 
metformin is more effective in inducing weight loss in women with 
PCOS [80– 82]. In addition to lowering body weight, these agents 
on their own or in combination to metformin have been shown to 
reduce testosterone levels and may have additional metabolic bene-
fits [82, 83]. Larger randomized clinical studies of longer duration 
are warranted to examine the potential benefits of these agents in 
women with PCOS.

combination oral contraceptives

Combination oral contraceptives are commonly used as first- lined 
treatment for menstrual abnormalities, hirsutism, and acne in 
women with PCOS. Oral contraceptives suppress gonadotropin re-
lease with subsequent reduction in ovarian androgen secretion and 
stimulate SHBG production from the liver, thus reducing free tes-
tosterone level. Oral contraceptives are associated with a significant 
reduction in risk for endometrial cancer [84]. The choice for ‘best’ 
oral contraceptives for women with PCOS is unknown. A low dose 
formulation including ethinyl oestradiol and progestin is recom-
mended. There are often adverse effects on insulin sensitivity that 
may be dose and drug dependent [85]. Oral contraceptives may also 
be associated with a significant elevation in circulating triglycerides, 
as well as in HDL levels, although these do not appear to progress 
over time. However, there is no evidence that risk for cardiovascular 
disease is increased with oral contraceptive use in PCOS although ap-
propriate risk stratification is necessary in each individual case based 
on patient’s personal cardiometabolic risk profile at baseline [86].

conclusion

Insulin resistance, obesity, dyslipidaemia, and type 2 diabetes 
are common among women with PCOS. Management of these 
women should include an evaluation for metabolic risk at base-
line and close follow- up especially for those who are identified at 
higher risk. Treatment tends to be symptom- based and should be 
individualized.
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Physiology and Pathophysiology of Hair Growth

Androgen Metabolism in Women

Androgens are 19 carbon (C19) steroids, synthesized from the 
steroid substrate pregnenolone, which is itself derived from chol-
esterol. Androgens are produced by both the ovary and the adrenal 
cortex. They may also be derived from the conversion of precursor 
steroids by the liver and some peripheral tissues including the skin 
and adipose tissue. The main circulating androgens in women in-
clude testosterone, and its 5α  - reduced metabolite dihydrotestos-
terone (DHT), androstenedione (A4), dehydroepiandrosterone 
(DHEA) and its metabolite dehydroepiandrosterone sulphate 
(DHEAS). Recently the importance of 11- oxygenated androgens 
such as 11- ketotestosterone (11- KT) and 11- ketoDHT (11- KDHT) 
has been recognized as these are also potent agonists of the human 
androgen receptor [1– 3]. Further study is required, however, to de-
termine the clinical utility of 11- KT and 11- KDHT in the evaluation 
of androgen excess disorders in women. See Figure 8.4.4.1.

Only free androgens are able to interact with androgen recep-
tors on target tissues. Thus, the biological action of testosterone 
and DHT is significantly influenced by the circulating SHBG level. 
Even without a change in total hormone concentrations, a decrease 
in SHBG will result in increased free fractions of testosterone and 

DHT, increasing androgenic action. Conversely, higher SHBG 
levels will result in decreased free fractions, and a decreased andro-
genic action. SHBG levels are inversely correlated with androgen 
and insulin levels, whereas oestrogens increase circulating SHBG 
concentrations. SHBG also influences the clearance of androgens 
from the circulation.

Androgen production and clearance are influenced by various 
physiological states. Obesity, particularly the abdominal type, increases 
the formation of testosterone from A4, and decrease SHBG levels re-
sulting in increased circulating free androgens. Additionally, because 
androgens are fat soluble, excess adipose tissue serves as an extravas-
cular pool for androgens. The number of androgens metabolized to 
oestrogens by adipose tissue aromatase are also enhanced in obesity.

Normative ranges for androgens also differ depending on age. 
Circulating levels of A4, total and free testosterone, and, DHEA/ 
DHEAS, decline with age, beginning in the mid/ late 30s. It is well 
established that normal menopausal androgen levels are lower than 
those produced in the reproductive years.

Normal Hair Physiology

Hair covers the vast majority of the body, sparing only the lips, palms 
of the hands, and the soles of the feet. There are about 5 million hair 
follicles on a human, of which 1 million on the head. Almost all hair 
follicles are present at birth and no additional follicles arise there-
after, although the size of the follicles may change over time.

A hair follicle is present in conjunction with a sebaceous 
gland and an erector pili muscle, forming the pilosebaceous unit 
(PSU) (Figure 8.4.4.2). The physiology of hair growth is covered 
elsewhere [4] .

Structurally, there are three types of hair. Lanugo is soft hair 
covering the surface of the fetus, which is shed sometime in late ges-
tation or early postpartum. Vellus hair is soft, fine, non- pigmented, 
or containing little pigment, generally measuring less than 2 mm in 
length, and covering apparently hairless areas of the body. Terminal 
hair is long, coarse, thick, pigmented, and contains a central core 
of compacted keratinocytes (i.e. medullated), which vellus hairs do 
not have. Terminal hairs are found primarily on the upper and lower 
limbs, the scalp, the face, the upper and lower back, the chest, ab-
domen, and in the axillary and pubic areas. This type of hair shows 
significant regional morphological differences (i.e. longer in some 
sites, more pigmented in others, etc.) due to genetically determined 
differences in the follicles. Nonsexual terminal hair presents in the 
scalp, eyebrows, and eyelashes [5] .

Race and ethnicity influence the body hair type and distribu-
tion. The number of hair follicles per unit skin area and the rate of 
hair growth vary among ethnic groups. For example, Asians have 
less dense hair than Blacks, who in turn have less dense hair than 
Whites. However, men and women within the same race or ethnic 
group have similar follicle numbers and the visible differences be-
tween them are related to the type of hair arising from these follicles 
(i.e. terminal versus vellus hairs).

Hair follicles undergo cyclic changes and there are three phases 
of the hair follicle growth cycle (Figure 8.4.4.3). Anagen is the ac-
tive growing phase of hair. During this phase, keratinocytes are 
dividing extensively with downwards progression of the dermal pa-
pilla. Anagen is followed by the transitional catagen phase in which 
the hair stops growing and the hair bud shrinks forming a club end, 
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and finally by a resting, or telogen phase, after which the hair sheds 
[5] . Although in many animals the growth cycles of all hair follicles 
are in synchrony, in humans, the growth phases of different hair 
follicles are not synchronous and, for that reason, hairs appear to 
be continuously growing. The length of hair cycle phases varies sig-
nificantly in different parts of the human body. Scalp follicles have 
the longest anagen phase, which may last 2– 6  years. They have a 
catagen phase of 1– 3 weeks and a telogen phase of up to 3 months. 
Normally, 80– 85% of scalp hairs are in anagen. The anagen phase of 
body hairs may as short as 3– 6 months (e.g. forearms or legs) or as 
long as 2– 3 years (e.g. on scalp).

Development and growth of hair follicles are regulated by hor-
monal factors. Growth and thyroid hormones stimulate a general-
ized increase in hair growth. Both hypo-  and hyperthyroidism are, 
however, associated with hair loss. Pregnancy temporarily increases 
the number of hair follicles in anagen, of which many enter catagen 
or telogen postpartum resulting in diffuse hair loss. Oestrogens op-
pose the effects of androgens, by increasing SHBG levels and re-
ducing free androgens rather than showing a direct effect on hair 
follicles [5] .

effects of Androgens on Hair Follicle

Androgens are the principal hormonal regulators of type and dis-
tribution of body and facial hairs. In hair follicles, circulating tes-
tosterone is metabolized by 5α- reductase to the more potent DHT. 
Both hormones (and to a limited extent, A4, and DHEA) bind to 
the androgen receptor. Androgen actions on the PSU, include: (1) 
increased sebum production; (2) the differentiation of the hair fol-
licle from vellus to terminal hairs (in sensitive areas of the body), or 
vice- versa (in scalp); and (3) the prolongation of the anagen phase 
resulting in longer thicker hairs. See Figure 8.4.4.4.

The growth and differentiation of hair follicles in response to an-
drogens varies greatly in different body areas, in association with 
the local content of AR, 5α- reductase, l- ornithine decarboxylase 
(ODC), 17β- hydroxysteroid dehydrogenase, and other enzymes.

Three types of skin areas concerning sensitivity to androgens 
are generally considered (Table 8.4.4.1), although we should note 

that there is wide variability in skin responsiveness across the body 
and face.

Some skin areas are relatively independent of the effect of andro-
gens and are defined as non- sexual skin areas. Alternatively, other 
skin areas (e.g. lower pubic triangle and the axilla) are quite sensi-
tive to androgens, and hair follicles are readily terminalized even in 
the presence of relatively low levels of circulating androgens. These 
skin areas begin to develop terminal hair in early puberty, when 
only minimal increases in adrenal androgens are observed, and are 
termed as ambosexual skin areas. Finally, other areas of the skin re-
spond to androgens, but only to significantly higher levels. These 
areas are defined as sexual skin areas [6, 7]. In women, the presence 
of increased terminal hairs in sexual skin areas, in a male- like pat-
tern, is considered pathological and is termed hirsutism.

Androgens, particularly in excess, may transform vellus into ter-
minal hairs in androgen- sensitive areas in an irreversible manner 
(i.e. terminalization). Paradoxically, in certain areas androgens may 
transform terminal hairs into vellus hairs (i.e. miniaturization), as 
is observed in male- pattern balding. The process of transformation 
(i.e. terminalization or miniaturization), occurs progressively over 
many hair growth cycles, requiring months to years of androgen 
exposure. Interruption of the process sufficiently early (e.g. through 
use of antiandrogens in case of vellus hair terminalization) can re-
verse the observed effects.

epidemiology of Hirsutism

The prevalence of hirsutism will depend on the method used to 
determine its presence, the definition used for hirsutism, and the 
population under investigation. Although objective methods are 
available for the assessment of hair growth including photographic 
evaluations and microscopic measurements, they are not suitable 
for widespread clinical use due to a significant degree of complexity 
and high cost. Alternatively, various methods, based on visual as-
sessment of hair type and growth, have been proposed to evaluate 
patients suspected of having hirsutism [8] .
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Figure 8.4.4.4 Effects of androgens at the pilosebaceous unit.
A4, Androstenedione; T, testosterone; DHT, Dihydrotestosterone. 5A- RA, 5a- reductase.

Reproduced with permission from Azziz R, Carmina E, Sawaya ME. Idiopathic hirsutism. Endocrine reviews. 2000;21(4):347– 62. Copyright © 2000, Oxford University Press.  
(ref 7).
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The most commonly used method of scoring body and fa-
cial terminal hair growth, for defining the presence of hirsutism, 
is based on a modification of the method originally described by 
Ferriman and Gallwey in 1961 [9,  10]. The modified Ferriman– 
Gallwey (mFG) visual assessment method scores the presence 
of hair growth between 0 (absence of terminal hairs) and 4 (ex-
tensive terminal hair growth) at nine different body sites (Figure 
8.4.4.5) [8, 10]. However, we should note that this system is semi- 
quantitative at best, and subject to interobserver variability and 
there is also a lack of consensus on what score defines hirsutism 
[10]. See Figure 8.4.4.6.

To determine the prevalence of hirsutism in the general popula-
tion some large studies have been done [11– 14]. Overall, 7.5% of 
the population could be defined as being hirsute by an mFG scores 
≥8. However, when using cluster analysis to define what the ‘nat-
ural’ cut- off should be, the investigators observed that a score of 
3 or more, defined a population that complained of being hirsute 
more frequently (70% vs. 15% below this score) and who used some 
form of treatment for unwanted hair [11]. Consequently, it is likely 
that the mFG score defining ‘hirsutism’ should be lower than what is 

generally used clinically today. More studies on defining ‘hirsutism’ 
are needed.

The degree of body hair growth, may be affected by ethnicity and 
race. While the degree of facial and body terminal hair growth ap-
pears to be similar in Black and White women, at least in the United 
States [11], it is highly unlikely that Asian women have similar de-
grees of hair growth. Furthermore, while there may be significant 
differences in the degree of hirsutism between ethnic groups, it is 
less clear that there are significant differences in the cut- off values 
used to define hirsutism between populations.

other Signs of Androgen excess

Acne

Acne is a common disorder of the PSU. It occurs in adolescence, 
and may persist into adulthood. Acne presents most commonly 
on the face, neck, chest, shoulders, and back. Androgens stimulate 
sebocyte proliferation, cause the sebaceous glands to enlarge and 
produce more sebum. In women whose acne is severe, or associated 
with hirsutism or irregular menstrual periods, hyperandrogenism 
should be considered [15].

Table 8.4.4.1 Hair type and localization in relation to sensitivity to androgens

Hair type Skin area Androgen sensitivity

Nonsexual hair Eyelashes, eyebrows, and lateral and occipital aspects of the scalp Relatively independent of the effects of androgens

Ambosexual hair Lower pubic triangle, the axilla, and the forearm and lower leg Sensitive to low levels of androgens

Sexual hair Upper lip, chin, and neck, cheek and sideburn areas, chest, upper and 
lower abdomen, upper and lower back, thighs, and upper arms

Sensitive to high levels of androgens

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

Figure 8.4.4.5 Modified Ferriman– Gallwey (mFG) hirsutism scoring system. Each of the nine body areas is rated from 0 (absence of terminal hairs) 
to 4 (extensive terminal hair growth), and the numbers in each area are added for a total score. A mFG score ≥6– 8 generally defines hirsutism.
Adapted with permission from Hatch R, Rosenfield RL, Kim MH, Tredway D. Hirsutism: implications, etiology, and management. American Journal of Obstetrics and Gynecology. 
1981;140(7):815– 30. Copyright 1981 The C. V. Mosby Co. (ref 10).
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Androgenic Alopecia

The term ‘alopecia’ refers to loss of scalp hair. Androgenic alopecia is 
sometimes referred to as ‘androgenetic’ alopecia on the presumption 
of an underlying, yet to be determined genetic factor. In the presence 
of androgens, anagen phase of sensitive scalp hairs is shortened, and 
hair follicles shrink or become miniaturized. With successive anagen 
cycles, the follicles become smaller and shorter, and non- pigmented 
vellus hairs replace the thick pigmented terminal hairs.

Androgenic alopecia is a form of alopecia in women (female- 
pattern hair loss or FPHL), generally characterized by diffuse loss 
of hair in the sagittal (top) part of the scalp [16]. In severe forms 
of hyperandrogenism, hair loss in women may be similar to that of 
men (‘male- pattern balding’), with frontal, sagittal and eventually 
occipital hair loss.

While most of the women with FPHL have normal endocrine 
function, and regular ovulatory cycles, it is not uncommon for 
androgenic alopecia to be accompanied by other androgenic skin 
manifestations, such as hirsutism and acne in the same patient. The 

prevalence of hyperandrogenaemia is higher when FPHL presents 
in association with other signs of androgen excess, such as hirsutism 
and menstrual dysfunction [17].

Virilization

Virilization is a relatively uncommon clinical finding, and its pres-
ence is usually associated with markedly elevated levels of circu-
lating androgens and significant pathology. Depending on the 
duration of the underlying pathology, virilization is characterized 
by male- pattern balding, clitoromegaly, and severe hirsutism. It 
may also be accompanied by signs of masculinization including 
deepening of the voice, increased muscle mass, and loss of typical 
female fat deposition, including decreased breast size. Women with 
virilization are nearly always amenorrhoeic [18]. The presence of an 
androgen- secreting neoplasm (ovarian or adrenal) should always be 
suspected in any woman who develops signs of virilization, particu-
larly if the onset is sudden with a rapid progression, although there 
may be other rare causes.
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Figure 8.4.4.6 Photographic examples of facial and body terminal hair growth scored according to the modified FG method.
Adapted with permission from Yildiz BO, Bolour S, Woods K, Moore A, Azziz R. Visually scoring hirsutism. Human reproduction update. 2010;16(1):51– 64. Copyright © 2009, 
Oxford University Press. (ref 8).
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Differential Diagnosis of Hirsutism

The causes of hirsutism are summarized in Box 8.4.4.1. Over 
80% of hirsute patients will have PCOS, with a small percentage 
of patients having idiopathic hirsutism, and other rare disorders 
including non- classic congenital adrenal hyperplasia (NCAH), 
the hyperandrogenism- insulin resistance- acanthosis nigricans 
(HAIRAN) syndrome, and androgen- secreting neoplasms [14, 19].

Cushing’s syndrome, acromegaly, thyroid dysfunction, and 
hyperprolactinaemia may be associated with hirsutism, but pa-
tients usually present with other clinical features common to these 
disorders.

Polycystic ovary Syndrome

PCOS is a common disorder characterized by androgen excess, 
ovulatory dysfunction, and polycystic ovaries [19,  20]. PCOS af-
fects 5– 15% of women of reproductive age and over 80% of hir-
sute women. There are currently three sets of criteria for diagnosing 
PCOS [21– 24], although the 2003 Rotterdam classification system 
is the broadest and most widely used. This defines PCOS by the 
presence of as least two of the following three criteria:  (1) oligo-  
and/ or anovulation, (2)  clinical/ biochemical hyperandrogenism, 
(3)  polycystic ovaries on ultrasonography, and exclusion of other 
related disorders [22, 23].

The aetiology(s) and genetic basis of the syndrome remain largely 
unknown. Patients with PCOS have several interrelated character-
istics including dysregulated ovarian and adrenal steroidogenesis, 
altered gonadotropin dynamics, chronic anovulation, polycystic 
ovaries, and insulin resistance [20]. It is noteworthy that insulin 
resistance and hyperinsulinaemia are dominant features of PCOS 
both in obese and lean patients, and over 80% of patients with PCOS 
demonstrate varying degrees of insulin resistance [25]. Insulin dir-
ectly enhances LH- stimulated androgen secretion from the ovarian 
theca cells. Increased insulin levels also decrease the synthesis of 
SHBG by the liver and reduce circulating SHBG levels, thus re-
sulting in higher concentrations of free androgens.

Additionally, PCOS is associated with increased risk of type 2 
diabetes, dyslipidaemia, cardiovascular disease (CVD), and endo-
metrial carcinoma [19].

Current treatment regimens are directed at reducing hirsutism, 
menstrual cycle regulation, and at times achieving pregnancy. In 
addition, improvement of insulin sensitivity, weight control, and 
prevention of long- term health consequences are also important 
therapeutic goals.

Idiopathic Hirsutism

Hirsute patients with normal ovarian function and morphology (i.e. 
regular ovulation, and no polycystic ovaries on ultrasound), along 
with normal androgen levels, in the absence of features that sug-
gest other specific identifiable causes of hirsutism, are diagnosed as 
having idiopathic hirsutism (IH).

It must be said that routine androgen assays may not be suitable 
to detect mild to moderate hyperandrogenaemia in women (see 
next). Furthermore, available evidence suggest that up to 40% of 
hirsute women who claim to have ‘regular menses’ actually demon-
strate oligo- ovulation and so, a percentage of these women should 
be diagnosed as having PCOS [26].

In some patients with idiopathic hirsutism the activity of 5α- 
reductase in the hair follicle, which converts testosterone to the 
more potent androgen DHT, appears to be increased. Increased 
numbers of ARs or the presence of polymorphisms in the AR gene 
that result in an increased receptor activity may also be the basis for 
the disorder in other patients.

Prevalences of idiopathic hirsutism of up to 17% of hirsute 
women have been reported [6,  27]. However, it is important to 
note that with the use of the more expansive Rotterdam criteria for 
PCOS, the prevalence of IH is nowadays significantly lower.

Overall, the aetiology and epidemiology of idiopathic hirsutism 
remains unclear, although the prevalence is decreasing as the defin-
ition of PCOS broadens and the quality of the clinical and labora-
tory evaluation improves.

Non- classic congenital Adrenal Hyperplasia (NcAH)

Between 1% and 10% of patients with hirsutism have NCAH. The 
most common form is adrenocortical 21- hydroxylase (21- OH) de-
ficiency. In this autosomal recessive disorder, the steroid precursors 
for 21- OH, particularly 17α- hydroxyprogesterone (17- HP) and A4, 
accumulate and are secreted in excess. Hyperandrogenic symptoms 
most commonly appear in the peri-  or postpubertal period, but may 
be absent (i.e. cryptic) even in the presence of elevated circulating 
androgen levels. In addition to hirsutism, other features may in-
clude oligo- ovulation, and polycystic ovaries. Some children may 
present with premature pubarche. Clinically, it is difficult to distin-
guish these patients from patients with PCOS [28]. Biochemically, 
the levels 17- OHP are elevated while the adrenal androgen DHEAS 
is not higher than that of other hyperandrogenic women [29].

Hyperandrogenic- Insulin Resistant- Acanthosis 
Nigricans (HAIRAN) Syndrome

Patients with the HAIRAN syndrome present with marked 
acanthosis nigricans (a velvety thickening and hyperpigmentation of 
the skin found on intertriginous areas, reflecting hyperinsulinemia) 
and significant degrees of hyperandrogenism [30]. Normal or low 

Box 8.4.4.1 Differential diagnosis of hirsutism

 • Functional androgen excess disorders
 — Polycystic ovary syndrome (PCOS)
 — Idiopathic hirsutism

 • Specific identifiable disorders
 — Non- classic congenital adrenal hyperplasia (NCAH)
 —  Hyperandrogenism- insulin resistance- acanthosis nigricans 

(HAIRAN) syndromeb

 — Androgen- secreting neoplasmsb

 — Cushing’s syndromeb

 — Acromegalyb

 — Thyroid dysfunction
 — Hyperprolactinemia

 • Other causes
 — Drugs
 — Chronic skin irritation

a Hirsutism in a patient with normal ovarian function (normo- ovulation), no poly-
cystic ovaries, and normal circulating androgen levels.
b If clinical findings are highly suggestive of these very rare disorders, further testing 
may be needed.
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luteinizing hormone levels accompany increased androgen levels. 
The clinical distinction between HAIRAN and PCOS is not al-
ways clear. Nevertheless, HAIRAN syndrome can be diagnosed 
in patients with hyperandrogenism and acanthosis, by the pres-
ence of severe insulin resistance and hyperinsulinemia, generally 
determined as fasting basal circulating insulin levels higher than  
80 μU/ ml and/ or 500 μU/ ml during an oral glucose challenge. The 
ovaries are enlarged and hyperthecotic with proliferating islands 
of luteinized theca cells in the ovarian stroma, and tend to be less 
cystic than the typical polycystic ovary.

Androgen- Secreting Tumours

Androgen- secreting tumours, whether ovarian or adrenal, are rela-
tively rare. The clinical onset of these tumours is usually sudden 
and may rapidly lead to virilization and masculinization. Other 
systemic symptoms, such as weight loss and anorexia might also 
be observed in patients with carcinomas. Ovarian neoplasms are 
usually not malignant, and include Sertoli– Leydig cell tumours and 
lipoid cell tumours. They are usually palpable on pelvic exam and/ 
or are associated with unilateral ovarian enlargement on imaging. 
Androgen- secreting tumours of the adrenal are often carcinomas. 
Androgen- secreting adrenocortical carcinomas are frequently asso-
ciated with Cushingoid features.

The clinical presentation is generally the most sensitive indi-
cator of an androgen- producing tumour. Biochemical suppres-
sion or stimulation tests are not recommended for the diagnosis 
of androgen- secreting tumours as these tests can be misleading. 
Likewise, basal levels of androgens vary widely in patients with 
these tumours. In patients suspected of suffering from an adrenal or 
ovarian androgen- producing tumour, imaging studies and ovarian 
and/ or adrenal venous sampling may be of value in identifying the 
neoplasm [18].

Drugs

A number of non- androgenic drugs, such as phenytoin, cyclo-
sporine, and diazoxide might result in generalized growth of body 
and facial hair, leading to vellus hypertrichosis. Alternatively, the 
use or abuse of androgenic/ anabolic drugs, such as danazol and 
methyltestosterone, may produce hirsutism in addition to amenor-
rhoea and liver dysfunction.

clinical evaluation of Hirsutism

A thorough history and a focused physical examination are essential 
for the evaluation of the patient with hirsutism. It is firstly important 
to clinically distinguish between hirsutism and hypertrichosis in 
order to determine the necessary subsequent evaluation and man-
agement. Hypertrichosis is characterized by increased vellus hair 
growth and is not caused by androgen excess [31]. Nevertheless, 
some of the patients with hyperandrogenism will have excess 
growth of both terminal and vellus hairs.

History

In a patient with suspected hyperandrogenism, the use of andro-
genic/ anabolic drugs or skin irritants use should be excluded. Onset 
and progression of hirsutism or signs of virilization should be de-
termined. Peripubertal onset of hirsutism with slow progression 

is more consistent with non- neoplastic disorders, such as PCOS. 
Alternatively, rapid progression of hair growth with signs of viril-
ization in a previously asymptomatic woman should raise suspicion 
of an androgen- secreting neoplasm.

A detailed history of the onset (menarche) and subsequent de-
velopment of the patient’s menstrual pattern should be obtained. 
Menstrual irregularities may accompany hirsutism, although some 
hirsute women can have regular cycles (eumenorrhea) or even 
normal ovulatory function. A history of galactorrhoea or symptoms 
of thyroid dysfunction should also be sought. Finally, a detailed 
family history for endocrine, metabolic, cardiovascular, neoplastic, 
and reproductive disorders should be obtained.

Physical examination

Firstly, the physical exam should focus on determining whether fea-
tures of hyperandrogenism are truly present. Hyperandrogenism 
in women may present as hirsutism, acne, androgenic alopecia, or 
virilization. The type, pattern, and extent of excessive hair growth 
should be established and preferably scored by using the mFG 
method.

Finally, in addition to evidence of hyperandrogenism, signs 
of other endocrine disorders should be sought for, including 
acanthosis nigricans, the presence and body distribution of obesity, 
Cushingoid features, and facial features suggestive of acromegaly.

Laboratory evaluation

In patients with hirsutism, measurement of total and free testos-
terone, and possibly DHEAS and A4, may assist in detecting under-
lying hyperandrogenaemia. Patients with androgen- secreting 
neoplasms have very high levels of androgens.

Total testosterone should be measured with a high- quality im-
munoassay after sample extraction and chromatography, or pref-
erably mass spectrometry. Currently available, direct assays for the 
measurement of free testosterone are not reliable to be used in hir-
sute women [32]. Free testosterone should be measured, based on 
the total testosterone level, using equilibrium dialysis, competitive 
binding, or ammonium sulphate precipitation, or estimated from 
the ratio of total testosterone and SHBG (i.e. the free androgen 
index or FAI). Overall, free testosterone is more sensitive for the de-
tection of hyperandrogenaemia than is total testosterone alone. The 
measurement of A4 or DHEAS increases the proportion of women 
detected as hyperandrogenaemic modestly.

Recently a new class of androgens (11- oxy- c19 steroids) have been 
reported to potentially play a role in androgen excess, including 
11- KT, and 11- KDHT, which may become clinically useful in the 
future [1– 3].

The initial evaluation of a hirsute woman should also include 
the measurement of a morning follicular phase 17- HP level to ex-
clude NCAH. If the 17- HP level is between 2 and 10 ng/ ml an acute 
adrenocorticotropic hormone (ACTH) stimulation test should be 
performed for the diagnosis of NCAH. The diagnosis of 21- OH- 
deficient NCAH is made biochemically if the basal or the stimulated 
levels are greater than 10 ng/ ml or 15 ng/ ml.

Prolactin and thyroid stimulating hormone (TSH) levels should 
also be checked if menstrual dysfunction or galactorrhoea or signs 
of thyroid dysfunction are present.

In the evaluation for PCOS, it is important to determine whether 
they have ovulatory dysfunction and polycystic ovaries. Many 



8.4.4 Polycystic Ovary Syndrome 1341

women with hirsutism present with ovulatory and/ or menstrual 
dysfunction. However, in up to 40% of hirsute patients with ap-
parent regular menstruation, anovulation may still be present 
[26]. Consequently, in hirsute women with apparently regular 
menses, ovulatory function should be confirmed by obtaining a 
luteal phase progesterone level, best between 22 to 24  days after 
the start of menstruation. Progesterone levels lower than 3– 5 ng/ 
ml in a eumenorrhoeic patient are consistent with anovulation. 
Additionally, all hirsute patients should undergo pelvic ultrasonog-
raphy to determine whether they have polycystic ovaries. Patients 
diagnosed with PCOS should also assess glucose intolerance and 
cardiometabolic risk factors.

Treatment of Hirsutism

A combination of pharmacological therapies and cosmetic ameli-
oration is recommended for the treatment of hirsutism. If the 
underlying cause is one of the rare disorders previously discussed, 
therapies for these disorders should be undertaken.

The primary aim of the treatment of hirsutism is to stop the de-
velopment of new terminal hairs. Hormonal therapy may also de-
crease the growth rate, diameter, and pigmentation of terminal hairs 
that are already present. Patients should be informed that the effect 
of treatment will probably only be observed after at least 6 months 
and the achievement of optimal results will require 12– 24 months 
of therapy.

Any terminal hairs remaining after medical therapy must be des-
troyed mechanically.

Current treatment of hirsutism may consist of: (1) suppression of 
androgen production; (2) blockade of peripheral androgen action; 
and (3) mechanical and cosmetic means of hair removal.

Suppression of Androgen Production

Suppression of ovarian androgen secretion can be accom-
plished using combination hormonal contraceptives. Long- acting 
gonadotropin- releasing hormone (GnRH) analogues and insulin 
sensitizers are currently not indicated in the routine treatment of 
hirsutism in most women [33]. Likewise, suppression of adrenal an-
drogen secretion can be achieved using various glucocorticoids, al-
though the effect on hair growth is minimal at best, not to mention 
the significant negative impact of these medications on metabolic 
status.

Combination (oestrogen- progestin) oral contraceptive pills 
(OCPs) have been a mainstay for the treatment of hirsutism [33]. 
Oral contraceptives suppress the pituitary secretion of luteinizing 
hormone and lead to a decrease in ovarian androgen production. 
The oestrogenic fraction in OCPs increases the levels of SHBG 
which, in turn, results in a decrease in the free testosterone fraction. 
The progestin in the pill can compete for 5α- reductase and the AR. 
Combined oral contraceptives have also been shown to modestly 
decrease adrenal androgen production by a yet unclear mechanism, 
possibly due to decreasing ACTH levels.

Most OCPs contain ethinyl oestradiol as the oestrogenic fraction. 
Progestins in the oral contraceptives vary in their androgenic poten-
tial and some may actually decrease SHBG levels. Norethindrone, 
norgestrel, and levonorgestrel are known to have some intrinsic 
androgenic activity. Alternatively, the third- generation progestins 

norgestimate and desogestrel are non- androgenic and have the ad-
vantage of less metabolic side effects, including minimal impact on 
glucose, insulin, and lipids. There are a number of combined oral 
contraceptives containing antiandrogenic progestins. Of those, the 
ethinyl oestradiol and cyproterone acetate combination has been 
the most widely used in hirsutism. See Box 8.4.4.2.

Blockade of Peripheral Androgen Action

Agents that suppress androgen production (see earlier) when used 
alone usually have modest effect on hair growth, and in most hir-
sute patients, peripheral androgen blockers need to be added for an 
adequate treatment response [34]. These include AR blockers (spir-
onolactone, cyproterone acetate, or flutamide) and 5α- reductase in-
hibitors (finasteride or dutasteride). All these agents are similarly 
efficacious and the main difference rests in their side effects pro-
file. All have teratogenic potential, inducing feminization of a male 
fetus, and therefore should be used with effective contraception. 
The addition of combination contraceptives to peripheral androgen 
blockers provides protection against the risk of unwanted preg-
nancy, reduces the risk of irregular menstrual bleeding, and sup-
presses androgen levels by a different mechanism, thus improving 
their efficacy.

Spironolactone

Spironolactone is a potent antimineralocorticoid and mild diuretic. 
It is an effective therapy for hirsutism by competing with androgens 
for the AR, 5α- reductase, and SHBG. It also inhibits at least partially 
the activity of some of the ovarian and adrenal enzymes involved in 
androgen biosynthesis. Doses of 50– 200 mg/ day are generally used 
for the treatment of hirsutism. Side effects include menstrual ir-
regularity, dyspepsia, nausea, polyuria, nocturia, hypotension, and 
headaches. If the dose is increased from 25 mg/ day in a progressive 
fashion to the dose desired, patients tend to develop less side effects. 
Menstrual irregularity may be avoided if spironolactone is given in 
conjunction with an OCP.

Cyproterone Acetate

Cyproterone acetate is an antiandrogenic progestin effective in 
treatment of hirsutism and acne. It acts mainly by competitively 
binding with the AR. In mild to moderate cases, cyproterone acetate 
in a dose of 2 mg/ day combined with ethinyl oestradiol generally 

Box 8.4.4.2 Pharmacological treatment of hirsutisma

 • Suppression of ovarian or adrenal androgen production
 — Combined contraceptive pills

 — Long- acting gonadotropin- releasing hormone (GnRH) analogues
 — Insulin sensitizers

 — Glucocorticoids
 • Blockade of peripheral androgen receptor action
 — Cyproterone acetate

 — Spironolactone
 — Flutamide
 • Blockade of 5α- reductase activityb

 — Finasteride/ Dutasteride
 — Combination therapy
a At least 6 months of treatment is needed for an observable clinical response.
b Minimizing the conversion of testosterone to dihydrotestosterone
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improves the symptoms. However, in more significant hirsutism, 
higher doses of cyproterone acetate may be required (up to 100 
mg/ day) for significant improvement. Side effects include mood 
changes, loss of libido, and weight gain.

Flutamide

Flutamide is an AR blocker, initially used as adjuvant treatment for 
prostate cancer. It is as effective as spironolactone in the treatment 
of hirsutism in doses of 125– 500 mg/ day, but with significantly less 
side effects, with the exception of the rare occurrence (3/ 10  000 
users) of dose- dependent severe hepatotoxicity including the possi-
bility of death. Careful monitoring of liver function tests is required 
due to the potential hepatotoxicity. Some authors completely rec-
ommend against the use of flutamide for hirsutism, considering its 
risk of potentially fatal hepatotoxicity [33].

Finasteride/ Dutasteride

Finasteride is a competitive inhibitor of type 2 5α- reductase and is 
used for the treatment of benign prostatic hyperplasia. Although 
type 1 is the predominant isoform of 5α- reductase found in the PSU, 
finasteride 5 mg daily has been found to be useful for the treatment 
of hirsutism. Alternatively, dutasteride targets the type 1 isoform of 
5a- reductase and may prove to have even higher efficacy, but so far 
there were no randomized controlled clinical trials with this drug.

Mechanical Means of Hair Removal

Pharmacological agents should be combined with appropriate 
mechanical/ cosmetic treatments for optimal results in hirsute pa-
tients. Shaving, bleaching, or chemical depilation may be useful to 
temporarily ameliorate unwanted hair. Shaving does not affect the 
rate or duration of the anagen phase or diameter of the hair. Thus, 
patients can be reassured that shaving does not lead to a worsening 
of hirsutism. However, shaving can lead to a blunt hair end, which 
would give the false impression of thicker hair.

Plucking or waxing are not very much recommended because 
they cause discomfort and may lead to folliculitis with the subse-
quent development of in- grown hair. Furthermore, excessive or in-
discriminate use of any depilating agent can result in chronic skin 
irritation.

Efluornithine is a topical irreversible inhibitor of l- ornithine de-
carboxylase (ODC), an enzyme which catalyses follicular polyamine 
synthesis necessary for hair growth. Efluornithine hydrochloride, 
marketed in a 13.9% cream, has been found to reduce unwanted 
facial hair in women. Efluornithine does not remove the hair, but 
rather reduces the rate of hair growth. Adverse effects are usually 
mild and include dry skin and itching.

Electrolysis, recently most often replaced by laser epilation, can 
be used to achieve a more permanent destruction of unwanted 
hairs, although long- term efficacy of these therapies is not well es-
tablished. Electrolysis may still have an important role in women 
with blond or white hair in which laser epilation is not so effective. 
Repeated sessions of electrolysis can result in 20– 50% permanent 
hair loss, which may last for months to years [35], significantly 
longer even than laser epilation.

Laser epilation, a selective photothermolysis technique, is also 
available for the treatment of hirsutism. A recent meta- analysis of 
the available randomized controlled trials involving 444 subjects re-
ported that laser epilation results in about a 50% hair reduction that 

is maintained at least for up to 6 months after the final treatment 
[36]. Laser epilation appears to be more effective for hirsute women 
with dark hair and light skin. Side effects, including scarring and 
discoloration, might be observed after either electrolysis or laser 
epilation.

emotional Support/ Therapy

Hirsute women usually have high levels of emotional distress 
and some patients will have significant psychological morbidity 
including anxiety and depression [19]. Thus, education and psy-
chological support are key elements of the overall therapeutic 
approach. Diagnosis, treatment alternatives, and expectations 
should be discussed in detail. Patients need to participate in 
shared decision- making regarding the treatment choice that best 
addresses their concerns. Observable decreases in unwanted hair 
with therapy help reduce their emotional burden. Nevertheless, 
professional psychological counselling may be needed in some 
patients.

Key Points

 • Hirsutism is a common and significant health problem in women, 
with a negative impact on their quality of life.

 • Hirsutism often signals an underlying androgen excess disorder, 
most commonly PCOS.

 • A thorough evaluation in a hirsute woman should include a de-
tailed clinical history and physical examination, a diagnostic 
work- up comprising a focused hormonal profile and a pelvic 
ultrasound.

 • The first- line pharmacological treatment is oral contraceptives 
and/ or antiandrogens, accompanied by mechanical/ cosmetic 
hair removal as needed.
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Introduction

The ovary is a unique organ in the body in that is has a defined life-
span of approximately 50 years. The life expectancy of the ovary is 
determined by germ- cell number which is a balance between germ- 
cell multiplication in utero and factors affecting programmed cell 
death throughout life. The peak germ- cell number occurs at six 
months gestation with >700  000 eggs. Current understanding of 
ovarian reserve suggests that once this maximum number of oocytes 
has been achieved, the ability to the make new oocytes is lost and the 
total number gradually declines. New research questions whether 
oogonial stem cells can be activated to make new oocytes [1] . It is es-
timated that nearly 50% of germ cells have been destroyed by the age 
of menarche, and by the onset of menopause, only a few thousand 
remain. Throughout life therefore, germ- cell apoptosis takes place at 
a rate of approximately 25– 150 lost per day. The decline in oocytes 
is roughly parallel with a fall in the concentration of anti- Müllerian 
hormone (AMH) in the circulation from about the age of 30 [2]. 
Only a small fraction of oocytes are accounted for by ovulation; 
about 500 in all. As the number of germ cell falls, a critical point is 
reached when periods stop with subsequent reduction in circulating 
oestrogen, and to a lesser extent, testosterone concentrations.

The menopause is defined by the last menstrual period and oc-
curs at an average age of 50.7  years in the Western world [3] . 

Premature ovarian insufficiency (POI) is defined as amenorrhoea 
with raised FSH (>25 IU) on two occasions and low oestradiol be-
fore the age of 40 years [4]. POI occurs in approximately 1% of fe-
males and becomes increasingly rare in younger age groups. For 
instance, in presence of normal karyotype, 1:1000 of women at 30 
has POI, 1:10 000 at 20 and 1:100 000 of women will present with 
gonadal failure and primary amenorrhoea (Figure 8.5.1.1). The 
prevalence of POF varies by ethnicity with women of oriental origin 
having a lower risk and African Americans a higher risk compared 
to Caucasian Americans [5]. In terms of the mode of presentation, 
POI is the aetiology of 10– 28% of cases with primary amenorrhoea 
and about 10% of those with secondary amenorrhoea [6, 7].

The term premature ovarian insufficiency is preferred to 
earlier alternative, premature ovarian failure, because it is an all- 
encompassing term that accounts for the variable course and occa-
sional remission [7] . The term hypogonadotropic hypogonadism is 
also used to emphasize ovarian origin whereby the raised concentra-
tions on luteinizing hormone (LH) and FSH contrast from low go-
nadotrophins in hypothalamic or pituitary causes of hypogonadism. 
Gonadal dysgenesis refers to hypogonadotropic hypogonadism with 
a known genetic cause such as an abnormal 46,XY or 45,X karyo-
type and implies that ovarian development was halted at an early 
stage of embryonic development. In the case of Turner syndrome it 
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Figure 8.5.1.1 A schematic of the distribution of the age of onset of 
amenorrhoea according to the life span of the ovary. Data amalgamated 
from a variety of sources for the purposes of illustration.
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is thought that early ovarian development is usually normal but that 
the chromosome anomaly leads to rapid germ- cell apoptosis [8].

The Menopause

Menopause describes the end of natural reproductive life when 
menstruation has been absent for at least 1 year. The process can 
be abrupt but in many women, symptoms precede amenorrhoea 
by months or even years. The age of menopause varies between 45 
and 60 years and may have a familial link [9] . The interval between 
periods usually shortens as the menopause approaches from an 
average of 28 days often to 21 days. The diagnosis of menopause may 
not be obvious in women taking hormone treatments for period 
control or who have had a hysterectomy. In addition, non- specific 
symptoms such as joint and muscle stiffness, reduction of cogni-
tive function and concentration, or simply low mood can occur in 
the absence of classical symptoms. Oestrogen deficiency should be 
considered as a possibility for anyone experiencing new onset of 
symptoms after the age of 40. The diagnosis of menopause is mainly 
based on history and, for the majority of women, no diagnostic test 
is required. A measurement of FSH can be unreliable as it may not 
correlate with symptoms of the premenopause.

The majority of women experience some symptoms of the meno-
pause which often gradually diminish over several years [10]. In a 
proportion of women, disabling symptoms can be lifelong requiring 
indefinite treatment with hormone replacement therapy (HRT). 
Treatment of the menopause is individualized and includes in-
formation, counselling, lifestyle, hormone- based treatments, and 
treatments to improve sexual function. A discussion regarding the 
spectrum of symptoms that are associated with oestrogen deficiency 
can be reassuring and will ensure that no hidden symptom is left un-
treated. Symptoms relating to change of mood, libido, sexual func-
tion, and urogenital dysfunction should be elicited in history taking.

The risks and benefits of HRT require discussion as this treatment 
is not essential and non- pharmaceutical alternatives are available. 
Reports arising from the Women’s Health Initiative (WHI) that 
highlighted the risks of HRT between 2002 and 2004 resulted in a 
decline in the use of HRT [11]. Subsequent assessments, however, 
have shown that the risks of HRT may have been overestimated. In 
addition, the risk of stroke can be reduced by the use of transdermal 
oestrogen instead of oral oestrogen that formed the basis of most of 
the early HRT studies.

Premature ovarian Insufficiency

clinical evaluation and Diagnosis of PoI

The clinical presentation of POI varies depending on the age of pres-
entation [12,  13]. In very early onset in adolescence POI leads to 
pubertal delay and primary amenorrhoea. After menarche, the pres-
entation is with symptoms of oestrogen deficiency and secondary 
amenorrhoea or as part of a work- up for irregular periods or infer-
tility. In addition, POI can be part of clinical syndromes that can be 
genetic, such as Turner syndrome, or autoimmune endocrinopathies.

The formal diagnosis of POI is based on the presentation of amen-
orrhoea with finding of elevated serum FSH concentrations (FSH 
>25 IU/ L) on at least two occasions separated by 4 weeks [4] . The 

requirement for two samples takes into account the fact that ovarian 
function can fluctuate and raised FSH can be a transient phenom-
enon. In addition, because the diagnosis has such severe implica-
tions, certainty of the diagnosis is required. While it is the usual 
expectation that the condition will be permanent, some women 
follow an unpredictable course of relapse and remission particularly 
in the first year after diagnosis [14]. There is a commonly quoted 
pregnancy rate of approximately 1– 5% in women with POI and it 
is therefore important to inform women with POI of this phenom-
enon and advise use of contraception when appropriate. Because of 
this background fertility, case reports of effective treatment of POI 
must be viewed with caution. Fluctuating ovarian function prob-
ably accounts for many cases which are labelled ‘resistant ovary syn-
drome’. It is now understood that ovarian biopsy is not predictive of 
remission and should no longer be included as part of the work up 
of POI [4]. Anti- Müllerian hormone has found a place as a diag-
nostic marker of low ovarian reserve but once the FSH concentra-
tion is raised, AMH offers little additional information [15].

A careful family history can identify other affected female mem-
bers in as many as 30% of cases [16] and in this situation more gen-
etic screening is indicated and genetic counselling for relatives may 
be appropriate. A karyotype should be performed in anyone with a 
positive family history because small chromosome deletions can be 
inherited. Fragile X (Fra- X) premutation analysis should be offered 
to all women with POI because of its value in detecting a new pedi-
gree for the prevention of fragile X syndrome [17, 18].

Oestrogen receptors are widely distributed throughout the body 
and the effects of oestrogen deficiency are diverse. While the classical 
symptoms of hot flushes, sleep disturbance, and vagina dryness are 
obvious, subtle changes in mood and musculoskeletal pain may go un-
recognized as part of this symptom spectrum. A careful history listing 
any change in wellbeing, no matter how minor, that coincides or pre-
cedes amenorrhoea will provide a useful guide to optimizing HRT.

The major medical issues for health surveillance in women with 
POI revolve around the quality of life and bone protection offered 
by HRT. Oestrogen deficiency is a risk for osteoporosis and DXA 
scans should be performed at intervals to assist in the correct dosing 
of HRT. Fertility is often a concern for women with POI. A discus-
sion on options for reproduction include use of donated oocytes 
and adoption. Prepregnancy counselling should include health 
issues such as risk of aortic root dissection in Turner syndrome.

Psychological and emotional support to deal with impact of diag-
nosis on their health and relationships should form part of the multi-
professional care in POI. Long- term follow- up is essential to monitor 
HRT and to consider emerging associated autoimmune pathology.

Aetiology of PoI

Ovarian insufficiency is the final outcome many pathogenic mech-
anisms. Table 8.5.1.1 shows the main categories of pathogenic 
mechanisms that lead to ovarian insufficiency. Despite diagnostic 
advances, particularly in the identification of genetic associations, 
the cause of POI remains unknown in the majority of cases [13].

Genetic Causes of POI

A genetic aetiology for POI is suggested not only by a positive 
family history but also if there are features of an associated syn-
drome. Cytogenetic chromosome anomalies occur in about 2% of 
cases with the majority involving the X chromosome.
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X chromosome defects and Turner’s syndrome: Defects of the X 
chromosome associated with POI include complete or partial dele-
tion of monosomy X (Turner syndrome), trisomy X or X- autosome 
translocations. In the case of Turner syndrome variants, there is a 
great deal of variability in severity of the condition and this corres-
ponds approximately with genotype and the amount of X chromo-
some disruption. Ovarian histology can vary from streak ovaries to 
those with well- preserved structure and follicles. Those with mono-
somy X (45X) tend to be the most severely affected while those with 
partial deletions of the X chromosome or mosaic 45X/ 46XX karyo-
type often lack the typical phenotypic features of the syndrome but 
may present with only with ovarian insufficiency and secondary 
amenorrhoea. Among women with Turner syndrome, the preva-
lence of ovarian failure is between 80% and 90% with most experi-
encing primary amenorrhoea and complete pubertal delay.

X chromosome deletions appear to segregate in two specific re-
gions: POI1 at Xq26- qter and POI2 Xq13.3- - Xq21.1 [19]. There 
are various proposed mechanisms by which X chromosome defects 
causes POI. Genes responsible for germ- cell development located 
along the critical region may be interrupted although break point 
genes that determine ovarian function have not been convincingly 
identified. It seems most likely that structural rearrangements of the 
X chromosome do not affect single genes but rather disrupt normal 
pairing at meiosis leading to meiotic arrest and subsequent atresia. 
It must also be noted however that some X chromosome break 
points are not associated with POI [19].

Single gene defects causing POI: A growing number of genes have 
been linked to ovarian insufficiency although the strength of evi-
dence linking each anomaly with POI is variable [20, 21]. The most 
clinically useful genetic association is that between carriers of the 
Fra- X premutation and ovarian failure. Fra- X premutations occur 
in 3% of women with sporadic POI and 15% of those with the fa-
milial form and this genetic test is the only one advised in the United 
Kingdom as part of routine work up of POI [22]. In general, the 
phenotype of this subgroup of women with POI is indistinguishable 
from others although a minority are reported to a progressive in-
tention tremor. The pathway by which Fra- X premutations damage 
ovarian function is unclear as this type of expansion of exon 1 of the 
gene is not thought to effect protein transcription even though the 
protein is expressed within the ovary.

Autoimmune Causes of POI

Autoimmune mechanisms may be involved in pathogenesis of up to 
30% of cases of POI [23, 24]. POI has been reported to be associated 

with various endocrine (thyroid, adrenal, hypoparathyroidism, 
diabetes mellitus, and hypophysitis) and non- endocrine (chronic 
candidiasis, idiopathic thrombocytopenic purpura, vitiligo, alo-
pecia, autoimmune haemolytic anaemia, pernicious anaemia, 
SLE, rheumatoid arthritis, Crohn’s disease, Sjogren’s syndrome, 
myasthenia gravis, primary biliary cirrhosis, and chronic active 
hepatitis) autoimmune disorders [25]. In many cases non- ovarian 
autoimmune involvement exists only at subclinical level [24]. POI 
may be part of the autoimmune polyglandular syndromes (APS) 
when accompanied by other autoimmune endocrinopathies. POI 
is more common with APS types I and III than with APS type II. 
The single most common autoimmune association is with hypothy-
roidism which occurs in 10% of women with POI.

Various pathways of autoimmune ovarian damage have been de-
scribed but a reliable ovarian specific autoimmune marker is still 
lacking. Several putative pathogenic autoantibodies have been ex-
plored [26]. Antiovarian antibodies detected by routine immuno-
fluorescence have been reported in several studies of women with 
POI but their specificity and pathogenic roles are questionable. The 
incidence of antiovarian antibodies in POI in different studies has 
been reported to vary from 4% to 69% [27]. Other candidate auto-
antibodies include those directed against steroidogenic enzymes 
(such as 3ß- hydroxysteroid dehydrogenase), gonadotropins, and 
their receptors, the corpus luteum, zona pellucida, and oocyte. 
None of these, however, have been validated as a diagnostic marker 
of autoimmune ovarian failure. Therefore, in the clinical work up of 
POI, screening for an autoimmune aetiology is usually only possible 
by seeking coexisting autoimmune diseases.

Women with idiopathic POI show an increased number of ac-
tivated T cells in peripheral blood. Similar findings have been de-
scribed in other autoimmune endocrinopathies, such as recent 
onset Graves’ disease, type 1 diabetes mellitus, and Addison’s dis-
ease. However, postmenopausal women also show raised num-
bers of activated peripheral T cells and oestrogen substitution has 
been shown to lower the number of activated peripheral T cells in 
women with POI. Therefore, it is difficult to be certain whether the 
raised numbers of activated blood T cells is the cause or the result of 
ovarian failure in this situation [25].

POI Resulting from Cancer Treatments

As the number of survivors of childhood cancer increases across the 
world, so iatrogenic POI becomes a greater proportion of women 
with this condition. Both chemotherapy, alkylating agents in par-
ticular, and radiotherapy used in the treatment of cancer or benign 
diseases are damaging to the ovary [28, 29]. The return of ovarian 

Table 8.5.1.1 Summary of pathogenic mechanisms causing premature ovarian insufficiency

Chromosome anomalies Chromosomal defects cause both abnormal ovarian development and accelerated apoptosis. Turner syndrome is the most 
common causing and females with Downs Syndrome have later onset POI.

Single gene defects Many single gene defects have been described but in total they account for only a small minority of cases of POI. Mutations 
are commonly in genes vital for ovarian development or function. The most common gene defect is the Fra- X permutation.

Autoimmune Autoimmune ovarian damage is usually presumed because of the association with other organ specific autoimmune 
conditions. Thyroid and adrenal autoimmunity is common. Ovarian autoantibodies are rarely positive.

Metabolic In galactosaemia, abnormal metabolites are thought to mediate ovarian damage.

Iatrogenic Ovarian damage following pelvic surgery and radiotherapy of chemotherapy during treatment of cancer.

Environmental factors Viral infections and toxins such as pesticides are presumed. Smoking results in younger age of natural menopause.
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function after cancer treatment is commonly observed although 
difficult to predict. For women estimated to be high risk of POI, 
oophorectomy or oocyte harvesting for cryopreservation may be 
considered [30].

Miscellaneous Causes of POI

Viral oophoritis is a possible occult aetiology that could theoretic-
ally account for the many cases of idiopathic POI. There is, however, 
little direct evidence of viral ovarian damage beyond case reports 
such as mumps oophoritis [31]. Cigarette smoking in known to be 
associated with earlier age of natural menopause but whether en-
vironmental effects are sufficiently strong to cause POI is unlikely. 
The available data regarding effects of endocrine disruptors, heavy 
metals, solvents, pesticides, plastics, and industrial chemicals on fe-
male reproduction is equivocal [32].

Hormone Replacement Therapy

Physiological replacement of ovarian steroid hormones until the 
age of normal menopause at 50, is generally accepted as routine for 
women with POI. However, there is little risk/ benefit data for this 
young population. The principle of HRT use in young women dif-
fers only slightly from that in older women with the main treat-
ment goal being optimal quality of life. Young women may require 
a higher oestrogen dose than that used in an older age group. Also, 
expectations for sexual function can be higher commonly requiring 
consideration for vaginal oestrogen and androgen replacement. An 
HRT regimen should be based on the individual preferences of each 
patient who should be encouraged to undertake a trial and error ap-
proach through the wide variety of product available.

Management of oestrogen replacement for young women pre-
senting with primary amenorrhoea requires liaison with paediatric 
endocrinologists with experience in the induction of puberty in 
order to optimize breast and uterine development. For instance, a 
popular strategy is to maximize the time between the introduction 
of oestrogen and starting progesterone withdrawal bleeds is thought 
to benefit breast development. Conversely, the common practice of 
starting a low dose combined oral contraceptive in this circum-
stance may not offer the best outcome of uterine development.

Among oral oestrogen choices, oestradiol esters and 17β- 
oestradiol provide the mainstay of treatments [33]. Conjugated 
equine oestrogens are used less frequently than in the past because 
of a greater risk of hypertension and thrombosis compared to oes-
tradiol [34, 35]. Some young women with POI find the combined 
oral contraceptive pills (COCP) pills a more acceptable option for 
oestrogen replacement but careful assessment of the pill free week 
is advised. The pill free week amounts to three months of oestrogen 
deficiency each year which may coincide with symptoms of oes-
trogen deficiency or bone loss. In choosing a type of COCP those 
with lower dose ethinylestradiol and second generation progestins 
have the lowest risk to thrombosis [36]. Transdermal oestrogen 
avoids first- pass liver metabolism involves non- invasive self- 
administration and attainment of therapeutic hormone levels with 
low daily doses [37]. This route of oestrogen administration also 
appears to be associated with a lower risk of thrombo- embolism. 
Subcutaneous oestrogen replacement involves placement of 25– 
50 mg oestradiol pellets usually in the lower abdomen or buttocks 

in a minor office procedure that is not currently available in some 
countries including the United Kingdom. Topical vaginal oes-
trogen may be used as an adjunct to systemic oestrogen. Creams, 
pessaries, tablets and vaginal ring appear to be equally effective for 
control of symptoms [38].

Once the choice of oestrogen has been made, separate consider-
ation can be given to the progestin in women with an intact uterus. 
Progestins vary from the more potent such as norethisterone to the 
weaker such as dydrogesterone. Trial and error will allow the user 
to find the most suitable progesterone preparation. The route may 
be oral, transdermal, vaginal, or uterine. With the oral and trans-
dermal routes there is a choice between continuous or sequential 
(for 10– 14 days each month) delivery. Sequential regimen ensures 
monthly menstrual bleed. Continuous regimen avoids menstrual 
flow but break through bleeding may be more common in young 
women compared to an older age group in whom there is greater 
uterine atrophy. Uterine delivery with the levonorgestrel intra-
uterine device (Mirena) has the advantage of avoiding the ad-
verse effects of oral progestins highlighted in the studies of older 
women [39].

Androgen replacement is useful in some instances when fa-
tigue and loss of libido persist despite optimized oestrogen re-
placement [40] Transdermal testosterone administration and 
dehydroepiandrosterone treatment are two of the options for an-
drogen replacement in these women. However, testosterone pre-
parations are generally not licensed for use in females and most 
preparations available in the market are for use in men. Out of li-
cence use in the female with involve using a significantly lower dose 
of testosterone.

Fertility options for Women with PoI

Different fertility options will be appropriate for each individual 
with POI. It is important that discussions on this topic from a pro-
fessional with experience in the field, is made available not only soon 
after diagnosis but at intervals throughout follow- up as the tech-
nology and opportunities in this field are continually developing.

Spontaneous Fertility in PoI

Women with POI have a 5– 10% chance of spontaneous concep-
tion at some time after diagnosis as in some cases hormone levels 
and disease activity fluctuate and return to biochemical normality; 
this is often transient and the likelihood of recovery of ovulation 
is not possible to predict. Pregnancy loss in those who conceive 
is reported at 20%, which is similar to that of the normal popula-
tion. Several medical therapies have been tried to induce ovulation 
in women with POI; however, in a systematic review all were re-
ported to be equally ineffective [16]. In particular, glucocorticoids 
have been considered for those with autoimmune markers and al-
though promising in early case reports, a controlled trial failed to 
show benefit [41].

ovum Donation

Assisted conception with donated oocytes has been used to achieve 
pregnancy in women with POI for over 20 years and remains the 
only realistic fertility treatment for the majority of women with es-
tablished POI [42]. The availability of donated oocytes varies from 
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country to country and this option is not acceptable in certain cul-
tures. Embryos are developed with the using donated eggs fertilized 
with partner’s sperm. The best embryo is chosen for transfer with 
the recipient having been prepared with oral or transdermal oes-
trogen. Because of the lack of a corpus luteum, progesterone sup-
port is required which can be administered orally, vaginally, or in 
injectable form.

embryo cryopreservation

Cryopreservation of embryos is a long- established technique as part 
of in vitro fertilization (IVF) but it will apply to only a small number 
of women with normal ovarian function who can anticipate immi-
nent ovarian failure but have sufficient time to allow for controlled 
ovarian hyperstimulation(28). This circumstance might arise in 
some cases of malignancy or in someone who is known to be at 
risk of ovarian failure such as those with X chromosome anomalies 
or Fra- X premutation who may wish to delay starting a family for 
some years. Donor sperm could be used for those without a partner.

oocyte cryopreservation

Cryopreservation of oocytes has become popular since the advent 
of vitrification which improved the freezing process for such a large 
cell. Vitrification involves rapid cooling in high concentrations of 
penetrating cryoprotectants which avoids formation of intracel-
lular ice and resulting damage during cooling and warming. Oocyte 
cryopreservation also requires controlled ovarian stimulation but in 
contrast to preservation of embryos, no sperm is required. In prac-
tice, this option is only applicable to women with normal ovarian 
function and old enough for oocyte harvesting. The success rate 
for achieving pregnancy is likely to be lower than for embryo cryo-
preservation because oocyte survival and subsequent fertilization is 
impaired. This option has been used for women with Turner syn-
drome who retain some ovarian function [43] but so far the overall 
fertility outcome is not known for this subgroup compared to the 
more common application in women diagnosed with cancer.

ovarian Tissue cryopreservation

The use of ovarian tissue cryopreservation for later use has been 
explored in young women undergoing anticancer treatment. 
Cryopreservation of ovarian cortex or strips of ovarian cortical tissue 
has resulted the birth of over 100 children [44]. This procedure has 
the advantage of not requiring sperm and being appropriate for pre-
pubescent girls accepting that a laparoscopy is required. The cryo-
preserved tissue can be re- implanted into the pelvis with ovulation 
and pregnancy occurring spontaneously or after IVF. Re- implanted 
ovarian tissue has the added advantage of providing endogenous 
oestrogen but will be subject to the same mechanism causing POI 
primarily.

Psychology

The diagnosis of POI is distressing and a life experience with high 
levels of depression and low levels of self- esteem with negative ef-
fects on sexuality in affected women. Many women with POI report 
moderate to severe stress at the time of diagnosis and are unsat-
isfied with the amount of information provided by their clinician. 
Therefore, access to a clinical psychologist is recommended. Often 

several visits will be required for detailed information on aetiology 
and fertility options to be retained. Regular specialist follow- up is 
recommended so that women have access to accurate fertility in-
formation and so that the need for psychology support can be 
reassessed at intervals. Often crises arise some years after the ori-
ginal diagnosis, for instance, when a near relative or peer achieves 
a pregnancy.

conclusions

Premature ovarian failure is a complex condition that requires spe-
cialist services. The diagnostic work- up is aimed at determined the 
aetiology where possible and is followed by a screen for syndromic 
conditions. Oestrogen replacement and fertility options need to be 
reassessed at intervals and clinicians have to be vigilant for psycho-
logical sequelae (see Box 8.5.1.1).
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Introduction

Menopause marks the permanent cessation of menstruation and 
the transition to the non- reproductive stage of a woman’s life. The 
alteration in the hormonal milieu during menopause is the result of 
a decline in the ovarian reserve and varies significantly among indi-
viduals, affected by both genetic and environmental factors. A com-
plex and challenging pattern of clinical and metabolic consequences 
is associated with the transition to menopause. The purpose of this 
chapter is to provide current knowledge regarding the definition 
of menopause and the different stages preceding and following the 
final menstrual period, the physiology of the endocrine changes 
occurring during the menopausal transition, the clinical manifest-
ations, diagnosis, and differential diagnoses, as well as the pros and 
cons of its medical management.

Definitions

The term ‘menopause’ is used to describe the post- reproductive 
period in a woman’s life, after completion of 12 months of amen-
orrhea or immediately after bilateral oophorectomy. The mean 
age of natural menopause is 50– 52  years. In cases in which the 
menopause is recorded before the age of 45 years, the term ‘early 
menopause’ (EM) is used [1, 2]. EM has been recorded in 10% of 
postmenopausal women, while in 1% of cases, menopausal age has 
been reported before the age of 40 years. In the latter situation, the 
term ‘premature ovarian insufficiency’ (POI) is used. The preva-
lence of POI in women younger than 30 years of age is 0.1% [1– 3]. 
‘Perimenopause’ refers to the period during which a woman experi-
ences variable menstrual cycle changes and symptoms attributed to 
different degrees of decline in ovarian reserve [4] .

To describe the transition through the different stages of repro-
ductive age during the years preceding or following the menopause, 
the Stages of Reproductive Aging Workshop (STRAW) system has 

been developed [4] . Its initial form was proposed in 2001 and its 
update in 2011, the latter known as STRAW + 10. It is considered as 
the standard staging system that describes the transition to meno-
pause in a detailed way since it discriminates the onset of late repro-
ductive life and early menopausal transition. It also provides a more 
detailed classification of postmenopausal status [4]. The STRAW 
system is based not only on the woman’s symptomatology and men-
strual pattern but also on the alterations in serum concentrations of 
specific endocrine markers of ovarian ageing, such as inhibin B and 
anti- Müllerian hormone (AMH) [4].

According to the STRAW classification system, the menopausal 
transition is divided into two stages, Stage  – 2 (‘early menopausal 
transition’), which is designated by a persistent difference of seven 
or more days in the length of consecutive menstrual cycles. Stage – 
2 is also characterized by elevated follicular stimulating hormone 
(FSH) with low AMH and inhibin B concentrations, as well as, low 
antral follicle count (AFC). Decreased AMH, inhibin B and AFC 
with a shorter cycle duration (without any change in menstruation 
pattern and normal FSH concentrations) are the first signs observed 
in the Stage – 3, which marks the late period of reproductive age [4] . 
Stage – 1 (‘late menopausal transition’) is characterized by persistent 
elevation in FSH (more than 25  IU/ L) concentrations, associated 
also with high oestradiol (E2) concentrations. AFC, AMH, and 
inhibin B concentrations are low. The first vasomotor symptoms 
may occur during this stage. The early postmenopausal Stage fol-
lows and is divided into Stages +1a (referring to the first 12 months 
and marking the end of perimenopause), +1b (covering the next 
12 months) and Stage +1c, lasting for 3– 6 years. During the Stage 
+1c, FSH concentrations stabilize, whereas AMH and inhibin B 
concentrations and AFC are extremely low [4]. In general, AMH 
and AFC seem to be superior to FSH as markers of ovarian ageing 
not only because they herald the late reproductive stages and tran-
sition to perimenopause, but also because they are not affected by 
menstrual cycle phase [4].

It must be underlined that the STRAW criteria are not applicable 
to women with polycystic ovarian syndrome (PCOS), hypothalamic 
amenorrhoea, and chronic illnesses, such as human immunodefi-
ciency virus (HIV) infection. They cannot also be used in cases 
of chemotherapy- associated menopause (after administration 
of alkylating agents) or treatment with tamoxifen. Furthermore, 
in cases of hysterectomy or endometrial ablation, it is recom-
mended to use the STRAW criteria only on the basis of endocrine 
biomarkers rather than on menstrual pattern, after at least three 
months postoperatively [4] . The lack of standardized assays and the 
variability for biomarkers, such as inhibin B and AMH, constitute 
another limitation of the STRAW classification system [4].

endocrine Physiology

Transition to menopause is the result of the coalescence of an accel-
eration of follicle loss and a decline in the functional quality of oo-
cytes. The reduction in ovarian reserve is indicated by the decrease 
in AFC, total non- growing follicle and primordial follicle pool [5] . 
The nerve growth factor (NGF) pool numbers, approximately seven 
million at birth, reaches the number of 300 000 at the onset of pu-
berty and declines at 12% and 3% of the initial number at the age of 
30 and 40 years, respectively. Non- growing follicles finally decrease 
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to less than 1000 at the age of natural menopause (50– 52 years) [5]. 
During the late stages of reproductive life, a gradual decrease in the 
number of follicles entering the growth phase (from 45 during the 
age of 25– 30  years to six during the age of 38– 45  years). During 
perimenopause, 20% of cycles with a duration of less than 40 days 
and 80% of those with a duration of more than 40 days are anovula-
tory [5, 6].

The acceleration of follicle depletion is the result of an early 
rise in FSH concentrations, due to abnormal gonadotrophin- 
releasing hormone (GnRH) pattern. The latter is the consequence 
of dysregulation of the GnRH pulse generator in the hypothalamus, 
due to the progressive loss of control from brain centres [6] . FSH 
is also elevated due to the loss of negative feedback by inhibin B, 
whose concentrations decrease as the non- growing follicle pool 
declines with age. The sustained FSH elevation during late peri-
menopause and early postmenopausal period is responsible for 
the increase in cycle length variability [5, 6]. In parallel with FSH, 
E2 concentrations increase during the early follicular phase of the 
menstrual cycle, especially during early perimenopause, as a result 
of accelerated follicular growth. The primary circulating oestrogen 
during menopause is estrone, which is mainly produced through 
the peripheral conversion of the adrenal steroid hormone Δ4- 
androstenedione by the enzyme aromatase, in adipose tissue. Only 
5% of estrone is converted to E2 via the enzyme 17β- hydroxysteroid 
dehydrogenase (17β- HSD). A decline in progesterone is observed 
during the mid- cycle and luteal phase with advancing reproductive 
age [5, 6].

Inhibins A  and B are members of the transforming growth 
factor- β (TGF- β) superfamily and secreted by the granulosa cells 
of ovarian follicles. Their primary role is the inhibition of gonado-
trophins, mainly FSH. Inhibin A  is produced by the dominant 
follicle and the corpus luteum (during the luteal phase), whereas in-
hibin B is secreted by the granulosa cells of the antral follicles, being 
the principal regulator of the FSH concentrations during the fol-
licular phase. During menopausal transition, inhibin B and AMH 
concentrations start to decrease along with AFC, as a result of the 
shrinkage of the follicle cohort [5,  6]. AMH is also a member of 
the TGF- β superfamily peptides, secreted by granulosa cells of late 
preantral and small antral follicles, and exerts an inhibitory effect on 
the primordial to primary follicle transition. AMH concentrations, 
reflect the reserve of follicle cohort and constitute a reliable tool for 
predicting the age of menopause [7] . Genetic predisposition and 
environmental factors, such as smoking, diet, physical activity, and 
socioeconomic status affect the time of transition to menopause, ex-
plaining in part the variability in the age of menopause [4– 6].

clinical Picture

The earliest and most prevalent symptom of a woman entering 
the menopause is a disordered pattern of menstruation, specific-
ally an alteration in cycle length by more than seven to more than 
60 days [1– 4]. As just mentioned, the former is the characteristic 
pattern of the ‘early menopausal transition’ (Stage  – 2), whereas 
the latter is defined as the ‘late menopausal transition’ (Stage – 1), 
lasting 1– 3 years until the menopause [4] . Except for the menstrual 
irregularities, a variability in menopause- related symptoms exists 

during these stages, associated with the fluctuations in oestrogen 
concentrations [4].

Many tools have been developed to assess the severity of meno-
pausal symptoms. One of the most widely used is the Greene Scale, 
which is a self- report questionnaire, consisting of 21 items, which 
measure physical and psychological symptoms (four options, from 
0, corresponding to ‘not at all’, to 3, corresponding to ‘extremely’). 
These items cover vasomotor symptoms (two items, range 0– 6), 
anxiety (six items, range 0– 18), depression (five items, range 0– 15), 
somatic symptoms (seven items, range 0– 21) and sexuality (one 
item, 0– 3). The whole score ranges from 0 to 63 [8] .

Vasomotor symptoms (VMS) are the predominant menopause- 
related clinical manifestations and include hot flushes, palpita-
tions, night sweating, disturbed sleep pattern, and fatigue. VMS 
last 7.4 years on average, as shown by large epidemiological studies, 
such as the Study of Women’s Health Across the Nation (SWAN). 
More specifically, VMS last for a median period of 4.5  years fol-
lowing the menopause. The total duration of VMS depends on the 
time of onset, being longer in cases of its initial appearance during 
the premenopausal or early perimenopausal period (11.8 years on 
average) and shorter in women who were postmenopausal at the 
onset of VMS (median duration 3.4  years). The race and the age 
at onset seem to affect the duration of VMS since it is the longest 
in African- American women (median duration 10.1  years) and 
women younger than 45  years. Low educational level and higher 
depressive symptomatology are also associated with a longer dur-
ation [9] . Hot flushes appear as a sudden sensation of heat located 
at the face and upper chest, which lasts for 2– 4 min. They may be 
aggravated by stress and anxiety, spicy food, or alcohol. VMS can 
rarely occur in older ages (more than 65 years) and may be asso-
ciated with increased risk of cardiovascular disease (CVD). The 
neuroregulators kisspeptin, neurokinin B, and dynorphin, along 
with disorders in the thermoregulatory system, are implicated in 
the pathogenesis of VMS [1].

Another category of menopausal symptomatology involves the 
neuromuscular system, including headaches, loss of memory, dizzi-
ness, breathing difficulties, diffuse muscle and joint pain, and numb-
ness. Skin dryness may also be present. Transition to menopause 
is also associated with a variety of psychogenic symptomatology, 
including irritability, mood swings, anxiety, depression, poor con-
centration, general loss of interest and decreased libido [1,  2]. 
Finally, genitourinary symptomatology, mainly present during the 
late postmenopausal stage [4] , includes vaginal dryness, dyspar-
eunia, vaginitis, dysuria, and recurrent urinary tract infections [1].

The decline in oestrogen concentrations is associated with long- 
term consequences, such as dysregulation in glucose and lipid me-
tabolism, creating an atherogenic lipid profile [increase in total 
cholesterol, low- density lipoprotein cholesterol (LDL- C) and tri-
glycerides, and decrease in high- density lipoprotein cholesterol 
(HDL- C) concentrations] [10], body fat redistribution (central adi-
posity), increase in systolic and diastolic blood pressure, and loss 
of bone mass [11, 12]. These metabolic disturbances predispose to 
an increased risk of CVD, type 2 diabetes mellitus (T2DM), osteo-
porosis, and fractures, especially in the case of coexistence with en-
vironmental and genetic factors [12]. Postmenopausal women with 
EM or POI seem to be at a 1.5 to 2- fold increased risk of CVD and 
T2DM [13].
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Diagnosis

In women with an intact uterus, the diagnosis of menopause is retro-
spective, based on clinical criteria and established after completion 
of 12 months of amenorrhea. The diagnosis is more straightforward 
when cessation of menses occurs at an average age of 50– 52 years, 
in the absence of surgery or medication. Further investigation, 
including inhibin B, AMH, FSH, and E2, does not confer any benefit 
in the diagnosis and management, except for cases seeking fertility 
[1] . A hormonal investigation, including FSH and serum E2 assess-
ment, is recommended in cases of hysterectomy without bilateral 
oophorectomy. In these cases, persistently elevated FSH with low 
E2 concentrations (less than 20 pg/ ml) support the diagnosis [1].

A potentially postmenopausal woman should be asked about the 
presence and duration of the symptoms mentioned earlier and the 
extent to which these affect her quality of life. The pattern of men-
struation (cyclicity and length of menses), the age of menarche and 
the number (if any) of established pregnancies (including both 
live births and abortions) should be recorded. The medical history 
should include investigation for chronic diseases (such as T2DM, 
hypertension, and CVD events), surgical operations, fractures, cur-
rent and past medications, smoking habits, alcohol use, and allergies.

The physical examination should accompany the medical history 
and include body mass index (BMI) assessment (calculated in kg/ 
m2), waist and hip circumference, blood pressure, and heart rate. 
The clinician should also search for signs associated with specific 
medical conditions, such as polycystic ovary syndrome (PCOS). 
The latter may augment the risk for T2DM and, potentially, CVD. 
Signs, such as acanthosis nigricans, hirsutism, alopecia, and acne, 
should be searched for and recorded. A physical and sonographic 
gynaecological examination is needed to exclude anatomical causes 
of menstrual disturbances and uterine disorders.

A hormonal investigation is necessary only in cases in which a 
definite diagnosis cannot be made by the medical history and phys-
ical examination, especially in women younger than 45  years. In 
such cases, a combination of increased FSH with decreased E2 con-
centrations is confirmatory. Oligomenorrhoea or amenorrhoea for 
at least four months and FSH concentrations >25 IU/ l on two occa-
sions, at least 4– 6 weeks apart, establish the diagnosis of EM or POI 
[2,  14]. In all cases of non- iatrogenic POI, obtaining a karyotype 
and testing for Y- chromosomal material (if positive, a gonadectomy 
should be performed) and FMR1 (fragile X mental retardation 
1) gene mutations are recommended [14]. Test for autosomal gene 
mutations should be considered only in cases of suspicion of a spe-
cific syndrome (e.g. epicanthus inversus syndrome). In case of POI 
of unknown aetiology or an indication of autoimmunity, further in-
vestigation should include assessment of antithyroid and antiadrenal 
autoantibodies followed by thyroid stimulating hormone (TSH) 
and Synacthen test in case of positivity, respectively [14], as well as, 
testing for autoimmune polyendocrine syndromes [3] . In cases of 
iatrogenic menopause due to chemotherapy or radiotherapy, clin-
icians should take into consideration that a resumption in gonadal 
function may occur even 12 months after intervention [1].

Other causes of menstrual disturbances, such as hyperprolactin-
aemia, thyroid dysfunction and PCOS should be excluded. A  hor-
monal profile should include assessment of TSH, prolactin, luteinizing 
hormone (LH), total testosterone and sex hormone binding globulin 

(SHBG) concentrations [3] . In case that more rare situations are sus-
pected (non- classical adrenal hyperplasia, ovarian hyperthecosis, 
androgen- secreting tumours, Cushing’s syndrome, acromegaly), la-
boratory investigation should include baseline concentrations of the 
involved hormones or the respective dynamic tests, as suggested by 
international guidelines to confirm or exclude the diagnosis [15].

Further examination could include mammography and bone 
mineral density (BMD) assessment, with dual- energy X- ray absorp-
tiometry (DXA), ideally in both lumbar spine and femoral neck. 
Repeated DXA scans at 1– 2- year intervals in cases of osteoporosis 
or osteopenia with increased fracture risk should be obtained [1, 2].

Differential Diagnosis

The differential diagnosis should include causes that mimic meno-
pausal (mainly vasomotor) symptomatology, such as thyrotoxi-
cosis, carcinoid syndrome, pheochromocytoma, acromegaly, 
mastocytosis, renal or medullary thyroid carcinoma, pancreatic islet 
cell tumours or lymphomas, which may also manifest with flushing, 
palpitations, and/ or sweating. Therefore, assessment of TSH, 
urinary or serum metanephrines, urinary 5- hydroxyindoleacetic 
acid (5- HIAA), serum tryptase, insulin- like growth factor- 1 (IGF- 1) 
and calcitonin concentrations, as well as, an abdominal ultrasound 
may be considered in cases of ambiguous diagnosis. Furthermore, 
medications [such as opioids and their withdrawal, selective sero-
tonin reuptake inhibitors (SSRIs), nicotinic acid, calcium channel 
blockers (CCBs)], dietary factors (such as alcohol, spicy food, and 
food additives) and chronic infections should be excluded [1] .

Special consideration should be given to women with hysterec-
tomy without bilateral oophorectomy. In such cases and in the pres-
ence of vasomotor symptomatology, assessment of pituitary- gonadal 
axis, with measurement of FSH and serum E2, as well as prolactin 
and TSH, will elucidate the aetiology of menstrual disturbances. 
This assessment is also suggested in cases of a pre- existing history of 
irregular cycles, in which the pattern of menstruation cannot con-
tribute to the diagnosis of menopause. Women on oral contracep-
tive pills (OCPs) constitute a challenging case. In these, withdrawal 
of the OCP and hormonal assessment on day 3– 5 of a spontaneous 
menstrual cycle may unmask potential menopausal transition.

It is of utmost importance to differentiate postmenopausal 
pattern of menstruation from other causes of abnormal uterine 
bleeding, such as coagulopathies, fibroids, polyps, adenomyosis, 
endometrial carcinoma, and endometrial intraepithelial neo-
plasia. In these cases, transvaginal ultrasonography is a useful diag-
nostic tool. When the diagnosis is obscure, further evaluation with 
hysteroscopy, plus dilation and curettage, is recommended [16]. In 
contrast, menopause- associated uterine bleeding is the result of the 
unopposed effect of E2 due to anovulation, causing significant pro-
liferation and thickening of the endometrium [17].

Medical Management

Hormone Replacement Therapy

Hormone replacement therapy (HRT) is the treatment of choice 
for women with menopausal symptoms and urogenital atrophy. 
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Additionally, HRT is indicated for the treatment of osteoporosis 
and prevention of fracture, but only for women who present cli-
macteric symptoms. There has been some concern about possible 
adverse effects of HRT regarding increased risk of breast cancer, es-
pecially with the use of prolonged combined therapy with certain 
progestins, and venous thromboembolism (VTE), especially with 
the use of oral oestrogens. In general, however, the benefits of HRT 
outweigh these risks, particularly for women under 60 years of age 
or for those who are in menopause for less than ten years. HRT is 
the most effective treatment for menopausal symptoms, while many 
of the regimens given systematically, and all of the local applications 
are effective in treating vaginal atrophy, vaginal dryness, bruising, 
dyspareunia, and pruritus. HRT can also positively affect mood dis-
orders and sleep disturbances. Furthermore, it exerts beneficial ef-
fects on bone metabolism, as standard dose regimens reduce the 
incidence of fragility fractures, while low or very low dose regimens 
improve bone density and bone turnover markers. HRT has been 
associated with improvement of cardiometabolic risk factors too 
and, when given in women younger than 60 years of age or women 
who are in menopause for less than ten years, protects them against 
CVD. The use of HRT has also been associated with a decrease in 
the risk of colon and rectal cancer, while there is some evidence for 
a reduction in risk of Alzheimer’s disease [18– 20].

HRT Regimens

Women after hysterectomy should receive formulations with oes-
trogens only, while for women with intact uterus progestogen 
needs to be added, to counteract the possible harmful effects of 
oestrogen on the endometrium. A combination of conjugated oes-
trogen and bazedoxifene has been introduced in Europe for use in 
women with an intact uterus that have contra- indications or are 
intolerant in progestogens. Alternatively, tibolone is a synthetic 
steroid with oestrogenic, androgenic and progestogenic activities 
and can be used in women with and without hysterectomy [21– 24]. 
Table 8.5.2.1 presents the available types of oestrogen formulations 
according to the route of administration.

The dosage should be personalized according to the therapeutic 
goals, the age of woman, and the years after menopause. In Table 
8.5.2.2, a classification of oestrogen dosages and indications is 
presented.

The progestogens used in HRT are distinguished in natural human 
progesterone and synthetic forms. Among the most common used 
progestogens are microsomal progesterone, norethindrone acetate 
(NETA), dydrogesterone, drospirenone, and medroxyprogesterone 
acetate. Concerning the mode of administration, oral progestogens 
are administered once or twice daily constantly, resulting in amen-
orrhea, or periodically, 12– 14 days per month, resulting in regular 
monthly bleeding. Transdermal progestogens (norethisterone) are 
administered twice per week in a continuous manner, leading to 
amenorrhea, or in a cyclical manner, for 14 days per month, leading 
to regular monthly bleeding. Vaginal progesterone can be used 
once a day before bedtime in a continuous way leading to amen-
orrhea, or in a periodical manner, 12– 14 days per month, leading 
to regular monthly bleeding. An intrauterine device that releases 
levonorgestrel can also be used. This device remains active for 3– 
5  years and provides contraception during perimenopause, while 
it can be used in combination with oestrogens as proper HRT. In 
the case that libido is not restored after adequate replacement, low- 
dose testosterone therapy may be effective. Even if virilizing effects 
with low- dose and proper follow- up are rare, the long- term effects 
of testosterone treatment in women, particularly regarding breast 
cancer risk, are not known [18, 25– 27]. In Table 8.5.2.3, the recom-
mended dosages of progestogens according to oestrogens doses are 
presented.

Follow- Up of Women on HRT

Initial monitoring of women receiving HRT should be performed 
2– 3 months after the introduction of treatment to evaluate the effi-
cacy and possible adverse effects. Persistence of menopausal symp-
toms usually requires an increase of oestrogen dose. Women on 
HRT often complain of unexpected vaginal bleeding, breast ten-
derness, flatulence, fluid retention, headaches, and mood changes. 
Symptoms are more common in women with prolonged time in 
menopause but tend to decline over the time of treatment. In that 
case, treatment modifications can include a decrease in the dose of 
oestrogens, change of the type of progestogen or change of the route 
of administration. When the woman is satisfied by HRT, follow- up 
and monitoring should be performed on an annual basis. Then, the 
cost- to- benefit ratio should be assessed, while the dose of oestro-
gens should be redefined. The duration of treatment depends on the 
patient characteristics and preferences, the individualized cost- to- 
benefit analysis and the oestrogens dose used [27– 29].

HRT and CVD

HRT has been associated with a favourable effect on the 
cardiometabolic profile by improving serum lipids concentrations, 
body fat composition, glucose metabolism, insulin resistance and 
vascular function [17, 30]. However, primary and secondary ana-
lyses of the Women’s Health Initiative (WHI) study have shown 
that the exact effects of HRT on CVD risk largely depend on the 
age of the women. Younger menopausal women aged 50– 59 years 
or women who are within the first ten years after menopause pre-
sent, in general, lower risk of CVD when on HRT, while initiation 
of HRT at an older age (more than 60 years of age or more than 

Table 8.5.2.1 Oestrogenic formulations of HRT and route 
of administration

Oral medications

• 17β- E2

• Steroidized oestrogens
• Tibolone
• Conjugated equine oestrogens
• Oestrogen- progestogen combinations
• Conjugated oestrogen/ bazedoxifene

Once per day

Patches

 • 17β- E2

 • 17β- E2/ norethisterone
Twice per week

Gel

• 17β- E2 Once per day

Vaginal applications

 • 17β- E2

 • Estriol
Tablets or creams daily for 
15– 20 days,
then 1– 2 per week

17β- Ε2:17β- oestradiol.
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10 years after the menopause) can increase the CVD risk. The find-
ings of two additional landmark studies, Kronos Early Estrogen 
Prevention Study (KEEPS) and Early versus Late Intervention Trial 
with Estradiol (ELITE) trial, support the notion of a ‘window of 
opportunity’, demonstrating a cardioprotective activity of HRT, if 
they are initiated close to the time of menopause, when women still 
present good vessel health and low prevalence of atherosclerosis. 
Therefore, all postmenopausal women should be individually as-
sessed for CVD, in order a decision for HRT initiation to be taken 
[18, 28– 32]. Table 8.5.2.4 presents a template of individualization of 
HRT according to CVD risk.

HRT and Venous Thromboembolism

Treatment with standard oral oestrogen doses, either as mono-
therapy or in combination with progestogen, has been associated 
with the development of VTE [31– 32]. Large epidemiological 
studies have shown that the risk of VTE does not increase with ad-
ministration of transdermal oestrogens in contrast to the adminis-
tration of oral regimens. Smaller doses of oral oestrogens may have 
less adverse effects. The addition of a progestogen increased the risk 
for VTE significantly, but this risk is highly associated with the type 
of progestogen. Natural progesterone appears to have a favourable 
profile, while derivatives of norpregnane and medroxyprogesterone 
acetate have been associated with an increased risk for VTE. The 
absolute risk for VTE is small in the age group of 5– 60 years of age. 
However, the presence of one or more additional risk factors can 
increase it. Healthcare providers should clinically assess the risk for 
VTE in each patient individually, before initiation of HRT. Genetic 
screening for thrombogenic mutations is not recommended for 
all women, but individuals in high risk due to personal or family 

history of thromboembolic events may profit from such an ap-
proach. Among other thrombogenic mutations, prothrombin and 
Factor V Leiden mutations have been associated with a higher risk 
for VTE [27, 33– 34]. Recommendations regarding the individual-
ization of HRT according to the risk for VTE are presented in Box 
8.5.2.1.

HRT and Breast Cancer

Combined HRT with oestrogen and progestogen has been asso-
ciated with a small increase in breast cancer risk in middle- aged 
women. This risk is mainly attributed to the effects of progestogen, 
as oestrogen monotherapy for seven years in the WHI study did not 
increase the risk of breast cancer. Major epidemiological studies have 
provided evidence that natural progesterone and dydrogesterone 
present a more favourable safety profile concerning breast cancer. 
Furthermore, cyclical HRT may have a more favourable risk profile 
compared to continuous combined regimens, probably due to the 
lower cumulative exposure of the breast cells to the progestogen. 
From a clinical point of view, a detailed history can help in iden-
tifying women at high risk for breast cancer [17, 24, 26, 29,  31]. 
Nevertheless, these women represent the minority and, therefore, 
HRT can be safely administered in the majority of postmenopausal 
women after evaluation for breast cancer risk factors (Box 8.5.2.2).

Non- Hormonal Treatment of Menopausal Symptoms

Alternative Drug Therapies

Non- hormonal treatment options can be used for the treatment 
of hot flashes for women who are not good candidates for HRT. 
Clonidine, selective serotonin, and norepinephrine reuptake 

Table 8.5.2.2 Dosages and indications of oestrogens

Dosage Indication Oral oestrogens Transdermal 17β- E2 Tibolone

Standard dose Premature ovarian insufficiency 17β- Ε2 2– 4 mg
or CEE 0.625– 1.25 mg

50– 100 μg - 

Perimenopause 17β- Ε2 2 mg
or CEE 0.625 mg

50 μg - 

Menopause: poor response at a low dose 17β- Ε2 2 mg
or CEE 0.625 mg

50 μg 2.5 mg

Low dose Perimenopause 17β- Ε2 1 mg
or CEE 0.300– 0.450 mg

25– 37 μg - 

Menopause 17β- Ε2 1 mg
or CEE 0.300– 0.450 mg

25– 37 μg 2.5 mg

Ultra- low- dose Menopause: starting dose or maintenance dose after 
initial control of symptoms at low dosage

17β- Ε2 0.25– 0.5 mg 14 μg 1.25 mg

17β- Ε2,17β- oestradiol; CEE, conjugated equine oestrogens.

Table 8.5.2.3 Dosages of progestogens according to oestrogens doses

Oestrogen dose Natural progesterone Dydrogesterone Norethisterone Drospirenone

Standard dose 200 mg 10– 20 mg Per os 1– 5 mg
Transdermal 0.25 mg

– 

Low dose 100 mg 5– 10 mg Per os 0.5 mg
Transdermal 0.125 mg

2 mg

Ultra- low- dose 50 mg 2.5– 5 mg Per os 0.25 mg
Transdermal 0.063 mg

1 mg
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inhibitors (SNRIs) and SSRIs can be effective for the treatment of 
vasomotor symptoms. Clonidine presents alpha- 2 agonist proper-
ties and has been associated with a decrease in hot flushes after an 
average time of three months, obtaining approval for this indica-
tion in some countries. Among SSRIs, paroxetine has been shown 
to be most effective for the vasomotor symptoms. Venlafaxine and 
desvenlafaxine are the most commonly administered SNRIs in 
women who cannot take HRT. Gabapentin also has beneficial ef-
fects, but adverse effects, such as severe drowsiness, can limit its use 
in everyday clinical practice [26, 35].

Non- Pharmaceutical Alternative Therapies

Although topical low- dose oestrogen therapy is the treatment of 
choice for the symptoms of urogenital atrophy, an alternative ap-
proach is the use of non- hormonal products that hydrate the vaginal 
tissues. Long- acting vaginal moisturizers are a confirmed first- line 
treatment for women with complications of vaginal atrophy. The 

treatment is usually given as a daily application booster for 2 to 3 
weeks and then as maintenance treatment with one to two appli-
cations per week. Dyspareunia usually requires additional applica-
tion of water- based lubricants, silicone, or oils before sexual contact 
in combination with the regular application of long- acting vaginal 
moisturizers [36– 37].

Phytoestrogens are substances produced by plants with a chem-
ical structure similar to that of human E2. The four main categories 
include coumestans, prenylflavonoids, isoflavones, and lignans. 
Phytoestrogens can interact with both types of oestrogen receptors, 
type α and β. The effectiveness of the individual substances depends 
on their intestinal absorption and metabolism, the affinity to oes-
trogen receptors and their oestrogenic activity. The evidence is indi-
cative of beneficial properties resulting from the administration of 
phytoestrogens, but further research is needed. Studies evaluating 
the effect of phytoestrogens have shown some benefit concerning 
the frequency of hot flashes and the degree of vaginal dryness, but 
the effect was inferior to that resulting from HRT. Therefore, phyto-
estrogens represent an alternative suggestion for women, who do 
not wish or cannot take HRT for menopausal symptoms [35– 37].

Meditation, cognitive behavioural therapy, relaxation techniques, 
and controlled breathing, acupuncture, and homoeopathy have 
also been used to treat postmenopausal symptoms. Data regarding 
the efficacy and safety of these approaches are sparse so that no 
evidence- based recommendations can be made [18, 35].

Lifestyle changes

Many consequences of the menopause can be positively affected 
by lifestyle changes, such as optimal diet, increasing physical ac-
tivity, giving up smoking, and decreasing alcohol consumption. 
Weight loss should be achieved through specific clinical nutrition 
recommendations, such as consumption of mono-  and polyun-
saturated fat rather than saturated forms, reduction in the total 
amount of carbohydrates and preference to those deriving from 
fruits and whole grains, as well as an increase of protein intake 
deriving from fish, poultry, or skimmed dairy products. Smoking 
represents an important risk factor for many diseases associ-
ated with menopause and ageing, such as CVD, osteoporosis, 
and cancer, while adversely affects the effectiveness of osteopor-
osis treatment. Therefore, smoking discontinuation should be an 

Table 8.5.2.4 Individualization of HRT according to CVD risk

High CVD risk

 • >60 years old
 • >10 years in menopause
 • Long- term uncontrolled T2DM
 • Clinically evident CVD

No HRT

Intermediate CVD risk

 • 5– 10 years in menopause
 • Dyslipidaemia
 • Central obesity
 • Smoking
 • Hypertension
 • T2DM

Transdermal HRT

Low CVD risk

 • Peri-  or recently postmenopausal
 • None of the above factors present

Any HRT

HRT, hormone replacement treatment; CVD, cardiovascular disease, T2DM, type 2 
diabetes mellitus.

Box 8.5.2.1 Individualization of HRT according to VTE risk

Risk factors
 • Personal history of VTE
 • Family history of VTE
 • >60 years old
 • >10 years in menopause
 • Obesity
 • T2DM
 • Smoking
 • Immobilization

Risk factors present
No HRT
or
Very- low or low- dose transdermal 17β- E2 in combination with natural 
progesterone

No risk factors
Any HRT

17β- E2: 17β- oestradiol, HRT: hormone replacement treatment; VTE: venous thrombo-
embolism; T2DM: type 2 diabetes mellitus.

Box 8.5.2.2 Individualization of HRT according to breast 
cancer risk

Risk factors
 • Personal history of breast cancer
 • Family history of breast cancer
 • Previous surgery in the breast for a benign reason
 • Obesity
 • Non- parous or increased age of parity
 • Alcohol consumption
 • High density in mammography

HRT individualization
 • Use of oestrogen in dose inversely proportional to age
 • Natural progesterone or dydrogesterone
 • Cyclical mode of administration
 • Annual cost- to- benefit analysis and dose adjustment
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essential part of routine clinical consultation of women in meno-
pause. Physical exercise can prevent weight gain and decreased 
muscle mass, improve bone quality, decrease T2DM, and CVD 
incidence and improve psychological status. Postmenopausal 
women should be encouraged for regular aerobic physical activity, 
spending at least 150 min per week of average exercise intensity or 
at least 75 min per week of high- intensity exercise. Anaerobic ac-
tivities targeting and strengthening major muscle groups should 
also be performed at least twice per week. Menopausal women 
who cannot achieve the aforementioned recommendations for 
exercise should be advised to be as active as possible, according 
to their abilities [18, 38].

Postmenopausal osteoporosis Treatment

The recommended calcium and vitamin D daily intake in women 
older than 50  years with risk of fracture is 1000– 1200 mg and 
600– 800 IU, respectively. Calcium and vitamin D sufficiency im-
proves bone quality and mineralization, prevents the development 
of secondary hyperparathyroidism, and regulates bone turnover. 
Furthermore, the maximum efficacy of antiosteoporotic treatment 
is only achieved in cases of adequate calcium and vitamin D intake. 
Therefore, women in menopause should be encouraged to consume 
dairy products or other calcium- rich foods. Alternatively, dietary 
supplements should be recommended. Vitamin D supplemen-
tation therapy should be adjusted at doses which will achieve 25- 
hydroxyvitamin D [25(OH)D)] concentrations of at least 30 ng/ ml. 
If osteoporotic fracture or osteoporosis is present or the risk for frac-
ture, as assessed by the FRAX score, is increased, antiosteoporotic 
treatment should be added according to international guidelines. 
Selective oestrogen receptor modulators (SERMs, raloxifene, and 
bazedoxifene), bisphosphonates, denosumab, and teriparatide are 
the currently approved agents for the treatment of postmenopausal 
osteoporosis [39].

contraception in Perimenopause and Late Parenthood

Women experiencing perimenopausal menstrual cycle disorders 
tend to believe that they are no longer fertile and often stop the 
use of contraception. However, the annual pregnancy probability 
for women aged 40– 44 years is approximately 30% and for women 
aged 45– 49 years is approximately 10%. Indeed, sporadic ovula-
tion may occur even in women with non- regular vaginal bleeding. 
Therefore, in women who are at risk of an unwanted pregnancy, 
contraception should stop only two years after the last menstrual 
episode, if they are less than 50 years, and one year after the last 
menstrual episode, if they are older than 50  years. The criteria 
for the appropriate use of contraceptives in women over 40 years 
of age are set according to their underlying health condition. All 
currently available contraceptive methods can be given as choices 
to women older than 45 years, but physicians should weigh the 
decision depending on the age- related CVD risk, smoking status, 
or other complications. Women older than 40 years without par-
ticular CVD risk factors can take safely hormonal contraception. 
With regard to oral contraceptives, formulations with second- 
generation progestogens should be preferred, as these have a 
better profile regarding VTE. Especially in the perimenopausal 
population, oral administration of contraceptives is associated 
with non- specific benefits, such as the restoration of menstrual 

cycle, the treatment of bleeding problems and menopausal symp-
toms, the reduction of risk of ovarian and endometrial cancer, as 
well as bone loss prevention. In women with CVD risk factors, 
such as obesity, dyslipidaemia, smoking, hypertension, or T2DM, 
the use of contraceptives should be weighed against the potential 
CVD risk; in most cases, they should be avoided [40].

In case of desire for late parenthood, the perimenopausal woman 
should be advised that advanced age is associated not only with in-
fertility but also with pregnancy complications and may have an 
impact on the long- term health of the offspring. Appropriate hor-
monal assessment and therapeutic approach can assist in the man-
agement of infertility. An experienced multidisciplinary team is 
needed in the case of such a pregnancy [41].

conclusions

Menopause represents the end of reproductive life in women and 
is associated with a substantial decrease in endogenous oestrogen 
production. These hormonal changes have various metabolic, 
bone, CVD, and psychological effects. HRT is the treatment of 
choice for women with menopausal symptoms and urogenital at-
rophy. In general, the benefits of HRT outweigh possible risks, 
such as breast cancer and VTE risk, particularly for women under 
60 years of age or for those who are in menopause for up to 10 years. 
Postmenopausal women should also be managed with lifestyle 
interventions, including diet, exercise, smoking cessation, and de-
crease in alcohol consumption, with a particular focus on bone 
and cardiovascular health. Alternative drug or non- pharmaceutical 
therapies may contribute to the alleviation of postmenopausal 
symptoms. The ultimate goal of the healthcare providers should be 
an integrated plan for the postmenopausal woman, bearing in mind 
that most women will spend more than one- third of their lifespan 
in menopausal status.
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Introduction

Infertility is common. It has recently been suggested that approxi-
mately 9% of couples are involuntarily childless although the exact 
number inevitably depends on how the complaint is defined [1] . 
Medical definitions of infertility tend to emphasize the immediate 
problem brought to the consultation, reflecting the typically short- 
term interaction of many doctors, particularly specialists, with their 
patients. Most accepted definitions therefore involve the number of 
months prior to the consultation during which the couple has been 
exposed to the chance of a pregnancy. When the lifetime experience 
of a couple’s attempt to raise a family is considered, a quite different 
picture emerges: at least a quarter of all couples experience unex-
pected delays in achieving their desired family size [2, 3], although 
only a half may seek treatment [3].

The single most important determinant of a couple’s fertility is the 
age of the female partner. For women up to and including the age 
of 25 the cumulative conception rate is 60% at 6 months and 85% 
at a year. For couples where the female partner is 35 years of age 
or older, the conception rates are 60% at a year and 85% at 2 years. 
Women are born with a finite complement of eggs, which do not 
undergo further cell division until just after fertilization. Thus, an 
oocyte ovulated today is pretty well the same age as the woman 
from whose ovary it came. Even DNA, the most stable molecule 

in biology, is not completely invulnerable to the passage of years; 
this impact of age on oocytes is consistent with its effect on the risk 
of congenital abnormalities, well known in many cases to increase 
with maternal age.

When one refers to a patient as being ‘infertile’ one is referring 
to a slow rate of conception— infertility is rarely absolute; indeed 
some prefer the expression ‘subfertility’. If, despite a regular men-
strual cycle and a normal sex life, pregnancy has not occurred by 
12 months, most authorities would accept that that couple has a fer-
tility problem and would offer investigation and treatment. If there 
is a history of a menstrual disturbance, pelvic inflammatory disease, 
or in the male partner an attack of orchitis or a history of crypt-
orchidism, investigation should begin sooner rather than later.

A more difficult problem is defining infertility in the couple 
with an older female partner. In one way, one might consider 
delaying investigation because it takes longer for a woman of 
35  years and older to achieve a particular conception rate. On 
the other hand, the slope of the line relating the risk of childless-
ness to age gets much steeper as one approaches the age of 40. 
Furthermore, the prospects of achieving a pregnancy with treat-
ment is parallel to this curve. There is therefore little time to lose 
and we are more active in advising investigation and treatment. 
There seems little point in waiting beyond a year and in many 
women (particularly those with some diagnostic clue in their his-
tory) we recommend initiating investigation after 6  months of 
unprotected intercourse.

A review published in 2007 has examined the collective preva-
lence of infertility from 25 population surveys (of 172 413 women) 
from around the world [1]  there was a wide range of infertility rates 
from 3.5% to 16.7% in developed countries and 6.9% to 9.3% in 
less developed countries, with a median overall prevalence of 9%, 
which equates to over 70  million women worldwide. Overall ap-
proximately 56% (range 27– 76%), that is 40  million couples seek 
medical care although only an estimated 22% receive care [1]. In 
1993 and 1995 two surveys in England of 2377 and 728 women re-
ported prevalence rates of 26.4% and 17.3%, respectively, of whom 
50– 61% sought assistance [4, 5].

According to the UK Government Statistical Services there is a 
steadily rising proportion of women in the UK who have never had 
a child. The mean age of mothers at childbirth fell from 28.7 years 
for women born in 1920 to a low of 26.0 years for women born in 
the mid- 1940s (Figure 8.6.1.1) [6] . Women born in the 1940s had 
the lowest average age at childbirth contributing to the 1960s ‘baby 
boom’, when family size was also larger [7].
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The proportion of childless women reaching the end of their 
childbearing years continues to rise. The most recent data [8]  for 
those born in 1971, found that 18% are childless by 45 years com-
pared with 11% for those born in 1944 who are presumed to be their 
mothers’ cohort [8]. The average family size for the 1971 cohort is 
1.9 children, the lowest level recorded. A trend to later childbearing 
continues, shown by those who are childless by the age of 30 years; 
48% of those born in 1986 are childless at their 30th birthday com-
pared with 44% born in 1971. The secular change in delayed child-
birth relates to a number of factors, including contraceptive usage, 
the desire for a career, rising rates of sexually transmitted infections 
and the decline in fertility with age.

obesity

Obesity is a common problem among women of reproductive years, 
with 56% of women in the UK being either overweight or obese. 
Obesity has a negative impact on spontaneous conception, miscar-
riage, pregnancy and the long- term health of both mother and child 
due to both an increased rate of congenital anomalies and the pos-
sibility of metabolic disease in later life. Obesity also has a negative 
impact on male fertility. Women who are obese respond less well to 
drugs that are used for ovarian stimulation for the treatment of both 
anovulation and assisted conception, although this does not always 
equate with a reduction in ongoing pregnancy rates. Furthermore, 
obesity may affect the safety of procedures, for example the ability to 
see ovaries on ultrasound scan or the provision of safe anaesthesia 
for laparoscopy or oocyte retrieval. Obesity also has a major impact 
during pregnancy and at delivery.

A normal body mass index (BMI) is considered to be 19– 24.9    
kg/ m2, although some would consider the lower limit of normal to 
be 20 kg/ m2. Being underweight leads to hypothalamic amenorrhoea 
and increases risk to pregnancy if conception does occur. Overweight 
is defined as a BMI of >25  kg/ m2 (World Health Organization 
(WHO) definitions) with ‘pre- obese’ being 25.0– 29.9 kg/ m2, mod-
erate obesity (class l) 30.0– 34.9 kg/ m2, severe obesity (class ll) 35.0– 
39.9 kg/ m2, and very severe (‘morbid’) obesity (class lll) > 40 kg/ m2.

Miscarriage rates appear to be increased with increasing ma-
ternal weight [9] . In those who conceive spontaneously there is an 

increased risk of miscarriage in those who are moderately over-
weight (BMI 25– 27.9 kg/ m2). This has also been demonstrated in 
those who conceive by IVF [10] or who are recipients of donated 
oocytes. Pregnancy carries significant risks for those who are obese 
with increased rates of congenital anomalies (neural tube (OR 3.5), 
omphalocele (OR 3.3) and cardiac defects (OR 2.0)), miscarriage, 
gestational diabetes, hypertension, and problems during delivery 
[11]. The risks of congenital anomalies appear real, although there 
are also technical difficulties in assessing the fetus by ultrasound be-
cause adipose tissue attenuates the signal. Pregnancy itself exacer-
bates any underlying insulin resistance and as a result women with 
PCOS and/ or obesity have an increased risk of gestational diabetes.

Obesity is associated with an increased risk to the mother during 
pregnancy. Risks include increased incidence of hypertension, pre- 
eclampsia, gestational diabetes, and thromboembolic disorders as 
well an increased caesarean section rate. Obesity contributes sig-
nificantly to the risk of maternal mortality [9] . Macrosomia, admis-
sion to neonatal intensive care, birth defects, stillbirth, and perinatal 
death are all increased in the infants of women who are obese.

Polycystic ovary syndrome (PCOS) affects 20– 25% of women and 
the prevalence appears to be rising because of the current epidemic 
of obesity [12]. PCOS accounts for 90– 95% of women who attend 
infertility clinics with anovulation. At least 40% of women with 
PCOS are obese and they are more insulin resistant than weight- 
matched individuals with normal ovaries. Increasing abdominal 
obesity is correlated with reduced menstrual frequency and fer-
tility together with greater insulin resistance. Several studies have 
shown that weight loss in women with PCOS improves the endo-
crine profile, menstrual cyclicity, rate of ovulation, and likelihood 
of a healthy pregnancy. Even a modest loss of 5– 10% of total body 
weight can achieve a 30% reduction of central fat, an improvement 
in insulin sensitivity and restore ovulation. Lifestyle modification is 
clearly a key component for the improvement of reproductive func-
tion for overweight, anovulatory women with PCOS [9] .

Weight loss should therefore be encouraged prior to ovulation 
induction treatments, such as clomiphene citrate or gonadotropin 
therapy, both to improve the likelihood of ovulation and enhance 
ovarian response. Monitoring treatment is also harder in the obese 
as visualization of the ovaries is more difficult which raises the risk 
of multiple ovulation and multiple pregnancy. National guidelines 
in the UK for the management of overweight women with PCOS 
advise weight loss, preferably to a BMI of <30 kg/ m2 prior to com-
mencing drugs for ovarian stimulation [9] . The British Fertility 
Society suggests that ideally women should not commence assisted 
conception treatments until they have reduced their BMI to less 
than 35  kg/ m2, but if time is on their side (e.g. under the age of 
35 years with normal ovarian reserve, they should aim for a BMI of 
less than 30 kg/ m2) [9].

Investigating Infertility

Fertility investigations should normally be instigated as soon as 
the couple seeks help. Even if they have been trying for less than a 
year, it is worthwhile asking some general questions to ensure that 
major problems, such as irregularities of the menstrual cycle, a his-
tory of pelvic surgery or orchidopexy have not been ignored. If the 
couple’s medical history is normal the expected cumulative chance 
of conception over a period of time should be explained and inves-
tigations deferred until they have been trying for a year. When the 
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female partner is aged 35 years or older, monthly fecundity is sig-
nificantly reduced but we do not believe that investigations should 
be delayed proportionately because of the concomitant age- related 
decline in the success of treatment.

Once the decision has been taken to investigate a couple it should 
be possible to perform the basic screening tests within 2– 3 months 
and provide them with a management plan, which may involve re-
assurance, more detailed investigations, or treatment. A pragmatic 
approach should be taken. Infertility is rarely absolute and treat-
ment options may be discussed to enhance a couple’s fertility even 
in the absence of a clear diagnosis.

General Investigations

The fertility clinic should be used for general health screening and 
preconception counselling. Particular attention should be paid 
to body weight, blood pressure, urinalysis, cervical cytology, and 
rubella immunity. Some clinics ascertain hepatitis B, C, and HIV 
status before offering assisted conception— this has become routine 
practice in the UK because of the putative risk of viral contamin-
ation of cryopreserved embryos via liquid nitrogen.

It is important to perform a general physical examination and 
a pelvic examination should be performed. Endometriosis is sug-
gested by the presence of nodules in the vagina, thickening of the 
posterior fornix, tenderness, and fixity of the pelvic organs. If the 
examination is painful one should be alerted to the possibility of 
pelvic pathology and include a laparoscopy early in the course of in-
vestigations. Adnexal masses should be investigated by ultrasound 
in the first instance.

chlamydia Screening

A controversial subject is the routine swabbing of the cervix for 
Chlamydia trachomatis. Chlamydial DNA has been recovered 
from 50% of women with tubal infertility compared with approxi-
mately 12% in pregnant women or women with non- tubal infer-
tility. Chlamydia infection is the commonest cause of tubal infertility 
in developed countries and is the commonest sexually transmitted 
pathogen in the UK. It is thought that at least 1 in 20 women in the 
UK between the ages of 18– 25 years may have undiagnosed infec-
tion. Chlamydia trachomatis causes urethritis and epididymitis in 
men and cervicitis, salpingitis, and endometritis in women, although 
symptoms can be mild and non- specific. The high efficacy of ‘self- 
swabbing’ to test for chlamydia and gonorrhoea infections, has been 
proven when used in conjunction with reliable nucleic acid ampli-
fication techniques, which can negate the need for repeated vaginal 
examinations [13]. Chlamydia serology provides evidence of past in-
fection and is a routine screening test in some clinics. The presence 
of chlamydial antibodies correctly predicts tubal damage in 90% of 
cases, of whom over half have no history of pelvic inflammatory dis-
ease. We advise the use of chlamydia screening to help identify pa-
tients whose tubal status should be tested early in the investigative 
process. There is evidence, however, that screening tests may be nega-
tive in the presence of infection in the upper genital tract and so there 
is rationale for prophylactic antibiotics prior to any procedure that 
involves instrumentation of the cervix (doxycycline or azithromycin).

Diagnosis of Anovulatory Infertility

Determining the cause of anovulatory infertility is the key to treat-
ment as correction of the cause will result in cumulative conception 

rates that mimic those expected for normal women of the same 
age. It is first necessary to ascertain whether ovulation is occurring. 
Patients with anovulatory infertility will have oligomenorrhea or 
amenorrhea and a low luteal phase progesterone. A  progesterone 
concentration of greater than 30 nmol/ L suggests ovulation but it 
can be difficult to know when to take the blood if the patient has 
an erratic cycle— and impossible if she is amenorrhoeic. If the pro-
gesterone is 15– 30 nmol/ L the timing may have been incorrect. It is 
then necessary to check the timing of the blood test to subsequent 
menstruation and repeat the test in the following cycle (sometimes 
two progesterone measurements in the same cycle are helpful). The 
optimal way to assess ovulation in women with irregular cycles is 
by a combination of serial ultrasound scans and serum endocrine 
measurements (follicle stimulating hormone (FSH) and luteinizing 
hormone (LH) in the follicular phase and progesterone in the luteal 
phase).

The optimal frequency of intercourse is every 2– 3 days in the fol-
licular phase of the cycle and, if possible, daily for 2– 3 days at the 
predicted time of ovulation. Abstinence until the ‘day of ovulation’ 
can be detrimental to sperm function. It is therefore important to 
advise couples about the frequency of intercourse and try to diffuse 
the tensions that often result from timed intercourse ‘to order’.

The timing of sexual intercourse in relation to ovulation has a 
strong influence on the chance of conception. The precise number 
of fertile days in a woman’s menstrual cycle is uncertain. A recent 
study [14] demonstrated that the probability of conception was 10% 
when intercourse occurred 5 days before ovulation and 33% when 
it took place on the day of ovulation. The fertile period appears to 
last 6 days and ends on the day of ovulation. The rapid decline in 
the probability of conception after this time is due either to a short 
survival time of the oocyte or a swift change in the nature of the 
cervical mucus. If commercially available kits for detecting the mid- 
cycle surge of LH in the urine are used to focus a couple to have 
intercourse on the day of the LH surge and the following day, they 
may be missing 3 or 4 fertile days prior to this and reducing their 
chance of conception. With respect to the precise timing of the ‘fer-
tile window’ in the menstrual cycle, this occurs between days 10 and 
17 in only about 30% of women [14].

The luteal phase of the cycle normally lasts for between 10 and 
17 days and the concept of ‘luteal phase deficiency’ (LPD) is con-
troversial. Probably the most convincing argument against the 
phenomenon of LPD is the failure of luteal support— with either 
progesterone or hCG— to improve pregnancy rates in spontaneous 
pregnancies. Endometrial biopsy has been used to assess the quality 
of ovulation further by equating histological changes with serum 
progesterone levels. Histological dating is, however, an unreliable 
indicator of the endometrial response to hormonal stimulation and 
is open to considerable biological variability and observer error. We 
do not recommend endometrial biopsy for determining whether 
the patient has ovulated.

endocrine Profile

A baseline endocrine profile is optimally performed during the 
first 3  days of the cycle. It is essential to be aware of the normal 
reference range for the assay in the laboratory in which it is being 
performed. Reference ranges vary from laboratory to laboratory 
and can be quite different if different types of assay are used, for 
example, radioimmunoassays and immunoradiometric assays give 
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very different results for gonadotrophin measurements. There are a 
variety of recent advances in assay technology including chemilu-
minescence assays and mass spectrometry. It is therefore important 
to have knowledge of normal ranges for the assays used by your 
laboratory and also to ensure that they are appropriately calibrated 
for your ‘normal’ population.

Standard tests include a baseline measurement of FSH, LH, and 
oestradiol, thyroid function and in those with menstrual irregu-
larity or amenorrhoea, prolactin, and testosterone. In women with 
evidence of hyperandrogenism or PCOS a more detailed assess-
ment of androgen profile and metabolic screen may be indicated.

ovarian Reserve Tests

It is natural for a woman to wish to have an idea of her potential 
fertility. A measurement of serum FSH concentration taken during 
days 1– 3 of menstruation has been the traditionally used test of 
‘ovarian reserve’— a term that refers both to the number of oocytes 
within the ovary and their fertility potential (see Table 8.6.1.1). 
Ovarian reserve, or the number of releasable oocytes, declines 
with ovarian age, which does not always equate with the age of the 
woman. An elevated FSH level indicates reduced ovarian reserve 
and, generally, if greater than 10 IU/ L on more than one occasion, 
the ovaries are unlikely to be ovulating regularly and will also be 
resistant to exogenous stimulation. When the serum concentration 
of FSH is above 15 IU/ L the chance of ovarian activity is slim and 
levels greater than 25 IU/ L are suggestive of the menopause or pre-
mature ovarian insufficiency. Even if ovulation is occurring in the 
presence of an elevated serum FSH concentration the fertility poten-
tial of the oocyte within the follicle is significantly impaired and in 
the unlikely event of fertilization taking place, there is an increased 
likelihood of a chromosomally abnormal embryo developing, and 
consequent risk of miscarriage and fetal chromosomal abnormality.

Additional measurements can be made in order to increase the 
positive predictive value of FSH, including an assessment of ovarian 
volume and the number of visible antral follicles on ultrasound 
scan, serum inhibin B and anti- Müllerian hormone (AMH) [15]. 
It has even been suggested that these tests may help determine a 
woman’s future fertility over forthcoming years— although the evi-
dence for longer term predictions has been disappointing [16]. 
There is debate about the widespread use of ovarian reserve testing 
outside of the context of planning infertility treatment. More clinics 
now offer the opportunity to have a fertility ‘check’ which includes 

a review of ovarian reserve. These may be counterproductive if the 
aim is to plan motherhood as may falsely reassure women about 
their own fertility leading to delays in attempting to conceive [17].

The number of antral follicles in the ovary, as assessed by pelvic 
ultrasound (see on) has been reported as the best single predictor 
of poor ovarian response to stimulation for IVF [18]. Indeed it is 
the number of small antral follicles, 2– 6 mm in diameter, that de-
clines significantly with age, while there is little change in the larger 
follicles of 7– 10 mm, which is still below the size at which growing 
follicles have been recruited.

Anti- Müllerian hormone (AMH) is a dimeric glycoprotein and 
member of the transforming growth factor- β (TGF- β) superfamily, 
which is best known as a product of the testes during fetal devel-
opment that suppresses the development of Müllerian structures. 
AMH is also produced by the granulosa cells of preantral and antral 
follicles and appears to be a more stable predictor of the ovarian fol-
licle pool than FSH, as it does not fluctuate through the menstrual 
cycle. For many fertility clinics, AMH has superseded the trad-
itionally used FSH level in measuring ovarian reserve and planning 
ovarian stimulation [19]. Indeed it has been reported that higher 
AMH concentrations are associated with increased numbers of ma-
ture oocytes, embryos, and clinical pregnancies during IVF treat-
ment [20]. Assays for AMH are now available for routine use despite 
a problematic history with assay stability [21]. AMH has also been 
proposed as a biochemical marker for the presence of polycystic 
ovaries, with high AMH concentrations being characteristic al-
though a consensus has not been agreed. A recent series from our 
clinic found cut- off values of xxx and xxx for the presence of poly-
cystic ovaries and the polycystic ovary syndrome, respectively.

chromosomal Analysis

It is sensible to study the chromosomes of women with infertility 
and any dysmorphic features, and those with premature ovarian in-
sufficiency (POI). Routine chromosomal analysis for those with re-
current miscarriage is not recommended as the chance of finding an 
abnormality is slim. If there is a congenital abnormality within the 
offspring, unbalanced chromosomal abnormalities in the family or 
a detected translocation in pregnancy tissue, chromosomal analysis 
may be prudent [22]. Men with severe oligospermia (<1 million/ ml) 
should also have an endocrine profile and a chromosomal analysis.

Autoantibodies

Women with premature ovarian failure sometimes have ovarian 
autoantibodies or signs of other autoimmune disease (thyroid, 
pernicious anaemia, diabetes mellitus, SLE). The presence of auto-
antibodies alerts one to the risk that these conditions may become 
manifest in the future.

Antiphospholipid Syndrome

Women with recurrent miscarriage might have elevated levels of 
lupus anticoagulant, anticardiolipin antibodies and β2 glycopro-
tein I antibodies; and may benefit from an acquired thrombophilia 
screen [22].

Pelvic Ultrasound

An ultrasound assessment of ovarian volume and antral follicle count 
in the early follicular phase has been used as a predictor for ovarian 
response prior to IVF treatment, with small volume ovaries indicating 

Table 8.6.1.1 Gonadotrophin hormonal profile and potential 
diagnosis

FSH LH Oestradiol Diagnosis

Normal Elevated Usually normal PCOS

Normal Low Low Weight- related 
amenorrhoea

Low Low Low Hypogonadotropic 
hypogonadism, functional 
or organic

Elevated Elevated Low If oligo- / 
amenorrhoeic: ovarian 
failure

Elevated Elevated High If mid- cycle, think of mid- 
cycle surge
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reduced ovarian reserve. We recognize in the ovary three distinct 
morphological appearances:  normal, polycystic, and multicystic. 
Multicystic ovaries are characteristically observed in pubertal girls 
and women recovering from weight loss- related amenorrhea. These 
multicystic (or multifollicular) ovaries are normal in size or slightly 
enlarged and contain six or more cysts that are 4– 10 mm in diameter; 
in contrast to women with polycystic ovaries (PCO), the stroma is not 
increased. The multicystic ovary appears to develop as a consequence 
of reduced hypothalamic secretion of gonadotrophin- releasing hor-
mone (GnRH) which results in subnormal stimulation of the ovaries 
by the gonadotrophins. Polycystic ovaries are a separate entity and 
have a distinct response to induction of ovulation and ovarian stimu-
lation for in vitro fertilization (IVF). Polycystic ovaries may be pre-
sent in women who are non- hirsute and who have regular menstrual 
cycles. It is important to differentiate between PCO and PCOS. The 
former describes the morphological appearance of the ovary whereas 
the latter term is only appropriate when PCO are found in associ-
ation with a menstrual disturbance (amenorrhea or, more commonly, 
oligomenorrhea) and/ or the complications of hyperandrogenization 
(seborrhoea, acne and hirsutism) [23]. Polycystic Ovary Syndrome is 
also associated with endocrinological abnormalities and in particular 
with elevated serum concentrations of androgens (testosterone, 
androstenedione), LH, prolactin, and oestrogens. As with the clinical 
picture, these changes are variable and patients with PCOS may have 
normal endocrine concentrations.

With the advent of high- resolution ultrasound, identification of 
polycystic ovaries is simple and the polycystic ovary should have 
at least one of the following: either 12 or more follicles measuring 
2– 9 mm in diameter or increased ovarian volume (>10 cm3) [24].

Besides making a careful assessment of ovarian morphology, it 
is necessary to perform a baseline ultrasound scan of the ovaries 
before commencing ovarian stimulation in order to detect the pres-
ence of ovarian cysts, which may be a physiological remnant of ovu-
lation or representative of ovarian pathology. An endometrioma has 
the characteristic hazy, echodense appearance of blood in a cyst. 
Dermoid cysts are sometimes seen in women of reproductive age 
and may be difficult to distinguish from endometriomas, as both 
may be bilateral with a hazy, homogeneously echodense appearance 
of lipid matter in dermoids and blood in endometriomas. All but 
obviously simple cysts should be treated with caution as ovarian 
malignancy may occur in young women. Therapeutic stimulation 
of the ovaries should not be performed until complex ovarian cysts 
have resolved, either spontaneously or surgically.

The baseline ultrasound scan also permits inspection of the other 
pelvic structures and might reveal the presence of hydrosalpinges, 
fibroids, or congenital developmental anomalies of the uterus. 
Endometrial changes can be seen clearly using pelvic ultrasound. 
The endometrial thickness in the early follicular phase is 4– 6 mm, 
by the time of ovulation it is about 8– 10 mm and in the mid- luteal 
phase it reaches 14 mm. It has been suggested that there is a reduced 
chance of pregnancy if the triple line appearance is absent or if the 
preovulatory endometrial thickness is less than 7 mm [25].

Assessment of Tubal Patency and the Uterine cavity

Hysterosalpingography

Tubal infertility is diagnosed in between 15% and 50% of couples 
presenting with subfertility. X- ray hysterosalpingography (HSG) 

provides a delineation of both the uterine cavity and the fallopian 
tubes. An HSG is the simplest preliminary test for the delineation 
of the uterine cavity and fallopian tubes and has few complications. 
An HSG is performed if there are no pointers in the history to an 
increased risk of tubal disease, for example pelvic infection, peri-
tonitis, pelvic pain.

Hysterosalpingo- Contrast- Sonography (HyCoSy) and Saline 
Infusion Sonohysterography (SIS)

Similar to the HSG, a HyCoSy and SIS can be carried out relatively 
easily in an outpatient setting. Saline with/ without the addition of a 
foam, can be used to outline both the uterine cavity and passage of 
fluid through the fallopian tubes during an ultrasound assessment. 
There is no risk of radiation exposure unlike with the HSG. This 
technique should be carried out when there are no tubal disease 
risk factors. An additional benefit is the concurrent assessment of 
uterine and ovarian morphology.

Laparoscopy and Hysteroscopy

Hysteroscopy permits assessment of the uterine cavity at the same 
time as laparoscopic assessment of the pelvic contents. Congenital 
anomalies of uterine development occur in about 4% of women; 
although rarely affecting fertility they may sometimes predispose 
to an increased risk of second trimester miscarriage. It is our prac-
tice to consent all patients undergoing diagnostic laparoscopy for 
treatment of mild endometriosis or adhesiolysis, which should not 
prolong the procedure by more than 15– 20 minutes. There is evi-
dence that even mild endometriosis may adversely affect fertility 
and so ablation, with diathermy or laser, can be performed during 
the initial diagnostic procedure. Fine periovarian and peritubular 
adhesions can often be broken down at the time of the initial lapar-
oscopy. The presence of hydrosalpinges warrants salpingectomy to 
improve the chance of success in subsequent IVF treatment.

Investigating the Male

The general examination should include an assessment of BMI, 
blood pressure, secondary sexual characteristics, the abdomen, and 
genitalia. Some chest diseases are associated with infertility (con-
genital absence of the vas, spermatic duct obstruction) and might be 
elicited at the time of the examination. An absent or deficient sense 
of smell in patients with hypogonadotropic hypogonadism gives the 
diagnosis of Kallmann’s syndrome.

Men with androgen deficiency of prepubertal origin will have a 
high- pitched voice, small soft testes, and a small penis, lack of adult 
hair, and decreased muscle mass. They are often tall with a large 
arm span that exceeds their height. If hypogonadism develops after 
puberty the skin becomes fine, body hair and beard growth di-
minish. There may be gynaecomastia, as in Klinefelter’s syndrome. 
Gynaecomastia may also occur with hyperthyroidism, liver disease, 
oestrogen, or hCG- producing tumours or with some drugs (most 
notably antiandrogens such as cimetidine, spironolactone, digi-
talis). Transient gynaecomastia is normal during puberty. Other 
signs of endocrine disease (Cushing’s syndrome, thyroid disease, 
pituitary tumour) should also become evident on the general exam-
ination. A full neurological examination is required when there are 
problems with sexual function.

Congenital deformities of the penis or hypo- / epispadias may 
cause problems with semen deposition. Testicular size should be 
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assessed using an orchidometer and is normal if over 15 ml. Small 
testes that are soft are usually associated with gonadotrophin de-
ficiency, as in hypopituitarism or Kallmann’s syndrome. Small 
testes that are firm (implying fibrosis) are usually associated with 
severe and permanent destruction of germinal epithelium (as 
in Klinefelter’s syndrome) and androgenization may be normal. 
Testicular masses or asymmetry warrant further investigation by 
ultrasound in the first instance.

The Semen Analysis

The specimen of semen should be produced by masturbation 
into a clean, dry container and delivered to the laboratory 
within 30 minutes of its production. There should have been 
a period of abstinence of 3 days. A  fixed period of abstinence 
not only improves the standardization of the test but more than 
5 days abstinence is associated with a decrease in motility des-
pite an increase in sperm number. There are large swings in 
semen parameters in healthy, fertile sperm donors and so the 
results of a single semen analysis should be viewed with caution 
and repeated on two or more occasions, 3 months apart. Sperm 
production by the testis takes 10– 12 weeks and so an abnormal 
semen specimen is a reflection of testicular function 3 months 
previously. See Table 8.6.1.2.

Defining ‘normal’ sperm parameters has been a historically diffi-
cult subject due to the lack of consensus on who makes up a ‘normal’ 
population. Recognized globally, the WHO has provided standard-
ized measurements adopted by many laboratories. The most recent 
edition [26], has attempted to address previous concerns regarding 
levels falling well within a fertile range; this has led to a reduction 
in the three main parameters (count, motility, morphology). The 
male populations used have proven fertility within a relationship 
with time to pregnancy ≤12  months [27]. The chance of natural 
conception falls significantly when the sperm concentration is less 
than 5 × 106/ ml. When the total count is low there is often a cor-
responding reduction in motility. It has been suggested that sperm 
morphology is one of the better prognosticators for fertility [28]. 
Immotility can be caused by infection, superoxide production by 

leukocytes, antisperm antibodies, or defects in the microtubules 
and dynein arms of the sperm tail.

Sperm function can be impaired by lipid peroxidation in the 
sperm plasma membrane. Oxidative stress correlates with reduced 
motility and a decreased capacity for oocyte fusion. Reactive oxygen 
species (ROS) initiate lipid peroxidation and are produced either 
within the dysfunctional spermatozoa or by leukocytes. Seminal 
plasma contains a rich concentration of antioxidants and removal of 
sperm from seminal plasma during preparative procedures for as-
sisted conception can expose the sperm to damaging ROS. A matter 
of some concern is the notion that ROS are well- known muta-
gens and sperm- derived genetic damage to embryos might occur 
through chromosomal breakage (while oocyte- derived damage 
occurs through chromosomal rearrangement) [29]. It has been 
suggested that spermatozoa that have been exposed to ROS are at 
increased risk of carrying chromosomal breakages. Measurements 
of DNA fragmentation, are one suggested method to assess sperm-
atozoa integrity and have been related to recurrent pregnancy loss, 
although are not recommended for routine screening [30].

Management of Tubal Infertility

In vitro fertilization has revolutionized many forms of fertility 
therapy, yet the question of IVF versus tubal surgery for mild to 
moderate tubal disease is still debated. Successful tubal surgery can 
provide a permanent cure, with the possibility of more than one 
pregnancy and can be performed laparoscopically

The techniques employed in tubal surgery are of paramount 
importance and require adequate training, whether performed at 
laparotomy or laparoscopy. Open tubal surgery is optimally per-
formed using an operating microscope. While some surgeons ad-
vocate the continued use of open microsurgery, the laparoscopic 
approach has gained favour in recent years. One study compared 
the outcome of microsurgical and laparoscopic adhesiolysis and 
found no statistically significant difference in cumulative con-
ception rates, which were a little over 40% after 12  months [31]. 
Peritubal adhesions interfere with ovum pick- up and tubal trans-
port, while periovarian adhesions may inhibit ovulation. When the 
tubes are patent and the ovaries freely mobile, adhesiolysis will re-
sult in good cumulative conception rates (60% in 24 months), al-
though at second- look laparoscopy there is often a recurrence of the 
adhesions to some degree. Dense adhesions carry a worse prognosis 
than fine, filmy adhesions.

The mainstay of salpingostomy is the fashioning of a small ostium 
at the tip of the tube, with eversion of the tubal mucosa so that the 
reconstructed fimbriae are positioned to allow the ostium free 
movement over the ovary. Raw areas and linear incisions in the 
tube will heal over and should be avoided. The best cases to treat 
are those in which the tubes have thin walls, normal mucosa, and 
no periovarian adhesions, although when the distal end of the tube 
is blocked there are usually periovarian and peritubular adhesions. 
Large hydrosalpinges, greater than 1.5 cm in diameter, carry a worse 
prognosis and are often excised.

Cornual occlusion due to infection (salpingitis isthmica nodosa, 
pelvic inflammatory disease, tuberculosis) is often associated with 
microscopic damage along the length of the tube and so there is a 
worse prognosis and greater risk of ectopic pregnancy than after 
reversal of sterilization. Reversal of sterilization leads to the best 
results, not only because the patient is of proven fertility, but also 

Table 8.6.1.2 Normal semen parameters (WHO, 2010)

Volume ≥ 1.5 ml

pH ≥ 7.2

Sperm concentration ≥ 15 x 106/ ml

Total sperm count ≥ 39 x 106/ ejaculate

Total Motility (progressive + non- progressive) 40%

Progressive motility 32%

Vitality (live spermatozoa) 58%

Morphology (normal forms) 4%

Peroxidase- positive leukocytes <1.0 x 106/ ml

MAR test (motile spermatozoa with bound particles) <50%

Immunobead test (motile spermatozoa with  
bound beads)

<50%

Seminal zinc ≥ 2.4 µmol/ ejaculate

Seminal fructose ≥ 13 µmol/ ejaculate

Seminal neutral glucosidase ≥ 20 mU/ ejaculate
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because damage is to a very small portion of the tube. Pregnancy 
rates are between 60% and 80%, with ectopic pregnancy rates usu-
ally less than 5%.

Women with moderate to severe tubal infertility are optimally 
treated with IVF. If they have a history of repeated ectopic preg-
nancy there is a case for performing a sterilization prior to IVF, as 
there is nothing more traumatic than developing a further ectopic 
pregnancy after the stresses of an IVF treatment cycle. The overall 
rate of ectopic pregnancy after IVF is 5% (i.e. higher than normal) 
because uterine transfer of the pre- embryo(s) does not ensure that 
it will remain in the uterine cavity.

There is good evidence to suggest that the presence of 
hydrosalpinges affects the outcome of IVF by having an effect on 
the endometrial environment, possibly through the passage of 
toxic fluid into the uterine cavity, which disrupts implantation. If 
the tubes are completely blocked and there are large hydrosalpinges 
there is a case for surgical intervention. A  large prospective ran-
domized controlled trial evaluated salpingectomy versus no inter-
vention. Despite no significant difference in the pregnancy rate 
between the salpingectomy group (36.6%) and the non- intervention 
group (23.9%), the live birth rates were increased (28.6% vs. 16.3%, 
P = 0.045) [32]. The differences were more significant in the pres-
ence of bilateral hydrosalpinges and particularly so with ultrasound 
visible hydrosalpinges (clinical pregnancy rate 45.7% vs. 22.5%, 
p = 0.029, live birth rate 40% vs. 17.5%, P = 0.038). More recently, 
it has been suggested that tubal occlusion may offer an alternative 
to salpingectomy with equal results. This is particularly useful for 
cases where significant adhesions or pelvic pathology may make sal-
pingectomy a more difficult procedure. A recent Cochrane review 
evaluates any surgical intervention for those with hydrosalpinges 
prior to IVF and concludes that both occlusion and salpingectomy 
increase the clinical pregnancy rate, with no significant advantage 
over either one [33]. Salpingectomy can usually be performed lap-
aroscopically and care should be taken not to compromise ovarian 
blood supply. Interest in hysteroscopic tubal occlusion prior to 
IVF has waned due to inferior success rates and increased risk of 
miscarriage [34].

Fibroids and Myomectomy

Fibroids are common with increasing incidence with age. Prevalence 
has been reported as low as 3% in Swedish Caucasian women aged 
25– 32 years and 8% in those aged 33– 40 [35]. While rates have been 
reported as high as 70% in white Americans and 80% in African 
Americans age 50 years [36]. Imaging and initial assessment of fi-
broids is by ultrasonography but magnetic resonance imaging 
(MRI) can be extremely helpful in further delineating the position 
of multiple fibroids and distinguishing fibroids from adenomyoma. 
Classification of fibroids is by their position, with serosal fibroids 
being of least significance to fertility, there is then increasing sig-
nificance of the presence of subserosal fibroids (in which >50% pro-
jects out of the serosal surface), intramural fibroids, and submucous 
fibroids, which in turn may be pedunculated into the cavity of the 
uterus (type 0), sessile with intramural extension of either <50% 
(type I) or >50% (type II). It is thought that fibroids are most likely 
to affect fertility if they either distort the endometrial cavity or have 
an intramural component of >4 cm.

Fibroids are often removed indiscriminately and myomectomy 
can result in extensive pelvic adhesion formation and damage to 

the integrity of the uterine cavity. The debate continues as to how 
many fibroids should be removed and from what location. There 
is increasing evidence that intramural fibroids affect implantation, 
even when there is no deformation of the uterine cavity. A meta- 
analysis of 17 studies concluded that all fibroids may affect fertility, 
with a greater influence on delivery than pregnancy rates [37]. The 
most recent review from the American Society for Reproductive 
Medicine, concludes that there is insufficient evidence that the 
presence of myomas reduce the likelihood of achieving pregnancy, 
however, myomectomy for cavity distorting myomas (open, laparo-
scopically or hysteroscopic) improves pregnancy rates and reduces 
the chance of miscarriage [38]. Myomectomy is a major procedure 
with potential risks to the integrity and viability of the uterus. 
Preoperative treatment with a gonadotropin- releasing hormone 
agonist for 6– 8 weeks will cause significant shrinkage of the fibroids 
and reduce vascularity and blood loss during surgery

Less invasive procedures than operative myomectomy are being 
evaluated for the management of fibroids, including uterine artery 
embolization and MRI- guided laser coagulative necrosis or high in-
tensity focused ultrasound for the destruction of fibroids. The place 
of these techniques in the management of infertility is still being 
evaluated. Furthermore, while uterine artery embolization has be-
come popular in the management of fibroids it is not recommended 
for those who wish to preserve fertility because of the potential ad-
verse effect on both uterine and ovarian blood supply.

Endometriosis

Endometriosis can cause pelvic pain and infertility. Treatment is best 
achieved with surgery without delaying the chance of conception by 
hormonal therapies that are contraceptive. Careful laparoscopic as-
sessment of the pelvis reveals signs of endometriosis in up to 18% of 
women with proven fertility [39]. While a number of theories have 
been proposed for the pathogenesis of endometriosis, that of retro-
grade menstruation is the most popular and plausible. Retrograde 
menstruation is common, being seen in 75– 90% of women who 
have had laparoscopies performed at the time of menstruation. 
Menstrual blood does not always contain endometrial cells and the 
factors that influence implantation of ectopic endometrium are un-
certain, for the prevalence of endometriosis has been estimated as 
1– 20%, not 75– 90%. Women with endometriosis appear to have al-
tered immune function, which may permit implantation of regurgi-
tated endometrium. Abnormalities of cellular adhesion molecules, 
including the integrins and extracellular matrix proteins, are also 
thought to play a role in pathogenesis. The detection of endometri-
osis in women being investigated for subfertility is thought to reflect 
their lack of conception and exposure to frequent menstruation ra-
ther than being a cause of the infertility. Indeed, the likelihood of 
finding evidence of endometriosis in women who attend for steril-
ization is increased in proportion to the interval since the birth of 
their last child.

Women with symptomatic endometriosis may have a genetic dis-
position to endometrial implantation on the peritoneum and a fur-
ther disposition to an inflammatory response to the cyclical changes 
that occur in the ectopic endometrium. As is well known, the degree 
of endometriosis does not correlate with symptomatology:  pelvic 
pain, dyspareunia, and dysmenorrhoea. It is not possible, moreover, 
to predict which patients will develop progressive disease with re-
sultant pelvic adhesions and ovarian cysts.
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It is easy to envisage how severe endometriosis can affect fer-
tility by distorting pelvic anatomy, with adhesions that smother 
the ovaries and tubes and with endometriotic ovarian cysts. 
Furthermore, the prevalence of endometriosis in infertile women 
is as high as 20– 68% [40]. There is debate about the extent to which 
endometriosis affects fertility in the absence of pelvic deformity. It 
has been suggested that the peritoneal environment is altered, with 
an increased concentration of macrophages which impede sperm 
motility, phagocytose spermatozoa, and interfere both with oocyte 
pick- up by the fallopian tube and with fertilization.

The management of endometriosis depends upon the wishes of 
the patient, specifically whether her predominant complaint is pain 
or infertility. If fertility is required but pain is also a problem then 
management has usually been with analgesics, either alone or com-
bined with surgical treatment. Non- steroidal anti- inflammatory 
drugs (NSAIDs) are regularly used although their effectiveness 
is questionable. There is some evidence that NSAIDs inhibit the 
process of ovulation through their antiprostaglandin action but 
endometriotic pain usually occurs at the time of menstruation ra-
ther than mid- cycle and so these drugs should be safe in women 
wishing to conceive.

Laparoscopy is the mainstay of the classification of endometriosis 
and the best known system of classification is that of the American 
Fertility Society (AFS, now American Society of Reproductive 
Medicine, ASRM). in which the appearance of the disease, the de-
gree of adhesions, and obliteration of the pouch of Douglas provide 
a score. It has been suggested that the AFS classification is limited by 
its inability to provide an indication of the activity of the disease and 
has no predictive value with respect to either pain or subfertility. 
Surgical therapy for the treatment of endometriosis can be per-
formed at the time of the diagnostic laparoscopy, although only if 
the diagnosis has been suspected and the patient has been given 
appropriate information and consent.

There is little to choose between the medical therapies (e.g. pro-
gestogens, GnRH agonists, danazol or the combined oral contracep-
tive pill) with respect to subsequent fertility and a body of evidence 
that indicates no benefit when compared with expectant manage-
ment. These have been collected together in a systematic review 
[41,  42] in which 23 trials involving 3043 women were included. 
The odds ratio for pregnancy following ovulation suppression 
versus placebo or no treatment for all women randomized was 0.79 
(95% CI 0.54– 1.14), P = 0.21 and 0.80 (95% CI 0.51– 1.24), P = 0.32, 
respectively for subfertile couples only despite the use of a variety of 
suppression agents. This absence of demonstrable efficacy, together 
with the fact that the treatments are contraceptive, means that med-
ical therapies are inadvisable for women who wish to conceive.

There is now convincing evidence that laparoscopic treatment of 
mild to moderate endometriosis is superior to diagnostic laparos-
copy alone for both ongoing pain management and clinical preg-
nancy rate. Laparoscopic treatment provides improved pain scores 
at 6 and 12  months, respectively (odds ratio (OR) 6.58, 95% CI 
3.31– 13.10, 3 randomized controlled trials (RCTs), 171 partici-
pants, and OR 10.00, 95% CI 3.21– 31.17, 1 RCT, 69 participants). 
Excision or ablation of endometriosis yields a higher live birth rate 
or ongoing pregnancy rate past 20 weeks when compared with diag-
nostic laparoscopy alone (OR 1.94, 95% CI 1.20– 3.16, P = 0.007, 2 
RCTs, 382 participants, moderate- quality evidence) [43].

In considering surgery for endometriosis a distinction should 
be made between ovarian endometriomata and deeply infiltrating 
endometriosis (i.e. endometriosis that penetrates more than 5 mm 
below the peritoneal surface). Cystic ovarian endometriosis tends to 
be associated with adhesions, while deep infiltrating endometriosis 
is not and is often found in the pouch of Douglas, on the uterosacral 
ligaments, and in the uterovesical fold. Sometimes the lesions can 
be very deep yet have only a small visible surface area. MRI can be 
helpful in localizing the lesions and guiding the surgery.

There is some evidence that excisional surgery for endometriomata 
of greater than 3  cm in size provides for a more favourable out-
come than simple drainage and ablation [43,  44]. A  systematic 
review reported that laparoscopic excision of the cyst wall of the 
endometrioma was associated with a reduced rate of recurrence of 
the endometrioma (OR 0.41 95% CI 0.18– 0.93), reduced require-
ment for further surgery (OR 0.21 95% CI 0.05– 0.79), reduced re-
currence rate of the symptoms of dysmenorrhoea (OR 0.15 95% 
CI 0.06– 0.38), dyspareunia OR 0.08 95% CI 0.01– 0.51), and non- 
menstrual pelvic pain (OR 0.10 95% CI 0.02– 0.56). It was also asso-
ciated with a subsequent increased rate of spontaneous pregnancy 
in women who had documented prior subfertility (OR 5.21 CI 
2.04– 13.29) [45]. While surgery for endometriomata may improve 
outcomes, care must be taken to retain normal ovarian tissue to pre-
vent further depletion of the ovarian reserve.

Laparoscopic surgery should only be performed by appropri-
ately trained and skilled surgeons as endometriosis taxes the skill 
of the surgeon more than any other disease in the pelvis. It may 
be necessary to resect affected bowel or bladder and the help of a 
colorectal surgeon or a urologist may be required. Great care is re-
quired when operating near the ureter and ureteric stenting may 
be helpful. Large lesions often require laparotomy although such 
major surgery is usually reserved for patients with severe pain who 
have completed their family rather than for those with infertility, in 
whom GnRH agonist therapy combined with IVF is usually more 
appropriate.

Aggressive treatment of deeply infiltrating endometriosis and 
cystic ovarian endometriosis is associated with cumulative preg-
nancy rates of up to 60% over 12 months, after which IVF will prob-
ably provide a greater chance of conception than a second- look 
procedure. Severe endometriosis may reduce the success of IVF 
therapy, by impairing the rates of fertilization and implantation. 
It is commonplace to suppress active endometriosis with a GnRH 
agonist for 2– 3 months prior to IVF, particularly if pituitary desen-
sitization is part of the IVF treatment protocol [42].

Adenomyosis, a benign condition where endometrial glands and 
stroma are found within the myometrium, may impact on fertility. 
Theories to this effect include altered uterine contractility, im-
paired uterotubal transport and reduced sperm function secondary 
to high uterine cavity nitric oxide levels [46]. A detrimental effect 
on IVF outcomes is recognized with a reduction in implantation 
and increased early pregnancy loss. A 41% reduction in live birth 
rate for those with adenomyosis following an embryo transfer has 
been shown (OR 0.59, 95% CI 0.42– 0.82) [46]. Diffuse adenomyosis 
appears to be a worse prognostic feature than focal adenomyosis, 
which is more amenable to surgical excision. Pre- IVF treatment 
with a GnRH agonist appears to be beneficial and is certainly less 
invasive then surgical options.
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Anovulatory Infertility, PcoS, and 
ovulation Induction

These subjects are dealt with in Section 8.4, ‘Polycystic Ovary 
Syndrome and Other Androgen Excess Disorders’.

Unexplained Infertility

One can consider two approaches to the diagnosis and manage-
ment of unexplained infertility. The first is strictly scientific, with 
a quest for and exclusion of each known cause of infertility before 
the label ‘unexplained infertility’ can be given. The second approach 
is a pragmatic one based upon a management- oriented policy, 
whereby treatment is commenced after the common obstacles to 
fertility have been excluded. The treatment of unexplained infer-
tility essentially aims to boost fertility, usually by a combination of 
superovulation and close apposition of sperm and egg(s).

Studies of populations of patients with infertility indicate that 
approximately 10– 25% have unexplained infertility, 20– 30% ovu-
latory dysfunction, 20– 35% tubal damage, 10– 50% sperm dysfunc-
tion, 5– 10% endometriosis, and 5% coital dysfunction. A  degree 
of subfertility is found in both partners in 30– 50% of couples, as 
usually a couple’s subfertility is a relative rather than an absolute 
barrier to conception. Unexplained infertility has been defined as 
the inability to conceive after 1 year in the absence of any abnormal-
ities. Between 40% and 65% of couples given this label will conceive 
spontaneously over the following 3 years and it has been suggested 
that treatment should be deferred until the couple has been trying 
to conceive for at least 3 years, as before this time therapy does not 
confer any benefit over the natural chance of conception [47, 48]. It 
appears that the most important prognostic factors are the duration 
of infertility and the age of the female partner.

A number of approaches have been employed in the management 
of unexplained infertility. Therapy should aim to boost the monthly 
pregnancy rate above the natural rate of 1.5– 3% that is expected for 
couples who have been trying to conceive for over a year.

It used to be thought that clomiphene enhanced fertility by cor-
recting a subtle defect in ovarian function— either follicular de-
velopment or luteal phase defect. A  recent three arm randomized 
controlled trial in couples with infertility for over 2 years, confirmed 
ovulation, patent fallopian tubes, and motile sperm randomized 580 
women to expectant management (n = 193), oral clomiphene citrate 
(n = 194), or unstimulated intrauterine insemination (n = 193) for 
6  months [49]. Live birth rates were 32/ 193 (17%), 26/ 192 (14%), 
and 43/ 191 (23%), respectively. Compared with expectant manage-
ment, the odds ratio for a live birth was 0.79 (95% CI 0.45– 1.38) after 
clomiphene citrate and 1.46 (0.88 to 2.43) after unstimulated intra-
uterine insemination. Despite no benefit with respect to live birth 
rates, more women randomized to clomiphene citrate (159/ 170, 
94%) and unstimulated intrauterine insemination (155/ 162, 96%) 
found the process of treatment acceptable than those randomized 
to expectant management (123/ 153, 80%) (P = 0.001 and P <0.001, 
respectively). A subsequent review also concluded that clomiphene 
citrate was no more effective than no treatment or placebo for live 
birth (odds ratio (OR) 0.79, 95% CI 0.45– 1.38; P = 0.41) [50]. The 
addition of clomiphene also increased the risk of multiple pregnancy

Although it is reasonable to assume that the combination of 
gonadotropins to induce superovulation, with the release of two 
or three oocytes, with insemination of a prepared sample sperm 
into the uterine cavity should boost fertility, this appears to be un-
founded. A meta- analysis of 14 RCTs including 1867 women with 
unexplained infertility found no conclusive evidence of benefit in 
cumulative live birth rate when compared with timed intercourse, 
both with and without ovarian stimulation [51]. A recent trial ques-
tions this indifference, evaluating stimulated intrauterine insemin-
ation (IUI) against expectant management. An increased live birth 
rate was seen with IUI (risk ratio (RR) 3.41, 95% CI 1.71– 6.79; 
P = 0.0003) [52].

IVF confers the advantages of being able to study fertilization 
and the selection of good quality pre- embryos for transfer into the 
uterus. The Cochrane database [53] reports a higher live birth rate 
per woman with IVF compared with expectant management (OR 22 
95% CI 2.56– 189.4, 1 RCT, 51 women, very low- quality evidence) or 
unstimulated IUI (OR 2.47, (%% CI 1.19– 5.12, 2 RCTs, 156 women, 
low- quality evidence). For those women who had no pretreatment 
with either IUI or ovarian stimulation, there was no conclusive evi-
dence of a difference in live birth rates with IVF. The overall paucity 
of evidence means firm conclusions as to the benefit of IVF cannot 
yet be made in unexplained infertility. Overall it seems sensible to 
progress to IVF in couples with unexplained infertility after 2 years 
of regular unprotected intercourse.

In Vitro Fertilization (IVF)

Assisted conception techniques involve the laboratory preparation 
of gametes, artificially bringing them closer together and hence 
enhancing fertility by either bypassing an absolute obstruction to 
fertilization or boosting fecundity above that expected without 
treatment. Assisted conception is indicated if the prognosis for tubal 
surgery is considered too poor or if conception has failed to occur 
within 12 months of tubal surgery. IVF is indicated for moderate 
to severe endometriotic disease if conception has failed to occur 
within 12 months of ablative laparoscopic surgery. When there is 
severe sperm dysfunction and sperm preparation provides an in-
adequate specimen for superovulation intrauterine insemination or 
if conception has failed to occur after 3– 4 cycles of superovulation/ 
IUI, IVF should be offered. Micromanipulation techniques (i.e. 
intracytoplasmic sperm injection (ICSI)) may be required to achieve 
fertilization if there is severe male factor infertility.

Prior to assisted conception treatment, in addition to baseline in-
fertility investigations, it is usual for most clinics to test couples for 
HIV, hepatitis B, and hepatitis C, in order to avoid iatrogenic trans-
mission from one partner to the other and also to protect laboratory 
staff who are handling bodily fluids. Furthermore, cryopreserved 
gametes and embryos have the potential— albeit unproven— of 
cross- contamination through liquid nitrogen.

For a couple to undergo IVF, the female partner should have 
functioning ovaries and a normal uterus and the male partner at 
least one sperm per ejaculate. However, the lack of ovarian function 
can be bypassed with oocyte donation, the absence of sperm can be 
bypassed with sperm donation, and the absence of a uterus by IVF 
surrogacy. Sometimes both sperm and oocytes, or surplus embryos 
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from another couple, are donated so that the resultant child has in-
herited no genetic material from either parent. Such parents have 
in reality ‘adopted’ the embryos but do, of course, gain from the 
experience of pregnancy and childbirth.

IVF is sometimes embarked upon before all other treatment mo-
dalities have been exhausted and while we do not advocate unneces-
sary delay, particularly in older patients, the notion that IVF is the 
high- tech modern answer to every couple’s subfertility is erroneous. 
The stresses placed upon a couple by IVF (and other assisted con-
ception procedures) are immense and the treatment has risks and 
complications (e.g. ovarian hyperstimulation syndrome (OHSS) 
and multiple pregnancy).

Regimens for IVF

IVF therapy has become increasingly simplified in recent years. 
The use of gonadotropin- releasing hormone (GnRH) agonists 
and antagonists with gonadotropins has resulted in greater ease 
of planning the superovulation stimulation. When GnRH agon-
ists or antagonists are used the oocyte retrieval can be precisely 
timed to occur 34– 38 hours after the administration of hCG. The 
latter acts as a surrogate for the normal mid- cycle LH surge and 
causes resumption of meiosis within the oocytes and their prep-
aration for fertilization. Furthermore, there is good evidence that 
the oocytes do not become over- mature within follicles that are 
considered to be ready for collection and so the administration 
of hCG can be delayed to avoid oocyte collection at weekends. 
Most large clinics, however, provide flexibility with a 6-  or 7- day 
service.

A disadvantage of the use of GnRH agonists in a classic ‘long 
protocol’ is the 2 weeks or more lead- in to the therapy during 
which pituitary desensitization (‘downregulation’) is achieved be-
fore stimulation with gonadotropins can be commenced. Pituitary 
desensitization is assessed by a combination of endometrial shed-
ding and low serum concentrations of oestradiol (ultrasound 
confirmation of a thin endometrium and quiescent ovaries is ad-
equate without recourse to biochemistry).

The GnRH agonists can be administered intranasally, subcutane-
ously, or intramuscularly (by depot in some instances). The shorter 
acting preparations can be used to induce a flare response, being 
commenced on day 1 of the cycle, with gonadotropin stimulation 
starting the following day. The agonist is then either continued 
through to the day of hCG administration or given for 3 days only. 
The flare response can be utilized in those patients who have had a 
poor response in the past in order to try to maximize the response 
to stimulation— this it does to varying degrees.

The advent of the third- generation GnRH antagonists enables us 
to dispense with pituitary desensitization and commence ovarian 
stimulation on day 2, with the daily administration of an antagonist 
on day 6 of stimulation or once the leading follicle(s) has reached 
a diameter of 14 mm (usually day 6 or 7). Although it appears that 
success rates are better when commenced on day 6 rather than using 
a flexible protocol [54]. The GnRH antagonist acts immediately to 
inhibit pituitary secretion of FSH and LH, without the flare effect of 
agonists or the need for 10– 14 days’ desensitization. An endogenous 
LH surge can be prevented, thereby allowing oocyte retrieval at the 
desired time. GnRH antagonist cycles are certainly much shorter 
and more convenient for patients than the ‘long protocol’ and many 
clinics are now increasingly using them.

Initial studies found pregnancy rates were lower when using the 
antagonist protocol. A recent review, however concluded that there 
is a similar probability of livebirth when either GnRH agonists or 
antagonists are used (OR 1.02, 95% CI 0.85– 1.23; 12 RCTs n = 2303, 
moderate- quality evidence) [55] with no difference in miscarriage 
rates (OR 1.03, 95% CI 0.82– 1.29 34 RCTs, n  =  7082, moderate- 
quality evidence). The advantage of the antagonist protocol is a 
reduction in incidence of OHSS (OR 0.61, 95% CI 0.51– 0.72; 36 
RCTs, n  =  7944, moderate- quality evidence). The pharmacokin-
etics of the antagonist protocol allows use of a GnRH agonist to 
initiate oocyte maturation, rather than human chorionic gonado-
trophin (hCG), further reducing the risk of OHSS due to the agon-
ists’ shorter half- life. Using a GnRH agonist as a trigger was initially 
found to be detrimental to the pregnancy rate [56] (OR 0.47, 95% 
CI 0.31– 0.70; five RCTs, 532 women, moderate- quality evidence) 
but with intensive luteal phase support, using a combination of oes-
tradiol, progestogen, and hCG, similar pregnancy rates to hCG are 
now reported [57].

Gonadotropin Therapy

Gonadotropin therapy for the stimulation of superovulation can 
be with either human menopausal gonadotropins (hMG), which 
contain urinary- derived FSH and LH in differing proportions 
depending on the preparation, or with urinary- derived FSH alone; 
or with recombinant- FSH (rFSH). The advent of the recombinantly 
derived gonadotropins has broadened the scope of therapeutic 
agents and resulted in a potentially unlimited supply.

Most RCTs comparing gonadotrophin preparations have evalu-
ated efficacy in terms of number of oocytes retrieved, focusing on 
ovarian response and potency rather than on treatment outcome. 
Only very few RCTs have been powered to compare gonado-
trophin preparations with respect to ongoing pregnancy rates, and 
none have been powered for live birth rate which is the outcome 
of interest to couples seeking infertility treatment. Live birth rate 
can however be appropriately addressed by meta- analysis. A recent 
meta- analysis of RCTs compared rFSH to all other gonadotrophins, 
irrespective of downregulation protocol used, and did not find any 
statistically significant difference in live birth rate (OR 0.97, 95% CI 
0.87– 1.08, 28 RCTs, 7339 couples) [58]. If urinary gonadotrophins 
were considered separately, there were significantly fewer live births 
after rFSH than HMG (OR 0.84, 95% CI 0.72– 0.99), 11 RCTs, 
n = 3197). There were no significant differences between hMG and 
rFSH with respect to miscarriage rate or multiple pregnancy. The 
authors conclude that any differences between urinary gonado-
trophins were unlikely to be clinically significant and therefore 
choice of gonadotrophin should depend on availability and cost. In 
ovulation induction, similar pregnancy outcomes between urinary- 
derived gonadotrophins and rFSH have also been documented [59].

oocyte Retrieval

The preovulatory hCG ‘trigger’ is usually administered when the 
leading follicle is at least 17– 18 mm in diameter and there are at 
least three follicles greater than 17  mm. Ultrasound- guided oo-
cyte retrieval is usually performed under light sedation plus anal-
gesia; combinations of benzodiazepines, midazolam, and opiates 
are given intravenously or intramuscularly, with appropriate moni-
toring during and after the procedure. Administration of a local an-
aesthetic (1% lidocaine (lignocaine)) into the vaginal fornices is of 
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additional benefit. The procedure should be pain free. The patient is 
awake or lightly sedated and may be shown the oocytes on a closed- 
circuit video monitor attached to the embryologist’s microscope. 
Oocyte retrieval should take about 20 minutes.

After oocyte retrieval, the semen is washed and prepared. 
Insemination is usually performed 1– 6 hours after oocyte retrieval 
with 50– 200  000 motile spermatozoa being placed with each oo-
cyte; 16– 18 hours later the oocytes are examined to ensure that cor-
rect fertilization has occurred, as defined by the presence of two 
pronuclei. Multiple pronuclei indicate polyspermic fertilization or 
digyny (i.e. failure to extrude the second polar body) and are not 
suitable for transfer.

embryo Transfer

Embryo transfer was traditionally performed 2– 3 days after oocyte 
collection (at the 4– 8 cell stage). There has been a recent shift in 
favour of extended culture to the blastocyst stage (day 5 of embryo 
development). Improved clinical pregnancy rates (OR 1.30, 95% CI 
1.14– 1.47; 27 RCTs, 4031 women, moderate- quality evidence) and 
live birth rates (OR 1.48, 95% CI 1.2– 1.82; 13 RCTs, 1630 women, 
low- quality evidence) are seen when compared with fresh cleavage 
stage transfers [60]. This equates to 29% of women achieving a live 
birth after fresh cleavage stage but 32– 42% following blastocyst 
transfer. Arguments favouring blastocyst transfer include:  avoid-
ance of premature exposure of embryos to the highly oestrogenized 
uterine environment; reduced uterine pulsatility; and improved 
implantation as the most viable embryos reach blastocyst stage. 
Lower embryo freezing rates (OR 0.48, 95% CI 0.4– 0.57; 14 RCTs, 
2292 women) and higher failure to transfer cycles (OR 2.50, 95% CI 
1.76– 3.55; 17 RCTs, 2577 women) are seen at the blastocyst stage. 
Limited evidence suggests no difference in cumulative pregnancy 
rates following fresh and frozen embryo transfer cycles after a single 
oocyte retrieval between blastocyst and cleavage stage embryos. An 
RCT to compare day 5 transfer of a single blastocyst with transfer of 
a single cleavage embryo on day 3 had to be terminated early after a 
prespecified interim analysis found a higher rate of pregnancy and 
delivery in the blastocyst group (32.0% vs. 21.6%, RR 1.48 95% CI 
1.04– 2.11) [61].

Number of embryos for Transfer

One major problem that has arisen from the growth of assisted con-
ception treatment in a competitive environment is the dramatic rise 
in multiple births. Triplets and greater have been prevented by le-
gislation introduced by the Human Fertilisation and Embryology 
Authority (HFEA) in the UK in 2002 limiting the number of em-
bryos transferred to two for women under 40, as there is no evidence 
that the transfer of three significantly increases the chance of preg-
nancy and recommends the transfer of no more than 3 in women 
over the age of 40. In the UK, over the last 10 years, there has been 
a strong drive towards elective single embryo transfer (eSET). This 
has led to a significant reduction in multiple birth from 28% of all 
IVF treatment cycles in 1991 to 11% in 2016 [62]. American data, 
supports elective single embryo transfer with no significant impact 
on cumulative live birth rate. Good prognostic features include ma-
ternal age <38 years, surplus good quality embryos for cryopreser-
vation and a previous live birth from IVF [63]. Evidence suggests 
that by adopting a SET policy and cryopreserving the spare em-
bryos for subsequent replacement if the initial cycle should fail, the 

live birth rate is not significantly different to that following a double 
embryo transfer and multiple pregnancy rates can be reduced to 5% 
[64, 65]. Furthermore, there is a significant cost benefit with respect 
to maternity and paediatric care [64, 65].

Time lapse imaging (TLI) is now regularly used to help select the 
best embryo to transfer. There is some evidence that TLI improves 
clinical outcomes due to increased knowledge about the embryos’ 
development and the closed incubation system. A  recent retro-
spective review of TLI reported an improved live birth rate with 
TLI (TLI 36.8 versus standard culture 33.9%, adjusted odds ratio 
1.28, 95% CI 1.05– 1.57). A reduction in preterm birth and low birth 
weight has also been reported [66].

Luteal Phase After IVF

The embryo transfer procedure usually takes 5– 10 minutes. The 
procedure should be performed under ultrasound guidance rather 
than using the ‘clinical touch’ method, as this results in signifi-
cant increase in ongoing pregnancy (OR 1.51 95% CI 1.31– 1.74) 
and livebirth rates (OR 1.78 95% CI 1.19– 2.67) [66]. After em-
bryo transfer the patient can go about her normal daily activities. 
Indeed, inactivity is best avoided as the 2 weeks up to the preg-
nancy test are hard for couples to cope with as they are no longer 
attending the clinic for regular scans and monitoring. It is usual to 
provide luteal support until the results of the pregnancy test are 
known and this itself can delay the onset of menstruation and give 
the couple false hope. Luteal support can be provided by either 
hCG or parenteral or vaginal progesterone. The administration of 
hCG should be avoided if there is any risk of OHSS as it will con-
tinue to stimulate the ovaries, while exogenous progesterone will 
of course replace the secretion of the corpora lutea. Many clinics 
have now stopped giving hCG because OHSS is not always easy 
to predict.

Pregnancy Rates After IVF

A clinical pregnancy is defined as the ultrasound visualization of 
a gestational sac. Biochemical pregnancies are so named if hCG is 
present in the serum (in the absence of exogenously administered 
hCG for luteal support) yet bleeding occurs before a gestational sac 
is seen on ultrasound. It is a sensible convention not to include bio-
chemical pregnancies in treatment results and care must be taken 
when comparing the results of different clinics or studies to ensure 
that the same definitions of pregnancy have been used.

Modifications to the treatment process, from superovulation 
strategies to create a larger cohort of mature oocytes, through to 
the advances in culture technology to allow embryos to thrive in 
the laboratory have led to a steady increase in live birth rates over 
the last 20 years with the overall live birth rate per cycle in the UK 
greater than 25% per cycle. Approximately 68  000 assisted con-
ception treatments are performed annually in the UK, resulting in 
approximately 1% of all births. There are huge variations in both 
provision and outcomes of assisted conception treatments around 
Europe (and the globe).

The chance of a pregnancy following a single cycle of IVF is 
now approximately 30– 40% in the larger units. With the eSET 
policy supported in the UK, the chance of multiple pregnancy is 
now 11%, with the majority being twin pregnancies. The miscar-
riage rate is about 20% and the chance of an ectopic pregnancy is 
approximately 5%.
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The pregnancy rates achieved by IVF equate favourably with those 
expected for a couple without infertility when adjusted for the age 
of the female partner. Cumulative conception and live birth rates, 
calculated by life table analysis, provide the best form of comparison 
between treatments, although they do not take into consideration 
couples who drop out of treatment because they are perceived as 
having a poor chance or because they cannot cope with the stresses 
of the therapy. The major factors that determine the chance of an 
ongoing pregnancy are the age of the woman, with rates declining 
over the age of 35, increasing duration of infertility, parity, and the 
number of oocytes collected. Not surprisingly, couples who have 
achieved a pregnancy are more likely to do so if they try again.

Most IVF cycles fail after embryo transfer, and so research has 
focused on trying to identify which are the correct embryo/ s to 
transfer. Non- invasive ways to assess embryo health have focused 
on embryo metabolism, and in particular their amino acid profile 
[67,  68]. Metabolically quiet embryos seem to have more devel-
opmental potential than those with a high amino acid turn over. 
Although these methods have appeared promising, there continues 
to be limited evidence of any benefit when metabolomic testing is 
implemented [69].

A high proportion of embryos are karyotypically abnormal, with 
this increasing substantially with progressing age. Preimplantation 
genetic screening (PGS) of those patients at highest risk of aneuploidy 
has been considered; initial outcomes were disappointing [70], but 
with changes in technique these are improving. Trophectoderm bi-
opsy is currently favoured, for those embryos reaching the blasto-
cyst stage. Use of next generation screening (NGS) rather than array 
comparative genomic hybridization (aCGH) is providing promise 
with improved implantation rates (NGS 71.6% vs. aCGH 64.6%) 
and live birth rates (NGS 62% vs. aCGH 54.4%). These improve-
ments are in part due to the ability of NGS to detect mosaic embryos 
and those with partial aneuploidies or triploidy [71].

Micromanipulation of Gametes for Severe Male 
Factor Infertility

Standard IVF requires the presence of more than 500  000 motile 
sperm in the total ejaculate. In cases where the sperm count is lower, 
fertilization can be assisted by a variety of micromanipulation 
techniques, such as ICSI— the injection of a single spermatozoon 
directly into the cytoplasm (ooplasm) of the oocyte, which has 
revolutionized the management of male infertility and has provided 
the possibility of a pregnancy for men who previously would have 
required their partners to undergo donor insemination.

ICSI can be used not only for men with profound oligozoospermia 
or asthenoteratozoospermia but also for those with obstructive 
azoospermia, after microsurgical or direct aspiration of sperm from 
either the epididymis or the testis. Fertilization rates with ICSI are in 
the region of 60%, irrespective of the origin of the sperm, providing 
90% of couples with an embryo transfer and chance of a pregnancy. 
Pregnancy rates after ICSI are the same as after IVF.

There is some evidence for an increased rate of strand breakages 
in the DNA of sperm from men with subfertility, some of whom 
have cystic fibrosis or are carriers of cystic fibrosis mutations or 
other recessive gene anomalies. Furthermore, the stage at which 
genomic imprinting takes place is not known and there is a sugges-
tion that genes may be modified in the epididymis— in other words, 
distal to the site of aspirated testicular sperm. The data on children 

born to date as a result of micromanipulation techniques are re-
assuring with respect to major congenital abnormalities but there is 
an increased rate of sex chromosome anomalies.

cryopreservation of Gametes and embryos

Cryopreservation of sperm and oocytes may offer the preservation 
of fertility for those about to undergo potentially sterilizing therapy 
for cancer. The introduction of vitrification as a freezing tech-
nique has revolutionized the clinical outcome of oocyte freezing. 
Clinical pregnancy rates equivalent to fresh embryo transfers have 
been reported [72]. With this improvement in outcome, there has 
been a steady rise in those wishing to freeze their oocytes for ‘social 
reasons’, and in doing so delaying starting a family. This approach 
should be taken with caution as too many choose to freeze oocytes 
at an age when fertility is already in significant decline. It is also 
possible to cryopreserve ovarian tissue followed by reimplantation 
or in vitro culture of follicles to provide a chance of viable oocytes 
for women who are about to undergo chemo/ radiotherapy or have 
an oophorectomy.

Embryo survival is in the region of 70% and if individual blasto-
meres are damaged, as each is pluripotent, there appears to be no 
harmful effect on the developing fetus. Thawed embryos are trans-
ferred time- accordingly to stage of freezing after ovulation in 
carefully monitored natural cycles or after the commencement of 
progesterone therapy in artificial cycles in which pretreatment has 
been performed, with a GnRH analogue and then with oral oestra-
diol which is administered until the endometrium has developed 
adequately. There is no apparent difference in clinical outcome 
between natural or hormonal replacement cycles [73]. With vitri-
fication technology yielding superior clinical outcomes over older 
slow freeze techniques, there has been a move by some clinics to 
consider frozen embryo transfer cycles for all, foregoing any initial 
fresh embryo transfer. There appears to be little difference in clinical 
outcome between fresh or frozen transfer cycles when cumulative 
livebirth rates are considered [74]; although as would be expected 
there will be a delay to pregnancy for some women.

Cryopreservation has enabled sperm donation to be an achiev-
able option for those men who are found to be azoospermic and 
for whom surgical sperm retrieval is unsuccessful. It is also a valu-
able necessity for those in same— sex female relationships or those 
wishing to embark on motherhood as a single parent. Similarly, 
oocyte donation has become more accessible with cryopreserva-
tion, although for many who require donor eggs, they are often 
donated ‘fresh’ allowing fertilization and embryo cryopreservation 
where possible.

Preimplantation Genetic Testing

The ability for couples with a known genetic condition or balanced 
translocation, to have unaffected children, or at most be carriers 
of the condition, has been made possible by the development of 
preimplantation genetic testing (PGT, formerly “diagnosis” (PGD)). 
Cystic fibrosis or Huntingdon’s chorea are examples of conditions 
that can be prevented being passed on to offspring. When the genetic 
mutation and surrounding genetic region are known for the affected 
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person, individualized genetic probes can be developed to test ma-
terial from developing embryos. Trophectoderm biopsy from a 
blastocyst is now favoured (as with PGS), with most clinics freezing 
embryos until the embryos’ genetic identity is known. If there are 
unaffected or carrier embryos, these can then be transferred in a 
subsequent frozen transfer cycle. For this to have a chance of success, 
there should be a reasonable ovarian reserve and adequate sperm 
numbers to provide a group of potential viable embryos that can 
reach blastocyst and withstand a biopsy and freezing. Alternatively, 
women can choose to have antenatal screening or testing to estab-
lish if their pregnancy is affected.

Surrogacy

IVF surrogacy is an option for women with ovaries but without a 
uterus, either because of a congenital absence (e.g. Rokitansky syn-
drome) or after hysterectomy (e.g. after severe obstetric haemor-
rhage or cervical carcinoma), or for women for whom a pregnancy 
would be a medical risk (e.g. severe heart or lung disease). Sperm 
must be frozen and quarantined for 6 months to reduce the risk of 
infection with HIV. A standard IVF regimen is used and the sur-
rogate host prepared for a frozen embryo replacement cycle. Egg 
collection can sometimes be difficult if the ovaries are situated high 
in the abdomen, in which case a transabdominal approach may be 
required.

Straight surrogacy is another option, less commonly performed 
within clinics, in which the surrogate host donates her own oocytes 
either to be inseminated in vitro, in a standard IVF protocol, or in 
vivo, in an IUI protocol. There are strict regulations concerning sur-
rogacy arrangements and few clinics offer this treatment because of 
ethical concerns and the complexities of the arrangements. Key com-
ponents of a successful programme are an experienced counsellor 
and the selection of properly motivated surrogates who are fully in-
formed of all of the IVF processes, their risks, and complications.

ovarian Hyperstimulation Syndrome

The OHSS is a consequence of superovulation therapy for assisted 
conception procedures. This potentially fatal condition is avoid-
able by the judicious use of gonadotropins and careful monitoring 
of stimulation regimens. Women who are at particular risk of 
developing the syndrome include those who have polycystic ovaries 
and those who are young (under 30 years).

The pathophysiological hallmark of the OHSS is a sudden in-
crease of vascular permeability which results in the development of a 
massive extravascular exudate. This exudate accumulates primarily 
in the peritoneal cavity, causing a protein rich ascites. Loss of fluid 
into the ‘third’ space causes a profound fall in intravascular volume, 
haemoconcentration, and suppression of urine formation. Loss of 
protein into the third space causes a fall in plasma oncotic pres-
sure which results in further loss of intravascular fluid. Secondary 
hyperaldosteronism occurs and may cause hyponatraemia.

The syndrome is graded according to severity. Mild ovarian 
hyperstimulation is characterized by fluid accumulation, as evi-
denced by weight gain, abdominal distension, and discomfort. 
Ultrasound examination shows enlarged ovaries with a mean 

diameter greater than 5 cm but less than 8 cm. Grade 2 (moderate) 
ovarian hyperstimulation is associated with the development of 
nausea and vomiting. The ovarian enlargement and abdominal dis-
tension are greater, with ovarian diameter 8– 12 cm, and cause more 
discomfort and dyspnoea. Ascites can be detected by ultrasound.

Grade 3 (severe) OHSS is a life- threatening condition in which 
there is clinical evidence of contraction of the intravascular volume 
(subnormal central venous pressure with reduced cardiac output), 
severe expansion of the third space (tense ascites, pleural, and 
pericardial effusions, all of which compromise the circulation and 
breathing), severe haemoconcentration, and the development of 
hepatorenal failure. In addition to the circulatory crisis these pa-
tients are at risk from intravascular thrombosis. Deaths have been 
recorded in women with grade 3 OHSS, caused usually by cerebro-
vascular thrombosis, renal failure, or cardiac tamponade resulting 
from pericardial effusion. Some authors have classified the most 
severe group as ‘Critical OHSS’, when the haematocrit is >55%, oli-
guria/ anuria, thromboembolism, and acute adult respiratory dis-
tress syndrome (ARDS).

Risk Factors for oHSS

OHSS generally only occurs after overstimulated ovaries have been 
exposed to human chorionic gonadotropin (hCG). The condition 
therefore results most commonly when sensitive ovaries are ex-
posed to gonadotropin preparations that contain FSH and then to 
hCG. The finding that severe OHSS is often associated with preg-
nancy is probably related to the persistence of hCG in this situation. 
Even when the ovaries have been severely overstimulated, OHSS 
can usually be prevented by avoiding exposure of the ovaries to 
hCG and/ or LH. Thus in the context of a woman undergoing a cycle 
of ovarian stimulation while donating oocytes, hyperstimulation is 
likely to be a self- limiting situation as a pregnancy, by definition, 
will not occur.

In IVF the rate of OHSS varies in published series from 1% to 
10%, being highest in those combining gonadotropin stimulation 
with treatment with a GnRH analogue. Severe cases occur in 0.25– 
8% of IVF cycles with mild cases occurring in up to 33% of cases 
[75]. A  distinction has been made between early and late OHSS, 
with those presenting early (that is, 3– 7 days after hCG adminis-
tration) having significantly higher serum oestradiol concentra-
tions and more follicles than those presenting late (12– 17 days after 
hCG). Those presenting early usually have a self- limiting condition 
of relatively short duration while those presenting late are more 
likely to be pregnant and have a severe and more prolonged form of 
the syndrome, due to persistent stimulation of the ovaries by hCG 
from the placenta.

The greatest cause of morbidity and potential mortality in OHSS 
is from thromboembolism. When considering the pathophysiology 
of the OHSS it is easy to appreciate the potential risk of deep venous 
thrombosis (DVT) and thromboembolic events. Not only is there a 
hypercoagulable state but also the combination of enlarged ovaries 
and ascites leads to reduced venous return from the lower limbs, 
which combined with immobility places the patient at risk of DVT. 
Venous thrombosis in the lower limb most often resolves without 
long- term sequelae, unless pulmonary embolism occurs, which 
may be fatal. Upper limb venous thrombosis may lead to disab-
ling long- term disability, with persistent discomfort, cramp, weak-
ness, and cold hands. Cerebral thrombosis may resolve completely 
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or lead to various forms of long- term disability. The prevalence of 
thrombophilia may be increased in women with severe OHSS and 
prophylactic screening for thrombophilia has been advocated in 
those who have experienced severe OHSS [76].

Management of the oHSS

It goes without saying that prevention is the key and this can be 
achieved by using mild stimulation regimens, particularly in those 
at increased risk (young women and those with polycystic ovaries). 
The antagonist protocol is recommended for those at high risk of 
OHSS due to the lower incidence of OHSS, in part due to a shorter 
duration of gonadotrophin stimulation. Use of the GnRH antag-
onist then allows the GnRH agonist to be used as a ‘trigger’ in place 
of hCG, utilizing the natural LH within the women’s system and fur-
ther reducing the risk of OHSS. Other options for those with a high 
follicle count (>20– 25 follicles) include: withhold hCG and not per-
form the oocyte retrieval or collect the oocytes and cryopreserve all 
embryos, as by not transferring an embryo the potential for severe 
late OHSS is avoided. For those at high risk of OHSS, Dopamine 
agonists such as Cabergoline can be used shortly after hCG admin-
istration to reduce the likelihood of moderate- severe OHSS and 
ovarian volume with no detriment to clinical pregnancy rates. Mild 
ovarian hyperstimulation is common and is managed expectantly, 
its importance being that it should alert both patient and doctor 
to the risk of a more severe condition developing, particularly if a 
pregnancy occurs. The patient should be encouraged to weigh her-
self daily and take plenty of oral fluids. A marked increase in weight 
(more than 5 kg) with the development of abdominal distension, 
nausea, and vomiting indicate the onset of grade 2 hyperstimulation 
and the need for hospital review. In non- conception cycles, mod-
erate ovarian hyperstimulation can be expected to resolve with the 
development of menstruation, although the ovarian cysts may per-
sist for a month or more.

Patients with grade 2 hyperstimulation need reassurance and 
explanation, together with rest. Oral fluids are encouraged al-
though vomiting may make an intravenous infusion necessary. If 
hospitalized, TED stockings are advised to reduce the risk of deep 
vein thrombosis. Adequate analgesia is required. Preferred drugs 
are paracetamol, with or without codeine, and pethidine for very 
severe pain.

The development of clinically detectable and usually painful 
ascites, together with a deterioration in respiration, circulation 
and renal function indicates the development of severe grade 3 
hyperstimulation and may require admission to an intensive care 
unit. The intravascular volume should be monitored by measure-
ments of central venous pressure, renal function by meticulous 
attention to input and urine output and haemoconcentration by 
measurement of haematocrit, whose level reflects intravascular 
volume depletion and blood viscosity. A haematocrit of over 45% 
is a serious warning sign and a measurement greater than 55% 
signals a life- threatening situation. There may be a striking leuco-
cytosis, the WBC count rising up to 40  000/ ml. Measurement of 
body weight, serum urea, creatinine, and electrolytes, together with 
serum albumin and liver function tests and periodic assessments of 
the coagulation profile are mandatory.

Infusion of colloid (e.g. human albumen or 6% hydoxyethyl starch 
(HES)) is required to maintain intravascular volume, as indicated 
by restoration of a normal central venous pressure and improved 

haematocrit. It can be implemented on a day case basis if the clinic 
has capacity for careful patient monitoring. Crystalloid (normal sa-
line usually) is administered for rehydration, although with careful 
monitoring of fluid balance. Prophylactic low molecular weight 
heparin should be given to prevent thromboembolism and as the 
risk continues up to the end of the first trimester of pregnancy there 
is an argument to continue heparin until that time [77].

A further concern is the development of hyponatraemia, sec-
ondary to antidiuretic hormone hypersecretion. If urine output 
remains suppressed despite restoration of central venous pressure 
and rehydration, abdominal paracentesis, under ultrasound guid-
ance, should be undertaken. The indications for this procedure 
are therefore the need for symptomatic relief of a tense ascites, 
oliguria, rising serum creatinine, falling creatinine clearance, and 
haemoconcentration unresponsive to medical therapy. Severe oli-
guria or renal failure persisting despite these measures usually ne-
cessitate dialysis.

Paracentesis of hydrothorax should be considered for relief of 
dyspnoea. Cardiac tamponade from pericardial effusion may prove 
fatal if not rapidly relieved. Careful cardiology assessment together 
with cardiac ultrasound should therefore feature in the manage-
ment of these patients. One must be aware of the possibility of re- 
accumulation of fluid in any of these cavities.

OHSS is a condition that should be taken extremely seriously be-
cause of the physical and emotional distress that it can cause and 
the thromboembolic risks. The triennial confidential enquiry into 
maternal deaths and morbidity in the UK reports on the numbers 
and causes of maternal mortality [78]. The report for 2003– 2005, 
entitled Saving Mothers’ Lives, had for the first time recorded deaths 
related to OHSS. In the triennium 2003– 2005 there were four 
deaths out of approximately 119 641 IVF stimulation cycles, a mor-
tality rate of 1:30 000. While problems with appropriate follow- up 
and expert care were identified in the management of these patients, 
it goes without saying that there is no acceptable rate of mortality as 
a result of fertility treatment. Reassuringly, the most recent report 
entitled Saving Lives, Improving Mothers’ Care does not attribute 
any deaths directly to OHSS although there were 6 women (3%) 
who died between 2013 and 2015 who had achieved a pregnancy 
through assisted reproductive techniques [79].
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Introduction

Treatments with antineoplastic agents and ionizing radiation have 
been successfully used in the management of a broad range of dis-
eases including neoplastic diseases to various autoimmune and 
haematological disorders. With the remarkable advancements in 
modern treatment regiments, the survival rates have significantly 
improved in paediatric and reproductive age females. However, 
as the number of patients cured of the disease has increased the 
number of women facing infertility and early menopause after such 
treatments has also dramatically risen [1, 2].

Human ovarian reserve consists of a limited number of primor-
dial germ cells numbers of which are determined in utero. Those 
germ cells possess the capacity to produce mature oocytes that can 
fertilize with sperm and provide offspring throughout the repro-
ductive lifespan. However, treatment regimens, especially ones that 
include a high dose of alkylating agent and/ or pelvic ionizing ra-
diation, can irreversibly deplete ovarian reserve impairing repro-
ductive capacity and shortening the fertile lifespan [3, 4]. In the last 
few decades, the number of females confronting these challenging 
issues has larger grown, hence, the necessity of fertility preserva-
tion has become more evident. Reproductive medicine specialists in 
collaboration with scientists from several other scientific disciplines 

have developed and introduced multiple options for preserving re-
productive potential in women under the risk of gonadal failure or 
ovarian insufficiency (OI).

In this chapter, we will briefly describe the mechanisms of and 
risk factors for OI and then provide an overview of currently avail-
able options for fertility preservation in women.

ovarian Reserve and Mechanisms 
of ovarian Insufficiency

Contrary to continuous testicular germ cell regeneration in males, 
ovarian germ cell development, and proliferation process in females 
is limited to earlier intrauterine life. At birth, usually, the human 
ovary hosts approximately one million primordial germ cells sur-
rounded by a single layer of squamous granulosa cells, and only 
300  000– 500  000 of those primordial follicles reach pubertal age. 
The large number of primordial follicles are lost due to an apop-
totic process. This remaining pool of primordial follicles serves as 
the ovarian reserve throughout the reproductive years of a woman 
and nearly exhausts at menopause [5] . Primordial follicles initiate 
growth from intrauterine life, and their growth initiation is not de-
pendent on pubertal status. By the age of 37 years, the number of 
primordial follicles in the ovarian reserve decreases to about 25 000 
and the reserve depletes at the time of menopause. Recently, re-
searchers reported the presence of mitotically active cells with stem 
cell characteristics in the adult ovary that can produce oocytes. 
However, their role in folliculogenesis and the follicle reserve is still 
unclear and needs to be further investigated [6, 7].

The Impact of Gonadotoxic Treatments 
on ovarian Reserve

With the advancements in modern chemoradiation therapies and 
surgical practice, a growing group of patients with ovarian insuf-
ficiency has emerged. While modern cancer treatments can target 
cancer cells, in tandem high doses of chemotherapy and pelvic 
radiotherapy can irreversibly destruct ovarian follicles by causing 
DNA damage and induce massive germ cell apoptosis [3, 8].

Modern chemotherapeutic agents can have a spectrum of ovarian 
toxicity, depending on the class of the agent, patient age at the time 
of treatment, and the cumulative dose [4] . We have shown that the 
most gonadotoxic agents are those that mainly cause DNA double- 
strand breaks (DBSs) in oocytes [3]. DNA repair mechanisms can 
maintain genomic integrity in oocytes under normal circumstances. 
However, at the level of severe DNA damage due to genotoxic agents, 
those repair mechanisms remain insufficient and lead to apoptotic 
death of the oocyte [3]. Among all chemotherapeutic agents, the 
most gonadotoxic drugs are the members of the alkylating category 
such as cyclophosphamide [9]. Because these drugs are non- cell- 
cycle specific chemical compounds they can target and damage dor-
mant primordial follicles that constitute ovarian reserve.

Although menstruation is a poor surrogate for ovarian reserve 
and fertility, using menstruation as an outcome in women with 
breast cancer who underwent chemotherapy researchers were able 
to demonstrate the negative impact of alkylating agents on ovarian 
function. For example, Gadduci et  al. reported that after treat-
ment with CMF protocol (cyclophosphamide + methotrexate + 5- 
fluorouracil) 20– 70% of women younger than age 40 experienced 
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amenorrhea [10]. When CMF protocol was compared to the AC 
protocol (doxorubicin + cyclophosphamide), significantly lower 
rates of amenorrhea (69% vs. 34%, respectively) have been reported 
with the AC protocol [11]. This result is most likely associated with 
a lower cumulative dose of cyclophosphamide administered in the 
AC regimen. However, combination of a taxane agent (paclitaxel) 
with AC (AC- T) did not significantly increase the risk of amenor-
rhea compared with standard AC regimen [12].

Patient age at the time of chemotherapy is another critical factor 
that determines the nature of the ovarian response to the insult of 
the gonadotoxic agent. In women with breast cancer, the incidence 
of chemotherapy- induced amenorrhea was reported as 15– 40% 
under the age of 30. However, this incidence dramatically increases 
to 49– 100% for women older than 40 years of age [13]. This is be-
cause gonadotoxic chemotherapy regimens result in the loss of ap-
proximately 10 years’ worth of ovarian reserve [14] and it is more 
likely to push older women towards the menopausal state as they 
have lower reserve compared to younger women. However, regard-
less of age, females of all ages including children are expected to 
experience early menopause after exposure to gonadotoxic chemo-
therapy agents. Therefore, fertility preservation and completion of 
the family building as early as possible is critical regardless of the 
age at chemotherapy exposure in most instances [15].

The Impact of BRcA Mutations on ovarian Reserve

Mutations in BRCA1 and BRCA2 genes are well- known due to 
their association with the increased risk for multiple hereditary 
malignancies such as breast and ovarian cancers. BRCA genes are 
members of the ataxia- telangiectasia- mutated (ATM)- mediated 
DNA damage signalling pathway and are essential for DNA double- 
strand break (DSB) repair [16]. Moreover, in several studies, we fol-
lowed by others showed that BRCA1 and 2 mutations are associated 
with diminished ovarian reserve [8, 17,  18]. In our recent report 
of controlled ovarian stimulation in women with breast cancer by 
using aromatase inhibitors for fertility preservation, we observed 
significantly lower ovarian response rates in BRCA mutation carries 
particularly, among those with BRCA1 mutations [19]. In another 
study, BRCA mutation carrier women were found to experience 
menopause 3– 4 years earlier than healthy controls [20]. Recently, 
we showed that in ovaries from both mouse and human with 
BRCA1 mutation the ovarian reserve was significantly reduced due 
to the increased age- related accumulation of DNA DBSs in primor-
dial follicle oocytes. Additionally, we showed that affected women 
with BRCA1 mutations had lower serum anti- Müllerian hormone 
(AMH) levels compared to controls [8] . In another very recent 
study, examining ovaries obtained from unaffected BRCA mutation 
carriers and age- matched organ donor cadavers, we provided direct 
evidence of diminished ovarian reserve and accelerated primordial 
follicle loss in both women with BRCA1 and 2 mutations [21].

Based on the current evidence from animal and clinical studies, 
it appears that the ovarian reserve may be lower in women with 
BRCA mutations, and as we have shown recently, are more prone to 
chemotherapy- induced loss of ovarian reserve [22]. Hence, women 
with BRCA mutation should be informed about the possibility 
of higher risk of chemo- induced infertility and available fertility 
preservation options as well.

The Importance of Timely Referral and Intervention

As previously mentioned, OI can be caused by several intrinsic 
and external factors, and the rate of progression may vary from 
days to years depending on the underlying reason. Therefore, 
with early diagnosis patients can be given a chance to preserve 
their reproductive potential before complete loss of ovarian re-
serve. Accordingly, guidelines by the American Society of Clinical 
Oncology (ASCO) and the American Society of Reproductive 
Medicine (ASRM) for fertility preservation in cancer patients 
strongly recommend that physicians should inform their patients 
about the potentially harmful effects of the planned treatments 
on fertility before the initiation of it and promptly refer patients 
to reproductive specialist to discuss the risk of ovarian damage 
and currently available fertility preservation options [23,  24] 
(Table 8.6.2.1).

In a recent study, we have shown that in breast cancer patients, 
especially before breast surgery, early referral yields to retrieval of 
a more significant number of oocytes and embryos being cryo-
preserved for future fertility and reduced delay to the initiation of 
chemotherapy [25]. However, surveys evaluating the awareness of 
physicians regarding the fertility preservation reported that less 
than half of the oncologists in the United States always or often 
refer their cancer patients with fertility- related questions to fertility 
preservation specialist [26]. Fertility and ovarian endocrine health 
are important components of quality of life [27]. Hence, providing 
timely and accurate information about available fertility and ovarian 
preservation options for women of reproductive age with the risk of 
OI is critical before complete loss of the limited and irreplaceable 
ovarian reserve.

Table 8.6.2.1 Indications for fertility preservation 
in reproductive- age women

Benign conditions Malignant conditions

 • Benign ovarian diseases 
(endometrioma, benign ovarian 
tumours, etc.)

 • Haematological and 
autoimmune diseases that 
require chemotherapy or 
HSCT (SLE, sickle cell anaemia, 
rheumatoid arthritis, severe 
combined immunodeficiency 
syndrome, etc.)

 • Genetic conditions that can 
cause ovarian insufficiency 
(BRCA 1 and 2 mutations, FMR1 
premutation, Mosaic Turner 
syndrome, etc.)

 • Conditions that can cause 
autoimmune oophoritis 
and ovarian insufficiency 
(polyglandular autoimmune 
syndrome type 1 and 2, SLE, 
pernicious anaemia, myasthenia 
gravis, viral infections, etc.)

 • Genetic conditions that 
can require prophylactic 
oophorectomy (BRCA 1 and 2 
mutations, p53 mutation)

 • Breast cancer
 • Hodgkin lymphoma
 • Non- Hodgkin lymphoma
 • Endometrial cancer
 • Uterine sarcomas
 • Cervical cancer
 • Ovarian cancer
 • Rhabdomyosarcoma
 • Tumours that require pelvic 

radiotherapy (colorectal cancers, 
bladder cancer, cervical cancer, pelvic 
bone tumours, etc.)
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current options for Fertility Preservation

embryo cryopreservation

Embryo cryopreservation is a well- established fertility preservation 
option and currently offers the best chance of livebirth comparing 
to other fertility preservation options. However, embryo cryo-
preservation requires a partner or use of donor sperm. In one study, 
Frozen embryo transfer resulted in a clinical pregnancy rate of 60%, 
and around 34% live birth in infertility patients with mean age of 
35.1 ± 4.03, which is comparable to that of fresh embryo transfer 
success rates [28]. In women with breast cancer with the mean age 
of 35.8 ± 4.1, we reported a live birth rate of 45%, which appeared to 
be superior to those undergoing frozen embryo transfer for infer-
tility [29]. With the utilization of preimplantation genetic screening, 
the live birth rates can increase up to 77% per embryo transfer in 
women with average age of 36.7 [28– 43] after transfer of euploid 
frozen- thawed embryos [30].

oocyte cryopreservation

For post- pubertal girls and women who do not have a partner or 
wish to use donor sperm due to legal, ethical or religious consid-
erations, cryopreservation of mature oocytes is an established fer-
tility preservation option. An adequate number of oocytes can be 
collected following approximately 10– 12 days of controlled ovarian 
hyperstimulation treatment, and mature oocytes can be successfully 
cryopreserved using a vitrification method. With increasing experi-
ence and further advances in cryopreservation methods, fertiliza-
tion, and pregnancy success rates for frozen- thawed oocytes have 
approached to those with fresh oocytes in young patients, though 
success rates with frozen embryos may still be better [31]. We have 
performed an individual patient data meta- analysis where we cal-
culated age- based success rates for women undergoing egg freezing. 
Based on this publication we created an online success rate esti-
mator [32]. This estimator can be found at this website link (http:// 
www.fertilitypreservation.org/ contents/ probability- calculator) and 
may be useful for counselling patients on egg freezing.

Immature oocytes can also be obtained from patients who cannot 
undergo ovarian stimulation due to lack of time and even at the time 
of ovarian tissue harvesting for fertility preservation. Those oocytes 
can be successfully matured through in vitro maturation (IVM) pro-
cedure and subsequently cryopreserved. Performing IVM for im-
mature oocytes before cryopreservation rather than post- thaw also 
results in significantly higher maturation and survival rates [33]. 
Recently, livebirths following the use of IVM in patients with infer-
tility has been reported; however, it is still an experimental fertility 
preservation method limited to a number of fertility centres [34].

controlled ovarian Hyperstimulation Protocols 
for Women with oestradiol- Sensitive cancer

Controlled ovarian hyperstimulation (COH) can provide develop-
ment and collection of a considerable number of oocytes in a single 
treatment cycle and yield multiple embryos for fertility preserva-
tion. On the other hand, the growth of numerous follicles at the 
same time results in elevated circulating oestradiol levels, which is 
considered unsafe in patients with oestradiol- sensitive cancers. For 
those patients, we have developed safer ovarian stimulation proto-
cols using tamoxifen and aromatase inhibitors such as letrozole. 

These medications possess a dual pharmacological effect of stimu-
lating ovarian follicle development and reducing serum oestradiol 
level concurrently. Use of tamoxifen alone for ovulation induction 
or in combination with low dose gonadotropins yielded signifi-
cantly higher numbers of mature oocyte and embryo compared to 
natural cycle IVF [35, 36].

Likewise, letrozole in combination with gonadotropins can pro-
duce comparable outcomes to conventional COH while providing 
significantly lower oestradiol levels and decreased gonadotropin re-
quirements [37]. We further showed that the letrozole- gonadotropin 
protocol in breast cancer patients was not associated with an in-
crease in recurrence after short-  and mid- term follow- up [38, 39]. 
Hence, these protocols can be safely utilized for fertility preserva-
tion in patients with oestradiol- sensitive tumours.

As COH typically requires 10– 12 days of treatment, the delay in 
the initiation of adjuvant or neoadjuvant chemotherapy is may be 
of concern. However, studies in breast cancer have shown that ini-
tiation of chemotherapy can be delayed up to 12 weeks after breast 
surgery without any adverse effect on survival and recurrence rates 
[40, 41].

Random- Start controlled ovarian Hyperstimulation

Controlled ovarian stimulation for oocyte/ embryo cryopreserva-
tion is traditionally initiated after menses at the beginning of the 
follicular phase. However, this approach may require 2– 4 weeks 
to start ovarian stimulation depending on the patients’ menstrual 
cycle phase at the time of the presentation and cause up to 6 weeks 
of delay in the initiation of cancer treatments. Recently, studies 
have shown that there are multiple major follicle recruitment waves 
during a normal menstrual cycle [42]. Based on this ovarian bio-
logical fact, we introduced an ovarian stimulation approach which 
we named ‘random- start ovarian stimulation’ [43]. Our and others’ 
studies have shown that ovarian stimulation can be initiated any 
time during the menstrual cycle, without reducing the yield of oo-
cytes and embryos [43, 44]. Random- start COH offers an effective 
strategy for emergency fertility preservation by eliminating the long 
delays for cancer treatments.

ovarian Tissue cryopreservation and Transplantation

Oocyte and embryo cryopreservation are currently considered 
as established methods of fertility preservation by the American 
Society of Clinical Oncology (ASCO) and the American Society of 
Reproductive Medicine (ASRM). However, these methods usually 
require on average 10– 12 days of COH treatment to obtain mature 
oocytes. Women who do not have sufficient time for ovarian stimu-
lation cannot benefit from these options. Moreover, controlled 
ovarian stimulation is not an appropriate strategy for prepubertal 
girls. In that instance, the only available approach other than im-
mature oocyte retrieval and in vitro maturation is ovarian tissue 
harvesting and cryopreservation for future transplantation [45].

Cryopreservation of ovarian tissue before the initiation of 
gonadotoxic treatments enables preservation of a large number of 
primordial follicles embedded in ovarian cortex. This procedure can 
be done at any age and at any time of the menstrual cycle without 
the need for ovarian stimulation [46]. Typically, one ovary is har-
vested via a simple laparoscopic outpatient procedure. The cortical 
tissue is then separated from stroma and cut into small pieces and 
cryopreserved using cryoprotectants and slow freezing methods 
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[47]. Even though there are some encouraging data on ovarian vit-
rification, the clinical experience is very limited. When the patient 
is cured of her disease and desires having a child, the tissues are 
thawed and autotransplanted via minimally invasive surgical ap-
proaches including robotic technology [48, 49]. While the primary 
purpose of ovarian tissue cryopreservation and transplantation is 
restoring fertility, this approach has also been used for restoration 
of endocrine function, potentially resolving menopausal symptoms, 
and improving the quality of life [50].

Although ovarian tissue cryopreservation and subsequent auto-
transplantation has previously been considered an experimental 
fertility preservation method, there have been more than 130 live 
births with 37.7% of live birth rate after ovarian transplantation 
since the first case reported by our group [51– 54]. As a result of 
improving success rates, a number of countries and the American 
Society of Reproductive Medicine in the United States have removed 
ovarian tissue freezing from experimental category [55].

Despite the concern of reintroducing malignant cells along with 
ovarian tissue in patients with a history of cancer, studies showed no 
evidence of cancerous cells in cryopreserved ovarian tissues from 
non- metastatic breast cancer patients and those with bone and soft 
tissue tumours [56]. However, in haematological malignancies there 
is the possibility of the presence of malignant cells in cryopreserved 
ovarian tissue. Even though clinical significance of this is unknown, 
patients should be informed about the potential risks, and the ovarian 
tissue should be carefully examined for malignant cells before pro-
ceeding with transplantation [57]. Furthermore, in the instance of 
leukaemias, the initial induction chemotherapy is generally non- 
gonadotoxic and does not require fertility preservation. However, 
fertility preservation is required before these patients receive high 
dose alkylating agents with or without total body irradiation to pre-
condition before haematopoietic stem cell transplantation. At that 
point however, the patient is typically in remission and there are no 
circulating cancer cells. In fact, xenografting studies showed that, leu-
kaemia cells are not present or transmitted via transplantation from 
ovarian tissue samples obtained from patients who are in remission 

[58]. Hence in general, the risk of reseeding of cancer cells and 
causing a relapse by ovarian autotransplantation is low, limited to few 
case scenarios, and currently theoretical.

The Use of Gonadotropin- Releasing Hormone (GnRH) 
Analogues for ovarian Protection

Recently, few randomized studies in women with breast cancer sug-
gested a beneficial effect of gonadotropin- releasing hormone ana-
logues (GnRHa) against chemotherapy- induced damage [59,  60]. 
However, those studies were marred by numerous issues including 
the use of unreliable markers such as menstrual status, lack of placebo 
or blinding, and lack of correction for the difference in desire to con-
ceive between study and control groups [61, 62]. Because irregular 
or even regular menstrual periods can be observed in patients with 
occult OI, menstrual status cannot be accepted as a surrogate for 
ovarian reserve. Currently, the most reliable ovarian reserve marker 
is AMH, and when it was used with serum follicle- stimulating hor-
mone (FSH) level for defining ovarian failure, studies showed no 
benefit from GnRHa treatment in cancer patients [63, 64]. Among 
the several concerns raised against this hypothesis, the major con-
cern is that primordial follicles that constitute the ovarian reserve are 
quiescent and do not express receptors for gonadotropins or GnRH 
analogues [65]. Therefore, manipulation of serum gonadotropin 
or GnRH levels has no plausible direct or indirect effect on prim-
ordial follicles [66]. Another critical concern is that gonadotoxic 
drugs such as cyclophosphamide induce primordial follicle death by 
causing DNA DBSs in oocytes in a non- cell cycle- dependent fashion; 
hence there is no mechanism for ovarian suppression by GnRHa to 
prevent chemotherapy- induced DNA damage in oocytes [2, 3,  8]. 
Moreover, gonadal suppression using GnRHa induces a hormonal 
state similar to the prepubertal stage, and if ovarian suppression were 
to be protective, children of prepubertal age would be resistant to 
gonadotoxic effects of chemotherapy. However, thousands of female 
children experience endocrine issues and gonadal failure following 
treatments with chemotherapeutic agents [2] . Based on these facts, 
the use of GnRHa for the prevention of ovaries from chemotherapy 
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8.6.2 Female Infertility 1379

damage is still controversial and should not be recommended as an 
effective method of fertility preservation.

conclusion

Fertility preservation is a rapidly developing field with an increasing 
pace of advancements in understanding ovarian physiology and 
cryobiology, and new surgical techniques using minimally inva-
sive approaches. It is becoming a crucial part of cancer survivorship 
and an essential aspect of comprehensive women’s healthcare [67]. 
Fortunately, there are several non-experimental treatment options 
including embryo, oocyte, and ovarian tissue cryopreservation, and 
other emerging ones such oocyte in vitro maturation [55, 68– 70] 
(see Figure 8.6.2.1). In order to maximize the benefits from these 
available options and improve the quality of life, timely referral to 
fertility preservation counselling should be an integral part of the 
medical care of reproductive age women.
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Introduction

The first widely used hormonal contraceptive, the birth control pill, be-
came available in the 1960s. Hormonal contraception revolutionized 
the way society views reproduction, sexuality, and the link between the 
two. For the first time in history, women with access to the birth con-
trol pill could determine when and if they had children. This ability to 
separate sex from childbearing led to the sexual revolution and brought 
reproductive rights into focus. The ability to plan pregnancy is now re-
garded as one of the most importance public health successes of the 
20th century. Family planning services more than triple the savings of 
public funding spent on care for pregnant mothers and newborns [1] .

Hormonal contraception has two main categories:  combined 
hormonal contraceptive methods which contain both oestrogen 
and progestin, and progestin- only methods. With both categories, 
progestin creates the main contraceptive effect, while the oes-
trogen mainly helps with bleeding regulation through stabilization 

of the endometrial lining [2] . Combined hormonal contracep-
tives are available as an oral pill, an injectable, a vaginal ring, and 
a transdermal patch. Progestin- only methods are available as an 
oral pill, an injectable, a subdermal implant, and an intrauterine 
device (IUD).

All methods have a low risk profile, especially when compared 
to the health risks of pregnancy. The World Health Organization 
(WHO) developed criteria that clinicians can use to assess the 
appropriateness of different methods for patients with specific 
medical conditions. The WHO Medical Eligibility Criteria as-
signs contraceptive methods a score ranging from one to four 
depending on a patient’s medical condition: 1 means no restric-
tions on use of the method; 2 means advantages generally out-
weigh the risks; 3 means the risks generally outweigh the benefits; 
and 4 means the risk is unacceptable and another method should 
be used. This system is based on an extensive review of the med-
ical literature and, when evidence is lacking, expert opinion [3] . 
Throughout this chapter, efficacy will be explained as typical- use 
failure rate. Researchers have derived typical- use failure rates from 
data exploring how most women take the prescribed method and 
have calculated the risk of pregnancy based upon those patterns. 
Providers should use typical- use rates, rather than perfect- use 
rates, which assumes a woman takes a contraceptive method with 
perfect compliance, when counselling patients regarding efficacy.

Many methods have non- contraceptive benefits. These include 
the treatment of endometriosis, adenomyosis, dysmenorrhoea, ab-
normal uterine bleeding, and acne. Specific methods also can re-
duce the risk of certain cancers. These benefits will be described in 
detail throughout the chapter.

Progestin- only Methods

Progestin- only methods do not contain oestrogen and thus do not 
incur the thromboembolic risks associated with oestrogen. These 
methods have few absolute contraindications and are generally safe 
for most women including those with comorbidities. Additionally, 
both the subdermal implant and the IUD are among the most ef-
fective types of hormonal contraception. Because little needs to be 
done beyond insertion for a woman to be compliant with an IUD or 
implant, the typical- use failure rate of 0.1% approaches the perfect- 
use failure rate [4] .
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Intrauterine Devices

IUDs are now the most widely used type of long acting reversible 
contraception worldwide [4] . Current IUDs are safe and have few 
contraindications as shown in Box 8.7.1.1. Though we focus our 
discussion on levonorgestrel IUDs, copper IUDs are also highly ef-
fective at pregnancy prevention and are an ideal option for women 
seeking emergency contraception and those unable to take ex-
ogenous oestrogen or progestin.

Levonorgestrel IUDs vary in the amount of levonorgestrel re-
leased daily and in size of the device. All have a T- frame though 
some of the newer levonorgestrel IUDs boast flexibility in the 
size of the arms of the IUD. Levonorgestrel IUDs work by thick-
ening the cervical mucus making it impenetrable to sperm [5] . 
Approximately 50– 75% of women continue to ovulate [6]. The 
primary mechanism of action of the levonorgestrel IUD does 
not involve interrupting implantation after fertilization has 
occurred [7].

The progestational effect results in less frequent and lighter 
menses. After the first three to six months of use, most women 
experience light periods or amenorrhea. Levonorgestrel IUDs are 
99.9% effective at pregnancy prevention and have a 1- year continu-
ation rate of 81% [8] . Return to fertility after removal is immediate 
[9]. The 52-mg levonorgestrel IUD is currently marketed for use up 
to 5 years, though recent studies suggest efficacy up to 7 years [10]. 
The 52- mg levonorgestrel IUD initially releases 19.5 mg of levonor-
gestrel which declines to approximately 10  mcg/ day after 5  years 
[11, 12]. The 13.5- mg levonorgestrel IUD is smaller than the 52- mg 
levonorgestrel IUD (28 mm × 30 mm vs. 32 mm × 32 mm) and pro-
vides contraception for up to 3 years. It initially releases 14 mcg of 
levonorgestrel per day which declines to 5 mcg/ day at 3 years [11]. 
The 19.5-mg levonorgestrel IUD is effective for up to five years and 
measures 28 mm × 30 mm. It initially releases 17.5 mcg/ day which 
declines to 7.4 mcg/ day at 3 years [11]. The devices with a lower 
levonorgestrel content do not result in amenorrhea as commonly as 
the 52- mg levonorgestrel IUD.

The IUDs have an excellent safety profile. At the time of inser-
tion, the risk of perforation is less than 1% [13]. It is a common 

misconception that IUDs cause pelvic inflammatory disease (PID) 
and ectopic pregnancy. Patients are not at increased risk of PID 
outside of the first 20 days of insertion, and even within this time 
frame, the risk is less than 1% [14, 15]. Antibiotics are not indicated 
at the time of IUD insertion [15]. Screening for sexually transmitted 
infections (STI) prior to IUD placement has not been shown to be 
of benefit [16]. Even if a woman ultimately screens positive for chla-
mydia or gonorrhoea, the risk of upper genital infection with IUD 
insertion is low with absolute risk of 0– 5% for those with an STI and 
0– 2% for those without [17]. In symptomatic women, testing and 
treatment should occur prior to IUD insertion.

If a woman is diagnosed with PID with an IUD in situ, patients 
may opt to start treatment with the IUD in place and proceed with 
removal only if they do not clinically improve after 48 to 72 hours 
[16]. In terms of ectopic pregnancy, IUDs decrease the risk of 
both intrauterine and ectopic pregnancy; however, if a pregnancy 
does occur with the IUD in place, it is more likely to be an ectopic 
pregnancy.

The postpartum period is an excellent time to address long- acting 
reversible contraceptives (LARC) methods. IUDs can be inserted 
anytime postpartum; however, certain times incur more risks of 
expulsion than others. Providers should discuss and offer to inter-
ested patients immediate post- placental placement of IUDs during 
antenatal visits [18]. Although the expulsion rate is higher with im-
mediate post- placental placement compared to placement at six 
weeks postpartum (10– 27% vs. 3%), studies have shown that the 
cost:benefit ratio favours post- placental placement, especially in in-
stances where postpartum follow- up may be difficult. Continuation 
rates with post- placental placement are as high as 85% after 
12  months [19]. Two separate studies found an increased risk of 
perforation with post- placental IUD placement in breastfeeding 
women and in women who delivered at or less than 36 weeks of 
gestation [3] .

Historically, clinicians preferred to insert the IUD at the start 
of menses so they could be assured the patient was not pregnant. 
Insertion was thought to be easier at the time of menses, though no 
studies have demonstrated that this is the case. More recent studies 
show a higher rate of expulsion with insertion at the time of menses 
[20]. Current recommendations state IUDs can be inserted as long 
as a clinician is reasonably certain a woman is not pregnant [21].

After IUD insertion, women do not need a routine follow- up visit; 
however, they should be advised to return at any time to discuss side 
effects or different methods if they are dissatisfied. At routine gy-
naecologic visits, providers can check IUD strings and women can 
palpate their own IUD strings periodically if they desire. Failure to 
visualize or palpate strings could be a sign of expulsion or perfor-
ation, though most of the time, the IUD will be in the uterus with 
the strings pulled into the cervix. Pelvic ultrasound can determine 
intrauterine IUD placement when strings cannot be identified. If 
the IUD is not visualized on ultrasound, and a patient does not re-
call expulsion, an abdominal X- ray can be used to determine if a 
perforation has occurred.

Satisfaction with the IUD requires proper counselling about the 
bleeding profile after insertion. Irregular spotting and bleeding are 
common in the first 3 to 6 months after insertion. Approximately 40% 
of women become amenorrhoeic after placement of the 52- mg levo-
norgestrel IUD [22,  23] and providers should counsel women that 
amenorrhea while using a hormonal IUD is common and not harmful.

Box 8.7.1.1 WHO medical eligibility criteria contraindications 
to levonorgestrel IUD insertion (category 4 or risk is 
unacceptable)

Pregnancy
Puerperal sepsis
Immediate post- septic abortion
Gestational trophoblastic disease (persistently elevated beta hCG levels  
 or malignant disease)
Cervical cancer (do not place IUD but may continue use if already in)
Endometrial cancer (do not place IUD but may continue use if already in)
Current breast cancer
Uterine fibroids with distortion of the uterine cavity
Distorted uterine cavity that is incompatible with IUD insertion
Current infection (once treated, no longer a contraindication)
Pelvic tuberculosis
Data from World Health Organization. Medical Eligibility Criteria for Contraceptive 
Use. Fifth Edition, 2015. Available at http:// www.who.int/ reproductivehealth/ publi-
cations/ family_ planning/ MEC- 5/ en/  Retrieved 15 May 2018.
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The IUD offers many non- contraceptive benefits in addition to 
being a highly effective contraceptive. Because most women will 
experience lighter bleeding and some will experience amenorrhea, 
it is an effective treatment for dysmenorrhoea due to endometri-
osis and heavy bleeding due to adenomyosis [24– 27]. Due to its 
progestational effect on the endometrium, it has been described as a 
treatment for endometrial hyperplasia and for endometrial protec-
tion in the setting of tamoxifen use or postmenopausal oestrogen 
therapy [28– 30].

Implants

The first widely utilized contraceptive implant was a levonorgestrel 
implant comprised of six separate silicone capsules, each containing 
36  mg of levonorgestrel. It was effective for up to seven years in 
normal weight women. Removal could be difficult because of the 
number of capsules and it was phased out of production by 2008 
and replaced by a two- rod levonorgestrel implant that is used in 
many parts of the world today. The two rods are 43 mm long, con-
tain a total of 75 mg of levonorgestrel, and provide contraception 
for up to five years.

A single 4 cm rod containing 68 mg of etonogestrel, the active me-
tabolite of desogestrel, is also available. The etonogestrel implant is 
marketed for use up to 3 years; however, more recent studies have 
shown efficacy for up to 5 years [31]. The contraceptive implant does 
not increase the risk of osteopenia, osteoporosis, or fracture [32, 33].

Contraceptive implants are highly effective with a 1- year typical- 
use failure rate of 0.09% for the etonogestrel implant and 0.1% for 
the levonorgestrel implant [34]. After 2 years, 82% of women will 
continue to use this method [35]. The implant effectively prevents 
ovulation, though it also thickens cervical mucus and thins the 
endometrium [4] . Return to fertility with discontinuation is rapid 
with 90% of women ovulating within 3 weeks after removal [34].

Providers should counsel patients that a common side effect is 
irregular, unpredictable bleeding, which, unlike the IUD, generally 
does not improve over time. Though bleeding is rarely heavy, it is 
unpredictable which can lead to dissatisfaction [36].

Older versions of this implant could not be visualized on X- ray 
though the most current version of the etonogestrel implant is im-
pregnated with barium sulphate. Providers can now use computed 
tomography, ultrasound, X- ray, or magnetic resonance imaging to 
visualize non- palpable implants. When the implant is not easily 
palpated, ultrasound guidance can be used to assist with removal. 
Consult with a surgeon familiar with the anatomy of the arm is also 
helpful.

Injectable contraception

Injectable medroxyprogesterone (DMPA) was first used in 1967 and 
consists of a 150 mg intramuscular dose of medroxyprogesterone 
that is administered every 12 weeks. A 104 mg subcutaneous dose 
is also available. DMPA provides contraception by inhibiting ovu-
lation, while also thickening the cervical mucus and thinning 
the endometrium. After 1  year of use, 50% of women will de-
velop amenorrhea and 80% develop amenorrhea within 5  years 
[35]. Though many women experience unscheduled bleeding 

with early injections, the frequency and duration of unscheduled 
bleeding decreases with continued use. Supplemental oestrogen, 
cyclooxygenase- 2 inhibitors, or mifepristone have been used to treat 
unscheduled bleeding with DMPA though expectant management 
is most commonly used [37, 38]. DMPA has a 10- year continuation 
rate of 23% and typical- use failure rate of 6% in the first year [35]. 
Compared to other methods, return to fertility with DMPA is not 
immediate. The average time to the resumption of normal cycles 
is 6 to 8 months for patients. For the subcutaneous formulation, 
the return to fertility is a median of 7 months with 97% of patients 
returning to baseline fertility after 1 year [39].

Clinicians can start patients on DMPA at any time they are rea-
sonably certain a patient is not pregnant. However, if a patient has 
a negative urine pregnancy test on the day of the visit but does not 
meet the criteria to ensure she is not pregnant, clinicians can ad-
minister DMPA with counselling regarding the possibility of a 
very early pregnancy and a delay in the diagnosis of pregnancy. No 
studies demonstrate teratogenicity of DMPA [40]. The only abso-
lute contraindications to DMPA are known current pregnancy and 
breast cancer.

Concerns about temporary decreases in bone mineral density 
should not limit the use or duration of use of DMPA. Inhibition of 
gonadotropins causes a reversible decline in bone mineral density 
by 3– 6% after 2 years of use. However, studies have shown that this 
loss does not continue after two years of use and is similar to the loss 
experienced during breastfeeding or the postpartum period. A year 
after discontinuation of DMPA, previous bone mineral densities are 
the same as non- users [41]. Providers should carefully weigh these 
potential risks against the negative consequences of an unintended 
pregnancy and should not limit use or duration of use [42]. Patients 
already prone to low bone density, including heavy smokers, pa-
tients with anorexia, amenorrhoeic athletes, or chronic steroid 
users, should use DMPA with caution. Providers should counsel all 
patients using DMPA on appropriate calcium intake, regular exer-
cise, and smoking cessation. Routine monitoring of bone mineral 
density is not required.

Providers and patients also worry about the weight gain asso-
ciated with DMPA use. Studies have had conflicting results as to 
whether DMPA truly causes weight gain. One randomized trial did 
not note significant weight gain with DMPA use [43]. Observational 
studies have reported overweight and obese adolescents gain more 
weight when using this method than when using no contraceptives 
or oral contraceptive pills [44– 47].

DMPA has many unique non- contraceptive benefits. Unlike 
combined hormonal contraceptives, DMPA is unaffected by con-
comitant antiseizure medications and raises the seizure threshold 
[48]. In patients with sickle cell anaemia, DMPA stabilizes the 
red cell membrane and significantly decreases menstrual blood 
loss [49]. Due to the high rate of amenorrhea, DMPA is also ef-
fective for achieving amenorrhea and in treating conditions such 
as heavy menses, dysmenorrhoea, endometriosis, and ovarian 
cyst formation [50, 51].

Progestin- only Pill

For patients who desire a birth control pill but are unable to take oes-
trogen, progestin- only pills, consisting of 0.35 mg of norethindrone 
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taken daily, are a good option. Typical- use failure rates are 9%, which 
is higher than other progestin- only methods [9] . The main mech-
anism of action is thickening of cervical mucus, so sperm do not pass 
into the uterus. Progestin- only pills also decrease tubal motility and 
thin the endometrial lining. Thickening of the cervical mucus hap-
pens approximately two to four hours after the pill is taken and lasts 
for about 22 hours. Patients need to take the pill at the same time every 
day. Taking a pill more than 3 hours late results in decreased efficacy 
and women should use a backup method for 48 hours [35]. Return to 
fertility is rapid due to the short- term effects of the progestin- only pill. 
Sixty per cent (60%) of women continue to ovulate while taking the 
progestin- only pill and 40– 50% retain normal menstrual cycles. A new 
pill containing 4 mg of drospirenone works by inhibiting ovulation.

Absolute contraindications include breast cancer and known 
pregnancy though inadvertent administration during pregnancy 
does not result in teratogenicity. The progestin- only pill has dimin-
ished efficacy in those taking rifampin, phenytoin, carbamazepine, 
barbiturates, primidone, topiramate, oxcarbazepine, and St. John’s 
Wort as these medications increase hormone metabolism [35].

combined Hormonal contraception

The first oral contraceptive pill was developed in 1957 for men-
strual disorders and contained 150 mcg of mestranol and 9.85 mg of 
norethynodrel. In 1960, this hormonal combination became avail-
able to women for contraception. Over time, the oestrogen dose in 
pills has decreased and new progestin and oestrogen formulations 
have been developed. Combined hormonal contraception is now 
available as a pill, patch, ring, or injection.

All combined hormonal contraceptives work primarily by 
inhibiting ovulation. They also thicken the cervical mucus and thin 
the endometrium. The typical- use failure rate is approximately 9% 
[9] . Return to fertility is rapid with most women ovulating one to 
two weeks after discontinuing combined hormonal contraceptives. 
Combined hormonal contraceptives can provide multiple non- 
contraceptive benefits including reduced bleeding, decreased pain 
from dysmenorrhoea or endometriosis, regulating anovulatory 
cycles and improvement in acne.

The risks of combined hormonal contraceptives are associated 
with the thrombotic effects of the oestrogen component of the pill. 
The first reported thrombotic event associated with oral contracep-
tive pill use occurred in 1961 in a patient taking a 150 mcg mestranol 
pill for endometriosis. Newer formulations of oral contraceptive 
pills today have much lower oestrogen dose and thus the risk for 
thromboembolic events has greatly decreased. Overall, the risk is 2– 
3 per 10 000, lower than the risk of thromboembolism during preg-
nancy of 6 per 10 000. Absolute contraindications are listed in Box 
8.7.1.2. Relative contraindications include women who smoke and 
are less than 35 years old, chronic hypertension that is adequately 
controlled with medication or with blood pressures<160/ 100, dia-
betes mellitus without vascular disease, connective tissue disorders, 
migraines without aura, and gallbladder disease [3] .

oral contraceptive Pills

Combined hormonal oral contraceptive pills are easy to initiate, are 
safe and effective, and have many non- contraceptive benefits [52]. 

Because of these qualities, they are one of the most commonly used 
contraceptive methods [4] . Traditionally, providers told women to 
start taking their pills on the next Sunday after their next menstrual 
period. Quick start, where a woman starts the pill the day she re-
ceives it and uses a backup method for the first seven days is an easy 
way to initiate the oral contraceptive pill. Quick start ensures that 
patients do not delay initiating a contraceptive method and does not 
increase the risk of breakthrough bleeding as compared to the other 
start methods [35]. Although oral contraceptive pills are easy to ini-
tiate and prescribe, women must remember to take the pill regularly 
[53]. The WHO has published guidelines on how to manage missed 
oral contraceptive pills as shown in Box 8.7.1.3.

Commonly prescribed low dose pills contain 20– 35  mcg of 
ethinyl oestradiol and a progestin. Studies have shown similar ef-
ficacy, side effects, and safety profiles between these oestrogen 
doses [35]. Epidemiologic studies have classified generations of oral 
contraceptive pills based on their amount of oestrogen and the type 
of progestin used. First generation pills contain 50 mcg or more of 
ethinyl oestradiol and are not commonly used anymore. Second 
generation pills contain either levonorgestrel, norgestimate, or other 
types of norethindrone. Third generation pills contain desogestrel 
or gestodene. Fourth generation pills contain drospirenone. When 
the third and fourth generation pills were introduced, there was ini-
tially concern for a higher risk of thromboembolic events. However, 
prospective cohort studies reveal a similar risk for thrombotic 
events with different pills suggesting the findings in case– control 
studies, which suggested an elevated risk, were likely due to pre-
scribing biases [54– 56].

Most oral contraceptive pills contain 21  days of hormone and 
seven days of placebo; women have a week of bleeding related to 
hormonal withdrawal. Newer pills shorten this placebo time to 

Box 8.7.1.2 WHO medical eligibility criteria contraindications 
to combined hormonal contraception (category 4)

Less than 6 weeks postpartum in breastfeeding women
Less than 21 days postpartum in women with risk factors for Venous  
 Thromboembolism
Smoking and age 35 or older
Multiple risk factors for cardiovascular disease (e.g. older age, smoking,  
 diabetes, hypertension, known dyslipidaemias)
Systolic ≥160 or diastolic ≥100 mmHg
Hypertension with vascular disease
History of or acute deep venous thrombosis or pulmonary embolism
Major surgery with prolonged immobilization
Known thrombogenic mutations
Current and history of ischaemic heart disease
Stroke
Complicated valvular heart disease
Positive antiphospholipid antibodies
Migraine with aura
Migraine without aura, 35 years of age or older (may continue but  
 should not initiate)
Current breast cancer
Diabetes with nephropathy, retinopathy, neuropathy, or any vascular  
 disease or diabetes of 20 years’ duration or more
Liver disease including acute viral hepatitis, severe decompensated  
 cirrhosis, hepatocellular adenoma, malignant hepatoma
Data from World Health Organization. Medical Eligibility Criteria for Contraceptive 
Use. Fifth Edition, 2015. Available at http:// www.who.int/ reproductivehealth/ 
publications/ family_ planning/ MECguidelinePart- 2.pdf. Retrieved 15 May 2018.
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three to four days resulting in a shorter, lighter period. A shorter 
placebo week results in lower contraceptive failures due to a lower 
risk of follicular development and subsequent ovulation [53]. 
Formulations have varied the amount of hormone throughout the 
cycle to mimic the fluctuations in hormone levels during a regular 
menstrual cycle. Both biphasic and triphasic patterns exist, but nei-
ther have shown any difference in efficacy or side effect profile.

Having a monthly withdrawal bleed while on hormonal contra-
ceptives does not have a biological benefit. For patients who prefer 
not to bleed monthly or are taking oral contraceptives for heavy 
menses, anaemia, dysmenorrhoea, premenstrual syndrome, endo-
metriosis, or menstrual migraines, continuous or extended dosing 
is a good option [35]. In extended dosing, women take hormo-
nally active pills for several months without taking the placebo pills 
thereby postponing a hormonal withdrawal bleed. With continuous 
dosing, women take hormonally active pills indefinitely. With con-
tinuous and extended administration, women may experience more 
breakthrough bleeding and spotting which will improve over time. 
After discontinuation, women will return to the same pattern of 
menses they experienced prior to initiating the contraception.

contraceptive Patch

The contraceptive patch is formulated as a transdermal patch that 
is worn for one week at a time for three weeks and then removed 
for a hormone free week to permit a withdrawal bleed. Each 4.5 cm 
square patch delivers 20 mg of ethinyl oestradiol and 150 mcg of 
norelgestromin daily. The patch can be applied on the lower ab-
domen, buttocks, upper outer arm, or upper torso (except for the 
breasts). The patch provides contraceptive effect for up to nine 
days though women are instructed to change the patch every seven 
days. Efficacy is similar to oral contraceptive pills, though studies 
suggest a higher failure rate in women weighing over 90 kg. Side 

effects unique to the patch include partial detachment of the patch, 
complete detachment, skin irritation, and pigment changes under 
the site of the patch [57]. When compared to oral contraceptive 
pills, women on the patch are more likely to experience nausea, 
breast discomfort, and headaches [35]. These side effects are more 
pronounced when women use the patch in a continuous fashion 
[58– 61].

contraceptive Ring

Contraceptive rings are placed in the vagina where oestrogen and 
progestin are absorbed through the vaginal mucosa. Different 
contraceptive rings provide anywhere from 1 week to 1  year of 
contraception [4] . The etonogestrel vaginal ring is a flexible ethylene 
vinyl acetate copolymer that releases 15 mcg of ethinyl oestradiol 
and 120 mcg of etonogestrel daily. It is 5.4 cm in diameter and 4 mm 
in thickness. The ring provides adequate contraceptive hormone for 
up to 5 weeks though women are instructed to leave the ring in 
place for 3 weeks and then remove it for 1 week to allow for a with-
drawal bleed. While it is not recommended that patients remove the 
ring regularly, they can do so for up to 3 hours with no decrease in 
efficacy.

In contrast to the pill and the patch, the ring releases relatively 
low constant levels of hormone and thus results in fewer oestrogen- 
related side effects and breakthrough bleeding. While the ring may 
cause more discharge, vaginal flora and cervical cytology are not 
affected [62]. Women should dispose of their ring in a sealed plastic 
bag in order to minimize hormone leakage into the environment.

combined Hormonal contraceptive Injection

Although not widely utilized outside of Asia and Latin America, 
a monthly combined hormonal contraceptive injection is avail-
able. The injection contains 25 mg of medroxyprogesterone acetate 
and 5  mg of oestradiol or 150  mg of dihydroxyprogesterone 
acetophenide and 10  mg of oestradiol enanthate. In comparison 
to DMPA, patients have a quicker return to fertility and have less 
irregular bleeding. An automatic device for self- administration is 
available which may improve compliance by eliminating the need 
for monthly follow- up [63].

emergency contraception

Providers should counsel all patients about emergency contracep-
tion, when it is needed, and how it can be obtained. Although not 
a hormonal contraceptive, the most effective emergency contracep-
tive is the copper IUD. Trained providers can insert the copper IUD 
for up to five days after unprotected intercourse and it has the added 
benefit of providing long- term contraception.

Levonorgestrel emergency contraception consists of one dose 
of 1.5 mg dose of levonorgestrel which delays or inhibits ovulation 
[64, 65]. This method can be taken within 120 hours of unprotected  
intercourse, though efficacy is higher the sooner it is taken. Ulipristal 
acetate, a selective progestin receptor modulator, has higher ef-
ficacy in pregnancy prevention upto 120 hours after unprotected 

Box 8.7.1.3 Missed combined oral contraceptive pills

30– 35 µg ethinyl oestradiol pills: Missed 1– 2 hormonal pills or starts a 
pack 1– 2 days late

20 µg ethinyl oestradiol pills: Missed 1 active pill or starts a pack 
1 day late
 • Take hormonal pill as soon as possible an continue taking one pill a 

day (will take 2 pills on the day she realizes she has missed a pill)
 • Continue taking one pill a day
 • No need for back up contraception

30– 35 µg ethinyl oestradiol pills: Missed 3 or more hormonal pills or 
starts a pack 3 or more days late

20 µg ethinyl oestradiol pills: Missed 2 active pills or starts a pack 2 or 
more days late
 • Take active pill as soon as possible
 • Continue taking one pill a day
 • Use back up contraception until she has taken hormonal pills for 

7 days in a row
 • If pills are missed in the 1st week, consider emergency contraception
 • If pills are missed in the 3rd week, take active pills in current pack and 

start the next pill pack instead of taking inactive pills
Data from World Health Organization. Selected Practice Recommendations for 
Contraceptive Use. Second edition, 2015. Available at http:// apps.who.int/ iris/ bit-
stream/ handle/ 10665/ 252267/ 9789241565400- eng.pdf?sequence=1. Retrieved 15 
May 2018.
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intercourse. Ulipristal acetate is also more effective in overweight 
and obese women and is thus the preferred method over levonor-
gestrel emergency contraception for women with a body mass index 
(BMI) over 25. Because ulipristal acetate is a progestin receptor 
modulator, it may reduce the efficacy of other hormonal contra-
ceptives and thus women should use either abstinence or a non- 
hormonal method of contraception for the first seven days after 
using ulipristal acetate [35].

cancer Risk Reduction

One of the unanticipated results of long- term hormonal contra-
ceptive use has been its role in cancer risk reduction. The type 
of long- term studies that can demonstrate a reduction in cancer 
have only been done with the combined oral contraceptive pills 
though similar effects are suspected with the contraceptive patch 
and the ring.

Combined hormonal contraceptives significantly decrease the 
risk of ovarian cancer. This is most likely due to a reduction in ovu-
lation which decreases the inflammatory and reparative process 
that normally occurs during each cycle. DMPA has not been shown 
to provide the same effect although it also prevents ovulation [66]. 
Even among women who use combined oral contraceptives for as 
little as 3 to 6 months, a reduction in ovarian cancer protection was 
noted up to 20 years after discontinuation [67]. In patients who use 
oral contraceptive pills for less than 10 years, their risk of ovarian 
cancer is reduced by 40% and this reduction is doubled if used for 
more than 10 years [68– 71]. This is particularly helpful for women 
with a strong family history of ovarian cancer, and studies have 
shown that for these women, the use of oral contraceptive pills can 
reduce their risk to that of the general population [72].

Because all hormonal contraceptives thin the endometrial lining 
and prevent cyclical growth and shedding, they all decrease the risk 
of endometrial cancer [73,  74]. After using combined hormonal 
contraceptives for four years, the incidence of endometrial cancer 
is reduced by 56% and further drops by 72% after 12 years [75– 77]. 
For DMPA, the risk is reduced by 80% and extends for 8 years after 
discontinuing DMPA [78].

Facilitating contraceptive Use

The goal of contraceptive counselling is to provide women with edu-
cation about contraceptive options so that they can select a method 
that best fits their individual needs and desires for childbearing. 
Though effectiveness is an important aspect of each method, it may 
not be the most important contraceptive characteristic for a par-
ticular woman. Providers should respect a woman’s reproductive 
desires which include the option of not using or discontinuing a 
contraceptive method.

Providers should ensure that all women have access to safe, appro-
priate, hormonal contraception if they desire it. Removing barriers 
to contraception includes using quick start and providing methods, 
including IUDs and implants, on the same days as contraceptive 
counselling. Overcoming systemic barriers including increasing 
health insurance coverage for all women and training an adequate 

number of clinicians skilled in contraceptive counselling is also 
important.

The WHO has created guidelines as to what is required of a clin-
ician before initiating different methods of contraception. For the 
hormonal contraceptives, with the exception of IUDs, a pelvic 
exam is not necessary [3] . While it is advised that all women receive 
proper health maintenance and cancer screening, contraceptives 
should not be withheld or delayed if women do not wish to partici-
pate in cancer screening or other testing [79– 85].

Providing women with a complete picture of contraceptive bene-
fits, side effects, and risks provides them with realistic expectations 
and increases satisfaction. In particular, women should understand 
anticipated changes to the menstrual cycle with hormonal contra-
ceptives. Patient- centred care allows a woman to be fully invested in 
her contraceptive method.

Summary

Since the advent of the first oral contraceptive pill, science, 
healthcare professionals, and society have made great strides in ex-
panding the hormonal contraceptives available to women. Women 
can now choose between many different contraceptive formula-
tions and routes of administration. Hormone dosages have greatly 
decreased. Side effect profiles have diminished. Women have the 
ability to choose the contraceptive method that fits their needs. 
Hormonal contraception has helped women and families safely pre-
vent unwanted pregnancies. An unintentional advantage has been 
to offer many non- contraceptive benefits.

Hormonal contraception has proven to be one of the greatest 
inventions of this century. However, this advancement is often limited 
to women living in areas with more healthcare resources. Women 
around the world deserve the right to choose if and when they wish to 
become pregnant. Fertility has always been associated with the female 
body. All currently available methods of hormonal contraception re-
quire that women incur the risks and side effects of birth control. 
Development of a reversible male contraceptive would expand the 
options available to couples wishing to plan their families. We need to 
continue to strive, expand, and develop until every woman and man 
have the ability to determine their reproductive future.
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Introduction

Female infertility is estimated to affect between 8 and 15% of 
reproductive- aged couples worldwide. It is defined as the failure to 
establish a clinical pregnancy after 12  months of regular and un-
protected sexual intercourse in women younger than 35 and after 
6  months in women over the age of 35 [1] . In a World Health 
Organization (WHO) study of 8500 infertile couples, female in-
fertility was reported in 37% of cases, male infertility in 8% of 
cases, and both male and female infertilities in 35% of cases [2]. 
Different causes may be behind female fertility, but ovulatory dis-
orders account for more than a quarter of cases. Other causes 
of female infertility are endometriosis (15%), pelvic adhesions 
(11%), tubal blockage (11%), other tubal abnormalities (11%), and 
hyperprolactinemia (7%). Ovulatory disorders are more frequent in 
women with absent or irregular menses, whereas they are unusual 
in women who report monthly menses. Given that many conditions 
are potentially associated with ovulatory dysfunctions, the WHO 
classified anovulation into three main groups summarized in Box 
8.8.1.1; hyperprolactinemia is recognized as an additional aeti-
ology. Advanced age plays a triggering role in aggravating female 

infertility [3]. One study performed in 2004 on European women 
found that fertility peaks in the early and mid 20s; thereafter, there 
is a gradual fertility decline, and at age 40, a woman has only 3% of 
her ovarian reserve [4].

The complex Hormonal Regulation of 
Folliculogenesis and ovarian Steroidogenesis

The female reproductive function is influenced by the ovarian life 
span. The ovary is a metabolically active organ and acts as a germ 
cell reservoir. It consists of approximately 0.3  million primordial 
follicles that contain diplotene- arrested oocytes which represent the 
ovarian basic functional units. Folliculogenesis is a complex mech-
anism leading to the development of a mature follicle and ovula-
tion. Each follicle has its own unique fate which is controlled by 
many endocrine and paracrine factors that support the passage 
from the first stage of follicle development, including the activation 

Box 8.8.1.1 World Health Organization (WHO) classification 
of anovulation

WHO class 1: Hypogonadotropic hypogonadal anovulation
These women have low or low- normal circulating levels of gonadotropins 
and low serum oestradiol concentrations due to decreased hypothal-
amic secretion of the gonadotropin- releasing hormone (GnRH), or pi-
tuitary unresponsiveness to GnRH, or decreased pituitary secretion of 
gonadotropins.

WHO class 2: Normogonadotropic normo- oestrogenic anovulation
These women have normal circulating levels of gonadotropins and of 
oestradiol. However, FSH secretion during the follicular phase of the 
menstrual cycle is subnormal. This group includes women with poly-
cystic ovary syndrome (PCOS).

WHO class 3: Hypergonadotropic hypoestrogenic anovulation
These women have high circulating levels of gonadotropins and low 
serum oestradiol concentrations. The primary causes are premature 
ovarian failure and ovarian resistance to gonadotropins.

Hyperprolactinaemic anovulation
The anovulation is due to the inhibitory effect of prolactin on gonado-
tropin secretion. These women usually have normal circulating levels of 
gonadotropins and low serum oestradiol concentrations.
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of a primordial follicle that develops into primary and secondary 
follicles (preantral follicles and small antral follicles), through to the 
final stage of follicle development. This is where the small antral 
follicle develops into the antral follicle or Graafian follicle under the 
stimulatory control of pituitary gonadotropins.

In women of reproductive age, Graafian follicles are the major 
source of the cyclic secretion of ovarian oestrogens. In response 
to the preovulatory gonadotropin surge during each reproductive 
cycle, the dominant Graafian follicle ovulates to release a mature oo-
cyte for fertilization, whereas the remaining theca cells (TCs) and 
granulosa cells (GCs) undergo transformation to become the corpus 
luteum that contributes to the circulating progesterone source. The 
production of steroid hormones by the ovarian cells is essential for 
supporting each stage of folliculogenesis; steroidogenesis is there-
fore a prerequisite for successful reproduction. Although the follicle- 
stimulating hormone (FSH) and luteinizing hormone (LH) are the 
primary regulators of folliculogenesis and of ovarian steroidogenesis, 
other hormones such as the thyroid hormones (THs), growth hor-
mone (GH), prolactin (PRL), glucocorticoids and androgens partici-
pate in the regulation of follicular development and modulate the 
production of ovarian steroids (Figure 8.8.1.1 and 8.8.1.2).

THs receptors, triiodothyronine (T3) and thyroxine (T4) are pre-
sent in the follicular fluid, whereas thyroid- stimulating hormone 
(TSH) receptors, THs transporters, and THs receptors are expressed 
in the ovary at the various developmental stages of the follicle. Studies 
in rats have demonstrated that T3 amplifies proliferative FSH action 
at the GCs of the preantral follicle, stimulating its transition to the 
small antral follicle. In addition, T3 inhibits GCs apoptosis, through 
the activation of the phosphatidylinositol 3- kinase (PI3K)/ protein 
kinase B (Akt) pathway, which is the pathway involved in the FSH- 
induced regulation of GCs survival [5] . Accordingly, THs adminis-
tration in hypothyroid rats has been demonstrated to improve the 
maturation of ovarian follicles, increasing the number of healthy 
large antral follicles and ovulatory oocytes synergistically with 
gonadotropins [6]. Studies in humans are scarce. One in vitro study 

performed on fresh ovarian tissues form fertile women did not find 
an effect of T4 or TSH administration on the follicle development 
[7], however other studies have demonstrated that THs induce oes-
tradiol and progesterone ovarian synthesis acting directly at GCs. In 
particular, T4 amplifies gonadotropins action on luteinization and 
progesterone secretion [8], whereas T3 amplifies FSH stimulatory 
action on cytochrome P450 lanosterol 14α- demethylase (CYP51) 
expression. The latter is a key enzyme involved in sterol and steroid 
biosynthesis, expressed in oocytes and GCs of primordial follicles 
and of growing follicles [5].

Other studies have supported the role of GH in modulating 
folliculogenesis as well as ovarian steroidogenesis in humans. These 
actions may reflect the direct autocrine and paracrine actions of 
GH in the ovary or may be mediated by the Insulin Growth Factor 
(IGF)- 1, whose hepatic production is induced by GH, since both 
GH-  and IGF1- receptors have been found in the human ovaries. 
In addition, the GH releasing hormone (GHRH) and GHRH- 
receptors have been found in the ovary, thus supporting the pres-
ence of an ovarian regulation of GH synthesis by GH secretagogues 
in addition to the traditional hypothalamic– pituitary– regulatory 
axis. There is increasing evidence that GH plays an important role 
in controlling both follicular development and atresia. In particular, 
GH directly stimulates both the gonadotropin independent and the 
gonadotropin dependent phases of the follicle growth, acting at the 
level of small, preantral, and antral follicles. It has also been sug-
gested that GH enhances follicular survival and cell proliferation 
by potentiating LH action at the ovary. Accordingly, GH deficiency 
is associated with a decrease in LH- receptors in the ovaries. GH 
also plays a role in follicle selection and in stimulating the develop-
ment of the dominant follicle by enhancing nuclear and cytoplasmic 
oocyte maturation, by increasing the sensitivity of the follicle to 
gonadotrophins and by reducing the incidence of apoptosis of 
preovulatory ovarian follicles. In addition, GH facilitates ovulation 
by increasing tissue plasminogen activator synthesis, which plays 
an important role in the rupture of the ovarian capsule. GH also has 
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Figure 8.8.1.1 The complex hormonal regulation of folliculogenesis. Hormones of pituitary and/ or ovarian origin bind their receptors on thecal 
cells (black), granulosa cells (grey) and luteal cells, and promote gametogenesis, thus inducing the development of primary follicles into preantral, 
antral, and mature antral (Graafian) follicles and taking part in ovulation and luteinization. ACTH, adrenocorticotropic hormone; CRH, corticotropin- 
releasing hormone; FSH, follicular stimulating hormone; GH, growth hormone; PRL, prolactin; T3, triiodothyronine; T4, thyroxine.
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a stimulatory impact on local Aquaporin 1 (AQP1) synthesis. The 
amount of AQP1 at the level of the GCs and TCs membrane regu-
lates cellular permeability to water, whereas its amount at the level 
of the cytoplasm regulates the intracellular action of steroid hor-
mones, thus influencing the formation of human follicular antrum, 
the growth of follicles, and finally folliculogenesis [9] . GH regu-
lates steroidogenesis in the GCs and TCs of the follicle through the 
stimulation of the activity of several steroidogenic enzymes, such 
as steroidogenic acute regulatory protein (StAR), cytochrome P450 
side- chain cleavage (P450scc), 17alpha- hydroxylase (P450c17), 
aromatase, and 3beta- hydroxysteroid dehydrogenase (3betaHSD). 
This thus increases both oestrogen and progesterone synthesis 
and secretion during the follicular or luteal phase of the menstrual 
cycle [10].

Prolactin (PRL) is primarily known for its role in breast develop-
ment and lactation, however it is also involved in the regulation of 
a wide variety of other physiological functions, including reproduc-
tion. In the ovary, PRL acts synergistically with gonadotropins to 
stimulate follicular development through interaction with the PRL 
receptor (R), a member of the cytokine superfamily. There are sev-
eral isoforms of PRL- R, above all the long (long- R) and the short 
(short- R) isoforms, which are identical in their extracellular do-
mains but differ in the lengths and sequences of their cytoplasmic 
tail [11]. This difference leads to different signalling properties and, 
therefore, to different biological actions. Although the long- R is 
the most expressed isoform of PRL- R in the ovary, coexpression 
of both long- R and short- R isoforms is necessary for the regular 
development of ovarian follicles [12]. Long- R shows an intrinsic 
thyrosine kinase activity. Acting through the long- R, PRL activates 
many kinases associated with the cytoplasmic domain, including 
Janus kinase 2 (Jak2), MAP kinase, and PI3K [11]. JaK2 phosphor-
ylates several cellular proteins such as a family of transcription 
factors termed signal transducers and activators of transcription 
(Stats) which translocate into the nucleus. Here they regulate gene 
expression by inducing several PRL- responsive genes involved 
in cell proliferation and differentiation. Short- R is not thyrosine 
phosphorylated [13], thus showing different actions from long- R. 
The overactivation of short- R, which follows an excess in PRL cir-
culating levels, leads to the dephosphorylation of a dual specific 

phosphatase- uridine diphosphate (D- UDP1), which in turn de-
activates MAP kinase leading to an ovarian defect [14]. Short- R 
also down- regulates forkhead box O- 3 (FOXO3) and galactose- 1- 
phosphate uridyltransferase (GALT), two genes involved in normal 
ovarian development [11]. Therefore, to guarantee a normal ovu-
latory process, short- R should not be overactivated. Accordingly, 
female mice with only the short- R display an important ovarian 
defect and infertility. PRL also influences follicle development 
through a stimulatory impact on AQP1 [9] . In rodents, PRL also 
shows a luteotropic effect due to the ovarian upregulation of LH re-
ceptor expression [15] and repression of 20 alpha hydroxyl- steroid- 
dehydrogenase (20- alpha- HSD), both resulting in the upregulation 
of ovarian progesterone secretion which is fundamental for a cor-
rect implantation [16]. When PRL is in excess, however, the inhibi-
tory effect of PRL prevails over aromatase activity, thus leading to 
low ovarian oestrogen production [11]. In addition, PRL inhibits 
gonadotropin- releasing hormone (GnRH) secretion and the LH 
pituitary response to GnRH stimulation, thus reducing LH pulse 
amplitude and frequency with a consequent inhibition in ovarian 
function. The PRL inhibitory effect on GnRH release is not direct 
but is mediated through the inhibitory effect of PRL on kisspeptin 
[17], which is the most important stimulator of GnRH secretion. 
Accordingly, kisspeptin administration in hyperprolactinaemic 
anovulation restores gonadotropin secretion and ovulation [18].

Glucocorticoids are also significantly involved in ovulation. 
Glucocorticoids, in fact, act as anti- inflammatory agents in the ovary 
to promote healing and repair after ovulation and restore ovarian 
function under stress conditions by inhibiting oxidative stress [19]. 
In addition, both glucocorticoids as well as the adrenocortico-
tropic hormone (ACTH) and corticotropin- releasing hormone 
(CRH) stimulate follicular development [20], but inhibit oestradiol 
and progesterone production in the ovary [19– 22]. In addition, en-
dogenous glucocorticoids released in response to perceived stress 
are protective against gonadotropin secretion, by inhibiting pros-
taglandin synthesis in the brain, thereby maintaining LH secretion 
regardless of the nature of the stressor [23]. However, an excess of 
glucocorticoid secretion or exogenous glucocorticoid administra-
tion may lead to an inhibition of GnRH pulsatility, and a decrease in 
gonadotropin responsiveness and release from the pituitary [24], as 

Figure 8.8.1.2 The complex hormonal regulation of ovarian steroidogenesis. Both thecal and granulosa cells are required for the production of 
oestrogens during the follicular phase. Following ovulation, granulosa cells become luteinized and acquire the ability to synthesize and secrete both 
oestrogen and progesterone. (+) indicates a stimulatory role; (– ) indicates an inhibitory role. GH, Growth hormone; T3, triiodothyronine; T4, thyroxine; 
PRL, prolactin; ACTH, adrenocorticotropic hormone; FSH, follicular stimulating hormone; LHR, luteinizing hormone receptor; 20alphaHSD, 20 alpha 
hydroxyl- steroid dehydrogenase; StAR, steroidogenic acute regulatory protein; P450scc, cytochrome P450 side- chain cleavage; P450c17, 17alpha- 
hydroxylase; 3betaHSD, 3beta- Hydroxysteroid dehydrogenase; CYP51, cytochrome P450 lanosterol 14α- demethylase.
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demonstrated by a reduction of about 60% in the peak of LH in re-
sponse to intravenous GnRH after prednisolone administration [22]. 
Glucocorticoids in excess also impair LH action at the ovary thereby 
reducing the ovarian LH- receptor level [19]. Similar results have been 
observed in the presence of ACTH excess [25]. Studies in mice have 
demonstrated an increased number of atretic antral follicles with a 
decrease in corpora lutea (CLs) and a consequent impairment in fol-
licular development in stressed mice which show high cortisol levels 
[19]. In human studies, stressed- induced hypercortisolism increased 
the level of reactive oxygen species (ROS) beyond the physiological 
range, resulting in cell cycle arrest and apoptosis in follicular oocytes, 
reducing fertilization and pregnancy rates [26].

Finally, androgens also play an important role in regulating 
folliculogenesis. Androgen receptors (ARs) are expressed in GCs, 
TCs, and stromal cells of follicles at all the maturity levels. The 
highest expression level of ARs is in the GCs of preantral and small 
antral follicles, while their expression gradually decreases when fol-
licles enter the preovulation stage. Androgens, particularly testos-
terone, promote preantral follicle growth, through the activation 
of the PI3K/ Akt/ FOXO3 pathway [27] and the modulation of the 
expression of key ovarian growth factors, such as growth differen-
tiation factor- 9 (GDF9). They also accelerate the development of 
primary into antral follicles and inhibit follicular atresia in mam-
mals, by enhancing the expression of an antiapoptotic microRNA 
(miR- 125b) [28]. The mitogenic properties of androgens may be due 
in part to the activation of glucose transporter type 4 (GLUT4) sig-
nalling and the consequent increased ovarian glucose metabolism 
[29]. In addition, androgens may up- regulate FSH- Receptor levels in 
a transcription independent manner, thus sensitizing preantral fol-
licles towards FSH actions [30]. The activity of some steroidogenic 
enzymes located in the TCs has also been demonstrated to be in-
creased by androgens. In particular, GDF- 9, which is induced by 
androgens, stimulates P450c17 expression and inhibits aromatase 
activity leading to an androgen- rich environment [30]. Androgens 
also induce the expression of the vascular endothelial growth factor 
(VEGF), which is important for vascularization of the ovarian fol-
licle and the corpus luteum [27].

The Hormonal Regulation of the Uterus 
Decidualization and of Implantation

THs, GH, PRL, glucocorticoids, and androgens act also at the uterine 
level, stimulating decidualization, and favouring implantation.

THs stimulate the production of progesterone from GCs, which 
is responsible for building up the endometrial lining for optimal 
implantation. They also up- regulate the leukaemia inhibitory 
factor (LIF) which is involved in embryo implantation and in-
crease the expression of various adhesion molecules in early pla-
cental extravillous trophoblasts such as metalloproteinases- 2 and - 3 
(MMP- 2, MMP- 3), fetal fibronectin, and integrin, thus promoting 
the invasion process.

Also, PRL and GH exert paracrine and autocrine actions at the 
level of the uterus finally regulating reproduction and are also 
synthesized locally. PRL is synthesized by the human endomet-
rium around day 23 of the normal menstrual cycle primarily under 
the control of progesterone and oestradiol [11]. PRL decidual 

production rapidly increases soon after implantation in order to 
maintain pregnancy, since it inhibits detrimental factors such as 
interleukin- 6 (IL- 6) and 20- alpha- HSD, by linking to both long and 
short isoforms of PRL- R [31].

GH stimulates mitogenesis and promotes uterine proliferation 
and endometrial cell growth through the upregulation of oestra-
diol receptors and the stimulation of the uterine production of IGF- 
binding proteins (IGFBPs) and prostaglandins [10]. Through its 
mitogenic activity, GH increases the placental size, thus stimulating 
fetal growth and inducing the production of placental lactogens, 
oestradiol, and progesterone, thus supporting pregnancy and the 
maternal metabolism to induce nutrient repartitioning for fetal de-
velopment. GH has a stimulatory effect on AQP1 which is localized 
in the uterus, thus stimulating uterine imbibition and facilitating 
embryo implantation [9] .

Glucocorticoids inhibit oestradiol- stimulated uterine growth. In 
fact, the administration of dexamethasone in rats has been found 
to attenuate the uterine weight gain induced by oestradiol, through 
a reduction in intracellular oestrogen receptor concentrations or 
by glucocorticoid receptor- mediated inhibition of the c- fos/ c- jun 
transcription factor. The latter is used in the signal transduction 
pathways of many growth factors and is directly or indirectly stimu-
lated by oestrogens. CRH, expressed in human decidualized endo-
metrial stroma, seems to stimulate the process of decidualization 
synergistically with progesterone [22]. In addition, during the lu-
teal phase of the menstrual cycle, it is secreted into the lumen of 
the uterus, where it participates in the inflammatory phenomena 
of blastocyst implantation and, later in the menstruation cycle [32]. 
CRH also seems to stimulate the production of the blood supply to 
the fetus by activating the nitric oxide synthase of placental vessels 
[22]. Finally, placental CRH stimulates cortisol secretion during the 
latter part of pregnancy, and thus is responsible for the maternal 
hypercortisolism of pregnancy [22].

In the endometrium, testosterone induces collagen type 1 expres-
sion and VEGF, thus finally regulating neoangiogenesis which is 
important for implantation. However, high levels of progesterone 
and/ or 17- OH progesterone during the preovulatory phase of the 
menstrual cycle have been associated with inadequate endometrial 
maturation and impaired embryo implantation [33].

In summary, the ovaries and the uterus are under the control of 
many hormones and an excess or defect of these hormones may 
account for infertility, thus complicating the diagnosis of repro-
ductive disorders.

extragonadal endocrinopathies 
Affecting Reproduction

Thyroid Diseases

Among the extraovarian causes of infertility, the most frequent 
endocrine diseases are those affecting the thyroid gland.

THs disorders in terms of both an excess or defect and thyroid- 
peroxidase autoantibody (TPO- Ab) or thyroglobulin autoantibody 
(Tg- Ab) production alterations are associated with a disturbance 
in folliculogenesis, fertilization, and embryogenesis, as well as with 
some pregnancy complications.
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Hypothyroidism

Hypothyroidism has mainly been associated with menstrual irregu-
larities and anovulation, although there are some data that describe 
a link between hypothyroidism and many pregnancy complications.

The prevalence of menstrual irregularities is 23% among hypo-
thyroid females, compared to 8% in euthyroid females [34]. More 
recent reports describe a lower prevalence of menstrual abnor-
malities among hypothyroid females, which may be attributed to 
earlier detection and treatment of hypothyroidism compared to the 
past [2] .

Few studies describe the association between hypothyroidism and 
low fertility rates both in animals [35] and in humans where high 
serum TSH levels would seem to be a predictor of fertilization failure 
in women undergoing in vitro fertilization [36]. Hypothyroidism is 
also associated with early and late obstetric complications, namely 
miscarriage, preterm birth, placental abruption, fetal death, post-
partum haemorrhage, respiratory distress syndrome, and impaired 
neurological development during childhood [37].

There may also be a link between low fertility rate and subclinical 
hypothyroidism which is defined as serum TSH levels over 4.5 mIU/ 
L with normal T4 and T3 circulating levels [37]. In addition, some 
studies have described an association between subclinical hypothy-
roidism and reduced pregnancy outcome [37, 38] which improves 
after T4 supplementation [39]. Accordingly, the 2017 American 
Thyroid Association (ATA) guidelines suggest considering treat-
ment with T4 with TSH levels above 4 mIU/ L [40].

The link between hypothyroidism and infertility is related to three 
main factors: (i) a decrease in folliculogenesis (see previous section); 
(ii) a decrease in the sex hormone binding globulin (SHBG) syn-
thesis and secretion by the liver, with a consequent increased per-
ipheral bioavailability of oestrogens and, particularly, of androgens; 
and (iii) to an increased pituitary PRL secretion stimulated by TRH 
[2] . Reduced fertility in hypothyroid patients is also due to the per-
ipheral insulin resistance and to the consequent hyperinsulinaemia 
that frequently follows hypothyroidism [37].

Altered Thyroid Autoimmunity with or Without 
Hypothyroidism

The most frequent form of autoimmune thyroid disorder is that 
sustained by TPO- Ab and/ or Tg- Ab which may or may not be as-
sociated with hypothyroidism. The impact on fertility seems to be 
different among the forms with or without hypothyroidism [41]. In 
fact, although many studies have reported an increased prevalence 
of thyroid autoimmunity in women attending infertility centres [42], 
most studies suggest that pregnancy rates and pregnancy outcomes 
are negatively influenced only if thyroid antibodies are associated 
with hypothyroidism [38, 43]. However, some studies have reported 
a decreased pregnancy rate [44] and an increased miscarriage rate 
and obstetric complications also with normal TSH levels [45].

Although TPO- Ab has been found in the follicular fluid of women 
with autoimmune thyroid disorders [44], there are no data dem-
onstrating a direct negative impact of TPO- Ab on folliculogenesis, 
nor on fertilization, implantation, or embryogenesis, although some 
authors have suggested the role of inflammation induced by auto-
immunity in reducing oocyte quality. In any case, the 2017 ATA 
guidelines suggest considering treatment with T4 with TSH levels 
above 2.5 mIU/ L if there is a positivity for TPO- Ab [40].

Hyperthyroidism

Hyperthyroidism has been associated with a 5.8% infertility rate 
[46], which seems to be higher in the presence of autoimmune 
hyperthyroidism [41].

Menstrual irregularities are present in 8– 60% of patients affected 
by hyperthyroidism and include oligomenorrhea or amenorrhea, 
hypermenorrhoea, and even anovulation [34, 37]. Hyperthyroidism 
in pregnancy is associated with an elevated prevalence of miscar-
riage, stillbirth, preterm birth, and intrauterine growth restriction. 
In addition, hyperthyroid pregnant females may develop pre- 
eclampsia or placental abruption [37].

Whether the negative impact of hyperthyroidism on fertility 
is entirely attributable to the direct action of THs on the ovaries 
and uterus (see previous section) or whether other mechanisms 
are involved is unknown. Indeed, thyrotoxicosis is associated with 
increased circulating levels of SHBG [47], with a consequent de-
creased peripheral bioavailability of oestrogens and, particularly, of 
androgens. An increased production rate of testosterone and andro-
stenedione in hyperthyroid females has also been described [48], as 
well as an altered GnRH- induced LH secretion with a consequent 
significantly higher LH level in both the follicular and luteal phase 
of the menstrual cycle, thus contributing to anovulation [41].

Diseases of the Hypothalamic– Pituitary Axis

Several diseases affecting the hypothalamic– pituitary axis may im-
pact on reproductive function, through a reduction in the GnRH 
drive to the pituitary and/ or a reduction of FSH and LH input to the 
ovary with a consequent insufficient folliculogenesis and ovarian 
function.

Clinically variable menstrual cycle alterations, including oligo-
menorrhoea, amenorrhoea, or polymenorrhoea may be detected.

In rare cases, the reduction in GnRH drive may be due to gene 
mutations such as the fibroblast growth factor receptor 1 (FGFR1), 
prokineticin receptor 2 (PROKR2) and GnRH- receptor, to con-
genital GnRH deficiency due to the migration of an insufficient 
number of GnRH neurons from the olfactory placode into the 
hypothalamus during fetal development (Kallmann’s syndrome) 
or to hypothalamic lesions [49]. More frequently it may be func-
tional. Similarly, pituitary causes can be congenital or acquired. 
Congenital causes are alterations in genes involved in pituitary em-
bryogenesis such as Homeobox protein prophet of PIT- 1 (PROP- 1) 
and Homeobox expressed in embryonic stem (ES) cells 1 (HESX1) 
[50]. Acquired causes are pituitary adenomas or other pituitary 
tumours, empty sella syndrome, trauma, or radiation of the pitu-
itary area, sarcoidosis, lymphocytic hypophysitis (autoimmune dis-
eases), and ischaemic alterations such as Sheehan’s syndrome [50]. 
Hyperprolactinemia is the most frequent cause of infertility due to 
hypothalamic– pituitary axis dysfunction and may be due to organic 
or functional causes.

Pituitary Adenomas

Pituitary adenomas may be associated with infertility due to 
hypogonadotropic hypogonadism. There are three main underlying 
mechanisms:  (i) hormonal hypersecretion (PRL, GH or cortisol); 
(ii) pathological interruption of hypothalamic– pituitary dopamin-
ergic pathways (i.e. pituitary stalk compression), with consequent 
hyperprolactinemia; and (iii) the destruction or compression of 
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gonadotroph cells as a mass effect. Pituitary hormonal hyper-  and 
hyposecretion also influence pregnancy outcomes [51]. However, 
with the improvement in clinical and surgical treatment, women 
harbouring pituitary adenomas can still become pregnant and 
give birth.

Hyperprolactinaemia

A number of physiological states including pregnancy, breast-
feeding, stress, lack of exercise, and sleep can cause an increase in 
PRL. Non- physiological hyperprolactinemia may be due to pituitary 
lactotroph adenomas (prolactinomas), which account for approxi-
mately 40% of all pituitary tumours, pharmacological stimulation 
of PRL pituitary secretion, such as D2 antagonists administration, 
pathological interruption of hypothalamic– pituitary dopaminergic 
pathways (pituitary stalk compression), hypothyroidism or renal 
disorders, and, sometimes, due to unknown reasons (the idiopathic 
form). Regardless of aetiology, hyperprolactinemia may clinic-
ally manifest with galactorrhoea, menstrual abnormalities, hypo-
gonadism, and infertility, which is found in approximately 10% of 
the patients affected, or it may remain asymptomatic [52]. In add-
ition, women often note a decrease in libido and dyspareunia due to 
oestrogen deficiency [53].

Infertility in hyperprolactinemia is due both to the direct 
impact of PRL on folliculogenesis and to a PRL- induced 
hypogonadotropic hypogonadism, since PRL reduces GnRH secre-
tion (see previous section). When pulsatile GnRH is administered 
in hyperprolactinaemic patients, ovulatory cycles and fertility may 
be restored [2] .

Acromegaly

Acromegaly is a chronic disorder caused by GH hypersecretion which 
affects fertility in approximately 50% of females. Infertility in acro-
megalic patients is principally due to anovulation mainly for pituitary 
reasons, such as the destruction or compression of gonadotroph cells 
by the GH- secreting adenoma or hyperprolactinemia derived from 
tumour cosecretion or the stalk effect (pituitary stalk compression). 
Anovulation in acromegaly may also be due to polycystic ovary syn-
drome (PCOS) which derives from the direct effect of excessive GH/ 
IGF- I secretion on the ovaries and/ or from insulin resistance sec-
ondary to GH excess [53]. In fact, hyperinsulinemia, which is com-
pensatory to insulin resistance, stimulates androgen production by 
TCs and reduces SHBG hepatic synthesis thus increasing the periph-
eral bioavailability of androgens. In acromegaly, however, infertility 
is also due to the increased prevalence of spontaneous abortion [54] 
and to pregnancy complications, such as gestational diabetes and 
hypertension [51, 55].

Cushing’s Disease

The term Cushing’s syndrome (CS) identifies a group of dis-
eases caused by a chronic excess of glucocorticoids, and the term 
Cushing’s disease identifies the forms of CS that are ACTH de-
pendent. Menstrual irregularities and chronic anovulation are 
common in women with CS, affecting up to 80% of these patients 
and who clinically manifest with oligomenorrhea, amenorrhea, or 
polymenorrhoea. As a consequence, infertility is frequent in fe-
males affected by CS.

The mechanisms responsible for chronic anovulation in CS 
are still not completely clear, although high circulating levels of 

cortisol inhibits GnRH and gonadotropin release, thus resulting in 
hypogonadotropic hypogonadism [24]. In addition, high cortisol 
levels reduce the ovarian LH- receptor expression thus impairing 
LH action at the ovary, (19) thus contributing to anovulatory infer-
tility [19, 26] (for more details, see previous section). The adrenal 
hyperandrogenism that accompanies all the forms of CS also plays 
a role in infertility [25].

Hypopituitarism

Hypopituitarism is defined by the decreased secretion of one or 
more of the hormones normally produced by the pituitary gland. 
The signs and symptoms of hypopituitarism vary depending on 
which hormone is lacking, with infertility always present when FSH 
and LH secretion are affected. A low serum oestradiol concentra-
tion with equally low LH and FSH circulating levels is the diag-
nostic key of gonadotropin deficiency. Hypoandrogenism is also a 
typical feature of the pituitary diseases affecting ACTH and gonado-
tropin secretion, with a consequent defect in the follicle maturation 
which stops growing at the small follicle stage. The consequence 
is a phenotype of low functional ovarian reserve, characterized by 
low oestradiol and anti- Müllerian hormone (AMH) levels due to 
declining GCs mass. The deficit in TSH and GH production con-
tributes to hypogonadism and to anovulation through their impact 
on folliculogenesis and steroidogenesis as described in the previous 
section, although fertility is always not compromised in the isolated 
deficiency of the GH axis. In fact, a high proportion of GH- deficient 
women have normal menstrual cycles and conceive normally [10]. 
However, a deficiency in GH is frequently associated with intra-
uterine growth retardation. In addition, GH administration in 
hypopituitaric patients with both gonadotropin and GH deficiency 
significantly reduces the dosage and duration of the gonadotropin 
treatment required for ovulation induction and for a positive fer-
tility outcome [50].

Diseases of the Adrenal Gland

Infertility in diseases of the adrenal gland may arise from 
hypercortisolism as well as from a glucocorticoid deficiency 
[19, 26]. There are two main adrenal causes of glucocorticoid defi-
ciency; Addison’s disease and congenital adrenal hyperplasia.

Addison’s Disease

Addison’s disease or primary adrenal insufficiency is characterized 
by a deficiency in cortisol, aldosterone, and androgen adrenal syn-
thesis and secretion, usually caused by an autoimmune reaction to-
wards the adrenal cortex. Data on the impact of Addison’s disease 
on fertility and pregnancy outcomes are scarce. Recently, however, 
many studies have demonstrated reduced fertility in these patients 
[27] with a concomitant reduction in parity and an increased risk 
of unfavourable pregnancy outcomes such as caesarean section and 
preterm delivery, although an adequate glucocorticoid treatment 
generally improves pregnancy outcomes [56].

The underlying causes of reduced fertility in Addison’s disease 
still need to be clearly defined, however many other factors are 
potentially involved than just a deficit in glucocorticoids. Excess 
glucocorticoid therapy has been suggested, together with the pos-
sible coexistence of other autoimmune diseases affecting fertility, 
such as autoimmune thyroid disease or premature ovarian failure 
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(POF), which has been found in 7% of women with Addison’s dis-
ease [57], and also, interestingly, adrenal hypoandrogenism. A de-
fect in adrenal androgens, in particular, seems to play a central role 
in fertility impairment and in the increase in spontaneous abortions 
observed in females affected by Addison’s disease.

In fact, low testosterone results in poor follicle matur-
ation and in the arrest of follicles at the small follicle growth 
stages. The consequence is a typical phenotype characterized 
by low oestradiol and high FSH levels, low testosterone and 
dehydroepiandrosterone (DHEA) and DHEA sulphate (DHEAS) 
levels, but high AMH levels, which are sometimes erroneously 
diagnosed as a premature ovarian insufficiency (POI). These 
cases, however, are not POI and should be diagnosed and spe-
cifically treated.

Since DHEA and DHEAS are exclusively produced by the adrenal 
and, therefore, reflect adrenal androgen production in the zona 
reticularis, the measurement of DHEA and DHEAS circulating 
levels could help clinicians in diagnosing these forms [58] which 
are surprisingly common in tertiary fertility centres but often go 
unrecognized [59]. A correct diagnosis is detrimental for the prog-
nosis of these forms since androgen supplementation can improve 
ovarian function [60]. DHEA supplementation in such patients in 
fact improves both spontaneous fertility and in vitro fertilization 
(IVF) cycle outcomes [59].

Congenital Adrenal Hyperplasia

Congenital adrenal hyperplasia (CAH) due to 21- hydroxylase 
deficiency is a common autosomal recessive disorder due to mu-
tations in the CYP21A2 gene. Irregular menses are common in 
females with CAH, with amenorrhea being more frequent in pa-
tients with salt wasting (SW) and simple virilizing (SV) forms 
compared to non- classical (NCAH) forms [61]. In a recent re-
port, pregnancy and delivery rates were significantly lower in 62 
women with CAH (aged 18– 63) with respect to controls, despite 
fertility treatments. These cases were also influenced by the se-
verity of the genotype with a more severe negative impact on 
fertility outcomes observed in SW and the less severe impact ob-
served in the NCAH forms [62].

The reduction in pregnancy and birth rates described in CAH 
can be attributed to several factors. It may be due to decreased 
sexual activity due to genital anomalies and to the consequences 
of genital surgery; psychological factors (i.e. homosexuality) and 
single status; together with the secondary PCOS phenotype, as a 
consequence of the hyperandrogenic state. Inappropriate therapy is 
also implicated in the infertility of CAH which has been observed 
both if corticosteroid supplementation is insufficient and if there 
is a glucocorticoid overtreatment for the mechanisms described in 
previous section.

When glucocorticoid supplementation is insufficient, androgen 
overproduction from the adrenal suppresses normal follicular 
development inducing follicular atresia and suppresses gonado-
tropin secretion from the pituitary, thus leading to anovulation 
and infertility. In addition, elevated progesterone concentrations 
that characterize CAH due to 21- hydroxylase deficiency interfere 
with the quality of the cervical mucus [2, 33]. Conversely, with 
glucocorticoid overtreatment, the development of obesity and in-
sulin resistance can contribute to decrease fertility in females af-
fected by CAH. Accordingly, when CAH patients are adequately 

treated, they have good fertility outcomes and pregnancies are 
usually spontaneous. Thus, an optimized glucocorticoid therapy 
regimen is important in CAH women also to guarantee adequate 
fertility [62].
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Introduction

Reproductive function is closely related to nutritional status. 
Undernutrition and overnutrition as reflected in body weight 
and body composition significantly impact fertility and repro-
ductive outcomes. In addition, maternal micronutrient status in the 
periconception, pregnancy, and lactation period also influences the 
development of the offspring.

Undernutrition

The proportion of women of reproductive age that are underweight 
has decreased globally in the last few decades. Currently, the preva-
lence of maternal underweight is under 10% in all developed and 
developing regions except in South Asia and Africa.

Undernutrition and ovulation

Undernutrition reduces fertility. A European multicentre study 
found that having BMI under 20  kg/ m2 is associated with de-
layed conception, defined as time to pregnancy exceeding 
9.5  months of unprotected intercourse. Similarly, the Nurses’ 
Health Study II found that 12% of ovulatory infertility in the 
US may be due to underweight (BMI<20 kg/ m2) [1] . A 10– 15% 
reduction in body weight from ideal body weight could result in 
amenorrhea. This may explain the higher prevalence of amenor-
rhea among anorexia nervosa patients, athletes, or dancers with 
very low body mass.

Undernutrition and Pregnancy outcomes

In addition to reducing fecundity, undernutrition may also ad-
versely affect pregnancy outcomes. A  recent meta- analysis of 
265  760 women reported that low prepregnancy BMI (<18.5) is 
associated with increased risk of miscarriage (relative risk 1.08, 
95% CI 1.05– 1.11) [2] . Maternal underweight is also associated 
with preterm births (BMI< 16: relative risk 1.54, 95% CI 1.40– 1.68; 
BMI 17– 18.49: relative risk 1.17, 95% CI 1.14– 1.21) and small- for- 
gestational- age (SGA) birth (adjusted odds ratio 1.36, 95% CI 1.25– 
1.49). Achieving less than the recommended gestational weight gain 
further exacerbates these risks.

Undernutrition and Fertility Treatment outcomes

A recent study in the US (n  =  402  742 transfers) reported that 
underweight women had a significant decreased chance of intra-
uterine pregnancy (adjusted risk ratio [aRR] 0.97; 95% CI, con-
fidence interval 0.96– 0.99) and live birth (aRR 0.95; 95% CI, 
0.93– 0.98) per transfer [3] . As with naturally conceived pregnan-
cies, maternal underweight is also associated with increased risk 
of low birthweight and preterm birth among cycles resulting in 
singleton pregnancies [3].

overnutrition

More than half of all adults are overweight or obese in Western 
countries such as Australia and US. Overweight is defined as having 
BMI between 25 and 29.9 kg/ m2, while obese is defined as having 
BMI of 30 kg/ m2 and above. The prevalence of obesity has also in-
creased dramatically in developing countries. The global epidemic 
of obesity is likely to be due to changes in dietary patterns towards 
greater consumption of energy- dense food and decreased physical 
activities associated with work, home, transport, or leisure. Obesity 
contributes significantly to the development of chronic diseases 
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such as diabetes, cardiovascular diseases, certain types of cancers 
(e.g. endometrial, ovary, cervix, and postmenopausal breast cancer) 
and reproductive disorders.

obesity and Fertility

Overweight or obesity reduces fecundity in men and women. 
Twenty- five percent of ovulatory infertility in the US could be at-
tributable to overweight or obesity (BMI > 25 kg/ m2) [1] . Maternal 
overweight or obesity increases time to pregnancy regardless of age, 
cycle regularity, partners BMI, physical activity, smoking, parity, al-
cohol, and intercourse frequency. Body weight or body composition 
changes during the pubertal period may have an important impact 
on the development of the reproductive system. The onset of obesity 
during adolescence is associated with increased menstrual irregu-
larities and ovulatory disorders. Weight gain or obesity in young 
adulthood also increases the risk of infertility in men and women. 
Obesity in men also increases the risk of infertility (OR 1.66, 95% 
CI 1.53– 1.79) [4].

obesity and Fertility Treatment outcomes

Not only does obesity affect natural fertility, it may also com-
promise the success of assisted reproductive technology. Women 
who were overweight or obese had lower clinical pregnancy 
(RR 0.87, 95% CI 0.80– 0.96), live birth (RR 0.80, 95% CI 0.71– 
0.90) and higher miscarriage (RR 1.43, 95% CI 1.22– 1.67) fol-
lowing IVF treatment compared to normal weight women [5]  
Male obesity also contribute to decreased chances of live birth 
from assisted reproductive technologies (OR 0.65, 95% CI 
0.44– 0.97) [4].

obesity and Pregnancy outcomes

There is an increasing number of pregnant women who are obese. 
Obesity increases the risk of complications during pregnancy and 
delivery. Obese women are at higher risk of early miscarriage, 
pre- eclampsia, pregnancy- induced hypertension, gestational dia-
betes, caesarean delivery, and postpartum haemorrhage [6] . Higher 
maternal body weight also confers additional risks to the infants, 
including increased risk of being large for gestational age, having 
macrosomia, being stillborn, or being admitted to a neonatal inten-
sive care unit [7]. These risks are further exacerbated by excessive 
gestational weight gain [8].

Polycystic ovary Syndrome (PcoS)

PCOS is one of the most common endocrine conditions affecting 
up to 20% of women of reproductive age (see Chapter 8.4.1 for def-
inition, diagnosis, and prevalence). Women with PCOS are more 
likely to be overweight (RR 1.95, 95% CI 1.52– 2.50), obese (RR 2.77, 
95% CI 1.88– 4.10) or centrally obese (1.73, 95% CI 1.31– 2.30) com-
pared to women without PCOS [9] .

Women with PCOS may be at greater risk of adverse preg-
nancy outcomes, including increased risk of gestational diabetes, 
pregnancy- induced hypertension, pre- eclampsia, preterm birth, 
and admission of infants to a neonatal intensive unit [10]. When 
fertility treatment is sought, women with PCOS may have a higher 
rate of cycle cancellation and longer duration of stimulation but 

the pregnancy and live birth rates are comparable to normal 
healthy women [11]. See online only Tables 8.8.2.1 and 8.8.2.2.

obesity, Hyperinsulinaemia, Hyperandrogenaemia

Obesity is likely to promote hyperandrogenism and PCOS via 
hyperinsulinaemia, a compensatory response to insulin resist-
ance. An increase in insulin level usually causes a concomitant 
increase in testosterone or androstenedione levels. The mechan-
isms underlying the relationship between hyperinsulinaemia and 
hyperandrogenism are summarized in Box 8.8.2.1 (Also see online 
only Table 8.8.2.3).

Treatment and Prognosis

Lifestyle Modification and Fertility

Weight loss through energy restriction, with or without exercise, 
improves reproductive function in overweight or obese women. In 
women with PCOS, about half of them had significant improve-
ments in menstrual cyclicity or ovulation following weight loss 
through lifestyle modification. Among those who have lost at least 
5% of their body weight, up to 80% experienced improvements in 
reproductive function. Improvements in reproductive hormones 
have been observed shortly after energy restriction (2 weeks) 
before weight loss occurs. This is consistent with the current under-
standing of reproductive function being influenced by energy 
balance instead of adiposity. In a Cochrane review, lifestyle modi-
fication reduced body weight, body mass index and free androgen 
index [12].

Diet and Fertility

A number of dietary factors have been associated with ovula-
tory infertility. In a prospective cohort study involving 18  555 
pre- menopausal women, increasing consumption of vegetable as 
opposed to animal protein, choosing low glycaemic index carbo-
hydrates and choosing unsaturated fatty acids (monounsaturated or 
polyunsaturated as opposed to transfats) were associated with re-
duced ovulatory infertility [13]. Research on dietary patterns found 
that greater adherence to a Mediterranean diet is associated with a 
higher likelihood of achieving pregnancy, clinical pregnancy, and 
live birth. Further research is warranted examining the effects of 
these dietary factors in intervention trials.

Box 8.8.2.1 The effect of insulin on androgen production

 • Pituitary
 — Increases sensitivity to GnRH

 • Ovaries
 —  Increases the activity of 17,20 lyase
—  Increases the activity of 3β- hydroxysteroid dehydrogenase and 

aromatase in the granulosa cells
—  Increases LH receptors
— Promotes ovarian growth and cyst formation

 • Liver
 — Inhibits sex hormone binding globulin (SHBG) production
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Evidence relating to supplements is more mixed. Consumption 
of iron supplements, other sources of non- heme iron, or multivita-
mins (particularly B vitamins and folic acid intake) is associated 
with decreased risk of ovulatory infertility in a prospective cohort 
study of 18 555 premenopausal women [14]. However, a Cochrane 
review of randomized controlled trials of antioxidant supplemen-
tation in women reported no benefits for increasing pregnancy or 
live birth rate. The high variability of interventions assessed makes 
it difficult to draw strong conclusions from the current evidence and 
further studies are needed.

Metformin and Fertility

Metformin has been used in women with PCOS, with effects on 
reducing the pulse amplitude of luteinizing hormone (LH) secre-
tion, and on granulosa cell steroidogenesis and oocyte maturation. 
Metformin is also considered a safe option, with similar efficacy to 
insulin, for management of gestational diabetes during pregnancy 
with no increased risk of major birth defects [15]. It is given or-
ally in doses of 1500 to 2000 mg in divided daily doses. A recent 
Cochrane review demonstrated that metformin use in women with 
PCOS compared to placebo may improve live birth rates, rates of 
clinical pregnancy, ovulation, and menstrual frequency although 
with increased gastrointestinal side effects. There was no clear evi-
dence of an increase in miscarriage rates with metformin use. While 
metformin combined with clomiphene citrate had no clear benefit 
over clomiphene alone for live birth rates, it however resulted in 
higher rates of clinical pregnancy and ovulation. It is currently re-
commended that metformin could be used in women with PCOS at 
high metabolic risk including those with impaired glucose tolerance 
and in addition to clomiphene citrate for induction of ovulation in 
women with PCOS who are resistant to clomiphene citrate.

Bariatric Surgery and Fertility

Bariatric surgery is increasingly recognized as a treatment for 
morbid obesity (BMI >35  kg/ m2) in women of reproductive age 
who have failed other treatments including lifestyle modification. 
Current guidelines suggest that bariatric surgery be considered for 
patients with a BMI above 40 kg/ m2 or BMI above 35 kg/ m2 in the 
presence of obesity- related comorbidities, with PCOS considered to 
be one of those by some experts.

Bariatric surgery may improve menstrual cyclicity and ovula-
tion through weight loss. A recent systematic review and meta- 
analysis reported 58% (22– 92%) of infertile women become 
pregnant after bariatric interventions (weighted mean difference 
for successful pregnancy 0.580 (95%CI 0.539, 0.621)). A  lower 
likelihood of gestational diabetes, hypertension and macrosomia 
are reported in pregnancies following bariatric surgery [16], how-
ever, it is notable that those pregnancies pose surgical, medical, 
and obstetric challenges including nutritional deficiencies, po-
tential surgical complications, and difficulties with the diagnosis 
of gestational diabetes. It is generally recommended to avoid 
pregnancy within the first 12– 24  months post bariatric surgery 
to allow for achievement of the full therapeutic benefit of the 
procedure and stabilization of the nutritional state and to reduce 
the risk of intrauterine growth retardation. To avoid nutritional 

deficiencies, it is advisable to optimize the nutritional status of 
women prior to and following bariatric surgery. Extra care must 
be taken to appropriately distinguish and treat other potential 
surgical and non- surgical complications of previous bariatric sur-
gery during pregnancy.

Dietary Intakes and Pregnancy outcome

Besides body weight and energy status, maternal dietary intakes 
before conception and during pregnancy can affect pregnancy 
outcomes. The following section summarizes the effect of various 
macronutrients and micronutrients on pregnancy outcomes.

Energy

During pregnancy, energy intakes are reported to range from 7710 
to 9260  kJ/ day, with relatively higher levels in the Americas and 
the Eastern Mediterranean than in Southeast Asia, the Western 
Pacific, and Africa. In a meta- analysis of three trials (n = 384), en-
ergy restriction during pregnancy in women with high BMI or with 
excess gestational weight gain resulted in reduced gestational weight 
gain [17]. However, it also reduced birthweight, with two of the three 
trials reporting adverse effects on birthweight. No improvements 
in pregnancy- induced hypertension or preeclampsia (gestational 
hypertension with proteinuria) were found. There is a lack of evi-
dence to advise on energy restriction during pregnancy, however, 
prevention of excessive gestational weight gain in high- risk women 
(e.g. overweight and obese women, women at high risk of gesta-
tional diabetes) through diet and exercise is associated with reduced 
risk of infant macrosomia and infant respiratory distress syndrome.

Protein

In developed countries, pregnant women report consuming 14.7% 
to 16.1% of total energy from protein, which is adequate based 
on current recommendations. In a Cochrane review of 12 trials 
(n  =  6705), balanced energy/ protein supplementation (<25% en-
ergy from protein) increased birthweight and reduced the risk of 
stillbirth and SGA infants, but had no effect on gestational weight 
gain [18]. On the other hand, high protein supplementation 
(>25% energy from protein) resulted in a significantly increased 
risk of SGA, with no effect on stillbirth, neonatal death, preterm 
birth, birthweight, or gestational weight gain (one trial, n  =  505 
African American women with a history of low birthweight in-
fants) [18, 19]. Isocaloric protein supplementation (replacing other 
macronutrients with protein without changing the overall energy 
intake) had no effect on birthweight or gestational weight gain (two 
trials, n = 184) [18]. It is unclear whether high protein intake results 
in a subconscious reduction in overall energy intake, as is usually 
seen in high protein ad libitum weight loss trials. Current evidence 
supports balanced energy- protein supplementation (<25% energy 
from protein) to increase birth weight in those at risk of having SGA 
infants but further evidence is needed on the safety of high protein 
diet or supplement use during pregnancy.

Glycaemic Index, Glycaemic Load, and Fibre

The glycaemic index (GI) is a measure of the effect of dietary 
carbohydrate intake on blood glucose levels. High GI foods 
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cause a greater increase in blood glucose level within 2 hours of 
consumption. In a 2010 systematic review, two trials (n = 74) re-
ported that low GI diets in healthy pregnancies reduced the risk of 
large- for- gestational- age (LGA) infants; however, an increased risk 
of SGA was reported in one epidemiological study of 1082 preg-
nancies [20]. In pregnancies complicated by gestational diabetes 
mellitus, benefits of a low GI diet have been consistently reported, 
including a reduced need for insulin to maintain optimal glucose 
management [20].

Prepregnancy dietary glycaemic load (GL) and fibre intake may 
also affect the risk of gestational diabetes as well as preeclampsia. 
In the Nurses Health Study II (n = 13 110), higher dietary GL was 
associated with greater risk of gestational diabetes. Conversely, a 
10 g/ day increment in total dietary fibre in prepregnancy was asso-
ciated with a 26% reduced risk of developing gestational diabetes, 
with each 5  g/ day increment in fibre from cereals or fruit redu-
cing the risk by 23% or 26%, respectively [21]. Total dietary fibre 
has also been associated with improved lipid profiles and reduced 
risk of preeclampsia. Based on current evidence, low GI, low GL, 
and/ or high fibre diets could be recommended preconceptionally 
to women at risk of gestational diabetes, pre- eclampsia, or having 
LGA infants.

Fatty Acids

Marine foods and fish oil supplements (mainly omega- 3 supple-
ments) are rich sources of n- 3 long- chain polyunsaturated fatty 
acids such as docosahexaenoic acid (DHA) and eicosapenta-
enoic acid (EPA). DHA is proposed to influence the neural and 
visual development of infants, while EPA may reduce the syn-
thesis of thromboxane A2 from arachidonic acid, which in turn 
may influence the risk of preeclampsia and timing to partur-
ition. A recent review (54 trials, n >15 000) found that omega- 3 
supplementation during pregnancy reduced early preterm birth 
(<34 weeks’ gestation) but increased the rate of prolonged preg-
nancies (>42 weeks’ gestation) [22]. Other meta- analyses found 
no effect of omega- 3 supplements on recurrent preterm birth or 
recurrent intrauterine growth restriction [23, 24]. In summary, 
evidence regarding the benefits of supplementation with n- 3 
fatty acids has been mixed, and further studies are needed before 
these supplements can be recommended for use in pregnancy to 
prevent hypertensive disorders or preterm birth, or to improve 
fetal outcomes.

Micronutrients

The requirements for most micronutrients rise during pregnancy. 
While some of these could be met by the increased absorption 
which occurs during pregnancy, certain populations may be at risk 
of developing micronutrient deficiency. Deficiency in one or more 
micronutrients could have long- term consequences for both the 
mother and the offspring.

Folate

Folate is present in various fruits and green leafy vegetables. Folate is 
essential for DNA and RNA synthesis, amino acid metabolism, and 
formate oxidation, and is considered an antioxidant as it removes 
oxidizing free radicals [25]. Folate is particularly important during 

phases of rapid cell division and tissue growth such as during em-
bryonic and fetal periods. Circulating folate concentrations usually 
decrease during pregnancy in women not supplemented with folic 
acid (the synthetic form of folate). This is likely due to increased 
folate demand resulting from fetal and uteroplacental organ de-
velopment, increased blood volume, increased folate catabolism 
or clearance, decreased folate absorption, or hormonal influences 
during pregnancy. Women from developing countries, particularly 
in areas with a high prevalence of malaria or sickle cell disease, are 
at high risk of folate inadequacy during pregnancy. Low levels of 
maternal folic acid can elevate serum homocysteine concentrations 
and increase the risk of fetal abnormalities.

Periconceptional supplementation with folic acid three months 
before and early in pregnancy can reduce the risk of neural tube 
defects by almost 75%. This protective effect is smaller in obese 
women compared to non- obese women. Evidence regarding 
whether folic acid prevents other fetal complications is less clear. 
In a 2015 Cochrane review (five trials, n  =  7391), folic acid sup-
plements prevented neural tube defects but had no effects on mis-
carriage, or other birth defects including cleft palate, cleft lip, or 
congenital heart defects [25].

The recommended daily folate requirement is 400 μg for women 
of reproductive age, 600  μg for pregnant women, and 500  μg for 
lactating women. From 12 weeks prior to conception until at least 
12 weeks’ gestation, all women should be supplemented with 400 μg/ 
day of folic acid to reduce the risk of having a baby with a neural 
tube defect. A dose of 2.8 mg/ week (or 5 mg intermittently) is or 
poor lifestyle habits including inadequate diet, smoking and alcohol 
consumption. To achieve optimal outcomes, women supplementing 
with folic acid should be advised to also maintain a folate- rich diet.

Vitamin A

Vitamin A is a fat- soluble vitamin present in carrots, sweet pota-
toes, eggs and dairy, and green leafy vegetables such as kale. The 
main physiological functions of vitamin A include vision, repro-
duction, growth, immunity, and cell proliferation. Deficiency is 
assessed by either a history of night blindness or serum or plasma 
retinol concentrations less than 0.70 μmol/ L (subclinical vitamin 
A deficiency). Globally, the estimated prevalence of night blind-
ness in pregnant women is 7.8% (9.8  million women), while 
15.3% (19.1 million women) have deficient serum retinol concen-
trations. Maternal night blindness has been associated with low 
birthweight infants and infant mortality. However, a meta- analysis 
of 19 trials and over 310  000 women found that taking vitamin 
A  supplements during pregnancy reduced risk of maternal an-
aemia, maternal infection, and maternal night blindness, but did 
not prevent maternal, perinatal, or newborn deaths, stillbirth, 
preterm birth, low birthweight, or anaemia in the newborn [26]. 
Excess retinol, the active form of vitamin A, could have terato-
genic effects, hence the upper limit for vitamin A supplements is 
10 000 IU per day (3000 µg retinol) and the non- toxic form (B- 
carotene) is preferred during pregnancy. Overall, due to the po-
tential risk of toxicity, vitamin A supplementation should only be 
initiated after careful assessment of a woman’s current intake. In 
most developed countries where hypovitaminosis A is rare, there 
is no need for supplementation.
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Vitamin B1 (Thiamine), Vitamin B2 (Riboflavin), Vitamin B3 
(Niacin), Vitamin B6 (Pyridoxine)

Vitamin B1 (thiamine), vitamin B2 (riboflavin), vitamin B3 (niacin), 
and vitamin B6 (pyridoxine) are involved in energy production and 
the metabolism of protein, fat, and carbohydrates. Greater energy 
and protein requirements during pregnancy increase the require-
ment for these vitamins. Thiamine deficiency could impair fetal 
brain development due to the role of thiamine- dependent enzymes 
in lipid and nucleotide synthesis in the brain. Deficiency in ribo-
flavin has been associated with low birth weight, preeclampsia, 
and congenital heart defects; however, evidence regarding the use 
of riboflavin supplements to prevent these outcomes has been in-
consistent. Periconceptional intakes of thiamine, niacin, and pyri-
doxine have been associated with lower risk of orofacial cleft, but 
causality has not been established due to the paucity of random-
ized trials testing these vitamins. In a systematic review of four 
trials (n = 1646), supplementation with pyridoxine did not prevent 
eclampsia or preeclampsia, and there was insufficient data to assess 
its effects on other maternal or neonatal outcomes. In summary, the 
effects of supplementing these vitamins during pregnancy remain 
unknown.

Vitamin B12 (Cyanocobalamin)

Vitamin B12 is vital for cellular growth, differentiation, and devel-
opment [25]. Together with folate, vitamin B12 is responsible for the 
conversion of homocysteine to methionine, a process which is im-
portant for the methylation of DNA, proteins, neurotransmitters, 
and phospholipids. Because vitamin B12 is mainly derived from 
animal sources, those with restricted meat intake are at higher risk 
of deficiency. Global estimates suggest that vitamin B12 insufficiency 
is prevalent in 25% of pregnancies, ranging between 21%, 19%, and 
29% in the first, second, and third trimesters, respectively. Women 
in the Indian subcontinent and the Eastern Mediterranean have 
high rates of vitamin B12 insufficiency.

Low vitamin B12 concentrations are associated with high plasma 
homocysteine levels, which have been implicated in various adverse 
pregnancy outcomes including placental abruption, stillbirths, 
low birthweight, and preterm deliveries. A  meta- analysis of 18 
longitudinal studies including individual patient data (11 216 ob-
servations) found that vitamin B12 deficiency (<148 pmol/ L) was 
associated with an increased risk of low birthweight infants and pre-
term birth [27]. Similar to folate, low maternal vitamin B12 levels 
have also been associated with increased risk of neural tube defects 
and spina bifida. The effects of vitamin B12 supplementation during 
pregnancy are currently unknown and given the risks associated 
with B12 deficiency, further investigation by means of randomized 
controlled trials is warranted.

Vitamin C and E

Vitamin C (ascorbic acid) and vitamin E (tocopherols/ 
tocotrienols) are important antioxidants which inhibit free rad-
ical formation, and vitamin C is additionally involved in collagen 
synthesis and iron and folate metabolism. Increased oxidative 
stress by free radicals has been implicated in the pathogenesis 
of preeclampsia and premature rupture of membranes (PROM), 
prompting interest into whether antioxidants such as vitamins 

C and E may protect against these conditions. In two separate 
Cochrane reviews, vitamin C (n  =  29 trials, n  =  24  300) and 
vitamin E (21 trials, n = 22 129), alone, or in combination with 
other supplements, were associated with a decreased risk of pla-
cental abruption, but an increased risk of self- reported abdominal 
pain [26, 27]. Vitamin C also resulted in a small increase in ges-
tational age at birth and, when supplemented alone, reduced the 
risk of preterm and term PROM. Conversely, supplementation of 
vitamins C and E together, or vitamin E alone, increased the risk 
of term PROM [28, 29]. No other benefits or harms were reported 
for either vitamin. Overall, current evidence does not support the 
use of vitamins C or E for improving maternal or perinatal out-
comes, and further research is needed to elucidate their roles in 
placental abruption and PROM.

Vitamin D

Vitamin D is a fat- soluble hormone with a well- established role 
in calcium metabolism and bone homeostasis. Vitamin D is 
synthesized by the skin upon exposure to sunlight and it can also 
be obtained from dietary sources such as oily fish or fortified dairy 
products, or from supplements in the form of ergocalciferol (vitamin 
D2) or cholecalciferol (vitamin D3). Vitamin D deficiency is deter-
mined by measuring its major circulating form, 25- hydroxyvitamin 
D (25(OH)D), where levels less than 75, 50, and 25 nmol/ L are con-
sidered insufficient, deficient, and severely deficient, respectively. In 
developed countries, poor vitamin D status may result from low in-
take of fortified foods, highly pigmented skin, and minimal sunlight 
exposure due to long hours spent indoors and the use of sunscreen 
and protective clothing to prevent skin cancer. Global reports sug-
gest that 40– 98% of pregnant women are vitamin D- deficient, of 
which 15– 84% are severely deficient.

Vitamin D deficiency is a known risk factor for rickets in infants 
and osteomalacia in adults. A meta- analysis of 15 trials (n = 2833) 
found that vitamin D supplements during pregnancy may re-
duce the risk of preeclampsia, low birthweight, and preterm birth. 
However, when vitamin D and calcium were combined, the risk 
of preterm birth was increased [30]. Limitations in the available 
studies and lack of reporting on adverse events were also noted. 
Hence, while preventing and treating vitamin D deficiency is im-
portant to maintain optimal maternal and fetal bone health, there 
is limited evidence to support the use of vitamin D supplements for 
other pregnancy outcomes.

Calcium

Calcium is an essential nutrient for various biological functions 
including skeletal development, muscle contraction, and enzyme 
and hormone homeostasis. Calcium absorption increases in preg-
nancy and a dietary intake of 1200  mg daily is recommended. 
Inadequate calcium intake during pregnancy can have adverse ef-
fects on both mother (osteopenia, paraesthesia, tremor, tetanus, 
muscle cramping) and fetus (delayed growth, low birthweight, poor 
fetal mineralization). However, trials evaluating the effect of cal-
cium supplementation on maternal bone mineral density and fetal 
bone mineralization have been inconclusive.

Reduced calcium intake has also been implicated in the devel-
opment of hypertension in pregnancy. A 2013 report by the World 
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Health Organization (WHO) combined two Cochrane reviews 
(21 trials; n >90  000) and found that calcium supplementation 
reduced the risk of preeclampsia by 52%, irrespective of baseline 
risk of hypertension or calcium intake status. The protective effect 
was greater in women at higher risk of hypertension and/ or with 
lower calcium intakes (less than 900  mg daily). Modest reduc-
tions in preterm birth were also reported in women who received 
1500– 2000  g of elemental calcium daily compared to lower in-
takes; however, the quality of evidence was poor for this outcome 
[31]. Supplementation with 1.5– 2.0 g/ day of elemental calcium for 
prevention of preeclampsia has been recommended by the WHO 
for all pregnant women where dietary calcium intake is low, but 
particularly among those at higher risk of hypertension [31].

Iodine

Iodine is a non- metallic trace element essential for the synthesis 
of thyroid hormones. Dietary sources of iodine include kelp, sea-
food, and plants from iodine- rich soil, although the main source of 
iodine is via fortified salt. Nearly two- thirds of the populations in 
Western and Central Europe live in regions of mild to severe iodine 
deficiency, with those in mountainous and flooded areas being 
at increased risk. Iodine deficiency is the most common cause of 
preventable mental deficits globally, manifesting in a spectrum of 
iodine deficiency disorders (IDDs). These IDDs range from mild in-
tellectual blunting to endemic cretinism (permanently and severely 
stunted physical and mental development). Other IDDs include 
maternal and fetal goitre and hypothyroidism, increased pregnancy 
loss, and infant mortality.

Given that the fetus depends on maternal iodine to synthesize its 
own thyroid hormones, even marginal iodine deficiency and hypo-
thyroidism in pregnancy can influence the physical and mental de-
velopment of the fetus. In a systematic review of 11 trials (n >2900), 
women receiving iodine supplements were 68% less likely to experi-
ence the adverse effect of postpartum hyperthyroidism and 15 times 
more likely to experience nausea and vomiting during pregnancy. 
A  non- significant 34% reduction in perinatal mortality was also 
observed [32]. WHO recommends a daily intake of 250 μg during 
pregnancy and breastfeeding and periconceptional iodine supple-
mentation should be considered for women at high risk of iodine 
deficiency. With the currently available evidence, the benefits and 
harms of iodine supplementation before, during, or after pregnancy 
remain unclear.

Iron

Meat, fish, legumes, green leafy vegetables, and iron- fortified cer-
eals are the main dietary sources of iron. The most important role 
of iron is oxygen transport, although it is also involved in growth, 
reproduction, and healing. Pregnancy increases the risk of maternal 
anaemia, specifically iron- deficiency anaemia, due to an increased 
demand for maternal iron to support maternal and fetal needs. 
Global estimates suggest that 38.2% of pregnant women are an-
aemic, with the highest prevalence in South Asia (48.7%) and Africa 
(46.3%). Iron- deficiency anaemia contributes to 20% of post- birth 
maternal deaths in Asia and Africa.

Meeting the increased iron requirements during pregnancy 
is difficult from food sources alone, even with the increased iron 

absorption which occurs in the second and third trimesters. In a 
meta- analysis of 44 trials (n  =  43  274), iron supplementation re-
duced the risk of maternal anaemia and iron deficiency in preg-
nancy. There was also some indication for improved birthweight 
and risk of preterm birth; however, the evidence for these outcomes 
was less clear [33]. As iron stores at conception are strong predictors 
of maternal iron status and risk of anaemia in later pregnancy, iron 
supplementation may have its greatest benefit if started at concep-
tion or in early pregnancy. Adequate iron status during pregnancy 
can also prevent postpartum anaemia, which is associated with 
postpartum depression. However, these benefits are weighed against 
a potential dose– response relationship with adverse events such as 
constipation, nausea, vomiting, and diarrhoea. Routine iron supple-
mentation of pregnant women is recommended in some countries 
such as the US and France, but not in others such as the UK and 
Australia, which instead recommend screening pregnant women 
for anaemia and treating those with iron- deficiency anaemia (IDA). 
In countries where there is a high risk of IDA and screening is in-
adequate, daily supplementation of 60 mg during pregnancy is re-
commended by the WHO. Intermittent supplementation regimens 
should also be considered as they are as effective as daily supple-
mentation but with fewer side effects.

Zinc

Zinc is present in meat and seafood. It is a cofactor in over 80 
metalloenzymes with a ubiquitous role in biological functions 
including DNA transcription, protein synthesis, cellular division, 
wound healing, neurological function, immunity, folate utiliza-
tion, and vision. Zinc also has antioxidant properties. It binds the 
sulphydryl groups in proteins and displaces iron or copper while 
preventing them from binding to lipids, proteins, and DNA. Zinc 
status is determined by measuring plasma or serum zinc levels, 
zinc- dependent enzyme levels, or 24- hour urinary zinc excretion. 
Cut- offs for defining zinc deficiency differ by age, sex, and time of 
day of sampling, making it difficult to establish global zinc defi-
ciency status. Based on dietary data, however, it is estimated that 
17% of the global population is at risk of zinc deficiency. Strict 
vegetarians and those with chronic diseases or infections are at 
increased risk. In two meta- analyses, zinc supplementation during 
pregnancy reduced the incidence of preterm birth by 14% but had 
no effects on neonatal mortality, birthweight, or preeclampsia 
[34,  35]. The effect of zinc on preterm birth was observed pri-
marily in women from low- income settings, and thus may have 
been amplified by the poor overall nutritional status of these 
women. Altogether, the evidence shows limited benefits of zinc 
supplementation during pregnancy. Improving overall nutrition, 
particularly in women from low- income settings, is likely a more 
prudent approach for improving pregnancy outcomes than with 
zinc supplements alone.

Alcohol and Caffeine

Globally, it is estimated that 5– 10% of pregnancies are at risk of 
alcohol- related birth defects. In addition to the known impact of 
alcohol abuse on fetal alcohol syndrome, regular alcohol intake 
(at least once a week) or high alcohol consumption (more than 
14 units a week or more than 3 units a day) increase the risk of 
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first- trimester miscarriage and SGA infants. The effect of mod-
erate or occasional alcohol consumption on pregnancy outcomes 
is less clear. Two systematic reviews reported that prenatal alcohol 
exposure was associated with poorer child cognition, behaviour, 
and mental development, irrespective of the level of alcohol con-
sumed [36,  37]. In contrast, two other systematic reviews con-
cluded that there was no convincing evidence of adverse effects 
from low to moderate prenatal alcohol exposure. Inconsistencies 
and weaknesses in the evidence, including lack of adjustment for 
sociodemographic confounders, preclude the ability to determine 
safe levels of drinking during pregnancy. As such, it is advisable that 
women avoid alcohol intake during pregnancy.

Evidence regarding the effects of caffeine on pregnancy out-
comes has been inconsistent. Maternal caffeine intake appears to 
have no effect on cardiovascular malformations, oral clefts, or early 
miscarriage. Some prospective cohort studies have reported that 
high caffeine intake (>200  mg/ day) increases the risk of miscar-
riage after adjusting for several confounders, while others found no 

relationship between caffeine consumption and miscarriage, growth 
restriction, low birthweight, or preterm delivery. Current evidence 
is insufficient to confirm or refute the benefits of caffeine avoidance 
in pregnancy. Until safety limits are established, women with high 
daily caffeine intake (>200 mg) should be advised to minimize caf-
feine intake during pregnancy.

Nutrition and Reproduction in Men

Compared to the literature in women, there is relatively limited in-
formation on nutrition and reproduction in men. Obesity is a risk 
factor for infertility in males, as it is in females. A dose– response 
relationship between BMI and infertility in men has been reported, 
and a high BMI has been associated with lower sperm count, density, 
and motility; reduced testosterone and testosterone/ oestrogen ratio; 
and a greater number of sperm cells with chromatic damage meas-
ured using DNA fragmentation index. Paternal obesity may also 

Table 8.8.2.4 Dietary recommendations for optimal reproductive outcomes

Energy  • There is lack of evidence to advise on energy restriction during pregnancy. Prevention of excessive gestational weight 
gain in high- risk women (e.g. overweight and obese women, women at high risk of gestational diabetes) is associated 
with reduced risk of infant macrosomia and infant respiratory distress syndrome.

Protein  • Balanced energy/ protein intake (<25% energy from protein) may increase birthweight and reduce the risk of SGA 
infants and stillbirth, particularly in women at high risk of nutritional inadequacy

 • Isocaloric or high protein intake (>25% energy from protein) may increase the risk of SGA infants.

Glycaemic index (GI), glycaemic  
load (GL) and dietary fibre

 • Low GI diets during pregnancy can reduce the risk of LGA infants and improve glycaemic control in gestational 
diabetes

 • Low GL and high fibre diets before pregnancy may prevent the development of gestational diabetes, and high fibre 
diets may also reduce the risk of preeclampsia

N- 3 polyunsaturated fatty acids  • Insufficient evidence to support the use of fatty acid supplements to improve maternal or fetal outcomes.

Folate  • Supplementation is recommended for women from 12 weeks prior to conception until at least 12 weeks' gestation 
during preconception (400 μg) to prevent neural tube defects

 • Women supplementing with folic acid should be advised to also maintain a folate- rich diet.

Vitamin A  • Supplementation, preferably with β- carotene, should only be initiated in women with deficiency after careful 
assessment of current vitamin A intake. Excess retinol intakes may have teratogenic effects.

B vitamins (B1, B2, B3, B6, and B12)  • Deficiency may increase the risk of adverse pregnancy outcomes, but effects of supplementation are unknown.

Vitamin C and E  • Evidence for supplementation in pregnancy is inconclusive due to reports of both benefits and harms in relation to 
placental abruption and premature rupture of membranes.

Vitamin D  • Supplementation in women with inadequate vitamin D status may help maintain optimal maternal bone health and 
prevent poor bone mineralization in the fetus.

Calcium  • Supplementation of 1.5– 2.0 g elemental calcium/  day is recommended by the WHO in women with low calcium 
intakes (<900 mg/ day) and/ or women at high risk of gestational hypertension to prevent preeclampsia and promote 
fetal bone mineralization.

Iodine  • The WHO recommends a daily intake of 250 μg during pregnancy and breastfeeding and periconceptional iodine 
supplementation should only be considered for women at high risk of iodine deficiency

 • The current evidence on the benefits and harms of iodine supplementation before, during, or after pregnancy is 
unclear.

Iron  • Pregnant women should be screened and treated for iron- deficiency anaemia
 • Daily supplementation of 30– 60 mg from early pregnancy is recommended where screening is inadequate.

Zinc  • Some evidence of benefit in preventing preterm birth in low- income settings; however, the evidence is insufficient to 
support routine supplementation.

Alcohol and Caffeine  • Safety of low to moderate intake cannot be established from current evidence. Women are advised to limit or avoid 
alcohol and minimize caffeine consumption during pregnancy.

Abbreviations: GI/ GL, glycaemic index/ load; SGA/ LGA, small/ large for gestational age.
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have adverse effects on the reproductive health of the offspring, 
leading to further amplification of subfertility.

Despite limited studies in this field, recent systematic reviews 
have revealed a number of trends linking nutrition with male re-
productive health. First, higher sperm quality has been associ-
ated with diets which are low in saturated and transfatty acids and 
high in omega- 3 fatty acids, folate, zinc, β- carotene, and vitamins 
D, E, and C.  Second, healthy dietary patterns characterized by 
higher intakes of seafood, poultry, whole grains, fruits and veget-
ables, and low- fat dairy have been associated with higher sperm 
quality, whereas diets rich in processed meat, soy, potatoes, full- 
fat dairy, coffee, alcohol, sweets, and sugary drinks have shown 
the opposite relationship. Third, a Cochrane review of 34 trials 
(n = 2786 couples) reported that semen quality and clinical preg-
nancy rates were improved by antioxidant supplementation [36]. 
However, heterogeneity in study populations and regimens, and 
the expansive definition of antioxidants makes it difficult to ascer-
tain which specific antioxidants, and at which doses, were respon-
sible for these effects. Last, moderate intake of caffeine and alcohol 
do not appear to have a meaningful impact on semen quality or 
fecundability. However, further well- designed studies are needed 
to confirm these effects and to establish which patterns, level, and 
duration of alcohol or caffeine consumption may affect male repro-
ductive health. See Table 8.8.2.4 and [39].
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Female reproductive system is one of the most delicate systems of 
the human body. Under the orchestrating signals of hypothalamus, 
each component of the activated axis of hypothalamus– pituitary– 
ovary has to cointeract harmonically, in order to create the optimal 
hormonal milieu for its proper function.

Increased global industrial activity has exposed humans to a 
wide variety of modern chemical substances. In fact, we live in a 
world in which chemicals are an integral part of our everyday life. 
These exogenous insults can perturb hormonal balance of female 
body and threaten reproductive health and ultimately reproductive 
capacity.

endocrine- Disrupting chemicals (eDcs)

Definition and Mechanism of Action of eDcs

EDCs or endocrine disruptors are ‘exogenous chemicals, or mix-
ture of chemicals that interfere with any aspect of hormone action, 
leading to adverse effects in an intact organism or its progeny or 
(sub)populations’. Humans are continuously exposed to EDCs in 
daily life via multiple ways of contact [1] .

Currently, nearly 800 chemicals are known or suspected to play a 
negative role in hormonal disruption, and this list is rapidly growing. 
EDCs are a heterogeneous group of molecules with the high po-
tential to interact directly with hormone receptors (e.g. oestrogen, 
androgen, thyroid) as agonists or antagonists, triggering different 
molecular pathways. Some EDCs can also interfere with proteins in-
volved in the transport of hormones, such as sex hormone– binding 
globulin (SHBG), and thus disrupt the delivery of endogenous 
hormones to target cells. Their molecular structure usually con-
sists of a phenol group and may possess halogen group substi-
tution by chlorine and bromine. Therefore, they can easily mimic 
steroid hormones and ‘interfere with the synthesis, secretion, trans-
port, metabolism, binding action, or elimination of natural blood- 
borne hormones that are present in the body and are responsible 
for homeostasis, reproduction and developmental process’ (def-
inition of the US Environmental Protection Agency, EPA). These 
effects, depending on exposure dose and timing, give rise to alterna-
tive phenotypes, which may lead to increased disease susceptibility 
(Table 8.8.3.1).

The molecular structure and lipophilic properties of some EDCs 
may promote their bioaccumulation in the adipose tissue of animals 
and humans. EDCs have been detected also in biological fluids such 
as sera, urine, amniotic fluid, and breast milk. Some EDCs persist 
in the body for a long time, such as persistent organic pollutants 
(POPs), and some (e.g. pesticides) are quickly metabolized and 
cleared from the organism, although chronic exposure can lead to 
bioaccumulation [1] .

The affinity of the hormone receptors for the EDCs is usually 
much lower than for natural ligands. For example, the affinity of 
the classical oestrogen receptors (ER), ER- a, and ER- b, for one 
of the most commonly used EDCs, bisphenol A  (BPA) is 1000– 
10  000- fold lower than for 17b- estradiol (E2). However, EDCs 
can act in several tissues, even in low doses, also below the level 
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of exposure at which no adverse effects in organism have been ob-
served by toxicologists.

Timing of EDC exposure during lifespan is another crucial 
parameter for the severity of their biological effects. Firstly, em-
bryonic development, organogenesis, and tissue differentiation in 
utero is a critical developmental window, during which any en-
vironmental perturbation can lead to structural and functional 
changes that can profoundly deflect the developmental trajec-
tory, often leading to lifelong phenotypic changes. Childhood 
and puberty are also considered periods of rapid change in an 
endocrine- dependent manner and are recognized as sensitive 
periods. In other words, the younger organisms are more suscep-
tible to EDCs’ action.

Timing of exposure to EDCs is highlighted as such an im-
portant factor, due to the unique ability of EDCs to cause epi-
genetic changes. Epigenetics are defined as changes in gene 
expression that occur without changes in DNA sequence. Several 
possible mechanisms of epigenetics exist, including methylation 
of cytosine residues on DNA, post- translational modification of 
histones, and altered microRNA expression. These changes alter 
gene expression and lead to transient or persistent changes in gene 
transcription [2] .

Epigenetic changes can be transmitted through mitosis and/ 
or meiosis. Thus, an altered epigenome, after EDC exposure, will 
transfer to the subsequent generations by germline in the process 
called ‘epigenetic transgenerational inheritance’ [3] . When the Fₒ 
generation female is exposed to EDCs during her pregnancy, the 
fetus and the germline of the fetus of F1 generation including the 
cells in the gonads of the F1 fetus, which will become F2 generation, 
are directly exposed to these chemicals too [3, 4].

This transgenerational component of EDC’s effects has be-
come really obvious in ‘the diethylstilboestrol catastrophe’. 
Diethylstilboestrol (DES), a potent synthetic non- steroidal oes-
trogen, is one of the first studied endocrine disruptors. It was pre-
scribed to pregnant women from the 1940s to 1975 to prevent 
miscarriage and other complications. Its use was discontinued when 
a subset of exposed daughters presented with early- onset vaginal 

clear- cell adenocarcinoma, with a 40- fold increase in risk compared 
to unexposed individuals. The prevalence of neoplasia caused by 
DES in exposed population is estimated to be 0.1%, but this is much 
lower than the prevalence of subfertility and infertility occurred 
in DES intrauterine exposed population which is estimated to be 
>90%, occurring in both sons and daughters. What’s more, new data 
suggest that increased disease risk persists even in their grandchil-
dren a potential epigenetic effect [1, 5, 6].

There has been extensive evidence from experimental studies 
showing that exposure to endocrine disruptors has a negative im-
pact on ovarian physiology leading to morphological and func-
tional alterations of the female reproductive system [7,  8]. In 
fact, environmental pollutants are shown to interfere with several 
aspects of follicle growth and ovarian steroid hormone production 
by modifying the expression and/ or activity of regulatory enzymes 
or by altering hormone receptor binding and action. Furthermore, 
early exposure to EDCs has also been experimentally linked to re-
productive tract malformations, earlier pubertal timing, alterations 
of the hypothalamic– pituitary– ovarian axis, disorders of ovulation, 
fertility, and fecundity [7] .

eDcs Affect early Gonadal Development

Early gonadal development begins with the primordial germ cells 
originating in the proximal epiblast, far from the testes or ovaries. 
At this stage of development, the gonadal ridges are still bipotential, 
and they remain so until gesta tional week 7 in humans [1] . The ex-
pression of the Y chromosome- specific gene (Sry) in XY gonadal 
ridges triggers the differentiation of the gonadal ridges into testes, 
whereas, in the absence of a Y chromosome, the XX gonadal ridges 
differentiate into ovaries. The differentiation of testes and ovaries is 
chiefly under genetic control and involves several morphogenetic 
pathways.

Recent data suggest that these early stages of folliculogenesis 
are vulnerable to exogenous perturbations [7] . For example, 
intrauterine exposure to the analgesic and antipyretic drug, acet-
aminophen, reduced the number of germ cells in female mouse fe-
tuses, due to disrupted proliferation of the primordial germ cells. 

Table 8.8.3.1 Classification and physiological effects of common EDCs

Substance categories Name Source/ Uses Effects

Bisphenols Bisphenol A, Bisphenol F Polycarbonate plastics, epoxy  
resins, plastic toys, and bottles,  
lining of food cans

Oestrogenic, obesogenic,
Neurological effects, adverse thyroid 
hormone action, reproductive and 
developmental effects

Non- steroidal synthetic oestrogen Diethylstilboestrol (DES) Pharmaceutical Transplacental carcinogen, teratogen

Plasticizers Phthalates (DEHP, BBP, DBP, DPP, 
DPrP)

Contaminated food, PVC plastics 
and flooring, personal care products, 
medical devices and tubing

Carcinogen, liver damage, 
reproductive and developmental 
effects, asthma, obesogen

Organochloride Polychlorinated biphenyl (PCBs) Contaminated air and food,  
skin contact with old electrical 
equipment

Carcinogen, chloracne, stomach 
and liver damage, reproductive and 
nervous system effects and thyroid 
injury

Dioxins and dibenzofurans 2,3,7,8- TCDD, 2,3,7,8- p- TCDD, 
2,3,7,8- PCDF, 2,3,4,7,8- PeCDF, 
1,2,3,7,8 (9)- PeCDF

Arise as unwanted by- products  
from certain incineration and 
industrial chemical process

Antioestrogenic properties

Phyto- oestrogens Isoflavones, coumestrol, Lignans,  
and stilbens

Synthesized in plants Oestrogenic properties
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Furthermore, continuous exposure of female mice to paracetamol 
until birth resulted in a reduction in ovarian follicle reserves and 
total number of follicles, which led to subfertility.

The industrial chemical BPA, which is widely reported to have 
oestrogenic and other endocrine- disrupting properties, also 
interferes with gonadal develop ment. In mouse embryonic stem 
cells, exposure to BPA results in the downregulation of the testis- 
promoting genes Sox9 and Fgf9 and in the upregulation of the 
ovary- promoting genes Wnt4 and Foxl2 during differentiation, sug-
gesting that exposure to BPA favours ovary differentiation4,. Acting 
in a similar way, tamoxifen, an oestrogen receptor (ER)- modulator 
used in breast cancer therapy, promotes ectopic upregulation of 
Sox9 and downregulation of Foxl2 in the XX gonads. Ultimately, 
disrupting the balance between these opposing factors can lead 
to sex- reversal phenotypes and cause repro gramming of the cell 
types in adulthood, which, in turn, will adversely affect the germ 
cell population, future oocyte reservoir, and reproductive lifespan, 
leading to infertility. Notably, FOXL2 mutations in humans cause 
premature ovarian insufficiency [9, 10].

Another process of early gonadal development that is suscep-
tible to exogenous effects is meiotic division. In females, meiosis 
begins during fetal life and arrests in prophase I  until puberty. 
Disruption of germ cells at this stage can have long- lasting con-
sequences for reproductive health parameters due to reduction 
in the number of oocytes. For example, gestational exposure to 
BPA [7] , through its estrogenic effects, can disrupt meiotic div-
ision in mice and monkeys, via altered the expression of genes 
that control meiosis (Stra8, Dazl, Nobox). Furthermore, in vitro 
studies indicate that BPA impaired meiotic progression in cul-
tured human fetal oocytes, increased levels of recombination 
(MLH1 foci), and induced epigenetic changes that may contribute 
to chromosome congression failure. Analogous data exist in litera-
ture for endocrine disruptor di(2-ethylhexyl) phthalate (DEHP) 
and paracetamol [1].

eDcs Affect Follicular Assembly and Folliculogenesis

Follicle assembly is crucial for establishing the primordial follicle 
pool. The assembly or formation of the primordial follicles requires 
individual oocytes to segregate and associate with squamous (i.e. 
precursor) granulosa cells. Nests of associated oocytes undergo 
random apoptosis of individual oocytes to derive isolated oocytes 
that then associate with precursor squamous granulosa cells [1] . 
In humans, the timing of primordial follicle assembly is very dif-
ferent from that of rodents, with follicle assem bly occurring during 
mid- gestation stage. The mechanisms that control follicular as-
sembly remain unclear. Evidence suggests that, in mouse fetuses, 
high levels of maternal oestradiol and progesterone inhibit follicle 
assembly and that a reduction in the levels of steroid hormone 
around the time of birth initiates the process. Furthermore, the 
human fetal ovary expresses steroidogenesis enzymes and steroid 
hormone receptors, particularly ERβ, during the second trimester, 
which enables oestrogenic, progestogenic, and androgenic signal-
ling to occur.

These data indicate that oestrogen has an important role in 
follicle assembly but also highlights the potential susceptibility 
to disruption by oestrogenic compounds. Thus, several chem-
icals including BPA and DEHP can interfere with this process, 

possibly by disrupting apoptotic- signalling pathways. For ex-
ample, oral exposure of pregnant mice to BPA results in an in-
creased percentage of oocytes in germ cell nests, an increase in 
the total number of oocytes per ovary section and a decrease in 
the number of primordial follicles in offspring. Similarly, sub-
cutaneous exposure of neonatal mice to the phyto- oestrogen, 
genistein, inhibits the breakdown of the germ cell nest and dis-
rupts primordial follicle assembly. Taken together, these studies 
support the view that many EDCs can have capacity to disrupt 
follicle assembly, potentially affecting both the quantity and 
quality of follicles later in life [4, 5, 9].

After follicle assembly and the formation of primordial follicle 
pool, the first wave of follicular recruitment and folliculogenesis is 
initiated. Following exposure to BPA from 1 to 14 days postpartum, 
30- day- old lambs had reduced ovary weight, fewer primordial fol-
licles, more transitional and primary follicles, but a stable total 
number of oocytes compared with lambs that were not exposed to 
BPA. In proportion a decrease in the number of primordial follicles, 
concomitant with an increase in the number of secondary and an-
tral follicles, has been observed in 15-day- old mice after exposure 
to DEHP from 7 to 14 days postpartum. Thus, EDCs can accelerate 
the rate of follicular recruitment, leading to adverse consequences 
later in life, such as a shorter reproductive lifespan due to a reduced 
number of primordial follicles [4] .

eDcs Affect Steroidogenesis

EDCs also have the potential to interfere with ovarian steroido-
genesis. In rat theca- interstitial and granulosa cell cultures, 
BPA significantly increases testosterone and progesterone levels 
by increasing the expression of several key cytochrome p450 
steroidogenic enzymes, such as 17- a hydroxylase and cholesterol 
side chain cleavage enzyme, respectively. There is a hypothesis that 
BPA stimulates ovarian theca- interstitial cells to elevated androgens 
synthesis and also inhibits testosterone catabolism, thereby leading 
to elevated androgen levels. In fact, human studies have confirmed 
this positive correlation between serum BPA level and elevated an-
drogen levels, such as total and free testosterone, androstenedione, 
and dehydroepiandrosterone (DHEA), in women with polycystic 
ovary syndrome (PCOS) [10].

Similar data exist for various EDCs. For example, exposure to 
the organochlorine pesticides were associated with a slower drop 
in the oestradiol ratio and progesterone metabolites after ovulation 
in women, with decreased progesterone levels and a shorter luteal 
phase in women, findings that were in accordance with inhibited 
production of oestradiol, testosterone, androstenedione, and pro-
gesterone in isolated mouse antral follicles [6] .

eDcs Metabolic Disruption combined with Female 
Reproductive Deregulation

After the initial observation that obesity affects unfavourably fer-
tility and fecundability, it is now widely accepted that the metabolic 
profile of a woman stigmatizes her reproductive function, starting 
from in utero fetal development and offspring programming. In 
addition to that, there is considerable experimental evidence linking 
EDCs with metabolic alterations through deregulation of normal 
lipid and glucose homeostasis. Importantly, the world’s modern 
epidemics— obesity and diabetes— are believed to be partly related 
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to the increasing presence of such substances including the intra 
and extrauterine environment of developing organisms. The so- 
called obesogens are environmental chemicals presumed to favour 
obesity development through inappropriate regulation of energy 
and lipid metabolism. Many of their effects are mediated through 
the peroxisome proliferator- activated receptor- γ (PPAR- γ) who 
acts as a regulator of adipocyte differentiation [1] .

Interestingly, an environmental chemical may alter concomi-
tantly reproductive as well as metabolic pathways. BPA is a char-
acteristic example of such interaction as it has been incriminated 
for multiple reproductive abnormalities as well as metabolic ones. 
Remarkably, epidemiological evidence link BPA detected in urine 
with cardiovascular disease, type 2 diabetes, and liver enzyme ab-
normalities in a representative sample of adult US population, while 
data are suggestive that BPA is also elevated in obese women with 
fertility problems. Animal models of prenatal and perinatal BPA 
exposure demonstrate a disruption of weight control mechanisms 
leading to increased adipose storage in early postnatal and adult 
life in addition to impair follicular maturation process, ovarian 
steroidogenesis, oestrous cyclicity, ovulation, and ultimately fer-
tility [4, 9].

eDcs exposure and Reproductive Health

Taking all these aforementioned together, experimental data sug-
gest that EDCs have the potency/ potential to disrupt the repro-
ductive function, targeting at multiple stages directly and indirectly 
at the level of the ovary, affecting follicle maturation and ovarian 
steroid hormone production [4] . Scientific community has intro-
duced the term ‘ovarian dysgenesis syndrome’ to describe sche-
matically this disruption. Ovarian dysgenesis syndrome is defined 
as early alterations in ovarian structure or function that cause an 
impairment of reproductive parameters in adulthood. This com-
promised reproductive development or function constitutes an 
underlying pathophysiological mechanism for a group of related 

female reproductive diseases and disorders, such as reduced fer-
tility, PCOS, premature ovarian insufficiency, and reproductive- site 
cancers (Figure 8.8.3.1).

Firstly, there is no doubt that a significant decrease in total fer-
tility rates, measured as live births per woman, has been observed 
during the past few years in modern, industrialized countries all 
over the world [8] . This decrement has a multifactorial aetiology 
and can be partly explained by changing attitudes towards family 
planning, as well as by socioeconomic changes that took place in 
contemporary societies. However, we cannot argue the fact that our 
chemically burdened environment has contributed to the increase 
in women reporting difficulties with conceiving and maintaining a 
pregnancy [6].

Infertility: Although any causal relationship between EDC ex-
posure and infertility has not been established yet, indirect evidence 
supporting this interaction are ample. The widespread medical use 
of assisted reproductive techniques in the modern era has contrib-
uted to this direction. Various studies of women undergoing in vitro 
fertilization (IVF) have documented the close association between 
EDC exposure levels and increased odds of implantation failure, 
higher risk of miscarriage, poor embryo quality, and decreased 
pregnancy and live birth rates. Furthermore, even when pregnancy 
is achieved, preterm birth, decreased gestational age at birth, de-
creased birth weight, and decreased body length can be observed in 
EDC exposed women [6, 11].

Polycystic ovary syndrome: PCOS is a multifactorial endocrino-
pathy of unknown aetiology affecting approximately 5– 10% of 
women in the reproductive age spectrum. Cardinal features of 
the syndrome are reproductive and metabolic aberrations cen-
tral to which is abnormal gonadotropin secretion, disrupted 
ovarian follicular maturation, and steroid hormones secretion as 
well as disturbed insulin action leading to insulin resistance and 
compensatory hyperinsulinemia. The role of the environment in 

Figure 8.8.3.1 In utero exposure to exogenous factors (EDCs, AGEs) significantly affects multiple stages of early gonadal development. Via 
altering hormonal milieu and inducing epigenetic changes in DNA, endocrine disruptors have a negative impact on ovarian physiology leading 
to morphological and functional alterations of the female reproductive system. Ultimately, this compromised reproductive development/ function 
constitutes an underlying pathophysiological mechanism for a group of related female reproductive diseases and disorders during adulthood, such as 
reduced fertility, polycystic ovary syndrome, premature ovarian insufficiency, and reproductive- site cancers.
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PCOS pathogenesis has recently expanded to include EDCs, due 
to their potency to interfere with all hormone- sensitivity systems 
[11, 12].

The first study supporting the hypothesis that EDCs are actively 
implicated in the aetiology of PCOS was made by Fernandez 
et al. [7] . In this study, the effects of early life BPA exposure on 
reproductive parameters in a rat animal model, were investi-
gated. When female rats were neonatally exposed to BPA, they 
exhibited a PCOS- like syndrome characterized by biochemical 
hyperandrogenaemia, anovulation, infertility, polycystic ovarian 
morphology, and increased gonadotropin- releasing hormone 
(GnRH) pulse frequency when they reached adulthood [7]. 
Human data have come to support this hypothesis. In a large 
study of 71 PCOS and 100 healthy women stratified by body mass 
index (BMI), it was showed that BPA levels are higher in PCOS 
women compared to controls, independently of body weight as 
both lean and overweight PCOS individuals had elevated BPA 
levels compared to normal ovulating non- hyperandrogenaemic 
women of matched body weight. Except for BPA, several studies 
have explored the higher serum concentration of other EDCs in 
PCOS patients:  perfluorooctanoate, perfluorooctane sulfonate, 
polychlorinated biphenyls (PCBs), organochlorine pesticides, and 
polycyclic aromatic hydrocarbons [9].

Premature ovarian insufficiency: Premature ovarian insuffi-
ciency (POI) is a medical and biological diagnosis that affects 
young women, altering their quality of life and their fertility. In 
most cases, its aetiology remains undetermined, reflecting the fact 
that ovarian reserve can be perturbed by multifactorial, combining 
factors that are genetic, infectious, metabolic, as well as environ-
mental. Given the multiple effects of EDCs in gonadal develop-
ment and folliculogenesis, it is reasonable to assume that EDCs 
can be catalytic in POI pathogenesis. Human data to support this 
hypothesis are limited but illuminating. Epidemiological studies 
have shown that women with higher levels of phthalates and pes-
ticides had an earlier mean age at menopause. Furthermore, DES 
in utero exposure was associated with an increased lifetime risk of 
early menopause in women, while increased urinary concentrations 
of BPA was positively associated with markers of oxidative stress 
and inflammation in women, suggesting BPA exposure promotes 
oxidative stress and inflammation, two key mechanisms of cellular 
senescence and ageing [1] .

Endometriosis: Endometriosis affects up to 10% of women of 
childbearing age, causing infertility in about half of those women. 
EDCs have recently been implicated in the development or exacer-
bation of endometriosis. Women exposed to DES in utero may 
have an 80% higher risk of endometriosis than unexposed women. 
Furthermore, significantly higher levels of BPA, phthalates and 
PCB were found both in serum and peritoneal fluid of women with 
endometriosis, promoting chronic inflammation and triggering 
the stimulation of endometrial cells derived from retrograde men-
struation [4, 8].

Reproductive cancers: Incidences of breast, endometrial, and 
ovarian cancers are increasing, and it is suspected that EDCs and 
other environmental factors may contribute to this increase. EDCs 
may act at many levels to disrupt female reproductive tissue de-
velopment and to make tissue more vulnerable to a subsequent 

hit of an environmental chemical or hormonal insult. Several 
epidemiological studies have revealed an increased risk of repro-
ductive cancer in association with EDC exposure. Occupational 
exposure to dioxins increased endometrial cancer risk in female 
workers, while women previously exposed to chlorotriazine herbi-
cides showed a significant 2.7- fold increased risk for ovarian neo-
plasms [8, 11, 13].

Human exposure Levels

Although the data about direct adverse health effects after human 
exposure to EDCs are still limited, abundant evidence from in vitro 
and animal studies, as well as from wildlife observations, are suffi-
ciently alarming that several professional organizations have issued 
statements about a call to action. However, there is still a crucial 
question that has to be addressed; how experimental data can be ap-
plied in humans and whether the same chemicals can cause similar 
effects in humans at doses that are relevant to real- life exposure.

Several biomonitoring studies, undertaken by International 
Authorities are trying to estimate daily human EDCs exposure 
levels and establish safety margins, below which human exposure 
can be considered safe. Although there is chronic exposure to EDCs 
through inhalation and skin contact, the major route of human ex-
posure is ingestion of food and water (e.g. meat, fish, dairy products, 
and vegetables), which can be contaminated with various pollu-
tants. Indeed, plastic packaging of food, which commonly contains 
BPA, is now established as one of the most important daily sources 
of EDCs. The European Food Safety Authority has estimated that 
mean and high dietary exposure levels are 0.1 μg/ kg and 0.4 μg/ kg of 
bodyweight per day of BPA, respectively. Since animal studies have 
indicated that BPA affects ovary development at doses of ~20 μg/ 
kg of bodyweight per day, there is a no- effect level below ~20 μg/ 
kg of bodyweight per day in animals. When these data are applied 
to human risk assessment, a 100-fold difference (safety margin) be-
tween no-effect levels in animal studies human exposure levels is 
generally required, in order for human exposure to be considered 
safe. Thus, persons with high exposure levels to BPA can really be at 
risk for its adverse reproductive effects.

Finally, another parameter that needs to be highlighted is 
that humans at the same time are continuously exposed to nu-
merous chemicals, including EDCs. Given the fact that most ex-
perimental studies typically study the effect of a single chemical 
under a certain period of time, it may be possible that synergistic 
action of various EDCs, for a longer period of time, can lead to 
even more deleterious consequences. Although some studies fo-
cusing on chemical mixtures have been carried out so far, there 
is still paucity of knowledge on how to interpret EDCs complex 
dose– response curves due to their overlapping additive/ syner-
gistic effects.

Nutrition: oxidative Stress and Heat- Processed 
Food, Acting as environmental Factors, Disrupting 
Female ovarian Function

The function of female reproductive axis is closely linked to type 
and amount of nutritional intake. The impact of the quality of nu-
trition on female reproduction is expressed via the type of food 
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toxins and the oxidative stress produced from nutritional status. 
Westernized type of diets based on animal- derived food products 
are an important source of exogenous food toxins, glycotoxins (ad-
vanced glycosylated end products— AGEs) [4, 13, 14], which have 
been shown to interfere with ovarian function in experimental ani-
mals and in humans. Therefore, a diet containing high amounts of 
heat- processed food, especially with high sugar content may sig-
nificantly increase the amount of these glycotoxins. Additionally, 
nutritional production of oxidative molecules is a critical regulator 
of intraovarian environment and subsequently folliculogenesis. 
A  plethora of studies have been conducted so far in order to ex-
plore the putative role of oxidative stress in fertility. The majority of 
them involve women undergoing assisted reproductive techniques 
(ART), where various systemic and increased levels follicular fluid 
markers of oxidative stress were correlated with lower ovarian re-
sponse, poorer embryo quality, decreased fertilization and preg-
nancy rates [11, 14]. Therefore, oxidative stress postprandially could 
be a potent, underlying mechanism of various reproductive abnor-
malities, including ovarian ageing, endometriosis, PCOS, and un-
explained infertility. AGEs are important regulators of postprandial 
oxidative stress, initiating a clustering of molecular changes in sev-
eral signalling pathways, including ovarian tissues. AGEs are known 
to induce effects within the body by two separate routes: receptor- 
independent or receptor— dependent [11, 12]. They can act intracel-
lularly, by crosslinking with proteins, directly altering their structure 
and therefore their properties and function, or circulate and act 
on cell surface receptors such as the receptor for AGEs (RAGEs), 
which act as signal transduction receptors triggering activation of 
proinflammatory conditions and oxidative stress. AGEs once bonded 
to their multiligand receptor for advanced glycation end products 
(RAGE), initiate multiple downstream signalling cascades, such 
as nuclear factor kappa- light- chain- enhancer of activated B cells 
(NF- κB), protein kinase C (PKC) and mitogen- activated protein 
kinase (MAPK) pathways. NF- κB activates nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase and promotes reactive 
oxygen species (ROS) production and a sustained inflammatory 
response that exacerbates further oxidative stress [12, 14]. In fact, 
AGE- RAGE system seems also to be actively involved in ovarian 
function. Furthermore, AGEs can also interfere in the glucose 
homeostasis of granulosa cells, lead to reduced glucose uptake, and 
disrupt normal follicular growth. Human data, regarding the action 
of dietary AGEs in female reproductive system, mainly originate 
from women with PCOS. Specifically, AGEs were found to be dis-
tinctively elevated in the serum of women with PCOS, independent 
of the presence of obesity and insulin resistance. Experimental 
animal and human studies have underpinned the detrimental ef-
fects of dietary AGEs in reproductive and metabolic function of 
PCOS [14, 15]. In female high- AGE fed mice increased deposition 
of AGEs and RAGE in theca and granulosa cells was observed, al-
tering the ovarian milieu. In addition, high- AGE diet, in synergy 
with androgen excess, was shown to downregulate glyoxalase- 1 in 
the ovary, a protective enzyme against glycation, promoting AGE 
accumulation and ovarian dysfunction. Subsequently, AGE accu-
mulation in the microenvironment of ovary has detrimental effects 
in the reproductive function [11, 12]. Through downregulating sig-
nalling cascades and enzymatic activity, there is no doubt that AGEs 
contribute significantly to follicular arrest, anovulation, and ovarian 
dysfunction in PCOS [16]. Analogous findings exist for AGEs, with 

increased concentration of them both in the follicular fluid and in 
serum of women undergoing IVF to be negatively correlated with 
follicular growth, fertilization, and embryonic development. On the 
other hand, sRAGE, the decoy scavenger of AGEs, via binding and 
inactivating circulating and follicular fluid AGEs, might be able to 
serve as a useful biological marker of the follicular environment. 
In women undergoing IVF it was shown that higher follicular fluid 
sRAGE levels were accompanied by increased number of oocytes 
retrieved. Altogether, the literature to date indicates that AGEs have 
a negative impact on reproductive outcome in women undergoing 
ART [16].

Summary

In conclusion, acute or chronic exposure to EDCs and AGEs 
through each stage of life cycle has the potential to alter the struc-
ture as well as the functional or hormonal homeostasis in female re-
productive system. Extensive data from different scientific models, 
collected in recent years, have confirmed the increased concern on 
their negative role. Concomitantly, potentiating further the scien-
tific efforts to explore efficient ways of avoiding their harmful effects 
on every system and especially on the female reproduction.
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Introduction

Thyroid hormone is essential for maintaining a pregnancy and en-
suring fetal development [1] . Thyroid disorders are common in 
women of childbearing age and as pregnancy has a substantial im-
pact on the hypothalamic– pituitary– thyroid axis, abnormal thyroid 
function is frequently encountered in antenatal clinics. It is also well 
established that overt thyroid disease is associated with adverse ob-
stetric and offspring neuro- developmental outcomes [1, 2]. There is 
now growing concern that more marginal degrees of thyroid dys-
function particularly subclinical hypothyroidism (elevated TSH 
and normal fT4 concentration) and isolated hypothyroxinaemia 
(normal TSH and low fT4) are also associated with fetal loss, pre-
maturity, and impaired offspring cognitive function [3– 5]. In some 
studies, maternal thyroid autoimmunity has also been identified as a 
potential risk for fetal loss [1] even in euthyroid women. Correction 
of overt hypothyroidism and hyperthyroidism dramatically reduces 
the risk of major adverse obstetric outcomes including fetal loss and 
premature birth.

There has been a dramatic increase in our understanding of both 
thyroid physiology and immunology in pregnancy as well as the im-
portance of more personalized thyroid hormone reference- ranges 
and the potential for adverse outcomes with even borderline thy-
roid function abnormalities. Equally, we now realize other factors 
including thyroid autoimmunity, hCG levels and iodine status play 
a role. Iodine is essential for thyroid hormone production. Iodine 
deficiency is also common and pregnant women and children at 

greatest risk of being iodine deficient. Iodine deficiency is associ-
ated with adverse profound pregnancy and obstetric outcomes. 
Endocrine disruptors may also interact with iodine status thereby 
influencing thyroid status and pregnancy outcomes.

Interpretation of Thyroid Function Tests 
During Pregnancy

The profound physiological changes that occur during pregnancy 
have substantial consequences for the thyroid axis and in the as-
sessment of thyroid function. It is clear there is a significant overlap 
between the signs and symptoms of the hypermetabolic state typ-
ical of normal euthyroid pregnant women, and those due to thy-
roid dysfunction. Taken together, the diagnosis of thyroid disease 
during pregnancy can be challenging and the availability of re-
liable accurate tests for gestational thyroid function is critical. 
Unfortunately, the notable underlying physiological changes which 
occur during pregnancy also create challenges in laboratory assess-
ments of thyroid function. The substantial but reversible changes 
in thyroid function which occur in pregnancy are summarized in 
Table 9.1.1 and Figure 9.1.1.

Abnormal thyroid function is best defined using pregnancy- 
specific reference ranges. calculated in a population of pregnant 
women free of major factors that interfere with thyroid func-
tion. These factors include pre- existing thyroid disease and auto-
immunity, iodine deficiency, or high hCG states (twin pregnancy 
or following IVF) [1] . Excluding thyroid autoimmunity can sub-
stantially lower the upper limit of the TSH threshold. The most 
recent American Thyroid Association guidelines advocate the use 
of pregnancy specific and population- based reference ranges [6]. 
Additionally, calls have been made for more personalized reference 
ranges based on ethnicity [7] BMI parity, and fetal sex [8].

Traditionally, TSH was the mainstay of assessing thyroid status in 
pregnancy, however there is increasing evidence of important ob-
stetric and offspring outcomes with fT4 status [1, 9]. Furthermore, 
fT4 levels are needed to distinguish between subclinical and overt 
thyroid disease. fT4 immunoassays which are commonly used may 
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be less accurate in the third trimester due to alterations in thyroid 
hormone binding proteins. Fortunately, results are more accurate 
in the first trimester which has greater influence on obstetric and 
offspring outcomes.

Overall, there is a transient rise in free T4 in the first trimester due 
to the relatively high circulating human chorionic gonadotropin 
(hCG) concentration which stimulates the thyroid to produce thy-
roid hormone. This is followed by a decrease of free T4 in the second 
and third trimester. In iodine- deficient areas (including marginal 
iodine deficiency seen in many European countries), pregnant 
woman may become significantly hypothyroxinaemic with prefer-
ential triiodothyronine (T3) secretion. The thyroidal ‘stress’ is also 
evidenced by a rise in the median thyroid- stimulating hormone 
(TSH) and serum thyroglobulin levels. A summary of TSH fT4 and 
hCG concentration during pregnancy are shown in Figure 9.1.1.

Thyroid Hormone Supply to the Fetus

The fetal thyroid begins concentrating iodine at 10– 12 weeks’ gesta-
tion and is under the control of fetal pituitary TSH at approximately 
20 weeks’ gestation. Maternal thyroid function is therefore critically 
important in the first trimester as thyroid hormone is crucial for the 
development of many organs including the brain. Maternal circu-
lating T4 crosses the placenta to the fetus at all stages of pregnancy 
by incompletely understood mechanisms but involving both the 

type 2 and type 3 deiodinase enzymes, which are both significantly 
expressed in the placenta. Type 3 deiodinase (D3), which degrades 
thyroid hormones [10], is also expressed in pregnant uterus, pla-
centa, and fetal and neonatal tissues, and may act as a ‘gatekeeper’ 
to prevent too much thyroid hormone transport. Type 2 deiodinase, 
also located in the uterus and other parts of the genital tract, de-
grades T4 in the fetus to provide T3 for tissue growth and differenti-
ation, and may have a role in fetal implantation. Genetic association 
studies have also indicated that variation in the deiodinases are 
associated with maternal pregnancy outcomes, particularly 
pre- eclampsia [11].

Pregnancy and the Immune System

Human immune regulation involves homeostasis between T helper 
1 (Th1) and T helper 2 (Th2) activity, with Th1 cells driving cel-
lular immunity and Th2 cells humoral immunity [2] . In pregnancy, 
there is a bias towards a Th2 lymphocyte response evidenced by the 
fetal/ placental unit producing Th2 cytokines, which inhibit Th1. 
Th1 cytokines are potentially harmful to the fetus, for example 
interferon- α, which is a known abortifacient.

Pregnancy also has a significant effect on the immune system in 
order to maintain the fetal– maternal allograft and prevent rejection. 
The trophoblast does not express the classic major histocompati-
bility complex (MHC) class  Ia or II which are needed to present 
antigenic peptides to cytotoxic cells and T helper cells, respectively. 
Instead HLA- G, a non- classic MHC Ib molecule, is expressed which 
may be a ligand for the natural killer (NK) cell receptor thereby pro-
tecting the fetus from NK cell damage; it may also activate CD8 
T cells that may have a suppressor function. Human trophoblasts 
also express abundant Fas ligand, thereby contributing to the im-
mune privilege by mediating apoptosis of activated Fas- expressing 
lymphocytes of maternal origin.

Pregnancy and Thyroid Peroxidase Antibodies

Anti- thyroid peroxidase antibodies (TPOAbs) are found in around 
10% of otherwise normal pregnant women when measured at the 
end of the first trimester. They are a marker of thyroid autoimmunity 
and the main risk factor for thyroid dysfunction in pregnancy and 

Week 10Conception Birth

FT4

hCG

TSH

Figure 9.1.1 TSH, fT4, and hCG levels over pregnancy.

Table 9.1.1 Physiological changes that influence thyroid function in pregnancy

Physiological change Effect on thyroid function test Key point for clinicians

↑ Thyroxine- binding globulin ↑ Serum total T3 and T4

concentration
Total thyroid hormone concentrations may be misleading; rely on free thyroid 
hormone concentrations

Secretion of human chorionic gonadotrophin ↑ Free T4 and ↓ TSH High human chorionic gonadotrophin levels may result in gestational 
thyrotoxicosis. This usually only requires symptomatic treatment but needs to 
be distinguished from pathological thyroid disease

↑ Iodine clearance ↓ Hormone production in  
iodine- deficient areas

Need to be mindful of iodine deficiency and ensure optimal intake ideally 
from before conception

↑ Plasma volume ↑ T3 and T4 pool size

Increased type 3 5- deiodinase (inner ring
deiodination) activity from the placental

↑ T3 and T4 degradation Increasing thyroid demand in pregnancy

Thyroid enlargement (in some women) Increased thyroglobulin Be aware that a small goitre is common in pregnancy, but may be a sign of 
low thyroid function so merits thyroid function testing
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in the postpartum period. Women who are TPOAb positive have 
higher TSH concentrations, lower T4 concentrations and a higher 
risk of thyroid dysfunction during pregnancy than women who are 
TPOAb negative [1] . Even in euthyroid women TPOAb positivity 
is associated with premature delivery and fetal loss [4,  12]. One 
randomized controlled trial has shown that levothyroxine admin-
istration reduced the risk of fetal loss and premature delivery in 
euthyroid TPOAb- positive women [13]. A later study failed to rep-
licate the benefits for fetal loss but did find a reduction in pre- term 
delivery [14].

Worse pregnancy outcomes are seen in TPO antibody- positive 
women, especially those with higher TSH [15]. Recent data sug-
gests that TPOAb positive women do not mount a thyroidal re-
sponse to hCG [8] ; this may, in part, explain the observed worse 
obstetric outcomes in TPOAb positive women as well as the inter-
active effect of TPO antibodies with higher levels of TSH. However, 
the benefits of treating with levothyroxine are unclear. An open 
label randomized trial in Chinese women with normal thyroid 
function and TPOAb positivity who were undergoing IVF found 
that levothyroxine did not reduce miscarriage rates or increase 
live birth rates [16]. The TABLET trial [17], a large double- blind, 
placebo- controlled trial also found no benefit from levothyroxine 
treatment on live birth rates in women with TPOAb positivity and 
a history of previous miscarriage or infertility. Furthermore, this 
trial [17] found no benefit of levothyroxine treatment on preg-
nancy loss, preterm birth, or neonatal outcomes. Nevertheless, it 
is still important to consider whether there is a synergistic effect 
of thyroid autoimmunity with borderline low thyroid dysfunc-
tion and whether results might have been different in the general 
population. Therefore, these trials, although elegant, do not ad-
dress whether universal thyroid screening in pregnancy should be 
undertaken and trials here are still needed.

effects of Iodine Status and nutrition

It has long been established that iodine is essential for thyroid hor-
mone synthesis [18]. Iodine deficiency is also common throughout 
the world with pregnant women and children at greatest risk of de-
ficiency. Iodine deficiency during pregnancy is associated with ma-
ternal goitre due to the imbalance between the intake and increased 
requirements for iodine during gestation and results eventually in 
a reduced circulating maternal thyroxine (T4) concentration. This 
gestational goitrogenesis is preventable by iodine supplementation 
[19], not only in areas of severe iodine deficiency, but also has been 
observed in areas of mild to moderate deficiency [20].

In addition to effects on thyroid growth, iodine deficiency is also 
associated with adverse obstetric outcomes including fetal loss, pro-
found intellectual disability (cretinism), and goitre. The effects of 
iodine deficiency are most profound in areas of severe deficiency, 
but mild to moderate iodine deficiency may have adverse conse-
quences at the population level. Even mild to moderate iodine 
deficiency in pregnant women is associated with adverse ma-
ternal effects including goitre [21] and lower IQ in offspring [22]. 
Although a recent trial did not show benefit of iodine supplemen-
tation on child neurocognition during pregnancy in areas of mild 
iodine deficiency [23] further studies are required, especially in 
areas of moderate iodine deficiency.

However, assessment of iodine status, particularly at the indi-
vidual level is challenging and at present median urinary iodine 
concentration is used to determine the iodine status of a popula-
tion. Alternative methods for assessing iodine status such as thyro-
globulin levels are also being evaluated. Often there is an increase 
in urinary iodine in the first trimester compared to non- pregnant 
women, but where the population has a high median iodine con-
centration this difference may not occur. Urinary iodine excretion 
in pregnancy is maximal in the first trimester followed by a decline 
in the second and third trimesters.

The recommended daily iodine intake in pregnancy has been 
increased to 250  mcg/ day which implies a urinary iodine excre-
tion of 150– 250 mcg/ day as being adequate [24, 25] (Table 9.1.2). 
However, despite decades of advocacy, this is not always achieved 
even in developed parts of the world.

Iodine supplementation is essential to provide iodine suffi-
ciency. This is usually undertaken using iodized salt. This vehicle 
has been chosen as salt is regularly added to meals during cooking 
and is used in staple foods such as bread and commercial ready 
meals. Universal salt iodization has been shown to be extremely 
effective in reducing iodine deficiency. In keeping with other food 
fortification initiatives, universal salt iodization programs require 
national legislation as regional or voluntary programs usually fail 
to succeed. In the last 30 years, there has been mandatory salt iod-
ization in many countries particularly in the developing world. 
Iodine fortification of all food- grade salt is now mandated in ~120 
countries [26]. While effective iodine supplementation can in-
crease the risk of thyrotoxicosis in older individuals and thyroid 
autoimmunity in younger people, however, this is far less than the 
benefits of ensuring iodine sufficiency in pregnant women and 
children [18].

Screening for Thyroid Dysfunction in Pregnancy

Whether or not to initiate universal thyroid screening is a key de-
bate in thyroidology [3] . Thyroid disorders represent a key easily 
modifiable risk factor for adverse maternal and offspring outcomes 
[1] and are common in women of childbearing age [27]. These fac-
tors have raised the possibility that universal thyroid screening may 
be desirable in pregnancy [28]. Some countries including Spain 
China and Poland are undertaking universal screening although the 
latest American Thyroid Association guidance discusses screening, 
but makes no decision for or against universal screening [6]. It is 
however accepted that targeted screening should be performed in 
those women at high risk for thyroid disease [6, 29] (Box 9.1.1).

Table 9.1.2 Iodine status in pregnancy by urine iodine 
concentration

Median urinary iodine 
concentration (mcg/ L)

Iodine status

Pregnant women

<150 Insufficient iodine status

150– 249 Satisfactory iodine status

250– 499 Above required intake

≥500 Excessive iodine status
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However, this targeted approach would miss approximately one 
third of women with significant thyroid dysfunction [30]. This ap-
proach has been further called into question as universal thyroid 
screening is pregnancy appears to very cost- effective; screening solely 
for overt hypothyroidism also had a cost- effectiveness ratio of $6776/ 
QALY (quality adjusted life- year) [31] which is favourable compared 
to gestational diabetes mellitus screening ($12  078/ QALY) and is 
well below the $50 000/ QALY figure used in the United States as a 
criterion for screening decisions. This work also indicated universal 
screening appears to be more cost- effective than targeted screening.

Universal screening for thyroid dysfunction in pregnancy also 
meets the majority of the essential ten criteria for screening as re-
commended by Wilson and Junger [32]. Even if only overt thyroid 
disease is considered, it is still an important health problem (criteria 
1). It is a common problem in pregnancy, overt hypothyroidism 
occurs in approximately 0.2– 0.6% of pregnancies [33,  34] while 
overt hyperthyroidism, occurs with a frequency of about 0.2% [2] . 
Subclinical hypothyroidism occurs in 2– 3% of pregnancies [1,  6] 
and isolated hypothyroxinaemia, may vary between 1% and 10% 
in iodine- replete populations [35] depending on the cut- off for the 
reference ranges used

Treatments for thyroid dysfunction are well established and ac-
ceptable to patients (criteria 2) with facilities for diagnosis readily 
available (criteria 3). In particular, levothyroxine is a safe treatment 
for hypothyroidism and we have over 50 years’ experience with it 
[36]. The diagnosis of thyroid disease and treatment provision can 
also be easily be managed in outpatient clinics. Thyroid disease, par-
ticularly hypothyroidism, is frequently asymptomatic (criteria 4). In 
particular, subclinical hypothyroidism may represent an early dis-
ease state of hypothyroidism. In pregnancy, about 25% of women 
with subclinical hypothyroidism will have persistent TSH elevation 
following delivery [37].

Thyroid function testing relies on a simple blood test which is 
both suitable and acceptable (criteria 5 and 6) and these simple non- 
invasive tests are relatively inexpensive and available in modern 
laboratories. These blood tests can also be readily incorporated 
into routine blood tests which need to be done in early pregnancy. 
However, although pre- pregnancy screening would be likely to give 
the best outcomes, this is usually not practical. The natural history 
of thyroid disease is well understood (criteria 7)  it is also cost ef-
fective (see earlier) (criteria 9) and the nature of screening in preg-
nancy means it will be a continuing process (criteria 10). Taken 
together these factors make a compelling case for universal thyroid 
in screening in pregnancy.

Only criteria 8, ‘there should be an agreed policy on whom to 
treat as patients’, is not satisfied. Whilst all relevant endocrine and 
obstetric societal guidelines endorse treatment of overt thyroid dis-
ease, it is the management of subclinical hypothyroidism and iso-
lated hypothyroxinaemia which is less clear. It is also likely that 
there is an interaction with thyroid autoimmunity. Here the ATA 
guidance [6]  is helpful which recommends to consider treatment 
with levothyroxine at TSH levels 4.0– 10 mU/ L if antibody nega-
tive and consider treatment at TSH levels 2.5– 4 mU/ L if antibody 
positive. Clinicians should definitely treat if TSH > 4.0 mU/ L and 
antibody positive or TSH >10 mU/ L [6] this provides much needed 
flexibility for clinicians although guidance is generally less clear.

An additional concern is that treatment with levothyroxine may 
not be free from consequences although widely regarded to be safe. 
Data from the Generation- R project [9]  did show an inverse U shape 
with maternal fT4 levels and offspring IQ. Thus, overtreatment 
may result in negating the benefits of supplementation with 
levothyroxine with the potential for a deleterious effect on offspring 
IQ. Preliminary data from the CATS II study also showed adverse 
outcomes in women who were over- treated with levothyroxine on 
offspring behaviour. While observational data [38] identified that 
SCH during pregnancy is associated with multiple adverse ma-
ternal and neonatal outcomes, the value of levothyroxine therapy 
in preventing these adverse outcomes remains uncertain. It is also 
worth highlighting that current management of thyroid hormone 
replacement in women established on levothyroxine prior to preg-
nancy is suboptimal with poorer control associated with increased 
odds of fetal loss [39].

The ultimate aim of screening for maternal thyroid disease in 
pregnancy is to optimize feto- maternal outcomes. Thus, thera-
peutic intervention when indicated should be implemented as early 
as possible in the course of fetal development. This will still need 
addressing with trials of universal screening and treating for low 
thyroid function in early (<10 weeks) gestation with key obstetric 
outcomes such as fetal loss, birthweight and gestational age evalu-
ated as short term outcomes and with longer follow- up required for 
childhood neurological development outcomes. Until clearer evi-
dence of benefit from treating marginal thyroid dysfunction is avail-
able from further randomized controlled trials in early pregnancy 
this controversy will continue.

A pragmatic approach may be to measure TSH and then reflex 
FT4 and TPOAb if TSH is outside of the relevant reference range. 
This will be challenging, but can with careful planning can be in-
tegrated into routine community health services. Preconception 
health examinations including thyroid hormone measurement 
have been managed successfully in rural parts of China [40]. A re-
cent analysis of 184 611 pregnant participants in this programme 
has demonstrated an association between higher preconception 
TSH concentrations and risks of miscarriages and pre- term loss, 
highlighting key opportunities exist for modifying pregnancy out-
comes with effective and timely preconception care [41].

A number of practical considerations will also need to be ad-
dressed before a universal thyroid screening program could be con-
sidered. There is a clear need for population specific and gestational 
age specific reference ranges in addition to a consensus regarding 
treatment thresholds and treatment targets. Furthermore, there will 
need to be enhancement in the skills in interpreting thyroid func-
tion tests in pregnancy by both endocrinologists and obstetricians.

Box 9.1.1 Women at high risk of thyroid disease 
during pregnancy

 • Women with a history of thyroid disease (including hyperthyroidism, 
hypothyroidism, and post- partum thyroiditis) or thyroid surgery

 • Women with a goitre
 • Women with symptoms or signs suggestive of hypothyroidism or 

hyperthyroidism
 • Women with a family history of thyroid disease
 • Women known to be positive for thyroid antibodies
 • Women with type 1 diabetes or other autoimmune disorders
 • Women with a history of infertility, miscarriage, or preterm delivery
 • Women with a history of head or neck irradiation
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Introduction

Thyroid disorders are frequent in women of reproductive age, as 
shown in a recent survey in Spain in an area without iodine defi-
ciency. Here, the prevalence of subclinical hypothyroidism (SCH) 
was 4– 6%, hyperthyroidism 1% and thyroid autoimmunity (TAI) 
10% [1] . Furthermore, the prevalence of TAI seems to be higher in 
women with particular causes of infertility such as polycystic ovary 
syndrome (PCOS) and idiopathic infertility compared to that in fer-
tile women or with other causes of infertility [2]. Severe thyroid dys-
function may lead to irregular periods and infertility through direct 
and indirect interactions with the reproductive system. Although 
restoring normal thyroid function often results in a regular men-
strual pattern and/ or a normalized reproductive hormonal profile, 
it is not always followed by pregnancy. Indeed, in case of male in-
fertility, endometriosis, tubal obstruction or PCOS, surgery and/ 
or assisted reproductive technology (ART) may be necessary. Prior 
to the in- vitro part of ART treatment, an ovarian stimulation pro-
cedure (OH) is necessary. The latter is characterized by high oestra-
diol (E2) levels, adding additional strain on the thyroid gland during 
pregnancy. Especially in women with TAI this may be a supplemen-
tary reason to optimize thyroid function before pregnancy in order 
to obtain good quality embryos, and to avoid the progression from 
subclinical to overt hypothyroidism during pregnancy [3].

Before pregnancy, hypothyroid patients treated with levothyroxine 
(LT4) are advised to have a serum TSH level of less than 2.5 mIU/ L, 
both in the case of assisted and spontaneous pregnancies. Women 

with Graves’ disease desiring pregnancy should be advised of the 
increased risk of maternal and fetal complications as well as of pos-
sible side effects associated with antithyroid drugs (ATD). If neces-
sary, contraception must be proposed and pregnancy postponed 
until euthyroidism is reached and confirmed [3] .

With the exception of women planning ART or those known to 
have TAI, at present there are no recommendations regarding uni-
versal screening for thyroid function in the preconception phase. 
However, many physicians determine thyroid function param-
eters and antibody levels in general check- ups before pregnancy 
(sometimes upon request of the women/ couple). Against this back-
ground, recommendations on how to manage fortuitous findings 
are useful [3, 4].

Thyroid (Dys)function and Female (In)fertility

Interaction Between Thyroid and Gonadal Function

The prevalence of hypothyroidism in women of reproductive age 
varies between 0.2% and 0.4% and is predominantly related to TAI 
[1, 2]. Moreover, the prevalence of TAI seems to be elevated in young 
women facing fertility problems, with thyroglobulin autoantibodies 
(Tg- abs) and thyroid peroxidase autoantibodies (TPO- abs) being re-
ported in up to 25% of women affected by recurrent miscarriages 
[5, 6]. Thyroid hormones (TH) may influence fertility aspects in a 
direct or indirect manner. TSH and its receptor, as well as thyroid 
hormone receptors (TR- α1 and TR- β1) have been located in ovarian 
surface epithelium and in oocytes of primordial, primary, and sec-
ondary follicles. Therefore, they appear to play a role in the regula-
tion of ovarian function [7] . Indirect mechanisms linking thyroid 
hormone to fertility issues may involve altering gonadotropin re-
leasing hormone (GnRH) and prolactin secretion as well as changes 
in sex hormone binding globulin (SHBG) levels and coagulation 
factors [2]. Since TH influence the hormonal environment of the 
ovarian follicle and are essential in the signalling during implant-
ation and early pregnancy, (mild) thyroid failure is plausible cause 
of infertility.
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Thyroid Dysfunction and Reproduction

Subclinical and Overt Hyperthyroidism

Due to limited data the precise impact of hyperthyroidism on fer-
tility is not well established.

However, in overtly hyperthyroid women, menstrual irregular-
ities haven been reported in up to 65% compared to 17 % in healthy 
controls [8] . More recent reports have pointed towards a lower 
prevalence of menstrual abnormalities of about 22% compared to 
8 % in healthy controls [2]. In hyperthyroidism, the most common 
abnormality was hypomenorrhea followed by polymenorrhagia, 
oligomenorrhea and hypermenorrhoea. Nevertheless, despite 
thyrotoxicosis being linked to reduced fertility, studies including 
endometrial biopsies have demonstrated that most hyperthyroid 
women seem to remain ovulatory [9].

Subclinical and overt Hypothyroidism

There are inconsistent reports on the association between SCH and 
infertility, largely caused by different cut- offs used in various studies 
to define the condition. In general, despite a slight increase in the 
mean TSH concentration in infertile women, the incidence of SCH 
is comparable to that in the general population [5, 10]. Among these 
women affected by infertility, TSH levels were highest in those with 
ovulatory dysfunction.

As for hyperthyroidism, limited data are available on the preva-
lence of infertility in women with overt hypothyroidism. Nonetheless, 
some evidence suggests an association of overt hypothyroidism and 
an increased risk of infertility. Indeed, hypothyroidism may lead to a 
number of menstrual disturbances in women of fertile age. There may 
be changes in cycle length as well as the volume of menstrual bleeding 
secondary to breakthrough bleeding following anovulation and/ or 
disturbances in haemostatic factors. The prevalence of menstrual ab-
normalities (especially oligomenorrhea) has been reported in 25– 60% 
of hypothyroid women compared to 10% in euthyroid women [2] .

Thyroid Autoimmunity

The prevalence of TAI varies considerably with ethnicity but is gen-
erally estimated around 10% [1,  11]. A  higher prevalence of TAI 
has been reported in women affected by fertility problems [2,  5]. 
The underlying causal mechanisms that may account for any pos-
sible negative impact of TAI on fertility also remain unclear. On 
the one hand it has been proposed that the presence of TAI re-
flects a general immune imbalance possibly leading to implant-
ation failure. Another explanation could be that thyroid antibodies 
are directly causative whereby the presence of thyroid antibodies 
could have an unfavourable effect on oocyte and embryo quality. 
Indeed, it has been hypothesized that thyroid antibodies may pass 
the ‘follicle- blood’ barrier during maturation of a secondary follicle. 
Cytotoxicity of these antibodies could then damage the maturing 
oocyte and eventually reduce oocyte quality and fertilization poten-
tial [12]. On the other hand, a positive TAI status increases the risk 
of developing (subclinical) hypothyroidism. Women with TAI are 
at increased risk of developing (sub)clinical hypothyroidism after 
ovarian hyperstimulation and during pregnancy [1, 2, 11].

General considerations Relating to Fertility 

Infertility is defined as the inability to conceive by a sexually active, 
couple not using contraception over a 12- month period for women 

<35 years and after 6 months for women >35 years. Infertility is a 
common condition and about 10– 15% of all couples will experi-
ence difficulties to conceive (primary infertility) or to conceive 
the number of children they want (secondary infertility) [10, 13]. 
Subfertility is sometimes distinguished from infertility, where the 
latter is a synonym of sterility, defined as the absolute inability to 
conceive (absence of sperm, premature menopause, or complete 
tubal obstruction). According to the World Health Organization 
(WHO) task force on diagnosis and treatment of infertility, medical 
conditions contributing to infertility in developed countries were as-
sociated with female related infertility in 37 %, male infertility in 8% 
and both male and female infertility in 35% of the cases. Here, the 
most frequent causes of female infertility were: ovulatory disorders 
(25%), endometriosis (15%), pelvic adhesions (12%), tubal blockage 
(11%), other tubal abnormalities (11%), and hyperprolactinemia 
(7%) [13].

Infertility causes Associated with Thyroid Disorders

In the case of idiopathic infertility, a higher prevalence of TAI 
has been reported when compared with fertile women [14,  15]. 
Additionally, an increased prevalence of TAI in women with poly-
cystic ovary syndrome (PCOS) has been described. Possible under-
lying mechanisms may be polymorphisms of the PCOS- related 
gene for fibrillin 3 influencing the activity of TGF- β, a key regulator 
of immune tolerance. Together with lower TGF- β, low vitamin D 
levels and the high oestrogen- to- progesterone ratio these factors 
may contribute to autoimmunity [2,  16]. There are inconsistent 
reports with respect to women with endometriosis (by some con-
sidered as an autoimmune disease as such) having an increased 
prevalence of TAI, although this is not confirmed in other studies 
[5, 17].

Thyroid Disorders and Assisted Reproduction

Assisted Reproductive Technology (ART)/ ovarian 
Hyperstimulation (oH)

Once thyroid function is normal(ized) and lifestyle modifica-
tions and fertility counselling have not resulted in pregnancy, 
ART treatment can be proposed. Based on the fertility work up, 
different treatment strategies can be put forward. A first line treat-
ment is intrauterine insemination (IUI), often used in couples 
with unexplained subfertility, cervical factor subfertility and 
male subfertility. If not successful, in vitro fertilization (IVF) or 
intracytoplasmic sperm injection (ICSI) represents alternatives, 
especially in cases of male infertility. IUI is sometimes preceded 
by a stimulation procedure with oral clomiphene citrate (an 
antioestrogenic drug), or injections of gonadotrophins in order 
to optimize egg maturation and ovulation prediction. IVF/ ICSI 
is always preceded by an intense two- step hormonal treatment. 
In a first step the natural cycle is suppressed to prevent premature 
luteinization. To achieve this, two different protocols can be used 
either with prolonged administration of gonadotropin- releasing 
hormone (GnRH) agonists (analogues) desensitizing the pituitary 
gland, or GnRH antagonists instantly blocking the pituitary gland. 
In a second step, OH takes place with hormones that mimic effects 
of FSH (and LH). Gonadotropin preparations (human menopausal 
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gonadotropin (hMG) or recombinant FSH trigger the develop-
ment of several follicles simultaneously, and the administration is 
done under hormonal and ultrasound control, to avoid overstimu-
lation.  Finally, the ovulation is triggered with a hCG- injection 
[18]. During natural cycles, E2 levels rise up to 121 pg/ ml in the 
periovulatory phase (compared with 55 pg/ ml in the early follicular 
phase). This, however, does not usually lead to changes in serum 
TSH levels [19]. Likewise, treatment with clomiphene citrate (CC) 
leads to increases of E2 levels of up to 1200 pg/ ml, without impact 
on thyroid function [20]. After OH with gonadotropins however, 
E2 levels increase to supraphysiologic levels of 2700 pg/ ml usually 
only seen in the late second or third trimester of pregnancy. These 
high E2 levels may lead to a strain on the thyroid gland through 
several mechanisms. First, by an E2- mediated increase in thyroxin- 
binding globulin (TBG) causing a drop in free thyroxine (fT4) con-
centration. Second, by a direct central action of E2 on the release of 
thyrotropin- releasing hormone (TRH). A third mechanism maybe 
an E2- related immunomodulation favouring the occurrence of 
TAI. Finally, recombinant FSH may act directly as one of the trig-
gers responsible for the serum TSH increase [21].

The impact of OH on thyroid function may be diverse, ran-
ging from no impact to an isolated increase in serum TSH or even 
to decreased serum fT4 levels [3,  21]. This variability can be ex-
plained by the type of the pituitary downregulating drugs (GnRH 
agonists versus antagonists) used, different stimulation protocols 
implemented, the duration of TSH measurement follow- up after 
OH, and whether or not the presence of TAI was determined. 
Significantly increased serum TSH levels are more commonly de-
scribed in women treated with GnRH antagonists compared to 
women treated with GnRH agonists. Overall, TSH values were >4 
mIU/ L in 41% of the women, of whom 89% were treated with an 
antagonist and 11% with an agonist. Increased TSH levels were 
independent from E2 levels and may be due to the presence of 
GnRH- receptors in thyrotrope cells of the adenohypophysis [22]. 
Although based on limited evidence, the latest guidelines propose 
to consider a serum TSH target of <2.5 mIU/ L in the case of TAI 
positivity and/ or in women already being treated with LT4 prior to 
OH / ART [3] . When TAI is present, thyroid function adaptation 
to OH is attenuated compared with that in women without TAI. 
Changes in thyroid function usually last until the first trimester 
of pregnancy, compared to an only temporary impact of several 
weeks in women without TAI [23].

A common complication of OH is the ovarian hyperstimulation 
syndrome (OHSS) which occurs in 20– 30% of ART cycles. It is char-
acterized by very high E2 levels (>5000 pg/ ml) and has been associ-
ated with the development of severe hypothyroidism in TAI positive 
women [24,  25]. Women with hypothyroidism treated with LT4 
(for pre- existing hypothyroidism) should increase their dosage be-
fore OH to anticipate the increased demands. Indeed, in a study by 
Busnelli et al., the authors showed that 80% of hypothyroid women 
pregnant after OH and with TAI had to increase their dosage of LT4, 
within the first 7 weeks of pregnancy compared to 40% in those 
without TAI [26]. The degree of increase in serum TSH after OH 
during early pregnancy also depends on the prestimulation TSH 
level [27]. Another explanation for the different results relating to 
the impact of OH on thyroid function is the follow- up period after 
OH, as changes in TSH usually take at least 2 weeks to occur [28]. 

Therefore, it is recommended to determine thyroid function before 
and 1– 2 weeks after OH [3] .

Pregnancy outcome Data

At present, the exact impact of preconceptional thyroid (dys)func-
tion and/ or TAI on outcomes after ART is still subject of debate. 
In general, there seems to be no difference in terms of implant-
ation, pregnancy, and delivery rates between women with precon-
ception serum TSH levels between 2.5– 5.0 mIU/ L and <2.5 mIU/ 
L [2, 10]. Little evidence exists on pregnancy outcomes in women 
with a preconception TSH level >4.0 mIU/ L and without TAI [29]. 
More coherent study results are available on the impact of TAI, 
showing similar implantation rates, but more first trimester mis-
carriages compared with women without TAI [2, 3, 14]. A cause- 
effect relationship remains to be proven, and therefore, several 
hypotheses might explain this finding of which the most important 
ones are the higher mean ages in women with TAI, the higher 
risk to develop SCH during pregnancy, the higher prevalence of 
concomitant antibodies (e.g. anticardiolipin), the presence of im-
paired immune mechanisms (e.g. in the Treg cells), and an attenu-
ated TSH response to high hCG levels during the first trimester of 
pregnancy [2, 30– 32]. Finally, the concomitant presence of both a 
higher serum TSH and TAI seems to lead to lower live birth rates 
compared with the presence of either factor alone [33]. In a re-
cent meta- analysis, including infertile women with and without 
TAI that were treated only with ICSI and did not receive LT4, 
miscarriage rates were comparable between both study groups. 
The systematic use of ICSI in case of TAI may therefore become 
a standard/ additional treatment if these findings are confirmed in 
future studies [34].

evidence and Recommendations on the Treatment 
of Thyroid Disorders Before ART

In a meta- analysis in TPO- ab positive women (in a large majority 
with a serum TSH >4.0 mIU/ L) and undergoing ART, the effects 
of pre- ART LT4 treatment showed that it did not ameliorate clin-
ical pregnancy rates, but increased live birth rates (RR 2.76) [35]. 
Evidence relating to the impact of LT4 therapy in euthyroid women 
with TPO- abs is limited to two retrospective and one prospective 
study [36]. In none of them, LT4 treatment improved pregnancy 
outcomes, but several criticisms to these studies are summarized in 
a recent paper [37]. One of the weak points in these studies is that 
the diagnosis of TAI is based often on the presence of TPO- abs only 
[34,  37]. However, positivity for Tg- abs alone was more frequent 
in infertile women compared with that of TPO- abs. The presence 
of Tg abs was associated with higher serum TSH levels and with 
higher miscarriage rates [38, 39]. Therefore, not testing for Tg- abs 
may lead to misdiagnosis of AIT, resulting in misinterpretation of 
findings and mismanagement of women before and during preg-
nancy [3, 40].

Insufficient evidence exists thus to determine whether LT4 
therapy improves pregnancy outcomes following ART in euthyroid 
women with TPO- abs (TSH <4.0 mIU/ L). However, administration 
of 25– 50 mcg of LT4 may be considered given its potential benefits 
in comparison to its minimal risk, and the prevention to progressing 
to hypothyroidism once pregnancy is achieved. Alternatively, a ‘wait 
and see’ option may be preferred, and LT4 treatment can be started 
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when TSH >4 mIU/  L after OH or during early pregnancy [3, 10]. 
Women with SCH (typically TSH >4.0 mIU/ L or above the upper 
limit of the local reference range) and overt hypothyroidism under-
going an ART treatment should be treated with LT4, and aiming a 
TSH level <2.5 mU/ L before starting an OH procedure.

In women who achieve pregnancy following OH, TSH elevations 
should be treated according to the recommendations for pregnant 
women, and when no pregnancy is achieved, but mild TSH eleva-
tions were present, serum TSH measurements should be repeated 
after 2– 4  weeks because they will probably normalize, especially 
when no TAI is present [3] .

Of note, guidelines also point out that steroid treatment before 
ART is not beneficial and is not recommended in women with 
TPO- abs [3] .

In Figure 9.2.1, an algorithm is proposed to screen and manage 
women of infertile couples.

Management of Thyroid Disorders Before 
Spontaneous Pregnancy

Hypothyroidism Before Pregnancy

The major physiologic thyroid change during pregnancy is that 
the total body T4 pool must increase by approximately 40– 50% to 
maintain a euthyroid state [2, 3, 30]. In healthy pregnant women, 
placental hCG is the major stimulus of maternal TH production, 

especially during the first trimester of pregnancy. However, in 
women with a history of thyroid disorders (post radioiodine, after 
thyroidectomy and/ or inadequately treated with LT4), serum hCG 
will not stimulate the thyroid enough and (subclinical) hypothy-
roidism might occur during pregnancy. Increased demand in TH 
and/ or LT4 takes place as early as 4– 6 weeks of pregnancy. These 
requirements continue through 16– 20 weeks of pregnancy, to 
stabilize thereafter until delivery. Treated women with hypothy-
roidism should be advised to contact their physician immediately 
upon a confirmed or suspected pregnancy, increase their dose of 
LT4 by 20– 40% (by taking two additional tablets of their weekly 
LT4 dose) and undergo prompt testing and evaluation [41]. In 
case of de- novo overt hypothyroidism, women should receive 
full replacement doses of LT4 (1.6 mcg/ kg/ day). The importance 
and safety of LT4 treatment should be discussed with the patient 
to assure compliance [42]. Since T3 is degraded in the placenta, 
women treated with liothyronine or desiccated thyroid prepar-
ations should be switched to LT4 monotherapy [3,  4]. Because 
most women will be taking antenatal vitamin supplements (con-
taining iron, calcium, and magnesium), they should be advised to 
leave a 4- hour gap between ingesting pregnancy supplements and 
T4 replacement, to avoid LT4 malabsorption. Although based on 
limited evidence, traditionally, it is still recommended that hypo-
thyroid women treated with LT4 should aim for a preconception 
serum TSH levels <2.5 mU/ L, which is also the proposed threshold 
during pregnancy [3, 4, 42].

Figure 9.2.1 Algorithm to screen/ manage thyroid disorders in women of infertile couples.
Reproduced with permission from Poppe K, Autin C, Veltri F, Kleynen P, Grabczan L, Rozenberg S, et al. Thyroid autoimmunity and intracytoplasmic sperm injection 
outcome: a systematic review and meta- analysis. J Clin Endocrinol Metab 2018.
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Hyperthyroidism (Graves’ Disease) Before Pregnancy

Graves’ disease (GD) should be distinguished from gestational 
transient thyrotoxicosis (GTT) which is self- limiting requiring 
supportive treatment only but not antithyroid drugs (ATD) [3] . In 
women with GTT the typical features of GD (raised TSH- receptor 
antibodies (TRAbs), concentration goitre, family history and ex-
ophthalmos) are absent. In women with de- novo GD seeking preg-
nancy, three therapeutic options should be discussed: ATD, surgery 
and radioiodine therapy (RAI). The choice will depend on the pref-
erence of the patient, history of the disease, presence of a goitre, 
presence of high levels of TRAbs, and the timescale in which the 
couple hopes to conceive [43].

With regard to ATD, patients should be informed about the 
increased risk of birth defects associated with the use of ei-
ther propylthiouracil (PTU) such as renal tract and head and 
neck anomalies or methimazole (MMI), including aplasia cutis, 
choanal atresia, trachea- oesophageal fistula, and dysmorphic fa-
cial features [44,  45]. However, the possibility of stopping ATD 
during the critical period of pregnancy (weeks 6– 10) should be 
discussed. Finally, the preference for PTU before and during the 
first trimester of pregnancy, ATD titration (avoiding block- replace 
therapy), and the use of the lowest dose of ATD as possible should 
be highlighted. Concerning RAI therapy, the possible TRAbs in-
crease after RAI therapy which may remain elevated for several 
years and the potentially long latency period before reaching 
euthyroidism should be mentioned [46]. The latter often leads to a 
delay in pregnancy (a minimum of 6 months and possibly longer) 
until a stable euthyroid state has been reached (with or without 
LT4 treatment). A pregnancy test should precede RAI therapy to 
exclude pregnancy. Thyroidectomy, may be indicated in case of 
contraindications/ refusal of the two other therapeutic options, 
in case of relapse of GD and/ or the presence of a large goitre or 
persistence of high maternal TRAbs (>3× upper reference for the 
assay) [43, 47]. After surgery, biochemical euthyroidism together 
with decreasing TRAbs should be confirmed before efforts to con-
ceive commence.

Women already treated with ATD for GD should postpone preg-
nancy until a euthyroid state is reached, which should be verified 
by thyroid function in the normal reference range on two occasions 
over a period of at least 2 months and on stable therapeutic regimen. 
The use of contraception should be discussed, and pregnancy should 
be postponed if TRABs remain high and/ or there is inadequate con-
trol of the hyperthyroidism. According to recent data, MMI should 
be switched to an equivalent PTU dose, at least 3  months before 
pregnancy to decrease the risk of congenital malformations due to 
MMI [45]. Women should be instructed to confirm pregnancy as 
soon as possible and contact their treating physician.

Screening in Daily Practice

There is insufficient evidence to recommend for or against universal 
screening for abnormal thyroid function preconception, with the ex-
ception of women with infertility, planning ART, a history of preg-
nancy loss, preterm delivery, or those known to have raised TPO- abs. 
Furthermore, it is unclear if only screening for thyroid dysfunction is 
recommended [3, 10]. Screening for TPO- abs may be of interest and 
indicated for several reasons. The prevalence of TPO- abs is around 

10– 15% in the general population and may identify women at risk 
for developing hypothyroidism during gestation or after OH, and be 
a predictive marker for the development of post- partum thyroiditis 
[3] . Furthermore, women with PCOS and idiopathic infertility are 
known to have a high prevalence of raised TPO- abs [5]. However, 
despite this rational basis, there are currently no data in terms of 
pregnancy outcomes that support such an approach. Nonetheless 
it is crucial that potential pregnancy wish is discussed with women 
undergoing treatment for hypo-  or hyperthyroidism,
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Introduction

Adequate thyroid hormone (TH) availability is essential for a normal 
pregnancy and fetal development. During early pregnancy, an in-
crease in maternal TH regulates the increased metabolic demand 
associated with pregnancy and ensures TH availability for the fetus 
which predominantly depends on the supply of maternal TH. As a 
consequence, untreated maternal hypothyroidism during pregnancy 

is associated with an increased risk of adverse pregnancy as well as 
child outcomes [1] . Although thyroid function is frequently assessed 
before and during pregnancy, accurate clinical assessment, and inter-
pretation of maternal (and fetal) thyroid function during pregnancy 
is complicated by the maternal- placental- fetal interaction. Given this 
complexity, it remains difficult how and when to evaluate for thy-
roid dysfunction, as well as if and how to treat (mild) thyroid disease 
during pregnancy. This chapter discusses current insights on physi-
ology, diagnosis, risk of adverse outcomes, and treatment options.

Thyroid Physiology

Pregnancy has clear effects on thyroid physiology. The maternal 
supply of TH to the fetus, an increase in thyroxine- binding globulin 
(TBG) concentrations under the influence of high maternal oestro-
gens, an increase in iodine clearance, and the degradation of TH by 
placental type 3 deiodinase (D3) all require increased TH produc-
tion to ensure adequate TH availability for mother and fetus (Figure 
9.3.1) [1] . In normal physiology, this increased demand for TH 
production is mediated by high concentrations of the pregnancy 
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hormone human chorionic gonadotrophin (hCG), a weak agonist 
of the TSH receptor, which stimulates the thyroid and thereby in-
creases TH production (Figure 9.3.1) [2]. These pregnancy- specific 
changes and increased demand may expose pre- existing mild thy-
roid dysfunction. We further highlight the role of major gesta-
tional thyroid physiology concepts including iodine and thyroid 
autoimmunity next.

Iodine is an essential trace element that is a major component of 
TH and essential for its production. During pregnancy, an increase 
in demand for TH and an increase in renal iodine excretion necessi-
tates a higher iodine intake to maintain adequate iodine availability. 
Severe maternal iodine deficiency leads to overt hypothyroidism, 
goitre, and offspring mental retardation (i.e. cretinism) [3] . Because 
of the crucial role of iodine and thyroid hormone in brain develop-
ment, the World Health Organization recognizes iodine deficiency 
as ‘the single most important preventable cause of brain damage’. 
The consequences of severe iodine deficiency are well established 
and include hypothyroidism, goitre, and child cretinism.

While prevention programs have eradicated severe iodine de-
ficiency in most countries, many pregnant women still reside on 
areas of mild to moderate iodine deficiency (i.e. pregnant women 
in approximately 30% of all European countries still have sub-
optimal iodine status [4– 7]). The effects of mild- to- moderate ma-
ternal iodine deficiency during pregnancy are less clear. Studies 
on thyroid function and iodine status have predominantly shown 
that a low iodine status is associated with a lower thyroid function 
and mild- to- moderate maternal iodine deficiency seems to impair 
neurocognitive function of children in some but not all studies. 
Although some international guidelines recommend the use of 
iodine supplements, such treatment decisions can only be made in 
light of local iodine status. Moreover, because the thyroid can store 
up to 3 months’ worth of iodine, iodine status optimization should 
preferably be achieved before pregnancy. In line with this, a recent 
study showed that pre- pregnancy iodine deficiency is associated 
with a roughly 7- point lower child IQ [4] . Notably, also too much 
iodine intake is associated with lower thyroid function [5]; however, 
the effects of excessive iodine on offspring neurocognitive develop-
ment remain largely unknown.

Thyroid hormone is crucial for normal fetal brain development 
because it regulates migration, proliferation, and differentiation 
of fetal neuronal cells, as well as synaptogenesis and myelination. 
In human fetuses, early neurogenesis starts from approximately 5 
weeks post- conception and thyroid hormone receptors have been 
detected in the fetal brain from as early as 8 weeks gestation. Because 
the fetal thyroid gland is not functionally mature before week 18– 20 
of pregnancy, the fetus largely depends on the supply of maternal 
thyroxine during the early stages of intrauterine brain development. 
Also later in pregnancy, maternal thyroxine still contributes to fetal 
TH availability (Figure 9.3.1).

Thyroid autoimmunity, generally reflected by thyroperoxidase 
antibody (TPOAb) positivity, is the most important risk factor for 
thyroid dysfunction during pregnancy. During pregnancy, TPOAb 
positivity occurs in 5.6% to 22.1% of all women and is consistently 
associated with a higher risk of pregnancy complications such as 
miscarriage and premature delivery in different studies [6] . Another 
marker of thyroid autoimmunity, thyroglobulin antibody (TgAb) 
positivity, can occur independent of the presence of TPOAbs [7]. 
However, studies on isolated TGAb positivity and clinical outcomes 

are sparse. The pathophysiological mechanism through which thy-
roid autoimmunity is associated with a higher risk of adverse out-
comes remains to be elucidated. Recent studies from our group have 
shown that the thyroidal response to hCG stimulation is severely 
impaired in TPOAb positive women (Figure 9.3.2). In addition, 
we showed that particularly those TPOAb positive women that had 
a low fT4 despite a high hCG (i.e. an impaired thyroid functional 
capacity) had a higher risk of premature delivery suggesting that 
TPOAb positivity results in adverse pregnancy outcomes via alter-
ations in gestational thyroid function (also see section on thyroid 
autoimmunity, later on).

Diagnosis of Thyroid Disease

The major changes in thyroid physiology just described necessitate 
the use of pregnancy- specific reference ranges to diagnose gesta-
tional thyroid disease entities. Although many centres in the past 
used a fixed upper limit for TSH of 2.5 mU/ L in the first trimester 
and 3.0 mU/ L in the second or third trimester, data from the last 
ten years have shown that these cut- offs are too low and may cause 
considerable overdiagnosis [8] . Therefore, a stepwise approach 
should be used to define the best possible reference range for each 
specific institution. Lab- specific TSH and fT4 reference ranges are 
considered the gold standard and, when available, are the reference 
range of choice within a hospital infrastructure. A lab- specific refer-
ence range for TSH and fT4 can be calculated as the 2.5th to 97.5th 
percentiles for a group of at least 400 women that are free of thy-
roid function interfering factors (major disease, TPOAb positivity, 
thyroid (interfering) drug use, higher physiological hCG (e.g. twin 
pregnancies and/ or IVF treatment)) [8]. If it is not possible to obtain 
local lab- specific reference ranges, lab- specific reference ranges can 
be adopted from a centre that uses the same assay and has a pa-
tient population with similar ethnic background and iodine status. 
Finally, if appropriate reference ranges cannot be obtained via either 
of the previous steps, a fixed upper limit for TSH of 4.0 mU/ L could 
be used. Notably, these recommendations are predominantly rele-
vant for thyroid function tests obtained during the first trimester 
(from 6 weeks onwards) or second trimester. Data on the third tri-
mester remain sparse.

To be able to distinguish between overt and subclinical thy-
roid disease, which has direct clinical consequences, measure-
ment of fT4 is required. With current knowledge, it is however 
not possible to identify an evidence- based fixed lower limit for 
fT4 because published reference ranges differ widely and are 
very assay- specific. Therefore, the lower range for fT4 is best de-
fined using a lab- specific or ‘adopted’ reference range approach. 
Commonly used fT4 immunoassays have been reported to be less 
accurate due to a shift in TH binding proteins during pregnancy 
[9– 12]. This shift mostly affects fT4 measurements during the 
third trimester and therefore is not likely to be relevant for the 
majority of thyroid function tests, which typically are taken in 
the first half of pregnancy. Furthermore, the correlation of fT4 
concentrations between assays is very high, which means that 
every assay can be used to adequately identify women with an 
abnormal fT4 if pregnancy- specific and assay- specific reference 
ranges are used [13]. Previously, it was suggested that total T4 
concentrations may be used to assess thyroid dysfunction during 
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pregnancy by raising the lower limit of the non- pregnancy refer-
ence range to 150% [11]. However, total T4 is only a very crude 
estimate of the fraction of available TH because >99% of total T4 
is bound to TH binding proteins. This makes total T4 concentra-
tions highly dependent on changes in TBG [14, 15]. Furthermore, 
because early pregnancy total T4 concentrations are not associ-
ated with adverse pregnancy or child outcomes [15, 16] fT4 seems 
a more clinically relevant measurement of thyroid function [15].

The identification of women with gestational thyroid dis-
ease is complicated by the fact that classical clinical symptoms 
of hypo-  and hyperthyroidism may also occur during normal 
pregnancy. Moreover, the majority of women with biochemical 
thyroid dysfunction, particularly subclinical forms, are asymp-
tomatic [17]. Studies show that clinical characteristics such as 
maternal obesity, smoking, ethnicity, and gestational age at pres-
entation are associated with the risk of gestational thyroid dis-
ease. However, these clinical characteristics altogether do not 
accurately predict the risk of thyroid dysfunction in the general 
population [18].

Screening for thyroid disease during pregnancy has been a topic 
of debate. On one hand, universal screening would identify a small 
group of women that would certainly benefit from treatment, e.g. 

overt hypothyroidism [prevalence ~0.3%] or Graves’ disease [preva-
lence ~0.05%] (see section on overt thyroid disease). However, it 
remains unknown how many (asymptomatic) women with such 
disease are currently missed. In addition, screening can also iden-
tify women for which there is some evidence that treatment may be 
beneficial based on small randomized controlled trials, e.g. TPOAb 
positive women with a TSH above 4.0 mU/ L [prevalence ~1.1%] 
(see part on thyroid antibodies) [19, 20]. On the other hand, there 
is no good evidence that treatment has beneficial effects for the ma-
jority of women that have an abnormal screening result (subclinical 
hypothyroidism [~3.5%], hypothyroxinaemia [~2.3%], subclinical 
hyperthyroidism [~2.5%] or overt hyperthyroidism [~1.5%]) (see 
respective subheadings as follows) which may lead to overtreatment 
in a substantial proportion of women. Experts agree that targeted 
screening for thyroid disease during pregnancy seems warranted 
for women at a high- risk of adverse pregnancy outcomes (for ex-
ample women with a history of gestational thyroid disease, those 
with repeated miscarriages or adverse pregnancy outcomes such as 
pre- eclampsia or preterm delivery). However, the decision to uni-
versally screen for thyroid disease during pregnancy currently re-
mains at the discretion of the physician’s interpretation of current 
evidence.
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Hypothyroidism

overt Hypothyroidism

Overt maternal hypothyroidism (elevated TSH with low fT4) during 
pregnancy occurs in roughly 0.2 to 0.6% of pregnant women [1, 
8, 21]. It has consistently been associated with a higher risk of ad-
verse pregnancy complications including premature delivery, low 
birth weight, miscarriage, pre- eclampsia [22], as well as negative 
effects on fetal neurodevelopmental outcomes [23]. A  large case– 
control study demonstrated a seven- point lower child IQ in chil-
dren born to untreated hypothyroid women compared to euthyroid 
controls, as well as a delay in motor skill development, language de-
velopment and attention at 7– 9 years of age [23].

Subclinical Hypothyroidism

Subclinical maternal hypothyroidism (elevated TSH with normal 
fT4) is much more prevalent than overt hypothyroidism, occurring 
in roughly 3.5% of all pregnancies. While some studies have reported 
prevalences up to 18%, it has become apparent that such numbers 
represent an overestimation due to the use of an inappropriate TSH 
cut- off (see section on reference ranges). Autoimmune thyroid dis-
ease is the main risk factor for subclinical hypothyroidism, and 
TPOAb positivity occurs in roughly one third of pregnant women 
with subclinical hypothyroidism [24]. Multiple studies have dem-
onstrated the negative consequences of maternal subclinical hypo-
thyroidism on pregnancy outcomes, as it has been associated with 
a higher risk of pregnancy loss, placental abruption, premature 
delivery, and neonatal death [25– 27]. Although the risks of these 
adverse outcomes are generally much lower than in overt disease, 
the high prevalence makes it a relevant public health issue. In con-
trast to its association with various adverse pregnancy outcomes, 
there is virtually no evidence that subclinical hypothyroidism is as-
sociated with adverse neurobehavioral outcomes in the offspring. 
Recent studies have shown that particularly the combination of sub-
clinical hypothyroidism with TPOAb positivity is associated with 
a higher risk of adverse outcomes such as miscarriage, gestational 
diabetes and premature delivery, and that this higher risk is also 
present when TSH concentrations are in the high- normal range (i.e. 
for TPOAb positive women with TSH >2.5 mU/ L) [28– 31].

Hypothyroxinaemia

Hypothyroxinaemia (low fT4 with normal TSH) has been associ-
ated with adverse neurobehavioral outcomes in the offspring in 
multiple studies from different cohorts [30, 32– 34].

Initially, hypothyroxinaemia was considered as a pregnancy- 
specific disease entity that reflects a state of mild iodine deficiency. 
However, as hypothyroxinaemia also occurs in iodine sufficient 
areas and since (f)T4 concentrations typically do not increase 
following iodine supplementation, it is likely that a much more 
multifactorial and pregnancy- specific pathophysiology underlies 
hypothyroxinaemia.

While subclinical hypothyroidism is associated with various 
adverse pregnancy outcomes, hypothyroxinaemia has pre-
dominantly been associated with adverse neurobehavioral 
outcomes in the offspring [30, 32,  34]. In 3659 mother– child 
pairs from a prospective birth cohort, hypothyroxinaemia was 
associated with a 1.8- fold increased risk of expressive language 

delay at both 18 and 30 months and a 2- fold increased risk of 
non- verbal cognitive delay [35]. Follow- up data subsequently 
revealed that maternal hypothyroxinaemia was associated with 
a 4.3 point lower non- verbal IQ at 6  years of age [36]. When 
various fT4 cut- offs were assessed, low maternal fT4 up to the 
tenth percentile was associated with a 1.5– 3.8- point lower IQ 
[37]. Similar findings were also reported by Julvez et  al. who 
reported a dose- response relationship of low maternal fT4 with 
child mental score [34]. Hypothyroxinaemia has also been as-
sociated with other postnatal markers of intrauterine brain de-
velopment, including a 2.6- fold higher risk of clinical autistic 
symptoms [38], a 1.7- fold higher risk of schizophrenia [39], 
as well as a higher risk of offspring ADHD, a slower reaction 
time, suboptimal school performance and lower grey matter 
and, cortex volume [37, 40– 42]. As discussed already, the value 
of a fT4 measurement during pregnancy has been questioned. 
However, a recent individual participant based meta- analysis 
of three different cohorts with three different fT4 assays, 
showed a consistent association of hypothyroxinaemia during 
early pregnancy with offspring IQ [43]. This suggests that fT4 is 
a sensitive marker of thyroid function during early pregnancy 
independent of the assay used [15].

Should (Subclinical) Hypothyroidism During 
Pregnancy Be Treated?

When considering treatment with levothyroxine during preg-
nancy it is important to consider the potential harms, particularly 
of overtreatment. Although the principle is similar to the potential 
harms of antithyroid drug treatment in the setting of Graves’ hyper-
thyroidism during pregnancy (see section on hyperthyroidism), the 
potential for levothyroxine treatment- related harm is much less rec-
ognized. Various studies show that high maternal thyroid function 
is associated with a higher risk of low birth weight, pre- eclampsia 
and lower child IQ which indicates that levothyroxine treatment 
aiming for a high- normal thyroid function may carry the risk of 
overtreatment. While a full dose of levothyroxine based on patient 
weight in the range of 1.3– 1.8 µg/ kg is a good starting dosage for 
women with overt hypothyroidism, for women with subclinical dis-
ease a fixed starting dosage of 25– 50 µg and titration after approxi-
mately 2 weeks is recommended [44].

overt Hypothyroidism

There are no randomized controlled trials of levothyroxine treat-
ment for overt hypothyroidism during pregnancy. However, given 
the well- known detrimental effects of untreated overt hypothy-
roidism on various adverse outcomes and the fact that there is no 
evidence of a higher risk of pregnancy complications in women 
with adequately treated hypothyroidism, there is general consensus 
is that overt hypothyroidism during pregnancy should be treated 
as early as possible and that it is unethical to perform a placebo 
controlled trial [44]. This is supported by the fact that in the case– 
control study showing a seven- point reduction in IQ among chil-
dren born to untreated hypothyroid women, there were no deficits 
in children born from mothers who received levothyroxine treat-
ment later in pregnancy [23]. Levothyroxine is the treatment of 
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choice, considering the important role of maternal T4 for fetal brain 
development.

Subclinical Hypothyroidism

Similarly to overt hypothyroidism, there is a lack of data on the 
effects of treatment for subclinical hypothyroidism. A  recent ob-
servational study by Maraka et al. found that treatment of subclin-
ical hypothyroidism (defined by a TSH between 2.5 and 10 mU/ L, 
fT4 >0.8 ng/ dl and/ or total thyroxine >7.5 mcg/ dl) with a median 
dosage of 50 µg (IQR 25– 62.5) was associated with lower pregnancy 
loss (10.6% vs. 13.5%; OR 0.62 [0.48– 0.82]) but a higher rate of pre-
mature delivery (7.1% vs. 5.2%; OR 1.60 [1.14– 2.24]). Interestingly, 
subsequent stratification revealed that the beneficial effect on preg-
nancy loss was dependent on the TSH concentrations at baseline 
and predominantly present in women with TSH concentrations 
above 4.0 mU/ L. No data on TPOAbs concentrations were available, 
whereas it has been shown that particularly the combination of sub-
clinical hypothyroidism with TPOAb positivity is associated with a 
higher risk of adverse outcomes (see below in subsection on thyroid 
autoimmunity). A  recent randomized controlled trial from Iran 
showed that treatment of subclinical hypothyroidism (defined using 
a TSH cut- off of <4.0 mU/ L) with levothyroxine was associated with 
a 61% lower risk of premature delivery (RR 0.39 [0.15– 0.98]) [45]. 
However, secondary analyses from an American randomized con-
trolled trial could not identify any beneficial effects of levothyroxine 
treatment in women with subclinical hypothyroidism (LT4 group 
9% versus 11% in placebo group, P  =  0.44) [46]. The main dif-
ference between these two studies was the timing of treatment, 
with the Iranian study starting treatment during week 12 and the 
American study starting treatment at week 18. This difference sug-
gests that levothyroxine treatment after the critical timeframe of 
early pregnancy may have no benefit, but further studies are needed 
to substantiate this. Studies investigating the effects of levothyroxine 
treatment in women with subclinical hypothyroidism on offspring 
neurocognition are discussed in the section on hypothyroxinaemia 
(see next).

Hypothyroxinaemia

Two randomized controlled trials have so far assessed the effects of 
treatment of mild thyroid dysfunction on offspring IQ. In the CATS 
trial, women were randomized to no screening or screening and 
subsequently treated with 150 µg levothyroxine if the TSH concen-
tration was above the 97.5th percentile and/ or the fT4 concentration 
was below the <2.5th percentile [47]. There was no difference between 
the 390 children of treated mothers and 404 children of untreated 
mothers in mean IQ or the proportion of children with an IQ below 
85 (also not for the low fT4 or high TSH groups separately) [47]. 
Various arguments have been proposed for this negative finding, 
namely that treatment started too late (median 13 weeks), that IQ 
cannot be assessed reliably at age 3 and that the loss to follow- up 
was too high (24%). Alternatively, the relatively high levothyroxine 
dosage of 150 µg may have contributed to the lack of a net beneficial 
effect since recent evidence shows that high fT4 concentrations are 
associated with suboptimal offspring neurodevelopment similar to 
the extent of low fT4 concentrations [37].

The second RCT is a recent multicentre study from the US, 
in which 526 women with hypothyroxinaemia and 677 with 

subclinical hypothyroidism were randomized to receive either 
placebo or levothyroxine treatment (50 or 75 µg) and children 
underwent IQ testing at the age of 3 or 5  years (92.3% assessed 
at 5  years). The sample size of this study was defined based on 
the number of randomized women needed to detect a statis-
tically significant difference of 5 IQ points (see trial registration 
NCT00388297). However, since the start of this trial, prospective 
cohort studies have shown that mild maternal thyroid dysfunc-
tion is associated with a 3 to 4 IQ point difference [48]. This trial 
showed that levothyroxine treatment is associated with a median 
increase of 3 IQ points in the offspring of women with subclin-
ical hypothyroidism and hypothyroxinaemia, a result that failed 
to reach statistical significance based on the power calculations 
[49]. This increase in IQ was seen despite a relatively late start of 
treatment and is in line with what is expected based on observa-
tional data [46]. For this reason, further studies are still required 
to elucidate the effects of levothyroxine treatment in women with 
mild thyroid dysfunction on offspring neurodevelopment in an ad-
equately powered RCT. Based on current knowledge, it is not pos-
sible to advise for or against levothyroxine treatment for women 
with subclinical disease. Individual risk factors such as a history of 
pregnancy complications or other comorbidities as well as the po-
tential risk for overtreatment should be taken into account during 
individualized clinical decision- making.

overt Hyperthyroidism

During pregnancy, the underlying cause can roughly distinguish 
overt hyperthyroidism in two major subtypes. On one hand, 
hyperthyroidism can be transient when it is the consequence of 
very high hCG concentrations (classically referred to as gesta-
tional hyperthyroidism or gestational transient thyrotoxicosis). 
On the other hand, overt hyperthyroidism can be related to an 
underlying pathological process as in Graves’ disease (newly diag-
nosed or pre- existing but suboptimally controlled) or due to au-
tonomous TH production (e.g. multinodular toxic goitre or toxic 
adenoma(s)). The incidence, risk of adverse pregnancy outcomes 
and the expected treatment differ widely between these two sub-
types. Gestational hyperthyroidism is caused by high hCG con-
centrations, which typically peak at the tenth week of pregnancy, 
but can be high enough anywhere between the eighth to fifteenth 
week of pregnancy. Gestational hyperthyroidism has an estimated 
prevalence of1.5% but it is seen in up to 50% of women with twin 
pregnancies, IVF pregnancies and/ or women with hyperemesis 
gravidarum. Large observational studies show that gestational 
hyperthyroidism is associated with a lower birth weight and an up 
to 2- fold higher risk of pre- eclampsia [50]. Nevertheless, only sup-
portive treatment is advised because the potential harmful side- 
effects of antithyroid drugs (ATD; see also next) do not weigh- up 
against any hypothetical treatment benefit. Follow- up assessments 
could include measurements of TSHRAb (to exclude Graves’ dis-
ease) and thyroid function test to monitor the transient nature of 
the disease, additional measurement of total T4 or T3 is not bene-
ficial given the changes in TH binding globulins described above. 
However, there is some evidence that an additional hCG measure-
ment may help to distinguish gestational hyperthyroidism from 
pathological forms [51]. Pathological forms of hyperthyroidism 
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during pregnancy are more rare, with estimated prevalence rates 
of 0.5– 1.3% for pre- existing Graves’ disease, 0.05% for new onset 
Graves’ disease, and 0.1% for autonomous TH production [52, 53]. 
These types of hyperthyroidism are associated with a higher risk 
of pre- eclampsia, preterm birth, low birth weight and cases of 
maternal heart failure have been reported [52, 54– 60]. One case– 
control study on 208 hyperthyroid women (89.4% diagnosed be-
fore pregnancy, 95% received treatment) and 403 matched controls 
[60] showed that hyperthyroid women had a 3.9- fold higher risk of 
pre- eclampsia, a 2.2- fold higher risk of fetal growth restriction, a 
1.7- fold higher risk of preterm birth and a 3.6- fold increased risk of 
induction of labour [60]. Observational studies show that the risk 
of such adverse outcomes is lower when pathological hyperthy-
roidism is biochemically well- controlled, while the onset of disease 
(before or during pregnancy) is of less importance.

Specifically for Graves’ disease, the different abilities of thyroid- 
related factors and drugs to cross the placenta (Figure 9.3.3) form 
the cornerstone for clinical assessment and treatment decision- 
making. When considering treatment, the potential harms associ-
ated with ATD are important to take into account particularly during 
early pregnancy. The use of propylthiouracil (PTU) during early 
pregnancy is associated with a higher risk of birth defects such as 
preauricular sinus/ cysts and hydronephrosis and cases of maternal 
liver injury have been reported [61,  62]. The use of methimazole 
or carbimazole during early pregnancy has been associated with a 
higher risk of birth defects such as choanal atresia, aplasia cutis and 
omphalocele and cases of agranulocytosis are reported [42, 43]. To 

limit the potential adverse outcomes associated with ATD, several 
pregnancy- specific ATD strategies can be applied.

First of all, in women of childbearing age with hyperthyroidism, 
the option of definitive treatment before pregnancy should be dis-
cussed. When radioactive iodine is chosen as a definitive treatment, 
the fact that with TSHRAbs can flare- up and remain high up to 
1.5 years after treatment with radioactive iodine but not with other 
treatment modalities should be taken into account.

Secondly, if the patient prefers ATDs or is already pregnant while 
on ATDs, therapy should consist of monotherapy with the lowest 
possible dose, as opposed to a block and replace therapy. As preg-
nancy progresses, the maternal immune response becomes less 
active due to a more liberal maternal immune tolerance, this gen-
erally leads to a reduction in maternal TSHrAbs (Figure 9.3.1) and 
thus often necessitates a reduction of the ATD dosage during the 
(late) second trimester [63, 64]. Large population studies have indi-
cated that the use of PTU during early pregnancy is associated with 
a slightly lower risk of adverse outcomes, but also with less severe 
fetal anomalies, compared to methimazole [61]. Therefore, women 
receiving methimazole who are in need of continuing therapy 
during pregnancy should be switched to PTU as early as possible. 
This switch may be beneficial during the critical window of fetal or-
ganogenesis lasting up until the sixteenth week of pregnancy.

Third, when Graves’ hyperthyroidism is biochemically controlled 
with a stable low dose of methimazole (5– 10 mg) or PTU (100– 200 
mg) before pregnancy, the risk of relapse is relatively low and will 
most likely occur after a few months. Therefore, it can be considered 

Mother

TSH

T4 and levothyroxine
Stimulate fetal development
(potentially suboptimal when)
too low or too high)

TSHR-Ab
Depending on subtype, can
stimulate or block the fetal thyroid

Iodine
Necessary for fetal thyroid
hormone production (too low
leads to lower and too high could
lead to higher thyroid hormone
production*)

Radioactive iodine
Destruction of fetal thyroid gland

PTU and methimazole
Inhibits fetal thyroid function

Propranolol
Passes placental barrier, low risk
of adverse fetal outcomes

Placenta Fetus

Brain

Bone

Thyroid

Figure 9.3.3 Thyroid- related substances and crossing of the placental barrier. The figure graphically depicts thyroid- related drugs and substances 
capable of affecting the function of the fetal thyroid gland as well as other tissues crossing the placenta. Of note, the fetus cannot escape the 
Wolff– Chaikow effect, that is, a phenomenon in which low iodine concentrations lead to decreased thyroid hormone production and high thyroid 
hormone concentrations lead to increased thyroid hormone production, until after roughly the 36th week of pregnancy, at which time high iodine 
concentrations are likely to cause low thyroid hormone production. TSHR- Ab, TSH receptor antibody; PTU, propylthiouracil.
Reproduced with permission from Korevaar TIM, Medici M, Visser TJ, Peeters RP. Thyroid disease in pregnancy: new insights in diagnosis and clinical management. Nature 
Reviews Endocrinology. volume 13, pages 610– 22 (2017). Copyright © 2017, Springer Nature.
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to stop the treatment upon the wish to become pregnant or at the 
time of the first positive pregnancy test (in case of non- planned 
pregnancy), and monitor thyroid function closely (i.e. every 1– 2 
weeks) [65].

Finally, to assess disease severity but also the risk of neonatal 
Graves’ hyperthyroidism, an early pregnancy measurement of 
TSHRAbs should be performed. If TSHRAbs are elevated, also the 
fetus should be monitored from mid- pregnancy onwards via fetal 
heart rate auscultation, fetal growth, and/ or fetal thyroid ultra-
sound. Together with the maternal thyroid function, these measures 
are a reflection of the fetal TH status [66, 67].

Thyroid Autoimmunity

As a reflection of thyroid autoimmunity, thyroid antibodies 
(thyroglobulin antibodies TgAbs and thyroperoxidase antibodies 
(TPOAbs)) are an important risk factor for thyroid dysfunction 
during pregnancy. While both antibodies are a reflection of thyroid 
autoimmunity and their occurrence often overlaps, only TPOAbs 
seem to have clinical value because of a more prominent associ-
ation with thyroid function and adverse pregnancy outcomes. It 
has consistently been shown that TPOAb positive women have 
higher TSH concentrations, lower fT4 concentrations and also 
a higher risk of thyroid dysfunction during pregnancy [68,  69]. 
In general, TPOAbs are measured and then classified into posi-
tive or negative based on cut- offs provided by the manufacturer 
of the different assays. However, an individual participant data 
meta- analysis of three Dutch birth cohorts recently showed that 
there is a continuous association of TPOAb concentrations with 
TSH and fT4 and that currently used cut- offs may fail to identify 
relevant thyroid autoimmunity [70]. It is well- recognized that thy-
roid autoimmunity affects the functional capacity of the thyroid. 
In line with this, we recently showed that TPOAb positive women 
have an impaired thyroidal response to hCG stimulation (Figure 
9.3.2). These and other data indicate that TPOAb positive women 
lack the hCG- mediated increase in thyroid function during early 
pregnancy which may lead to a lower TH availability (area under 
the curve) during pregnancy. This may be the mechanism through 
which thyroid autoimmunity is associated with adverse outcomes 
since TPOAb positivity is associated with a higher risk of miscar-
riage and premature delivery, especially in combination with a 
higher TSH [70]. Two clinical trials have shown that LT4 treatment 
in TPOAb positive women markedly decreases the risk of miscar-
riage and/ or premature delivery [52, 53]. Negro et al. randomized 
115 TPOAb positive women to receive LT4 at a mean gestational 
age of 10 weeks with a dosage based on their TSH (<1 mU/ L: 0.5 µg/ 
kg·d; 1– 2 mU/ L:  0.75 µg/ kg·d; >2 mU/ L or TPOAbs >1500 kIU/ 
L: 1 µg/ kg·d) [20] In this study, LT4 treatment markedly reduced the 
rate of late miscarriage (from 13.8% versus 3.4%) and of premature 
delivery (22.4% vs. 7.0%) [20]. Using the same protocol, Nazarpour 
et al. randomized 131 TPOAb positive women to receive LT4 at a 
mean gestational age of 11 weeks [71]. This study also found that 
LT4 reduced the rate of premature delivery (23.7% versus 7.1%) but 
there was no beneficial effect of LT4 on the rate of miscarriage (3.6% 
vs. 3.4%) [71]. In addition, Nazarpour et al. stratified their analyses 
based on the TSH concentration at presentation and found that the 
benefit of LT4 treatment in reducing preterm delivery was mainly 

present in the group with TSH concentrations >4.0 mU/ L (29.4% 
vs. 5.3%, P <0.01) compared with women with TSH levels <4.0 mU/ 
L (16.7% vs. 11.1%, P = 0.69). These findings fit with the synergis-
tically higher risk of adverse outcomes in women with both TPOAb 
positivity and a high TSH [29– 31,  72]. Taken together, TPOAb 
positivity is the most important risk factor for thyroid dysfunction 
during pregnancy at least partly through impairing the thyroidal 
response to hCG stimulation. Therefore, TPOAbs are an important 
tool to improve the interpretation of TSH and, to a lesser extent fT4 
concentrations, during pregnancy.

conclusions

A detailed understanding of pregnancy- specific thyroid physiology 
can help to interpret gestational thyroid function measurements. 
While thyroid disease should optimally be defined according to lab- 
specific reference ranges, the clinical assessment of whether to start 
treatment or not remains complicated. In part, this is because the 
risk of adverse outcomes seems to be related to other factors that 
influence thyroid function (i.e. TPOAb positivity, hCG). Another 
equally important reason is the lack of adequate randomized con-
trolled trials that investigate the effects of levothyroxine treatment, 
preferably during early pregnancy. The potential risks associated 
with LT4 (over)treatment during pregnancy should be taken into 
account during clinical decision- making.
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Postpartum Thyroid Dysfunction

Postpartum thyroid dysfunction is defined as an exacerbation 
of subclinical autoimmune thyroiditis during the postpartum 
period [1– 3]. Patients do not develop thyroid autoimmunity at 
the onset of postpartum thyroid dysfunction, but had ‘subclinical 
autoimmune thyroiditis’ [4]  beforehand and this is exacerbated 
after delivery. Typically, an exacerbation induces destructive 
thyrotoxicosis followed by transient hypothyroidism. However, 
various types of thyroid dysfunction may occur, including 
Graves’ disease. Therefore, any kind of thyroid dysfunction ob-
served during postpartum period, is referred to as ‘postpartum 
thyroid dysfunction’.

Pathogenesis

The pathogenesis of postpartum thyroid dysfunction is similar to 
that of exacerbation of Graves’ disease or Hashimoto’s thyroiditis, 
which occurs by the enhancement of immune activities after 
parturition. The difference is only their stage of autoimmune 
disease. In postpartum thyroiditis, immune activation causes 
the transition of subclinical into overt autoimmune thyroid dis-
ease; whereas in previously manifest Graves’ or Hashimoto’s dis-
ease, immune activation results in exacerbation or relapse after 

parturition. During pregnancy, maternal immune activities are 
suppressed in order to prevent rejection of the fetus. Sudden re-
lease from the immune suppression at the time of delivery in-
tensifies immune activities above the normal level, similar to the 
sudden cessation of immunosuppressive drugs giving rise to the 
exacerbation of autoimmune diseases [3] . The serial changes in 
titres of microsomal (thyroid peroxidase, TPO) antibodies in 
pregnant women with Graves’ disease and Hashimoto’s disease 
(Figure 9.4.1) support this view. This immune rebound appears 
to be a general phenomenon observed in the postpartum period, 
since serum levels of immunoglobulins, and counts of lympho-
cytes and NK/ K cell activity decrease in late pregnancy and in-
crease after delivery even in pregnant women without thyroid 
dysfunction [5,  6]. Since the immunological changes following 
termination of pregnancy are similar to those during the post-
partum period, thyroid dysfunction may occur following spon-
taneous of elective abortion [7, 8].

The postpartum rebound of immune activities comprises two 
phases. Cytotoxic T cells and natural killer (NK) cells increase 
from 1 to 4  months postpartum (Figure 9.4.2) [9,  10]. The en-
hancement of cellular immunity may exacerbate tissue injury 
in Hashimoto’s thyroiditis. During the second phase, CD5+B 
cells, which produce autoantibodies, increase typically at 7 to 
10  months postpartum (Figure 9.4.2) [9] . The enhancement of 
humoral immunity may cause postpartum Graves’ disease, by 
an increase of anti- TSH receptor autoantibodies. Hashimoto’s 
thyroiditis is commonly aggravated from 1 to 4  months post-
partum and Graves’ disease may develop or relapse from 3 to 
10 months postpartum (Figure 9.4.3).

Studies on the production of cytokines have shown that Th1- 
type and Th2- type cytokines decrease during pregnancy, Th1- type 
cytokines increase during early postpartum period and Th2- type 
cytokines increase during later postpartum period [11], supporting 
the immune rebound hypothesis [2,  3]. A  possible role for fetal 
microchimerism has been proposed as the mechanism of post-
partum exacerbation of autoimmune thyroid disease [12] but insuf-
ficient evidence to support this hypothesis is available and further 
studies are needed.
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Prevalence

Postpartum thyroid dysfunction is very common [3,  13] with an 
incidence of about 5% (1.1– 16.7) (Table 9.4.1) in mothers in the 
general population, that is one in 20 pregnant women develop 

postpartum thyroid dysfunction [13]. Postpartum thyroid dys-
function can be classified into five groups by the clinical features –  
hyperthyroidism and/ or hypothyroidism, transient or persistent 
(Figure 9.4.4) [2] :

 I. Persistent thyrotoxicosis
 II. Transient thyrotoxicosis
 III. Destructive thyrotoxicosis followed by transient hypothyroidism
 IV. Transient hypothyroidism
 V. Persistent hypothyroidism

Persistent thyrotoxicosis (group I) and a proportion of transient 
thyrotoxicosis (group II) reveal a high radioiodine uptake. Transient 
thyrotoxicosis with a high radioiodine uptake is common in post-
partum Graves’ disease; the overproduction of thyroid hormones 
ceases spontaneously within a year. The prevalence of postpartum 
Graves’ disease (both persistent and transient) is estimated at 11% 
of those with postpartum thyroid dysfunction and 0.54% of the gen-
eral population [14]. Thyrotoxicosis due to postpartum Graves’ dis-
ease occurs between 3-  and 10- months postpartum.

The other three types of postpartum thyroid dysfunction are 
associated with thyroid tissue damage due to an exacerbation of 
autoimmune thyroiditis. They often manifest themselves as tran-
sient thyrotoxicosis (destructive thyrotoxicosis) developing at 1 to 
3 months postpartum. Depending on the extent of the destruction, 
transient hypothyroidism may follow (group III) or not (group II, 
with a low radioiodine uptake).

Occasionally, Graves’ disease occurs closely following, or concomi-
tantly with destructive thyrotoxicosis [15]. When cellular damage 
occurs slowly, hypothyroidism alone, rather than destructive thyro-
toxicosis, may be observed after delivery. In many cases, it is transient 
(group IV). However, it may be persistent in a few cases (group V). 
Destructive transient thyrotoxicosis (group II, with a low radioiodine 
uptake, and group III) is the most common form of postpartum thy-
roid dysfunction, accounting for 50– 60% of all postpartum thyroid 
dysfunction. The rest (group IV, V) only have a hypothyroid phase, 
however, persistent hypothyroidism is very rare (less than 0.1%).
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microsomal antibody, and the counts of peripheral lymphocytes 
during pregnancy and postpartum period in patients with Hashimoto’s 
thyroiditis. Open circles denote that TSH was more than 10 mU/ l at time 
of measurement. MCHA: microsomal haemagglutination antibody.
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Symptoms and Signs

Thyroid dysfunction is most often subclinical:  the patient usually 
has no features of hyper-  or hypothyroidism, and thyroid function 
tests reveal only mild changes in serum TSH and thyroid hormones. 
Symptoms and signs in overt postpartum thyroid dysfunction are 
the same as in the non- postpartum state. Hypermetabolic and 
hyperdynamic symptoms, such as palpitation, sweating and tremor 
can be observed in any type of postpartum thyrotoxicosis.

In postpartum Graves’ disease, eye signs and/ or pretibial myx-
oedema may be present. In postpartum hypothyroidism, symp-
toms such as weakness, fatigue, dry skin, constipation, and cold 
intolerance, and signs such as cold skin, bradycardia, and thyroid 

enlargement are common. Since the hypothyroidism is of short 
duration, there is little risk of myxoedema. Postpartum depres-
sion, sometimes found with postpartum thyroid dysfunction [16], 
may be a significant consequence and is the presence of elevated 
antithyroid autoantibodies rather than with hypothyroidism [17].

Diagnosis

The diagnosis of postpartum thyroid dysfunction is straightforward 
when the patient shows abnormal thyroid function tests and posi-
tive thyroid autoantibodies during the postpartum period. Thyroid 
dysfunction, however, is most often subclinical. For the cases with 
overt thyrotoxicosis, it is essential to differentiate between post-
partum Graves’ disease and destructive thyrotoxicosis. Usually an 
educated guess can be made from the time of onset (3– 12 months 
after parturition in Graves’ disease versus 1– 6 months in destructive 
thyrotoxicosis). Figure 9.4.5 summarizes the time of onset of four 
different types of pregnancy- associated thyrotoxicosis [18]. Anti- 
TSH receptor antibodies and other markers helpful for the differen-
tial diagnosis are summarized in Table 9.4.2 [19– 22]. Figure 9.4.6 
shows measurements of anti- TSH receptor antibody concentrations 
and thyroid blood flow in postpartum destructive thyrotoxicosis 
(n = 42) and postpartum Graves’ disease (n = 102) [22]. Blood tests, 
however, are not conclusive since anti- TSH- receptor autoantibodies 
are sometimes found in Hashimoto’s thyroiditis and other tests do 
not have distinct cut- off values. The quantitative measurement of 
thyroid blood flow using Doppler ultrasonography is useful for dif-
ferentiation and typically is high in Graves’ disease and low in de-
structive thyrotoxicosis [23]. The measurement of radioactive iodine 
uptake provides definitive information in the differential diagnosis 
between Graves’ disease (high uptake) and destructive thyrotoxi-
cosis (low uptake). However, this investigation should not be per-
formed in breastfeeding mothers. Notably, there is no reliable way to 
differentiate between transient and persistent Graves’ disease.

For hypothyroidism, most cases are transient and due to an 
exacerbation of autoimmune thyroiditis. The finding of posi-
tive antithyroid microsomal (peroxidase) antibodies and/ or 
antithyroglobulin antibody supports the existence of autoimmune 
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Figure 9.4.3 Immune rebound hypothesis of postpartum autoimmune thyroid diseases. One to 3 months after delivery, cellular immunity 
dominates, and development or exacerbation of autoimmune thyroiditis is observed. Three to six months after delivery, humoral immunity 
dominates, and development or exacerbation of Graves’ disease is observed.

Table 9.4.1 Incidence of postpartum thyroid dysfunction

Year Author Country Prevalence(%)

1982 Amino Japan 5.5

1984 Jansson Sweden 6.5

1985 Walfish Canada 7.1

1986 Freeman USA 1.9

1987 Nikolai USA 6.7

1987 Lervang Denmark 3.9

1988 Fung UK 16.7

1990 Rasmussen Denmark 3.3

1990 Rajatanavin Thailand 1.1

1991 Roti Italy 8.7

1991 Lobig Germany 2.0

1992 Walfish Canada 6.0

1992 Stagnaro- Green USA 8.8

1998 Kuijpens Netherlands 12.4

2000 Lucas Spain 7.8

2000 Barca Brazil 13.3

2001 Shahbazian Iran 11.4

2001 Bagis Turkey 5.5
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thyroiditis, but negative results are obtained in 5– 30%. Cases of 
iodine deficient hypothyroidism may occur in areas where iodine 
intake is marginal or mildly deficient, such as some parts of Europe 
[24], although it is likely that mothers already had hypothyroidism 
during pregnancy.

Once the diagnosis is established, patients should be followed up 
for 1 year since Graves’ disease may occur shortly after destructive 
thyrotoxicosis.

In postpartum thyroid dysfunction some immunological ab-
normalities are observed before the onset of thyroid dysfunc-
tion (and therefore, before and during pregnancy). Among these, 
the finding of raised TPO or microsomal antibodies is the most 
useful marker for the prediction of the occurrence of postpartum 
thyroid dysfunction [25]. If TPO antibodies are present, there is 
always lymphocytic infiltration into the thyroid, and therefore 
‘subclinical autoimmune thyroiditis’ [4]  which may be exacer-
bated after delivery. Sixty to seventy per cent of women with a 
positive measurement of thyroid peroxidase antibodies in early 

pregnancy develop postpartum thyroid dysfunction [3], whereas 
the risk to develop postpartum thyroid dysfunction in TPO anti-
body negative women is estimated to be 0.6%. Mothers with 
high TPO titres (> 5000– 10  000 reciprocal dilution) almost al-
ways develop postpartum thyroid dysfunction. However, the 
measurement of thyroid peroxidase antibodies does not pro-
vide any information on the type of dysfunction that will occur. 
Although the measurement of thyroid peroxidase antibodies with 
semiquantitative antimicrosomal particle agglutination (MCPA) 
tests is simple and cheap, the value of screening for postpartum 
autoimmune thyroid dysfunction remains unclear [26], and is in 
part dependent of different healthcare systems [27]. Antithyroid 
peroxidase antibody measurement is as useful as semiquantitative 
particle agglutination tests for predicting postpartum thyroid 
dysfunction [28].

A recent study, using highly sensitive immunoassays, has shown 
that measurement of antithyroglobulin antibody is more sensi-
tive than that of antithyroid peroxidase antibody to detect thyroid 
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autoimmune abnormalities [29]. Further studies are required to 
confirm the value of sensitive antithyroglobulin antibody measure-
ments in the diagnosis of postpartum thyroiditis.

Graves’ disease is aggravated in early pregnancy, ameliorates in 
the latter half of pregnancy, but often relapses postpartum [30]. 
Human chorionic gonadotrophin (hCG) plays a crucial role in 
the exacerbation of Graves’ thyrotoxicosis in early pregnancy [31]. 
Relapse of Graves’ thyrotoxicosis after parturition may occur even if 
mothers are in remission before pregnancy.

The new onset of Graves’ disease in the postpartum period is of 
great interest, since early diagnosis and treatment early during the 
disease period can result in rapid remission [14]. Overall, 40% of 
patients with Graves’ disease who have had one or more deliveries, 
develop their disease postpartum [32]. TSH- receptor- stimulating 
antibodies are a good indicator of postpartum development of 

Graves’ disease, since they are often positive before onset of the 
disease [33] when measured with a sensitive bioassay. Pregnant 
women with positive TSH- receptor- stimulating antibodies in early 
pregnancy have a high- risk of developing postpartum Graves’ dis-
ease. Seventy- one pregnant women with positive TPO antibodies 
in early pregnancy were prospectively observed from early preg-
nancy to the postpartum period [14]. Among them, seven showed 
positive TSH- receptor- stimulating antibodies, five (70%) of whom 
developed postpartum Graves’ disease. Thyrotoxicosis in three of 
those five was transient and spontaneously improved within a year. 
Graves’ disease did not occur in the TSH- receptor- stimulating 
antibody- negative patients. A conventional radioreceptor assay for 
anti- TSH- receptor antibodies was not able to discriminate post-
partum Graves’ disease.

Management of Postpartum Thyroid Dysfunction

In postpartum Graves’ disease, treatment options are antithyroid 
drugs, radioactive iodine, or subtotal thyroidectomy similar to 
Graves’ disease outside this setting. Antithyroid drug treatment 
is a good initial choice because (1) postpartum Graves’ hyperthy-
roidism is often transient; (2)  even in persistent Graves’ disease, 
those patients diagnosed early are easily controlled with antithyroid 
drugs [14]; and (3) mothers may not want breastfeeding to be inter-
rupted by radioiodine therapy. Radioactive iodine treatment can 
still be applied when hyperthyroidism persists after 1 year and has 
not gone into remission during antithyroid drug treatment.

In destructive thyrotoxicosis, the thyrotoxic phase is always tran-
sient and spontaneously ceases in 1– 3  months. Treatment should 
be symptomatic, mainly with ß- adrenergic antagonists for cardio-
vascular hyperdynamic symptoms. Antithyroid therapy is not indi-
cated. The treatment of hypothyroidism is required only when the 
patient has symptoms of hypothyroidism. Usually levothyroxine 
therapy with a gradual reduction in dose may be indicated, but re-
covery of patient’s thyroid function may be difficult to demonstrate. 
Alternatively, replacement with a submaximal dose of liothyronine 
(15– 50 µg 3 daily by mouth in 1– 3 divided doses) is useful in most 
transient cases, since spontaneous recovery of thyroid function can 
be monitored by an increase of serum T4 or free T4. In permanent 
hypothyroidism, when serum T4 or free T4 does not recover after sev-
eral months of T3 treatment, levothyroxine replacement is indicated. 

Table 9.4.2 Differential diagnosis between postpartum Graves’ disease and postpartum destructive thyrotoxicosis

Graves’ disease Destructive thyrotoxicosis

Onset 3– 12 months postpartum 1– 6 months postpartum

Anti- TSH receptor antibody Positive Negative

Eye signs Yes No

Total T3 /  total T4 ratio (ng/ μg) >20 in 80% of cases < 20

FT3/ FT4 ratio >2.8 in 77% of cases < 2.8

Thyroid blood flow High Low

Radioactive iodine uptake* High Low

Serial change in serum thyroglobulin** <50% increase from a month before the onset >50% increase from a month before the onset

* Contraindicated in lactating mother; ** Thyroglobulin should be measured with a method not influenced by antithyroglobulin autoantibody(TgAb)

1.
3

20

40

60

TRAb (IU/L)

10

30

Graves’
disease

Thyroiditis

4

10

20

5

15

Thyroiditis

Thyroid blood flow (%)

Graves’
disease

Postpartum Postpartum

Figure 9.4.6 Differentiation of postpartum Graves’ thyrotoxicosis from 
postpartum destructive thyrotoxicosis (postpartum thyroiditis) using 
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Recently successful prevention of postpartum thyroid dysfunction 
was achieved by short- term immunosuppressive therapy in patients 
who were predicted to develop postpartum hypothyroidism [34]. It 
is also reported that selenium supplementation during pregnancy 
and in the postpartum period reduces thyroid inflammatory ac-
tivity and the incidence of hypothyroidism [35].

Prognosis

Little is known about the long- term prognosis of postpartum 
Graves’ hyperthyroidism, although a better outcome than in ‘or-
dinary’ Graves’ disease might be expected in view of early diagnosis 
just after the onset of disease. In destructive thyrotoxicosis and/ or 
hypothyroidism due to exacerbation of autoimmune thyroiditis, 
thyroid dysfunction is transient, and most patients recover spon-
taneously to euthyroidism. Only in a few cases, hypothyroidism 
may persist. High titres of thyroglobulin antibodies and/ or thyroid 
peroxidase antibodies are risk factors of persistent hypothyroidism. 
Even after recovery from hypothyroidism, abnormalities in ultra-
sonography and/ or iodide perchlorate discharge tests may persist 
for a long time [36, 37], reflecting underlying chronic autoimmune 
thyroiditis. The patients almost certainly will develop postpartum 
thyroid dysfunction after the next parturition, with similar time of 
onset, type of thyroid dysfunction, and duration of dysfunction as 
in the previous episode.

Late development (after 5  years or more) of permanent hypo-
thyroidism is found in 25– 60% of the patients with postpartum 
thyroiditis [38– 40]. Therefore, these patients should be followed up 
at appropriate intervals (once every 1– 2  years) [26,  41]. Othman 
et  al. reported that high titres of antimicrosomal antibodies and 
the severity of the hypothyroid phase of postpartum thyroiditis are 
risk factors for the late development of permanent hypothyroidism, 
but there was no association with HLA haplotype or family his-
tory of thyroid disease [38]. In contrast, in a Japanese population, 
high titres of thyroglobulin antibodies and HLA- DRw9 and/ or B51 
genotype were risk factors of permanent hypothyroidism [39].

Thyroid Disorders and Breastfeeding

The Influence of Thyroid Disease on Breastfeeding

Because hypothyroidism suppresses milk production and may re-
store with levothyroxine replacement [42,  43], women who have 
difficulties with lactation should be evaluated thyroid function and 
started on levothyroxine when hypothyroidism is revealed [41]. 
Data on the effects of hyperthyroidism on milk production are 
limited in humans.

Medications in Breastfeeding Women 
with Graves’ Disease

Methimazole (MMI) concentration in breast milk is higher than 
propylthiouracil (PTU) concentration, with a mean milk/ serum 
ratio of 0.98 in MMI [44] and 0.1 in PTU [45]. Regarding the in-
fluence on infants, drug exposure to infants through breast milk is 
important. When MMI 10 mg/ day is administered to a mother, the 
amount of MMI exposed to infant through breast milk corresponds 

to 0.6 to 1.6 mg/ day in terms of maternal body weight [46], and 
when 400 mg/ day of PTU is administered to a mother, the exposure 
to infant of 0.8– 9.2 mg/ day is equivalent [45]. The peak of MMI 
concentration in blood and milk of 5 lactating women who received 
a single dose of carbimazole 40 mg (corresponding to 30 mg of 
MMI) was 1 hour after administration, and the mean blood half- life 
of MMI was 4.9 hours [44]. When women taking 10 mg of MMI 2 
to 3 times per day, breastfeeding was performed 2 hours after taking 
MMI, and the blood MMI concentration of the infant was meas-
ured 2 hours after lactation, the MMI concentration of the infant 
was negligible [47].

According to several reports by Azizi et  al., infant hypothy-
roidism within one year due to the drug exposure by breast milk 
following administration of MMI of 10– 30 mg/ day to mothers was 
not observed. Growth (monitored postnatally for up to 60 months, 
somatic and neurodevelopment were also normal in the same series 
[47– 49]. It should be noted that MMI 20– 30 mg/ day was adminis-
tered only for the first month, and thereafter the dose was reduced 
to 10 mg/ day or less in these studies. Similarly, hypothyroidism of 
the offspring following exposure to breastmilk of a mother taking 
PTU 750 mg daily has not been reported, although there are only a 
few case reports [50].

Based on these factors, both MMI (up to maximal dose of 20 mg/ 
d) and PTU (up to maximal dose of 450 mg/ d) can be administered, 
when antithyroid drugs is indicated for women with breastfeeding 
[41]. Monitoring for appropriate growth and development of their 
children by routine paediatric evaluations should be at least done 
[41]. It may be necessary to check the thyroid function of the in-
fant when ATD is administered at moderate or higher doses. 
A mother should take her ATD dose just after breastfeeding, which 
should provide a 3– 4 hour interval before she lactates again [51]. 
Considering the possibility of side effects of severe hepatic injury of 
PTU in mothers and infants [52], and high incidence of general side 
effects with PTU [53], MMI is the preferred drug in hyperthyroid 
women who is breastfeeding.

The influence on thyroid function of breastfed infants whose 
mothers were treated with inorganic iodine for postpartum re-
lapsing Graves’ disease has been reported from Japan, which is 
one of country with iodine excess intake [54]. Mothers were taking 
37.5 mg per day of the median inorganic iodine, the median iodine 
concentration in breast milk was 15.1 mg/ L, and the median urine 
iodine concentration of infants was 15.6 mg/ L. In spite of extremely 
high iodine exposure to infants via breast milk, hypothyroidism in 
breastfed infants was found only in 3.8% (1 out of 26 children) [54]. 
Due to the presence of the sodium iodide symporter in mammary 
epithelial cells, inorganic iodine is concentrated and secreted in the 
milk. Moreover, suppression of thyroid function during infancy 
caused by excess iodine exposure may be a great negative influence 
on the growth and development of children. Therefore, inorganic 
iodine administration to breast- feeding mothers should be avoided, 
regardless of the report from Japan.

Transfer of Maternal Thyroid Hormone to newborn via 
Breast Milk

A small amount of maternal thyroid hormone is present in the 
breast milk of lactating women. Mean thyroxine concentration in 
breast milk was reported as 0.83 µg/ L [55], which showed maternal 
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transfer of thyroid hormone does not have a meaningful impact on 
the infants’ thyroid hormone status.

Administration of Diagnostic or Therapeutic 
Radiopharmaceuticals to Breastfeeding Women

The use of 131I is contraindicated during lactation. If required, 123I 
can be used if breast milk is pumped and discarded for 3– 4 days 
before breastfeeding is resumed. Similarly, Tc- 99m pertechnetate 
administration requires breast milk to be pumped and discarded 
during the day of testing [41].

ReFeRenceS
 1. Amino N, Mori H, Iwatani Y, et al. High prevalence of transient 

post- partum thyrotoxicosis and hypothyroidism. N Engl J Med, 
1982; 306: 849– 52.

 2. Amino N, Tada H, Hidaka Y. The spectrum of postpartum thy-
roid dysfunction: diagnosis, management, and long- term prog-
nosis. Endocr Pract, 1996; 2: 406– 10.

 3. Amino N, Tada Hs, Hidaka Y. Postpartum autoimmune thyroid 
syndrome: a model of exacerbation of autoimmune disease. 
Thyroid, 19999: 705– 13.

 4. Yoshida H, Amino N, Yagawa K, et al. Association of serum 
antithyroid antibodies with lymphocytic infiltration of the thy-
roid gland: studies of seventy autopsied cases. J Clin Endocrinol 
Metab, 1978; 46: 859– 62.

 5. Amino N, Kuro R, Tanizawa O, et al. Changes of serum anti- 
thyroid antibodies during and after pregnancy in autoimmune 
thyroid disease. Clin Exp Immunol, 1978; 31: 30– 7.

 6. Hidaka Y, Amino N, Iwatani Y, et al. Increase in peripheral nat-
ural killer cell activity in patients with autoimmune thyroid dis-
ease. Autoimmunity, 1992; 11: 239– 46.

 7. Amino N, Miyai K, Kuro P, et al. Transient post- partum hypo-
thyroidism: fourteen cases with autoimmune thyroiditis. Ann Int 
Med, 1977; 87: 155– 9.

 8. Stagnaro- Green A. Post- miscarriage thyroid dysfunction. Obstet 
Gynaecol, 1992; 80: 490– 2.

 9. Watanabe M, Iwatani Y, Kaneda T, et al. Changes in T, B, and 
NK lymphocyte subsets during and after normal pregnancy. Am 
J Reprod Immunol, 1997; 37: 368– 77.

 10. Stagnaro- Green A, Roman S, Cobin R, El- Harazy H, Wallenstein 
S, Davies T. A prospective study of lymphocyte- initiated im-
munosuppression in normal pregnancy: evidence of a T- cell 
etiology for post- partum thyroid dysfunction. J Clin Endocrinol 
Metab, 1992; 74: 645– 53.

 11. Shimaoka Y, Hidaka Y, Tada H, et al. Changes in cytokine 
production during and after normal pregnancy. Am J Reprod 
Immunol, 2000; 44: 143– 7.

 12. Ando T, Davies TF. Postpartum autoimmune thyroid disease: the 
potential role of fetal microchimerism. J Clin Endocrinol Metab, 
2003; 88: 2965– 71.

 13. Nicholson WK, Robinson KA, Smallridge RC, Ladenson PW, 
Powe NR. Prevalence of postpartum thyroid dysfunction: a 
quantitative review. Thyroid, 2006; 16: 573– 82.

 14. Hidaka Y, Tamaki H, Iwatani Y, Tada H, Mitsuda N, Amino N. 
Prediction of post- partum onset of Graves’ thyrotoxicosis by 
measurement of thyroid stimulating antibody in early preg-
nancy. Clin Endocrinol (Oxf), 1994; 41: 15– 20.

 15. Momotani N, Noh J, Ishikawa N, Ito K. Relationship between si-
lent thyroiditis and recurrent Graves’ disease in the post- partum 
period. J Clin Endocrinol Metab, 1994; 79: 285– 9.

 16. Bergink V, Pop VJM, Nielsen PR, Agerbo E, Munk- Olsen T, Liu 
X. Comorbidity of autoimmune thyroid disorders and psychi-
atric disorders during the postpartum period: a Danish nation-
wide register- based cohort study. Psychol Med, 2017; 20: 1– 9.

 17. Kuijpens JL, Vader HL, Drexhage HA, Wiersinga WM, van Son 
MJ, Pop VJ. Thyroid peroxidase antibodies during gestation are a 
marker for subsequent depression postpartum. Eur J Endocrinol, 
2001; 145: 579– 84.

 18. Ide A, Amino N, Kudo T, et al. Comparative frequency of four 
different types of pregnancy- associated thyrotoxicosis in a single 
thyroid centre. Thyroid Res, 2017; 10: 4.

 19. Amino N, Yabu Y, Miyai K, et al. Differentiation of thyrotoxi-
cosis induced by thyroid destruction from Graves’ disease. 
Lancet, 1978; 2: 344– 6.

 20. Hidaka Y, Nishi I, Tamaki H, et al. Differentiation of the post- 
partum thyrotoxicosis by serum thyroglobulin; Usefulness of 
the new multi- site immunoradiometric assay. Thyroid, 1994; 
4: 275– 8.

 21. Noh JY, Momotani N, Fukada S, Ito K, Miyauchi A, Amino 
N. Ratio of serum free triiodothyronine to free thyroxine in 
Graves’ hyperthyroidism and thyrotoxicosis caused by painless 
thyroiditis Endocr J, 2005; 52: 537– 2

 22. Ide A, Amino N, Kang S, et al. Differentiation of postpartum 
Graves’ thyrotoxicosis from postpartum destructive thyrotoxi-
cosis using antithyrotropin receptor antibodies and thyroid 
blood flow. Thyroid, 2014; 24: 1027– 31.

 23. Ota H, Amino N, Morita S, et al. Quantitative measurement of 
thyroid blood flow for differentiation of painless thyroiditis from 
Graves’ disease. Clin Endocrinol (Oxf), 2007; 67: 41– 5.

 24. Glinoer D, Delange F, Laboureur I, et al. Maternal and neonatal 
thyroid function at birth in an area of marginally low iodine in-
take. J Clin Endocrinol Metab, 1992; 75: 800– 5.

 25. Amino N, Tada H, Hidaka Y, Izumi Y. Postpartum autoimmune 
thyroid syndrome. Endocr J, 2000; 47: 645– 55.

 26. De Groot LJ, Abalovich M, Alexander EK, et al. Management 
of thyroid dysfunction during pregnancy and postpartum: an 
Endocrine Society clinical practice guideline. J Clin Endocrinol 
Metab, 2012; 97: 2543– 65.

 27. Hayslip CC, Fein HG, O’Donnell VM, Friedman DS, Klein TA, 
Smallridge RC. The value of serum antimicrosomal antibody 
testing in screening for symptomatic post- partum thyroid dys-
function. Am J Obstet Gynaecol, 1988; 159: 203– 9.

 28. Feldt- Rasmussen U, Hoier MM, Rasmussen NG, Hegedus L, 
Hornnes P. Anti- thyroid peroxidase antibodies during preg-
nancy and postpartum. Relation to post- partum thyroiditis. 
Autoimmunity, 1990; 6: 211– 14.

 29. Nishihara E, Amino N, Kudo T, et al. Comparison of thyro-
globulin and thyroid peroxidase antibodies measured by five 
different kits in autoimmune thyroid diseases. Endocr J, 2017; 
64: 955– 61.

 30. Amino N, Amino N, Kudo T, et al. Exacerbation of thyrotoxi-
cosis in early pregnancy and after delivery in Graves’ disease. J 
Clin Endocrinol Metab, 1982; 55: 108– 12.

 31. Tamaki H, Itoh E, Kaneda T, et al. Crucial role of serum human 
chorionic gonadotropin for the exacerbation of thyrotoxicosis in 
early pregancy in Graves’ disease. Thyroid, 1993; 3: 189– 93.

 32. Tada H, Hidaka Y, Tsuruta E, et al. Prevalence of post- partum 
onset of disease within patients with Graves’ disease of child- 
bearing age. Endocr J, 1994; 41: 325– 7.

 33. Kasagi K, Hatabu H, Tokuda Y, Iida Y, Endo K, Konishi J. Studies 
on thyrotrophin receptor antibodies in patients with euthyroid 
Graves’ disease. Clin Endocrinol (Oxf), 1988; 29: 357– 66.



SecTIon 9 Endocrine Disorders of Pregnancy1448

 34. Tada H, Hidaka Y, Izumi Y, et al. A preventive trial of short- term 
immunosuppressive therapy in postpartum thyroid dysfunction. 
Int J Endcrinol Metab, 2003; 2: 48– 54.

 35. Negro R, Greco G, Mangieri T, Pezzarossa A, Dazzi D, Hassan 
H. The influence of selenium supplementation on postpartum 
thyroid status in pregnant women with thyroid peroxidase auto-
antibodies. J Clin Endocrinol Metab, 2007; 92: 1263– 8.

 36. Adams H, Jones MC, Othman S, et al. The sonographic appear-
ances in post- partum thyroiditis. Clin Radiol, 1992; 45: 311– 15.

 37. Creagh FM, Parkes AB, Lee A, et al. The iodide perchlorate dis-
charge test in women with previous post- partum thyroiditis: re-
lationship to sonographic appearance and thyroid function. Clin 
Endocrinol (Oxf), 1994; 40: 765– 8.

 38. Othman S, Phillips DIW, Parkes AB, et al. A long- term follow- 
up of post- partum thyroiditis. Clin Endocrinol (Oxf), 1990; 
32: 559– 64.

 39. Tachi J, Amino N, Tamaki H, Aozasa M, Iwatani Y, Miyai K. 
Long term follow- up and HLA association in patients with 
post- partum hypothyroidism. J Clin Endocrinol Metab, 1988; 
66: 480– 4.

 40. Azizi F. The occurrence of permanent thyroid failure in patients 
with subclinical postpartum thyroiditis. Eur J Endocrinol, 2005; 
153: 367– 71.

 41. Alexander EK, Pearce EN, Brent GA, et al. 2017 guidelines of the 
American Thyroid Association for the diagnosis and manage-
ment of thyroid disease during pregnancy and the postpartum. 
Thyroid, 2017; 27: 315– 89.

 42. Buckshee K, Kriplani A, Kapil A, Bhargava VL, Takkar D. 
Hypothyroidism complicating pregnancy. Aust N Z J Obstet 
Gynaecol, 1992; 32: 240– 2.

 43. Stein MT, Kessler DB, Hubbard E. Failure to thrive in a four- 
month- old nursing infant. J Dev Behav Pediatr, 2004; 25: S69– 73.

 44. Johansen K, Andersen AN, Kampmann JP, Mølholm Hansen 
JM, Mortensen HB. Excretion of methimazole in human milk. 
Eur J Clin Pharmacol, 1982; 23: 339– 41.

 45. Kampmann JP, Johansen K, Hansen JM, Helweg J. 
Propylthiouracil in human milk. Revision of a dogma. Lancet, 
1980; 1: 736– 7.

 46. Tegler L, Lindstrom B. Antithyroid drugs in milk. Lancet, 1980; 
2: 591.

 47. Azizi F. Thyroid function in breast- fed infants is not  
affected by methimazole- induced maternal hypothyroidism: 
results of a retrospective study. J Endocrinol Invest, 2003; 
26: 301– 4.

 48. Azizi F, Afkhami M, Sarshar A, Nafarabadi M. Thyroid 
function and intellectual development of infants nursed by 
mothers taking methimazole. J Clin Endocrinol Metab, 2000; 
85: 3233– 8.

 49. Azizi F, Khoshniat M, Bahrainian M, Hedayati M. Intellectual 
development and thyroid function in children who were 
breast- fed by thyrotoxic mothers taking methimazole. J Pediatr 
Endocrinol Metab, 2003; 16: 1239– 43.

 50. Momotani N, Yamashita R, Makino F, Noh JY, Ishikawa N, Ito 
K. Thyroid function in wholly breast- feeding infants whose 
mothers take high doses of propylthiouracil. Clin Endocrinol 
(Oxf), 2000; 53: 177– 81.

 51. Mandel SJ, Cooper DS. The use of antithyroid drugs in 
pregnancy and lactation. J Clin Endocrinol Metab, 2001; 
86: 2354– 9.

 52. Bahn RS, Burch HS, Cooper DS, et al. The role of 
propylthiouracil in the management of Graves’ disease in 
adults: report of a meeting jointly sponsored by the American 
Thyroid Association and the Food and Drug Administration. 
Thyroid, 2009; 19: 673– 4.

 53. Nakamura H, Noh JY, Itoh K, Fukata S, Miyauchi A, Hamada 
N. Comparison of methimazole and propylthiouracil in pa-
tients with hyperthyroidism caused by Graves’ disease. J Clin 
Endocrinol Metab, 2007; 92: 2157– 62.

 54. Hamada K, Mizokami T, Maruta T, et al. Effects of inor-
ganic iodine therapy administered to lactating mothers with 
Graves’ disease on infant thyroid function. J Endocr Soc, 2017; 
1: 1293– 300.

 55. van Wassenaer AG, Stulp MR, Valianpour F, et al. The quan-
tity of thyroid hormone in human milk is too low to influence 
plasma thyroid hormone levels in the very preterm infant. Clin 
Endocrinol (Oxf), 2002; 56: 621– 7.



9.5

Thyroid Disorders in Newborns
A.S. Paul van Trotsenburg and Nitash Zwaveling- Soonawala

Introduction 1449

Thyroid Development and Thyroid Hormone Biosynthesis 1449

Development of Thyroid Hormone Synthesis During 

Gestation 1450

Primary Congenital Hypothyroidism 1450

Thyroid Dysgenesis 1450

Thyroid Dyshormonogenesis 1451

Central Congenital Hypothyroidism 1454

Albright’s Hereditary Osteodystrophy and Down’s 

Syndrome 1455

Transient Congenital Hypothyroidism 1455

Signs and Symptoms of Congenital Hypothyroidism 1455

Neonatal Screening 1455

Diagnosis and Treatment of Congenital Hypothyroidism 1456

Congenital Hyperthyroidism 1456

References 1457

Introduction

Thyroid hormone is essential for normal brain development starting 
in the early embryonic period and continuing throughout the first 
years of life [1] . While in adult onset hypothyroidism clinical mani-
festations are usually reversed with appropriate treatment, untreated 
congenital hypothyroidism has severe neurological consequences 
leading to permanent intellectual and motor disabilities. The im-
portant role of the thyroid in brain development was already rec-
ognized by 1850 when the British surgeon Curlings reported two 
mentally impaired children with large tongues, who appeared to have 
no thyroid gland at obduction [2]. In 1871, the British internist Fagge 
described four other mentally impaired and often deaf children and 
adolescents who were extremely short (adult height less than 120 cm), 
and who had a broad face with a flat root of the nose, thick nostrils, 
a large open mouth and thick lips, short broad hands and feet, and a 
swollen skin [3]. Although at that time a relationship was suggested 
between the striking disease and the absence of the thyroid, the func-
tion of this organ was still completely unknown. In the 1890s the first 
treatment trials in adults with acquired hypothyroidism, using thy-
roid extract from animals, led to improvement of clinical symptoms 

[4]. Treatment of children with clinically diagnosed congenital hypo-
thyroidism in the 1950’s restored growth and many other signs and 
symptoms [5]. These initial treatment protocols, however, were not 
successful in preventing mental retardation. In 1972 it was demon-
strated that the key to preventing brain damage is treatment started 
within the first three months of life [6]. Since only one third of pa-
tients were clinically recognized as early as that, newborn screening 
programmes for congenital hypothyroidism were introduced in the 
late 1970s. These screening programmes have proven to be very ef-
fective in preventing brain damage by early detection and treatment 
[7, 8]. Children with congenital hypothyroidism treated within the 
first two to three weeks of life have near normal development, al-
though mild neurological deficits and health impairments are ob-
served in the most severely affected [9]. Congenital hypothyroidism 
has a reported incidence of one in 2000– 4000 live births and may be 
of thyroidal (primary) or of hypothalamic– pituitary (central) origin. 
Primary congenital hypothyroidism accounts for approximately 90– 
95% of all cases and may be due to abnormal thyroid gland formation 
(dysgenesis) or defective thyroid hormone syntheses by a structurally 
normal gland (dyshormonogenesis). Central congenital hypothy-
roidism has a reported incidence of up to one in 16 000 live births. 
Central congenital hypothyroidism may occur in isolation but in the 
majority of cases (around 75%) is accompanied by additional pitu-
itary hormone deficiencies.

Thyroid Development and Thyroid 
Hormone Biosynthesis

Thyroid development and thyroid hormone biosynthesis are re-
viewed in detail in Section 3. In short, the developing thyroid is first 
visible at the end of the third embryonal week as an endodermal 
thickening in the floor of the pharynx at the most anterior part of 
the foregut [10]. This median thyroid anlage enlarges and migrates 
downward. Initially the thyroid anlage stays connected to the pha-
ryngeal endoderm via the thyroglossal duct but detaches from it by 
the end of the fourth embryonal week. It migrates further along the 
neck, forms two lobes and fuses with the lateral thyroid anlagen, the 
ultimobranchial bodies. The thyroid reaches its final, pretracheal 
position in the seventh embryonic week. After this, cellular dif-
ferentiation and folliculogenesis continue. In the tenth embryonal 
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week, the thyroid is completely formed, and at the end of the first 
trimester thyroid hormone synthesis is achieved. Various transcrip-
tion factors are involved in these stages of thyroid development. 
The four transcription factors NKX2- 1, FOXE1, PAX8, and HHEX 
are expressed from the first development, while the TSH- receptor 
(TSHR), thyroglobulin (Tg), sodium- iodide symporter (NIS/ 
SLC5A5) and thyroid peroxidase (TPO) are expressed in the stage 
of folliculogenesis [10]. Mutations in encoding genes may result in 
thyroid dysgenesis or thyroid dyshormonogenesis.

Development of Thyroid Hormone Synthesis 
During Gestation

Thyroid hormones are detectable in the fetal circulation at the end 
of the first trimester, although it is likely that a fraction of these hor-
mones is of maternal origin [11]. Initially the concentrations of thy-
roxine (T4) and thyroxine- binding globulin (TBG) are very low but 
subsequently increase to reach adult values at about 36 weeks. Fetal 
serum triiodothyronine (T3) concentrations are low due to relatively 
low placental deiodinase type D1 activity, while reverse T3 levels are 
high due to high placental deiodinase type D3. At term, the T3 con-
centration are still low compared to the normal values for infants and 
adults. Birth induces a number of changes in thyroid hormone pro-
duction and metabolism within a short period. This adaptation pro-
cess starts with an acute surge of TSH into the circulation, reaching 
a maximum level around 30 min after birth. Thereafter, it gradually 
decreases and stabilizes within 1– 2 days at slightly higher values than 
those in adults. The TSH surge significantly increases the thyroid 
hormone production. Serum T4 and T3 reach maximum levels ap-
proximately 24 hours after birth. Serum reverse T3 concentration de-
creases rapidly in the first week of life caused by the loss of placental 
deiodinase D3 activity. In preterm infants, the functional matur-
ation of the thyroid at birth is incomplete. Timing of the TSH surge 
is similar to that of term neonates, but quantitatively lower, especially 
in preterm infants with respiratory distress syndrome. During the 
first day following the TSH surge, increasing T4 and T3 concentra-
tions can be observed, but the T4 and T3 peak levels are lower as 
the pregnancy is shorter and in the case of complications, such as 

intrauterine growth retardation and respiratory distress syndrome, a 
nadir is observed at about one week after birth, followed by a second 
TSH increase. This decrease in T4 concentrations in premature in-
fants, is referred to as transient hypothyroxinaemia of prematurity. 
Although premature neonates have lower postpartum free T4 (fT4) 
levels than would be normal for intrauterine life at the same age, 
administration of T4 immediately after birth has no significant in-
fluence on mortality and morbidity, except for extremely premature 
infants (less than 27 weeks gestation) in whom such a temporary T4 
supplement may be beneficial for brain development [12].

Primary congenital Hypothyroidism

Thyroid dysgenesis has long been reported to account for 85% of cases 
of primary congenital hypothyroidism, while dyshormonogenesis 
only accounts for 15%. However, in the last decade the contribution 
of thyroid dyshormonogenesis has increased and is reported to be 
30– 40%. Especially milder and often transient cases are increasingly 
identified, most likely resulting from the lowering of TSH cut- offs 
in neonatal screening [13].

Thyroid Dysgenesis

Thyroid dysgenesis may result in mild to severe hypothyroidism. 
The gland may be completely absent (agenesis) or remnants of vari-
able size may be present along the tract of the thyroglossal duct (see 
Figure 9.5.1). These structures, called dystopic (synonym: ectopic) 
remnants are often localized in the sublingual area. Agenesis is 
characterized by complete absence of any thyroid tissue (indicated 
by technetium- 99m or 123- I scintigraphy and ultrasound imaging), 
and complete inability to produce thyroid hormone and thyro-
globulin. However, patients with negative 123- I scintigram and (al-
most) complete absence of circulating thyroid hormone, but clearly 
measurable serum thyroglobulin levels, have been described [14]. 
As the thyrocytes are the only cells able to produce thyroglobulin, 
this cell type has to be present, although it cannot be localized. We 

(a) (b)

Figure 9.5.1 Ultrasound (a) and thyroid 123- I scintigraphy (b) of the neck and head/ neck, respectively, of a 14- day- old boy with primary congenital 
hypothyroidism due to thyroid dysgenesis. Ultrasonography showed no thyroid tissue in the trachea- ‘muscles’- carotid artery triangle. Scintigraphy 
showed a dystopic thyroid remnant (>).
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introduced the term ‘cryptic thyroid remnant’ to describe this type 
of disorder.

In most cases it remains unclear why the migration and develop-
ment of the thyroid becomes disturbed. Approximately 2% of cases 
are familial [15– 17]. Although this familial occurrence strongly 
suggests the presence of genetic factors, mutations in genes known 
to be involved in thyroid development still explain not more than 
ten percent of all cases of dysgenesis. The high discordance be-
tween monozygotic twins (92%) suggests the involvement of other 
mechanisms than mutations in these genes [18]. Thyroid dysgenesis 
usually occurs in isolation but in very rare cases may be associated 
with other abnormalities. The most frequently encountered genetic 
form of isolated thyroid dysgenesis is due to TSH- receptor defects. 
The phenotype varies from severe congenital hypothyroidism due 
to a hypoplastic or even absent thyroid gland to mild TSH ele-
vation only. It is an autosomal recessive disorder although a few 
monoallelic mutations have been shown to cause mild TSH eleva-
tion in a dominant way, with intracellular entrapment of wild- type 
TSH receptors by mutant receptors as the underlying mechanism 
is [19– 21]. Other rare genetic forms of isolated thyroid dysgenesis 
are due to defects in the PAX8 and CDCA8 (or BOREALIN) genes. 
Rare syndromic forms of thyroid dysgenesis include Bamforth– 
Lazarus syndrome (FOXE1 gene defects), brain– lung– thyroid syn-
drome (NKX2- 1 gene defects), 22q11.2 deletion syndrome (TBX1 
gene defects), GLIS3 gene defects (associated with permanent neo-
natal diabetes) and Alagille syndrome (JAG1 gene defects) (see  
Table 9.5.1). The frequency of congenital heart defects is increased 
in patients with thyroid dysgenesis. This is probably explained by 
the close relation of thyroid development to the adjacent mesen-
chyme and the developing heart. Genes associated with both con-
genital heart defects and thyroid dysgenesis are NKX2- 5 and NTN1.

Thyroid Dyshormonogenesis

Dyshormonogenesis is characterized by a defect in one of the mo-
lecular steps involved in thyroid hormone synthesis within, and at 
the apical side of the thyroid follicular cells. In dyshormonogenesis, 
the thyroid gland has a normal position and structure. However, 
decreased thyroid hormone levels result in increased pituitary TSH 
secretion and ongoing thyroid gland stimulation, leading to thy-
roid gland enlargement (goitre); at birth or developing later on, es-
pecially when thyroid hormone treatment is delayed or with low 
patient compliance. Biochemically, patients present with varying de-
grees of hypothyroidism (low or normal fT4, with high TSH). Many 
dyshormonogenesis cases are detected by neonatal screening but 
mild cases may be missed. Maternal iodide intake may influence the 
postnatal thyroid hormone levels. In general, thyroglobulin levels are 
increased in thyroid dyshormonogenesis, except in thyroglobulin 
synthesis defects. Thyroid imaging by ultrasound or scintigraphy 
using 123- I or technetium- 99m may distinguish thyroid dysgenesis 
from dyshormonogenesis. However, radionuclide uptake may be 
low or absent in sodium- iodide symporter defect, emphasizing the 
importance of combining ultrasound and scintigraphy in the diag-
nostic work- up. Administration of perchlorate after 123- I scintig-
raphy may identify iodide organification defects; perchlorate blocks 
the sodium- iodide symporter, resulting in discharge of unbound 

123- I in case of an organification defect. Normally, discharge is 
less than 10%. Discharge >90% indicates total iodide organification 
defect, while values between 10% and 90% indicate partial iodide 
organification defect (see Figure 9.5.2). Abnormal discharge is ex-
pected in TPO, DUOX2, DUOXA2, SLC26A4, and SLC26A7 gene 
defects, while normal discharge is expected in SLC5A5, TG, and 
IYD defects. In contrast to thyroid dysgenesis, which is usually 
sporadic, most cases of dyshormonogenesis are hereditary in an 
autosomal recessive manner, with the exception of a few cases of 
dominant inheritance [22, 23]. Another difference between thyroid 
dysgenesis and dyshormonogenesis is the large phenotypic vari-
ability in thyroid dyshormonogenesis, with variable expression and 
penetrance of genetic defects. Lack of clear genotype- phenotype 
correlation may point to a role for other genetic or environmental 
influences, for instance multigenic involvement or dietary iodine 
intake. Increasing iodine intake may improve certain forms of thy-
roid dyshormogenesis (DUOX2, DUOXA2, SLC26A4, SLC26A7, 
IYD, and partial SLC5A5).

Defects in Iodine Transport

The first step in thyroid hormone synthesis is the active transport of 
iodide into the thyrocytes. Iodide transport across the basal mem-
brane is mediated by the sodium- iodide symporter (NIS). NIS is 
also present in a number of non- thyroidal tissues, like the lactating 
mammary gland, stomach, salivary and lacrimal glands. NIS defi-
ciency results in insufficient uptake of iodide as substrate for thyroid 
hormone synthesis. It is an autosomal recessive disorder character-
ized by goitre and hypothyroidism of variable severity. Diagnostic 
characteristics are (1) limited or absent radioiodide uptake in a nor-
mally positioned thyroid gland; (2)  elevated blood thyroglobulin 
levels; and (3) a low saliva (radio- ) iodide concentration resulting 
in low (radio- )iodide saliva/ plasma ratio. Clinically there is marked 
heterogeneity which may be related to differences in iodide intake. 
Although high iodide intake may compensate for impaired NIS 
function, treatment with levothyroxine (LT4) is preferred, espe-
cially in young children.

Defects in the Synthesis of Thyroglobulin

Thyroglobulin is a very large glycoprotein homodimer, that serves 
as a macromolecular precursor for thyroid hormone synthesis and 
storage. Thyroglobulin deficiency is an autosomal recessive disorder 
and causes goitre with mild to severe hypothyroidism in combin-
ation with typically low or undetectable serum thyroglobulin levels. 
Abnormal iodoproteins/ - peptides may be found in blood and 
urine. Upon scintigraphy radionuclide uptake (123- I) is high with 
a normal perchlorate discharge. The estimated prevalence is 1 in 
100 000 newborns with a probably somewhat higher prevalence in 
Japan (1 in 67 000) [24]. TG defects show a large clinical heterogen-
eity, ranging from simple goitre to a very large thyroid with severe 
hypothyroidism. Molecular studies of different mutations have pro-
vided more insight into thyroglobulin transport/ trafficking, which 
explains some of the clinical heterogeneity. For example, mutations 
in the acetylcholinesterase- like domain and mutations replacing 
cysteine residues inhibit thyroglobulin from being transported out 
of the endoplasmic reticulum into the Golgi apparatus, causing pre-
mature degradation as seen in other endoplasmic reticulum storage 
diseases [25, 26].
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Defects in Iodination of Thyroglobulin

Thyroperoxidase (TPO) is an enzyme located at the apical mem-
brane of the follicular cell, and responsible for iodide oxidation, 
tyrosyl iodination, and iodotyrosine coupling. TPO defects are 
a common cause of permanent congenital hypothyroidism due 
to dyshormonogenesis. The estimated prevalence in a Dutch co-
hort was 1 in 66  000 newborns [27]. It is an autosomal recessive 
disorder usually leading to a total iodide organification defect, 
but also to partial defects. Hypothyroidism, especially in total 
iodide organification defects, is severe and associated with goitre. 
Thyroglobulin levels are elevated. Thyroid scintigraphy shows high 
radionuclide uptake and an abnormal perchlorate discharge test 
indicating defective organification. In case of total organification 
defect (discharge >90%) TPO gene defects are the most likely candi-
date, with DUOX2 as an alternative. In case of partial organification 
defects (discharge 10– 90%) other causes should also be considered, 
such as DUOXA2 and SLC26A4 mutations [28].

The enzymes dual oxidase 1 and 2 (DUOX1 and DUOX2), are 
responsible for thyroidal H2O2 generation at the apical mem-
brane of the thyroid follicular cell. DUOX2 seems to be the dom-
inant factor since it is more highly expressed in the thyroid than 
DUOX1. In 2002, the first four cases of DUOX2 mutation causing 
congenital hypothyroidism were described [29]. DUOX2 variants 
are found in high frequency in cohorts of congenital hypothy-
roidism patients with partial iodide organification defects and is 
one of the most frequent causes thyroid dyshormonogenesis. In 
a Chinese study of patients with overt and subclinical congenital 
hypothyroidism the DUOX2 mutation rate was as high as 29% 
[30]. Recently, DUOX2 mutations were found in patients with 
thyroid dysgenesis as well, suggesting a role of DUOX2 also in 
thyroid dysgenesis [31]. The phenotypic variability of DUOX2 
mutations may in part be explained by other H2O2 generating 
systems compensating for the defective DUOX2 function, such as 
DUOX1. The finding of digenic DUOX1 and DUOX2 mutations 
emphasizes that congenital hypothyroidism may be oligogenic 
and that differences in severity may be explained by the presence 
of other genetic defects [32]. Other factors possibly explaining 
the phenotypic variability are thought to be age- related differ-
ences in thyroid hormone requirement, and differences in iodide 
intake [33].

DUOXA1 and DUOXA2 are endoplasmic reticulum proteins 
that are required for the maturation and plasma membrane localiza-
tion of the DUOX enzymes [34]. In 2008 the first case of a DUOXA2 
mutation was reported in a case of mild permanent congenital 
hypothyroidism due to a partial iodide organification defect [35]. 
Since then only a few cases have been reported. DUOXA2 mutations 
also seem to be associated with a variable phenotype, ranging from 
permanent to transient congenital hypothyroidism in the neonatal 
period. Just like for DUOX there seems to be an age- dependent 
decrease in severity and compensating DUOX1/ DUOXA1 H2O2 
generation is thought to influence severity. A high incidence of a 
specific DUOXA2 mutation (Y138X) was found in a Korean popu-
lation, emphasizing ethnic differences in prevalence [36].

SLC26A4 (or pendrin) is a member of the solute carrier family26A. 
It is localized to the apical membrane of the thyroid follicular cell 
and mediates iodide efflux from the cellular side to the follicular 
lumen, making it available for oxidation and tyrosyl iodination. 
In the inner ear SLC26A4 maintains acid- base homeostasis of the 
endolymphatic fluid [37]. Pendred syndrome is an autosomal reces-
sive disorder characterized by sensorineural deafness, goitre, and a 
partial iodide organification defect. Patients present with hearing 
loss from infancy or later in childhood. Impaired hearing is asso-
ciated with inner ear malformation (enlarged vestibular aquaduct) 
which can be visualized by MR or CT imaging. Development of 
goitre and hypothyroidism is influenced by iodide intake, and usu-
ally develops later in childhood or adolescence. Therefore, patients 
are mostly missed by neonatal screening. The incidence of Pendred 
syndrome is estimated at 7.5 to 10 in 100 000 individuals and accounts 
for approximately 10% of all hereditary forms of hearing loss.  
SLC26A7 is an anion transporter that was recently found to be local-
ized at the apical membrane of the thyroid follicular cells. Although 
its precise function remains to be elucidated it seems to be involved 
in iodide transport. SLC26A7 gene defects have been described in 
patients with goitrous congenital hypothyroidism exhibiting a par-
tial iodide organification defect.

Defects in the Recycling of Iodide

The enzyme iodotyrosine deiodinase (IYD), also known as iodo-
tyrosine dehalogenase 1 (DEHAL1) degrades monoiodotyrosines 
(MIT) and diiodotyrosines (DIT) into iodide and tyrosine, 

(a) (b) (c)

Figure 9.5.2 Ultrasound (a) and thyroid 123- I scintigraphy before (b) and after (c) perchlorate administration in a 14- day- old boy with primary 
congenital hypothyroidism due to thyroid dyshormonogenesis. Ultrasonography and scintigraphy showed a normally localized thyroid. After the 
administration of perchlorate, 123- I uptake decreased from 20.7% to 4.3%, confirming the diagnosis iodide organification defect.
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recycling them for hormonogenesis [38]. IYD deficiency leads to 
increased blood iodotyrosines (MIT and DIT) levels and increased 
urinary excretion. The resulting urinary iodide loss leads to iodide 
deficient hypothyroidism and goitre. IYD deficiency is a very rare 
autosomal recessive disorder with IYD defects only reported in 
seven patients so far (three missense mutations and one deletion). 
Since the onset of the hypothyroidism and goitre is variable and not 
always present at birth, IYD deficiency is probably missed in neo-
natal screening programmes. This genetic form of hypothyroidism 
should be considered in case of nonautoimmune hypothyroidism 
and goitre occurring in childhood/ adolescence and perhaps even 
later on in life.

central congenital Hypothyroidism

In central congenital hypothyroidism deficient thyroid hormone 
production is due to insufficient TSH stimulation of an other-
wise normal thyroid gland [39]. If the defect is limited to pitu-
itary thyrotrope cells, central hypothyroidism may be isolated. 
In most cases it is associated with other pituitary hormone defi-
ciencies. In combined pituitary hormone deficiency, growth hor-
mone deficiency and adrenocorticotrophic hormone (ACTH) 
deficiency are potentially brain damaging and life- threatening, due 

to hypoglycaemia and circulatory insufficiency. Isolated central 
congenital hypothyroidism may be due to defects in thyrotropin 
releasing hormone receptor gene (TRHR), thyroid stimulating 
hormone β- subunit gene (TSHB), and the more recently described 
genes IGSF1, TBL1X, and IRS4 [40– 46]. TRHR and TSHB gene 
mutations are found only rarely. Since the first cases of IGSF1 gene 
mutations were reported in 2012, many new cases have been de-
scribed making IGSF1 mutations a frequent cause of isolated cen-
tral hypothyroidism [47]. TBL1X and IRS4 have been described 
only very recently and their prevalence still needs to be investigated 
in large cohorts [45, 46]. The majority of central congenital hypo-
thyroidism cases are not isolated but occur within the framework 
of combined pituitary hormone deficiencies. Mutations in tran-
scription factors involved in pituitary formation/ differentiation are 
found in less than 5% of patients (see Table 9.5.2). Most patients 
with congenital combined pituitary hormone deficiency exhibit a 
pituitary malformation characterized by an absent or thin pituitary 
stalk, a hypoplastic anterior pituitary lobe and an ectopic posterior 
pituitary lobe (see Figure 9.5.3). This malformation is known as pi-
tuitary stalk interruption syndrome (PSIS) [48]. PSIS often occurs 
in isolation but may be accompanied by additional midline brain 
abnormalities. Since monogenic causes of isolated PSIS are only 
rarely detected, a polygenic and multifactorial aetiology is more 
likely [49].

Table 9.5.2 Genetic causes of congenital central hypothyroidism

Gene name Inheritance Associated characteristics

Isolated central hypothyroidism

IGSF1 XL Prolactin deficiency1, growth hormone deficiency2, delayed maturation, macro- orchidism in males, ovarian 
cysts in females

IRS4 XL

TBL1X XL Hearing deficits

TRHR AR

TSHB AR

Central hypothyroidism within combined pituitary hormone deficiencies3

CHD7 AD CHARGE syndrome, PSIS

FGF8 AR Kallmann syndrome, holoprosencephaly, corpus callosum agenesia

FGFR1 AD Kallmann syndrome, septo- optic dysplasia, PSIS

FOXA2 AD Craniofacial and endoderm- derived organ abnormalities, hyperinsulinism

HESX1 AR/ AD Septo- optic dysplasia

LEPR AR Severe obesity and hyperphagia

LHX3 AR Short, rigid cervical spine, variable deafness, small to large pituitary

LHX4 AR/ AD Cerebellar anomalies, PSIS, Arnold- Chiari malformation, corpus callosum hypoplasia

NFKB2 AD Variable immune deficiency (DAVID syndrome)

OTX2 AD Ocular anomalies, PSIS

POU1F1 AR/ AD Midface hypoplasia

PROKR2 AR/ AD Septo- optic dysplasia, PSIS

PROP1 AR Small to large pituitary

SOX2 AD Microphthalmia, variable learning difficulties, pituitary hypoplasia

SOX3 XL Variable mental retardation, PSIS

1 61% of hemizygous males, and 22% of heterozygous females; 2 16% of hemizygous males in childhood [47]; 3 combination of hormone deficiencies is variable [39].
Abbreviations: AD, autosomal dominant; AR, autosomal recessive; PSIS, pituitary stalk interruption syndrome; XL, X- linked.
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Albright’s Hereditary osteodystrophy and 
Down’s Syndrome

Albright’s hereditary osteodystrophy (AHO) is characterized by 
short stature, obesity, round face, subcutaneous ossifications and 
brachydactyly. In the late 1980s AHO was linked to mutations in 
the GNAS gene, explaining the resistance to parathyroid hormone 
and TSH often seen in these patients [50]. Nowadays, four types 
pseudohypoparathyroidism (PHP) are recognized, of which two are 
associated with hormonal resistance: PHP1a (AHO phenotype plus 
hormonal resistance to PTH, TSH, GnRH, LH and FSH, and PHP1b 
(hormonal resistance only). In PHP1a the severity of hypothyroidism 
ranges from subclinical (elevated TSH with normal fT4) to manifest 
(elevated TSH and low fT4). In PHP1a, congenital hypothyroidism 
is the earliest clue to this diagnosis in up to 30% of cases, but not in 
PHP1b which is associated with milder hypothyroidism [51]. Down’s 
syndrome, caused by the presence of (part of) an extra chromosome 
21, has been associated with congenital hypothyroidism for many 
decades [52]. In the last few years, it has become clear that, as a group, 
Down’s syndrome children have a mild form of primary congenital 
hypothyroidism, probably caused by subtle thyroid dysgenesis which 
might be caused by overexpression of the chromosome 21 gene 
DYRK1A [53– 55]. Some children have manifest hypothyroidism 
which is an undisputed treatment indication. However, most chil-
dren have mild subclinical disease. LT4 treatment of young Down’s 
syndrome children with subclinical disease during their first 2 years 
of life seemed to improve cognitive and motor development, but in 
the long term may only result in somewhat better growth [56, 57].

Transient congenital Hypothyroidism

Exposure of the neonate or fetus to excessive quantities of iodine (e.g. 
iodine- containing radiographic contrast agents or disinfectants) 

may lead to transient primary congenital hypothyroidism. 
Incidentally, maternal TSH receptor blocking antibodies may cause 
transient primary congenital hypothyroidism for several weeks or 
months, depending on the initial concentration of circulating anti-
bodies [58]. In both situations affected neonates may be detected by 
neonatal screening and selected for LT4 treatment during the first 
months of life. Maternal antithyroid drug use for hyperthyroidism 
is a third cause transient congenital hypothyroidism.

Transient central congenital hypothyroidism has been reported 
in newborns of women with uncontrolled Graves’ hyperthy-
roidism during pregnancy. It may be caused by exposure of the 
fetal hypothalamic– pituitary– thyroid system to higher than normal 
thyroid hormone concentrations, impairing its physiological mat-
uration during intrauterine life. Although transient, the central 
hypothyroidism may persist for several months to over a year, 
necessitating treatment [59].

Signs and Symptoms of congenital 
Hypothyroidism

Due to the protective effects of maternal thyroid hormone placental 
transfer, newborns with congenital hypothyroidism are typically 
asymptomatic at birth. Classic signs and symptoms of untreated 
congenital hypothyroidism include large fontanels, macroglossia, 
abdominal distention, umbilical hernia, lethargy, hoarse cry, poor 
feeding, hypothermia, constipation, prolonged jaundice, hypotonia 
with delayed reflexes, bradycardia, and a mottled dry skin. In cases 
of thyroid dyshormonogenesis, goitre may be present but hardly 
ever large enough to obstruct neck flexion during delivery or cause 
airway obstruction. In syndromic forms of primary congenital 
hypothyroidism certain specific features may be present; cleft palate, 
choanal atresia, spikey hair and bifid epiglottis (Bamforth– Lazarus 
syndrome due to FOXE1 gene defects), neurological and respiratory 
problems (brain– lung– thyroid syndrome due to NKX2- 1 gene de-
fects), congenital heart disease (NKX2- 5 and NTN1 gene defects), 
neonatal diabetes mellitus (GLIS3 gene defects), renal abnormalities 
(PAX8 gene defects), and sensorineural hearing loss (Pendred syn-
drome due to SLC26A4 gene defects) (see Table 9.5.1).

In central congenital hypothyroidism signs of additional pitu-
itary hormone deficiencies may be hypoglycaemia due to growth 
hormone and/ or adrenocorticotropic hormone deficiency, or 
micropenis and/ or undescended tests due to gonadotropin defi-
ciency. In rare instance, diabetes insipidus may be present due to 
vasopressin deficiency (usually in case of septo- optic dysplasia). 
Other midline abnormalities may be present such as cleft palate, 
ocular abnormalities, and solitary central incisor.

neonatal Screening

In the 1970s it became possible to determine T4 and TSH concen-
trations in just a few drops of blood, obtained by a heel puncture, 
and absorbed in filter paper. Since then many countries have imple-
mented neonatal mass- screening programmes for congenital hypo-
thyroidism. Worldwide, the majority of these screening programmes 
are TSH- based and effectively detect cases of primary congenital 
hypothyroidism. Central congenital hypothyroidism is only detected 

Figure 9.5.3 MRI of the hypothalamic- pituitary region of a 4- week- old 
girl with pituitary stalk interruption syndrome consisting of the classic 
triad of a small anterior pituitary lobe, an ectopic posterior pituitary lobe, 
and an absent pituitary stalk.
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in programmes that also measure T4 or fT4 [60]. The Dutch neonatal 
screening programme consists of a three- step approach with a pri-
mary T4 measurement followed by additional TSH measurement in 
the lowest 20% T4 concentrations, and an additional measurement of 
T4- binding globulin (TBG) in the lowest 5%. This screening strategy 
has proven to be effective in detecting both primary and central 
forms of congenital hypothyroidism [61, 62]. The incidence of per-
manent central congenital hypothyroidism in the Netherlands is one 
of the highest in the world, around 1 in 16 000 neonates [63].

Diagnosis and Treatment of congenital 
Hypothyroidism

In a newborn with an abnormal neonatal screening result a venous 
blood sample should be taken for TSH and fT4 measurement in order 
to confirm the diagnosis. A low fT4 in combination with a high TSH 
level indicates primary hypothyroidism, while a low fT4 together 
with a low, normal, or mildly elevated TSH points to central hypo-
thyroidism. A normal fT4 together with an elevated TSH is referred 
to as subclinical hypothyroidism. In central hypothyroidism TSH 
may be mildly elevated due to the presence of TSH with reduced bio-
activity. This may complicate distinguishing mild primary hypothy-
roidism from central hypothyroidism. In a large group of neonates 
with central congenital hypothyroidism it was found that their TSH 
levels at diagnosis were never higher than 12.9 mIU/ L [64]. Current 
guidelines advise starting levothyroxine (LT4) treatment immedi-
ately without waiting for the venous blood test result unless these re-
sults are available the same day [65]. In case of borderline screening 
results the decision to treat may be delayed until after the venous 
blood results are known. In these cases, further diagnostic studies 
may aid in obtaining a definitive diagnosis. Diagnostic work- up in-
cludes imaging studies (thyroid ultrasound, or scintigraphy using 
123- I followed by perchlorate administration or technetium- 99m), 
measurement of serum thyroglobulin and serum/ salivary/ urine 
iodine measurement (see sections on thyroid dysgenesis and thyroid 
dyshormonogenesis) and measurement of maternal and neonatal 
anti- TSH receptor antibodies. In case of suspected central hypothy-
roidism additional pituitary function tests are needed to search for 
possible accompanying pituitary hormone deficiencies. PSIS can be 
shown or ruled out by magnetic resonance imaging of the brain.

Treatment for primary congenital hypothyroidism should be 
started with an initial LT4 dose of 10– 15 µg/ kg once a day [65]. LT4 
tablets should be crushed and mixed with a bit of water, breast milk, 
or formula and administered on a small spoon. In case of a severely 
hypothyroid neonate, the body’s T4 deficit can be corrected by one 
additional LT4 dose, 12 hours after the initial dose. There is no evi-
dence of benefit of adding LT3 (liothyronine) to the LT4 treatment. 
T4 absorption may be compromised by certain substances such as 
soya formulas, iron, and calcium preparations. To prevent under-  or 
overtreatment, the fT4 and TSH concentrations should be monitored 
at regular intervals. Recommended follow- up is every 2 weeks until 
serum TSH is normalized, every 1 to 3 months during the first year 
of life, every 2 to 4 months between 1 and 3 years of age and every 6 
to 12 months thereafter [65]. Due to decreasing T4 turn over with age, 
the required dose of 10– 15 µg/ kg in the first months of life decreases 
to around 4– 5 µg/ kg at the age of 5 years and to around 1.6 µg/ kg in 
adults.

The short- term goals of LT4 treatment in the neonatal period are 
to normalize the fT4 concentration within 2 weeks and TSH con-
centration within 4 weeks. When treating children with severe con-
genital hypothyroidism, normalization of TSH concentrations can 
sometimes only be achieved by establishing supra- physiological 
fT4 concentrations. This seems to be due to an altered TSH- fT4 set 
point possibly due to the effect of intrauterine hypothyroidism on 
the maturing hypothalamic– pituitary– thyroid axis [66]. While this 
set point change seems to normalize with age there is evidence of 
persistence [67]. In these cases, we advise keeping fT4 concentra-
tions around the upper limit of the reference interval and accepting 
slightly elevated TSH concentrations, although this may lead to 
goitre in cases of dyshormonogenesis.

In case of primary congenital hypothyroidism without definitive 
diagnosis, treatment may be safely discontinued at the age of 3 years to 
evaluate the permanent or transient character of the hypothyroidism.

For the treatment of central congenital hypothyroidism, a starting 
dose of approximately 6– 8 µg/ kg per day is suitable. In central hypo-
thyroidism TSH levels are useless for therapy control and one has 
to rely on fT4 concentrations. The aim is to keep fT4 concentrations 
in the upper half of the age specific reference range. It is important 
to treat accompanying ACTH deficiency before starting T4 supple-
mentation. Genetic testing for mutations in TRHR, TSHB, IGSF1, 
TBL1X, and IRS4 genes will substantiate a diagnosis of isolated cen-
tral hypothyroidism.

The main treatment goal in congenital hypothyroidism is 
preventing brain damage, especially in the first 3 years of life when 
brain development is critically dependent on thyroid hormone. 
Long- term effect evaluation of the cognitive and motor develop-
ment of patients with congenital hypothyroidism has demonstrated 
that timely and adequate LT4 treatment results in neuropsycho-
logical test results within the normal range [8, 68]. However, espe-
cially in severe cases of congenital hypothyroidism, mild learning 
disabilities, fine motor impairment and attention problems are 
still reported [69,  70]. Also, a higher prevalence of sensorineural 
hearing loss is reported emphasizing the role of thyroid hormone in 
cochlear development [71].

congenital Hyperthyroidism

Congenital or neonatal hyperthyroidism is usually caused by ma-
ternal TSH receptor stimulating antibodies crossing the placenta 
and stimulating the fetal thyroid from mid- gestation onwards. 
Much rarer causes are activating mutations in the genes encoding 
the TSH receptor or stimulatory G protein (McCune– Albright 
syndrome) [72]. Although neonatal hyperthyroidism caused by 
stimulating antibodies affects only 1– 2% of the children of mothers 
with past or active Graves’ disease and is a self- limiting disease, 
it is associated with considerable morbidity and even mortality if 
not recognized and left untreated [72, 73]. Prenatal signs may be 
intra- uterine growth retardation, microcephaly, tachycardia, and 
goitre. After birth, neonates may be extremely restless and irritable, 
with an exophthalmos- like appearance, and may display signs of 
hypermetabolism, for instance tachycardia and sweating, and even 
multiple organ failure.

In the past decades, it has been shown that the key to preventing 
morbidity and mortality due to fetal and neonatal hyperthyroidism 
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caused by anti- TSH receptor antibodies is measurement of these 
antibodies in pregnant women with past or active Graves’ dis-
ease: early in, and— if detectable— at mid gestation, and (late) in the 
third trimester. If antibodies are present at mid gestation, the fetus 
should be closely monitored. When there are signs of fetal hyper-
thyroidism, antithyroid drug treatment should be started via the 
mother. At birth, anti- TSH receptor antibodies, and fT4 and TSH 
should be measured in cord blood, and thyroid function should be 
assessed every 2– 3  days thereafter. Predictors of neonatal hyper-
thyroidism are anti- TSH receptor antibodies concentrations higher 
than three times the upper limit of the reference interval and higher 
than normal fT4 levels [74].

If a neonate has clinical or biochemical signs of hyperthyroidism, 
treatment should be started consisting of methimazole (0.5– 1.0 
mg/ kg per day, orally in three divided doses) and, depending on 
the severity of the condition, propranolol (2 mg/ kg per day, orally 
in two divided doses) [72]. In severe cases, treatment with iodine 
(1 drop of Lugol’s solution every 8 h after the start of antithyroid 
drug therapy; Lugol’s solution contains 126 mg iodine/ ml) and cor-
ticosteroids may be necessary. If heart failure is imminent, digital-
ization is indicated. When euthyroidism is reached, methimazole 
treatment should be continued for several months, and LT4 should 
be added to prevent hypothyroidism (‘block and replace’). An al-
ternative approach is to taper the methimazole dose to maintain 
euthyroidism (‘titration’). In our experience, this leads to un-
wanted fluctuating fT4 concentrations. Therefore, we prefer the 
block and replace strategy. In most infants the anti- TSH receptor 
antibodies will have disappeared by the age of 3– 4 months, when 
treatment can be stopped. In case of congenital hyperthyroidism 
due to gain- of- function mutation of the TSH- receptor gene, remis-
sion will not occur. After initial thyreostatic drug treatment, the 
only reliable long- term treatment is surgical removal of the thyroid 
gland, sometimes followed by 131I treatment. Mental impairment, 
microcephaly, and growth problems may occur when treatment is 
delayed.
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Introduction

Pituitary adenomas may cause problems because of over- secretion 
of hormones by the tumour as well as by causing hypopituitarism, 
thereby affecting fertility and pregnancy outcome if pregnancy does 
ensue. In addition, the pregnancy itself alters hormone secretion 
and pituitary tumour size, complicating the evaluation and manage-
ment of patients with pituitary neoplasms. The influence on various 
types of therapy on the developing fetus also affects therapeutic 
decision- making.

Prolactinoma and Pregnancy

Hyperprolactinemia is responsible for about one third of all 
cases of female infertility, owing to its inhibition of ovulation [1] . 
When women with prolactinomas get pregnant, two important 
issues arise:  (1) the effects of the dopamine agonist on early fetal 
development; and (2)  the effect of pregnancy on prolactinoma  
size [2].

effects of Dopamine Agonists on the Developing Fetus

For patients with prolactinomas, dopamine agonists are the treatment 
of choice, as they are effective in correcting the hyperprolactinemia 
and restoring ovulation in over 90% of women with amenorrhea 
and anovulation [3– 5]. Generally, dopamine agonists should be 
stopped upon confirmation of pregnancy. Bromocriptine has been 
shown to cross the placenta in human studies [6] ; while cabergoline 
has been shown to do so in animal studies but such data are lacking 

in humans. The long half- life of cabergoline means several days of 
fetal exposure after the drug has been stopped.

With such short- term exposure of generally less than 6 weeks in 
over 6000 pregnancies, bromocriptine has not been found to cause any 
increase in spontaneous abortions, ectopic pregnancies, trophoblastic 
disease, multiple pregnancies, or congenital malformations (Table 1) 
[7] . A long- term follow- up study of 64 children between the ages of 
6 months and 9 years who were exposed to this drug during early ges-
tation showed no ill effects on their development. Bromocriptine has 
been used throughout gestation in only a little over 100 women, with 
no abnormalities noted in the infants except for one with an undes-
cended testicle and another with a talipes deformity [8– 10].

Experience with the use of cabergoline in early pregnancy is more 
limited, with just over 1000 cases being reported (Table  1). As with 
bromocriptine, such use has similarly not shown an increase in adverse 
pregnancy outcomes (Table 1), including only 2.6% major malforma-
tions found in 908 pregnancies [11– 20]. Follow- up studies of up to 
12 years following exposure to cabergoline during gestation in 232 chil-
dren showed a slight retardation in verbal fluency in two (0.8%), diffi-
culty in achieving complete continence in one by age 4 (0.4%), seizures 
in two (0.8%) and ‘pervasive developmental disorder’, an autism spec-
trum disorder, in two (0.8%) [19, 21, 22]. A summary of cabergoline 
use throughout gestation indicated that healthy infants were delivered 
at term in thirteen and at 36 weeks in one; but one had an intrauterine 
death at 34 weeks when the mother had severe preeclampsia [20, 23]. 
Compared to what is expected in the general population in the United 
States [24, 25], there do not appear to be any increases in adverse preg-
nancy outcomes with either drug (Table 9.6.1).

In a review of 176 pregnancies, in which quinagolide (not avail-
able in the United States) was maintained for a median duration 
of 37  days into the gestations, Webster reported 24 spontaneous 
abortions, one ectopic pregnancy, and one stillbirth at 31 weeks of 
gestation [26]. Nine fetal malformations were reported [26]. Thus, 
quinagolide does not appear to be safe for the fetus if used when 
pregnancy is desired.

In contrast to the majority of studies that provide reassuring 
information regarding cabergoline and bromocriptine, Hurault- 
Delaure et al. reported some adverse outcomes of dopamine agonist 
use from a French database [27]. Of the 57 408 mother– baby out-
come pairs, 183 (0.3%) had received dopamine agonists (bromo-
criptine 64.5%, cabergoline 20.2%, quinagolide 9.8%) at some time 
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during their pregnancy (75% in the first trimester) [27]. Compared 
to a control group of 345 unexposed women matched for age and 
the month- and- year of the beginning of their pregnancy, dopamine 
agonist exposure was associated with an increased frequency of pre-
term birth and an increased rate of early pregnancy loss [27]. There 
were no differences between the dopamine agonists with respect to 
these outcomes. No difference in psychomotor development at ages 
9 and 24 months was shown between the two groups [27]. The au-
thors mentioned limitations of this study, including the fact that the 
indication for prescribing dopamine agonists was not known and 
data about compliance with therapy was not available. Furthermore, 
exposed and unexposed subjects were not matched for multifetal 
pregnancy and details of co- existing pathology were not given.

Bromocriptine clearly has the largest safety database and has a 
proven safety record for pregnancy, the recent French data notwith-
standing. The database for the use of cabergoline in pregnancy is 
smaller, but there is no evidence at present indicating that it exerts 
deleterious effects on the developing fetus. The risk of malforma-
tions with either drug is not greater than that what is found in the 
general population.

effect of Pregnancy on Prolactinoma Size

The increasing oestrogen from the placenta stimulates lactotroph 
hyperplasia and a progressive increase in PRL levels over the course 
of pregnancy [28, 29]. In normal women, MRI scans show a gradual 
increase in pituitary volume, beginning by the second month and 
peaking the first week postpartum with a final height reaching 
12 mm [30].

Prolactinomas can enlarge during pregnancy as a result of both 
the high oestrogen levels and the discontinuation of the dopamine 
agonist. The risk of symptomatic tumour enlargement in preg-
nant women with microprolactinomas or macroprolactinomas is 
presented in Table  2 [2,  31]. In these series, clinically significant 
tumour enlargement criteria generally consisted of progressive, 

severe headaches and/ or visual field defects. Asymptomatic in-
creases in tumour size without visual defects found on scans were 
not counted. Furthermore, in some series some pregnancies did 
not go to term and how tumour progression in such patients was 
counted was not clear. Table 9.6.2 is a summary of these data but 
the limitations of these numbers based on the information outlined 
earlier should be recognized [19– 22, 31– 42]. The risk of symptom-
atic tumour enlargement for microadenomas was 2.5% (20/ 800), for 
macroadenomas that had not had prior surgery or irradiation was 
18.1% (52/ 288), and for macroadenomas with prior surgery/ irradi-
ation was 4.7% (7/ 148). Another caveat regarding these numbers is 
that in a small proportion of those cases the tumour enlargement 
reflected tumour apoplexy. There are a number of additional case 
reports of pituitary apoplexy occurring in women with both micro-  
and macroprolactinomas during pregnancy [43, 44], however the 
true incidence of apoplexy is unknown.

In one study, 34 women who stopped cabergoline shortly after 
conception had MRI scans carried out between weeks 24 and 32. Of 
the 12 with macroadenomas, 5 had no change in tumour size, none 
had a decrease in tumour size, 3 had an increase of <5 mm and 4 
had an increase of >5 mm in size; of the 22 with microadenomas, 
9 had no change in tumour size, 3 had a decrease in tumour size, 8 
had an increase of <5 mm in size and 2 had an increase of >5 mm 
in size [21]. In most cases with tumour enlargement, reintroduction 
of the dopamine agonist was successful in reversing the problem 
and surgery was very rarely required. Cabergoline was restarted in 
6 of the patients because of symptomatic headaches and/ or vision- 
threatening increases in size of the adenomas [21, 42].

Postpartum PRL levels and tumour sizes are often reduced as 
compared with values before pregnancy [45], but this has not been 
observed in all series [46]. In one series of 56 hyperprolactinaemic 
women, 23 had normal PRL levels postpartum and of the 33 
with persistent hyperprolactinemia 31% had levels that had de-
creased by more than 50% [42]. In another study, no patients with 

Table 9.6.1 Pregnancy outcomes summarized for women who became pregnant while taking bromocriptine or cabergoline, compared 
to what is expected in the normal population

Bromocriptine (N) Bromocriptine (%) Cabergoline (N) Cabergoline (%) Normal (%)

Pregnancies 6272 100 1061 100 100

• Spontaneous abortions 620 9.9 77 7.6 10– 15

• terminations 75 1.2 66* 6.5 20

• Ectopic 31 0.5 3 0.3 1.0– 1.5

• Hydatidiform moles 11 0.2 1 0.1 0.1– 0.15

Deliveries (known duration) 4139 100 791 100 100

• at term (>37 weeks) 3620 87.5 715** 90.4 87.3

• preterm (<37 weeks) 519 12.5 76 9.6 12.7

Deliveries (known outcome) 5120 100 670 100 100

• single births 5031 98.3 655 97.8 96.8

• multiple births 89 1.7 15 2.2 3.2

Babies (known details) 5246 100 908 100 100

• normal 5061 98.2 884 97.4 97

• with malformations 95 1.8 24 2.6 3.0

* 14 of these terminations were for malformations; ** 7 of these births were stillbirths.
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prolactinoma showed a sharp increase of PRL levels or complained 
of symptoms suggestive of tumour enlargement when breast feeding 
postpartum [47]. Thus, women with prolactinomas can breast- 
feed. Reinstitution of dopamine agonist has to await the cessation 
of breast- feeding and should only be done if the woman remains 
hyperprolactinaemic and anovulatory.

Management of Prolactinoma During Pregnancy

In women with prolactinoma who are anovulatory, the treatment 
choice is dopamine agonists or transsphenoidal selective adenoma 
resection. Dopamine agonists seem to be the best primary treatment 
because of their efficacy in restoring ovulation and very low (2.5%) 
risk of clinically serious tumour enlargement. The accumulating data 
for cabergoline suggest that its safety record is equal to that of bromo-
criptine and generally it is better tolerated and more efficacious. 
Transsphenoidal surgery causes a permanent reduction of PRL levels 
in only 60– 70% of cases and entails morbidity and mortality, albeit 
at low rates [4, 48, 49]. Pregnancy can generally be achieved in over 
85% of patients with dopamine agonists or surgery [16, 33, 46, 49]. 
Radiotherapy is not warranted for patients with microadenomas due 
to the risk of long- term sequelae, especially hypopituitarism [50].

A patient with a microadenoma who was treated only with a 
dopamine agonist and had medication withdrawal after concep-
tion needs only to be followed clinically throughout gestation. 
PRL levels do not always rise during pregnancy in women with 
prolactinomas [51]. Usually PRL levels rise over the first 6– 10 
weeks after stopping the dopamine agonist and then plateau 
[52]. PRL levels may also not rise with tumour enlargement [51]. 
Therefore, periodic checking of PRL levels is not recommended 
[5] . Because of the low incidence of tumour enlargement, routine 
visual field testing is not cost effective. Visual field testing and 
MRI scanning are performed only in patients who become symp-
tomatic and when intervention is being considered. It is important 
to carry out MRI scans this way, as Karaca et  al. showed MRI 
confirmed tumour enlargement only in 4 out of 10 patients sus-
pected clinically to have tumour enlargement [20]. There are no 
data documenting harm to the developing fetus from MRI scans 
[53– 56]. Recently, slight increases in risks of stillbirths, neonatal 
deaths, and the broad outcome of any rheumatological, inflamma-
tory, or infiltrative skin condition were shown with first trimester 
gadolinium exposure [57]. No adverse effects from MRIs with or 
without gadolinium have been shown in the late second or third 
trimesters. In clinical practice, it is important to document a sig-
nificant increase in tumour size before instituting an intervention, 
such as restarting a dopamine agonist or surgery. If the headache is 
sudden, it may be caused by pituitary apoplexy, which may require 
an entirely different management course, including hormone re-
placement if there is sudden onset of hypopituitarism [43,  44]. 
MRI may be very helpful in distinguishing between haemorrhage 
into a tumour vs. tumour enlargement [43].

The patient with a small intrasellar or inferiorly extending 
macroadenoma can probably be managed as those with 
microadenomas (i.e. with dopamine agonists) before conception, 
followed by medication withdrawal upon confirmation of preg-
nancy. The risk that such a tumour will enlarge sufficiently to cause 
clinically serious complications is probably only marginally higher 
than the risk in patients with microadenomas.

A woman with a larger macroadenoma, especially one with 
suprasellar extension, has a 18.1% risk of clinically significant 
tumour enlargement during pregnancy. It is helpful to have a 
baseline MRI scan just prior to pregnancy. There is no best thera-
peutic approach in such a patient and there has to be a highly in-
dividualized shared decision- making with the patient with a clear, 
documented discussion of the various therapeutic alternatives. 
The most common approach is to stop the dopamine agonist after 
pregnancy is diagnosed, as in the patient with a microadenoma. 
Another approach is to debulk the tumour via transsphenoidal 
surgery. This reduces the risk of serious tumour enlargement, but 
cases of tumour expansion during pregnancy after such surgery 
have been reported [58]. After surgical debulking, a dopamine 
agonist will generally be required to normalize PRL levels and 
allow ovulation. A third approach, namely giving the dopamine 
agonist continuously throughout gestation, has been used but 
data regarding effects on the fetus are quite meagre; therefore, 
such treatment cannot be recommended without reservation. 
On the other hand, should pregnancy at an advanced stage be 
discovered in a woman taking bromocriptine or cabergoline, the 
data that exist are reassuring and would not justify therapeutic 
abortion. A special case might be a patient with a very large tu-
mour in whom the growth rate of that tumour was slow and any 
effects of pressure on surrounding brain structures or the optic 
chiasm were very gradual and of no consequence. If there was 
substantial tumour shrinkage with the dopamine agonist, then 
stopping the drug abruptly might cause a sudden enlargement of 
the tumour with potential pressure on surrounding structures. In 
such a case, the wisest course could be to continue the dopamine 
agonist.

For patients with macroadenomas treated with a dopa-
mine agonist alone or after surgery, careful follow- up with 1– 
3 monthly formal visual field testing is warranted. Repeat MRI 
scanning is reserved for patients with symptoms of tumour en-
largement and/ or visual field defect or both, as outlined earlier 
for patients with microadenomas. Repeat MRI scanning after 
delivery to detect asymptomatic tumour enlargement may be 
useful as well.

Should symptomatic tumour enlargement occur with any of these 
approaches, reinstitution of the dopamine agonist is probably less 
harmful to the mother and child than surgery. Any type of surgery 
during pregnancy results in a 1.5– fold and a 5- fold increase in fetal 
loss in the first and second trimester respectively, but without risk 
of congenital malformations [58, 59]. In addition, pregnant (com-
pared to nonpregnant) women have significantly increased risks of 
postoperative complications, including infections and even mor-
tality [60]. Thus, dopamine agonist reinstitution would appear to be 
preferable to surgery. However, such medical therapy must be very 
closely monitored, and transsphenoidal surgery or delivery (if the 
pregnancy is far enough advanced) should be performed if there 
is no response to the dopamine agonist and vision is progressively 
worsening.

Although suckling stimulates PRL secretion in normal women 
for the first few weeks to months postpartum, there are no data 
to suggest that breast- feeding can cause tumour growth. Thus, 
there seems to be no reason to discourage nursing in women with 
prolactinomas.
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cushing’s Disease and Pregnancy

changes of Hypothalamic– Pituitary– Adrenal (HPA) Axis 
During Pregnancy

Normal pregnancy is associated with profound changes of the 
hypothalamic– pituitary– adrenal axis [61], as listed next.

 1. Serum free cortisol levels increase by 2– 4- fold during pregnancy. 
Urine free cortisol (UFC) is normal during first trimester but in-
creases by ~ 3- fold by the third trimester [61].

 2. Total cortisol levels rise by 2– 3- fold towards the end of preg-
nancy, mainly due to an increase in cortisol binding globulin and 
free cortisol.

 3. The circadian rhythm of cortisol is preserved but blunted.
 4. The cortisol response to ACTH stimulation is enhanced.
 5. Both CRH and ACTH levels increase during pregnancy, partially 

owing to placental production of both hormones.
 6. CRH and ACTH secretion is desensitized to the negative feedback 

of cortisol, resulting in failure of suppression by dexamethasone.

cushing’s Disease in Pregnancy

Cushing’s syndrome is very rare in pregnancy. Its true prevalence 
is unknown. Interestingly, unlike in normal population wherein 
Cushing’s disease comprises over 70% of the cases of Cushing’s syn-
drome, Cushing’s disease only accounts for 30– 40% of Cushing’s 
syndrome during pregnancy [61]. Adrenal causes of Cushing’s syn-
drome, mostly adenoma and hyperplasia but even carcinoma, make 
up about 50% of the cases first found in pregnancy [62].

effect of cushing’s Disease on Pregnancy

Untreated Cushing’s syndrome exerts a significant negative im-
pact on pregnancy outcomes. Maternal morbidities caused by 
hypercortisolism occur in 70% of the cases and consist of hyper-
tension, pre- eclampsia, eclampsia, hyperglycaemia or diabetes, and 
hyperlipidaemia [62]. Other complications include osteoporosis, 
fracture, impaired wound healing, and psychiatric disorders [61]. 
Fortunately, maternal mortality is rare. Fetal complications from 
Cushing’s syndrome during gestation include early spontaneous 
abortion, prematurity, and intrauterine growth restriction [63], 
with fetal mortality occurring in up to 20% of cases [61].

Diagnosis of cushing’s Disease During Pregnancy

The complex changes of the HPA axis during pregnancy make 
the diagnosis of Cushing’s disease a major challenge. Many of the 
abnormalities of the HPA axis found in non- gravid patients with 
Cushing’s syndrome can be seen in normal pregnancy, including 
increased cortisol levels, reduced inhibition of the HPA axis by 
exogenous glucocorticoid and a blunted circadian rhythm of cor-
tisol. In addition, the symptoms and signs of Cushing’s syndrome 
also overlap with those seen in normal pregnancy (e.g. weight gain, 
mood changes, fatigue, and hirsutism) [64].

Even though the 24- hour UFC level increases during pregnancy, 
a level higher than 3- fold of the upper limit of normal has been pro-
posed to suggest Cushing’s syndrome during pregnancy [61,  64]. 
Late night salivary cortisol levels also undergo a gradual increase 
during normal pregnancy. However, using the cut- off value of 
0.255 µg/ dl (7.0 nmol/ L), 0.260 µg/ dL (7.2 nmol/ L), and 0.285 µg/ 

dl (7.9 nmol/ L) for first, second, and third trimesters respectively 
yield high sensitivity (>80%) and specificity (>90%) in separating 
Cushing’s disease from normal gestational changes [65]. The 1 mg 
dexamethasone overnight suppression test is not reliable for the 
diagnosis of Cushing’s syndrome, since more than 60% of normal 
women may have abnormal cortisol levels after 1mg dexametha-
sone during pregnancy [61].

Investigations of the differential diagnosis of ACTH- independent 
and ACTH- dependent Cushing’s syndrome can usually start with 
measurement of the plasma ACTH concentration, performing an ad-
renal ultrasound scan (due to the high prevalence of adrenal Cushing’s 
syndrome in pregnancy) and an 8  mg dexamethasone suppres-
sion test. It should be noted that up to 50% of women with adrenal 
Cushing’s syndrome may have non- suppressed ACTH levels during 
pregnancy due to placental CRH stimulation and ACTH production 
[61]. A borderline low or suppressed ACTH, no response to the sup-
pression by 8mg dexamethasone and an adrenal mass on the ultra-
sound all suggest ACTH- independent Cushing’s syndrome [61]. 
When adrenal ultrasound identifies an adrenal lesion, a non- contrast 
MRI can also be used to further characterize the lesion. In patients 
suspected to have Cushing’s disease, in addition to the suppressed cor-
tisol level by 8mg dexamethasone, an increase in ACTH after CRH 
injection usually suggests Cushing’s disease. Cushing’s syndrome due 
to ectopic ACTH or an adrenal aetiology usually fail to response to 
exogenous dexamethasone and CRH. Pituitary MRI without contrast 
is necessary to evaluate a pituitary lesion during pregnancy but many 
patients with Cushing’s disease may have very small microadenomas 
[61, 64]. Due to concern for radiation exposure and technical chal-
lenges in performing the test in most centres, inferior petrosal sinus 
sampling (IPSS) should be reserved for the patients who are difficult 
to diagnose even after the non- invasive tests [61].

Management of cushing’s Disease During Pregnancy

No systematic evaluation of treatments for Cushing’s disease is 
available for pregnant patients. Reported management options in-
clude watchful monitoring, surgical, and medical treatments. In a 
review of 136 pregnancies collected from the literature, Lindsay et al 
found that the frequency of live births increased from 76% to 89% 
when active treatment was instituted by gestational week 20 [66]. 
Therefore, treatment during pregnancy has been advocated [66– 68]. 
For patients with mild disease, it may be reasonable to wait until 
delivery to treat Cushing’s disease [69]. However, comorbidities 
including hyperglycaemia and hypertension from hypercortisolism 
should be well controlled during pregnancy.

For those with Cushing’s disease requiring treatment during preg-
nancy, transsphenoidal surgery in the second trimester appears to 
be the treatment of choice [64]. Bilateral adrenalectomy can be con-
sidered in those in whom transsphenoidal surgery and medical treat-
ment are not feasible and the patient needs rapid resolution of the 
hypercortisolism [64]. It should be emphasized that after either pitu-
itary or adrenal surgery, patients may develop adrenal insufficiency 
and replacement with glucocorticoid and mineralocorticoid (only 
after adrenal surgery) is required throughout pregnancy [70].

If patient is not eligible for or refuses surgery or has failure 
of surgery, then medical treatments can be considered for those 
with severe Cushing’s disease in order to achieve improvement 
of symptoms, control of tumour, or complications and to im-
prove fetal outcomes. Cabergoline, has been used in uncontrolled 
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Cushing’s disease during pregnancy and appears to confer good 
control of the disease [71– 73]. Although ketoconazole can inhibit 
steroidogenesis, the existing limited data from a few cases suggest 
that it is safe and not associated with congenital malformation, 
including sexual development [71, 74,  75]. Metyrapone crosses 
placenta and has the potential to affect fetal steroidogenesis [64]. 
Its use has been reported during the second and third trimesters 
in a patient with Cushing’s syndrome and was not associated with 
fetal complications [74]. However, due to the accumulation of de-
oxycorticosterone caused by metyrapone, maternal hypertension 
and pre- eclampsia may be exacerbated [76]. Pasireotide is a newly 
approved somatostatin analogue by FDA to treat Cushing’s disease 
[50,  77] but its use in during pregnancy has not been reported. 
Mifepristone has been used in treating refractory Cushing syn-
drome [78]. However, due to its antagonistic action on the proges-
terone receptor, it is an abortifacient.

Acromegaly and Pregnancy

changes in GH, GH- Variant, and IGF- 1 During normal 
Pregnancy and Pregnancy complicated by Acromegaly

Placenta- derived GH- variant starts to appear in maternal circula-
tion around gestational weeks 15– 17 and is released in a continuous 
and non- pulsatile manner. It increases throughout pregnancy and 
becomes the predominant circulating form of GH in the second half 
of pregnancy. The placental GH- variant is biologically active, stimu-
lating IGF- 1 production [79], and cross- reacts with pituitary GH in 
most assays. In contrast, pituitary GH declines to very low levels in 
the latter part of pregnancy presumably due to the negative feed-
back action of increasing levels of IGF- 1 [76, 80].

Compared to the decline of pituitary GH in normal pregnancy, 
autonomous GH secretion from a pituitary adenoma in acromegaly 
is not suppressed by the rising IGF- 1. Placental GH- variant secre-
tion though is similar in both acromegalic and normal pregnancies. 
Therefore, pituitary GH and placental GH- variant are both present 
at high concentrations in maternal circulation in late gestation [76]. 
Interestingly, IGF- 1 levels in acromegalic patients may decrease 
during early pregnancy, even in those without medical treatment 
[81]. This initial decrease in IGF- 1 level is postulated to be caused 
by stimulation of GH- binding protein production and inhibition of 
GH signalling pathways by oestrogen [80].

Interaction Between Pregnancy and Acromegaly

Complications associated with acromegaly, including hyperten-
sion, hyperglycaemia, and cardiac disease, potentially could worsen 
during pregnancy [76, 81,  82]. These complications should be 
closely monitored during pregnancy but, in practice, such exacer-
bations are rarely seen [81,  82]. Tumour enlargement in patients 
with acromegaly is uncommon, with only 5 cases having been re-
ported [20, 36, 83– 85]. Most studies have shown both biochemical 
and clinical stability or even improvement in acromegaly during 
pregnancy [86, 87].

Diagnosis of Acromegaly During Pregnancy

Pregnancy- related changes in GH, GH- variants, and IGF- 1 have 
made the diagnosis of acromegaly very challenging. First, there is 
steady increase in IGF- 1 levels during the second half of normal 

pregnancies. Second, in patients with acromegaly, both pituitary 
GH and placental GH- variant are present at high concentrations, 
especially in late pregnancy. However, the commonly used GH as-
says do not distinguish between pituitary GH and the placental GH- 
variant. While GH- specific assays are available, these assays are not 
readily available. Lastly, both placental and pituitary GH forms have 
been shown to not be suppressed by oral glucose [80], so an oral 
glucose tolerance test should not be used to diagnose acromegaly 
in pregnancy. Therefore, some authors recommend waiting to diag-
nose acromegaly until after delivery, when the placental GH levels 
fall precipitously. Pituitary MRI is usually reserved for those with 
symptoms suggesting acute intracranial processes (e.g. concern for 
pituitary apoplexy or those with known acromegaly reporting se-
vere headache and newly developed vision defects).

Management of Acromegaly During Pregnancy

Several management options exist for women with acromegaly 
during pregnancy:  expectant approach, transsphenoidal surgery, 
and medical treatment including somatostatin analogues (SSAs), 
dopamine agonists and pegvisomant.

An expectant approach is appropriate for patients with mild dis-
ease, since spontaneous improvement of acromegaly has been re-
ported during pregnancy [86,  87]. Close monitoring of potential 
complications from acromegaly, including hypertension, hyper-
glycaemia, pre- eclampsia and eclampsia, is warranted. In a retro-
spective, multi- centre study, most of the patients who were treated 
with dopamine agonists and/ or SSA before conception and had 
medication withdrawal upon confirmation of pregnancy had un-
eventful pregnancies [81]. Close monitoring of visual fields is ne-
cessary for patients with known macroadenomas. In patients with 
suspected tumour enlargement causing a visual defect or severe 
headache, an MRI may be necessary to confirm whether an inter-
vention is necessary.

In most patients, medical treatment should be stopped either 
before planned conception or immediately after confirming preg-
nancy [70, 88, 89], which is consistent with the Endocrine Society 
Guideline [90]. Fortunately, most acromegaly patients who had such 
drug withdrawal did well during pregnancy [81]. Therefore, medical 
treatment during pregnancy should be reserved for those with active 
acromegaly requiring treatment due to severe symptoms from large 
tumours (e.g. severe headache, vision defects, or tumour enlarge-
ment) [88]. It is important to note that SSAs, dopamine agonists and 
pegvisomant are not FDA approved to be used in pregnancy.

SSAs are effective in controlling both tumour growth and IGF- 1 
levels in non- pregnant acromegalic patients [90]. Since SSAs cross 
the placenta, potentially affecting fetal brain somatostatin receptors, 
and decrease uterine artery blood flow, their use during pregnancy 
is not recommended [91, 92]. However, retrospective studies and 
small case series have shown that SSAs are generally effective and 
safe during pregnancy [92, 93], though cases of small for gestational 
age [81] and shorter birth length [92] have been reported.

Dopamine agonists have been used in the treatment of pregnant 
women with acromegaly. In the reported case series, the use of 
dopamine agonists appears to be safe [80, 81, 91]. One retrospective 
study showed small for gestational age in women taking both SSAs 
and dopamine agonists. More safety data about the use of DA agon-
ists during pregnancy are from large series involving the treatment 
of prolactinoma [1, 2] (see previous section).
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Pegvisomant acts as a GH receptor antagonist [82, 94, 95] and has 
shown both efficacy and safety in controlling acromegalic symptoms 
and IGF- 1 levels in non- pregnant patients. Use of pegvisomant during 
pregnancy was recently assessed in the largest reported case series of 
35 pregnancies (27 maternal and 8 paternal exposure), including 3 
cases in which pegvisomant was continued throughout pregnancy 
[95]. This small observational study demonstrated no apparent ad-
verse effect of pegvisomant on pregnancy outcome. However, chil-
dren with GH- insensitivity syndrome (Laron syndrome) due to GH 
receptor abnormalities have multiple abnormalities so pegvisomant 
use cannot be recommended during pregnancy [96].

Considering the prolonged nature of the course of most patients 
with acromegaly, interruption of medical therapy for 9– 12 months 
should not have a particularly adverse effect on the long- term out-
come. On the other hand, these drugs can control tumour growth 
and for enlarging tumours, their reintroduction during pregnancy 
may be warranted as a preferable management strategy to surgery. 
In patients with severe acromegalic symptoms not controlled by, or 
intolerant to, medical treatments, or with acute symptoms due to 
tumour enlargement (e.g. vision loss), or concern for pituitary apo-
plexy, emergent transsphenoidal surgery can be considered, prefer-
ably during the second trimester.

Functioning Gonadotropin- Secreting Adenoma 
in Pregnancy

Most gonadotroph tumours are clinically silent and present as 
non- functioning adenomas. Functioning gonadotropin- secreting 
pituitary adenomas are actually quite rare [97]. Due to over- 
secretion of bioactive gonadotropins, pre- menopausal women 
with functioning gonadotropin- secreting adenomas commonly 
have excessive production of oestrogen, leading to secondary 
amenorrhea, oligomenorrhea, galactorrhoea, infertility, and rarely 
ovarian hyperstimulation syndrome. In most of these patients, 
oestrogen levels are elevated, while FSH levels are either normal 
or mildly raised, and LH levels usually suppressed. In many cases 
of gonadotropin- secreting tumours, prolactin levels are elevated, 
likely due to stalk effect or stimulation by high oestrogen [97, 98].

Only two cases of functioning gonadotropin- secreting aden-
omas recognized during a possible pregnancy have been reported. 
In one case, the patient conceived naturally but developed ovarian 
hyperstimulation syndrome at gestation week 5 and had termin-
ation of pregnancy at the nineth week due to development of deep 
vein thrombosis [99,  100]. In another case, the patient presented 
with positive pregnancy tests and markedly enlarged ovaries. The 
pregnancy was terminated due to abnormal hCG levels and lack of 
an intrauterine pregnancy on ultrasound [101].

TSH- Secreting Adenoma in Pregnancy

TSH- secreting pituitary adenomas are rare and account for 0.5– 3% 
of all pituitary adenomas [102,  103]. Clinically, they are charac-
terized by hyperthyroidism with elevated levels of free T4 and T3, 
inappropriately normal or elevated level of TSH, and predomin-
antly pituitary macroadenomas [102– 104]. The majority of these 

tumours only secrete TSH, though 20– 25% may cosecrete growth 
hormone or prolactin [105].

Menstrual irregularity, oligomenorrhea and amenorrhea often 
can be seen in women with TSH- secreting tumours, owing to the 
large size of most of the tumours and hyperprolactinemia as a re-
sult of stalk effect or cosecretion from the tumour [105]. However, 
spontaneous pregnancy has been reported in women with TSH- 
secreting tumour [106].

To the authors’ knowledge, only 6 cases of TSH- secreting pituitary 
adenomas have been reported during pregnancy [106– 111]. Pituitary 
macroadenomas were found in all but one case. In two cases, the 
macroadenomas were noted to have significant enlargement during 
pregnancy, which necessitated treatment [107, 108]. In these reported 
cases, treatment of TSH- secreting adenomas during pregnancy were 
targeted to the tumour (surgery, radiation, or octreotide) and/ or the 
hyperthyroidism per se with thionamides.

clinically non- Functioning Pituitary Adenoma 
(cnFA) in Pregnancy

A CNFA, by definition, does not cause a clinical syndrome due to 
overproduction of a pituitary hormone. In the non- pregnant popu-
lation, CNFAs represent about 30%- 40% of all pituitary tumours 
[112,  113] and most stain positively for gonadotropins [113]. In 
a recent UK Surveillance study over a 3- year period of 71 preg-
nant women with pituitary tumours, CNFAs made up 23% of 
cases, whereas prolactinomas made up 69%, and acromegaly and 
Cushing’s disease each comprised 4% [109].

Most CNFAs remain stable in size during pregnancy [76, 
109,  112], especially those that were treated with surgery or 
radiotherapy before conception [109]. In another recent series 
of 8 cases, none had tumour enlargement during surgery [20]. 
However, in the UK Surveillance study, tumour enlargement was 
reported in one of seven non- functioning adenomas diagnosed 
before conception and in three of five non- functioning adenomas 
diagnosed in pregnancy [109]. Additionally, significant lactotroph 
hyperplasia during pregnancy may push the CNFAs up to impact 
the optic chiasm [114]. Pregnancy outcomes do not seem to be 
affected by CNFAs [109].

CNFAs usually do not need treatment during pregnancy. 
However, attention should be paid to symptoms suggestive of 
tumour enlargement, including severe headaches or vision de-
fects. Pituitary apoplexy has been reported in CNFAs, especially 
macroadenomas [109].
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Introduction

Pregnancy results in significant alteration of pituitary anatomy and 
hormone physiology. Prolactin- producing lactotroph cells undergo 
progressive and significant hyperplasia throughout pregnancy con-
tributing to increase in size of the anterior pituitary. Changes in 
pituitary hormone production, binding protein levels and target 
hormone action occur during pregnancy. As a result of these alter-
ations, the assessment of pituitary status in the pregnant woman is 
complex and differs from the non- pregnant state. Disorders of hor-
mone function may be well established prior to pregnancy or less 
frequently develop during pregnancy. These conditions may impact 
on maternal and fetal outcomes and influence pregnancy manage-
ment. The physiology of pregnancy may also influence behaviour 
of endocrine conditions. Several disorders are specifically associ-
ated with pregnancy, lymphocytic hypophysitis, and Sheehan’s syn-
drome being particular examples.

Pituitary Gland Anatomy and Imaging 
in Pregnancy

The anterior pituitary increases in size and volume during preg-
nancy. The upper contour typically becomes more convex in shape. 
Change in size develops in the first trimester and up to a doubling 
of size has been reported by the end of pregnancy [1] . Post- delivery 
normal size and configuration has been demonstrated at 6 months 
postpartum [2]. Magnetic resonance imaging (MRI) is considered 
safe during pregnancy but administration of IV enhancing- agents 

(e.g. gadolinium) should be avoided in most situations (see 
Chapter 9.10, ‘Imaging of Endocrine Disorders in Pregnancy’) [3].

Physiological changes in the Anterior Pituitary 
Hormone Axes as a Result of Pregnancy

Prolactin levels increase early in pregnancy, and by term are 10- fold 
greater than in the non- pregnant state, in preparation for lactation 
[4] . LH and FSH are suppressed by the high levels of placental oes-
trogen and progesterone. Later in gestation oxytocin levels increase 
in preparation for labour and lactation [5].

Pregnancy results in increased hypothalamo– pituitary adrenal 
(HPA) axis activity characterized by increased production of cor-
tisol, cortisol- binding- globulin (CBG), and urinary free cortisol se-
cretion [6,  7]. Oestrogen produced by the placenta is responsible 
for the increase in CBG, resulting in a transient fall in free cortisol 
with a resultant rise in ACTH production. The placenta produces 
CRH and ACTH stimulating the maternal pituitary and adrenal 
glands. Free cortisol values rise throughout the trimesters reaching 
a plateau in the third trimester [8] . Similarly, the activity of the 
renin angiotensin aldosterone system is increased during the first 
trimester. Systemic vascular resistance falls and these changes result 
in volume expansion during pregnancy [9]. The circadian produc-
tion of cortisol is maintained in healthy pregnancy [10– 12]. Up to 
the 33rd week of gestation, 90– 95% of fetal cortisol is derived from 
maternal adrenal secretion; thereafter, fetal adrenal cortisol produc-
tion is more active. See Figure 9.7.1.

Placental growth hormone (GH) differs from pituitary GH 
by 13 amino acids and is manufactured and secreted by the 
synctiotrophoblastic epithelium of the placenta [13]. The regula-
tion of placental GH secretion is not understood but this isoform 
increases throughout gestation [14,  15]. As a consequence, serum 
insulin- like growth factor 1 (IGF- 1) levels increase in the second half 
of pregnancy [16], and via negative feedback, pituitary GH levels are 
reduced in later pregnancy and the early postpartum phase [14, 15].

There is a transient fall in TSH in the first trimester as a result 
of human chorionic gonadotropin (hCG) stimulation of the TSH 
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receptor because of the structural homology between TSH and 
hCG molecules and their receptors [17]. The nadir level of TSH 
coincides with the peak in hCG [18]. There is a linear relation-
ship between hCG and free T4 concentrations early in pregnancy 
[18]. For most women this stimulatory effect is transient and not 
clinically significant but in a significant number the TSH is sup-
pressed at the end of the first trimester, especially in those with the 
highest hCG [19]. Multiple pregnancy results in higher hCG levels 
and more marked lowering of TSH [20]. The increase in oestrogens 
produced by the feto- placental unit stimulates hepatic production 
of thyroxine- binding globulin (TBG) and increases its sialylation 
thereby prolonging its half- life [21, 22]. This increase in TBG results 
in higher levels of total T4 and T3, starting at 4– 6 weeks’ gestation. 
Free thyroid hormone levels generally remain within the normal 
range throughout gestation, but pregnancy and trimester- specific 
references ranges have been developed [23]. A  recent study de-
scribed the methodology for validating local reference ranges for 
pregnancy [24].

Lymphocytic Hypophysitis

Lymphocytic hypophysitis (autoimmune hypophysitis) is a rare in-
flammatory/ autoimmune disease that involves the pituitary gland 

and infundibulum resulting in enlargement of the gland and usu-
ally hypopituitarism [25]. The clinical features include headache, 
variable degrees of hormone insufficiency and in some cases dia-
betes insipidus. Mass effect with visual consequence may be also 
present. Both genders and all ages may be affected but the con-
dition is classically identified during pregnancy or the early post-
partum period [26]. The condition is more common in females. 
The diagnosis is confirmed histologically and the features include 
normal pituitary tissue with lymphocytic infiltration, plasma cells, 
histiocytes, and fibrosis [27]. Magnetic Resonance Imaging fea-
tures indicative of lymphocytic hypophysitis include a symmetric 
enlargement of the pituitary gland, a thickened non- tapering pitu-
itary stalk, and an intact sellar floor. There is prompt homogenous 
enhancement following gadolinium administration [28,  29]. Not 
all patients have histological diagnosis, as especially in the con-
text of pregnancy a confident clinical diagnosis can be reached, 
facilitating clinical management. Treatment includes replacement 
of hormone deficiency (including ADH) and decision- making 
regarding conservative, medical, and surgical therapies. High- 
dose suppressive glucocorticoid remains the cornerstone of med-
ical therapy but a variety of immunosuppressive treatments have 
been used. Surgery is indicated for non- responders, or if there is 
mass effect, headache, visual failure or when a tissue diagnosis is 
considered important. Radiotherapy may be useful when there is 
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relapse of disease and some patients require multimodal treatment 
[30, 31]. See Figure 9.7.2.

Lymphocytic hypophysitis is associated with other autoimmune 
disorders [32]. The pattern of involvement of the anterior pituitary, in-
fundibulum and posterior pituitary determine the hormone deficits 
that are seen in this condition. Lymphocytic adenohypophysitis in-
volves the anterior pituitary leading to loss of anterior pituitary hor-
mone production and secretion. Lymphocytic neurohypophysitis 
has characteristic imaging findings and results in ADH deficiency 
with diabetes insipidus (DI). Panhypophysitis involves both an-
terior and posterior pituitary with panhypopituitarism and DI [33]. 
See Table 9.7.1.

In pregnancy associated lymphocytic hypophysitis, typically 
there is adenohypophysitis with characteristic presentation in the 
last month of pregnancy or within 2 months of delivery [34– 36]. 
The fetus is unaffected by the process. It is not clear why preg-
nancy is associated with lymphocytic hypophysitis but a number 
of pathophysiological mechanisms have been proposed including; 
the physiological increase in size of the gland may result in in-
creased pituitary antigenicity, there may be increased accessibility 
to immune reaction during pregnancy as a result of increased 
perfusion, alternatively placental tissue may invoke immune re-
activity which cross reacts with pituitary antigenic targets [26, 28, 
37, 38].

The pattern of pituitary hormone loss in lymphocytic hypophysitis 
differs from that seen in pituitary adenoma and other sellar/ 

parasellar tumours. Often ACTH is the first hormone to become 
deficient and hyperprolactinaemia occurs in approximately 30% of 
non- pregnant cases [39, 40]. Hypoprolactinaemia with inability to 
lactate post- delivery is also seen. Lymphocytic hypophysitis may 
re- occur in subsequent pregnancies (either spontaneous or assisted 
conception [41]). See Figure 9.7.3.

Management of Lymphocytic Hypophysitis

The treatment of lymphocytic hypophysitis involves initial resusci-
tation and supportive care with simultaneous replacement of hor-
mone deficiency (especially hydrocortisone). Dopamine agonists 
can reduce elevated prolactin. High- dose glucocorticoids (typically 
prednisolone, by mouth or IV) are the mainstay of acute immuno-
suppressive treatment but there is no consensus on dose or dur-
ation. Surgery should be limited to those patients with deteriorating 
visual function, and / or lack of response to glucocorticoids [42, 43]. 
Patients are usually left with permanent hormone deficiencies, but 

Table 9.7.1 Classification of 379 patients with primary lymphocytic 
hypophysitis based on the anatomical location

n %

Lymphocytic adenohypophysitis 245 65

Lymphocytic infundibuloneurohypophysitis 39 10

Lymphocytic panhypophysitis 95 25

Derived from Caturegli P, Newschaffer C, et al. Autoimmune Hypophysitis. Endocrine 
Reviews, Volume 26, Issue 5, 1 August 2005, Pages 599– 614. Copyright © 2005, Oxford 
University Press.
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Figure 9.7.3 Typical timing of presentation/  diagnosis of lymphocytic 
hypophysitis in pregnancy.
Reproduced with permission from Caturegli P, Newschaffer C, Olivi A, Pomper MG, 
Burger PC, Rose NR. Autoimmune hypophysitis. Endocrine Reviews, 2005; 26:  
599– 614. Copyright © 2005 by the Endocrine Society.

Figure 9.7.2 Sagittal MRI (T1- weighted, post- contrast) demonstrating sellar and suprasellar enhancing mass, characteristic of lymphocytic 
hypophysitis in a woman presenting at 40 weeks gestation (left) and 3 months later after treatment with prednisolone 30 mg OD (right). Partial 
hypopituitarism (ACTH, GH and TSH deficiencies were permanent) but the patient went on to have a further spontaneous pregnancy with recurrence 
of hypophysitis requiring prednisolone.



SecTIon 9 Endocrine Disorders of Pregnancy1474

follow- up evaluation of pituitary function is necessary as recovery 
occurs in some cases [44]. The long- term prognosis is good pro-
vided pituitary replacement is adequate.

Anterior Hypopituitarism in Pregnancy

Significant hypopituitarism with gonadotrophin deficiency results 
in infertility, and the majority of women with hypopituitarism in 
pregnancy have been identified and treated prior to conception. 
Rarely hypopituitarism develops during pregnancy or in the early 
postpartum period. Specific conditions resulting in loss of pituitary 
function include lymphocytic hypophysitis and postpartum pitu-
itary necrosis, known as Sheehan’s syndrome. This occurs as the 
anterior pituitary is vulnerable to abrupt hypotension due to the in-
creased perfusion and expanded size seen in pregnancy. Sheehan’s 
syndrome usually presents in the early postpartum period, as a re-
sult of volume loss due to postpartum haemorrhage (PPH, [45]). 
The patient may be acutely unwell with features of adrenal insuf-
ficiency or have a delayed presentation with fatigue, failure of lac-
tation, and persistent amenorrhoea. Sheehan’s syndrome is less 
common in developed countries where there is access to rapid and 
effective management of postpartum haemorrhage.

Whatever the aetiology of hypopituitarism, treatment with hor-
mone replacement, should be continued or initiated in the preg-
nancy, depending on the hormone deficits. For most women this 
includes hydrocortisone and thyroxine. Internationally prednis-
olone and cortisone acetate are also used as replacement gluco-
corticoids. Most women with pre- existing hypopituitarism are also 
gonadotropin (follicle- stimulating hormone (FSH) and luteinizing 
hormone (LH)) deficient. Outside of assisted conception the ma-
jority of younger women receive oestrogen replacement, using oral 
or transdermal products. Most need assisted conception in the 
form of gonadotrophin injections, often with in- vitro fertilization. 
Therefore, if a woman with hypopituitarism wishes to conceive then 
she may require ovulation induction with gonadotropins, and suc-
cessful pregnancies have been reported after both Sheehan’s and 
lymphocytic hypophysitis [46].

It is thought that GH deficiency leads to difficulty with conception 
[47] and that GH administration increases effectiveness of gonado-
trophins in ovulation induction [48]. The placenta synthesizes and 
secretes GH throughout pregnancy and in standard clinical practice 
GH replacement is discontinued once pregnancy is achieved [47].

Prior to the availability of glucocorticoid replacement therapy 
Addison’s disease was associated with a high maternal mortality 
(~40%) and pregnancy was discouraged [49, 50]. Untreated adrenal 
insufficiency (AI) contributes to increased morbidity and mor-
tality in pregnancy, [51]). Recognizing AI is not straightforward as 
the symptoms and signs (fatigue, nausea, reduction in serum so-
dium) are common in pregnancy. In general use of the synacthen 
(cosyntropin) test is avoided in pregnancy and most clinicians rely 
on measurement of early morning cortisol and ACTH to assess ad-
renal function. However, it can be used in the context of managing 
a woman with high index of suspicion for AI where the benefit of 
making a maternal diagnosis of this condition outweigh the theoret-
ical risks of the test. Salivary cortisol may be a useful test in assessing 
the HPA axis [52]. The glucocorticoid requirement increases by the 
third trimester, typically with a 50% increase in dose. Parturition 
and labour should be covered with additional hydrocortisone 
in women with adrenal insufficiency (see Chapter  9.8, ‘Adrenal 
Disease in Pregnancy’ for precise details of recommended doses of 

glucocorticoid replacement) [53, 54]. The caesarean section rate is 
significantly higher in hypopituitary patients than in uncomplicated 
pregnancy. Exogenous glucocorticoid is excreted in breast milk, but 
at amounts that do not cause neonatal adrenal suppression [55].

Hypopituitary women usually have secondary hypothyroidism, 
characterized by low, or low ‘normal’ range serum TSH with low 
free thyroid hormones. The TSH level cannot be used to guide thy-
roxine dose adjustment and prior to conception most clinicians aim 
to maintain the serum free T4 in the upper part of the reference 
range [56]. In early pregnancy the fetus is dependent on placental 
transfer of maternal thyroxine for neurodevelopment and often an 
early increase in thyroxine dose is required [57, 58].

Breastfeeding in the postpartum period depends to a great ex-
tent on the prolactin level of the mother. Although failure of 
milk production is a typical symptom of Sheehan’s syndrome, 
hyperprolactinemia has also been reported in patients with hypo-
pituitarism. Prolactin deficiency is common in hypopituitary pa-
tients and reflects the severity of hypopituitarism [59]. Deficiency of 
prolactin can lead to failure of lactation, alternatively hypersecretion 
can lead to galactorrhoea and nipple tenderness, neither of which is 
suitable for breastfeeding. Hypopituitary patients generally do not 
have sufficient milk production to breastfeed effectively.

Management of Pituitary Replacement in Pregnancy

The Endocrine Society has produced guidelines for the man-
agement of hypopituitarism and these include guidance on the 
management of hormone deficiencies in women with hypopituit-
arism [60]. The guidance recommends that hydrocortisone is the 
preferred glucocorticoid for use in pregnancy and that the dose 
required is individual. Higher doses than outside of pregnancy 
may be required, especially in the third trimester. The guidance 
recommends that close monitoring for clinical features of over-  
and under-  replacement is performed. Dexamethasone is not in-
activated by placental tissue action and is not recommended for 
routine use in pregnancy. Stress doses of hydrocortisone are re-
commended for labour/  delivery, similar to those used in major 
surgery (see Chapter 9.8). The Endocrine Society guidelines rec-
ommend that thyroid status is assessed 4– 6 weekly when there 
is pituitary insufficiency with central hypothyroidism. Increased 
levothyroxine doses may be required to achieve target levels ap-
propriate for pregnancy. The guidance recommends discontinu-
ation of GH during pregnancy as there is a lack of information 
regarding efficacy and safety and the placenta produces GH 
throughout pregnancy [60].

Diabetes Insipidus in Pregnancy

Physiology of ADH Secretion and Action, Sodium Levels,  
and Resetting of the Osmostat in Pregnancy

Antidiuretic hormone (ADH, also known as vasopressin) is a nine 
amino acid peptide, secreted by the posterior pituitary and acting 
on the vasopressin (G protein- coupled) receptors. Release is regu-
lated by hypothalamic osmoreceptors, arterial baroreceptors and 
renal blood supply [61, 62]. ADH stimulates V2 receptors resulting 
in insertion of aquaporin- 2 in the cells of collecting ducts. This fa-
cilitates resorption of water and concentration of urine, maintaining 
electrolyte concentration and circulating volume [62]. Oxytocin 
and vasopressin are similar in structure and ADH can activate the 
oxytocin receptor [63].



9.7 Other Disorders of the Pituitary and Hypothalamus in Pregnancy 1475

During pregnancy there is a significant increase in circulating 
(plasma) volume with a decrease in plasma osmolality (approxi-
mately 10 mOsm/ kg [64]). Total body water is increased by approxi-
mately 8 L in pregnancy, in part due to hormone mediated systemic 
circulation vasodilation [65]. The reduction in osmolality, and lower 
blood pressure result in a resetting of the osmostat and thirst percep-
tion, with desire to drink and secretion of vasopressin occurring at 
lower osmolality than occurs in the non- gravid state [65]. Changes 
in osmotic threshold occurs early (6– 8 weeks gestation) and per-
sists throughout the duration of pregnancy. Oxytocinase (cysteine 
aminopeptidase) is produced by the placenta and degrades vaso-
pressin rendering it inactive [66]. Placental vasopressinase is most 
active from the middle of the second trimester to the end of preg-
nancy, normalizing quickly post- delivery [67]. ADH secretion there-
fore increases during pregnancy and by the third trimester there is a 
four- fold increase in ADH secretion. Vasopressinase is metabolically 
degraded by liver action and diseases that interfere with liver func-
tion result in increased vasopressinase and can contribute to DI or 
worsen symptoms in the patient with established DI [68, 69].

Diabetes Insipidus in the Pregnant Woman

The aetiology and incidence of diabetes insipidus (DI) in pregnancy 
are similar to those of the non- pregnant population. A number of 
pregnancy- specific conditions can result in transient DI; including 
pre- eclampsia, HELLP (haemolysis, elevated liver enzymes, and low 
platelets) syndrome and acute fatty liver of pregnancy (AFLP [69]). 
Gestational diabetes insipidus (GDI) is a pregnancy specific condition 
where metabolism of ADH by the placental enzyme vasopressinase 
results in reduced ADH action with polyuria. In this condition pro-
duction of and sensitivity to ADH are unimpaired. Vasopressinase 
levels are usually even higher in multiple pregnancies [70]).

Established DI may become uncontrolled during pregnancy, 
due to physiological changes affecting vasopressin (anti- diuretic 
hormone (ADH)), including increased glomerular filtration rate, 
placental production of vasopressinase (responsible for ADH break-
down), and increased renal resistance to ADH [71]. Affected women 
present with worsening of previously controlled thirst and polyuria.

Outside of pregnancy the diagnosis of DI is usually confirmed by 
fluid deprivation testing, but clinicians typically avoid this test in 
pregnancy. Measurement of copeptin may become a further clinical 
tool to aid in the diagnosis [72]. Measurement of serum and urine 
osmolality and sodium is usually sufficient to allow sufficient judge-
ment on the presence of DI and need for treatment.

Adequately treated DI should not have adverse effects on the 
pregnancy. Women diagnosed with diabetes insipidus should 
have regular consultant review in clinic with monitoring of serum 
electrolytes and hydration status. Antenatal anaesthetic review 
is important and labour should be managed on the delivery suite 
with adequately experienced obstetric and anaesthetic oversight. 
Conversely, if DI is undiagnosed or inadequately treated then there 
are the risks of severe dehydration and electrolyte disturbances, 
which may lead to maternal seizures or oligohydramnios [61].

Management of Diabetes Insipidus in Pregnancy

Desmopressin (DDAVP) is the most appropriate treatment of DI 
during pregnancy. DDAVP is a synthetic form of ADH with a dif-
ferent N- terminal that renders it less susceptible to degradation 
by vasopressinase [73,  74]. DDAVP can be administered orally, 

sublingually, intranasally or by subcutaneous, intramuscular, or 
intravenous injection. It is safe throughout pregnancy and breast-
feeding, with no known adverse effects upon delivery of the 
neonate [75].

Desmopressin has less affinity for the uterine oxytocin receptors 
then lysine or arginine- vasopressin [76]. As the circulation is ex-
panded in pregnancy and the osmostat reset the desmopressin dose 
should be titrated to facilitate thirst management and maintain ap-
propriate electrolyte levels. Desmopressin is not heavily metabol-
ized by placental oxytocinase [77]. If desmopressin is being used 
care must be taken when IV fluid is administered as water intoxica-
tion can occur. In patients with new- onset DI the on- going need for 
desmopressin should be reviewed in the clinical context, and with 
appropriate investigations post- delivery. In general, the DDAVP re-
quirement is unchanged during pregnancy, but a modest increase 
in dose may be required. If the dose of DDAVP is increased in preg-
nancy, it is usually possible to reduce back to the pre- pregnancy 
dose soon after delivery. DDAVP is safe for breastfeeding the new-
born in lactating mothers [78]. See Figure 9.7.4.
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Introduction

Adrenal gland dysfunction in pregnancy is rare, but fetal and ma-
ternal complications are significantly increased, and prompt diag-
nosis and treatment are therefore critical to prevent morbidity and 
mortality. Adrenal disease may present for the first time during 
pregnancy, or may be diagnosed before conception and require 
careful monitoring and management throughout gestation [1] . 
Diagnosis of adrenal disorders during pregnancy is frequently 
confounded by physiological changes in maternal adrenal hor-
mone metabolism as pregnancy progresses [2], which complicates 
interpretation of biochemical investigations. The hypothalamic– 
pituitary– adrenal (HPA) axis and renin- angiotensin- aldosterone 
system (RAAS) are significantly upregulated in pregnancy, al-
though adrenomedullary function is not dramatically altered. 
Furthermore, dynamic endocrine testing is generally contra- 
indicated in pregnancy. Symptoms of adrenal gland dysfunction 
may also mimic typical symptoms of pregnancy. The aim of this 
chapter is to review clinical aspects of the most common adrenal 
disorders in pregnancy, and to discuss approaches to diagnosis 
and management.

Addison’s Disease— Primary Adrenal Insufficiency

Primary adrenal insufficiency (PAI) is glucocorticoid deficiency 
due to direct adrenal disease. Prevalence is 90– 140 per million in 
Western countries. Predominant aetiologies are autoimmunity in 
adults and congenital adrenal hyperplasia in children; tuberculosis 

is important in prevalent areas [3– 9]. Autoimmune PAI is asso-
ciated with antibodies to the adrenal steroidogenic enzyme, 21- 
hydroxylase, and 50% of cases have autoimmune comorbidities 
[7] . Less frequent causes of PAI include adrenalectomy, adrenal 
haemorrhage, infiltration/ infections, drugs, and genetic disorders. 
Characteristic presenting symptoms of adrenal insufficiency include 
fatigue, postural dizziness, nausea, abdominal pain, and weight loss, 
which may culminate in shock, known as an adrenal crisis [10]. 
Cortisol deficiency produces hypersecretion of ACTH/ POMC pep-
tides with consequent hyperpigmentation, and is often associated 
with deficient aldosterone which may cause hyperkalaemia and 
exacerbate hyponatraemia. Treatment, available since the 1950s, 
comprises glucocorticoid and mineralocorticoid (fludrocortisone) 
replacement. Fludrocortisone is monitored using electrolytes, BP, 
and plasma renin [11]. Glucocorticoid replacement is monitored 
clinically to avoid overdose (Cushing’s syndrome) and underdosing 
(recrudescence of adrenal insufficiency). There has been a trend to-
wards use of short- acting natural glucocorticoids in lower dose to 
avoid osteoporosis and cardiovascular effects, in the context of pre-
vious studies that overestimated natural cortisol (hydrocortisone) 
production rates [12– 15]. Prognosis of PAI is generally good but 
all- cause mortality is slightly higher than the population; of that in-
crease, adrenal crisis, which has an annual risk per PAI patient of 
approximately 8%, contributes to 15% of all deaths in autoimmune 
AI [3, 16– 18], and 42% in CAH [19]. Despite standard hormone 
replacement, a substantial minority of PAI patients experience re-
duced quality of life, the basis of which is uncertain [20– 22].

Untreated PAI may impair ovulation [23], folliculogenesis [24], 
and libido/ sexual activity [25]. These factors together with the ef-
fects of associated autoimmunity, with or without ovarian immuno-
logical damage, result in reduced fecundity [23– 25]. Untreated 
Addison’s disease was previously associated with 35% maternal 
mortality, but fatalities are now rare [23]. Obstetric outcomes in 
treated PAI are now similar to normal pregnancies, apart from 
increased rates of preterm birth and Caesarean section [24,  25]. 
Speculatively, preterm birth may relate to disturbances of placental 
CRH secretion [25]. In a study of 517 women who gave birth after 
PAI diagnosis or within 3 years prior to diagnosis, maternal, and 
neonatal mortality, Apgar score and congenital malformation rates 
were similar to controls. Birth weight was also similar in women 
diagnosed with PAI prior to pregnancy but it was reduced in women 
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diagnosed after pregnancy, indicating that treatment mitigates the 
risk of hypocortisolism- induced low birth weight [25].

Pregnancy is a state of physiological hypercortisolism, with 
ACTH, total and free plasma cortisol, and corticosteroid- binding 
globulin (CBG), rising progressively during gestation, reaching 2-  
to 3- fold by parturition [26, 27]. Pregnant women with PAI should 
undergo endocrine review each trimester with titration of steroid 
hormone replacement [11]. Hydrocortisone is the preferred gluco-
corticoid because inactivation by placental 11β- hydroxysteroid de-
hydrogenase 2 (11βHSD2) protects the fetus from glucocorticoid 
excess, it has a shorter half- life allowing diurnal variation in dosing, 
and modification is not required for the drug to be active which may 
be important in adrenal crises [11, 24, 28]. Prednisolone, which has 
a longer plasma half- life than hydrocortisone (150 vs. 90 mins) is 
an acceptable alternative in pregnancy as it has comparable metab-
olism. Dexamethasone is avoided as it is not inactivated by 11βHSD2 
and may have adverse fetal effects. As in non- pregnant individuals, 
glucocorticoid dose titration is individualized, based on avoidance 
of the clinical features of adrenal insufficiency or Cushing’s. In preg-
nancy, this requires particular judgment as features of pregnancy 
such as postural hypotension and fatigue, or striae, oedema, and 
hyperglycaemia, may suggest under-  or over- replacement, respect-
ively. As a rule of thumb, the consensus- based increment of gluco-
corticoid is a 20– 40% increase in total daily dose, roughly equating 
to 5– 10 mg hydrocortisone, from 24 weeks onwards [11,  24]. 
Pregnancy is a state of secondary hyperaldosteronism. Elevated 
renin and aldosterone levels are seen in normal pregnancy; hence, 
renin cannot be used in dose titration, but urinary sodium and po-
tassium levels may be informative. Generally, fludrocortisone dose 
does not need to be altered in pregnancy [11].

Labour or Caesarean section is a physiological stressor and 
glucocorticoid dosing should be increased as per major surgery 
guidelines and the NIHR guideline on the management of medical 
disorders in labour (https:// www.nice.org.uk/ guidance/ ng121), 
incorporating a 100  mg IV hydrocortisone injection followed by 
200 mg/ 24 h (50 mg q6hr or infusion 8.3 mg/ h) for 24 hours, then 
double usual dose for 48  hours, then return to usual dose [11]. 
‘Sick day’ management should be refreshed in pregnancy, incorp-
orating increased glucocorticoid dose with fever (2- fold if temp 
>38°C, 3- fold if >39°C) for 2– 3 days until recovery, use of home 
parenteral hydrocortisone IM/ SC 100 mg when oral medication is 
not possible, a Medic Alert® bracelet, and a card/ letter informing 
healthcare providers of the need to administer hydrocortisone with 
illness [11].

Adrenal crisis treatment in pregnancy does not differ from usual 
measures, but shock has fetal risks, which may be greater early in 
the first trimester when the fetal HPA axis is not yet producing 
substantial quantities of cortisol. A reliable treatment protocol fol-
lows:  hydrocortisone 100  mg IV stat followed by up to 200  mg/ 
24  hours by continuous infusion or IV/ IM 50  mg boluses q6  hr, 
tapering rapidly depending on patient response with BP and symp-
toms followed closely. Intravenous glucose may be needed in rare 
cases with concomitant hypoglycaemia. Transfer to oral hydro-
cortisone within 24  hours is advisable unless there is an ongoing 
underlying inflammatory precipitant. Intravenous fluids, generally 
normal saline, are given:  1000  ml within the first hour, with fur-
ther crystalloid fluid being administered according to standard re-
suscitation guidelines, taking into account the patient’s circulatory 

status, body size, and relevant comorbidities. Treatment of the pre-
cipitating cause is essential [11].

PAI is rarely diagnosed in pregnancy. If suspected, blood should 
be drawn for simultaneous cortisol and ACTH measurements and 
the woman empirically treated with physiological or stress dose ster-
oids, depending on clinical severity [11]. If the woman is haemo-
dynamically stable, basal morning cortisol and ACTH should be 
measured, followed by a 250 mcg short synacthen (cosyntropin) test 
if results are equivocal [11, 28]. Because of total cortisol excess due 
to CBG and free cortisol excess due to placental CRH and ACTH, 
higher cut- off levels are required to diagnose PAI in pregnancy with 
basal plasma cortisol cut- offs of <300, <450, and <600 nmol/ L in 
the first, second, and third trimesters, respectively [24, 27]. Normal 
pregnancy is associated with progressively rising ACTH [27]; how-
ever, plasma ACTH greater than 2- fold normal at any gestation is 
consistent with PAI [24, 28]. ACTH samples should be sent on ice 
and repeat measurement reduces the impact of physiological fluc-
tuations [28]. Post- cosyntropin cortisol cut- offs of 700, 800 and 
900 nmol/ L should be used in the first, second and third trimesters, 
respectively, rather than typical non- pregnant thresholds around 
500 nmol/ L [24]. A single dose of cosyntropin appears to be safe 
in pregnancy [24]. Aldosterone and renin values need to be inter-
preted with caution, as they are elevated in normal pregnancy and 
reference ranges have not been established [28]. Women diagnosed 
with PAI should be screened for relevant autoimmune comorbid-
ities, noting that untreated hypocortisolism may transiently in-
crease TSH and that thyroxine commencement may precipitate an 
adrenal crisis due to increased cortisol clearance [23, 24].

other causes of Hypoadrenalism

Secondary hypoadrenalism (SAI) is 2- fold more common than PAI, 
but perhaps not in women in their childbearing years. SAI refers to 
hypocortisolism due to ACTH deficiency from a wide range of pi-
tuitary/ hypothalamic disorders, most often pituitary adenomas and 
their treatment with surgery/ radiotherapy, craniopharyngiomas, 
granulomatous/ infiltrative disorders, autoimmunity (which may 
cause isolated ACTH deficiency) and mutations of pituitary de-
velopmental genes [29]. In contrast to PAI: SAI does not result in 
mineralocorticoid deficiency hence fludrocortisone treatment is 
not required; there is no ACTH/ POMC hypersecretion so hyper-
pigmentation does not develop; and other pituitary hormones, par-
ticularly TSH, gonadotropins and growth hormone may necessitate 
hormonal replacement. Generally, SAI has a lower risk of adrenal 
crisis than PAI, although the quantitative risk of adrenal crisis spe-
cifically in pregnancy is not well described.

Glucocorticoid- induced adrenal insufficiency (GC- AI) refers to 
the prolonged ACTH deficiency and adrenal atrophy that follows 
long- term supraphysiological glucocorticoid therapy [30]. The risk 
of adrenal crisis among these patients appears to be very low, re-
flecting often incomplete cortisol suppression [30]. Use of systemic 
glucocorticoids (oral, inhaled) for inflammatory disorders is fre-
quent (3% population), making GC- AI common, although data 
in pregnancy are limited. In potential GC- AI, the measurement of 
morning cortisol, taking into account the effect of pregnancy on 
cortisol and CBG, may often be reassuring about the presence of en-
dogenous cortisol, perhaps assisted by placental CRH acting on the 
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pituitary as well as putative placental ACTH [31]. The ongoing use 
of systemic glucocorticoids is guided by the activity of the under-
lying inflammatory disease, which often improves in pregnancy.

Phaeochromocytoma

Phaeochromocytomas are catecholamine- producing tumours 
which originate histologically from chromaffin cells of the adrenal 
medulla. Extra- adrenal catecholamine- producing lesions typic-
ally originate from the sympathetic paravertebral ganglia, and are 
termed paragangliomas. Collectively, phaeochromocytomas and 
paragangliomas are referred to as PPGLs [32]. Phaeochromocytomas 
have an incidence of 2– 8 million/ year in the background population. 
In pregnancy, phaeochromocytoma has been estimated to occur in 
approximately one in 54 000 pregnancies [33]. Hereditary PPGLs 
are observed in up to 40% of cases, with up to 15 well- recognized 
PPGL driver genes and 12– 15 genetic syndromes. Although rare, 
expedient diagnosis of an underlying phaeochromocytoma in a 
pregnant woman is critical, as maternal and fetal mortality may be 
as high as 50% in untreated cases [34]. Maternal mortality improved 
from 48% before 1969 to 4% in the 1990s; fetal outcomes remain 
poor, despite significant advances in diagnosis and treatment [35].

Physiological changes in Adrenomedullary  
Function in Pregnancy

Active catecholamines such as adrenaline and noradrenaline play 
a major role in cardiovascular homeostasis, and are a reflection of 
global sympathetic and adrenal- medullary function. Pregnancy is 
not associated with dramatic alterations in catecholamine metab-
olism. In healthy pregnant women, plasma and urinary catechol-
amine levels approximate those of non- pregnant women [36]. The 
placenta is also an effective barrier to maternal catecholamines 
[37]. The placenta expresses the catecholamine- metabolizing en-
zymes catechol- O- methyltransferase (COMT) and monoamine 
oxidase. Intriguingly, maternal COMT deficiency is associated 
with pre- eclampsia (PE), and levels of COMT are significantly 
lower in women with severe PE variants [38]. This may be due to 
catecholamine- induced vasoconstriction in the uteroplacental 
circulation.

clinical Manifestations and Associated Risks 
of Phaeochromocytoma in Pregnancy

Clinical signs and symptoms of phaeochromocytoma are driven by 
paroxysms of tumoral catecholamine production, and include head-
aches, hypertension, sweating, and palpitations. One small study 
has suggested that the prevalence of classic symptoms in pregnancy 
is lower than in non- pregnant patients [35]. However, as pregnancy 
progresses the incidence of symptoms increases; in a series of 35 
pregnant women with phaeochromocytoma, 66% reported symp-
toms in the third trimester, compared to 11% and 20% in the first and 
second trimester, respectively [39]. Alongside tumour expansion, 
catecholamine surges may be driven by uterine growth, fetal move-
ment and abdominal palpation as pregnancy progresses. In undiag-
nosed women, differentiating signs of catecholamine excess from 
PE and pregnancy- induced hypertension (PIH) may pose a chal-
lenge, resulting in a delayed diagnosis. Onset of hypertension before 
20 weeks’ gestation is not consistent with PE or PIH. A number of 

genetic susceptibility syndromes associated with significant familial 
risk of PPGL have been identified. These include multiple endocrine 
neoplasia type 2 (MEN2) and neurofibromatosis type 1 (NF1); also, 
mutations in mitochondrial succinate dehydrogenase (SDH) genes 
(A, B, D, and AF2), which encode subunits of the mitochondrial 
succinate dehydrogenase complex, confer a significant lifetime risk 
of PPGL. Evidence to support a structured surveillance strategy in 
pregnant mutation carriers is lacking, but clinical intuition would 
suggest close clinical and biochemical monitoring is warranted.

Adverse fetal and maternal outcomes in pregnant women with 
phaeochromocytoma are mediated by excessive tumoral catechol-
amine adrenoceptor stimulation. Similar to non- pregnant patients, 
cardiovascular complications in pregnant women include hyper-
tensive crises, tachyarrhythmias, and left ventricular failure due to 
catecholamine- induced cardiomyopathy. The maternal mortality 
rate in undiagnosed or untreated phaeochromocytoma in preg-
nancy is as high as 50% in historical cases, with the greatest risk 
in the peripartum period [34]. Early antepartum diagnosis, with 
appropriate α- adrenoceptor blockade, has resulted in significantly 
improved maternal outcomes in the last 50  years. Fetal mortality 
remains high, even in the context of appropriate alpha blockade and 
specialist management.

Diagnosis

Phaeochromocytoma should be considered in pregnancy in the 
context of classic signs and symptoms of catecholamine excess. 
Biochemical testing for catecholamine excess should involve meas-
urement of plasma metanephrines and normetanephrines, which 
are O- methylated metabolites of adrenaline and noradrenaline, 
respectively; these have the highest sensitivity (95– 100%) and 
therefore best negative predictive value for diagnosis of phaeo-
chromocytoma [40]. Urinary fractionated metanephrines are also 
highly sensitive. Specificity for both tests ranges between 85% and 
90%; false positive results may be observed in the context of medi-
cations such as sympathomimetics, paracetamol, selective serotonin 
reuptake inhibitors, and methyldopa.

In pregnant women, due to concerns around radiation exposure, 
the radiological investigation of choice for tumour localization 
should be T2- weighted magnetic resonance imaging (MRI) with 
gadolinium enhancement. Ultrasonography may be useful for lo-
calization of larger tumours, but has poor sensitivity for small le-
sions. Scintigraphy with 123I- metaiodobenzylguanidine (MIBG) is 
contraindicated in pregnancy [41].

Management

Pharmacological α- adrenoceptor blockade is the cornerstone 
of preoperative phaeochromocytoma management in pregnant 
and non- pregnant patients, and is associated with significant re-
ductions in fetal and maternal mortality compared to untreated 
patients [42]. There are no studies in pregnant women that can 
help to inform on the optimal duration of α- blockade before sur-
gery. Endocrine Society guidelines recommend treatment for a 
minimum of 10  days before surgery in non- pregnant patients 
[43]. Preoperative α- blockade with either phenoxybenzamine 
or doxazosin appears safe in pregnancy. Phenoxybenzamine 
can cross the placenta, and therefore poses a theoretical risk to 
fetal cardiovascular stability [44]. Phenoxybenzamine is a non- 
competitive α1-  and α2- adrenoceptor antagonist, with a starting 
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dose of 10  mg twice daily, increasing upwards to 1  mg/ kg/ day 
until blood pressure is controlled. There are no studies that 
inform on the optimal blood pressure target in either pregnant or 
non- pregnant patients. Phenoxybenzamine has a long duration 
of action due to the formation of a permanent covalent bond 
with α- adrenoceptors, which increases the likelihood of signifi-
cant intra-  or postoperative hypotension after tumour removal. 
Doxazosin is a selective α1- adrenoceptor antagonist with a sig-
nificantly shorter half- life, which results in significantly less reflex 
tachycardia and a shorter duration of postoperative hypotension. 
There are no head- to- head randomized studies comparing the ef-
ficacy of phenoxybenzamine with doxazosin in either pregnant or 
non- pregnant patients.

ß- blockade is contraindicated in the absence of haemodynam-
ically effective α1- receptor antagonism. This is due to the theoret-
ical risk of unopposed α- adrenoceptor stimulation and consequent 
hypertensive crisis induced by tumoral catecholamines after ß- 
adrenoceptor blockade. Where appropriate, and in the context of 
pretreatment with α- blockade, ß- blockers are effective for treat-
ment of catecholamine- induced arrhythmias and reflex tachycardia. 
Propranolol and the combined α-  and ß- blocker labetalol may be 
used safely in pregnancy. For emergency perioperative manage-
ment in untreated pregnant and non- pregnant patients with phaeo-
chromocytoma, intravenous phenoxybenzamine, or phentolamine 
may be used.

Surgical resection is the only definitive treatment for phaeo-
chromocytoma. The optimal timing of adrenalectomy in a patient 
diagnosed during pregnancy is the second trimester, before 24 
weeks [35]; this reduces the risk of miscarriage associated with 
abdominal surgery in the first trimester, and avoids the anatom-
ical complications associated with an enlarged uterus in the third 
trimester. In tumours diagnosed after 24 weeks, surgery should 
be delayed until after pregnancy where possible, and a prolonged 
period of treatment with α- blockade can be safely instituted until 
the fetus is viable. Laparoscopic surgery in a centre of expertise 
should be the gold standard intervention, although open surgery 
may be required in larger tumours. Elective caesarean section 
should be offered as the preferred mode of delivery in patients 
who have not undergone adrenalectomy. Although large data are 
lacking, a number of small previous studies identified increased 
maternal mortality with vaginal delivery [34]. Labour itself may 
result in significant catecholamine excursion due to pain and 
uterine contractions, and should be avoided in patients with tu-
mours in situ.

Primary Aldosteronism

Fewer than 50 cases of primary aldosteronism (PA) in pregnancy have 
been reported in the literature since the 1960s [45]. While hyperten-
sion affects 6– 8% of pregnant women, and the prevalence of PA in 
young hypertensive patients is estimated at up to 10%, published data 
do not currently support the inference that 0.6– 0.8% of all pregnant 
women harbour an underlying diagnosis of PA. However, the likeli-
hood is that a large proportion of cases of PA remain undiagnosed 
prior to and during pregnancy. The majority of published cases of PA 
in pregnancy are due to unilateral aldosterone- producing adenomas 
(APAs, or Conn’s syndrome) rather than idiopathic bilateral adrenal 

hyperplasia, but prevalence data in large cohorts are lacking [46]. 
Furthermore, 65 pregnancies have been reported in women with fa-
milial hyperaldosteronism type 1 [47].

Patient cohorts with glucocorticoid- remediable aldosteronism 
(GRA) have provided further insights into the consequences of PA 
in pregnancy. In this condition, fusion of the 5’ regulatory region 
of adrenal CYP11B1, which is a critical regulator of glucocorticoid 
production, with the coding region of CYP11B2 (aldosterone syn-
thase) results in expression and activity of the latter falling under 
the control of pituitary adrenocorticotropic hormone (ACTH). The 
consequence is a subtype of PA with hypokalaemic hypertension, 
which is treatable with low- dose dexamethasone. In a case series of 
29 pregnancies in a total of 8 women with GRA, one study observed 
deterioration of hypertension in 39%, with 23% requiring the add-
ition of antihypertensive medication in tandem with conventional 
dexamethasone treatment [48].

Diagnosis

The renin- angiotensin- aldosterone system (RAAS) is upregulated 
in pregnancy. Plasma renin levels increase significantly from 
the first trimester onwards, due to direct extra- renal oestrogen- 
stimulated renin secretion in the ovaries and decidua. Plasma al-
dosterone levels are increased 3– 8- fold during gestation, which 
is largely a compensatory response due to competitive inhibition 
of the mineralocorticoid receptor (MR) by progesterone in the 
renal tubular apparatus. Hepatic angiotensinogen production 
is also increased in pregnancy, resulting in elevations of both 
angiotensin II and aldosterone. These physiological biochemical 
changes mean that securing the diagnosis of PA in pregnancy is 
challenging.

PA in pregnancy should be considered in women with onset 
of hypertension before the 20th gestational week. Intuitively, the 
coexistence of hypokalaemia in pregnancy may increase the pre- 
test probability of PA. A  gestational biochemical diagnosis of PA 
is dependent on the presence of a low or suppressed plasma renin 
on repeated samples, as this should be physiologically elevated in 
healthy pregnant women. The aldosterone- to- renin ratio (ARR) 
should be theoretically normal or low in normal pregnancy, and 
elevated in those women with PA. However, caution must be exer-
cised interpreting the ARR, and this parameter must be assessed in 
tandem with a suppressed renin. Although the Endocrine Society 
advises confirmatory testing in non- pregnant patients with saline 
suppression testing or a captopril challenge [49], these investigations 
are relatively contraindicated in pregnancy due to concerns about 
plasma expansion and teratogenicity, respectively. Imaging strat-
egies for lateralization are limited to MRI or ultrasonography due to 
the risk of excessive radiation exposure with CT. Excessive radiation 
exposure associated with adrenal vein sampling (AVS), which is the 
gold standard technique for lateralization in non- pregnant patients, 
means that this technique is contraindicated in pregnancy. However, 
on the proviso that blood pressure is optimized and serum potas-
sium levels are stable, investigations to lateralize a source of aldos-
terone hypersecretion, and, where appropriate, adrenalectomy per 
se, can often be deferred until after delivery.

Treatment

Therapeutic management of PA in pregnancy applies to women 
with a new diagnosis of PA during their pregnancy, as well as to 
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those with a pre- existing diagnosis who have either not had an 
adrenalectomy for unilateral disease, or who are medically treated 
for bilateral disease. In the majority of situations, intensive blood 
pressure control and tailored oral potassium replacement are the 
cornerstone of treatment for PA in pregnancy. MR antagonists are the 
drugs of choice for medical management of non- pregnant patients 
with PA. However, spironolactone has significant antiandrogenic ef-
fects, and is classified as FDA pregnancy category C. Spironolactone 
crosses the placenta [50], and therefore is not recommended for use 
in pregnancy due to concerns about undervirilization of the male 
fetus. Data to support this are not entirely consistent. Feminization 
of male fetuses has been reported in studies of female rats treated 
with high doses of spironolactone [51], but this has not been repli-
cated in mice or rabbits. In humans, spironolactone therapy at doses 
below 400 mg/ day did not result in male fetus feminization in six 
pregnancies from three patients with Bartter syndrome, or in two 
pregnancies from two patients with Gitelman syndrome. However, 
there is currently insufficient data to support safe use of spirono-
lactone in pregnancy. Eplerenone does not have antiandrogenic ac-
tion, and is entirely selective for the MR. It is classified as pregnancy 
category B by the FDA, but once again controlled safety studies in 
humans are lacking.

In women with a pre- existing diagnosis of PA, pregnancy should 
ideally not be contemplated until lateralization has been assessed by 
AVS. Those with unilateral disease should undergo adrenalectomy 
before conception in order to normalize blood pressure and re-
duce fetal and maternal risks. Women with bilateral adrenal hyper-
plasia should have optimization of their blood pressure before 
trying to conceive, at which point substitution of MR antagonists 
with antihypertensives known to be safe during pregnancy can 
be considered after discussion with the patient [45]. In those with 
poorly controlled hypertension or resistant hypokalaemia, concep-
tion should be discouraged until optimization has been achieved. 
Where this is not possible, or where the patient is unwilling to 
wait to conceive, complete discontinuation of MR antagonists is 
not advisable; eplerenone should be substituted for spironolac-
tone. Similarly, eplerenone can be considered for use in pregnant 
women with pre- existing PA, or in women with a new pregnancy 
diagnosis of PA, if blood pressure cannot be controlled with con-
ventional antihypertensive medications known to be safe in preg-
nancy, or if normokalaemia cannot be maintained. Laparoscopic 
adrenalectomy in the second trimester for patients with unilateral 
disease is a feasible option for patients with refractory hyperten-
sion and hypokalaemia [52]. A  number of cases of laparoscopic 
adrenalectomy between 14-  and 24- weeks’ gestation for unilateral 
aldosterone- producing adenoma have been reported in the lit-
erature, with adverse fetal outcomes reported in four out of nine 
cases [46].

Adrenal cushing’s Syndrome

Cushing’s syndrome has a predilection for women of childbearing 
age; however, it is a rare disorder and fertility is often impaired 
by hypercortisolism- induced hypogonadotropic hypogonadism 
and impaired folliculogenesis [28]. As of 2017, 263 pregnancies 
had been reported in 220 women with active or cured Cushing’s 
syndrome [53]. Maternal complications from retrospective data 

include hypertension (41– 68%), dysglycaemia (25– 37%), pre-
eclampsia (14– 26%), osteoporosis (5%), psychiatric illness (4%), 
cardiac failure (3%), wound infection (2%), and maternal death 
(1– 2%). Fetal complications include prematurity (43– 66%), 
intrauterine growth restriction (15– 21%), miscarriage/ stillbirth 
(11– 24%), and fetal mortality (up to 20%) [28, 31, 53]. Neonatal 
complications include hypoglycaemia, respiratory distress, jaun-
dice, sepsis, intraventricular haemorrhage, and congenital malfor-
mations including cleft lip [31, 53]. It may be that milder degrees 
of hypercortisolism are less harmful to the fetus than expected 
due to placental 11βHSD2 inactivation of cortisol, perhaps ex-
plaining the low rates of hypocortisolism in neonates [28]. Long- 
term health outcomes in infants born to mothers with Cushing’s 
syndrome are unclear [54]. Onset in pregnancy predicts worse 
outcomes [53], possibly because women with Cushing’s syndrome 
prior to pregnancy have milder hypercortisolism that permits 
ovulation.

Cushing’s syndrome in pregnancy has several features of special 
note. Firstly, clinical diagnosis of hypercortisolism is fraught due to 
pregnancy effects such as centripetal weight gain, striae, oedema, 
and fatigue as well as pregnancy complications such as diabetes 
mellitus and hypertension [20, 28]. Catabolic features of Cushing’s 
such as proximal myopathy and fractures, often involving the feet, 
are more discriminatory [20]. Secondly, biochemical diagnosis of 
Cushing’s must take into account the hypercortisolism of pregnancy 
[27]. Thirdly, approximately 50% of Cushing’s in pregnancy is of pri-
mary adrenal cause, usually an adrenal adenoma, compared to 15% 
of non- pregnant cases and the attendant low ACTH levels are usu-
ally absent in pregnancy. Finally, treatment must take into account 
the special risks of surgery and medications in pregnancy [28].

Aetiologically, Cushing’s in pregnancy is most commonly due 
to an adrenal (40– 60%) or pituitary adenoma (33%). Rare causes 
include adrenocortical carcinoma where there may be evidence of 
prominent bi-  or multihormonal adrenal hormone secretion as well 
as characteristic findings on imaging and perhaps worse prognosis 
than in non- pregnant individuals [54]. Bilateral macronodular ad-
renal hyperplasia is an exceptional cause of adrenal Cushing’s in 
pregnancy as it may very rarely arise due to LH/ HCG- stimulation 
of presumed aberrant receptors that may also be activated 
postmenopausally [53]. Ectopic ACTH secretion from neuroendo-
crine tumours is exceedingly rare as the hypercortisolism is often 
severe, inhibiting pregnancy.

Pregnancy- induced alterations in the HPA axis include increased 
CBG due to placental oestradiol, in turn elevating plasma total cor-
tisol [54]. By mass spectrometry, plasma total cortisol rises 1.6- , 2.4-  
and 2.9- fold above non- pregnant controls during the first, second 
and third trimesters, respectively, commensurate with rising CBG 
[27]. Later in pregnancy, free cortisol rises due to placental CRH 
and ACTH [27,  28]. There is evidence suggesting that placental 
CRH and ACTH are stimulated by cortisol, resulting in a positive 
feedback loop, and the maternal adrenals have heightened sensi-
tivity to ACTH [27,  28]. Compared to controls, 24- hour urinary 
free cortisol excretion is 1.7- , 2.4-  and 3.1- fold higher during the 
first, second and third trimesters, respectively [27].

To avoid false- positive results for Cushing’s syndrome due to 
increased CBG, HPA activation, and blunting of normal feedback 
loops and diurnal variation, urinary free cortisol and late- night 
salivary cortisol should be interpreted with trimester- specific 
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normative data [28, 55]. The primary screening test for Cushing’s 
syndrome in pregnancy is urinary free cortisol [27]. Normative data 
should be derived from the same platform as urinary results by im-
munoassay are 50– 100% higher than mass spectrometry due to cor-
tisol metabolite cross- reactivity [27]. Though urinary free cortisol 
may overlap between pregnant women with and without Cushing’s 
syndrome, the mean elevation in urinary free cortisol in affected 
women is higher, at 8- fold normal [31]. Diurnal variation persists in 
normal pregnancies, albeit with a higher nadir, but it is abolished in 
pregnancies complicated by Cushing’s syndrome, making late night 
salivary cortisol an adjunct test [31]. Though late night salivary 
cortisol is highly assay dependent and there was previously insuf-
ficient evidence to guide decision- making thresholds [55], recent 
data suggest late night salivary cortisol normal ranges of <6.9 nmol/ 
L, <7.2 nmol/ L and <9.1 nmol/ L in the first, second and third tri-
mesters, respectively, to be 80– 92% specific for Cushing’s syndrome 
[56]. Dexamethasone suppression of cortisol secretion is blunted in 
pregnancy with post- DEX cortisol levels >50 nmol/ L in over 60% of 
healthy pregnant women [54], hence the low- dose test is not useful 
for Cushing’s diagnosis in pregnancy [31]. Moreover, this test usu-
ally relies on plasma total cortisol, which is misleadingly elevated by 
CBG in pregnancy [31].

Upon biochemical confirmation of hypercortisolism, plasma 
ACTH should be measured, noting that the physiological ACTH 
elevation of pregnancy may hinder identification of ACTH inde-
pendence with non- suppressed ACTH levels in 50% of pregnant 
women with adrenal Cushing’s [31]. Whilst the high- dose dexa-
methasone suppression test is typically used to distinguish pituitary 
versus ectopic causes of ACTH- dependent Cushing’s syndrome, 
it may be used in pregnancy to differentiate adrenal from pitu-
itary Cushing’s as pregnant women with Cushing’s disease typic-
ally suppress whereas pregnant women with ACTH- independent 
Cushing’s syndrome typically show <80% cortisol suppression [31]. 
Hypercortisolaemic women with low or normal plasma ACTH, 
and non- suppressible cortisol following high- dose dexametha-
sone, should be investigated for adrenal Cushing’s syndrome [31]. 
Adrenal ultrasound is safe but only 73% sensitive for adrenal lesions 
and non- contrast MRI may be required [31]. MRI appears safe in 
pregnancy but because of potential teratogenicity its timing should 
be considered [28]. Gadolinium is avoided as it crosses the placenta 
and pregnancy safety data are limited [31]. Pregnancy- related ad-
renal hypertrophy and background rates of adrenal incidentalomas 
should be taken into account [20]. Pregnant women with Cushing’s 
syndrome and high plasma ACTH should be further investigated 
for ACTH- dependent causes [31], as discussed in other chapters.

Pregnant women with Cushing’s syndrome may be treated med-
ically or surgically, or conservatively managed with treatment of 
complications such as diabetes and hypertension [20]. There are no 
prospective studies to guide management but there are trends to-
wards higher live birth rates following cortisol- lowering treatment 
compared to conservative management [31, 53]. Women with rela-
tively mild hypercortisolism in late gestation may nonetheless be 
better suited to conservative management [54]. Surgery is preferred 
to medical therapy in women with an identifiable, irreversible and 
resectable cause of Cushing’s syndrome who are in their second tri-
mester of pregnancy, when maternal and fetal surgical complica-
tion rates are lower [20, 31]. Unilateral or bilateral adrenalectomy 
for adrenal Cushing’s yields high cure rates and live birth rates of 

87% [31]. Though some data show excess prematurity rates after 
third trimester surgery, laparoscopic adrenalectomy has been per-
formed successfully and safely up to 32 weeks with no change in 
rates of prematurity or intrauterine growth restriction [54]. In the 
limited data on adrenocortical carcinoma in pregnancy, resection 
is often incomplete and surgical risks are greater [54]. Anaesthetic 
risks pertaining to pregnancy include aspiration pneumonitis due 
to decreased lower oesophageal sphincter activity and increased 
intra- abdominal pressure from the gravid uterus, and challen-
ging airway management because of oropharyngeal oedema. No 
medication has been approved for the treatment of Cushing’s syn-
drome in pregnancy [55], but several agents have been utilized. 
Metyrapone use in pregnancy is well described in case reports 
and series; it is often well tolerated and effective [53, 57]. However, 
metyrapone risks hypertension and pre- eclampsia due to accumu-
lating 11- deoxycorticosterone with mineralocorticoid effects [31]. 
Metyrapone also can be transferred across the placenta and fetal 
hypocortisolism has been reported [28, 54]. Ketoconazole crosses 
the placenta and is teratogenic and abortifacient in rat studies but 
it has occasionally been used in pregnancy without adverse events 
[31,  54]. In addition, ketoconazole has the potential to feminize 
the male fetus due to inhibition of the adrenal 17,20 lyase enzyme 
[20, 28]. Cabergoline has been used in pregnancy to treat Cushing’s 
disease [20]. Contraindicated approaches in pregnancy include 
radiotherapy and mitotane due to teratogenicity, and mifepris-
tone as it is a direct abortifacient from progesterone receptor an-
tagonism [20]. Spontaneous remission of Cushing’s syndrome has 
been reported in pregnancy [31]. Remission of Cushing’s syndrome 
is associated with trends towards improved obstetric outcomes 
with reduced fetal loss, preterm birth, and low birth weight [53]. 
Remission may lead to hypocortisolism, requiring hydrocortisone 
and sometimes fludrocortisone therapy with adjustments during 
pregnancy [54].

congenital Adrenal Hyperplasia

More than 95% of congenital adrenal hyperplasia (CAH) is due 
to 21- hydroxylase deficiency, thus studies in pregnancy focus 
on this aetiology [58]. 21- hydroxylase deficiency is due to mu-
tations of both CYP21A2 alleles. Such mutations are common 
(1– 10% population, with ethnic variation), but CAH incidence 
is approximately 1/ 10 000 births [59]. Genotype/ phenotype vari-
ation relates, to an extent, to the more functional CYP21A2 allele 
[59]. The phenotype involves: PAI due to impaired cortisol and 
aldosterone synthesis; hyperandrogenism due to accumulation of 
androstenedione, then converted by 17- ketosteroid reductase to 
testosterone (or via direct multistep conversion of 17OH proges-
terone to testosterone), leading to masculinization of the female 
infant genitalia (commonly clitoromegaly, labial fusion), then 
later hirsutism and in severe cases virilism; precocious puberty; 
adrenal enlargement and hyperpigmentation from excess ACTH; 
and ultimately short stature in males. Classical CAH (childhood 
features) can be categorized into simple (isolated) virilizing (25%) 
and more severe salt- wasting (75%) forms. Females may be de-
tected at birth from genital inspection but males may not present 
for several days until an adrenal crisis develops, which may be 
fatal. Treatment involves glucocorticoid and mineralocorticoid 
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replacement, with careful dosing and timing to reduce ACTH 
and therefore adrenal androgen production. Non- classical CAH 
refers to adult- onset disease, generally milder than classical CAH, 
where a decision to pursue adrenal replacement/ glucocorticoid 
suppression treatment should take into account the individual-
ized risk and benefits.

Women with CAH face potential challenges in reproduction 
[60,  61]. Lower fecundity in CAH may result from a range of 
reasons including: possible androgenization of the brain affecting 
psychosexual development with reduced partnering; difficulties 
or perceived limitations arising from vulvovaginal function des-
pite surgery, usually performed in childhood; anovulation due to 
androgen excess or exogenous Cushing’s, with polycystic ovaries 
in some cases; ovarian adrenal rest tissue; and progesterone excess 
increasing cervical mucus viscosity. The greatest impediment to fe-
cundity may be intercourse frequency— only 56% of women with 
simple virilizing CAH and 11% with salt- losing CAH ever attempt 
to conceive [62]. Women receiving adequate adrenal hormone 
treatment and having regular intercourse have pregnancy rates 
>90% [62], although miscarriage rates are higher than the general 
population (23% vs. 10.9%, P <0.001) [60]. In a study of 62 CAH 
women and 62 age- matched controls, CAH women were less likely 
to have been pregnant and they had fewer total pregnancies and 
fewer term pregnancies. Reproductive outcomes were worse in salt- 
wasting CAH than simple virilizing or non- classical CAH. Some 
women conceived spontaneously while others required increased 
glucocorticoids, concomitant fludrocortisone or assisted repro-
ductive technologies. CAH pregnancies were characterized by more 
frequent Caesarean section, mostly due to past genital surgery, and 
gestational diabetes [61]. Contrary to earlier data, low birth weight 
was no more common in CAH, and there was no difference in birth 
weight between CAH subtypes. Postnatal development appeared 
normal on long- term follow- up [61]. A  predominance of female 
offspring has been observed, which may reflect referral bias as girls 
face the risk of virilization but uterine changes favouring implant-
ation of female embryos have been proposed [58, 61].

It is often necessary to increase glucocorticoid treatment 
prepregnancy to better suppress androgens and maximize ovula-
tion frequency. Increasing glucocorticoid dose to achieve follicular 
phase progesterone concentrations <2  nmol/ L is recommended 
[63]. Once pregnant, women with classical CAH and non- classical 
cases receiving adrenal hormone replacement are managed along 
similar lines to women with PAI, including personalized gluco-
corticoid dosing, increasing in the latter half of gestation [63]. 
Testosterone levels may be followed in pregnancy but not 17- 
hydroxyprogestrone as levels are elevated normally in pregnancy 
[59]. Delivery is generally by Caesarean section due to vaginal sten-
osis. Maternal androgen excess does not affect the female fetus due 
to placental aromatization.

Attempts to prevent masculinization of CAH female children 
have included trials of prenatal dexamethasone, commenced in 
early gestation prior to potential diagnosis of the fetus as a fe-
male CYP21A2 mutation homozygote, with some, but incomplete 
benefit [58, 59]. This strategy exposes unaffected female and male 
fetuses to adrenal suppression and excess glucocorticoids with un-
certain long- term consequences, and subjects pregnant women to 
glucocorticoid excess side effects. This approach is experimental 
only. Prevention may also be pursued through preimplantation or 

prenatal genetic diagnosis, in cases where the father has a mutant 
CYP21A2 allele.

Miscellaneous Adrenal Disorders in Pregnancy

Adrenal Adenomas and Incidentalomas

The prevalence of adrenal adenomas in the background population 
is between 3% and 5%, increasing to 10% above the age of 70 years 
[64]. Detection of adrenal incidentalomas in pregnancy is rare, al-
most certainly due to the limited number of abdominal scans per-
formed in the gestational period outside of obstetric ultrasound. 
The objectives of investigations of an incidental adrenal lesion 
diagnosed in pregnancy are to differentiate benign from malignant 
lesions, and to exclude adrenal hormone hypersecretion. In gen-
eral, current imaging strategies are sensitive but poorly specific for 
malignancy in an adrenal mass [65], and several modalities such 
as FDG- PET and CT are relatively contraindicated in pregnancy. 
Radiological observation for stability of any detected lesion, such as 
MRI or ultrasound every 3 months, may be the most sensible man-
agement strategy for lesions not definitively proven to be benign on 
initial imaging [66]. Biochemical investigations for hormone excess 
should in general mirror those performed in the non- pregnant pa-
tient [67], with the caveat that the physiological perturbations in 
adrenal hormone metabolism described earlier may confound in-
terpretation of results. Dexamethasone suppression testing for ad-
renal hypercortisolism should be avoided due to the confounding 
effect of increased oestrogen levels on hepatic CBG levels. Lesions 
with a biochemical signature suspicious for adrenocortical car-
cinoma may warrant closer observation or more definitive inter-
vention such as adrenalectomy in the second trimester or the early 
postpartum period.

Adrenocortical carcinoma

Adrenocortical carcinoma (ACC) is a rare malignancy, with an an-
nual incidence of approximately one per million. Incidence is, how-
ever, higher in women than men, and is frequently diagnosed in 
women of reproductive age. Detection of ACC in pregnancy is ex-
tremely rare, and associated with a poor prognosis. Raffin- Sanson 
et al. reported outcomes in 12 female patients who were diagnosed 
either during pregnancy or in the first 6 months after delivery, and 
compared them to age- matched non- pregnant females [68]. Overall 
survival was worse, with a more advanced tumour stage in the preg-
nancy group. Unsurprisingly fetal outcomes were also poor. Some 
studies have speculated that ACC in pregnancy may display more 
aggressive properties due to oestrogen stimulation, but there are 
no conclusive data to support this. The clinical suspicion of ACC 
should be high in any patient with androgen excess associated with 
an adrenal mass, by the coexistence of cortisol and adrenal an-
drogen hypersecretion, or in any adrenal mass greater than 4cm in 
transverse diameter.

Despite a recent report of normal pregnancy in a patient with 
metastatic ACC taking adjuvant mitotane up until the sixth ges-
tational week, the latter is not recommended in pregnancy due to 
concerns about placental transfer [69]. In 17 women previously 
treated for ACC before conceiving, pregnancy did appear to be as-
sociated with worse clinical outcomes, and overall survival was not 
significantly different between the pregnancy group and matched 
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controls [70]. However, the authors caution about the potential 
bias introduced by a ‘healthy mother effect’, and recommend that 
women previously treated for ACC wait for a remission period of 
5 years before trying to conceive.
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Vitamin D and Pregnancy

Introduction

Vitamin D and calcium metabolism is important both in health 
and disease, within normal and complicated pregnancy. There is 
an association between 25- hydroxyvitamin D (25- OHD) levels and 
intrauterine growth restriction, vitamin D is crucial to the fetus for 
growth and calcium accretion to bone. Vitamin D has effects beyond 
calcium homeostasis, maternal vitamin D concentrations are asso-
ciated with increased risk of adverse pregnancy outcome including 
gestational diabetes, pre- eclampsia, and infections in utero and 
childhood. The concentrations of vitamin D need to be reviewed in 
terms of their appropriateness to ambient calcium concentrations 
and the homeostatic mechanisms involved. Therefore the changes 
that pregnancy brings to calcium physiology are reviewed before 
discussing the impact of maternal vitamin D status on the fetus, the 
mother, obstetric outcomes and the long- term health of the mother 
and child.

epidemiology of Maternal Vitamin D

Vitamin D insufficiency and deficiency are common in Northern 
Europe, especially in women who have coloured skin or cover 
their skin. In Dutch women studied at 12 weeks of gestation the 
25(OH)D was 15 ± 12 nmol/ L in Turkish women, 20 ± 14 nmol/ L 
in Moroccan women, and 53 ± 22 nmol/ L in Western women [1] . 
There was an association with deprivation as well as reduced ex-
posure to sunlight. In 970 Australian women 15% had a 25(OH)D 
less than 25nmol/ L, whilst 11% of the neonates had a 25(OH)D less 
than 25nmol/ L [2]. Vitamin D deficiency again was related to skin 

phototype, wearing a veil and young age. In 180 women studied in 
inner city London (n = 45 each group), the median 25(OH)D was 
14 in Arab- Mediterranean, 21 in south Asian, 14 in African, and 
48 nmol/ L in Caucasian women (25(OH)D<25 nmol/ L deficient, 
25– 75 nmol/ L insufficient) [3]. Untreated, these are levels that are 
associated with a high parathyroid hormone (PTH) level in the 
mother (Figure 9.9.3).

Vitamin D and calcium Physiology in Pregnancy

Calcium and bone metabolism in humans rely on adequate concen-
trations of vitamin D and its activated metabolite 1,25(OH)2D. This 
allows active calcium absorption from the gastrointestinal tract. 
Deficiency of 1,25(OH)2D leads to secondary hyperparathyroidism 
in order to maintain plasma calcium concentration at a safe level for 
neuromuscular function, at the expense of bone mineral loss. The 
fetus at term will have accreted 30 g of calcium, 99% in the skeleton. 
Women transfer 300 mg daily to their fetus at term, and 210 mg/ day 
in lactation [4] . Given that intake of calcium ranges from 800 mg 
to 1000mg in USA/ Canada, and less elsewhere, calcium dynamics 
need to change in pregnancy and lactation to allow this transfer 
(Figure 9.9.1).

Therefore, during pregnancy adaptations of maternal physiology 
allow for enhanced uptake of calcium from the gut to support the 
fetus [4] , and during lactation calcium mobilization from the bone to 
support breastfeeding the neonate. Normal calcium physiology with 
the changes of pregnancy and lactation are shown in Figure 9.9.2.

The normal range for vitamin D can be defined by hard outcomes, 
but this is difficult in humans with such long- term outcomes and the 
evidence base is suboptimal. It can also be defined by adaptive re-
sponse, e.g. the rise in PTH concentrations that occurs when 25(OH)
D falls below 30ng/ ml (75nmol/ L). In pregnancy there is an increase 
in 1,25(OH)2D production from the maternal kidney, rather than 
decreased clearance, with a doubling of concentrations by 12 weeks, 
although the mechanisms that underlie control of this process are 
unknown [4] . Maternal PTH concentrations fall in early preg-
nancy, returning to non- pregnant values at term. Second trimester 
PTH suppression may not occur with low maternal calcium intake. 
Maternal parathyroid hormone related peptide (PTHrP) concentra-
tions rise threefold by the third trimester, probably from placenta 
and breast, and may help maintain ionized calcium and stimulate 
calcitriol production [4].



SecTIon 9 Endocrine Disorders of Pregnancy1490

PLASMA CALCIUM

FETAL/NEONATE
CALCIUM
UPTAKE

MATERNAL RENAL
CALCIUM LOSS

CALCIUM INTAKE
UNABSORBED CALCIUM
IN GUT

PREGNANCY
Ca2+ 0.4g/day

PREGNANCY
Ca2+ 0.3g/day

LACTATION
Ca2+ 0.1–0.5g/day

LACTATION
Ca2+ 0.1–0.5g/day

MATERNAL
SKELETON

Ca2+ 0.2g/day

GUT

Ca2+ 0.5g/dayCa2+ 0.5g/day

Ca2+ 9.8g/day

Ca2+ 10g/day

Ca2+ 0.2g/day

TOTAL Ca2+ 1kg

TOTAL Ca2+ 30g at term

Ca2+ 1.0g/day Ca2+ 0.8g/day

Figure 9.9.1 Normal calcium dynamics with the changes of pregnancy and lactation. Calcium is essential in bone and to neuromuscular function. 
Humans consume about 1.0 g calcium/ day absorbing up to 20% of this. In steady state about 0.2 g calcium are lost in the urine each day. Normally 
the calcium taken up and released by the skeleton is in balance, but in the event of hypocalcaemia PTH causes increased osteoclast calcium release. 
During pregnancy higher levels of active vitamin D increase the fractional absorption of calcium from the gut, allowing for fetal calcium uptake. 
During lactation PTHrP increases osteoclast calcium release to the circulation allowing for the neonatal calcium uptake.
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Figure 9.9.2 Normal calcium physiology with the changes of pregnancy and lactation. Normally reduced serum ionized calcium is detected 
by the calcium sensing receptor causing PTH release. This directly has effects on bone causing osteoclast activity with calcium release. PTH 
also increases renal calcium reabsorption from filtrate, thereby maintaining plasma calcium. In addition, PTH acts within the proximal tubule 
of the kidney to increase hydroxylation of 25(OH)D (calcifediol) in the 1 alpha position to produce 1,25(OH)2D (calcitriol). Calcitriol increases 
fractional calcium absorption from the gut. The fundamental process in maternal physiology that drives this process in pregnancy is increased 
1,25(OH)2D action in the gut facilitating a twofold increase in calcium absorption. Placental hormones (HPL human placental lactogen, E2 
oestradiol, PGH placental growth hormone) acting in the maternal kidney may increase vitamin D activation and also directly increase gut 
calcium absorption. When a mother is vitamin D replete and has good calcium intake this process can more than adequately allow for the fetal 
demands. Indeed in pregnancy the mother herself can drive a positive calcium balance. Parathormone related peptide (PTHrP) produced from 
the placenta in late pregnancy and then breasts in pregnancy and lactation increases osteoclast resorption and possibly osteocytic osteolysis, 
freeing calcium from maternal bone for the suckling neonate.
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Fetal outcomes

Birth weight can be defined by absolute weight or that corrected for 
gestational age; low birth weight and small for gestational age (SGA) 
have interconnected implications. Two meta analyses have shown 
an association between low 25(OH)D concentrations and low birth 
weight; RR 0.40 (95% CI 0.23– 0.71) and RR 0.40 (95% CI 0.24– 0.67), 
but one did not, RR 0.72 (95% CI 0.44– 1.16) [5] . Possibly differing 
background risks and vitamin D ranges lead to these discrepancies.

Data regarding vitamin D concentration and small for gestational 
age (SGA) infants are similarly contradictory. One meta- analysis 
has shown an association between low 25(OH)D concentrations 
and SGA, RR 0.67 (95% CI 0.40– 1.11) but vitamin D still thought 
to be protective; another did not, RR 0.78 (95% CI 0.50– 1.21) [5] . 
In a study of nearly 4000 mother and 10- year- old offspring pairs 
there was no association between maternal vitamin D status and 
offspring total body or spinal bone mineral content [6].

Low maternal concentrations of 25(OH)D are associated with 
low neonatal concentrations of 25(OH)D [3]  and neonatal hypo-
calcaemia. In a prospective study of severe deficiency, 59 Asian 
women were given 1000 IU vitamin D daily and compared to 67 un-
treated controls [7]. Vitamin D deficiency progressed in those who 
were untreated compared to an excellent response in mothers and 
neonates in terms of vitamin concentrations; none of the neonates 
of treated mothers developed symptomatic hypocalcaemia com-
pared to five neonatal controls. Neonatal calcium in controls was 
<2.0 mmol/ L in 24.6% compared to 6.3% in the treatment group.

Low maternal and neonatal vitamin D levels may be associated 
with increased childhood respiratory infections, through altered 
immunomodulation or bronchial development. Maternal intake 
of vitamin D was associated with reduced risk of recurrent wheeze 
at 3 years of age, OR 0.39 (95% CI 0.25– 0.62) although there were 
multiple potential confounders [8] . However, in 436 Dutch children 
there was no association between vitamin D levels and lung func-
tion aged 6 years [9]. In a study of 3000 women the risk of later pre- 
eclampsia was reduced in those supplemented with vitamin D in the 
first year of life, OR 0.49 (95% CI 0.26– 0.92) [10].

Maternal outcomes

Low maternal 25(OH)D concentrations are associated with pre- 
eclampsia. Fifty- five singleton mothers with pre- eclampsia had 
25(OH)D levels of 45nmol/ L compared to 53 nmol/ L in 219 con-
trols [11]. Maternal 25(OH)D concentration was also associated 
with early onset severe pre- eclampsia; 25(OH)D <20  ng/ ml was 
found in 54% of women with pre- eclampsia and 27% of controls 
[12]. Two trials have shown a lower risk of pre- eclampsia with 
vitamin D supplementation in pregnancy (8.9% vs. 15.5%; RR 0.52, 
95% CI 0.25– 1.05) [5] . Three trials have shown a lower risk of pre- 
eclampsia with vitamin D and calcium supplementation in preg-
nancy (5% vs. 9%; RR 0.51, 95% CI 0.32– 0.80) [5].

When 23 423 women had their vitamin D intake estimated, there 
appeared to be a protective effect on hypertension of consuming 
15– 20 µg/ d compared to 5 µg/ day, OR 0.76 (95% CI 0.60– 0.95) [13].

Some studies in the general population have shown an associ-
ation between vitamin D concentrations and insulin resistance, 
T2DM and prediction of future T2DM [14]. However, Vitamin 
D supplementation has no effect on insulin sensitivity, insulin se-
cretion or glycaemic control in subjects with existing type 2 dia-
betes. Studies have shown an inverse association between vitamin 

D concentrations and gestational diabetes and studies are investi-
gating the therapeutic possibilities within these observations. Two 
have shown no benefit from maternal vitamin D supplementation 
and risk of gestational diabetes [5] .

obstetric outcomes

Hypovitaminosis D has been investigated as an associate of preterm 
delivery. One metanalysis showed a clear significant association be-
tween 25(OH)D <37.5nmol/ L and preterm delivery, RR 0.36 (95% 
CI 0.14– 0.93); however, another did not show this, RR 1.26 (95% CI 
0.60– 2.63) [5] .

Vitamin D deficiency was associated with primary caesarean 
section (CS) in 17% of 253 women having the procedure. Twenty 
eight percent had CS when 25(OH)D<37.5nmol/ L but 14% when 
25(OH)D>37.5nmol/ L [15].

outcome for Vitamin D in Mother

Both pregnancy and especially lactation are states that deprive a woman 
of vitamin D resources. Vitamin D insufficiency is particularly common 
in woman with multiple pregnancies or prolonged lactation. Calcium 
intake appears to have little effect on breast milk calcium output.

Supplement and Treatment Guidance

Vitamin D supplementation during pregnancy is associated with 
a significant increase in maternal and neonatal 25(OH)D levels 
(Figure 9.9.3). This in turn reduces the risk of neonatal hypocal-
caemia and maternal pre- eclampsia. However, there are no clear 
data to show that vitamin D supplementation is associated with re-
duced risk of SGA, preterm delivery, or glucose intolerance. It is not 
known whether screening pregnant women has a clear utility, nor 
the method and dosing of a safe supplementation strategy.

In the absence of clear information there are sensible guidance 
documents.

Vitamin D deficiency and supplementation in pregnancy
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Figure 9.9.3 Vitamin D supplementation and PTH. 180 women 
were randomized to three groups. Daily ergocalciferol 800 IU, a single 
calciferol 200 000IU dose at 28 weeks and a no treatment group 
(routine advice and care). Either supplementation group was associated 
with a significant increase in term maternal and cord blood 25(OH)D 
levels. This was associated with a significant reduction in elevated PTH 
concentrations in the mother.
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The current recommendation is for all pregnant and breast-
feeding women to take 400  IU (10 µg) vitamin D daily. (NICE 
guidance 2017:  https:// www.nice.org.uk/ guidance/ ph56.) There is 
particular risk in some family origins, BMI>30kg/ m2, indoor life-
style, covered skin, and certain diets. Dosing of up to 6000 IU/ day 
appears safe in pregnancy and lactation [16]. Pregnant women with 
Vitamin D deficiency and increased one alpha hydroxylation are 
susceptible to sudden changes in calcium intake causing temporary 
hypercalcaemia, presumably related to high PTH concentrations re-
moving ability to achieve homeostasis. 

There is no recommendation for universal screening in preg-
nancy, so it is not recommended that vitamin D status is routinely 
assessed in pregnancy unless symptomatic (e.g. with bone pain) or 
particularly high risk (e.g. greatly reduced skin sunlight exposure). 
If a woman is found to be vitamin D deficient or insufficient she can 
be treated with 20 000 IU a week for 4 weeks, then continuing with 
a normal supplemental dose.

Primary Hyperparathyroidism

Introduction

Primary hyperparathyroidism (PHPT) is the third commonest 
endocrine disorder, however incidence rates increase markedly 
with age and so it is infrequent in pregnancy. Women of child-
bearing age have an annual incidence of about 6 per 100  000, 
compared to 99 per 100 000 in the age group 65– 75 [16], and rep-
resent only 11% of the total incidence. The prevalence on routine 
biochemical screening of nearly 300  000 young Israeli women 
was 0.05% [17]. Its importance lies in the fact that about 50% of 
cases go undiagnosed, yet fetal and maternal complications are 
common [18].

effect of Pregnancy on Primary Hyperparathyroidism

PHPT is under diagnosed, partly because of the dilutional effect of 
increased circulating volume and consequent hypoalbuminaemia 
from early pregnancy. Corrected or ionized calcium levels are 
unaffected by this. Pregnancy has variable effects on the course 
of the disease; although overall the peak recorded corrected cal-
cium levels tend to be lower [17], critical elevations are often re-
ported. In the first 12 weeks, there is a doubling of both calcitriol 
levels and gut calcium absorption, independent of PTH, resulting 
in a maternal positive calcium balance. The excess is not required 
by the fetus, so excretion increases, causing a state of absorptive 
hypercalciuria [4]  and increasing renal stone risk. The high oes-
trogen levels may be thought to reduce excess bone resorption, but 
bone resorption markers increase steadily from the first trimester 
in normal pregnancy, so it is likely there is some increase in cal-
cium flux out of bone [19]. In the third trimester calcium shunting 
across the placenta to the fetus increases markedly, but 300 mg per 
day is not sufficient to cause a substantial drop in maternal serum 
calcium, as is observed in rodents [4]. Simultaneously, increasing 
parathyroid hormone- related protein (PTHrP) levels from breast 
and placenta may reduce renal calcium loss and mobilize bone; 
these processes have been reported to cause hypercalcaemic 
crises in their own right [4]. This is particularly acute at delivery, 
when elevated PTHrP levels, the loss of the calcium shunt across 
the placenta and the sudden drop in oestrogen levels may result 

in an abrupt surge in calcium levels. Also during breast feeding, 
the average loss of 200 mg calcium daily into breastmilk may not 
offset the bone mobilizing effect of high PTHrP levels, resulting in 
worsening hypercalcaemia.

Maternal complications

Most cases are asymptomatic to the mother or at least the symp-
toms are not distinguished from those of pregnancy; non- specific 
fatigue, nausea, vomiting, constipation, emotional lability, muscle 
aches, and urinary frequency [20]. In 124 affected pregnancies in 
74 Israeli women, with a mean corrected calcium of 2.67 mmol/ L, 
no increase in maternal complications was seen when compared to 
431 pregnancies in 174 age matched normocalcaemic women [17]. 
However, the serum calcium concentration in this cohort was gen-
erally lower than in other reports of primary hyperparathyroidism 
in pregnancy. This may be because historical case reports and small 
series have a bias to report the more severely hypercalcaemic cases 
and their symptoms, and maternal complication rates have been re-
ported to be high. There are increased rates of nephrolithiasis, acute 
pancreatitis, severe hyperemesis gravidarum and hypercalcaemic 
crises [20] whilst treatment of these poses significant challenges. 
Retrospective case control studies from Sweden show a marked 
increase in pre- eclampsia risks with PHPT diagnoses both up to 
5 years before or after the affected pregnancies [21] and historical 
series suggest a 25% incidence [22].

Pregnancy and Fetal complications

The risk to the pregnancy itself is the primary concern. In a large, 
single- centre series from Florida, in 62 affected pregnancies in 
which there was no operative intervention, 30 were lost, 3.5 times 
the rate in the general population [18]. Nine of these occurred later 
than is expected, during the second trimester. Importantly, the study 
linked the rates of loss to the calcium levels, with the percentage of 
pregnancies ending in miscarriage rising progressively from 12.5% 
at a serum calcium of 2.59– 2.67 mmol/ L to 80% at 3.04– 3.24 mmol/ 
L. The normal rate of fetal loss in mild hypercalcaemia that they 
demonstrated is consistent with the large series from Israel, where 
no increase was seen at a mean corrected calcium of 2.67mmo/ L 
[17]. Other well- documented risks to the pregnancy include still-
birth, intrauterine growth retardation, preterm delivery, and low 
birth weight [20].

neonatal complications

The early neonatal time period has a high risk of hypocalcaemia in 
the baby, with symptoms such as opisthotonos, tetany, or seizures 
occurring in up to 50% in early series [20]. Fetuses run an elevated 
serum calcium and ionized calcium, typically 0.30– 0.50  mmol/ 
L above the maternal level, which is maintained by active calcium 
transport across the placenta. There is not a set gradient of serum 
calcium relative to the maternal serum calcium, but a fixed level 
independent of the maternal calcium value, which is maintained 
stable despite maternal hypercalcaemia [4] . The calcium- sensing 
receptor (CaSR) is not responsible for this and the higher fetal cal-
cium levels stimulate the fetal CaSR, causing PTH secretion to be 
suppressed into the low range. Continued maternal hypercalcemia 
seems to enhance the transplacental flow of calcium to the fetus, fur-
ther suppressing the fetal PTH level, even if the fetal serum calcium 
does not change. Post- delivery the neonatal parathyroid function is 
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impaired and hypocalcaemia ensues. This typically presents in the 
first two weeks, but may be delayed up to 2 months. It may occur 
even in asymptomatic PHPT or mild cases. Treatment is fortunately 
highly successful and spontaneous recovery normally occurs by 3 to 
5 months, although damage can occasionally be permanent [4, 18]. 
Timely operative intervention in the mother does prevent this.

Diagnosis and Investigations

There are no specific guidelines on the diagnosis and treatment of 
primary hyperparathyroidism in pregnancy. The standard guide-
lines from the 4th international Workshop on Asymptomatic 
Hyperparathyroidism should therefore be followed [23]. Diagnosis 
is based on an elevated ionized or corrected serum calcium with 
PTH levels inappropriately elevated or in the upper half of the 
normal range. There is no specific PTH range for pregnancy and 
it should be noted that normally PTH levels are in the low normal 
range [4] . The differential diagnosis from familial hypocalciuric 
hypercalcaemia (FHH) and of other genetic conditions is thorny; in 
FHH the expected hypocalciuria is not present during pregnancy, 
with an increased fractional excretion of calcium by the kidneys 
[24]. Overall, one would expect an increased incidence of genetic 
conditions given the young age of diagnosis, perhaps as high as 20% 
[25] but this has not been borne out by the incidence of multigland 
disease on operation [18]. A proper family history is therefore crit-
ical and, if suspicious, urgent genetic screening is now possible, so 
avoiding unnecessary surgery.

Localization studies are normally limited to an ultrasound of the 
neck. Sensitivities are extremely user dependent, so a dedicated neck 
ultrasonographer is required; sensitivities are then above 60% [18]. 
There are case reports of modified dose 99MTc- Sestamibi scanning 
being used successfully, with estimated fetal exposure of < 5mGy, 
and 4D- CT at 10 mGy, much lower than known fetal toxicity cut- 
offs. These cannot yet be standardly recommended, but may have 
their place in complex cases [26].

Management

Noting that all pregnant women are operative candidates due to 
their young age and the risks to the pregnancy, a conservative ap-
proach may be followed if the mother is asymptomatic and cal-
cium levels remain <2.75 mmol/ L or <0.2 mmol/ L above the upper 
limit of normal. Oral fluid intake should be encouraged and a low 
calcium diet followed. The mother should be counselled, meeting 
the surgeon and perinatologist. Regular maternal and fetal sur-
veillance should be in place in a joint medical and obstetric ante-
natal clinic.

Medical Intervention

There are no pharmacological interventions proven safe in preg-
nancy, so the need for their introduction should be the signal for 
arranging a parathyroidectomy. Oral phosphate supplements of 
up to 9g per day have been used as a conservative option, but are 
poorly tolerated, cause diarrhoea and may precipitate hypokalaemia 
[20]. Cinacalcet, a calcimimetic suppressing PTH production, has 
been used in a number of case reports. It is poorly tolerated at the 
higher doses often needed, due to nausea and gastro- intestinal side- 
effects. Its efficacy has been limited in cases reports. It crosses the 
placenta and will stimulate the CaSR, which has a wide distribu-
tion in the fetus; parathyroid function will be suppressed, placental 
active calcium transport may be reduced and fetal bone accretion 

may theoretically be affected. In case reports neonatal hypocal-
caemia has not been prevented [26]. Bisphosphonates are absolutely 
contraindicated in pregnancy, as they cross the placenta and have 
been shown to decrease fetal bone growth in animal studies, despite 
re- assuring data in accidental human usage [27].

In the acute scenario, whilst controlling severe hypercalcaemia be-
fore surgery, typical supportive management is indicated. Inpatient 
monitoring is used, with high volumes of intravenous normal sa-
line, and once volume replete simultaneous IV furosemide boluses 
to promote calcium excretion. Subcutaneous calcitonin, at doses 
of up to 8 units 6 hourly, may be used, but tachyphylaxis occurs 
rapidly [20].

Surgical Intervention

Parathyroidectomy is generally carried out in the second trimester 
[22]. This can be individualized. Given the high rate of fetal loss 
in the late first trimester, there is an argument to intervene early 
in severe cases, with successful outcomes reported as early as at 11 
weeks [18, 28]. Delayed operations in the third trimester have been 
felt to be associated with higher rates of complications, particularly 
pre- term labour, but these may be more related to the PHPT than 
the surgery. In an analysis of 16 reported cases with third trimester 
operations, the major complications were from pre- eclampsia 
(25%), pancreatitis and renal failure, which are likely to relate to 
the hypercalcaemia. There were no cases of anaesthesia induced 
premature labour and the main surgically related complication was 
transient maternal hypocalcaemia [22]. If hypercalcaemia there-
fore becomes problematic late in the pregnancy, operation is still 
indicated.

Pseudohyperparathyroidism

Pseudohyperparathyroidism is a very rare cause of hypercalcaemia 
in pregnancy and during lactation. In normal pregnancy PTHrP 
levels rise threefold from the first trimester to term, mainly coming 
from the breast and the placenta [4] . Breast hyperplasia can cause 
further elevation of levels and there have been rare cases reports 
of pregnancy hypercalcaemia being driven by markedly elevated 
PTHrP levels, whilst PTH is suppressed. Mastectomy has been 
required [29]. More cases have been reported during lactation, 
mostly presenting as osteoporosis, with the hypercalcaemia re-
solving on cessation of breastfeeding. Lactational PTHrP induced 
hypercalcaemia may be occurring more frequently than is appre-
ciated [4, 30].

Familial Hypocalciuric Hypercalcaemia

Introduction

Familial hypocalciuric hypercalcaemia (FHH) is an autosomal 
dominant disorder most commonly resulting from heterozygous 
germline inactivating mutations in the CASR gene, and less fre-
quently from mutations of GNA11 or AP2S1 [31]. It is responsible 
for up to 3% of cases of PTH- related hypercalcaemia in the under 
45 age group [25] and needs to be borne in mind, so as to avoid an 
unnecessary operation.

effect of Pregnancy on FHH

Outside of pregnancy, most cases are asymptomatic and mild bio-
chemically. Two- thirds of cases will have serum corrected calcium 
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levels <10% above the upper limit of normal, and in almost 80% 
PTH levels will be in the normal range [32]. There is a theoretical 
risk of worsening hypercalcaemia in pregnancy, for similar reasons 
to those in PHPT. Interestingly, absorptive hypercalciuria still de-
velops, despite patients normally having a low urine fractional cal-
cium excretion. The 24- hour urine calcium/ creatinine clearance 
ratio rises well above 0.01 [24], so that urine testing cannot be used 
to differentiate from PHPT, and genetic testing should be used if 
there is a suspicious family or clinical history.

Fetal complications

Although the pregnancy is not affected, the maternal hypercalcaemia 
can cause suppression of the fetal parathyroid glands and tem-
porary neonatal hypocalcaemia, dependent on the fetal genotype. 
Unaffected and heterozygote fetuses are at risk of hypocalcaemia, 
which in heterozygotes will turn to hypercalcaemia in the neo-
natal time period. Homozygote or compound heterozygote fetuses, 
inheriting a second mutation from the father or de novo, are at 
risk of neonatal severe hyperparathyroidism, which may require 
urgent parathyroidectomy. Rarely, heterozygotes may also pre-
sent in this way [31]. Affected pregnant women should therefore 
be offered genetic counselling and the neonates have close calcium 
monitoring.

effect of Lactation on FHH

During breastfeeding, PTHrP levels are normally under negative 
feedback control by the CaSR in mammary tissue. Inactivating 
mutations will lead to increased PTHrP levels and could worsen 
hypercalcaemia, but this has not been reported [4] .

Hypoparathyroidism

Introduction

Hypoparathyroidism rarely presents during pregnancy [33], al-
though it may be picked up in the mother when neonatal com-
plications arise, including neonatal hypercalcaemia and fractures. 
It is normally known about before pregnancy, with the mother 
established on treatment, and the challenge is to maintain 
normocalcaemia despite the major alterations in calcium homeo-
stasis that occur during pregnancy and breastfeeding. Failure to 
achieve this can have serious consequences.

Animal Hypoparathyroid Models

Data from parathyroidectomized rat and mouse PTH null models, 
show that PTH is not required for the marked increase in calcitriol 
levels and gut calcium absorption that occur in pregnancy. 
Pregnancies proceed to term without needing intervention, with no 
fetal or maternal adverse consequences. There is a dependence on 
the calcium content of the diet in rats, and if this is limited, maternal 
hypocalcaemia may occur [4] .

effect of Pregnancy on Hypoparathyroidism

In affected human mothers, case reports and series show that ma-
ternal symptoms tend to improve in pregnancy, with fewer episodes 
of tetany, cramps or paraesthesiae. Although animal data suggests 
activated Vitamin D supplements can be discontinued, and series 
prior to the introduction of Vitamin D analogues demonstrated 

successful outcomes [34], this approach is not used, as maternal 
dosing requirements seem to be extremely variable. Even within the 
same patient, different pregnancies may require dose titration in op-
posite directions [35]. This may partly be because dietary calcium 
intake is not controlled.

Pregnancy complications

The consequences of unintended hypocalcaemia can be serious for 
the pregnancy. Spontaneous midterm abortion, premature labour 
and stillbirths have been reported in severe cases [33]. These may 
occur because hypocalcaemia increases uterine muscle excitability. 
A higher incidence of small for gestational age fetuses has also been 
suggested [35].

Fetal complications

The fetus can maintain its own calcium levels despite maternal 
hypocalcaemia. The fetoplacental unit upregulates mechanisms to 
maintain the fetal blood calcium and increase placental calcium 
transport, with animal models showing increased PTHrp and PTH 
levels [36]. This marked increase in fetal PTH levels though is ac-
companied by parathyroid gland hyperplasia, and increased bone 
resorption, so that the skeleton is undermineralized. The skeletal 
consequences include reduced bone mass, neonatal rickets, and 
fractures in utero and on delivery [37]. Chest wall deformities may 
lead to respiratory distress. Neonatal hypercalcaemia secondary to 
parathyroid hyperplasia may occur.

The consequences of unintended hypercalcaemia have already 
been discussed under primary hyperparathyroidism.

effect of Lactation on Hypoparathyroidism

Lactation results in an improvement in calcium homeostasis in 
hypoparathyroid mothers. Breast PTHrP production rises with 
breastfeeding, causing increased bone turnover, particularly in the 
trabecular compartment, and releasing calcium. PTHrP acts on 
the kidney to increase calcitriol production to normal levels and 
increase renal tubular calcium reabsorption. Patients can there-
fore go into positive calcium balance and lactation can result in 
hypercalcaemia if pregnancy doses of calcitriol or 1α calcidiol are 
continued. The rapidity of the decline of this state on weaning is 
variable. It may occur whilst breastfeeding frequency is reducing or 
be delayed post- weaning by weeks, but usually occurs within a few 
days [4, 38].

In the transition between delivery and initiation of breastfeeding, 
PTHrP levels from the placenta drop, before rising again from the 
breast. Temporary maternal hypocalcaemia has been reported at 
this time [4] .

Treatment

There are no management guidelines published for hypoparathyr-
oidism in pregnancy. Management is usually conservative, con-
tinuing on pre- pregnancy doses of 1α calcidiol or calcitriol and 
calcium supplementation to start with. Total calcium intake should 
be at least 1.2 g per day. Corrected or ionized calcium levels should 
be followed, as total calcium levels will drop with dilutional volume 
expansion in the first trimester and dose adjustments made on this 
basis will be erroneous. Change should be watched for with monthly 
calcium monitoring from 12 weeks. Dose titration is often required 
during the second trimester. Changes in urine calcium excretion 
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should not be monitored. Maintenance of normocalcaemia is the 
aim, but avoidance of hypocalcaemia is particularly important, so 
calcium levels should be run within the low- mid normal range 
(2.2– 2.4  mmol/ L) [4] , rather than borderline low as is frequently 
practised outside of pregnancy. Mothers should be aware of the 
symptoms, so be able to seek help, and followed in a joint obstetric 
clinic with endocrine input. At delivery, it is advisable to at least 
return to prepregnancy doses if they have been increased, and then 
to watch closely with the establishment of breastfeeding, when dose 
reductions should be expected, moving to monthly monitoring 
again through lactation.

Pseudohypoparathyroidism

Introduction

Pseudohypoparathyroidism (PHP) refers to the metabolic picture 
of hypocalcaemia with hyperphosphataemia but unexpected high 
PTH levels, due to resistance to the action of PTH in target tissues, 
in the context of normal magnesium levels.

PHP type 1a patients have heterozygous mutations affecting the 
maternally inherited allele of GNAS, encoding the Gαs subunit, 
hence show resistance not only to PTH, but also to other hormones 
in tissues where the maternal allele of GNAS is preferentially ex-
pressed. Typically, this would include the pituitary, with resistance 
to gonadotropins and GHRH, and the thyroid with resistance to 
TSH, so that pregnancies are rare. These patients also show the som-
atic features of Albright’s hereditary osteodystrophy (AHO). In PHP 
type 1b, patients have mainly PTH resistance due to methylation 
loss in the maternally inherited GNAS allele, resulting in decreased 
transcription levels. The AHO phenotype is not seen. Partial TSH 
resistance is commonly seen [39].

effect of Pregnancy on Pseudohypoparathyroidism

Case reports in pregnancy are few, but suggest that the expected 
PTH independent increase in calcitriol levels does still occur, and 
therefore patients may remain normocalcaemic despite discontinu-
ation of their normal calcitriol [40]. As with hypoparathyroidism, 
though, cases reports show that maternal dosing requirements are 
very variable and calcium content of the diet is probably critical [4] .

Treatment

The basic management should be the same as for hypoparathyr-
oidism. Additional factors though need to be considered in preg-
nancies affected by PHP. Thyroid status should be tracked and 
adequate replacement given. Counselling and prenatal diagnosis 
of the fetal genetic status are required, not just to predict neonatal 
issues such as hypocalcaemia, but also to predict changes in intra-
uterine growth [41].

osteoporosis in Pregnancy and Lactation

Introduction

Osteoporosis is uncommon in women of child- bearing age and 
infrequently thought of at the time of pregnancy. Rarely, though, 
fractures may occur, typically during the third trimester or early in 

lactation, presenting with back pain and single or multiple vertebral 
compression fractures. It was recognized to be associated with the 
temporary changes in bone metabolism in pregnancy and lactation, 
and first proposed as a distinct syndrome in 1955.

Animal Bone Metabolism in Pregnancy

In rodent studies it is estimated that up to 92% of fetal skeletal cal-
cium content comes from the maternal diet during pregnancy, with 
just a small amount near term from skeleton. When bone mineral 
density (BMD) is measured sequentially through pregnancy in a 
mouse model there is a continuous gain in total body mineral con-
tent from early pregnancy to up to 20% by birth. In rats measured 
at the start and end of pregnancy, there is no change in whole body 
BMD, a good marker for overall mineral balance, but small signifi-
cant declines in lumbar spine BMD. These vary by study, with the 
calcium content of the diet being a significant factor. This remarkable 
conservation of the skeleton is achieved by a large increase in gut ab-
sorption of calcium, which doubles from mid- pregnancy, allowing 
the pregnant mother to accrete extra bone mineral in preparation for 
the higher fetal demands in late pregnancy and lactation [4] .

Maternal Bone Metabolism and Mineral Density 
in Pregnancy

The physiology in human mothers is similar (Figures 9.9.1 and 
2). The marked increase in gut calcium absorption during the first 
12 weeks, allows the mothers to go into positive calcium balance 
by mid- pregnancy. Whether mothers accrete new bone mineral 
in preparation for late pregnancy and lactation is not clear [4] . 
Studies of bone markers show that resorption markers increase 
steadily from early pregnancy, being significantly elevated by 10 
weeks [19, 42]. Bone formation markers, such as carboxy- terminal 
propeptide of type 1 procollagen (P1CP), are reduced in the first 
two trimesters, then climb rapidly in late pregnancy [19, 42]. There 
is therefore some uncoupling of bone resorption and formation in 
the first two trimesters, but overall this is consistent with a more 
marked increase in bone turnover in the last trimester.

Longitudinal bone mineral density measurements during preg-
nancy are limited, with variable results between and within studies 
[43]. One Sheffield study, looking at 16 Caucasian women with 
BMDs performed prior to and 2 weeks post- pregnancy, showed 
that overall BMD of total body changes little, but there does seem 
to be mineral redistribution occurring, with the BMD at sites rich 
in cortical bone increasing, 2.8% at the arm and 1.8% at the leg, 
and the BMD at sites rich in trabecular bone decreasing, with a 
4.5% decrease at spine and 3.2% at pelvis [44]. The two largest con-
trolled studies show differing results. One from Nottingham looked 
at 46 women, comparing them with 30 controls [45]. There was a 
small non- significant decline in BMD in the pregnant group at all 
sites, performed prior to pregnancy and within 2 weeks of delivery. 
A second larger study from Denmark also looked at forearm BMD 
in each trimester [42]. Of the 92 women recruited, 73 completed 
and were compared to 57 controls. DXA measurements at 2 weeks 
post- delivery, with all women having started breast- feeding, showed 
a 4% decrease at the ultradistal radius, a mainly trabecular site, and 
0.5% gain at the distal proximal 1/ 3 forearm, a mainly cortical site. 
The rate of loss at the ultradistal radius was increasing through the 
trimesters and the magnitude significant by the 10- week visit. This 
mirrored changes seen at the total hip and spine, done only prior to 
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and post- pregnancy, where a 3.2% and 1.8% loss were seen respect-
ively. Whole body BMD decreased by 2.4%.

These data suggest that there is normally only a small loss of ma-
ternal bone to help obtain the mineral for the formation of the fetal 
skeleton, and that this loss is mainly in the third trimester, as in 
animal models. Likely risk factors for increased loss include a low 
calcium diet and secondary hyperparathyroidism. Normally, due to 
the marked increase in gut calcium absorption and calcitriol levels, 
PTH levels are in the low normal range. However, in populations 
with low calcium intake or severe vitamin D deficiency secondary 
hyperparathyroidism still occurs [3] . Twin pregnancies, that would 
require a greater calcium shunt, have been shown to have elevated 
bone turnover markers [43].

Maternal calcium and Bone Metabolism in Lactation

Lactation poses a greater burden on the mother. By 9 months a neo-
nate will require another 30 g of calcium for skeletal development, 
which is provided by an average maternal shunt of 210 mg per day 
in breast milk. This essentially comes from her bone. The picture 
of absorptive hypercalciuria during pregnancy switches to a bone 
resorptive picture during breast feeding. Prolactin secretion in re-
sponse to suckling suppresses the GnRH generator, dropping LH, 
FSH, and E2 levels, so that E2 related restraint on bone turnover is 
removed. PTHrP production from the breast, stimulated by both 
suckling and prolactin, enters the systemic circulation and causes 
bone mobilization, particularly in trabecular bone. This provides 
calcium for secretion into breast milk, under feedback control 
through the CaSR in mammary tissue. Stimulation of this CaSR by 
mobilized calcium causes both a reduction of PTHrP release into 
the systemic circulation and breast milk with increased secretion of 
calcium into the breast milk [4] .

Other calcium regulatory systems play little role. The increased 
gut calcium absorption characteristic of pregnancy rapidly disap-
pears, as calcitriol levels drop to the middle of the non- pregnant 
range. With the high systemic calcium load coming from bone, PTH 
is suppressed into the low normal range, but PTHrP does act on 
the kidney, increasing calcium conservation, so that hypercalciuria 
resolves.

Maternal Bone Mineral Density in Lactation

Women showed a marked loss in BMD with this resorptive phase, typ-
ically between 5% and 10% at trabecular sites [43]. This is most pro-
nounced in the first 3– 6 months, and with prolonged breastfeeding 
some regain actually starts to be seen at the lumbar spine, although 
loss continues at the hip [42]. Whereas in animal studies cortical 
bone loss is marked, with osteocytic osteolysis allowing resorption of 
pericanicular and lacuna spaces around the embedded osteocyte, in 
women this does not seem to be occurring and cortical bone is rela-
tively spared, with cortical forearm sites showing little change [42]. 
Risk factors for greater bone loss include adolescence, continued 
amenorrhoea, prolonged breastfeeding and high PTHrP levels [43]. 
Calcium supplementation does not seem to alter the loss [46, 47].

BMD recovers by 12  months after weaning [47], with studies 
showing different rates at different sites. In the largest controlled co-
hort study, Moller showed that if breastfeeding stopped by 4 months, 
there was full recovery of whole body and lumbar spine densities to 
pre- pregnancy levels by 9 months, but that at this time it was less than 
50% at the hip and minimal at the ultradistal radius [42]. Overall 

recovery is also not affected by a repeat pregnancy within 18 months. 
In rodent studies, there is never full recovery in some trabecular sites 
in the long bones, but bone dimensions change, with an increased 
cross- sectional diameter, such that bending and torsional strength 
are maintained [43]. Recent high resolution peripheral quantitative 
CT confirms that there is microarchitectural deterioration post- 
lactation in women, with trabecular loss and thinning as well as 
increased cortical porosity at the distal radius and distal tibia [48]. 
Strength analyses are not available from this study, but other reports 
show that high parity is associated with increased radial torsional 
bending strength, increased femoral neck size, and increased tibial 
cross- sectional area, paralleling the rodent data [49, 50]. A number 
of epidemiological studies show that increased parity is not asso-
ciated with low BMD or fracture risk, with a recent meta- analysis 
suggesting no effect on femoral neck or lumbar spine density, and a 
small positive effect at total hip BMD [43, 51]. Calcium supplemen-
tation of 1000 mg daily post- weaning has been shown to speed up re-
gain of BMD at lumbar spine, but it is not known if this will translate 
into a long- term benefit, especially at other sites [46].

Investigation of Pregnancy- Associated osteoporosis

On discovering a case of postpartum osteoporosis, it should not 
be assumed that this is pregnancy or lactation related. This may be 
true, as there is wide variation in the rate of bone loss between in-
dividuals, prolonged breastfeeding or twins may increase loss, and 
certain medications used in pregnancy may enhance loss, such as 
LMWH or prednisolone, but other factors need to be considered. 
These would include typical risk factors for osteoporosis such as 
prior low BMI or anorexia, severe childhood illnesses meaning that 
normal peak bone mass was never achieved, systemic inflammatory 
conditions such as rheumatoid arthritis, malabsorptive disorders 
such as coeliac disease, drugs such as glucocorticoids, antiepileptics 
and depot progesterone, HIV, and a maternal history of fractures. 
More specific congenital or metabolic bone disorders may also first 
present this way, and should be considered, including primary HPT, 
idiopathic hypercalciuria, juvenile idiopathic osteoporosis, LRP5 
mutations, and osteogenesis imperfecta [43].

Treatment of Pregnancy- Associated osteoporosis

The management should ideally be conservative, as full recovery of 
bone density should occur rapidly on recommencement of men-
struation. Although a number of pharmacological interventions 
have been reported, it is difficult to know if they were of benefit as 
regain occurs spontaneously. Indeed, they may impair bone regain 
and be contra- indicated in the context of further expected preg-
nancies, as bisphosphonates. Return of oestrogen effect is what is 
required. Breastfeeding should be discontinued with cabergoline 
being given if required. Calcium and vitamin D supplementation 
should be given; the trial evidence available is with 1000 mg cal-
cium and 400 IU vitamin D3 daily [46], but the latter should be ti-
trated to bring 25(OH)vitamin D levels at least above 50 nmol/ L. 
Mobilization should be encouraged. Depot progesterone contracep-
tion should be avoided. Mothers can be reassured that this will be 
unlikely to recur in future pregnancies [43].

On tracking BMD, full recovery should have occurred by 
12  months. If osteoporosis still persists, further investigation for 
rarer conditions is indicated and a full family history desirable. 
A plan for future pregnancies would then be indicated.
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Transient osteoporosis of the Hip

Introduction

Transient osteoporosis of the hip was first described in three cases 
during pregnancy in1959, but has since been found to occur outside 
of pregnancy, at other weight- bearing joints and in older men [52]. 
It has an incidence of 6 per 10 000 pregnancies, but this is likely to 
be an underestimate, as joint pains are common in pregnancy [53].

Presentation

Typically it presents with spontaneous pain in the hip in the third 
trimester or early puerperium. This may come on suddenly or 
gradually, be felt in the groin or anterior- laterally in the thigh and 
worsens on weight- bearing or exercise. The patient may limp and 
on examination there may be soft tissue swelling, joint effusions and 
occasionally muscle wasting. Both hips may be affected and in rare 
cases hip fracture may occur [52].

Diagnosis

Diagnosis is based on clinical suspicion, followed by appropriate 
radiological investigation. X- rays show osteopaenia or radiolucency, 
and DEXA will show markedly reduced hip BMD on the affected 
side, especially when compared to the lumbar spine BMD. The mag-
nitude of loss is such that from 20% to 40% regain of BMD has been 
seen on recovery [43]. MRI is diagnostic, showing epiphysial bone 
marrow oedema extending into the subchondral bone, and can be 
used to differentiate it from osteonecrosis of the hip, which can also 
present in pregnancy [52].

Aetiology

Although pregnancy may be a precipitating factor, transient re-
gional osteoporosis (TRO) is not necessarily associated with the 
bone changes seen in pregnancy and lactation. The aetiology is 
poorly understood and histological studies have been conflicting. 
Venous stasis may be a critical component and it has been suggested 
that it is a variant of reflex sympathetic dystrophy [43].

Treatment

Treatment is supportive, as the changes typically resolve in a number 
of months, with MRI showing resolution of the bone marrow oe-
dema. Reduction of weight- bearing activities and bedrest may be 
necessary. Adequate opioid analgesia is given. Pharmacological treat-
ment is not indicated given the natural history of resolution. Women 
should be warned that recurrence can occur in later pregnancies.

ReFeRenceS
 1. Van de Meer IM, Karamali NS, Boeke AJ, et al. High prevalence 

of vitamin D deficiency in pregnant non- Western women in The 
Hague, Netherlands. Am J Clin Nutr, 2006; 84: 350– 3.

 2. Bowyer L, Catling- Paull C, Diamond T, Horner C, Davis G, Craig 
ME. Vitamin D, PTH and calcium levels in pregnant women and 
their neonates. Clin Endocrinol (Oxf), 2009; 70: 372– 7.

 3. Yu CK, Sykes L, Sethi M, Teoh TG, Robinson S. Vitamin D defi-
ciency and supplementation during pregnancy. Clin Endocrinol 
(Oxf), 2009; 70: 685– 90.

 4. Kovacs CS. Maternal mineral and bone metabolism during preg-
nancy, lactation, and post weaning recovery. Physiol Rev, 2016; 
96: 449– 547.

 5. Palacios C, De- Regil LM, Lombardo LK, Pena- Rosas JP. Vitamin 
D supplementation during pregnancy: updated meta- analysis on 
maternal outcomes. J Ster Biochem Biol, 2016 164: 148– 55.

 6. Lawlor DA, Wills AK, Fraser A, Sayers A, Fraser WD, Tobias JH. 
Association of maternal vitamin D status during pregnancy with 
bone- mineral content in offspring: a prospective cohort study. 
Lancet, 2013; 381: 2176– 83.

 7. Brooke OG, Brown IR, Bone CD, et al. Vitamin D supplements 
in pregnant Asian women: effects on calcium status and fetal 
growth. Br Med J, 1980; 280: 751– 4

 8. Camargo CA, Rifas- Shiman SL, Litonjua AA, et al. Maternal 
intake of vitamin D during pregnancy and risk of recur-
rent wheeze in children at 3 y of age. Am J Clin Nutr, 2007; 
85: 788– 95

 9. Cremers E, Tijis C, Penders J, Jansen E, Mommers M. Maternal 
and child’s vitamin D supplement use and vitamin D level in 
relation to childhood lung function: the KOALA Birth Cohort 
Study. Thorax, 2011; 66: 474– 80.

 10. Hyppönen E, Hartikainen AL, Sovio U, Järvelin MR, Pouta A. 
Does vitamin D supplementation in infancy reduce the risk of 
pre- eclampsia? Eur J Clin Nutr, 2007; 61: 1136– 9.

 11. Bodnar LM, Catov JM, Simhan HN, Holick MF, Powers RW, 
Roberts JM. Maternal vitamin D deficiency increases the risk of 
preeclampsia. J Clin Endocrinol Metab 2007; 92: 3517– 22.

 12. Robinson CJ, Alanis MC, Wagner CL, Hollis BW, Johnson DD. 
Plasma 25- hydroxyvitamin D levels in early- onset severe pre-
eclampsia. Am J Obstet Gynecol 2010; 203: e1– 6.

 13. Haugen M, Brantsaeter AL, Trogstad L, et al. Vitamin D sup-
plementation and reduced risk of pre- eclampsia in Nulliparous 
women. Epidemiol, 2009; 20: 720– 6.

 14. Song Y, Wang L, Pittas AG, et al. Blood 25- hydroxy vitamin 
D levels and incident Type 2 diabetes: a meta analysis of pro-
spective studies. Diab Care, 2013; 36: 1422– 8.

 15. Merewood A, Mehta SD, Chen TC, Bauchner H, Holick 
MF. Association between vitamin D deficiency and primary 
Cesarean section. J Clin Endo Metab, 2009; 94: 940– 5.

 16. Wermers RA, Khosla S, Atkinson EJ, et al. Incidence of primary 
hyperparathyroidism in Rochester, Minnesota, 1993– 2001: an 
update on the changing epidemiology of the disease. J Bone 
Miner Res, 2006; 21: 171– 7.

 17. Hirsch D, Kopel V, Nadler V, Levy S, Toledano Y, Tsvetov G. 
Pregnancy outcomes in women with primary hyperparathyr-
oidism. J Clin Endocrinol Metab, 2015; 100: 2115– 22.

 18. Norman J, Politz D, Politz P. Hyperparathyroidism during preg-
nancy and the effect of rising calcium on pregnancy loss: a call 
for earlier intervention. Clin Endocrinol, 2009; 71: 104– 9.

 19. Black AJ, Topping J, Durham B, Farquharson RG, Fraser WD. 
A detailed assessment of alterations in bone turnover, calcium 
homeostasis, and bone density in normal pregnancy. J Bone 
Miner Res, 2000; 15: 557– 63.

 20. Schnatz PF, Curry SL. Primary hyperparathyroidism in preg-
nancy: evidence- based management. Obstet Gynecol Surv, 2002; 
57: 365– 76.

 21. Hultin H, Hellman P, Lundgren E, et al. Association of para-
thyroid adenoma and pregnancy with preeclampsia. J Clin 
Endocrinol Metab, 2009; 94: 3394– 9.

 22. Schnatz PF, Thaxton S. Parathyroidectomy in the third trimester 
of pregnancy. Obstet Gynaeocol Surv, 2005; 60: 672– 82.



SecTIon 9 Endocrine Disorders of Pregnancy1498

 23. Bilezikian JP, Brandi ML, Eastell R, et al. Guidelines for the man-
agement of asymptomatic primary hyperparathyroidism: sum-
mary statement from the Fourth International Workshop. J Clin 
Endocrinol Metab, 2014; 99: 3561– 9.

 24. Ghaznavi SA, Saad NM, Donovan LE. The biochemical profile 
of familial hypocalciuric hypercalcemia and primary hyper-
parathyroidism during pregnancy and lactation: two case re-
ports and review of the literature. Case Rep Endocrinol, 2016; 
2016: 2725486.

 25. Starker LF, Akerström T, Long WD, et al. Frequent germ- line 
mutations of the MEN1, CASR, and HRPT2/ CDC73 genes in 
young patients with clinically non- familial primary hyperpara-
thyroidism. Horm Cancer, 2012; 3: 44– 51.

 26. Rubin MR, Silverberg SJ. Use of cinacalcet and 99mTc- sestamibi 
imaging during pregnancy. J Endocr Soc, 2017; 1: 1156– 9.

 27. Djokanovic N, Klieger- Grossmann C, Koren G. Does treatment 
with bisphosphonates endanger the human pregnancy? J Obstet 
Gynaecol Canada, 2008; 30: 1146– 8.

 28. Hui E, Osakwe O, Teoh TG, Tolley N, Robinson S. Three case 
reports of maternal primary hyperparathyroidism in each tri-
mester and a review of optimal management in pregnancy. 
Obstet Med, 2010; 3: 33– 7.

 29. Jackson IT, Saleh J, van Heerden JA. Gigantic mammary hyper-
plasia in pregnancy associated with pseudohyperparathyroidism. 
Plast Reconstr Surg, 1989; 84: 806– 10.

 30. Reid IR, Wattie DJ, Evans MC, Budayr AA. Post- pregnancy 
osteoporosis associated with hypercalcaemia. Clin Endocrinol, 
1992; 37: 298– 303.

 31. Hannan FM, Babinsky VN, Thakker RV. Disorders of the calcium- 
sensing receptor and partner proteins: insights into the molecular 
basis of calcium homeostasis. J Mol Endocrinol, 2016; 57: R127– 42.

 32. Nissen PH, Christensen SE, Heickendorff L, Brixen K, 
Mosekilde L. CASR Gene Mutations in Danish FHH Subjects. J 
Clin Endocrinol Metab, 2007; 92: 4373– 9.

 33. Eastell R, Edmonds CJ, de Chayal RC, McFadyen IR. Prolonged 
hypoparathyroidism presenting eventually as second trimester 
abortion. Br Med J (Clin Res Ed), 1985; 5; 291: 955– 6.

 34. Graham WP, Gordan GS, Loken HF, Blum A, Halden A. Effect 
of pregnancy and of the menstrual cycle on hypoparathyroidism. 
J Clin Endocrinol Metab, 1964; 24: 512– 16.

 35. Hatswell BL, Allan CA, Teng J, et al. Management of hypopara-
thyroidism in pregnancy and lactation: a report of 10 cases. Bone 
Reports, 2015; 3: 15– 19.

 36. Kovacs CS. Bone development and mineral homeostasis in the 
fetus and neonate: roles of the calciotropic and phosphotropic 
hormones. Physiol Rev, 2014; 94: 1143– 218.

 37. Loughead JL, Mughal Z, Mimouni F, Tsang RC, Oestreich AE. 
Spectrum and natural history of congenital hyperparathyroidism 

secondary to maternal hypocalcemia. Am J Perinatol, 1990; 
7: 350– 5.

 38. Cundy T, Haining SA, Guilland- Cumming DF, Butler J, Kanis 
JA. Remission of the hypoparathyroidism during lactation: 
evidence for a physiological role for prolactin in regulation of 
vitamin D metabolism. Clin Endocrinol, 1987; 26: 667– 74.

 39. Levine MA. An update on the clinical and molecular charac-
teristics of pseudohypoparathyroidism. Curr Opin Endocrinol 
Diabetes Obes, 2012; 19: 443– 51.

 40. Breslau NA, Zerwekh JE. Relationship of estrogen and preg-
nancy to calcium homeostasis in pseudohypoparathyroidism. J 
Clin Endocrinol Metab,1986; 62: 45– 51.

 41. Bréhin A, Cindy Colson C, Maupetit- Méhouas S, et al. 
Intrauterine growth and GNAS methylation. J Clin Endocrinol 
Metab, 2015; 100: E623– 31

 42. Møller UK, Streym S, Mosekilde L, et al. Changes in calcitropic 
hormones, bone markers and insulin- like growth factor I (IGF- 
I) during pregnancy and postpartum: a controlled cohort study. 
Osteoporos Int, 2013; 24: 1307– 20.

 43. Kovacs CS, Ralston SH. Presentation and management of osteo-
porosis presenting in association with pregnancy or lactation. 
Osteoporos Int, 2015; 26: 2223– 41.

 44. Naylor KE, Iqbal P, Fledelius C, Fraser RB, Eastell R. The effect 
of pregnancy on bone density and bone turnover. J Bone Miner 
Res, 2000; 15: 129– 37.

 45. Kaur M, Pearson D, Godber I, Lawson N, Baker P, Hosking D. 
Longitudinal changes in bone mineral density during normal 
pregnancy. Bone, 2003; 32: 449– 54.

 46. Kalkwarf HJ, Specker BL, Bianchi DC, Ranz J, Ho M. The effect 
of calcium supplementation on bone density during lactation 
and after weaning. N Engl J Med, 1997; 337: 523– 8.

 47. Polatti F, Capuzzo E, Viazzo F, Colleoni R, Klersy C. Bone mineral 
changes during and after lactation. Obstet Gynecol, 1999; 94: 52– 6.

 48. Bjørnerem Å, Ghasem- Zadeh A, Wang X, et al. Irreversible de-
terioration of cortical and trabecular microstructure associated 
with breastfeeding. J Bone Miner Res, 2017; 32: 681– 7.

 49. Specker B, Binkley T. High parity is associated with increased 
bone size and strength. Osteoporos Int, 2005; 16: 1969– 74.

 50. Wiklund PK, Xu L, Wang Q, et al. Lactation is associated with 
greater maternal bone size and bone strength later in life. 
Osteoporos Int, 2012; 23: 1939– 45.

 51. Song SY, Kim Y, Park H, Kim YJ, Kang W, Kim EY. Effect of 
parity on bone mineral density: a systematic review and meta- 
analysis. Bone, 2017; 101: 70– 6.

 52. Cano- Marquina A, Tarín JJ, García- Pérez MÁ, Cano A. 
Transient regional osteoporosis. Maturitas, 2014; 77: 324– 9.

 53. Steib- Furno S, Luc M, Pham T, et al. Pregnancy- related hip dis-
eases: incidence and diagnoses. Joint Bone Spine, 2007; 74:373– 8.



9.10

Imaging for Endocrine Diseases 
in Pregnancy
Sandra Lowe

Introduction 1499

Medical Imaging Without Radiation 1499

Ionizing Radiation During Pregnancy 1499

Fetal and Maternal Radiation Doses During Diagnostic 

Imaging 1500

Specific Risks of Diagnostic Radiation in Pregnancy 1501

Imaging for Specific Endocrine Conditions 1502

CT, MRI, and Positron Emission Tomography (PET)  

and Thyroid Cancer 1503

Counselling for Diagnostic Imaging for Endocrine  

Conditions in Pregnancy 1507

Summary 1507

References 1507

Introduction

The pregnant woman is exposed constantly to a range of ionizing, 
non- ionizing, and electromagnetic radiation in both her own en-
vironment and as a result of medical interventions [1] . Imaging 
techniques that do not involve electromagnetic radiation such as 
ultrasound and magnetic resonance imaging (MRI) are considered 
safe in pregnancy.

X- rays, computerized tomography (CT) with and without iod-
inated contrast, nuclear scanning, and positron emission tomog-
raphy (PET) scanning all involve potential exposure of both mother 
and fetus to ionizing radiation. Such imaging may occur inadvert-
ently or by intention during pregnancy, necessitating appropriate 
counselling. In addition, CT, MRI, or even ultrasound may require 
administration of a contrast agent to improve image definition or 
other additional information

For particular endocrine diseases, imaging involving radiation 
may be the gold standard (e.g. for pituitary or adrenal tumours), 
although non- ionizing options such as MRI or ultrasound may 
be an alternative in certain situations. Similarly, nuclear scanning 
is a standard modality for thyroid and parathyroid assessment. In 

more serious conditions such as phaeochromocytoma, a number 
of imaging modalities may be required including specialized nu-
clear and positron emission tomography (PET) scans, with or 
without CT.

The following chapter provides an overview of the principles and 
practical application of imaging modalities for endocrine disorders 
in pregnancy.

Medical Imaging Without Radiation

Ultrasound and magnetic resonance imaging (MRI) are considered 
safe modalities for imaging in pregnancy because of the absence 
of ionizing radiation. With MRI, heating of the fetal tissues by 
radiofrequency fields might theoretically lead to impairment of cell 
migration as demonstrated in animal models. Even with whole body 
imaging at the recommended allowable maximum specific absorp-
tion rate, the mother’s body temperature might increase 0.6°C for 
20– 30 minutes but the maternal tissues dissipate this heat and the 
fetus is exposed to a much lower temperature and no adverse fetal 
effects have been reported [2] . As a precaution, the recommenda-
tion is to use 1.5- Tesla (T) scanners compared with 3.0- T scanners 
because the specific absorption rate quadruples when the magnetic 
field doubles [3].

Various guidelines have been published expressing confidence in 
the use of MRI throughout pregnancy, including the first trimester, 
with no evidence of adverse outcomes on pregnancy or the fetus/ 
neonate [3– 5].

Ionizing Radiation During Pregnancy

Box 9.10.1 describes the ways radiation exposure can be defined in 
pregnancy.

Recent data has estimated that total radiation exposure for an 
individual is made up of background exposure at 50%, medical 
exposure at 48% and radiation from consumer products and in-
dustrial, research, and occupational exposures, amounting to a 
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2% [6] . The major radiation source for most women during preg-
nancy is environmental, arising from a number of sources including 
cosmic, gamma and radon. The magnitude of the exposure varies 
with a global average estimated radiation dose over the 9 months 
of pregnancy being 2.3 mSv (Table 9.10.1) [1, 7]. For a fetus, the 
dose is much smaller, 0.5– 1 mSv, because of attenuation through 
the mother’s tissue [8]. When a pregnancy is declared, by a female 
working in the presence of radiation, the embryo or fetus is af-
forded the same level of protection as the general public (i.e. 1mSv 
per year).

Fetal and Maternal Radiation Doses During 
Diagnostic Imaging

The calculation of radiation dose, both maternal whole body and 
organ specific as well as the estimated fetal absorbed dose may be 
derived from established dosimetry tables and/ or by specific cal-
culations/ measurements made by a medical physicist on a case by 
case basis. All radiation does are potentially additive and where 
multiple procedures are performed, cumulative dosage should be 
calculated.

Much research has been undertaken on the effects of low- level 
radiation which is the level most relevant when discussing risks 
of diagnostic imaging. It has generally been assumed that the re-
lationships observed between radiation dose and adverse effects 
at high levels of radiation exposure also apply to low levels:  the 
linear no- threshold (LNT) hypothesis. This concept remains a 
source of controversy among experts although the International 
Commission on Radiological Protection recommends that the 
LNT model should be assumed for the purpose of optimizing ra-
diation protection practices, including protection during preg-
nancy [7, 9].

A number of national and international bodies have issued guide-
lines or policy documents which indicate a negligible risk to the 
fetus for radiation doses below 50 mGy. This is well above the dose 
from almost any single diagnostic imaging event although cumula-
tive studies could lead to such a dose [10– 12].

Risks of Ionizing Radiation in Pregnancy

In the assessment of any adverse effects of radiation upon the fetus 
it is necessary to consider:

 • Absorbed dose
 • Timing of the exposure relative to conception and
 • Form of administration

Appropriate adjustments to standard X- ray and CT procedures can 
be made to lower the fetal absorbed dose without impairing image 
quality [8] . For most standard radiography, the fetal dose is very low 
(Table 9.10.2) [13].

In addition to the radiation technique, site and dose administered; 
maternal factors will influence the fetal absorbed dose. During X- 
rays and CT scanning the ‘thickness’ of the mother, which alters as 
pregnancy progresses, will influence the penetration of the dose and 
hence the fetal absorbed dose. The use of appropriate shielding will 
significantly reduce the fetal absorbed dose as well as the dose to 
adjacent maternal tissues.

In the case of nuclear medicine studies, fetal absorbed dose will 
represent the cumulative effect of external irradiation from the 
maternal tissues as well as placental transfer and fetal uptake of 
radiopharmaceuticals (Table 9.10.3) [14– 16]. For radioisotopes 

Box 9.10.1  Definitions

Absorbed dose:
 • mean energy imparted per unit mass

Units of radiation:
 • 1 gray (Gy) = 1000 milligray (mGy) = 100 rad

Radiation weighting factor:
 • Equal doses of different types of energizing radiation do not neces-

sarily lead to equal detrimental effects. These differences relate to 
microscopic energy dissipation and are corrected for by a radiation 
weighting factor (wR) which when multiplied by the dose produces a 
quantity expressed as the sievert (Sv)

 • Most diagnostic imaging the weighting factor is 1 (from photons and 
electrons)

Nuclear scanning with radiopharmaceuticals:
• fetal dose is expressed as mGy per megabecquerel (mGy/ MBq), 

i.e. absorbed dose to the fetus per unit activity administered to the 
mother

Table 9.10.1 Environmental radiation sources

Environmental exposures mSv/ exposure or per year

Airport scanner 0.005

Air travel:
•  at higher latitudes multiply by a  

factor of 2 or 3.

0.005 short flight

0.03 long flight

Aircrew/ frequent flyers 1– 5

Background radiation
• UK or Australia
• USA
• Kerala, India
• Some areas of Brazil and Sudan
• Ramsar in Iran

1.8
6.2
30
40
Up to 260

Uranium miners/ nuclear industry workers Additional to background: 
1.5– 2.5

Table 9.10.2 Examples of fetal radiation doses for imaging 
of endocrine disease in pregnancy

Examination Clinical scenario Typical fetal 
dose range 
(mGy) in early 
pregnancy

CT head and/ or neck Thyroid or parathyroid 0.001– 0.01

Xray hip Avascular necrosis of hip 0.1– 1.0
99Tc thyroid scan Thyroid toxic nodule 0.1– 1.0

CT abdomen Adrenal mass 1.0– 10
18F- FDG PET/ CT Malignancy

Phaeochromocytoma and 
paragangliomas

10– 50

Dual X- ray absorptiometry 
(DEXA): Posterior- 
anterior spine
Proximal femur

Osteoporosis 1.7– 4.9
1.0– 2.7
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that are excreted in urine, radiation from bladder contents or the 
placenta will have a greater impact in early pregnancy compared 
with later pregnancy. This leads to a decline in fetal absorbed dose 
as pregnancy progresses for most nuclear imaging [15]. By using 
smaller administered doses and longer imaging times, the fetal 
absorbed dose may be further reduced, but there is concern that 
this may compromise the value of the study. The estimated fetal 
radiation doses quoted in Table 9.10.3 need to be adjusted for ad-
ministered dose which may vary significantly between institutions. 
Although a reduction of the injected dose can be compensated for 
by increasing the scanning time, if the acquisition time is longer 
patients are more likely to move or ask to interrupt the scan to 
void the bladder (not a rare occurrence in pregnant women) [17]. 
Strategies to aid excretion of radiopharmaceuticals such as en-
suring prompt and complete bladder emptying will reduce the fetal 
absorbed dose without compromising image quality and should be 
encouraged.

Older techniques for estimating fetal absorbed dose based on 
phantoms and models of the pregnant woman are being replaced by 
combinations of geometric constructs based on medical image data 
that are far more realistic [18]. However, estimating the absorbed 
dose to individual fetal organs remains difficult [19].

Nuclear scanning has been enhanced by the addition of hybrid 
SPECT/ CT camera technology that allows simultaneous acquisi-
tion of combined multimodality imaging, with seamless fusion of 
three- dimensional volume datasets. The combination provides en-
hanced information with imaging of functional information and 
anatomy/ localization. In endocrine disease, this may be particu-
larly helpful for parathyroid and thyroid imaging as well as imaging 
for rare neuroendocrine tumours, adrenal cortical hyperfunction, 
phaeochromocytoma, and paraganglioma [20]. The fetal radiation 
dose from such procedures will be greater than from any single 
modality but the additional information may be critical.

Specific Risks of Diagnostic Radiation 
in Pregnancy

Experimental assessment of high dose radiation has identified 
seven specific areas of potential concern to the pregnant woman 
and her fetus.

 • Lethality
 • Genetic damage/ epigenetic change
 • Teratogenicity

 • Growth impairment
 • Sterility
 • Oncogenicity

The effects of radiation exposure in pregnancy depend on the time 
of exposure as well as the fetal absorbed dose. Until the placenta 
implants, the cells of the conceptus are hypoxic and therefore less 
radiosensitive. In the very early embryo, the effect of radiation is 
more likely to be failure to implant or undetectable death of the em-
bryo (i.e. an ‘all- or- none’ phenomenon) [21].

With regard to potential fetal dosage from diagnostic radiation, 
there is no evidence for any increase in lethality (miscarriage or still-
birth), teratogenicity, genetic damage/ epigenetic changes, growth 
impairment, mental retardation, or sterility [9, 22, 23].

A large number of epidemiological studies have been performed 
to assess the possible effects of prenatal radiation on the incidence of 
malignant disease. All are flawed by problems such as retrospectivity, 
small study size, inadequate or inappropriate case and control selec-
tion, and variability in the determination of radiation exposure and 
measurement of outcome parameters. The studies in which prenatal 
radiation exposure has been associated with an increased incidence 
of malignancy have found a relative risk ratio (RR) of all cancer of 
between 1.5 and 2.4 [24]. However, a number of other studies have 
failed to establish any statistically significant association between 
prenatal exposure to radiation and childhood malignancy [25, 26]. 
At least part of the increased risk associated with irradiation could 
be accounted for by the fact that mothers with a higher incidence of 
illness during pregnancy (a susceptibility which might be associated 
with an increased risk of tumour in their offspring) had a greater 
incidence of exposure to diagnostic radiation. Court Brown noted 
that amongst the offspring of the 750 pregnant women identified as 
having been irradiated in the first trimester, there were no cases of 
leukaemia with an average follow- up period of 6 years [27].

There continues to be debate about whether a radiation dose esti-
mated to be approximately 10 mGy could give rise to cancer as sug-
gested by the widely quoted Oxford Survey of Childhood Cancer 
based on a Linear No Threshold assumption [28]. More recent as-
sessment based on biologic and epidemiologic data suggests this 
model may be incorrect and there is no carcinogenic risk below 20 
mGy [29]. Despite this, the National Radiological Protection Board 
has adopted an estimated additional risk (EAR) coefficient for 
cancer incidence under 15 years of age following low dose irradi-
ation in utero of 0.006% per mGy compared with a risk of 0.0018% 
per mGy for a dose received just after birth. Given a baseline risk 
of childhood cancer of between 1.0 to 2.5 per 1000, the following 

Table 9.10.3 Fetal whole body dose from common nuclear medicine examinations for endocrine disorders comparing 
early pregnancy and at term. Dose includes maternal and fetal self- dose contributions

Administered activity (MBq) Early pregnancy (mGy) Late pregnancy (mGy)

99mTc Bone scan (phosphate) 750 4.58 1.8
99mTc Thyroid scan (pertechnate) 250 3.45 0.41
99mTc Sestamibi – parathyroid 6.0 10– 50

123I Thyroid uptakea 30 0.4– 0.6 0.3
131I Thyroid uptakea 0.55 0.03– 0.04 0.15
131I Metastases imaginga 40 2.0– 2.9 11.0

a Fetal thyroid doses are much higher than fetal whole body dose.
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estimates of risk reflect a low risk versus the highest risk modelling 
based on available data (see Table 9.10.4) [30].

Perhaps, a simpler statistic is that quoted by Tirada et al. of an 
EAR of cancer following a 50 mGy in utero exposure of 1.1– 3.0 
cases per 1000 patient exposures [8] . The data regarding the risk 
at different gestations and on various systems and organs is impre-
cise with wide confidence intervals owing to the low doses and the 
limited sample sizes in available studies [31].

contrast Agents

A number of X- ray and CT procedures require the administration 
of iodine containing contrast agents. There are no reports of terato-
genesis from iodinated contrast agents but the amount of inorganic 
iodine available to interfere with thyroid metabolism is about 0.1% of 
the dose administered. Non- ionic contrast agents have been shown 
to cross the placenta and inhibit type II and III deiodinases which 
can reduce intracellular triiodothyronine. In addition, depending on 
the dose of iodine, there is theoretical risk of fetal thyroid blockade, 
although this has not been reported to date. Breastfeeding may con-
tinue after administration of iodinated contrast as <0.01% of the 
maternal dose is absorbed by the feeding infant [4] . The use of gado-
linium, although not teratogenic, has generated concern as gado-
linium has been shown to cross the placental barrier and will remain 
in the amniotic fluid indefinitely with a potential for the toxic gado-
linium ion to dissociate from its chelate molecule raising concerns of 
possible secondary adverse effects [5]. Expert bodies have concluded 
that the effects of MRI contrast agents remains unknown and may 
be harmful. There is no requirement to cease breastfeeding following 
the administration of gadolinium to a lactating woman as <0.0004% 
is transferred through breast milk [4].

Contrast enhance ultrasound is a technique that has been used 
in specific conditions to improve diagnostic information. Although 
the European Federation of Societies for Ultrasound in Medicine 
and Biology (EFSUMB) have recommended against its use because 
of limited experience, small studies in human pregnancy have dem-
onstrated no harm [32, 33].

Stabin has published comprehensive data regarding interruption 
or cessation of breastfeeding following administration of nuclear 
pharmaceuticals [16].

Imaging for Specific endocrine conditions

Thyroid and Parathyroid

Thyroid ultrasound is the major modality used for thyroid imaging 
in pregnancy. It can allow detection of structures as small as 2 mm 

in diameter, in the thyroid or parathyroid glands. It can also be used 
to assess gland texture and blood flow.

In pregnant women with goitre, ultrasound may identify diffuse 
enlargement, non- palpable thyroid nodules, or much more rarely, 
features of lymphoma. It may also be used to detect or monitor 
lymph node status in patients with thyroid nodules, or suspected or 
known thyroid cancer.

In chronic autoimmune thyroid disease including Hashimoto’s 
thyroiditis, Graves’ disease, and subacute thyroiditis, the thyroid may 
be diffusely enlarged and have low echogenicity. In a study of subjects 
referred for ultrasound with goitre, thyroid dysfunction, neck discom-
fort, and/ or difficulty in swallowing, hypoechogenicity was associated 
with a positive predictive value for autoimmune thyroid disease of 
88.3% (85– 91%) and a negative predictive value of 93% (88– 98%) [34].

Thyroid ultrasound is the most accurate tool for detecting thyroid 
nodules, determining their sonographic features and pattern, moni-
toring growth, and evaluating cervical lymph nodes [35]. Certain 
sonographic patterns can be used to help predict the risk of malig-
nancy [36] but with variable accuracy [37]. The American College 
of Radiology has introduced an imaging staging system called 
the Thyroid Imaging Reporting and Data System (TIRADS) [38]. 
TIRADS is based on ultrasonographic characteristics in the nodule 
to predict the risk of malignancy

Suspicious features include solid hypoechoic nodules, 
microcalcifications, irregular margins, a taller than wide shape, 
and absence of elasticity. For example, a sonographic pattern that 
includes solid hypoechoic nodules with irregular borders and 
microcalcifications correlates with a >70% risk of malignancy com-
pared to a very low suspicion pattern of a noncalcified mixed cystic 
solid or spongiform nodule which has <3% cancer risk. Although 
some experts have recommended triaging the need for FNA based 
on ultrasound features and nodule size [35], the results of thyroid 
ultrasonography do not correlate perfectly with histopathologic 
findings [39] and are not adequate to replace cytologic examination 
for nodules >1– 1.5 cm [40].

Thyroid ultrasound may be useful to assess for the presence of a 
toxic nodules or autoimmune thyroid disease but will not differen-
tiate the various autoimmune causes of hyperthyroidism. Colour 
flow doppler imaging (CFD) with measurement of peak systolic, end 
diastolic, and mean velocities of inferior thyroid artery may offer 
additional clinical information. In one study CD was found to have a 
sensitivity of 88.9% (67.2– 96.9%) and specificity 87.5% (52.9– 97.8%) 
to differentiate between Graves’ disease (increased vascularity) and 
thyroiditis (low vascularity) when compared with thyroid scanning 
by technetium- 99m pertechnetate (99mTc) [41]. In pregnancy, CFD is 
a cheap simple technique with no ionizing radiation exposure and is 
cost- effective in the diagnosis of thyrotoxicosis.

In pregnant women with Graves’ disease, ultrasonography of the 
fetal thyroid gland is an excellent diagnostic tool that can facilitate 
assessment of fetal thyrotoxicosis or goitre [42, 43]. Ultrasound may 
also be used to monitor fetal growth and well- being as well as fea-
tures of fetal thyroid hormone dysfunction. Different expert bodies 
have suggested fetal monitoring in all cases of Graves’ disease [44] 
while the ATA guideline only recommends monitoring in women 
with uncontrolled hyperthyroidism in the second half of pregnancy, 
and in women with high thyrotropin receptor antibody (TRAb) 
levels detected at any time during pregnancy (greater than 3 × the 
upper limit of normal) [36].

Table 9.10.4 Excess risk of cancer from fetal radiation, based on a 
lowest risk versus highest risk estimation

Fetal dose (mGy) Low risk model High risk model

10 1 in 4545 1 in 1667

20 1 in 2272 1 in 834

30 1 in 1515 1 in 556

40 1 in 1136 1 in 417

50 1 in 909 1 in 334
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Nuclear Scanning for Thyroid Disease in Pregnancy

Thyroid nuclear scans are useful in the assessment of thyrotoxicosis, 
thyroiditis, the assessment of thyroid nodules, and goitre. In view of 
the potential radiation risks to the fetus, and the availability of other 
diagnostic approaches, nuclear scanning of the thyroid is generally 
avoided in pregnancy [36]. However, inadvertent scans do occur in 
early pregnancy and the following data is helpful when counselling 
such women.

Scintigraphy utilizes one of the radioisotopes of iodine (usually 
123I) or 99mTc. Fetal dose estimates from maternal thyroid nuclear 
scanning vary depending on the technique used. Motavalli has cal-
culated fetal estimated doses of 5.52 mGy in early pregnancy and 
0.66 mGy in later pregnancy from 99mTc thyroid scanning and 0.31 
mGy (early) and 0.51 mGy (late pregnancy) with 123I thyroid scan-
ning [15]. In all cases, 123I will produce a significantly greater fetal 
thyroid dose if administered after 12 weeks and therefore 99mTc is 
the preferred technique if thyroid scanning is required. Imaging 
with 99mTc should be delayed until after the first trimester because 
of the significant decrease in fetal dose.

cT, MRI, and Positron emission Tomography (PeT) 
and Thyroid cancer

Although ultrasound is the main imaging modality used for thy-
roid assessment, in certain circumstances further diagnostic 
imaging is required. Preoperative ultrasonography of the central 
and lateral neck identifies abnormal lymph nodes in as many as 
20– 30% of patients and this may alter the planned surgical pro-
cedure [45,  46]. However, ultrasonography can miss as many as 
50% of the involved lymph nodes in the central neck because the 
overlying thyroid gland hinders adequate visualization. In add-
ition, patients with lymphadenopathy or other evidence of ex-
tensive lymph node involvement may have nodal involvement in 
regions inadequately evaluated with ultrasound (e.g. mediastinal, 
infraclavicular, retropharyngeal, or parapharyngeal lymph node 
chains). In addition, if there are signs or symptoms of locally in-
vasive disease or if ultrasound suggests extrathyroidal extension, 
further perioperative imaging is indicated.

In these circumstances, CT or MRI imaging with intravenous 
contrast of the central and lateral neck is recommended [35]. In 
pregnancy, this will generally be performed with MRI although the 
fetal radiation dose from CT in this region is very low at all stages 
of pregnancy. Although positron emission tomography (PET) with 
the radioisotope fludeoxyglucose (18FDG) is sometimes used for the 
assessment of thyroid nodules outside of pregnancy it is not recom-
mended during pregnancy [35].

Parathyroid Disease

If hyperparathyroidism is suspected in pregnancy, imaging for lo-
calization and surgical planning may be required. The safety and 
success of minimally invasive and selective techniques for para-
thyroid exploration is dependent on accurate preoperative lo-
calization of the affected gland. There is no universally accepted 
algorithm for imaging of the parathyroid glands, and the choice 
of imaging approach is largely based on surgeon preference and 
local expertise.

In pregnancy, neck ultrasonography is preferred for parathyroid 
localization. The ultrasound characteristics of parathyroid aden-
omas include homogeneous hypoechogenicity and an extrathyroidal 
feeding vessel with peripheral vascularity seen on CFD. Ultrasound 
is operator dependant but in experienced hands, the sensitivity is 
excellent with a reported ability to localize the adenoma to a specific 
quadrant of the neck in 87% of cases and to a specific side of the 
neck in 94%. Sensitivity was not reduced by the presence of nodular 
disease of the thyroid gland [47]. Disadvantages to the use of ultra-
sound alone include decreased accuracy in patients with smaller 
parathyroid gland size, obesity, or mediastinal glands located be-
hind the clavicles [48].

In the non- pregnant population technetium- 99m scintigraphy 
(99mTc sestamibi) scanning combined with single photon emission 
computed tomography (SPECT) has the highest positive predictive 
value for localizing parathyroid tumours Table 9.10.5 [49]. The esti-
mated of fetal radiation dose from this procedure can be calculated 
based on the administered dose and the estimated fetal dosimetry 
at that stage of pregnancy [50]. If nuclear imaging of the thyroid is 
the only appropriate technique, a medical physicist should be con-
sulted to calculate the potential fetal dose and allow appropriate 
counselling. In addition to SPECT, a subtraction thyroid scan, or 
fusion with computed tomography images (MIBI- SPECT- CT) may 
be useful, especially if there is concurrent nodular thyroid disease 
[51]. Other modalities such as four- dimensional computed tomog-
raphy, MRI, or PET- CT may be required but have not been reported 
in pregnancy [49].

Adrenal Disease/ Masses

In the course of obstetric ultrasound, occasionally adrenal masses 
will be detected. In most cases, adrenal ‘incidentalomas’ are non- 
functioning adrenocortical adenomas, but may also represent 
conditions requiring therapeutic intervention (e.g. adrenocortical 
carcinoma, phaeochromocytoma, hormone- producing adenomas, 
or metastases). The European Society for Endocrinology (ESE) 
along with the European Network for the Study of Adrenal Tumours 
have recently published guidelines which recommended aiming to 
establish if an adrenal mass is benign or malignant at the time of 
initial detection [52].

Although the visualization of retroperitoneal structures is diffi-
cult on US, it still has a role in incidentally detecting adrenal masses 
and in monitoring changes during treatment of already established 

Table 9.10.5 Diagnostic accuracy of imaging modalities 
for preoperative parathyroid localization. SPECT: sestamibi- 
single photon emission computed tomography; CT: computed 
tomography; MRI: magnetic resonance imaging; N/ A: not 
applicable; MET- PET- CT scan: 11C- methionine positron emission 
tomography and computed tomography

Imaging modality Sensitivity (%) Positive predictive value (%)

99 Tc Sestamibi 71– 79 72– 95
99 Tc Sestamibi- SPECT 70– 81 91– 95

Ultrasound 64– 91 83– 96

4D- CT 83– 95 88– 99

MRI 40– 85 N/ A

11C- methionine PET/ CT 79– 90 93– 94
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pathology. Contrast- enhanced ultrasonography using phospho-
lipid stabilized microbubbles filled with sulphur hexafluoride is 
comparable to CT and MRI for detection of adrenal malignancy 
with sensitivity of 100% and specificity of 82% [53]. Outside of 
pregnancy, the recommended imaging is with non- contrast CT 
assessing for tissue density. Studies have shown the optimal sensi-
tivity (71%) and excellent specificity (98%) for differentiating be-
nign from malignant adrenal masses is achieved using a threshold 
attenuation value of 10 Hounsfield units (HU) on non- contrast CT 
[54]. This implies that some 30% of benign adenomas have an at-
tenuation value of >10 HU and will not be distinguishable from 
malignant lesions or phaeochromocytomas. In pregnancy, non- 
contrast CT of the adrenals would potentially result in a fetal dose 
of up to 10 mGy [16].

In pregnancy, assuming a low likelihood of malignancy, the ESE 
recommend MRI with chemical shift imaging, a non- contrast tech-
nique to assess lipid content. The normal adrenal has low to inter-
mediate signal intensity on both T1-  and T2- weighted sequence. 
During chemical shift imaging, a drop in signal intensity has sensi-
tivity (81– 100%) and specificity (94– 100%) similar to unenhanced 
CT densitometry for the differentiation of incidental adrenal lesions 
(Figure 9.10.1) [55]. For lipid- rich adenomas, there is effectively no 
difference between CT and MRI. When evaluating lipid- poor ad-
enomas, CSI might be superior although quantitative assessment of 
loss in signal intensity is not well standardized meaning the inter-
pretation of the images might be more dependent on the experi-
ence of the radiologist. Accuracy may be improved by sampling 
the in- phase and opposed- phase echoes in the correct order and 
during the same breath- hold and using the first echo pair [56]. If 

malignancy is suspected, imaging should be optimized to enhance 
diagnosis including CT and or 18FDG PET (estimated fetal dose 
7 mSv) combined with CT (estimated fetal dose up to 10 mSv).

In the special case of phaeochromocytoma, imaging should only 
be performed where the clinical picture and biochemical findings 
are suggestive of this rare diagnosis. If suspected, localization is crit-
ical. About 95% are within the abdomen and pelvis, with only 10% 
being extra- adrenal, usually in the superior and inferior abdominal 
para- aortic areas. In pregnancy, ultrasound and MRI are again the 
preferred modalities although if not definitive, then multidetector 
CT or nuclear scanning may be required because of the critical na-
ture of the diagnosis.

On MRI most phaeochromocytomas demonstrate high signal in-
tensity on T2- weighted images, described as a ‘light bulb’ and regarded 
as characteristic for phaeochromocytoma. (Figure 9.10.2) [57]. 
However, recent studies found that 30% of phaeochromocytomas 
demonstrate intermediate to low signal on T2- weighted images or 
are inhomogeneous secondary to haemorrhagic [58]. Ultrasound 
has proved its accuracy in detecting phaeochromocytoma con-
fined to the adrenal, as these are usually large and well- marginated 
masses. However, ultrasound has a limited role in detecting small 
adrenal tumours and extra- adrenal phaeochromocytomas such as 
those found in the retroperitoneum [53].

Nuclear medicine imaging can be used when CT or MRI does not 
demonstrate a mass in patients with high index of suspicion. Meta- 
iodo- benzylguanidine (MIBG) labelled with 131I has sensitivity of 
80– 90% for detection of a phaeochromocytoma with a specificity 
of 90– 100%. A minority (25%) of phaeochromocytomas are not de-
tected by MIBG scanning but may be seen using 111In octreotide. 

(a) (b)

(c) (d)

Figure 9.10.1 MRI in phase and out/ opposed phase demonstrating a significant drop of signal intensity characteristic of an adrenal adenoma (solid 
arrow).
Reproduced with permission from Elsayes KM, Emad- Eldin S, Morani AC et al. Practical Approach to Adrenal Imaging. Radiologic Clinics of North America, 2017;55(2):279– 301.
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For malignant phaeochromocytomas, 18F- fluoro- dopamine posi-
tron emission tomography appears to be very helpful [53]. More 
recently, positron- emitting radiolabelled somatostatin analogues 
have emerged which, in combination with high- resolution PET in-
tegrated with CT (PET/ CT), may improve the detection and staging 
of a variety of neuroendocrine tumours, including paraganglioma. 
Estimates of fetal radiation doses from these procedures have not 
been published but can be calculated if the procedures were con-
sidered essential.

In a systematic review of published cases of phaeochromocytoma 
in pregnancy, imaging modalities used during pregnancy included 
MRI 36%, ultrasonography 26%, MRI and ultrasonography 30% 
and CT plus one of the above 9% [59].

Pituitary Disease

The investigation of suspected pituitary masses, hypophysitis, tu-
mours, or monitoring of existing pituitary tumours requires an 
appreciation of the normal anatomical changes of the pituitary 
throughout pregnancy. The size of the pituitary gland increases 
in three dimensions with a maximum volume in the first three 
postpartum days, returning to normal within 6  months [60]. 
Asymmetrical growth, deviation of the stalk, and height greater 
than 9– 10 mm during pregnancy are not normal and should be fur-
ther investigated [10]. The enlargement of the pituitary makes as-
sessment of microadenomas more difficult. Monitoring of existing 

macroadenomas for growth, infarction, or haemorrhage is gener-
ally only performed if symptoms consistent with visual field impair-
ment or, rarely, pituitary apoplexy occur.

The mainstay of imaging of the pituitary in pregnancy is non- 
contrast MRI. Normal pituitary tissue and most sella lesions, pitu-
itary adenomas, and other tumours, have a signal that is similar to 
or slightly greater in intensity than that of central nervous system 
tissue. Cystic lesions, such as Rathke’s cleft cysts, often have a low- 
intensity signal on T1- weighted images and high intensity on T2- 
weighted images. Haemorrhage into the pituitary gland results in a 
high- intensity signal on both T1-  and T2- weighted images.

Imaging for Sheehan’s syndrome will usually reveal an empty or 
partially empty sella with a normal sella size. Pituitary MRI is the 
most sensitive method of imaging, but CT may also be helpful. In 
the early stages, the pituitary gland shows non- haemorrhagic en-
largement. Subsequently, the gland atrophies, and an empty sella 
develops.

Lymphocytic hypophysitis is characterized by diffuse, sym-
metrical pituitary enlargement, thickening of the pituitary stalk 
without deviation, and uniformly flat sella floor. Without con-
trast, the characteristic enhancement of the gland, and loss of the 
neurohypophyseal ‘bright spot’ will not be evident. MRI is also able 
to detect blood if pituitary haemorrhage is suspected. CT of the 
pituitary may be useful to assess calcification (e.g. with suspected 
craniopharyngiomas). Although MRI is the gold standard imaging 

(a)

(c)

(b)

Figure 9.10.2 Various modalities demonstrating the same phaeochromocytoma (non- pregnant) (a) CT, (b) 123I- MIBG, (c) SPECT
Reproduced with permission from Diagnostic Imaging Pathways- Phaeochromocytoma Government of Western Australia, 2012 [Available from: http:// www.imagingpathways.
health.wa.gov.au/ index.php/ component/ content/ article?id=201&tab=ct#images. (Accessed 28 April 2018). Copyright © 2019 Government of Western Australia. (ref 57).
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modality for the diagnosis of sella/ suprasella lesions, some surgeons 
recommend additional imaging with thin- cut CT through the sella/ 
sphenoid region and/ or CT angiogram for preoperative planning 
and intraoperative navigation. Pituitary surgery is rarely required 
in pregnancy, but CT can safely be performed in the head as fetal 
radiation dose is minimal and in these circumstances, the use of 
iodinated contrast would be appropriate to optimize surgical plan-
ning [61, 62].

Multiple endocrine neoplasia and Pregnancy

Imaging for multiple endocrine neoplasia (MEN) syndromes may 
be required during pregnancy because of elevated biochemical 
markers or symptoms/ signs of tumour (Figure 9.10.3). A number 
of these tumours may significantly impact pregnancy and urgent 
investigation is required if this is suspected. In the rare case when 
a MEN syndrome is suspected in pregnancy, multiple imaging 
may be required and should be performed in a timely manner. 
The specific imaging required will depend on the results of symp-
toms, signs, and biochemical testing, and multidisciplinary input 
is required.

osteoporosis and Associated Syndromes

The standard screening test for osteoporosis is dual X- ray ab-
sorptiometry (DEXA). Studies (using phantoms) of DEXA of the 
posteroanterior lumbar spine/ proximal femur during pregnancy 
generated estimated radiation doses of 1.7/ 2.7 mGy in the first tri-
mester, 1/ 4/ 2.7 mGy in the second trimester, and 1.0/ 4.9 mGy in the 
third trimester. These were all well below the 10 mGy counselling 
threshold [63].

Investigation of suspected osteoporotic or stress fractures in 
pregnancy may require a range of imaging options. Reluctance to 

image pregnant patients due to concerns over radiation exposure is 
a major factor contributing to the delayed diagnosis of osteoporotic 
related fractures in pregnancy. In transient osteoporosis of preg-
nancy, plain X- rays may be normal initially, with a lag of weeks to 
months before osteopenia can be demonstrated. Osteopenia differ-
entiates transient osteoporosis and other bone marrow oedema syn-
dromes. Plain X- ray provides an overview of the region of concern 
and assessment of alignment, and allows screening for other causes 
of pain such as bone tumour.

MRI can be used for safe and reliable imaging in situations where 
multiple x- rays are required (e.g. for oedema), or if the initial X- rays 
are normal but there is suspected non- displaced fracture [64– 65]. 
Although altered gadolinium enhancement may be seen in osteo-
necrosis of the femoral head (OFNH), the use of gadolinium is not 
recommended in pregnancy.

A bone scan with 99mTc m- methylene diphosphonate (MDP) 
may give a fetal absorbed dose up to 4.7 mSv in early pregnancy but 
much less in late pregnancy (1.8  mSv) and if clinically indicated, 
should be performed [16]. One of the main indications for further 
imaging in the setting of pregnancy is to differentiate hip pain due 
to transient osteoporosis of pregnancy (TOP) from ONFH. In early 
stages of the disease, X- ray findings will be indistinguishable [66]. 
ONFH is an idiopathic form of avascular necrosis which exhibits 
lack of uptake on bone scan and may show a characteristic ‘double 
line sign’ on MRI. In contrast, MRI of TOP shows diffuse homo-
genous marrow oedema of the involved segment. The appearance is 
not specific with radiological differentials including transient bone 
marrow oedema (without osteoporosis), osteonecrosis, infection, 
and tumour infiltration. If diagnosed early, ONFH may be amen-
able to a core decompression or revascularization procedures to 
avoid progression to arthritis.

(a) (b)

Figure 9.10.3 MRI of a women with MEN 2A at 27 weeks’ gestation demonstrating bilateral adrenal tumours. These were proven to be 
phaeochromocytomas measuring 4 × 2.3cm on the left and 6.4 x 4.4 cm on the right. Below is an MRI of her fetus at the same examination.
Reproduced with permission from Donatini G, Kraimps JL, Caillard C, Mirallie E, Pierre F, De Calan L, et al. Pheochromocytoma diagnosed during pregnancy: lessons learned 
from a series of ten patients. Surgical Endoscopy, 2018. Copyright © 2018, Springer Science Business Media, LLC, part of Springer Nature. (ref 62).
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counselling for Diagnostic Imaging for endocrine 
conditions in Pregnancy

Informed consent for X- ray, CT, MRI, or nuclear scanning will be 
required if these investigations are ordered during pregnancy or 
breastfeeding. Counselling should be provided initially by the clin-
ician ordering the investigation and then by the radiologist/ nuclear 
physician performing the procedure. All involved allied staff must 
also be well informed to ensure the patient receives a consistent 
message about the risks and benefits of the proposed test(s).

Whether particular institutions use written consent forms or 
verbal consent, this interaction should be documented in the 
patient’s medical record and in compliance with local law. The 
American College of Radiology provides a sample consent from 
which may be useful to your Institution [21].

For practical purposes, no specific counselling is required for 
women undergoing diagnostic imaging with a predicted fetal ab-
sorbed dose of less than 10 mGy. This includes all X- ray and CT 
scanning not involving the abdomen and most nuclear scans. For 
direct exposures or nuclear scanning with a potential exposure 
>10 mGy, the women should be counselled on a risk/ benefit basis. 
The specific risk appears to be childhood malignancy, but, as de-
scribed earlier, for each 10 mGy exposure, theoretical projections 
based on a LNT assumption indicate a likely maximum risk of 1 
additional case of childhood cancer (not death) per 1700 expos-
ures of 10 mGy [23]. This must be balanced against the benefit of 
the imaging or treatment in terms of management of the maternal 
condition.

There are no diagnostic imaging procedures that can be con-
sidered a risk factor for genetic damage, malformation, or 
neurodevelopmental effects based on current knowledge. It is par-
ticularly important to liaise with the radiologist or nuclear phys-
ician to ensure the most appropriate imaging is performed to obtain 
maximal information with minimal fetal absorbed dose. If possible, 
diagnostic imaging should be delayed until after delivery if the in-
formation is not likely to alter immediate management.

Summary

The detailed review of medical imaging in pregnancy given in this 
chapter should prevent the reflex ‘no radiation’ approach to selec-
tion of diagnostic imaging modalities in pregnancy. As in the non- 
pregnant subject, the principle of ‘as low as reasonably achievable’ 
(ALARA) should be applied in the pregnant subject, ensuring that 
non- ionizing radiation options are considered first. In almost all 
cases, radiation and contrast risks are negligible and therefore the 
most sensitive and specific imaging should be performed at the 
most appropriate time, whether during or after pregnancy where 
applicable. However, when X- ray, CT, nuclear scan, or ET are the 
most suitable modality; these should be applied with appropriate 
care and counselling. As pointed out by Zanotti- Fregonara, ‘preg-
nant women should be imaged using the standard imaging proto-
cols used for any other patient’ [17]. The American College of 
Radiology particularly note that ‘It is best to create written proto-
cols for all imaging of pregnant patients to avoid reactive, non- 
optimal protocol adjustments by physicians attempting to reduce 
radiation exposures’ [21]. If dose reduction strategies that do not 

compromise image quality are available for pregnant women, then 
these strategies should be used for all patients [17].

Endocrine conditions during pregnancy may require a range of 
imaging techniques but with care and consideration, an appropriate 
diagnostic and management plan can be achieved if required.
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Introduction

The two main functions of the testis are androgen production and 
spermatogenesis, and the key role in their endocrine regulation is 
played by the two pituitary gonadotrophins, luteinizing hormone 
(LH) and follicle- stimulating hormone (FSH). Other hormones and 
growth factors also influence testicular function, often by modu-
lating gonadotrophin action. In addition, a plethora of other bio-
active molecules mediate regulatory signals within and between the 
testicular cell compartments. They can be paracrine (between two 
dissimilar neighbouring cells), autocrine (the same or a similar cell 
is the origin and target of the regulating factor) or intracrine (the 
factor functions within the cell of its synthesis without being se-
creted). The main testicular hormone is testosterone (T), a product of 
Leydig cells located in the testicular interstitial cell compartment. T 
regulates spermatogenesis that takes place in testicular seminiferous 
tubules in paracrine and indirect fashion, by stimulating the func-
tions of Sertoli cells in the adjacent seminiferous tubules. Following 
its secretion into the peripheral circulation, T exerts its endocrine 
actions, androgenic and anabolic, in various extratesticular tissues.

Endocrine Regulation of Testicular Function

The Hypothalamic– Pituitary– Testicular (HPT) Axis

The HPT axis is a typical endocrine regulatory circuit with hier-
archical cascades of forward and feedback regulatory events 

(Figure 10.1.1.1). According to the classical concept, specific 
hypothalamic nuclei synthesize the decapeptide gonadotrophin- 
releasing hormone (GnRH). Axon terminals of the GnRH neurons 
make contact in the median eminence with hypophyseal portal ves-
sels, which transport GnRH to the anterior pituitary gland where it 
stimulates the synthesis and secretion of LH and FSH [1, 2]. These 
two gonadotrophins are the key endocrine regulators of testicular 
function.

Several other hypothalamic hormones regulate the maturation 
and fine- tuning of GnRH neurons [3] , including glutamate and γ- 
aminobutyric acid (GABA), and a plethora of neuropeptides such as 
neuropeptide Y, galanin- like peptide, opioid peptides, and orexins. 
Most importantly, however, it has been recently discovered that the 
GnRH neurons are under regulation of an upstream neuronal system 
where the gatekeeper role is played by the neuromodulatory peptide 
kisspeptin, encoded by the KISS1 gene (Figure 10.1.1.1) [4]. Some 
kisspeptin neurons coexpress neurokinin B and dynorphin, and 
are hence collectively termed kisspeptin- neurokinin B- dynorphin 
(KNDy) neurons [5]. Kisspeptin functions through a G- protein- 
coupled receptor (GPCR) originally called GPR54, but now termed 

Hypothalamus

Pituitary gland

Gonads

LH FSH

LHR FSHR

GnRH

GnRHR

Inhibin B

Testosterone
(Estradiol)

Leydig cell testosterone 
production

Sertoli cell metabolism

kisspeptin
KNDy neurons

GnRH neurons

Figure 10.1.1.1 The hypothalamic– pituitary– testicular (HPT) axis. The 
main hormones functioning in the axis are depicted, as well as  the 
functions of LH and FSH in the testis. GnRH, gonadotropin- releasing 
hormone; LH, luteinizing hormone; FSH, follicle- stimulating hormone; 
KNDy, kisspeptin/ neurokinin B/ dynorphin; inhibitory signal, ,  
stimulatory signal  .
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KISS1R, expressed in GnRH neurons, where its activation stimu-
lates GnRH expression.

The GnRH gene encodes a propeptide that is cleaved into a 24- 
amino acid signal peptide, the GnRH decapeptide, and a 56 amino 
acid GnRH- associated peptide. GnRH is secreted in short pulses of 
varying amplitude, in adult men with 1– 2- hour interval. A  recent 
study has demonstrated that kisspeptin neurons in the hypothal-
amic arcuate nucleus may be the anatomic site of the GnRH pulse 
generator [6] .

GnRH interacts in the anterior pituitary gonadotroph cells with 
a high- affinity receptor (R) belonging to the GPCR gene family. 
Pulsatile GnRH secretion is vital for GnRHR activation, since 
tonic GnRH stimulation (e.g. during GnRH agonist treatment) 
downregulates the GnRHR signalling, thus suppressing gonado-
trophin synthesis and release. The secretory peaks of LH are more 
distinct, due to their shorter half- life than those of FSH in the sys-
temic circulation. Pulsatile release, however, is not important for 
gonadotrophin action at the gonadal level.

Both LH and FSH are glycoproteins with molecular mass of 
30– 40 kDa. They are synthesized in pituitary gonadotroph cells as 
heterodimers of the common α- subunit and a hormone- specific 
β- subunit (Figure 10.1.1.2a). More extensive glycosylation of FSH 
makes its half- life longer vis- à- vis LH (3– 4 h vs. 20 min). In add-
ition, the carbohydrate side chains in LH are heavily sulphated 
(50%), and there is a specific hepatic receptor for sulphated glyco-
proteins accelerating their elimination [7] .

Like their ligands, the receptors (R) for LH and FSH are structur-
ally related glycoproteins with a molecular mass of about 80 kDa, 

and belong to class A  rhodopsin- like GPCRs (Figure 10.1.1.2b) 
[8, 9]. The molecular events mediating the actions of LH and FSH on 
Leydig and Sertoli cells, respectively, are in principle similar [8, 9]. 
The main, and most extensively studied signalling mechanism uses 
the classical adenylyl cyclase/ cAMP/ G- protein cascade, but other 
signalling mechanisms are also employed in gonadotrophin action; 
further details are presented in Figure 10.1.1.3a.

In Leydig cells, cell differentiation, growth, and steroidogenesis 
entail the important responses to LH stimulation. FSH function in 
the testis is age- dependent, and in prenatal and prepubertal life, it 
stimulates Sertoli cell proliferation. This influences fertility, since 
the Sertoli cell number correlates with total length of the semin-
iferous epithelium and testicular sperm production capacity. In 
adulthood FSH maintains the functions of Sertoli cells thus indir-
ectly supporting spermatogenesis.

The reverse side of the HPT function is the negative (inhibi-
tory) feedback of gonadal steroid and peptide hormones at the 
hypothalamic and pituitary levels, to maintain a physiological 
balance of gonadotrophin secretion (Figure 10.1.1.1) [1,  2]. T, 
partly after conversion to oestradiol, exerts its negative feedback 
action on GnRH secretion indirectly through KNDy neurons, by 
suppressing kisspeptin and neurokinin B release, since GnRH 
neurons do not express sex steroid receptors [4] . Sex steroids also 
directly suppress gonadotrophin synthesis in the pituitary gland 
[10]. Although testicular steroids also regulate FSH, this hormone 
is mainly under negative control at the pituitary level by Sertoli 
cell- derived inhibin B, a glycopeptide hormone of the TGF- β 
family (see next) (Figure 10.1.1.1).

*

*

*

*

(a) (b)

Figure 10.1.1.2 Schematic 3D structures of LH (a) and LHR (b). In panel A black colour depicts the α- subunit (CGA) and dark grey colour the 
β- subunit (LHB). The arrow points to the 'seat belt' structure of the β- subunit, which stabilizes the dimeric structure of the hormone. The asterisks 
depict the carbohydrate moieties attached to the hormone molecule. In panel B, the structure in the top part depicts the leucine rich repeats of the 
extracellular receptor domain, which forms the primary binding site of the hormone. The cylindrical structures in the middle of the picture depict the 
seven transmembrane domains of the receptor molecule. For a colour version of this figure, please see colour plate section.
Figures are courtesy of Drs. J. Dias and E. Reiter.
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Effects of other Hormones on Testicular Function

Besides LH and FSH, several other circulating hormones affect 
testicular function. Since many ‘extragonadal’ hormones are also 
synthesized within the testis, it is difficult to delineate whether their 
testicular actions, mostly documented in vitro, are endocrine or 
para/ autocrine in vivo.

Prolactin regulates Leydig cell function in rodents, but 
whether it has direct effects on the human testis remains un-
clear. Hyperprolactinaemia in man impairs testicular function, 
most likely indirectly through inhibitory action of prolactin on 
gonadotrophin secretion (see chapters in Section 10.3.2, ‘Adult 
Hypogonadism: Aetiology’).

Growth hormone (GH) stimulates the formation of insulin- like 
growth factor- I in the testis. Evidence for testicular effects of GH/ IGF- 
1 comes from observations in rodents that GH deficiency or resistance 
are associated with delayed puberty and poor Leydig cell function.

Insulin receptors are found in Leydig cells, insulin and LH recip-
rocally upregulate the receptor of each other, and insulin augments 
basal and LH- stimulated Leydig cell steroidogenesis [11].

Thyroid hormones have an important role in the maintenance of 
Leydig cell steroidogenesis [12]. They increase, in additive fashion 
with LH, the level of steroidogenic acute regulatory protein (StAR) 
expression in Leydig cells. Without optimal thyroid hormone action, 
the steroidogenic capacity of Leydig cells is severely compromised.

Figure 10.1.1.3 The main signalling cascades employed in LH and FSH action. Black arrows depict pathways common for both hormones, red arrows 
those specific for LH and light grey arrows those specific for FSH. AA, arachidonic acid; AC, adenylyl cyclase; ATP, adenosine trisphosphate; CaM, calmodulin; 
cAMP, cyclic adenosine- 3':5'- monophosphate; CRE, cAMP response element; CREB, cAMP response element binding protein; EGFR, epidermal growth factor 
receptor; ERK, extracellular signal- regulated kinase; Forkhead, forkhead transcription factor; GEF, guanine nucleotide exchange factor; Gs, stimulatory guanine 
nucleotide binding protein; GSK- 3, glycogen synthase kinase- 3; MEK, mitogen/ extracellular signal- regulated kinase; PDK1, phosphoinositide- dependent 
protein kinase; MAPK, mitogen activated protein kinase; MAPKAP, MAPK activated protein kinase; PGF2, prostaglandin F2; PI3K, phosphoinositide 3 kinase; 
PKA, protein kinase A; PKC, protein kinase C; PLA2, phospholipase A2; RAF, rapidly accelerated fibrosarcoma— Ser/ Thre specific protein kinase; Ras, small 
GTPase family; SGK, serum glucocorticoid- regulated kinase. For a colour version of this figure, please see colour plate section.
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Two hormones important in bone metabolism, osteocalcin, and 
vitamin D, may also have direct testicular effects. The former stimu-
lates Leydig cell T production in rodents [13], and the latter may 
improve semen quality in humans [14].

Steroid hormones also modulate Leydig cell functions. Androgen 
and oestrogen receptors are expressed in Leydig cells, and thus these 
hormones can have para/ autocrine regulatory effects in their site of 
synthesis [15, 16]. Glucocorticoids of adrenal origin also influence 
the endocrine regulation of the testis [17]. High systemic gluco-
corticoid levels, for example, in Cushing’s syndrome and during 
physical and mental stress, suppress Leydig cell androgen produc-
tion by inhibiting the conversion of cholesterol to steroid hormones.

Despite direct testicular actions of numerous blood- borne non- 
gonadotrophic hormones, their physiological role remains obscure 
and the dogma still prevails that gonadotrophins provide the main 
driving force for testicular function. The role of the other regulators 
is likely to fine- tune gonadotrophin actions.

Testicular Hormone Production

Testicular Steroidogenesis

Testicular steroidogenesis takes place in Leydig cells, and the most 
important hormone produced is T.  LH is the key regulator of tes-
ticular steroidogenesis, but its action can be modulated by numerous 
other endocrine, paracrine, and autocrine factors. Most details of the 
synthesis, secretion, and metabolism of testicular steroid hormones 
were unravelled in the 1950s and 1960s. More recent studies on an-
drogens have concerned identification and characterization of the 
steroidogenic enzymes at genome and protein level, mechanisms of 
cholesterol supply for steroid biosynthesis, and mechanisms of an-
drogen action (see Chapter 10.1.2, ‘Sex Steroid Actions in the Male’).

Androgens are essential for all masculine functions of the body, 
including sexual differentiation, development of secondary sex 
characteristics, growth of sex organs, spermatogenesis, the mas-
culine features of the musculo– skeletal apparatus, and sexual be-
haviour (Box 10.1.1.1) [18]. Essential for all of them is a single 
regulatory step, the binding of androgen to its receptor, which then 
evokes the variety of structural and functional responses specific to 
each target tissue.

The synthesis of all steroid hormones starts from cholesterol, 
for which the Leydig cells have multiple sources: (a) de novo syn-
thesis from acetyl coenzyme A; (b)  stored cholesteryl esters; 
(c)  exogenous lipoprotein- supplied cholesterol; and (d)  plasma 
membrane- derived cholesterol following hormonal stimula-
tion [19]. The most utilized source are the plasma low-  and/ or 
high- density lipoprotein– cholesterol complexes, endocytosed by 
receptor- mediated mechanisms. Cholesterol is thereafter esterified 
and stored in intracellular lipid droplets.

The next step is the transcytoplasmic transport of cholesterol 
from lipid droplets to the outer mitochondrial membrane by still 
poorly understood mechanisms. More is known about the sub-
sequent transfer of cholesterol from the outer to the inner mito-
chondrial membrane, a rapid step (within minutes), which in the 
testis is critically dependent on gonadotrophin stimulation. A cru-
cial role therein is played by the functional interplay of at least two 
recently discovered molecules, the steroidogenic acute regulator 

protein (stAR) and the translocator protein (TSPO) [19] (see also 
Chapter 5.8.1, ‘Genetics of Adrenal Insufficiency’).

The first and rate- limiting step of steroid biosynthesis [19] at the 
mitochondrial inner membrane is the conversion of cholesterol 
to pregnenolone, catalysed by the cytochrome P450 cholesterol 
side chain cleavage enzyme (P450scc, CYP11A1) and auxiliary 
electron transferring proteins (Figure 10.1.1.4). For the following 
steps, from pregnenolone onwards, the steroid molecule is trans-
located to the smooth endoplasmic reticulum. Depending on the 
order of enzymatic reactions, two alternative pathways, Δ5 or Δ4, 
are employed (Figure 10.1.1.4), the former being more important 
in the human testis. Hence, pregnenolone is first converted by 
the bifunctional CYP17A1 enzyme to 17- hydroxypregnenolone 
(17- hydroxylation step) and further to dehydroepiandrosterone 
(17, 20 lyase step). The following steps, in alternative order, 
are either the conversion of the 3β- hydroxy- 5- ene structure of 
dehydroepiandrosterone by 3β- hydroxysteroid dehydrogenase/ 
Δ5- 4 isomerase (3β- HSD) to the 3- keto- 4- ene structure of andro-
stenedione, or the reduction of dehydroepiandrosterone by 
17β- hydroxysteroid dehydrogenase (17β- HSD; mainly type III) 
to 5- androstene- 3β,17β- diol, with final formation of T after the 
two reactions taking place in alternate order. In the alternative 
Δ4 pathway, the first metabolic step after pregnenolone is its 
3β- HSD- catalysed conversion to progesterone, after which the 

Box 10.1.1.1 The physiological actions of androgens

 • Feedback regulation of gonadotrophin synthesis and secretion
 • Androgenic actions

 — Differentiation of the male sexual organs
 — Secondary sex characteristics

 • Growth of male sex organs
 — Testis
 — Epididymis
 — Seminal vesicle
 — Prostate
 — Penis
 — Scrotum

 • Pubic hair
 • Axillary hair
 • Beard
 • Male- type hair distribution and balding

 — Regulation of spermatogenesis
 • Psychological actions

 — Cognitive functions
 — Libido and potency
 — Sexual behaviour
 — Aggression

 • Anabolic actions
 — Growth spurt at puberty
 — Epiphyseal closure
 — Growth of larynx
 — Thickening of vocal cords
 — Effects on blood lipids
 — Muscle mass
 — Distribution of adipose tissue
 — Haematopoiesis
 — Thickening of skin
 — Function of sebaceous gland
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metabolism proceeds further through 3- keto- 4- ene intermedi-
ates to T (Figure 10.1.1.4).

The daily T production in a male is 6– 7 mg; about 95% of it ori-
ginates from the testes and the rest through peripheral metabolism 
of adrenal androgenic precursors (mainly dehydroepiandrosterone 
(DHEA) and its sulphate conjugate). A number of other steroid hor-
mones are also secreted, of which many are Δ4 and Δ5 intermediates 
of T synthesis (Table 10.1.1.1). Some of them are weak androgens 
themselves (e.g. androsterone) or are metabolized further to more 
active androgens or oestrogens in peripheral tissues (androstene-
dione). Some steroids are stored in the testis and secreted as sul-
phate conjugates (Table 10.1.1.1) [20]. Steroid sulphates have no 
known hormonal function, and apparently represent storage and 
secretory forms.

T serves as a precursor for two important steroid hormones, 5α- 
DHT and oestradiol [21, 22] (Figure 10.1.1.4). Although these two 
T metabolites are secreted by the testis (Table 10.1.1.1), the major 
proportion of them is formed in peripheral tissues. 5α- DHT is 5– 
10- fold more potent than T due to its higher affinity for androgen 
receptor (AR), and it is also the main active molecule in some an-
drogen target tissues, such as hair follicle and prostate, where a large 
proportion of circulating 5α- DHT is formed [23]. 5α- Reductase, 
converting T to 5α- DHT, exists as two isoenzymes [22]. Type 1 is 
expressed in sebaceous glands and liver, and type 2 in male uro-
genital tract, genital skin, and liver. In prostate, 5α- reductase is 
upregulated by androgen, in liver by thyroid hormone, and in skin 
fibroblasts by insulin- like growth factor (IGF) - I. Disturbances 

of male- type differentiation and sexual functions in connection 
with 5α- reductase mutations demonstrate the physiological sig-
nificance of this metabolic step in androgen physiology (see also 
Chapter 10.1.2, ‘Sex Steroid Actions in the Male’).

Oestradiol, either alone or in combination with androgens, par-
ticipates in some important physiological functions of testicular ster-
oids. About 25% of circulating oestradiol originates from the testes, 

Figure 10.1.1.4 The key steroid metabolic steps in the testis leading to formation of T, 5α- DHT and oestradiol. The Δ5 pathway, used by the human testis, 
is marked with light orange arrows, and the Δ4 pathway, more important in rodents, with dark orange arrows. The same enzyme with dual function, P450 
17- hydroxylase/ 17,20- lyase (enzyme 2) catalyses both 17- hydroxylation and ring D side chain cleavage in pregnenolone and progesterone. Apart from the 
interconversion of 17- keto and 17- hydroxy steroids all other reaction in the steroid metabolic pathway are irreversible. Multiple isoform of 17β- hydroxysteroid 
dehydrogenase (enzyme 4), with differing substrate specificities, catalyse these reactions. For a colour version of this figure, please see colour plate section.

Table 10.1.1.1 The mean testicular, spermatic vein and peripheral 
vein concentrations (in nmol/ L) of the key testicular steroids in man 
(Leinonen et al., 1981).

Steroid Testis Spermatic 
vein

Peripheral 
vein

Pregnenolone sulphate 2600 430 90

Progesterone 130 23 0.8

17- Hydroxyprogesterone 690 45 3.2

Dehydroepiandrosterone 680 35 8.2

Dehydroepiandrosterone sulphate 2000 1400 1000

5- Androstene- 3β,17β- diol 820 590 500

Androstenedione 740 45 2.5

Testosterone 2600 720 20

Testosterone sulphate 1400 150 13

5α- Dihydrotestosterone 50 14 1.5

Oestradiol 15 0.4 0.1
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and the rest is formed through peripheral aromatization of andro-
genic precursors, mainly in adipose tissue and liver [21]. Human 
males with inactivating mutations of the aromatase (CYP19) or oes-
trogen receptor- α (ESR1) genes, as well as the corresponding knockout 
mouse models [24], have emphasized the physiological significance of 
oestrogen action in the male. Deficient oestrogen action in the male 
is associated with incomplete long bone epiphyseal closure, osteopor-
osis, insulin resistance, abnormalities in plasma lipids, and body fat 
deposition (see also Chapter 10.1.2, ‘Sex Steroid Actions in the Male’).

In the catabolism of T [25] the first step is its conversion to andro-
stenedione through an interconvertible reaction catalysed by a spe-
cific oxidative isoenzyme of 17β- HSD (type 2) present in the liver. 
Androstenedione is then the preferential substrate for further reduc-
tion and hydroxylation reactions. The major metabolism involves 
5α-  and 5β- reduction of the Δ4 double bond in ring A of the steroid 
nucleus, which is followed mainly by 3α-  and 3β- hydroxylation of 
the 3- keto group. Thereafter, the 3α- metabolites are mainly conju-
gated with glucuronic acid, the 3β- metabolites with sulphate. About 
90% of the androgen metabolites are excreted into urine and 10% 
into faeces. Of the urinary steroid metabolites, 20– 40% occur as 
glucuronides, 40% as sulphates and the rest in free form.

Steroid Hormone Secretion and Transport

The secretion of steroid hormones into the circulation is assumed to 
be a passive diffusion process due to their lipid solubility and ease 
of transit through cell membranes. The main steroids produced and 
secreted by the human testis are listed in Table 10.1.1.1. T and the 
sulphate conjugates of pregnenolone, dehydroepiandrosterone, and 
5- androstene- 3β,17β- diol are quantitatively most abundant. There 
is no intratesticular storage of bioactive steroid hormones, with the 
exception of their sulphate conjugates, and the regulation of circu-
lating steroid hormone concentrations occurs mainly at the level of 
their biosynthesis and variation of testicular blood flow. Since only 
about 30 µg of T is stored in the normal testes, the total content 
must turn over 200 times per day to achieve the daily production of 
6 mg. Testicular steroid secretion has diurnal variation due to the 
night- time accentuation of LH secretion. Secretion pulses of serum 
T after the LH secretion peaks (average interval of 2 h) are incon-
sistent, apparently due to the relatively slow response of human 
testicular steroidogenesis to gonadotrophin stimulation, and to 
the buffering effect of steroid binding to plasma transport proteins 
(see next). Whereas animal experiments show dramatic (over 10- 
fold) responses of serum T to LH/ human chorionic gonadotrophin 
(hCG) stimulation, the acute response of human testicular T re-
lease, within 1– 2 hours, is only in the order of 30– 50%.

In circulation, only 1– 2% of T appears in free (i.e. non- protein- 
bound) form, 44% is bound to sex- hormone- binding globulin 
(SHBG), and 54% to albumin and other proteins [26]. SHBG is a 
dimeric β- globulin with a molecular weight of about 95 kDa, its 
carbohydrate content is 30%, and each of its monomers binds one 
androgen or oestrogen molecule. The affinity of albumin for T is 
only about 0.1% of that of SHBG, but its high concentration in cir-
culation explains its overall importance in androgen transport.

Due to the avid binding of T to SHBG, their complexes do not 
enter androgen target cells. However, they may have some, as yet 
incompletely characterized, functions at the cell membrane [26]. 
T dissociates from the binding proteins in capillaries, where their 
interaction with endothelial glycocalyx reduces the affinity for T, 

allowing free T to diffuse into target cells. In contrast, the binding 
of T to albumin is easily dissociable, and this fraction, together with 
free T, forming about half of total plasma T, is considered to form 
the so- called bioavailable fraction of androgen.

The plasma level of SHBG is under endocrine and meta-
bolic regulation [26], increasing clearly by oestrogen and ageing, 
and decreasing somewhat by androgen, and clearly by obesity. 
Consequently, the SHBG level in men is about half of that of women, 
and it increases in hypogonadism. If the HPT axis functions nor-
mally, changes in SHBG levels do not affect the balance of bioactive 
androgens, since they are quickly compensated for by changes in the 
feedback regulation.

For reading on mechanism of androgen action, see Chapter 10.1.2 
‘Sex Steroid Actions in the Male’).

Physiological Effects of Androgens

The physiological effects of androgens are listed in Box 10.1.1.1. 
The major androgenic functions include the feedback regula-
tion of gonadotrophin secretion by the hypothalamic– pituitary 
system, regulation of initiation and maintenance of spermato-
genesis, male- type differentiation of the sexual organs during 
embryogenesis, stimulation of secondary sexual differentiation 
during puberty and control of male sexual behaviour. An alter-
native way of grouping the androgen effects is to define them as 
androgenic, psychological, and anabolic (Box 10.1.1.1). Besides 
the classical androgen target organs, low levels of AR are present 
in almost every tissue. T is the prohormone for some androgen 
actions, which, at target tissue level, are exerted by 5α- DHT or 
oestradiol. The anabolic androgen actions on muscle are predom-
inantly due to T action, whereas its effects on bone, at least partly, 
require aromatization to oestrogens. The androgen effects on the 
central nervous system are mediated both through oestrogen (fol-
lowing aromatization of T) and ARs.

Testicular Protein and Peptide Hormones: Inhibin, 
Activin, and Follistatin

The testis produces a number of bioactive proteins and peptides 
(Table 10.1.1.1) and various autocrine and paracrine functions 
have been proposed for most of them [27– 29]. Some of these hor-
mones are functional in fetal life:  the Leydig cell product insulin- 
like 3 (INSL3) regulates testicular descent, and the Sertoli cell 
product anti- Müllerian hormone (AMH) induces the regression 
of Müllerian ducts in the male fetus. Endocrine effects outside 
the adult testes have clearly been demonstrated only for inhibins, 
whereas the other members of the same family, activins, and their 
binding protein, follistatin, mainly exert their actions as paracrine 
or autocrine growth factors within the testis and several other tis-
sues. The endocrine role of inhibins is to mediate the negative feed-
back regulation of pituitary FSH secretion.

Inhibin and activin are dimeric gonadal proteins, members of 
the transforming growth factor (TGF)– β family [1, 29]. In addition, 
there are specific transport proteins for activin, follistatin and α2- 
macroglobulin. A plethora of studies have described the regulatory 
functions of these molecules in different tissues and their potential 
clinical significance.

Inhibin is a dimeric glycoprotein hormone of 32 kDa size, con-
sisting of two dissimilar subunits, connected by disulphide bonds: a 
18 kDa α- subunit and a 14 kDa β- subunit of type βA or βB, forming 
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inhibin A and B (Figure 10.1.1.5). Homodimers of two β- subunits 
(βA/ βA, βA/ βB, βB/ βB), have opposite biological action to inhibin, 
that is, para/ autocrine stimulation of pituitary FSH secretion, hence 
the name activin. Activins bind to two types of receptors, I and II, 
which are single transmembrane- domain serine/ threonine kinase 
molecules. Inhibin together with its coreceptor betaglycal blocks 
activin binding to its receptors. Follistatin, a glycoprotein of 31– 
42- kDa molecular size, bioneutralizes peptides of the TGFβ family, 
including activin.

In the human adult testis Sertoli cells strongly express inhibin 
α and βB mRNA, but βA mRNA very weakly. Hence, Sertoli cell- 
derived inhibin B is the main circulating inhibin with endocrine ac-
tion [30, 31]. The Leydig cells express inhibin-α  subunit and βB. βA is 
also expressed by peritubular myoid cells, and βB by spermatogenic 
cells. Follistatin is expressed by Sertoli and germ cells.

FSH stimulates inhibin α subunit expression in Sertoli cells, 
whereas the β subunits are under paracrine regulation. Serum 
FSH and inhibin B levels are inversely correlated, in support of 
the physiological role of inhibin (in concert with T) as a nega-
tive feedback regulator of FSH synthesis and release at the pitu-
itary level. The expression of βA-  or βB- subunits (that is, activin 
synthesis) is largely independent of FSH. The role of activin in 
FSH regulation is auto/ paracrine locally in pituitary gland, and 
it is modulated by neutralizing action of follistatin. The in-
hibin peptides participate within the testis in the regulation of 
spermatogenesis.

Circulating inhibin B levels closely reflect the number and 
function of Sertoli cells. Inhibin B measurements offer a tool for 
monitoring Sertoli cell function in individual patients with infer-
tility, in clinical and toxicological studies on male fertility, as well 
as in studies of developmental deficiencies of testicular function 
[31]. Low levels of inhibin B occur in men with non- obstructive 
azoospermia, in untreated men with hypo-  or hypergonadotropic 
hypogonadism, in infertile men with elevated FSH, in men with 
Klinefelter syndrome and in orchidectomized men [32,  33]. Men 
with inactivating mutation of the FSH receptor gene also have very 
low level of this peptide [34]. Inhibin B is an early marker of male 
puberty, increasing about threefold between stages I and II [35]. The 
negative correlation between inhibin B and FSH is attained in late 
puberty. The levels of activin A are similar in men and women, and 
follistatin levels are somewhat lower in men.

Local Regulation of Testicular Function

Besides gonadotrophins and other hormones reaching the testis 
from circulation, there is a complex network of local paracrine, 
autocrine, and intracrine regulatory interactions within the testis 
(Box 10.1.1.2). This type of regulation is easy to demonstrate in 
vitro in cell coculture experiments, and numerous such interactions 
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Figure 10.1.1.5 Schematic representation of inhibins and activins. The 
different subunits (α, βA and βB) can heterodimerize to form inhibins 
A (α/ βA) and B (α/ βB) or homodimerize to form activins A (βA/ βA), AB 
(βA/ βB) or B (βB/ βB).

Box 10.1.1.2 The different types of paracrine and autocrine 
signals detected in the testis tissue. The list is based 
on references cited in Saez 1994 [27] and Smith & Walker 2015 
[1] , and additional references found in PubMed (not cited)

 • Neurohormones and neuropeptides
 — Growth hormone- releasing hormone
 — Pituitary adenylate cyclase- activating peptide
 — Gonadotrophin- releasing hormone
 — Corticotrophin- releasing hormone
 — Oxytocin
 — Arginine vasopressin
 — Thyrotropin- releasing hormone
 — Somatostatin
 — Opioids
 — Substance P
 — Galanin
 — γ- Aminobutyric acid
 — Catecholamines
 — Histamine
 — Neuropeptides B and W
 — Kisspeptin
 — Nociceptin

 • Peptides originally identified in the testis
 — Inhibin
 — Activin
 — Follistatin
 — Anti- Müllerian hormone
 — Peritubular Sertoli cell regulating substance (PmodS)

 • Growth factors
 — Insulin- like growth factors and their binding proteins
 — INSL3 (and other relaxin- peptides)
 — Insulin
 — Transforming growth factors α and β
 — Fibroblast growth factors
 — Platelet- derived growth factor
 — Nerve growth factor
 — Kit ligand
 — Gastrin- releasing peptide
 — Glial cell- derived neurotrophic factor
 — Platelet- derived growth factor
 — Bone morphogenetic proteins
 — Epidermal growth factor
 — Growth differentiation factor- 9
 — Wilms tumour 1
 — Osteocalcin

 • Immune derived cytokines
 — Interleukins
 — Interferons
 — Tumour necrosis factor- α
 — Oncostatin M
 — Leukaemia inhibitory factor

 • Vasoactive/ cardiovascular peptides
 — Endothelin

(continued)
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are known today [27, 28]. However, their physiological significance 
remains uncertain in the absence of conclusive in vivo data.

One explanation for the local regulatory network is biological 
redundancy. To assure a vital physiological process, such as 
spermatogenesis, partly overlapping mechanisms are needed; if 
one fails the others take over. The other explanation relates to 
the complex testicular anatomy where different cell types may 
have dynamic interactions through paracrine coordination be-
tween cells at different functional and developmental stages. 
A  perplexing feature is the wide expression, without apparent 
function, of a multitude of genes in germ cells during their mat-
uration process. The main types of testicular local regulation are 
described next, and those most likely of physiological signifi-
cance are elaborated.

Besides being the main testicular hormone, T is also the best ex-
ample of a physiologically significant paracrine factor within the 
testis [27, 28]. Being formed by Leydig cells, it plays a key role in the 
local regulation of spermatogenesis. The Sertoli cells produce, under 
the influence of T, nutrients and other paracrine signals for the main-
tenance of spermatogenesis; hence the role of T is essential but in-
direct. AR are also present in the peritubular myoid cells, and T also 
has an autocrine or intracrine role in regulating Leydig cell function.

Almost all classes of regulatory peptides have been shown in 
vitro either to be produced in the testis or to have receptors in this 
organ, and a concept has been put forward that these peptides form 
an intratesticular network of paracrine and autocrine signalling 
(Box 10.1.1.2). Testis- specific knockout animal models can inform 
the possible physiological relevance of the paracrine or autocrine 
regulation. However, it may not apply to the human testis, since 
vast species differences exist in testicular cell- to- cell interactions. 
Conspicuously, experimental disruption of function of many 
peptides with putative intratesticular function has turned out to 
have only marginal effects on testicular function in rodents. There 
are a few exceptions; the disruption of the inhibin- α subunit has 

demonstrated that inhibin is an intragonadal tumour suppressor 
molecule, and general or testicular overexpression of enkeph-
alin, interleukin- 2 and TGF- β genes impair spermatogenesis  
and fertility [28]. In addition, impaired spermatogenesis is a non- 
specific finding in a number of genetically modified animal models 
with no apparent relationship to testicular function.

The best example of a physiologically significant paracrine ef-
fect within the testis, apart from T, is provided by the trans-
genic experiments with the insulin- like growth factor genes [36]. 
Overexpression of insulin- like growth factor- II increases testicular 
size. Mice with disrupted insulin- like growth factor- I gene have 
impaired Leydig cell maturation and suppressed spermatogenesis. 
However, since both the endocrine and paracrine component of 
testicular insulin- like growth factor- I actions are eliminated in 
this model, the final evidence for the significance of intratesticular 
insulin- like growth factor- I awaits testis- specific disruption of its 
gene. Altogether, it remains a conundrum why almost every bio-
logically active regulatory molecule is expressed in the testis and 
can be shown to have direct effects (usually in vitro) on some 
aspects of testicular function.

Spermatogenesis

Testis Development and Germ cells

Differentiation of germ cells from spermatogonia to spermatozoa 
is called spermatogenesis. See Figure 10.1.1.6. It takes place in the 
seminiferous tubules in the testis. It includes three phases:  mi-
totic proliferation of spermatogonia, meiosis of spermatocytes, 
and morphogenesis of haploid spermatids to mature spermatozoa 
(spermiogenesis). Kinetics of germ cell differentiation is tightly 
regulated, and complete spermatogenesis takes 74  days in hu-
mans. Quantity of sperm production is highly variable, and World 
Health Organization (WHO) has lowered the reference limits for 
normal semen quality over decades. The current lower reference 
limit for total sperm number per ejaculate is 39 million and for 
sperm concentration 15 million per millilitre (WHO 2010). The 
median sperm concentration in young men of the general popula-
tion varies between 40 and 60 million per millilitre, whereas men 
with proven fertility have much higher sperm concentrations [37]. 
Even in healthy, fertile men, most spermatozoa are structurally 
abnormal, and according to WHO reference limits, semen is con-
sidered normal if more than 4% of spermatozoa are morphologic-
ally normal [38]. See Chapter 10.2.3 Semen Analysis.

Germ cell specification occurs early in embryonic develop-
ment. Primordial germ cells migrate from the yolk sac via hind 
gut to the bipotential gonadal primordium which differentiates to 
a testis in the presence of the sex- determining region of Y (SRY) 
gene. Several other genes are necessary for a male specific go-
nadal differentiation, such as SOX9, but they are not discussed 
further here (for review, see [39] for further details). Germ cells 
are called gonocytes in the fetal testis. They become surrounded 
by Sertoli cells and these form the seminiferous cords. The 
gonocytes undergo epigenetic reprogramming when the whole 
genome is demethylated and then methylated again, except for 
few gene areas that remain outside reprogramming. When the 
gonocytes migrate from the centre of the seminiferous cord to the 

 — Angiotensin II
 — Atrial natriuretic peptide
 — Vasoactive intestinal peptide
 — Vascular endothelial growth factor
 — Adrenomedullin
 — Prostaglandins
 — Natriuretic peptides

 • Orexigenic hormones
 — Leptin
 — Ghrelin
 — Orexin
 — Neuropeptide Y
 — Adiponectin
 — Endocannabinoids

 • Non- peptide hormones
 — Androgens
 — Oestrogens
 — Glucocorticoids
 — Progesterone
 — Vitamin D
 — Retinoic acids
 — Prostaglandins

Box 10.1.1.2 Continued
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basement membrane in the periphery they form the spermato-
gonial stem cell pool. In rodents these cells proceed immediately 
to the first spermatogenic cycle, whereas the human spermato-
gonial stem cell pool is held in an undifferentiated stage for more 
than ten years until puberty. Survival of spermatogonia is crit-
ically dependent on optimal temperatures lower than core body 

temperature. Testes have to descend into the scrotum to be able 
to create a countercurrent heat exchange system between the tes-
ticular veins and arteries. Spermatogonia undergo apoptosis in an 
undescended testis (cryptorchidism) causing infertility in bilat-
eral cryptorchidism, unless the testes are brought to the scrotum 
early in childhood [40].
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Figure 10.1.1.6 Schematic presentation of mitosis and meiosis. Spermatogonia multiply by mitosis like somatic cells, whereas spermatocytes 
undergo meiosis where genetic material is exchanged between chromosomes by homologous recombination. Chromosomes separate from each 
other in the first meiotic division when haploid secondary spermatocytes are formed. These divide rapidly again when chromatids separate and 
haploid spermatids are formed.
Sheyla Cisneros Montalvo is acknowledged for drawing the figure.
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Spermatogonia

Before puberty only the spermatogonial stem cell pool is main-
tained and spermatogonia do not enter meiosis. Spermatogenesis 
beyond meiosis starts in puberty in response to increasing FSH 
stimulation and continues through adult life. The balance be-
tween renewal of the spermatogonial stem cell pool and com-
mitment to differentiation is critical for maintenance of lifelong 
fertility. If the spermatogonial stem cell pool is depleted, sperm 
production will cease when all differentiating spermatogonia 
have developed into spermatozoa. On the other hand, accumu-
lation of stem cells leads to tumour- like development and reduc-
tion of sperm production. Glial cell- derived neurotrophic factor 
(GDNF) promotes the self- renewal of stem cell spermatogonia 
[41], and when their retinoic acid receptor gamma (RARγ) ex-
pression increases, retinoic acid drives cohorts of these cells to 
differentiation [42].

Mitoses of spermatogonial stem cells increase with ageing, which 
is considered as a possible reason for mutations to accumulate, 
particularly in some hot spots, such as genes for fibroblast growth 
factor receptors. Approximately two novel point mutations per year 
appear leading to doubling of mutations every 20 years. As a con-
sequence, several genetic diseases occur more often in children of 
old men than in those of young fathers. Achondroplasia, Apert syn-
drome, and Costello syndrome are examples of such diseases [43]. 
Other diseases, such as autism spectrum disorders, the genetics of 
which is not known, are also more common in children of old men 
than in young men’s offspring.

Spermatogonial proliferation differs between rodents and men. 
Mice and rats have several generations of spermatogonia due to 
many rounds of overlapping mitotic proliferation, whereas men 
have only three types of spermatogonia: Adark, Apale, and B. They 
are located on the basement membrane of the seminiferous tu-
bules surrounded by Sertoli cells. After mitotic division of type 
B spermatogonia, the first meiotic cells, preleptotene spermato-
cytes appear. DNA is replicated and the cells are moved through 
the blood– testis barrier to the adluminal side of the seminiferous 
epithelium where the extracellular milieu is very different from 
normal, mimicking intracellular space with high potassium 
and low sodium concentration. The adluminal space is also 
immune- privileged protecting unique germ cells from immune 
surveillance.

Testes start to grow at the onset of puberty when the Sertoli cells 
proliferate first, and then spermatogonia are committed to differen-
tiation and enter meiosis. The rapid multiplication of spermatogenic 
cells makes the testes grow. This first visible sign of puberty in boys 
occurs at the median age of 11.5 years, while the age range spans 
from 9.5 to 13.5 years [44].

Adark spermatogonia divide actively and maintain the sperm-
atogonial pool before puberty, whereas in adult testes these cells 
serve as reserve stem cells and stay mostly quiescent [45,  46]. In 
adult testes Apale spermatogonia proliferate either to renew them-
selves (self- renewal) or give rise to type B spermatogonia (differen-
tiation commitment). Adark spermatogonia are needed to replenish 
the pool of Apale spermatogonia when these become depleted. Thus, 
Apale spermatogonia are transit- amplifying progenitor cells rather 
than true stem cells. Difficulty in studies of human spermatogonia 

is the subtlety of morphological differences between Adark and Apale 
spermatogonia. Rarefaction in the nucleus of Adark spermatogonia is 
used to recognize this cell type.

Proliferation and differentiation of rodent spermatogonia have 
been well- characterized, and despite apparent differences between 
rodent and human spermatogenesis, regulatory mechanisms appear 
to be similar. Retinoic acid signalling commits the spermatogonia 
from self- renewal to differentiation and meiosis [47]. Quiescent 
stem cell spermatogonia do not express KIT, the receptor for stem 
cell factor (KIT ligand), that appears in differentiating spermato-
gonia [48]. Stem cell factor is important for germ cell survival and 
KIT is expressed also in fetal gonocytes, spermatocytes, and in a 
truncated form in spermatids. Differentiation of spermatogonia is 
accompanied with an epigenetic change, since these cells express 
DNA methyltransferases (DNMT) and possess altered histone 
modifications compared to undifferentiated spermatogonia [49]. 
This may prevent the differentiating spermatogonia to switch back 
to stem cells.

Meiosis

Meiosis is a long process taking 2– 3 weeks depending on spe-
cies. It starts with DNA replication in preleptotene spermatocytes 
that transit from the basal compartment via a transitory space 
to the adluminal compartment of the seminiferous tubules [50]. 
Meiosis proceeds through leptonema, zygonema, pachynema and 
diplonema (one can also use terms leptotene, zygotene, pachy-
tene, and diplotene phases) to diakinesis. In leptotene spermato-
cytes chromosomes that consist of two sister chromatids start to 
condense and the synaptonemal complex starts to form between 
DNA strands. In zygonema, pairing of the homologous chromo-
somes takes place. Crossing- over occurs in pachytene spermato-
cytes when non- sister chromatids of homologous chromosomes 
switch DNA with each other. The sites of crossing- over, chiasmata, 
become apparent in diplotene spermatocytes when the synapto-
nemal complex disintegrates and the chromosomes separate from 
each other. In diakinesis, meiotic spindle starts to form and nuclear 
membrane disintegrates. In the first meiotic division chromosomes 
are divided into two haploid secondary spermatocytes (with 2C 
amount of DNA). They do not replicate DNA but rapidly undergo 
another division giving rise to haploid spermatids (with 1C amount 
of DNA).

Spermiogenesis

Spermatids undergo a remarkable metamorphosis from a conven-
tional round cell to a highly differentiated carrier of the genome 
that can move rapidly and fertilize an egg. Spermatids develop an 
acrosomal structure to cover nucleus that condenses and polarizes 
to form the head of the sperm. Condensation of the nucleus re-
quires the changing of histones to protamines in the chromosomes, 
which allows a toroid structure, packing the chromosomes very 
tightly. Transition proteins appear in between the exchange process. 
Some histone proteins are also left and their methylation status is 
considered important. A flagellum is built behind the head, and the 
midpiece at the proximal end of the tail is loaded with mitochondria 
that are like rocket motors for the space craft. The whole process 
takes 2– 3 weeks, like meiosis, depending on species. Spermiogenesis 
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ends at spermiation when mature spermatids are released from the 
seminiferous epithelium to the lumen of the seminiferous tubules.

Transcription stops when the nuclear condensation occurs. 
However, many new proteins are needed after that, and the cells 
have to store RNA for later translation. Spermatids have a spe-
cial ribonucleoprotein structure, called chromatoid body that is a 
platform for RNA storage and post- transcriptional modification 
[51, 52]. Components of the chromatoid body can be seen already 
in intermitochondrial cement of pachytene spermatocytes, but it 
becomes conspicuous in round spermatids where its movements 
around the nucleus can be followed in live cell microscopy [53].

Stages of the Seminiferous Epithelial cycle

Different phases of spermiogenesis are easy to recognize, because 
the morphology of the cells change rapidly and the cellular features 
are very distinct. This has helped to understand also the whole or-
ganization of the spermatogenic cells in the testis. Yves Clermont 
and Charles Leblond introduced a staging system on the basis of 
spermatid morphology in 1952 [54]. In the seminiferous epithelium, 
spermatogonia, spermatocytes, and spermatids form layers where 
distinct cell types are always found together and they differentiate 
synchronously to the next developmental phases. These distinct cell 
associations characterize different stages of the seminiferous epi-
thelium. They proceed in the seminiferous tubules in a wave- like 
fashion, and in time, in a cyclic fashion. In rodent seminiferous 
tubules these are easy to follow, because the stages occupy whole 
segments of the tubules and they can be microdissected separately 
from each other. In human seminiferous tubules the structure is 
more complex, since one cross- sectional segment of the tubule can 
contain pieces of several stages. This can be explained by the hel-
ical arrangement of succeeding stages. Clermont (1963) originally 
described six stages of the human seminiferous epithelium [55], 
whereas more recently, 12 stages were characterized [56], which 
makes comparison to e.g. the mouse easier. Sertoli cells nurture the 

spermatogenic cells and modify their functions according to the 
needs of different stages. This makes spermatogenic function cyc-
lical, and the length of the cycle reflects the species- specific char-
acteristics of spermatogenesis. The length of the cycle in human is 
16 days [57], and the whole spermatogenesis takes around 4.5 epi-
thelial cycles (see Figures 10.1.1.7 and 10.1.1.8).
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Figure 10.1.1.7 Schematic presentation of a section of human seminiferous epithelium at stage VI of the cycle. Sertoli cells envelope all 
spermatogenic cells. The blood– testis barrier is formed by Sertoli cells between spermatogonia and spermatocytes, isolating spermatogonia to 
basal compartment and spermatocytes together with spermatids to the adluminal compartment of the seminiferous epithelium. Preleptotene 
spermatocytes reside briefly in the intermediate compartment when transferred from the basal lamina to the adluminal area.
Sheyla Cisneros Montalvo is acknowledged for drawing the figure.

Figure 10.1.1.8 Spermatogenic cells form distinct associations, called 
stages of the seminiferous epithelial cycle, that follow each other in a cyclic 
fashion and germ cells differentiate through the cycle up to mature spermatid 
that is released to the lumen after stage VI in human seminiferous epithelium.
Sheyla Cisneros Montalvo is acknowledged for drawing the figure.
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LH/ T and FSH Actions in the Regulation 
of Spermatogenesis

It is generally held that FSH action is needed in the early stages of 
spermatogenesis, whereas the progression of postmeiotic round 
spermatids to elongated spermatids is the quintessential step 
needing androgen action [58, 59]. To what extent the actions of LH- 
stimulated T and FSH are needed for completion of spermatogen-
esis remains a contentious topic. The hormonal requirements for 
initiation of the first spermatogenic wave at puberty, for its main-
tenance in adult age, and for the re- initiation after transient sup-
pression are apparently different. Androgen alone may not be able 
to drive spermatogenesis to completion beyond the early sperm-
atid stage in the immature testis, and if a prepubertal animal is 
hypophysectomized, LH only partially prevents germ cell loss. On 
the other hand, full spermatogenesis can be initiated in various 
gonadotrophin- deficient rodent models by T treatment alone, and 
in man, prolonged hCG treatment alone, through stimulation of T 
production, is able to initiate spermatogenesis [60]. However, these 
patients may not have been totally deficient in FSH.

Treatment of healthy men with T enanthate (200 mg/ week 
i.m.) suppresses both gonadotrophins and intratesticular T while 
maintaining peripheral T action. As a result, spermatogenesis is 
severely suppressed— to the extent that this provides a successful 
means of male contraception (see Chapter 10.3.6, ‘Hormonal Male 
Contraception’). If these men receive injections of LH or hCG, 
their spermatogenesis recovers qualitatively, due to the restor-
ation of high intratesticular T [61], although their FSH level re-
mains suppressed. However, the sperm counts remain at only 50% 
of the pretreatment levels. This has been considered evidence that 
the re- initiation of spermatogenesis is possible with T alone, but its 
quantitative recovery also needs FSH. When FSH was added to the 
above treatment regimen, spermatogenesis was fully restored. The 
T- suppressed men were also treated with purified FSH alone [61], 
which was able to stimulate spermatogenesis, though not quanti-
tatively. Hence, it appears that neither LH/ T nor FSH is absolutely 
required for qualitatively normal spermatogenesis if either of the 
other hormone is available at sufficient levels.

Human inactivating FSHR mutations, as well as animal models 
with disrupted Fshb or Fshr gene function, have shed more light 
on the role of FSH in spermatogenesis [62]. Men with inactivating 
mutation in FSHR are normally masculinized, but subfertile with 
reduced testicular size and poor sperm quality. However, sporadic 
men with inactivating FSHB mutation have been found to be azoo-
spermic. The reason for the discrepancy between phenotypes of the 
hormone and receptor inactivation remains unclear. Both the Fshb 
and Fshr knockout mouse data are in agreement with phenotype of 
the FSHR deficient men, indicating that spermatogenesis, though 
quantitatively and qualitatively compromised, may proceed without 
FSH action. Apparently, T is the ‘master switch’ of spermatogenesis 
and other factors, including FSH, are needed to maintain it qualita-
tively and quantitatively normal.

One of the remaining enigmas of androgen action is why the 
regulation of spermatogenesis seems to require about 100- fold 
higher concentrations of T than is needed for extragonadal an-
drogen actions, despite the fact that apparently the same AR is 
mediating these effects. A  simple explanation may be that such 
high intratesticular levels of T are in fact not needed— the T levels 

are high only because this organ is the site of T production. Recent 
animal data are in support of this explanation [63].
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Introduction

Sex hormones are steroids synthesized from cholesterol, predom-
inantly in the gonads and adrenal glands. Testosterone (T) repre-
sents the main circulating androgen and oestradiol (E2) the main 
circulating oestrogen. Leydig cells in the testis of an adult man 
produce 5– 7 mg testosterone daily (see Figure 10.1.2.1), regulated 
by luteinizing hormone (LH) from the anterior pituitary gland. 
Around 5– 10% of circulating testosterone is converted to the 
more potent androgen dihydrotestosterone (DHT) by the 5- alpha- 
reductase enzymes, thereby amplifying specific androgen actions 
in specific androgen responsive tissues such as prostate and skin 
(Figure 10.1.2.1). E2 is converted from androgens (T and andro-
stenedione) via aromatization by the aromatase enzyme; 15– 25% 
of the aromatization occurs in, and is secreted into the circulation, 
by the testis, and the rest in extragonadal tissues such as adipose 
tissue. Conversion to E2 accounts for the diversified ‘dual mode’ 
of action of androgens. Although only 0.1% of testosterone is con-
verted into E2 and circulating concentrations of E2 are about 100 
times lower than those of T, this diversification pathway of andro-
gens is of major physiological importance in males. Sex steroids 

exert their effect by binding to intracellular nuclear receptors that 
are present in many tissues and act as ligand- dependent tran-
scription factors. Androgens and oestrogens bind to the ligand- 
binding domain of the androgen receptor (AR) and oestrogen 
receptor α or β (ERα/ ERβ), respectively. In this chapter, we discuss 
the physiological role of AR and ER mediated androgen actions 
throughout life.

Sex Steroid Metabolism and Transport

conversion of Testosterone to Dihydrotestosterone 
and oestradiol

Testosterone has a direct androgenic effect following activation 
of the AR. This is the most important pathway in muscle (Figure 
10.1.2.1) [1] . In other androgen- sensitive tissues such as the pros-
tate, intracellular androgen action is amplified by local enzymatic 
conversion of T to DHT by the 5- alpha- reductase enzymes (mainly 
5ARD 1,2) [2– 4]. The higher potency of DHT is believed to be due 
to higher binding affinity for the AR and more efficient coactivator 
recruitment. It is likely that this amplification system has evolved to 
selectively expose tissues requiring high local AR activity (such as 
prostate or hair follicle) while sparing other tissues in whom such 
high activities are not necessary or could be harmful. Furthermore, 
T also functions as a prohormone for E2 in reproductive organs, 
bone, brain, and adipose tissue, where the aromatase enzyme 
(CYP19A1) is highly expressed [3, 5].

Other enzymes are also involved in sex steroid synthesis and metab-
olism in peripheral target tissues. In this tissue- specific sex steroid syn-
thesis, also called intracrinology, adrenal sex steroid precursors with 
weak androgenic potency, such as dehydroepiandrosterone (DHEA), 
are converted to more potent androgens as well as oestrogens. While 
some tissues depend on androgens delivered from the bloodstream, 
others are more reliant on this intracrine hormone metabolism [4] . 
In addition, the enzyme activities that inactivate sex steroids through 
catabolism or conjugation vary considerably even between cell types 
within the same tissue. Taken together, this implies that sex steroid 
concentrations measured in serum may not always represent the full 
gamut of androgen and oestrogen activities at the tissue/ cellular level 
due to the differential local synthesis and metabolism of sex steroids.

Transport of Sex Steroids in circulation

In the circulation, sex steroids are mainly bound to sex hormone- 
binding globulin (SHBG) and albumin. Albumin, the most abun-
dant protein in human serum, binds sex steroids with a relatively 
low affinity (10– 4M range), whereas SHBG specifically binds sex 
steroids, mainly T and E2, with a high affinity (10- 9M range), with 
the affinity of SHBG for T being three times higher than for E2. In 
normal men, about 55% of T and 30% of E2 is bound to SHBG. 
Only a small fraction (1– 3%) of T and E2 circulates in a non- protein 
bound or free form [6, 7].

According to the ‘free hormone hypothesis’, the free fraction is 
responsible for the biological activities of sex steroids, as only the 
free unbound hormone can enter the cell and activate its nuclear 
receptor. However, because sex steroids are only loosely bound to 
albumin, it is hypothesized that the bound hormone can dissociate 
from albumin, enter the cell, and may also activate the receptor. 
Together with the free fraction, the albumin- bound hormone 
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fraction is therefore considered the biologically available (bioavail-
able) fraction, while the fraction that actually binds to the receptor 
is called the biologically active (bioactive) fraction (Figure 10.1.2.2) 
[5] . However, it remains unclear to what extent the bioavailable 
fraction equates or equilibrates with the bioactive fraction, as intra-
cellular metabolism of the steroid hormone and rate of blood flow 
in the target tissue also have to be taken into account.

Molecular Mechanisms of Androgen and 
oestrogen Actions

Androgens (mainly T and DHT) are highly selective steroid lig-
ands for the AR. The AR (also known as NR3C4) is a member of 
the nuclear receptor superfamily. The AR is composed of three 
different functional domains (Figure 10.1.2.3):  the central DNA- 
binding domain (DBD) recognizes androgen response elements 
(ARE) via two zinc finger modules, the N- terminal domain (NTD) 
has transactivating properties (AF- 1) and the C- terminal ligand- 
binding domain (LBD) has a ligand- binding pocket and a second 
activation function (AF- 2) [8, 9].

Unliganded AR is primarily located in the cytoplasm. Once lig-
ands, androgens, bind to the AR, the LBD undergoes a conform-
ational change resulting in the dissociation of heat shock proteins 
(HSPs) from the cytoplasmic AR. This triggers dimerization of 

the receptor, the exposure of a nuclear localization signal inducing 
translocation to the nucleus and the induction of the AF- 2 surface 
that is recognized by a number of coactivators (Figure 10.1.2.4). 
The androgen/ AR complex will then recruit these coactivators to 
AREs located near the androgen target genes in the genome.

The coactivators of the AR function as pioneering factors, histone 
modifiers, chromatin modifiers, or general transcription factors. 
Along with AR, actions of coactivators will lead to the upregulation 
of the expression levels of the target genes, whereas corepressors 
suppress AR transactivation, resulting in downregulation of certain 
target genes [10– 12]. How the same transcription factor can trigger 
diverse responses in different tissues can at least in part be explained 
by the tissue- specific concentration of the ligands and the expres-
sion levels of the receptors themselves, but also by the chromatin 
architecture and the cooperativity of the AR with tissue- specific 
transcription factors [13].

Apart from the classical, sex steroid- induced gene transcription, 
androgen and oestrogen actions can also be mediated through non- 
genomic mechanisms. In such non- genomic actions, the ligand 
binds to the cytoplasmic receptor, which is then translocated to the 
plasma membrane, where it can activate other signal transduction 
pathways (Figure 10.1.2.4) [14]. In contrast to the slow classical nu-
clear receptor actions, requiring hours to days, these non- genomic 
actions result in rapid effects, occurring within seconds or minutes 
of ligand binding. The best- documented event is the triggering of 
the release of intracellular calcium, which can lead to activation of 
kinases such as mitogen- activated protein kinase (MAPK), protein 
kinase A (PKA), Akt and protein kinase C (PKC). Ultimately, this 
process indirectly affects gene transcription through phosphor-
ylation and subsequent protein synthesis. The exact role of the 
membrane- initiated events in androgen- related physiology and 
pathologies still needs to be established.

ontogeny of Androgen Action

Testosterone levels change considerably during the male life span 
(Figure 10.1.2.5).

Direct pathway
(muscle)

Amplication
pathway

(prostate, skin)

Androgen receptor

Oestradiol DHT

TESTOSTERONE
(5–7 mg/day)

Oestrogen receptor

Diversification
pathway

(brain, bone)

LH

Aromatase
(0.1%)

5α-reductase
(5–10%)

Figure 10.1.2.1 Pathways of testosterone action. The physiological responses to testosterone are either direct via activation of the AR or are 
modulated via reduction into the more potent DHT (amplification pathway) or via aromatization into oestrogens that act via ERs (diversification 
pathway).
Adapted and reproduced from PY Liu et al: Androgens and Cardiovascular Disease. Endocr. Rev 2003. 24: 313– 40.
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Figure 10.1.2.2 Sex steroid fractions in human serum.
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Antenatal

Around the sixth week of embryogenesis, the undifferentiated 
gonads develop into testes (see also Chapter 7.2.1 and 10.1.1). This 
is regulated by testis- determining factor, a transcription factor 
encoded by the sex- determining region of the Y chromosome. 
Around week 8, the fetal Leydig cells start producing T. This pre-
natal T exposure determines further differential sex development in 
the fetus. T induces differentiation of the Wolffian ducts into male 
reproductive organs such as epididymis, vas deferens, and seminal 
vesicles. Additionally, immature Sertoli cells produce anti- Müllerian 
hormone (AMH). This triggers the regression of Müllerian ducts, 
eventually inhibiting the formation of uterus and fallopian tubes in 
the male fetus [15– 17].

DHT is important for differentiation and development of male 
external genitalia during embryogenesis [18, 19]. This is illustrated 
by individuals with mutations in the gene encoding 5α- reductase, 
resulting in absent or very low levels of DHT. Although these pa-
tients have a 46, XY- karyotype, they are born with female external 
genitalia. As the testes can produce normal levels of T, internal 
male urogenital structures develop normally in these individuals. 
Moreover, increase of T at the onset of puberty leads to develop-
ment of typical male features, such as an increase in muscle mass 
and voice deepening [20].

N-terminal domain

DNA binding domain

Ligand binding domain

Figure 10.1.2.3 Schematic model of the modular structure of the AR, with an unstructured NTD, a central DBD, and a carboxyterminal ligand- 
binding domain.
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Figure 10.1.2.4 Multiple steps in the nuclear and membrane- initiated 
actions of androgen receptor: (1) Testosterone (orange) enters the 
cell where it can be converted to DHT (2) (red) or oestrogen (green). 
When T or DHT bind to AR, HSPs (light blue) dissociate, the receptor 
is dimerizing (3) and enters the nucleus (4), where it will bind AREs (5), 
recruiting coactivators (grey) ultimately leading to increased transcription 
of androgen target genes by RNA polymerase II (dark blue). For a colour 
version of this figure, please see colour plate section.
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Figure 10.1.2.5 Concentrations of testosterone and appearance of spermatogenesis across the male lifespan.
Reproduced from JE Griffin et al: The Testis. In: Bondy PK, Rosenberg LE (eds). Metabolic control and disease, 8th edition. Philadelphia, Pa: WB Saunders, 1980:1535– 78.
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Individuals with inactivating mutations in the AR also have a 46, 
XY- karyotype, but are born with a female external phenotype due 
to abrogation of both DHT and T mediated effects antenatally. In 
these patients with the complete androgen insensitivity syndrome 
(CAIS), T levels are normal or even high, but the Wolffian ducts do 
not differentiate into epididymis and vas deferens. As AMH action 
is normal, a uterus and fallopian tubes are absent. For a detailed dis-
cussion on disorders of sex development, see Chapter 7.2.2.

neonatal and childhood

At birth, hypothalamic gonadotropin- releasing hormone (GnRH) 
neurons are transiently activated, probably due to cessation of the 
negative feedback by placental oestrogens. This triggers transient 
activation of the hypothalamic– pituitary– gonadal (HPG) axis, re-
sulting in a second peak of T levels (mini- puberty). Androgen ex-
posure in the neonatal period is important for growth in childhood 
and reproductive function in later life [21, 22].

After these two peaks in early development, circulating T remains 
low until puberty. Moreover, SHBG levels are very high in child-
hood, resulting in even lower free sex steroid concentrations in pre-
pubertal children.

Puberty

Upon entry into puberty, T secretion resumes and SHBG levels 
gradually decrease, contributing to a progressive increase in free sex 
steroids. High androgen levels induce development of secondary 
sexual characteristics and axial skeleton growth. Increased tes-
ticular size, thinning of the scrotum, and growth of pubic hair are 
the most obvious physical signs of pubertal sexual development. In 
addition, increasing levels of T lead to an increase in muscle mass 
and deepening of voice. T deficiency during puberty leads to ab-
sence of or insufficient secondary sexual development as well as 
infertility (i.e. hypogonadism in adulthood if persistent). This is 
covered in more detail in Chapter 7.3.2.

Puberty is a critical period for peak bone mass acquisition and es-
tablishment of sexual dimorphism in bone mass and geometry and 
overall physique. Together with T, oestrogens play an important role 
in bone development during male puberty. This became evident 
from case reports of men with aromatase deficiency. Aromatase de-
ficiency is caused by a loss- of- function mutation in the CYP19A1 
gene, resulting in impaired oestrogen synthesis and very low or un-
detectable E2 levels [23]. Without oestrogen action, the long bone 
epiphyses do not close and the growth termination from epiphyseal 
fusion expected at the end of puberty is lacking. This results in con-
tinuous linear bone growth and men with aromatase deficiency 
therefore present with tall stature and eunuchoid body propor-
tions. Furthermore, these men fail to achieve adult peak bone mass 
leading to osteopenia or osteoporosis and skeletal deformities such 
as scoliosis and genu valgum. Oestrogen treatment results in a rapid 
completion of bone maturation, epiphyseal closure, and growth ces-
sation. Furthermore, oestrogens can increase bone mineral density. 
Other features of the syndrome include impaired spermatogenesis 
as well as the metabolic syndrome with abdominal obesity, insulin 
resistance, and dyslipidaemia [23].

One case report of a man with a mutation in ERα reports a similar 
phenotype [24], which confirms animal data that the major receptor 

for oestrogen action in the male is ERα. Thus far, no men with ERβ 
mutations have been described.

Adulthood

Circulating T levels reach their peak in early adulthood. This is 
then followed by a gradual decline in T levels in subsequent dec-
ades, with a concomitant increase of SHBG concentrations [25– 27]. 
This age- related decline in T is gradual and lacks a sharp inflection 
point akin to the menopause in females. The extent to which the 
age- related decline in T is due to chronological ageing alone or to 
the accumulation of age- related comorbidities remains however in-
completely understood (see Chapter 10.3.5).

Obesity is an important contributor to low T levels in adult men. 
Severely obese men (body mass index (BMI) > 40  kg/ m2) have 
lower serum total and free T levels compared to men with normal 
BMI [28] and their T concentrations drop more quickly [29]. Also 
chronic illnesses, such as cardiovascular disease and type 2 diabetes, 
are associated with lower testosterone levels in adult men. Similarly, 
SHBG levels can be affected by multiple hormonal and metabolic 
factors (see Chapter 10.2.2).

Androgens play a key role in the physiology of the adult male. 
However, recent studies with experimentally induced androgen and 
oestrogen deficiency in healthy young men made it clear that oes-
trogens also play a fundamental role in several target organs, re-
sponsible for effects that were traditionally attributed to androgens 
[30]. Androgen and oestrogen mediated effects are summarized in 
Table 10.1.2.1.

High intratesticular testosterone levels are essential for normal 
spermatogenesis [31]. On the other hand, sexual function is me-
diated by both androgens and oestrogens. Experimentally induced 
short- term sex steroid deficiency in healthy young men resulted in 
a decrease in sexual desire and erectile function. When these men 
were treated with T replacement therapy together with an aromatase 
inhibitor, thereby normalizing T levels but maintaining E2 de-
ficiency, sexual desire and erectile function remained decreased 
compared to men treated with T only [30]. Furthermore, androgen 
deficiency also induced a decrease in lean mass and muscle strength 
[30], whereas E2 deficiency induced a decrease in bone mineral 
density [32].

E2 is not only important for sexual/ reproductive function and 
skeletal development, but it also regulates hypothalamic– pituitary– 
thyroid (HPT) axis activity, both at hypothalamic and pituitary 
level. In humans, the relevance of androgen aromatization to E2 for 
normal gonadotropin feedback has been studied in men with idio-
pathic hypothalamic hypogonadism (IHH) who were treated with 
pulsatile GnRH to normalize gonadotropin levels [33]. Not only T 
but also E2 infusion resulted in decreased levels of LH and follicle- 
stimulating hormone (FSH), which indicates that E2 plays a role in 
mediating negative feedback actions on gonadotrophin secretion. 
It is known that E2 exerts feedback regulation via ERα expressing 
KNDy (Kisspeptin/ Neurokinin B/ Dynorphin) neurons in arcuate 
nucleus of hypothalamus [34]. Furthermore, transdermal E2 treat-
ment decreased LH pulse frequency, LH pulse amplitude, and 
GnRH- stimulated LH secretion in men suffering from aromatase 
deficiency, again illustrating the importance of oestrogens for 
hypothalamic- pituitary feedback in men [35].
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clinical Evaluation

Although male hypogonadism (androgen deficiency and/ or in-
fertility due to a defect in spermatogenesis) are common in men, 
there is no value in screening for these disorders [1] . There are a 
number of questionnaires available for screening or case- finding, 
but these instruments should be reserved for research purposes [1]. 
The clinician should evaluate men for androgen deficiency when 
they present with suggestive symptoms such as low or decreased li-
bido, new onset of erectile dysfunction or gynaecomastia, infertility 
(attempting to conceive with at least weekly vaginal intercourse 
without contraception for at least 12 months), or unexplained mus-
cular weakness (Box 10.2.1.1). Male androgen deficiency is associ-
ated with many vague and non- specific symptoms that overlap with 
depression, anxiety, and psychosomatic disorders; sexual symptoms 
(e.g. decreased libido, decreased morning erections, and decreased 
penile tumescence) appear to be most specific for androgen defi-
ciency [2]. Men with signs of androgen deficiency such as lack of 
full pubertal development (e.g. small testes), osteoporosis, or unex-
plained anaemia should be evaluated for hypogonadism even in the 
absence of suggestive symptoms [3– 5].

When androgen deficiency or infertility is suspected or confirmed 
in a man, the remainder of the history and the physical examination 
should be focused on determination of the following: (1) the onset 

and duration of androgen deficiency or infertility; (2)  the cause 
of androgen deficiency or infertility; (3) and determination of the 
likely benefit and risk of hormonal therapy (testosterone or gonado-
tropin replacement therapy).

The timing of onset of male hypogonadism has important diagnostic 
and therapeutic implications. For adult men who present with pre-
pubertal or congenital onset of hypogonadism, hormonal therapy may 
cause dramatic changes in facial appearance, musculature, and bone 
density, but it is unlikely to fully restore all end- organ function to normal 
compared to age- matched peers. For example, testosterone replacement 
therapy will not increase bone mineral density in men who are diagnosed 
as adults with congenital hypogonadism to that of age- matched peers who 
are eugonadal [6, 7]. Likewise, gonadotropin therapy is more likely to be 
rapidly effective for men with acquired, postpubertal hypogonadotropic 
hypogonadism than for men with congenital hypogonadotropic hypo-
gonadism (e.g. Kallmann syndrome) [8] . In addition, men with con-
genital hypergonadotropic or hypogonadotropic hypogonadism often 
have syndromes with extragonadal sequelae (e.g. increased risk of dia-
betes mellitus type 1 and 2 and autoimmune thyroid disease in Klinefelter 
syndrome or anosmia and single ‘horseshoe’ kidney in Kallmann syn-
drome associated with ANOS1 [KAL1] mutation) [9, 10].

The cause of hypogonadism is either primary (testicular) or sec-
ondary (dysfunction or disease of the hypothalamus and pituitary). 
The distinction between primary and secondary hypogonadism 

10.2

Evaluation of the Male Patient 
with Suspected Hypogonadism   
and/ or Infertility

Box 10.2.1.1 Symptoms and signs of adult male hypogonadism

Specific, but uncommon, symptoms and signs
•	 Incomplete or delayed sexual development
•	 Inability to conceive after ≥12 months of frequent intercourse 

without contraception
•	 Loss or decreased growth of androgen- dependent body hair

Small testes (<10 ml)

Suggestive symptoms and signs
•	 Decreased libido, spontaneous erections, and sexual activity
•	 New onset of breast growth and tenderness
•	 Low trauma fracture or significant height loss
•	 Hot flashes
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is important diagnostically; men with primary hypogonadism 
might benefit from karyotyping for Klinefelter syndrome whereas 
men with secondary hypogonadism must have an evaluation for 
diseases and medications that affect hypothalamic and pituitary 
function [1] . Determination of the cause of hypogonadism is also 
important therapeutically; infertility due to primary hypogonadism 
cannot be treated medically whereas the majority of men with 
hypogonadotropic hypogonadism can have fertility restored or im-
proved with gonadotropin therapy [8].

The history and physical examination can be useful in determining 
the onset and cause of hypogonadism. The history and examination 
are also indispensable in determining the potential benefits and risks 
of testosterone or gonadotropin replacement therapy. For example, a 
man who presents during adulthood with congenital hypogonadism 
is likely to have decreased spermatogenesis that will increase but not 
normalize with gonadotropin replacement therapy. On the other 
hand, a man who presents with recent onset of postpubertal hypo-
gonadism is less likely to have evidence of end- organ harm from an-
drogen deficiency; for this man, testosterone replacement might not 
cause measurable changes in androgen- dependent tissues, but it will 
maintain androgen- dependent organ function within the normal 
range. The history and physical examination might also identify spe-
cific risks of androgen therapy. For example, testosterone therapy 
might cause accelerated male pattern balding in men with a family 
history of androgenic alopecia or increased risk of prostate cancer in 
men with risk factors for prostate cancer.

Specific Elements of the History and Physical 
Examination for All Men Suspected of Having 
Androgen Deficiency or Infertility

All adult men with suspected androgen deficiency or male infer-
tility should be queried about the following:

To determine the onset of hypogonadism: The man should be 
asked about the onset and achievement of pubertal milestones— 
were they are at normal age milestones compared to peers? How 
long have symptoms and signs of hypogonadism been present? Did 
the man have a decline in libido? (Men with untreated prepubertal 
hypogonadism have never had a normal libido and will not report a 
decline.) Did the man ever father a child? (It is true that such history 
would not prove previous normal fertility as the man might not be 
the biological father, but the information is still useful.)

To determine the cause of hypogonadism or male infer-
tility: The man should be asked about exposure to testicular toxins 
(e.g. alkylating chemotherapeutics), testicular trauma or infection 
(e.g. mumps orchitis). The man should also be asked about symptoms 
or signs of sellar masses (new onset of blurry vision or headaches; 
symptoms of other pituitary hormone hypo-  or hyperfunction) and 
risk factors for iron overload syndromes (family history of hemo-
chromatosis or personal history of blood transfusions). Finally, 
the man should be queried about exogenous prescription or non- 
prescription use of corticosteroids, opioids, anabolic androgenic 
steroids, or medications that cause hyperprolactinemia and about 
symptoms suggestive of corticosteroid excess (easy bruisability or 
muscle weakness).

Men with suspected male hypogonadism should have a physical 
examination that includes the following:

Genital examination:  The most important part of the phys-
ical examination in man with suspected male hypogonadism is 
the genitourinary examination. The penis should be examined for 
normal location of the urethra opening. The vasa deferens should 
be palpated. Absence of one or both of the vasa suggests cystic fi-
brosis, a cause of male infertility [4] . The testes should be measured 
with a Prader orchidometer; Prader orchidometry correlates well 
with ultrasonographic measurements although ultrasonographic 
measurements are usually slightly smaller [11]. Testes that are each 
3 ml or smaller (by Prader orchidometry) indicate that the onset of 
hypogonadism occurred before the onset of puberty and usually in-
dicates primary hypogonadism due to Klinefelter syndrome or con-
genital hypogonadotropic hypogonadism due to a genetic mutation.

The remainder of the exam should be focused on evidence of 
androgen effects. The skin should be examined for acne and hair 
in androgen- dependent areas (e.g. face, chest, and below the um-
bilicus). Acne suggests that the skin has recently been exposed to 
androgens. Hair in androgen- dependent areas indicates that the 
skin has had some lifetime exposure to androgens. It takes several 
months of androgen exposure to cause hair growth, but several years 
of hypogonadism to decrease hair in androgen- dependent areas. 
The chest should be examined for breast tissue (see Chapter 10.3.7, 
‘Gynaecomastia’). Breast tissue is firm and rubbery and discoid 
around the areolae; it can be discriminated by the firm edge of the 
breast tissue that can flipped up from surrounding fat that is soft. 
The muscles should be examined for strength and mass; profound, 
longstanding hypogonadism may cause decreased muscle mass and 
strength. A man who is infertile and has well- developed muscula-
ture but low serum testosterone and gonadotropin concentration 
might be using androgenic anabolic steroids.

In specific settings, the clinician should examine for unusual 
physical findings. In men with small testes and suspected con-
genital hypogonadotropic hypogonadism, the man should be 
examined for eunuchoidal proportions that is most easily detected 
as arm span that is at least 5  cm greater than the height of the 
man. In addition, men with congenital hypogonadotropic hypo-
gonadism should be queried or tested for decreased sense of smell, 
coloboma, or dysdiadokinesis; these findings suggest specific her-
itable genetic mutations (e.g. Kallmann syndrome due to ANOS1 
mutation or CHARGE syndrome). Men with postpubertal onset of 
hypogonadotropic hypogonadism should be examined for signs of 
Cushing syndrome including thin skin with diffuse ecchymoses or 
broad purple striae and proximal muscle weakness (e.g., inability to 
rise from the seated postion without using arms to push or pull up).

conclusions

A history and physical examination is useful for helping determine 
the onset of hypogonadism and may be useful in determining spe-
cific causes of hypogonadism or infertility. For example, a man 
who presents with small testes, decreased or absent sense of smell, 
and a coloboma likely has a genetic mutation causing congenital 
hypogonadotropic hypogonadism. A  man with infertility and ab-
sence of one or both vasa deferentia has cystic fibrosis. Finally, the 
history and exam provide important clues about the likelihood of 
therapeutic benefit and adverse effects of testosterone or gonado-
tropin therapy. For example, an infertile man with hypogonadotropic 
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hypogonadism, testes that each measure 6 ml, and a family history of 
androgenic balding is likely to have improved fertility with gonado-
tropin therapy but might experience male pattern baldness with any 
form of androgen replacement therapy. Thus, a careful history and 
physical examination is an important component of the evaluation 
of a man suspected of having hypogonadism or infertility.

REFEREncES
 1. Bhasin S, Brito JP, Cunningham GR, et al. Testosterone therapy 

in men with hypogonadism: an Endocrine Society clinical prac-
tice guideline. J Clin Endocrinol Metab, 2018; 103: 1715– 44.

 2. Wu FC, Tajar A, Beynon JM, et al. Identification of late- onset 
hypogonadism in middle- aged and elderly men. N Engl J Med, 
2010; 363: 123– 35.

 3. Watts NB, Adler RA, Bilezikian JP, et al. Osteoporosis in men: an 
Endocrine Society clinical practice guideline. J Clin Endocrinol 
Metab, 2012; 97: 1802– 22.

 4. Snyder PJ, Kopperdahl DL, Stephens- Shields AJ, et al. Effect of testos-
terone treatment on volumetric bone density and strength in older 
men with low testosterone. JAMA Int Med, 2017; 177: 471– 9.

 5. Roy CN, Snyder PJ, Stephens- Shields AJ, et al. Association of tes-
tosterone levels with anemia in older men. JAMA Int Med, 2017; 
177: 480– 90.

 6. Finkelstein JS, Klibanski A, Neer RM, et al. Increases in 
bone density during treatment of men with idiopathic 
hypogonadotropic hypogonadism. J Clin Endocrinol Metab. 
1989; 69: 776– 83.

 7. Tahani N, Nieddu L, Prossomariti G, et al. Long- term effect of 
testosterone replacement therapy on bone in hypogonadal men 
with Klinefelter syndrome. Endocrine, 2018; 61: 327– 35.

 8. Anawalt BD. Approach to male infertility and induction of 
spermatogenesis. J Clin Endocrinol Metab, 2013; 98: 3532– 42.

 9. Groth KA, Skakkebæk A, Høst C, Gravholt CH, Bojesen A. 
Clinical review: Klinefelter syndrome— a clinical update. J Clin 
Endocrinol Metab, 2013; 98: 20– 30.

 10. Boehm U, Bouloux PM, Dattani MT, et al. Expert consensus 
document: European consensus statement on congenital 
hypogonadotropic hypogonadism— pathogenesis, diagnosis and 
treatment. Nat Rev Endocrinol, 2015; 11: 547– 64.

 11. Sakamoto H, Saito K, Ogawa Y, Yoshida H. Testicular 
volume measurements using Prader orchidometer versus 
ultrasonography in patients with infertility. Urology, 2007; 
69: 158– 62.

10.2.2 Endocrine Evaluation
Jean- Marc Kaufman

Men Evaluated for Suspected of Hypogonadism 1535

Hormonal Diagnosis of Hypogonadism 1535

Differentiation Between Causes of Hypogonadism 1538

Men Evaluated for Subfertility 1540

References 1541

Men Evaluated for Suspected of Hypogonadism

Making the diagnosis of hypogonadism requires the documenta-
tion of deficient testosterone (T)  production as reflected by low 
T blood concentrations [1] . After having established that the pa-
tient is T deficient, further hormonal evaluation is needed to de-
termine the underlying cause of hypogonadism with measurement 
of serum gonadotropins to differentiate secondary hypogonadism 
of hypothalamic- pituitary origin from primary testicular failure 
as the next step. Additional hormonal measurements may be of 
help to refine the diagnosis. Optimally, planning of the endocrine 
investigations is guided by the findings of the clinical evaluation. 
The clinical and hormonal findings jointly provide guidance as to 
the need of additional investigations such as imaging and genetic 
testing. In general, there is a rather straight forward logic sequence 
of hormonal investigations in men with suspected hypogonadism. 
The approach is summarized in Figure 10.2.2.1.

Hormonal Diagnosis of Hypogonadism

The diagnosis of hypogonadism is based on the presence of symp-
toms and signs of hypogonadism and a consistently and unequivo-
cally low serum total T and/ or free T [1] . Some conditions to be 
fulfilled to reliably demonstrate a low serum T concentration and 
thus deficient T production, are summarized in Box 10.2.2.1.

Measurement of Serum T Level

In order to account for the physiologic circadian variation of serum 
T levels in healthy men, with usually ≥ 40% difference between peak 
T levels in the morning compared to nadir T levels in late afternoon 
to early evening [2] , blood sampling to confirm a clinical suspicion of 
hypogonadism should be performed in the morning, ideally between 
7:00 and 10:00 a.m. Although the circadian variations of serum T con-
centrations tend to be blunted in ageing men, this effect nevertheless 
persists partially and variably so that sampling in older men should 
also be performed in the morning. Sampling should be performed 
in fasting state because of reported decreases in blood T concentra-
tions of around 25– 30% after food intake [3, 4]. Because T is secreted 
episodically with resulting within and between- day variations in T 
levels, the finding of a low T should be confirmed by demonstration 
of low T in a second blood sample. Acute stress (e.g. surgery) and 
disease can result in transient marked suppression of T levels, so that 
blood sampling for diagnosis of hypogonadism should not be per-
formed during or soon after such events (i.e. preferably not earlier 
than 2– 4  weeks following full recovery). Moreover, to account for 
possible transient T decrease of any cause, the second blood sample 
for confirmation of low T should be obtained on a separate occasion, 
ideally with an interval of at least 2 weeks after the initial sampling. 
Conversely, a single clearly normal serum T generally excludes sig-
nificant hypogonadism. Only occasionally, e.g. in symptomatic men 
with borderline low- normal serum T and evidence for a disorder of 
the gonadal axis (e.g. elevated gonadotropins), one may want to con-
firm the normal T in a second sample.

To measure T levels in serum, mass- spectrometry- based methods 
which include serum extraction and a chromatography step, i.e. gas 
chromatography- mass spectrometry (GC- MS) and mainly liquid 
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chromatography- tandem mass spectrometry (LC- MS/ MS), are 
now considered the preferred state- of- the- art methods, whereas 
automated immunoassay platforms are the most commonly used 
methods by clinical chemistry laboratories. The radioimmunoassay 

methods for T introduced in the early 1970s included serum or 
plasma extraction and chromatographic purification steps before 
immunoassay, which improved specificity by removing poten-
tially cross- reacting steroids and allowed increased sensitivity by 
extracting larger volumes of serum. Evolutions in the past decades 
have seen radio- immunoassays mostly replaced by alternative im-
munoassay techniques (e.g. chemiluminescence- immunoassays), 
and the extraction and chromatography steps have been omitted 
with resultant diminished specificity as a trade- off for gains in time, 
costs, and suitability for automation in multianalysers. These auto-
mated platform immunoassays have been criticized for poor assay 
performance [5, 6]. Clinically, this is particularly an issue in children 
and women, where these immunoassays cannot reliably quantify 
the low serum T concentrations. By contrast, most T immunoassays 
in commonly used automated platforms perform reasonably well 
for routine diagnosis of hypogonadism in men [7, 8], even if there 
are some issues of calibration and accuracy. Irrespective of whether 
immunoassay or LC- MS/ MS is used, proper assay validation and 
ongoing quality control in individual clinical laboratories is essen-
tial and should include the use of a reference range validated for the 
particular laboratory conditions.

Poor standardization of T assays limiting comparison of results 
across assay platforms has been an issue of concern. In response the 
USA Centers for Disease Control and Prevention (CDC) Clinical 
Reference Laboratory developed a reference method calibrated with 
higher order reference material and implemented a standardization 
and certification programme for T assays open to subscription by 
external laboratories.

There is no consensus on what is considered a subnormal T level, 
with proposed cut- off levels varying from 8 to 12  nmol/ L (230– 
350 ng/ dl) according to different recommendations and guidelines 
from scientific societies [1, 9,  10]. Moreover, reference ranges for 
serum T levels vary between laboratories due to methodological 
issues related to both T assay calibration and how the reference data 
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Figure 10.2.2.1 Flow- chart for hormonal evaluation of men suspected of hypogonadism.

Box 10.2.2.1 Points to consider when assessing serum 
testosterone (T) for diagnosis of hypogonadism

Pre- analytical conditions
 •	 Blood sampling performed in the morning (preferably between 7 

and 10 a.m.)
 •	 Blood sampling after overnight fast
 •	 No sampling during-  and earlier than 2– 4 weeks after full recovery 

from acute physically stressful event or disease
 •	 No sampling after night work shift

Analysis and interpretation
 •	 Measurement of serum total T with a well validated assay: LC- MS/ 

MS (ideal) or immunoassay
 •	 Use of a valid reference range (laboratory- validated or through 

cross- calibration with external assay)
 •	 Assessment of serum- free T if total T borderline low/ normal (e.g. 

200– 400 ng/ dl or 7– 14 nmol/ L) in particular in clinical situations 
with altered SHBG (see Box 10.2.2.2)

 •	 Free T ideally measured by a validated equilibrium dialysis-  or 
ultrafiltration- based technique, but limited access

 •	 Free T estimated by calculation from total T, SHBG (and albumin) 
using a validated equation (see text): acceptable practical alternative 
but with limitations

 •	 Low (free) T to be confirmed in repeat sample, preferably after an 
interval (weeks) allowing for recovery of possible transient cause of 
low (free)T

 •	 Single clearly normal (free) T generally excludes significant 
hypogonadism

 •	 Occasionally, borderline low- normal (free)T may deserve confirm-
ation in repeat sample if clinic suggestive of deficiency and other 
indications of disorder of gonadal axis (e.g. elevated gonadotropins)
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was generated. In the 2018 update of the US Endocrine Society clin-
ical practice guideline on T therapy in men with hypogonadism (1), 
the only lower T cut- off level put forward is 9.2 nmol/ L (264 ng/ 
dl) for T assays calibrated against the CDC reference method. This 
9.2 nmol/ L cut- off corresponds to the 2.5th percentile for T in non- 
obese men 19– 39 years of age, according to harmonized T reference 
ranges generated from cross- calibrated data from US-  and Europe- 
based cohorts of community- dwelling men [11]. Although there is 
no universally accepted T cut- off for diagnosis of hypogonadism, 
there is broad agreement that men with T below 8  nmol/ L are 
likely to be hypogonadal, whereas men with T above 12 nmol/ L are 
not [9] .

When serum T is measured with the purpose to monitor T treat-
ment in a hypogonadal men, interpretation of T levels can be dif-
ficult as there may be very large fluctuations in measured levels 
depending on the timing of sampling relative to administration of 
the last T dose and on the route of administration (e.g. transdermal 
versus intramuscular) and the pharmacokinetics of the T prepar-
ation being used. Blood sampling is often performed shortly be-
fore administration of the next dose, in order to capture the trough 
T level. However, for most preparations there can be significant 
within-  and/ or between- day variations of T levels such that single 
time point measurement may not be fully representative. These 
issues are important for clinicians to bear in mind when consid-
ering T dose adjustments in patients being started or maintained on 
T therapy and when assessing efficacy or compliance to treatment.

Assessment of Serum- Free T Level

Testosterone in the circulation is mostly bound to plasma pro-
teins, i.e. in part specifically and with high affinity to SHBG (about 
40– 60%; variable according to SHBG concentration), in part more 
loosely bound to albumin (about 40– 50%), and minor fractions 
bound to cortisol- binding globulin and orosomucoid. In men, 
only 1 to 3% (median 1.5%) of T circulates as free hormone [12]. 
According to the free hormone hypothesis, only this small frac-
tion can freely access the target tissues and is directly available for 
biological action [13]. At least part of T loosely bound to albumin 
might dissociate in the capillary circulation and thus also become 
available for diffusion into the tissues. The combined free and 
albumin- bound fractions of T are often referred to as ‘bioavailable 
T’. The relation between free T and bioavailable T serum concen-
tration is fairly constant, unless there are large deviations of serum 
albumin levels from normal [14].

In conditions which markedly affect SHBG levels (Box 10.2.2.2) 
free T is a more accurate index of testicular function than total T. As 
an example, obesity results in decreased SHBG and consequently 
also decreased total T levels, whereas free T is still maintained in 
many obese men with low total T, who are not in fact hypogonadal. 
Thus, to rely solely on total T will lead to overdiagnosis of hypo-
gonadism in obese men. However, if free T is also decreased in 
addition to total T, usually encountered in severe obesity, these 
men are likely to be truly and symptomatically hypogonadal. On 
the other hand, SHBG increases with age so that gonadal function 
in older men may be lower than suggested by the total T level and 
more accurately reflected by the free T level. Moreover, men with 
markedly increased SHBG concentrations (e.g. due to HIV/ AIDS, 
antiepileptic medication, or liver disease) may have a low free T and 
be hypogonadal despite a total T in the normal range. All current 

guidelines recommend total T as the first- line diagnostic test for 
diagnosis of hypogonadism [1, 9, 10, 15– 17]. Generally they recom-
mend assessment of free T only as a supplementary diagnostic test 
in those symptomatic men with a condition known to affect SHBG 
concentrations, where total T is a less reliable index of gonadal 
status, and in those with borderline total T result at the lower limit 
of the reference range. However, not all recommendations support 
the use of free T assessment [10, 17]. Nevertheless, several studies 
have illustrated the usefulness of free T assessment (e.g. [18, 19]).

There are methodological issues as to the clinical implementa-
tion of free T assessment. The reference range for free T is even 
less well established than that for total T and there is again no gen-
erally accepted lower cut- off level indicating T deficiency. A  level 
around 225 pmol/ L (6.5 ng/ dl), but ranging from 170 to 240 pmol/ L 
(5.0– 7.0 ng/ dl) has been suggested [5, 9, 16, 20– 22]. Measurement 
of free T is based on dialysis or ultrafiltration techniques. In the 
indirect dialysis and ultrafiltration methods a tracer is added (usu-
ally tritium- labelled T), percentage free T is measured after dialysis 
or ultrafiltration and free T concentration is calculated from per-
centage free T and separately determined total T level. In state- of- 
the- art direct methods the actual concentration free T is measured 
directly in the dialysate or ultrafiltrate using a highly sensitive LC- 
MS/ MS assay [12, 14]. Implementation of these reference methods 
are technically challenging, cumbersome, expensive, and thus not 
well suited for routine clinical use. Consequently, free T measured 
by a dialysis (or ultrafiltration) method is not available in most clin-
ical chemistry laboratories and thus not accessible to clinicians. As 
an alternative for routine clinical purposes, an estimate of free T 
can be calculated from total T and SHBG (and albumin) concen-
trations. Different equations for calculation of free T have been pro-
posed:  they all have limitations and do not perform equally well 
when validated against actually measured free T [12]. Best estab-
lished are calculations based on the law of mass action with the 
version proposed by Vermeulen et al. [14] being the most widely 
used in clinical practice and research. Even this equation has limita-
tions: although the calculated estimate correlates strongly with the 

Box 10.2.2.2 Clinical situations associated with altered serum 
SHBG levels

Low SHBG
 •	 Obesity
 •	 Type 2 diabetes mellitus
 •	 Hypothyroidism
 •	 Cushing syndrome
 •	 Glucocorticoid treatment
 •	 Acromegaly
 •	 Growth hormone therapy
 •	 Nephrotic syndrome

High SHBG
 •	 Ageing
 •	 Low BMI
 •	 Thyrotoxicosis
 •	 Chronic liver disease (cirrhosis; hepatitis)
 •	 HIV infection
 •	 Growth hormone deficiency
 •	 Anticonvulsant drugs (some, e.g. phenytoin)
 •	 Oestrogen, tamoxifen, clomiphene citrate use
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actual measured free T over the full range of clinically encountered 
SHBG levels and performs reasonably well for routine clinical pur-
pose, it tends to systematically overestimate the actual measured 
free T by about 15– 20% [12]. Importantly, the calculated estimates 
of free T are critically dependent on the reliability of the assays used 
for determination of total T and SHBG concentrations. There are 
possible pitfalls which can occasionally affect the reliability of the 
calculated free T estimates:  e.g. very rare SHBG variants with al-
tered affinity for T; use of drugs competing with the binding of T to 
SHBG (e.g. methyltestosterone, fluoxymesterone); states of disequi-
librium between free and bound T (e.g. sampling shortly following 
parenteral T administration). Moreover, calculations should not be 
used in case of serum concentrations of SHBG far outside the ref-
erence range at the extremes of highs and lows, which is not rare in 
women (e.g. very high SHBG under use of oral contraceptives) but 
is uncommon in men, or in case of unusually high T concentrations 
clearly above the upper normal range (e.g. shortly following paren-
teral T administration).

The non- SHBG – bound or ‘bioavailable’ T is measured by an am-
monium sulphate precipitation technique, which involves addition 
of tritium- labelled T tracer and precipitation of SHBG- bound T 
with ammonium sulphate. The unprecipitated tracer remaining in 
the supernatant is albumin- bound or free and represents the bio-
available fraction. Bioavailable T can then be calculated from separ-
ately measured total T and the percentage tracer in the supernatant. 
An estimate of bioavailable T can also be calculated from total T, 
SHBG, and albumin (e.g. using the equation based on the law of 
mass action according to Vermeulen et al.) [14]. The ammonium 
sulphate precipitation method is technically challenging, with re-
sults from different labs difficult to compare and there is no evidence 
that determination of bioavailable T offers added value compared 
to free T for diagnosis of male hypogonadism [1, 5, 14]. Finally, T 
concentration in saliva reflects closely serum- free T concentration 
if measured reliably, which requires the use of an LC- MS/ MS- based 
assay [23]. Although this approach has potential, there are pitfalls 
(e.g. contamination of the saliva with blood), reliable assay of saliva 
T is not generally available in clinical chemistry labs and experience 
with use of saliva T as diagnostic tool is presently lacking.

Differentiation Between causes of Hypogonadism

Gonadotropins

Luteinizing hormone (LH) and follicle- stimulating hormone 
(FSH) secretion increases when negative feedback exerted at the 
hypothalamic- pituitary level is diminished in the presence of 
low circulating levels of sex steroids (T and oestradiol) and in-
hibin B, respectively, unless this expected response is prevented by 
hypothalamic- pituitary malfunction. In a hypogonadal man, low or 
inappropriately normal gonadotropin levels therefore indicate sec-
ondary hypogonadism due to functional or organic hypothalamic- 
pituitary dysfunction with the low T secondary to inadequate LH 
stimulation of the testicular Leydig cells. Conversely, in a hypo-
gonadal man elevated gonadotropin levels indicates primary hypo-
gonadism with diminished negative feedback on gonadotropin 
secretion resulting from primary testicular failure. Measurement 
of serum levels of LH and FSH is the primary step in the search 

for the cause of hypogonadism and orientates further investiga-
tions. As an example, elevated gonadotropins in absence of another 
manifest cause of primary hypogonadism will direct towards per-
forming karyotyping for possible Klinefelter’s syndrome. On the 
other hand, low gonadotropins in absence of a manifest functional 
cause of hypogonadism will direct towards investigating for pos-
sible organic hypothalamic- pituitary disease (e.g. determination 
of serum prolactin and iron load, MRI imaging, possibly testing of 
other pituitary hormonal axes, or search for genetic defects affecting 
gonadotropin- releasing hormone (GnRH) secretion or action or 
directly the LH gene).

Serum LH and FSH are measured by immunoassay. Even if there 
are differences in sensitivity and accuracy between assays, most are 
sufficiently robust to perform satisfactorily for clinical purposes. 
The secretion of gonadotropins is pulsatile and this is reflected in 
moment to moment variations and a pulsatile pattern of serum LH 
levels, whereas the pulsatile pattern is less prominent and serum 
levels are less variable for FSH. In most instances this variability of 
LH levels does not cause diagnostic problems because in primary 
hypogonadism LH and FSH levels are usually substantially elevated 
and clearly distinct from the low to normal levels characteristic 
of secondary hypogonadism. Only in rare instances with border-
line findings is repeated measurement of LH in a separate sample 
needed to account for variability of LH levels. At the lower end of 
gonadotropin levels, there is overlap between low and normal levels 
and assays differ in their ability to distinguish between both. Again, 
this is rarely a problem in clinical practice as in men with secondary 
hypogonadism the prevailing low, low- normal, or normal gonado-
tropin levels are generally clearly distinct from the elevated levels 
seen in primary hypogonadism.

In the GnRH- stimulation test, the pituitary response of LH and 
FSH to stimulation with GnRH is assessed as a measure of the pi-
tuitary gonadotropin secretory capacity. Protocol details may vary, 
but commonly LH and FSH levels are measured before and 30 to 45 
minutes following intravenous injection of 100 µg GnRH. In healthy 
men, the increase of LH in response to GnRH tends to be propor-
tional to the baseline LH level and the response of FSH, although 
much lower, is proportional to that of LH. The GnRH test has been 
used mainly to differentiate between normal and decreased gonado-
tropin secretion. However, there is no general agreement on criteria 
for normal response and although the discrimination between the 
response in healthy men and men suspected of disorders of the 
hypothalamic- pituitary- gonadal axis may be better for absolute 
than for relative LH increase, overall neither can reliably discrim-
inate [24]. With the currently available improved immunoassays 
for gonadotropins, the GnRH test offers little added value above 
assessment of basal levels in the evaluation of hypogonadal men 
and indications for performing a GnRH test are now limited (e.g. 
in some instances for differential diagnosis of precocious puberty). 
In particular, the GnRH test does not reliably differentiate between 
delayed puberty and hypogonadotropic hypogonadism (HH) or in 
men with HH between a hypothalamic and pituitary defect.

A major component of the negative feedback inhibition of LH 
secretion by sex steroids is exerted by circulating oestradiol, which 
is in part of testicular origin but originates mainly from aromatiza-
tion of T in peripheral tissues (e.g. in fat tissues) [25]. Patients with 
a functional hypothalamic disorder of GnRH secretion as cause of 
HH will usually respond with augmentation of both gonadotropin 
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and T levels in response to reduced hypothalamic oestradiol nega-
tive feedback by treatment either with a compound with (partial) 
antagonistic action on hypothalamic oestrogen receptors (e.g. 
clomiphene citrate or tamoxifen) or with an aromatase inhibitor 
(e.g. letrozole). However, there are no formally established or valid-
ated protocols for diagnostic purposes.

Prolactin

In men with secondary hypogonadism serum prolactin level should 
be measured. Prolactin is measured in serum by immunoassay. 
A  prolactin concentration above the reference range in a single 
serum sample obtained randomly during the day infers the pres-
ence of hyperprolactinemia if excessive venipuncture stress has 
been avoided. High levels, more than tenfold the upper reference 
range (>250 µg/ L or 5300 mIU/ L), usually indicate the presence 
of a prolactinoma. However, more modest elevations of prolactin 
levels may also indicate the presence of a prolactinoma even though 
other possible causes of hyperprolactinemia should be considered 
[26]. Modest hyperprolactinemia may result from lesions of hypo-
thalamus or pituitary stalk (e.g. hypothalamic or pituitary tumour, 
trauma, surgery, lymphocytic hypophysitis, infiltrative disease such 
as sarcoidosis) which interfere with the hypothalamic tonic inhibi-
tory control of prolactin secretion by dopamine. Further, modest 
elevations of prolactin can be due to (psychological and physical) 
stress at time of blood sampling. Several medications stimulate 
prolactin secretion, sometimes to markedly elevated serum levels 
(up to >200µg/ L). This is in particular the case for psychotropic 
drugs such as risperidone and gastroprokinetic drugs such as 
metoclopramide and domperidone with antidopaminergic activity. 
Several other drugs can cause hyperprolactinemia, among which 
verapamil, morphine, and other opiates, and amoxapine. Prolactin 
levels can be increased in hypothyroidism, renal failure, cirrhosis 
of the liver, and by chest wall stimulation. Finding of an elevated 
serum prolactin in asymptomatic men may result from presence 
of circulating macro- prolactin with absent or only low bioactivity, 
which can be tested by assay of the serum for prolactin after pre-
cipitation of possible macroprolactin by sample pretreatment with 
polyethylene glycol (PEG). Some clinical laboratories check all 
serum samples with markedly high prolactin concentration for 
presence of macro- prolactin.

Insulin- Like Peptide 3

Insulin- like peptide 3 (INSL3), a member of the relaxin- insulin 
hormone family, is produced by testicular Leydig cells. It acts via 
the Relaxin Family Peptide Receptor2 (RXFP2), which is expressed 
on testis germ cells and in lower concentrations on the Leydig 
cells, suggesting a paracrine and autocrine role. It indirectly fa-
cilitates testicular descend by promoting the development of the 
gubernaculum. In adults it may have a role in germ cells survival. 
Its concentration in serum increases at puberty in response to in-
creased LH levels. In adults, INSL3 concentrations reflect Leydig 
cells maturation and number [27]. INSL3 was reported not to dif-
ferentiate between boys with delayed puberty and HH [28]. In HH 
INSL3 are low, remain low under treatment with T or FSH mono-
therapy, but the INSL3 levels do increase with hCG or hCG- FSH 
treatment. However, the INSL3 rise in response to hCG (or hCG- 
FSH) was reported to be less pronounced in HH patients with 
history of cryptorchidism [29]. There is presently no established 

clinical role for INSL3 measurements in the work- up of adult men 
suspected of hypogonadism.

Sex Steroid Hormones Other Than T

Through action of 5α- reductase (type 1 and 2)  T can be metab-
olized to its 5α- reduced, more potent androgenic metabolite 5α- 
dihydrotestosterone (DHT). Only small amounts of DHT are 
secreted by the testes, most DHT in the circulation (≥80%) derives 
from 5α- reduction of T by 5α- reductase type2 in peripheral target 
tissues. Therefore, serum DHT is not a representative measure of 
testicular function and its measurement, which is of interest in rare 
cases of suspected 5α- reductase deficiency, does not contribute to 
the work- up of adult men with suspected hypogonadism [30].

Androstenedione is secreted by both the testes and adrenal cortex. 
Its androgenic action is dependent on its biotransformation to T 
(blood conversion rate around 15%). This contribution is marginal 
relative to the testicular T production and measurement of serum 
androstenedione levels does not contribute to the work- up of men 
suspected of hypogonadism. This is also the case for measurement 
of serum levels of the androgen precursor dehydroepiandrosterone 
(DHEA), which originate mainly from secretion by the adrenal 
cortex and peripheral desulphatation of DHEA- sulphate (DHEAS), 
and for no more than 10% from testicular secretion. Androstanediol 
glucuronide, which has been proposed as an important marker of 
androgenic activity in women, is derived in men from T by up to 
70% and the remaining from DHEAS, thus offering no useful infor-
mation in addition to the assessment of serum T in the work- up of 
male hypogonadism [30].

Oestradiol is a physiologically important sex steroid in men 
[31, 32]. Most circulating oestradiol is derived from aromatization 
of T in peripheral tissues and only ≤ 20% is directly secreted by 
the testes. Measurement of oestradiol may potentially be inform-
ative in specific clinical situations such as in patients with gynae-
comastia (possible relative or absolute oestrogen excess), morbid 
obesity (inconsistent reports of oestrogen excess), osteoporosis (in-
creased bone loss and fracture risk associated with low oestradiol), 
or rare cases of severely delayed skeletal maturation (possible oes-
tradiol deficiency in aromatase deficiency). The oestradiol serum 
levels in healthy men before age 65 years lie around 10– 53 pg/ mL 
(38– 196pmol/ L) [33]. To reliably measure the low oestradiol levels 
in men may require a well validated LC- MS/ MS- based method as 
many immunoassays lack the required sensitivity. Moreover, there 
are no established consensus cut- off levels for either oestradiol ex-
cess or deficiency.

Inhibin B

Inhibin B is a testicular glycoprotein hormone which belongs to the 
TGF- β superfamily. It is a heterodimer composed of disulphide- 
bound alpha and beta B subunits. Inhibin B is apparently secreted 
by the Sertoli cells which, however, requires the presence of germ 
cells in the adult testis. Following transiently elevated serum levels 
during the neonatal activation of the gonadal axis (‘mini- puberty’), 
its concentration in serum is low in prepubertal boys to rise again 
during puberty under influence of increased FSH secretion and 
initiation of spermatogenesis. In early pubertal stages there is a 
positive association between serum levels of FSH and inhibin B. In 
later puberty (from Tanner stages G3 and G4 on) and in adult men, 
there is a close inverse relationship between serum levels of FSH 
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and inhibin B.  This reflects that in adult men inhibin B produc-
tion is primarily regulated by germ cells with only a secondary role 
for FSH and that serum inhibin B is the principal negative feed-
back regulator of FSH secretion as long as spermatogenesis is not 
severely deteriorated with ensuing markedly low serum inhibin 
B. Serum levels are measured by immunoassay, which requires high 
specificity for inhibin B and low cross- reactivity with other inhibin 
subtypes, activins, and their respective subunits. Inhibin B levels 
display a significant circadian rhythm, which closely parallels that 
of serum T [34,  35]. In adult men, serum inhibin B levels reflect 
global testicular spermatogenesis and are strongly positively asso-
ciated with both testis volume and sperm count [36]. In subfertile 
men, there is a generally close relationship between degree of im-
pairment of spermatogenesis and inhibin B secretion, with arrest of 
spermatogenesis at earlier stages accompanied by the lowest inhibin 
B levels [32]. The basal serum inhibin B level has been shown to 
offer excellent discrimination (better than LH) between HH (idio-
pathic HH or combined pituitary hormone deficiency) and con-
stitutional delay of puberty in boys with Tanner genital stage G1 
(i.e. testis volume <3 ml) with 100% sensitivity and specificity for 
an inhibin B of ≤35 pg/ ml [37]. In boys with early genital stage G2 
(testis volume 3– 6 ml) discrimination was still fair and better than 
serum LH with sensitivities of 86% and 80% and specificities of 92% 
and 88% in boys with idiopathic HH and combined pituitary hor-
mone deficiencies, respectively, for a serum inhibin B of ≤65  pg/ 
ml [37]. In men with HH, inhibin B increases under FSH or pul-
satile GnRH therapy with a lesser response in men with history of 
cryptorchidism and a more rapid response in men with acquired 
HH compared to men with congenital HH. A higher baseline in-
hibin B level, greater than 60pg/ ml has been reported to be a fa-
vourable predictor for achieving adult testicular size and optimizing 
spermatogenesis during long- term GnRH therapy in men with 
idiopathic HH [38]. Besides in the differentiation between HH and 
constitutional delayed puberty, measurement of inhibin B does not 
play a contributory role in the work- up of adult men suspected of 
hypogonadism.

Anti- Müllerian Hormone

Anti- Müllerian hormone (AMH), a testicular homodimeric glyco-
protein hormone belonging to the TGF- β superfamily, is a marker 
of prepubertal Sertoli cell function. Its production is stimulated by 
FSH and downregulated by T.  Serum levels are measured by im-
munoassay. In boys before puberty, serum levels reflect the number, 
integrity, and immature state of Sertoli cells. The AMH levels are 
high in prepubertal boys (55– 250  ng/ ml; 400– 1800  pmol/ L) and 
decline during puberty (Tanner stage 2:  70– 1000  pmol/ L:  Tanner 
stage 4:  30–400  pmol/ L), when Sertoli cells express the androgen 
receptor (AR) and are exposed to increasing intratesticular T con-
centrations, to reach low levels (3– 18  ng/ ml; 25– 130  pmol/ L) in 
healthy adult men [39, 40]. In untreated men with congenital HH, 
serum AMH levels are generally high compared to eugonadal men, 
reflecting the immature state of their Sertoli cells. Treatment with 
FSH results in further increase of AMH levels, whereas the levels 
decrease markedly towards normal low adult levels during com-
bined FSH— hCG treatment in response to exposure of the Sertoli 
cells to hCG- induced rise of intratesticular T concentrations [41].

AMH has no prominent role in the diagnostic hormonal work- up 
of adult men suspected of hypogonadism. However, AMH is more 

contributory as diagnostic tool in prepubertal boys [38, 39]. Low 
serum AMH can be an early marker of (central or gonadotropin- 
independent) precocious puberty. Conversely, AMH levels remain 
elevated in boys with delayed puberty. In boys with prepubertal testes 
(stage 1), serum AMH can help differentiate between adolescents 
with constitutional delayed puberty and adolescents with HH as the 
latter have lower AMH levels due to the lower FSH exposure and/ or 
a smaller pool of Sertoli cells. However, for this indication inhibin 
B levels are more discriminative [37]. AMH levels are also lower 
in some children with cryptorchidism, monorchidism, and par-
tial gonadal dysgenesis [39, 40]. In boys with non- palpable gonads, 
serum AMH is highly predictive for presence of (intra- abdominal) 
testis tissue; undetectable AMH is suggestive of congenital or ac-
quired anorchidism or complete gonadal dysgenesis [39,  40]. In 
this context, the information obtained by dosage of serum AMH 
largely limits the indications for performing an hCG- stimulation 
test (measurement of serum T before and following intramuscular 
hCG injection(s); applied protocols for hCG- stimulation test vary 
by duration, hCG dosage, single or repeated injections).

Genetic Markers

Polymorphisms of the promotor of the SHBG gene can affect SHBG 
concentration and thus serum total T levels. However, this should 
not raise major diagnostic problems as the magnitude of these ef-
fects is not large relative to the considerable native between subject 
variations of SHBG concentrations seen in community- dwelling 
men. Moreover, these polymorphisms are not expected to affect 
serum- free T levels. Polymorphisms of SHBG affecting the affinity 
for T have also been reported. These also should not affect meas-
ured free T levels, although they may invalidate calculated estimates 
of free T in carriers of these very rare polymorphisms [42– 45].

Polymorphisms of the androgen receptor can affect androgen 
sensitivity. This has in particular been documented for the 
polyglutamine tract polymorphism encoded by a highly poly-
morphic CAG repeat sequence in exon 1 of the androgen receptor 
gene, with longer repeat associated with lower receptor transacti-
vation upon binding with its ligand. In theory, taking into account 
such genetic polymorphisms can refine the interpretation of T levels. 
However, the effect of this and other reported polymorphisms that 
can affect T levels is quantitatively too marginal to be clinically rele-
vant in the context of the diagnostic work- up of men suspected of 
hypogonadism [45– 47].

Rare mutations in the androgen receptor gene can cause partial 
androgen insensitivity and rare mutations in the aromatase gene 
can cause oestrogen deficiency. Because of diminished negative 
feedback exerted by T and oestradiol, respectively, hormonally both 
conditions are characterized by elevated LH and T levels, whereas 
oestradiol levels tend to be elevated in androgen insensitivity and 
low in aromatase deficiency.

Men Evaluated for Subfertility

Semen analysis according to World Health Organization (WHO) 
criteria is the gold standard for evaluation of men with suspected 
subfertility. Hormonal investigations provide mainly corrobor-
ating evidence. The clinical context will usually indicate whether 
or not the fertility problem may be part of a broader problem of 
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hypogonadism affecting also testicular hormonal function, which 
can be ascertained by measurement of serum T and gonadotropin 
levels.

Elevated serum FSH levels indicate testicular dysfunction with 
deficient spermatogenesis and consequent diminished inhibin B se-
cretion. Serum FSH and inhibin B levels are strongly inversely cor-
related and both rise of FSH and decrease of inhibin B levels are 
to some extent proportional to the severity of impaired spermato-
genesis. However, in individual cases findings for hormonal levels 
and spermatogenesis may be discordant. Both FSH and inhibin B 
are expected to be within normal range in men with obstructive 
azoospermia, which can be further documented by analysis of the 
seminal plasma. However, both FSH and inhibin B may also be 
within normal range in non- obstructive azoospermia with arrest of 
spermatogenesis in a late stage, in some men with azoospermia and 
focal Sertoli- cell- only, and in some men with hypospermatogenesis 
[34– 36]. Findings of decreased serum AMH in men with impaired 
spermatogenesis have been inconsistent and serum AMH has not 
been found to be a clinically useful marker of spermatogenesis 
[35, 48]. Furthermore, measurement of inhibin B and AMH after 
stimulation with recombinant FSH does not appear to offer added 
diagnostic value compared to basal levels of these hormones and, 
similarly, limited available data on measurement of inhibin B and 
AMH in seminal plasma does not indicate added value compared 
to serum levels [35].

Although in some studies diagnostic accuracy of inhibin B and of 
inhibin B and FSH combined was slightly greater than that of FSH, 
this is not of practical significance for evaluation of individual pa-
tients with subfertility, for which measurement of inhibin B offers 
no clear added value above FSH dosage [34– 36, 49]. Importantly, in 
men with non- obstructive azoospermia neither the levels of FSH, 
inhibin B, or AMH, nor their combination can reliably predict the 
outcome of procedures to retrieve sperm from the testis either by 
fine- needle aspiration (FNA) or by open biopsy (testicular sperm 
extraction— TESE) [34, 35].
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Introduction

Human semen is comprised of spermatozoa (commonly referred to 
as sperm) produced during spermatogenesis in the testes, matured 
in the epididymis, and seminal plasma produced by the accessory 
sex glands: the prostate and the seminal vesicles. Prior to ejacula-
tion, during the arousal phase, the alkaline pre- ejaculate, a clear and 
colourless viscous fluid, is released from the bulbourethral gland. 
This neutralizes any urine left in the urethra prior to the passage of 
semen. Pre- ejaculate fluid emission is very variable in amounts be-
tween men, from not noticeable through to several millilitres; it may 
contain sperm from prior ejaculations and occasionally patients 
may erroneously believe that this is, in fact, their ejaculate. Although 
the focus is often on the sperm, the epididymal environment and 
seminal plasma are also important for reproductive function pro-
viding protection from the acidic environment of the vagina and 
from oxidative damage as well as supplying compounds, essential 
for optimal sperm function. Secretions into the epididymal lumen 
include L- carnitine, α- glucosidase, and glycerylphosphorylcholine, 
a pump mechanism selectively moving L- carnitine from circu-
lating blood at the epididymal level. The fluid secreted by the sem-
inal vesicles has an alkaline pH and makes up more than 60% of 
the ejaculate volume. Fructose, produced in the seminal vesicles 
under the stimulation of androgens, plays an important role in en-
ergy metabolism and motility of spermatozoa. Prostatic secretion, 
with an acidic pH between 6.4 and 6.8, comprises about 15– 20% of 
the ejaculate volume; it is rich in citric acid, zinc, acid phosphatase, 
magnesium, and polyamines. Citric acid is important in the main-
tenance of osmotic equilibrium of the seminal plasma and coagula-
tion/ liquefaction of semen after ejaculation.

During ejaculation, the secretions of various accessory glands 
and the testicular fraction are released in a precise sequence. The 
first fraction is predominantly prostatic with an epididymal and tes-
ticular fraction (rich in sperm), and is followed by fractions that 
derive from the seminal vesicles.

Mixing of the fluids from the prostate and seminal vesicles leads 
to coagulation of the ejaculate which increases retention of the 
semen within the upper vagina to facilitate sperm passage into the 
cervix. In humans, the ejaculate liquefies after approximately 30 
minutes under the action of prostatic proteolytic enzymes.

Guidelines for Initial Assessment

Basic semen analysis is the primary diagnostic tool in the male fer-
tility assessment pathway. The complete pathway, as recommended 
by a recent World Health Organization (WHO) working group 
should initially include ‘a physical examination performed by an 
examiner with appropriate training and expertise, a reproductive his-
tory and at least one properly performed (high quality) semen analyses. 
A full evaluation by a urologist or other specialist in male reproduc-
tion should be done if the initial screening evaluation demonstrates 
an abnormal physical examination, an abnormal male reproductive 
or sexual history, or an abnormal semen analysis is found’ [1]  (see 
Chapter 10.3.3, ‘Management of Idiopathic Male Infertility’).

During semen analysis an assessment is made of the number, 
viability, motility, and morphology of the sperm cells as well as 
the quality of the seminal plasma and the presence of non- sperm 

cells. It is very important to note that the diagnostic reliability of 
semen analysis depends crucially on the quality control of the en-
tire system, alongside experience and ability of the laboratory staff. 
Therefore laboratories participating in an external quality assurance 
(EQA) scheme should always be used, in countries where this is pos-
sible they should also be accredited to the relevant local standards 
(see next). A serious confounder of any results is the application of 
different criteria to the evaluation of sperm parameters, making it 
difficult to compare tests carried out in different laboratories [2] .

To ensure consistent and comparable results, since 1980, the 
WHO has produced a regularly updated manual of guidelines for 
semen analysis. The current version, published in 2010 [3] , is the 
5th edition and, in addition to detailed laboratory protocols, pro-
vides a set of reference ranges and limits based on analysis of semen 
samples from several thousand recent fathers in eight countries 
on three continents. Other semen analysis protocols, designed to 
meet or exceed requirements of the WHO recommendations, such 
as those from The European Society for Human Reproduction and 
Embryology— Special Interest Group in Andrology (ESHRE- SIGA) 
recommendations [4] and the Practical Guide to Basic Laboratory 
Andrology [5], have been adapted to suit the needs of modern 
Assisted Reproductive Treatment (ART) laboratories. Results re-
ceived from ISO15189 accredited laboratories working to either the 
WHO or ESHRE- SIGA standards can be considered reliable as long 
as the laboratory is participating in an EQA scheme.

Guidelines for collecting Semen Samples

It is well recognized that there can be a high level of variability in 
the parameters of semen samples from a single individual due to 
biological and analytical reasons [6]  and caution should therefore 
be exercised in drawing firm conclusions based on the analysis 
of a single sample, a single abnormal result does not necessarily 
mean any problem is present. The process of spermatogenesis takes 
64 days in humans. Therefore, a second test after 2– 3 months should 
be considered when abnormal results are returned but there is no 
need to repeat a normal first analysis [1]. Febrile illnesses cause 
significant sperm abnormalities which become apparent within 7– 
10 days, and can persist for up to 10– 12 weeks.

Some of the variations in semen analysis may be minimized by 
following certain rules prior to sample collection. The period of 
sexual abstinence before taking a sample should be between 2 and 
7 days, which serves to match the criteria used by WHO to set the 
reference ranges [3,  7]. This period includes any ejaculation, not 
only sexual intercourse, a detail often overlooked by patients and 
staff. Various studies have shown a positive correlation between 
semen volume, sperm concentration, and length of abstinence. 
Effects on sperm quality are less clear for abstinences under 2 days, 
longer abstinences correlate with decreased sperm quality due to 
prolonged storage in the epididymis/ vas deferens [7] . It is worth 
discussion with patients that regular ejaculation is likely to provide 
optimal sperm quality.

Masturbation with ejaculation of the sample into a sterile con-
tainer, such as those used for urine, is the recommended procedure 
for collection of semen samples. Where masturbation proves diffi-
cult, coitus, using specialized ‘sperm safe’ condoms developed and 
marketed specifically for this purpose, is recommended. Coitus 
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interruptus should not be considered, as this method tends to lose 
part of the ejaculate and makes it difficult to distinguish between 
the man and his partner’s epithelial cells, white cells, and red blood 
cells; and can moreover cause bacterial contamination. It is notable 
that some patients will expect or require using a lubricant for mas-
turbation, generally these are toxic to sperm, even those marketed 
as ‘sperm friendly’ intimate lubricants may have adverse effects. 
Good diagnostic laboratories will usually provide the same min-
eral oil used in in vitro fertilization (IVF) processes for masturba-
tion as it is assured at a relevant medical grade and will have passed 
sperm toxicity testing. It is similarly worth discussion with patients 
to check that these lubricants are not being used at home during 
intercourse attempting conception [8, 9].

The sample should by default be obtained at the site of the labora-
tory for a number of reasons:  to examine the ejaculate within the 
first 30 minutes; to control the environment and handling of the 
ejaculate; and finally, if subsequent samples are to be produced for 
treatment or storage, they will usually have to be produced on site 
for legal traceability.

Semen samples may sometimes have to be collected offsite for 
psychological, or practical reasons. These should still be collected 
in a designated provided container, with accurate record the time of 
ejaculation, the sample kept at 20– 37°C and delivered to the labora-
tory within 1 hour of collection. The patient should also be asked 
to provide information regarding any pathologies from which he 
may have suffered during the three preceding months including 
the use of medication, fevers, viral or bacterial infections, antibiotic 
therapy, and local or general anaesthetic. Any of these factors may 
influence semen characteristics.

Macroscopic and Microscopic Evaluation 
of the Ejaculate

The semen sample should be processed within 1 hour of ejaculation 
in order to evaluate the time and nature of liquefaction. Microscopic 
evaluation must be carried out after a complete liquefaction of the 
sample. A normal sample usually liquefies within 15– 30 minutes at 
room temperature, so processing should occur within 60 minutes 
after ejaculation. Failure to liquefy, either partially or completely, 
within 1 hour should be noted.

Volume

The normal semen volume is ≥1.5 ml [3] . Reduced semen volume 
(<1.0  ml) may indicate obstructive pathologies of the ejaculatory 
ducts or of a secretory defect of the seminal vesicles for functional 
or anatomical reasons. Rarely, and usually accompanied by other 
clinical evidence, it may suggest reduced production of testosterone 
[10]. A  total absence of ejaculated semen is termed aspermia (as 
opposed to azoospermia— which is absence of spermatozoa in an 
ejaculate). In cases of low volume or aspermia, postejaculatory urine 
analysis should always be performed to consider for the possibility of 
retrograde ejaculation, prevalent in diabetics with autonomic neur-
opathy and men using certain medications (e.g. alpha- adrenergic 
antagonists). It is worth noting that retrograde ejaculation in some 
patients has been treated successfully by a number of medications, 
including alpha agonists [11, 12] without need for recourse to ART 
treatment.

Hyperspermia (elevated ejaculate volume) (>6.0  ml, represents 
the upper 90 Centile and >6.8 ml the 95 Centile of ‘normal’ [3] ) can 
be associated with inflammatory pathologies and/ or infections of 
the seminal vesicle and/ or the prostate.

pH and Appearance

Seminal plasma has an alkaline pH (normal variation 7.2– 8.0) re-
flecting the predominant contribution of the seminal vesicles. pH 
(≥8.0) may indicate inflammatory pathologies and dysfunction of 
the prostate. Acidic pH (<7.0) is more informative, and is often as-
sociated with obstructive pathologies of the ejaculatory ducts, or 
with congenital (agenesis) or acquired hypotrophy or atrophy of the 
seminal vesicles and vas deferens (if associated with azoospermia).

The physiological appearance of semen is opalescent ivory. 
This becomes milky when the ejaculate derives exclusively from 
the prostate, as occurs in some cases of genital tract obstruction. 
A yellowish appearance can indicate a high number of white blood 
cells (pyospermia) [13], and is often associated with acute or sub-
acute infections of the male genital tract. Pink, intense red, or red- 
brown colours indicate the presence of blood (haematospermia). 
Haematospermia can be caused by trauma (such as following pros-
tate biopsy), inflammations, and infections of the male genital tract, 
duct obstructions, cysts (bladder or accessory sex glands), and neo-
plastic pathologies [14].

Liquefaction and Viscosity

Immediately after ejaculation, human seminal fluid undergoes a 
process of coagulation which transforms the liquid into a gelatinous 
coagulate. Immediately after coagulation, the process of liquefac-
tion begins and should be completed within 60 minutes. The assess-
ment process ascertains whether liquefaction is complete or not and 
whether it occurs within an appropriate physiological time span. 
Liquefaction is the process of the ejaculate becoming homogenous 
liquid and not having ‘jelly- like’ parts, it must not be confused with 
viscosity.

When incomplete liquefaction occurs, it becomes more difficult 
to analyse sperm parameters (concentration and motility) accur-
ately. Since coagulation and liquefaction depend on factors of sem-
inal vesicular and prostatic origin, an alteration of these processes 
can indicate pathologies of these structures. Perturbed liquefaction 
is often found in infection or inflammation of the accessory glands, 
and may explain infertility, if only in part.

The evaluation of seminal viscosity provides information on rheo-
logical characteristics common to all biological fluids. The viscosity 
is assessed by measuring the elasticity of the semen post-liquefaction 
with a normal semen sample forming threads of less than 2 cm [3] . 
An increase in viscosity makes microscopic analysis difficult and 
hinders the assessment of sperm parameters. Hyperviscosity can in-
dicate pathologies of the accessory glands, while reduced viscosity 
often occurs in cases of serious oligozoospermia or in azoospermia.

Sperm concentration

An accurate sperm count concentration is essential for the evalu-
ation of fertility and determination of treatment options. WHO or 
ESHRE methods should be followed including:  initial assessment 
of a 10 μl aliquot from well mixed semen on a slide; subsequent 
dilution to immobilize all cells according to protocols using a posi-
tive displacement pipette for accurate volume of the viscous semen; 
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a duplicate count on an improved Neubauer Haemocytometer 
chamber counting >200 sperm per side; and assessment of accept-
ability of the result from the variance of the two counts as per de-
scribed methods [3, 5].

Fertile men between the ages of 20 and 40, who are normal from 
anatomical, urological, andrological, and endocrinological stand-
points, may show great variation in the number of spermatozoa 
between ejaculates. However, this intraindividual variation can be 
minimized provided that sample collection is carried out properly, 
and the physical and psychological conditions of the subject do not 
vary. The lowest ‘normal’ threshold concentration for potential nat-
ural fertilization is 15 million/ ml (with >39 million sperm in the 
entire ejaculate). This figure is based on the fifth centile for fertile 
men who get partners pregnant within 1 year [3] . Concentrations 
below this number are indicative of oligozoospermia. The absence 
of spermatozoa in the ejaculate is termed azoospermia. Semen sam-
ples without spermatozoa in a first examination should be centri-
fuged at 200 g for 15 minutes and the supernatant recentrifuged at 
3000 g for 10 minutes; both pellets should be evaluated to confirm 
the absence of sperm.

Sperm Motility

Sperm motility should be measured after liquefaction or at fixed 
time points after ejaculation (1– 2 h), again according to set WHO/ 
ESHRE protocols [3, 5, 15]. It is important to consider not only the 
percentage of motile cells, but also the grades of motility [5] . Sperm 
motilities should be classified as: rapid progressive, with a velocity 
of at least 25 μm per second (grade A); slow or sluggish progres-
sive (grade B); non- progressive (grade C); or absent (grade D). In 
normal subjects, 1 hour after ejaculation, the percentage of sperm 
with motility of grades A + B should be at least 32%, with at least 25% 
grade A. Values below these are indicative of asthenozoospermia. 
The importance of characterizing grade A from B sperm motility is 
because rapid sperm are recognized as those capable of fertilization 
naturally and in IVF.

Sperm Morphology

Human sperm morphology is classified according to the Tygerberg 
Strict Criteria approach [3, 5, 16]. Although commonly referred to 
as ‘% normal sperm’, they are better thought of as ‘typical’ or ideal 
sperm, as the classification is based upon the morphology of those 
which can penetrate through cervical mucus and are found at the 
site of fertilization. Sperm morphology is evaluated using stained 
smears. The Sperm- Papanicolau and Quick- Diff techniques are 
those most commonly used. They have differing fixation effects 
upon the sperm such that standard morphology classification 
ranges for parameters such as head size must be specific to the stain 
employed.

Morphology defects are classified into those of the head; neck/ 
midpiece; tail and abnormally retained cytoplasmic material (often 
referred to as cytoplasmic droplet). According to the strict criteria 
classification, any sample having <4% ‘typical’ or ‘normal’ forms is 
considered teratozoospermic [3, 5].

The Teratozoospermia Index, or TZI, combines the four sep-
arate morphology assessments of head, midpiece, tail and retained 
cytoplasm to provide a single number that represents the average 
number of defects per abnormal morphology sperm. ESHRE re-
commends multiparametric assessment which allows the calcula-
tion of the TZI [5] .

Elements other Than Spermatozoa

Scrutiny of untreated semen or stained smears allows non- sperm 
cells in the ejaculate to be identified, both in physiological and 
pathological conditions. The most important cells to identify are 
leucocytes, of which there should be less than 1  million/ ml [3] . 
Staining (by Sperm- Papanicolau or immunohistochemistry) should 
be specific for leucocytes to allow differentiation from other spher-
ical cells in semen. Raised leukocyte count in semen is indicative of 
genital tract infection, should be investigated further and treated, if 
appropriate, with antibiotics.

Semen may also contain immature germ cells, red blood cells, 
epithelial cells (released from accessory glands, ducts, and lu-
minal surfaces of the genitourinary tract), prostatic corpuscles, and 
various other debris. It is normal to observe small amounts of debris 
in samples. If bacteria are present, then a sample should be sent for 
microbiological analysis. This requires centrifugation to remove the 
bacteria from seminal plasma which usually supresses the bacterial 
culture growth if conventionally streaked on an agar plate.

Vitality Tests

These tests are used in cases where less than 40% of sperm are mo-
tile, in order to differentiate spermatozoa that are immotile but alive 
from those that are dead [5] .

The most frequently employed tests are the eosin- nigrosin test 
and the hypo- osmotic swelling (HOS) test. The eosin test util-
izes a vital staining system (eosin Y alone or in combination with 
nigrosin) which distinguishes between the live (unstained) sperm-
atozoa and the dead (stained) cells. The dead cells, with damaged 
plasma membranes, are permeable to the dye.

The HOS test evaluates the percentage of spermatozoa with swelling 
of the tail after incubation in a hypo- osmotic solution. This test is 
based on the fact that spermatozoa with an intact membrane, when 
suspended in a hypo- osmotic solution (below 150 mOsm/ L), allow the 
passage of water molecules across the plasma membrane to achieve 
osmotic equilibrium. They consequently swell, especially at the level 
of the tail, and show specific morphologic changes. Conversely, dead 
cells allow the passage of water freely in both directions, and do not 
show any swelling. Since the HOS test can distinguish dead from vital 
cells, it has garnered renewed interest in identifying vital sperm for 
intracytoplasmic injection (ICSI) for in vitro fertilization.

Antisperm Antibodies

Seminal antisperm antibodies are auto- antibodies directed against 
sperm- surface antigens. Their presence is usually suggested by 
motile sperm being adherent to each other in clumps. Antisperm 
antibodies are thought to indicate that the blood– testis barrier has 
been compromised at some stage by illness or trauma. There are a 
number of different in vitro tests available, though they are not rou-
tinely used due to difficulties with standardization [3, 5].

Reporting Basic Semen Analysis Results

Results of a basic semen analysis are reported in many different 
ways. It is important to understand that the WHO reference 
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ranges are not absolute cut- offs for diagnosis; they are statistical 
limits below which natural conception may be less likely or take 
longer. Many patients with hypogonadotropic hypogonadism on 
gonadotropin treatment can achieve spontaneous pregnancies with 
sperm densities below 15 or 10  M/ ml (for more information see 
Chapter 10.3.2.3, ‘Gonadotrophin Induction of Spermatogenesis’).

Secondly, uncertainty of the result related to the limited number 
of cells examined in any assessment means that absolute value cut- 
offs are not meaningful in practice [17]. The following table (Table 
10.2.3.1), which takes into account accuracy of the result, is sug-
gested as a useful alternative aide to interpretation when WHO 
methods are followed (taken from [17]).

Genetic Testing After Basic Semen Analysis

If severe oligozoospermia (<5×106/ ml) or non- obstructive azoo-
spermia are found and assisted conception therapies are planned, 
then further genetic tests should always be undertaken. These would 
include karyotype and Y- chromosome microdeletions, and cystic 
fibrosis transmembrane conductance regulator (CFTR) gene muta-
tion analysis should be offered to all males with congenital bilateral 
absence of the vas deferens or cystic fibrosis [7]  (see Chapter 10.3.3).

Advanced Semen Analysis Methods

Beyond a ‘basic semen analysis’ there are a multitude of further fer-
tility analyses that can optionally be performed on patients or their 
samples. These tests are often not widely available as they are not 
a required part of a standard WHO semen analysis, and often the 
evidence for their use or interpretation is limited. These more com-
plex and costly analytical tools should be considered of secondary 
or tertiary importance, and are to be carried out in specific cases 
only after standard semen analyses have been performed. For some 
men, results from basic semen analysis may indicate the need for 
more advanced tests looking in more detail at the seminal plasma 
and sperm functionality.

Biochemical Study of Seminal Plasma

Biochemical analysis of the seminal fluid can make a notable con-
tribution to the differential diagnosis of azoospermia. Thus, in 

primary hypospermatogenic azoospermia, with normal andro-
genic production, there are no abnormalities in the secretions of 
the accessory glands and seminal plasma biochemistry is normal. 
In contrast, subjects with azoospermia due to congenital absence of 
the vas deference and seminal vesicle or bilateral obstruction of the 
ejaculatory ducts, there is a relatively high concentration of citric 
acid and very low or undetectable fructose. Subjects with obstruc-
tion of the efferent ducts have extremely low levels of free carnitine 
and α- glucosidase, while fructose and citric acid levels remain 
normal [18].

Sperm Function Tests

Many sperm function tests can be used in parallel with sperm ana-
lysis to establish a complete picture of the fertilizing capacity of 
sperm and perhaps guide further management including assisted 
reproduction [19, 20].

Sperm Migration and Interaction with the Female 
Genital Tract

Sperm– cervical mucous interaction tests (the in vivo postcoital test, 
or PCT) and the in vitro assay of sperm migration in cervical mu-
cous provide valuable information about the condition of cervical 
mucous, and related hormonal functions in the female partner, and 
also sperm survival after intercourse. However, these tests are diffi-
cult to standardize and so have fallen out of routine use.

Sperm Kinetics and cASA

Many endeavours have been made to find an objective method to 
read sperm kinetics. Computer Assisted Semen Analysis (CASA) 
methods employ digital image acquisition and analysis to analyse 
sperm kinetic parameters such as velocity, linearity, lateral head dis-
placement, and beat cross frequency. Although CASA may provide 
objective data on sperm motility, it is essentially still a research tool 
at the time of writing [21].

Table 10.2.3.1 Basic semen analysis results

Parameter Pathological Borderline Normal Unit

Concentration <10 10– 20 20– 250 106/ ml

Volume <1.5 1.5– 1.9 2.0– 6.0 ml

Total sperm count <20 20– 79 >80 106/ ejaculate

Motility Motile <40 40– 59 >60 %

Progressive <35 35– 49 >50 %

Rapid >25 %

Vitality <40 40– 59 >60 %

Morphology: typical forms <4 4– 13 >14 %

TZI* >1.80 1.61– 1.80 <1.60

* TZI— the Teratozoospermia Index or TZI, combines the four separate morphology assessments of head, midpiece, 
tail and retained cytoplasm to provide a single number that represents the average number of defects per abnormal 
morphology sperm.
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other Advanced Sperm Function Tests

There are many other tests to investigate different aspects sperm 
functions, including sperm intracellular calcium signalling in re-
sponse to progesterone challenge, sperm capacitation, acrosome 
reaction, sperm- oocyte interaction, and oocyte activation assays. 
Currently these are research methods without proven clinical appli-
cation. The interested reader can refer to [22– 28] for more details.

Sperm nuclear Function

In recent years there has been great interest in the value of assessing 
sperm DNA packaging and DNA fragmentation/ damage as a pre-
dictor of both natural conception and the assisted reproduction 
outcomes. Currently there is no standardization in different tests 
of sperm chromatin structure and sperm DNA quality. Current evi-
dence does not support the routine use of sperm DNA testing [29– 
31]. It is also worth noting that there appears to be a relationship 
between sperm DNA and miscarriage for certain assays [31,  32]. 
With a number of assays in use in different laboratories and no 
clearly defined clinically relevant thresholds, the situation for these 
tests is rapidly evolving and routine use widely debated [30, 33– 35].

Quality control

Clinicians rely on accurate and well- standardized semen analysis 
results from the diagnostic andrology laboratory that can be used 
to inform the diagnosis and treatment of patients with fertility dis-
orders. Unfortunately, evaluations of sperm parameters continue to 
demonstrate marked differences both within and between labora-
tories [36– 38], a point usually not appreciated by clinicians outside 
Reproductive Medicine. Effective quality control is therefore man-
datory in identifying random and systematic laboratory errors and 
to ensure that all analytical and non- analytical procedures are suf-
ficient to ensure the most accurate results. The WHO manual and 
ESHRE recommendations both recommend strict quality control 
procedures and that all laboratories providing a semen diagnostic 
service should participate in an accredited EQA scheme [3, 5]. To 
implement these recommendations in practice, clinicians should 
only request and accept results from EQA- accredited andrology 
laboratories.
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Introduction

Klinefelter syndrome (KS) is the most common sex chromosome 
aneuploidy and was first described by HF Klinefelter in 1942, 
publishing nine cases of a syndrome characterized by gynaeco-
mastia, azoospermia, hyalinized small testes, elevated levels of 
follicle- stimulating hormone (FSH), and hypogonadism [1] . Jacobs 
and Strong demonstrated in 1959 the extra X chromosome in the 
karyotype of KS [2].

Knowledge concerning KS expanded through chromosome 
surveys on large number of unselected newborns, with follow- up 
through childhood and adolescence performed in the seventies 
and eighties [3– 5]. These studies on newborns focused mainly on 
development in infancy, childhood, and adolescence, leaving the 
natural history of KS in adulthood less well described. The typical 
man suffering from KS is described as tall, with narrow shoulders, 
broad hips, sparse body and facial hair, gynaecomastia, small testes, 
androgen deficiency and reduced intelligence [6] , but a less severe 
phenotype is present in many patients [7]. Typical features are listed 
in Table 10.3.1. However, this current clinical picture may only rep-
resent a ‘tip of the iceberg’ glimpse of the full phenotypic spectrum, 
since only about 25% of all KS males are ever diagnosed [8]. If and 
when all KS males are diagnosed, the entire literature on KS may 
well have to be re- written.

Genetic Background

KS is characterized by the presence of one Y chromosome and 
two X chromosomes in a phenotypical male. In the diagnosed 
Danish population of KS patients 90% had the 47,XXY karyotype, 
while mosaic forms are also seen [9,  10]. Non- mosaic 47,XXY 
most often occurs due to non- disjunction of the sex chromosomes 
during the first or second meiotic division of gametogenesis in 
either parent. There is evidence that failure of the paternal XY or 
maternal XX chromosomes to pair and recombine in the usual 
way is a causative factor, as is also the case for autosomal trisomies 
[7, 11]. Paternal meiosis I errors account for approximately 50% 
of 47,XXY karyotypes, while meiosis II errors does not lead to 
47,XXY karyotypes [11]. Of the remaining maternally derived 
karyotypes, 22% to 48% are due to meiosis I errors, 9% to 29% to 
meiosis II errors, 7% to unknown meiotic errors, and 3% to 16% 
to postzygotic mitotic non- disjunction [7, 11,  12]. In prenatally 
ascertained cases, 54% are paternally derived and 46% are mater-
nally derived [12]. The phenotype does not appear to be influenced 
by the parental origin of the extra X chromosome, though few 
studies have specifically addressed this issue [13]. The molecular 
basis of KS remains poorly understood, although new studies 
point towards complex genotype- phenotype relations dependent 
on both changes in DNA methylation profile and RNA expression, 
likely tissue dependent [14– 16] (see online Figure 10.3.1). The 
expression of X- linked genes in the pseudoautosomal regions of 
the X and Y chromosomes that escape inactivation may also be 
involved [7] , but the identity and function of the critical genes 
have not been determined. Presence of an extra copy of the short 
stature homeobox- containing gene on chromosome X (SHOX) is 
probably the basis for the increased height in KS [17]. SHOX is a 
homeodomain transcription factor and brain natriuretic peptide 
and fibroblast growth factor receptor 3 are transcriptional targets 
of SHOX, and it has been shown that extra copies lead to excessive 
height gain [17].

A KS diagnosis should always be based on clinical findings com-
bined with a confirmatory cytogenetic evaluation. On the other 
hand, a phenotypically normal man with very low- grade mosaicism 
(probably below 5– 10%) should not have the diagnosis of KS.
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Underdiagnosis and delayed diagnosis of KS is a major problem 
[8] . Importantly, early diagnosis permits identification of speech 
problems and scholastic difficulties that require special measures 
during childhood and adolescence to improve educational out-
comes. Moreover, early diagnosis facilitates prevention or amelior-
ation of the long- term consequences of gonadal insufficiency.

Summarizing epidemiological data across countries and eth-
nicities yields a prevalence estimate of 152 per 100 000 [8] , but 
with a major discrepancy between the prenatal and postnatal 
prevalence, with only 25% of the expected number of KS being 
diagnosed postnatally and less than 10% of these being diag-
nosed before puberty. Prenatal diagnosis of a fetus with 47,XXY 
karyotype requires professional genetic counselling to inform 
the pregnant couple about the relatively good prognosis, but at 
the moment in Europe 75% of couples expecting a child with KS 
choose termination [8]. Since only 25% of the expected number 
of men with KS are diagnosed, ascertainment bias is a major 
problem when interpreting data from different studies on dif-
ferent populations of KS patients.

congenital Malformations

There are no specific stigmata at birth, but an increased incidence of 
congenital malformations has been reported [18]. Minor congenital 
abnormalities were found in 26%, with clinodactyly of the fifth 
finger as the most frequent [19] and major congenital abnormalities 
were found in 18% of KS boys, with cleft palate, inguinal hernia 
and cryptorchidism being the most frequent [19]. In a large clin-
ical study 27% of KS patients had a history of maldescent of testes 
compared to 8% of the total number of patients attending the same 
clinic [18].

Testicular Development

The typical testicular histology includes hyalinization of semin-
iferous tubules, loss of germ cells, and Leydig cell hyperplasia. In 
about 40– 50% of KS patients, occasional focal spermatogenesis 
may be found with the possibility of surgically retrieved sperm-
atozoa being used for intracytoplasmic sperm injection (ICSI) 
into oocytes to achieve in vitro fertilization [20]. The cause of the 
hyalinization of the testes with subsequent hypogonadism and in-
fertility is unknown. There is a progressive loss of spermatogonia 
from infancy [21] while hyalinization of the seminiferous tubules 
probably does not occur until mid- puberty [22]. At the beginning 
of puberty [23], testes enlarge to approximately 4 ml and there-
after shrink in adulthood [24, 25]. Testes may be malfunctioning 
already during intrauterine life, since micropenis seen in some 
newborn males with KS may be a result of decreased testosterone 
production in utero [26]. Some find the normal surge in testos-
terone seen in the first 1 to 6 months of life (minipuberty) attenu-
ated in KS boys [26, 27], while others find it similar to controls 
[28]. The levels of FSH, luteinizing hormone (LH) and testos-
terone are normal during the prepubertal period, but after the 
onset of puberty a rise in FSH and LH and a decline in testos-
terone occur, compared to normal boys [24], along with a decline 
in insulin- like factor 3 (INSL3), a marker of Leydig cell function 
[29], while 17β- oestradiol is normal despite the relatively lower 
levels of testosterone [30]. Even though levels of testosterone for 
many patients are within the normal range, levels of gonado-
trophins are usually elevated [6, 30, 31], indicating a relative or 
compensated hypogonadism that is reflected by the increased pi-
tuitary drive, and hence may be one of the causes of Leydig cell 
hyperplasia.

Table 10.3.1 Abnormalities and diseases associated with Klinefelter 
syndrome

Feature Frequency (%) or 
increased risks

Infertility [92] >99

Azoospermia [92] >95

Decreased bitesticular testis volume (4– 8 ml; 
normal range: 25– 60 ml)) [18, 35, 93]

>95

Spermatozoa retrievable after TESE 30– 50

Decreased beard growth and pubic hair# [92] 30– 80

Abdominal adiposity [43] ~50

Decreased muscle mass and strength [35, 45] ~40

The metabolic syndrome [43] 46

Type 2 diabetes [43] 10– 39

Osteopenia [45, 93] ~40

Osteoporosis [45, 94] 5– 10

Mitral valve prolapse [95, 96] 0– 50

Ischaemic heart disease [41, 42] ~1.5 fold*

Deep venous thrombosis and pulmonary 
embolism [41, 48, 97]

3– 6- fold*

Autoimmunity [98–100] Increased risk of several 
autoimmune diseases

Tremor (Parkinson- like symptoms) [101, 102] >25

Breast cancer [103– 105] ~4 fold*

Osteoarthritis [41] 4- fold increased risk*

Learning disability [81] >75

Delayed speech development [81] >40

Decreased penile size [81, 106, 107] incl. 
micropenis neonatally?

10– 25

Mediastinal cancer [108] Increased risk

Gynaecomastia [35, 81, 109] 28– 75

Cryptorchidism [18, 41, 81] 27– 37

Increased gonadotropin levels# [18, 92, 93] >75

Decreased testosterone levels# [18, 92, 93] >75

Increased height [35, 81] >30

Psychiatric disturbances [81, 110] >25

Congenital malformations (heart, cleft palate, and 
inguinal hernia) [41, 96, 111]

Increased risk

Fractures [41, 97] Increased risk 
(2– 40- fold)*

Autism spectrum disorder [112, 113] 30– 50

TESE, testicular sperm extraction; * above normal male frequency; # in the untreated 
condition.
Adapted with permission from Gravholt CH, Chang S, Wallentin M, Fedder J, Moore 
P, Shakkebaek A. Klinefelter Syndrome: Integrating Genetics, Neuropsychology, and 
Endocrinology. Copyright © 2018 Endocrine Society. doi: 10.1210/ er.2017- 00212
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Fertility

KS patients are usually considered infertile, but with the re-
cent development of the testicular sperm extraction (TESE) and 
intracytoplasmic sperm injection (ICSI) methodologies, it is now 
possible to extract viable sperm from the testes by surgical biopsy 
and inject it directly into an extracted ovum. Successful extraction 
rates of sperm in clinical practice are around 30– 45% [32], and about 
half of these experience a pregnancy [33] with fewer live childbirths 
[34] (also see Chapter  10.3.3, ‘Management of Idiopathic Male 
Infertility’). Specialized genetic counselling and options of pre-
natal diagnosis or even preimplantation genetic diagnosis should 
be offered to couples seeking infertility treatment where the male 
is suffering from KS, although so far, there does not seem to be an 
increased risk of KS in the offspring.

Hypogonadism

Currently it is thought that all KS males will develop hypo-
gonadism, some already in puberty, while others develop hypo-
gonadism later in adult life [18, 35– 37]. Hypogonadism may delay 
or reduce the development of normal male secondary sexual 
characteristics with less growth of beard, muscle bulk, and sec-
ondary body hair [6] . Sexuality may be affected— fewer 47,XXY 
men are married, experience greater sexual dissatisfaction in gen-
eral, while more acknowledge unconventional sexual experiences 
and demonstrate a less masculine gender role compared to a con-
trol group [38, 39].

Hypogonadism may also contribute to the neuro- cognitive 
phenotype seen in KS. The long- term consequences of hypo-
gonadism in KS are difficult to separate from the gene- dose effects 
of having an extra X chromosome, because studies on comparable 
hypogonadal conditions (e.g. hypogonadotropic hypogonadism) 
are lacking due to their infrequency.

Gynaecomastia

In KS the prevalence of gynaecomastia is markedly increased, up 
to 50% [6]  in some series, although the true prevalence probably 
is lower [40]. The decreased testosterone level in concert with a 
normal level of oestradiol may cause gynaecomastia [24], because 
of an altered oestradiol/ testosterone ratio. Testosterone treatment 
seldom leads to a regression of gynaecomastia, but most KS patients 
will need to have the breast tissue removed surgically.

Diabetes and the Metabolic Syndrome

Epidemiological studies on both morbidity [41] and mortality [42] 
show a fourfold increased risk of diabetes, and clinical studies de-
scribe a strikingly high frequency of the metabolic syndrome and 
insulin resistance in KS [43, 44], with increased cholesterol levels. 
KS subjects accumulate excessive amounts of body fat, especially 
truncal fat, and typically have a low level of physical fitness [30, 45].

cardiovascular Disease

Mortality from cardiovascular diseases is increased in KS [10, 46], 
even though the mortality from ischaemic heart disease is reduced 

[10]. The risk of hypostatic leg ulcers may be significantly increased 
[47]. In addition, the risk of deep venous thrombosis and pul-
monary embolism is 4– 6- fold higher than in control males [41, 48]. 
Dysfunction of the fibrinolytic system has been proposed as a 
reason for this and increased activity of plasminogen activator in-
hibitor 1(PAI- 1) in KS patients was described in one study [49], but 
further studies are needed.

osteoporosis

Hypogonadism is a known cause of secondary osteoporosis in both 
females and males [50]. A  majority of studies show a significant 
reduction in bone mineral density (BMD) in KS males compared 
to normal men [51– 54]. Although fragility fractures is not as com-
monly reported in the few clinical studies of adults with KS as would 
be expected from the BMD deficits, nevertheless epidemiological 
data consistently show increased risks of hospital admissions with 
osteoporotic fractures (forearm, hip, and spinal fractures) [55] and 
increased mortality from hip fractures [10]. Hence, the reported re-
duction in BMD is likely to signal an important and potentially pre-
ventable clinical problem in KS patients.

cancer

The overall risk of cancer is not increased in KS, but the specific risk 
of breast cancer is increased compared to the general male popu-
lation [56,  57]. In addition, there is a significantly increased risk 
of mediastinal germ cell tumours [58, 59], an increased mortality 
from lung cancer, and non- Hodgkin lymphoma, but a significantly 
reduced mortality from prostate cancer.

Cognitive Disturbances

Global intelligence is somewhat lower in KS [4, 5, 60, 61], with de-
creased verbal intelligence, delayed development of speech, and 
with a high proportion of dyslexia and educational problems in 
many, but not all KS [62– 65]. One study on adults with sex chromo-
some abnormalities, including KS and 47,XYY syndrome, detected 
at birth, showed that the decreased verbal IQ and reading impair-
ment persisted in adulthood [66], but also that a large variability in 
educational and vocational achievement was present. The reason for 
the delay in speech and decreased verbal intelligence is unclear, but 
MRI studies have shown consistent changes in different nuclei of 
the brain [67– 69] (see online Figure 10.3.2), although these changes 
have not been linked with specific changes in the neuropsychologic 
profile [70– 72].

Psychiatric Diseases

Increased incidence of psychiatric illness were reported in KS pri-
marily based on screening for sex chromosome abnormalities in 
penal institutions, psychiatric hospitals and institutions for the 
mentally retarded [73]. In a long- term follow- up study of KS males 
identified in a chromosome survey in Edinburgh, an increased fre-
quency of referral to psychiatric treatment was seen [5] . A multi-
national survey for sex chromosome aberrations among patients 
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with schizophrenia found a four-  to fivefold excess of KS compared 
with general population data [74]. An epidemiological study on hos-
pital admissions in KS showed a significantly increased risk of dis-
charge with a psychiatric diagnosis [55], and patients may show an 
increase in schizophrenia- spectrum pathology [75]. Overexpression 
of X- linked genes escaping X- inactivation is thought to be involved 
in some of the psychiatric disturbances seen in KS [76].

criminality

One study found no increased frequency of criminal behaviour in 
KS judged by self- reported penalties [77]. Another study following 
34 KS patients for 10 and 20 years showed increased criminal be-
haviour at 10  years follow- up, compared with both hypogonadal 
men (from other causes than KS) and with a eugonadal control 
group [60] but after 20 years of follow- up there was no significant 
difference in criminality [78]. Recently published data on 32 KS pa-
tients diagnosed prepubertally or during puberty showed a large 
proportion of patients with severe psychosocial problems, with 69% 
having problems with controlling aggression, 28% offending the law 
and 18% having convictions [79]. A  recent large epidemiological 
study (n = 934) showed increased criminality specifically related to 
arson, sexual abuse and burglary compared to a large background 
population (n = 88 979) [80].

Treatment

Optimal treatment and care of patients with KS involves a multi-
disciplinary team including speech therapists, psychologists, gen-
eral practitioners, paediatricians, endocrinologists, urologists, and 
infertility specialists. Although most clinicians believe that testos-
terone treatment has a positive impact, both physically and psycho-
logically, no randomized controlled trials on the efficacy and safety 
of testosterone replacement therapy have been performed in KS, 
mainly due to small sample sizes in most clinics and lack of research 
funding support. Current practice is largely based on observational 
data from KS patients and evidence extrapolated from other hypo-
gonadal conditions, so that some areas of management remain con-
troversial and without clear consensus.

Infants with KS are rarely diagnosed because they lack KS- specific 
stigmata. However, some KS boys have micro penis, which anec-
dotally can respond to treatment with topical testosterone cream or 
single injections of intramuscular testosterone in some cases. The 
most serious problem in early childhood is the delay of speech de-
velopment affecting perhaps half of the boys with KS [5] . Careful 
observation for speech delay is needed in order to refer these boys 
to speech therapists promptly. The same holds true for learning 
disabilities, which were observed in 77% of boys with KS followed 
from birth to adulthood [81].

At puberty, if both LH and FSH rise above normal, some centres 
recommend initiating testosterone treatment with the aim of pro-
moting a full development of male secondary sexual characteristics 
and ensuring sufficient increase in muscle bulk and BMD [82], al-
though such recommendations are not based on high level evidence. 
Testosterone treatment in pubertal KS boys has also been reported 
to increase energy, endurance, better mood and concentration 

and relations to others [83]. Retrospective chart data on a group 
of KS boys diagnosed before and during puberty (n = 32, whereof 
17 received testosterone treatment) showed increased psychosocial 
problems in periods without testosterone treatment [84]. In a mi-
nority of KS adolescents with particular behavioural issues, (such as 
aggression, socialization, and communication problems), initiation 
of testosterone treatment should proceed cautiously and prefer-
ably with supports from psychologists with neurocognitive therapy 
experience.

Treatment in a large group of young hypogonadal men of mixed 
origins (wherein some had KS) has been shown to have a positive 
impact on fat mass, muscle mass, and muscle strength, as well as 
sexual function, with some improvements in positive aspects of 
mood [85].

There is general agreement that KS patients with testosterone 
levels at the lower end of the normal range, and with elevated 
FSH and LH levels, indicating hypogonadism to be present 
[37], should be treated if they complain of hypogonadal symp-
toms (lack of libido, erectile problems, decreased energy, etc.) 
[86– 88]. Based on our own experience, we believe that all KS pa-
tients (asymptomatic as well as symptomatic) should receive tes-
tosterone treatment if their gonadotrophins are elevated, even if 
their testosterone levels are within the lower end of the normal 
range. Most, if not all, KS patients, who at first sight may seem 
asymptomatic, but after a more comprehensive assessment (see 
Table 10.3.1) using a combination of questionnaires with focus 
on quality of life [89], body composition, sleep quality [113], 
and biochemistry, will be found to have some features related to 
hypogonadism. In this context it is important to remember that 
many KS patients are not good rapporteurs concerning their own 
health, and that physicians should take due care to cover all rele-
vant areas when interviewing these patients. This is supported by 
the frequent finding of excessive truncal fat, low muscle mass, de-
creased bone mass and microarchitectural bone changes [43, 87], 
reduced haemoglobin [35], presence of gynaecomastia [35], de-
creased sexual function [88], and depressive symptoms [89] in 
untreated KS patients. However, while there is good evidence that 
testosterone treatment improves these features in hypogonadal 
men (including KS) with low testosterone, there is currently no 
evidence from randomized controlled trials (RCTs) that testos-
terone treatment can reverse or improve these features in KS 
men with low or low- normal testosterone and elevated LH (see 
Chapter 10.4.4, ‘Benefits of Testosterone Treatment’). More data 
are required before our practice outlined earlier is more widely 
adopted. Interestingly, only 48.6% of 1155 KS patients in the na-
tional Danish registry were ever prescribed testosterone, starting 
only at the age of 30.4 years [90].

We believe that testosterone treatment should aim for normal-
ization in LH and testosterone levels in the mid- normal range by 
transdermal treatment and low- normal preinjection nadir values of 
testosterone when treatment is by injection therapy. In the authors’ 
experience, LH and testosterone can be normalized in virtually all 
KS patients if the testosterone dose is carefully titrated, using re-
commended regimes for physiological replacement of testosterone. 
It may be inferred that many KS patients are not sufficiently treated, 
because LH often remain elevated. However, concerns have been 
raised that this approach (aim to normalize LH) may lead to exces-
sive T exposure in some patients, especially from injectable therapy. 
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As with other forms of hypogonadism, improvements in subjective 
symptoms and other patient important outcomes should be key 
goals of testosterone replacement therapy in KS (in addition to nor-
malization of biochemical endpoints). Treatment is recommended 
to be continued lifelong in order to prevent osteoporosis, obesity, 
metabolic syndrome and diabetes, and to ensure optimal cognitive 
development.

Temporary discontinuation of exogenous testosterone as well 
as treatment with human chorionic gonadotrophin (hCG) and 
aromatase inhibitors to increase intratesticular testosterone, are em-
pirical approaches commonly employed to increase the chance of 
sperm recovery by TESE [91], although they have not been proven 
to be efficacious. These practices should be carefully audited and 
confirmed by evidence, preferably in a randomized trial setting and 
should not be extrapolated to influence the imperative of regular 
testosterone replacement therapy in KS. Currently, there is no evi-
dence to support withholding testosterone treatment to young 
men with KS that have still not attempted TESE and may not do so 
for years.

conclusions

Klinefelter syndrome is a frequent cause of hypogonadism and in-
fertility. It is the most common sex chromosome disorder in man, 
with 47,XXY being the most common karyotype. The syndrome af-
fects one in every 660 males but is severely underdiagnosed; only 
25– 50% of the expected number of cases is diagnosed and only a 
minority of them before puberty.

In children the main clinical findings are delayed speech devel-
opment and learning disabilities as well as increased height and 
cryptorchidism. In adults the main reasons for diagnosing KS are 
infertility and hypogonadism. KS is associated with a significant in-
crease in mortality and morbidity from a number of diseases.

In accordance with accepted practice for hypogonadism, there is 
general agreement that symptomatic KS men with unequivocally 
low testosterone should receive testosterone replacement. However, 
the exact indications for testosterone treatment in apparently 
asymptomatic KS men with low- normal testosterone and elevated 
FSH and LH remain uncertain. While some clinicians (including 
the authors) routinely initiate testosterone treatment in all KS men 
with elevated LH and FSH, aiming to counter the presumptive 
harmful effects of compensated hypogonadism, not all authorities 
agree with this approach due to the current lack of high level evi-
dence from RCTs.
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Introduction

Once the diagnosis of hypogonadism is suspected in a man with 
signs and symptoms of androgen deficiency and confirmed with 
consistently low early morning total and/ or free testosterone con-
centrations drawn in the fasted state on at least two separate occa-
sions, the aetiology of hypogonadism should be determined [1] .

Measurements of circulating gonadotropins, luteinizing hor-
mone (LH) and follicle- stimulating hormone (FSH) are usually 
performed in same blood sample as a confirmatory testosterone, 
to ascertain whether low testosterone is due a primary disorder of 
the testes or secondary to a defect in the hypothalamus and/ or pi-
tuitary gland. Subsequently, a working diagnosis of the aetiology 
of the hypogonadism should be based on the patient’s past med-
ical history, clinical presentation, and further laboratory testing.

Aetiologies of hypogonadism can be classified into two broad 
categories:  primary hypogonadism and secondary hypo-
gonadism. Primary hypogonadism is usually caused by an 

intrinsic structural or congenital defect within the testes, re-
sulting in impaired testosterone and sperm production and ele-
vated LH and FSH concentrations (as a result of reduced negative 
feedback suppression; FSH concentrations are usually more ele-
vated than LH concentrations because active cell- division during 
spermatogenesis is more sensitive to damage than testosterone 
production) [1, 2].

Secondary hypogonadism is caused by disease or dysfunction 
leading to inadequate hypothalamic gonadotropin- releasing hor-
mone and/ or pituitary gonadotropin secretion and stimulation 
of the testes [3] , resulting in reduced testosterone and spermato-
genesis, and low or inappropriately normal LH and FSH concen-
trations Key differences between the categories are highlighted in   
Table 10.4.1.1.

In addition to identifying the level of the HPT axis deficit, it is im-
portant to determine whether the cause of hypogonadism is organic 
or functional [1, 4]. Table 10.4.1.2 summarizes all the categories of 
hypogonadism. Organic hypogonadism, or classical hypogonadism, 
is caused by a congenital, structural, or infiltrative disorder that re-
sults in permanent hypothalamic, pituitary, or testicular damage. 
In contrast, functional hypogonadism is caused by conditions that 
suppress gonadotropin and testosterone concentrations that are po-
tentially reversible with treatment of the underlying cause(s) (e.g. 
with weight loss or discontinuation of opioid medications) [4] . 
Finally, some aetiologies of hypogonadism are caused by defects 
both in the testes and hypothalamus and/ or pituitary (i.e. combined 
primary and secondary hypogonadism).

Prior to initiating testosterone treatment, it is important de-
termine whether a patient has secondary hypogonadism as some 
hypothalamic– pituitary causes require specific management besides 
testosterone therapy. In contrast to men with primary hypogonadism 
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Table 10.4.1.1 Differences between primary and secondary hypogonadism

Primary hypogonadism Secondary hypogonadism

Condition Testicular failure Hypothalamus– pituitary failure

Gonadotropin levels Elevated Low or normal

Frequency observed Less common More common

Spermatogenesis Usually impaired Impaired if severe

Organic or functional aetiology Usually organic (structural or intrinsic 
testicular defect), permanent

Usually functional (extrinsic gonadotropin 
suppression of a structurally intact 
hypothalamus and pituitary), potentially 
reversible
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who have permanent impairment of spermatogenesis, men with 
secondary hypogonadism can respond to gonadotropin therapy to 
stimulate testosterone and sperm production, and treat the infer-
tility (see Chapter 10.5, ‘Management of Idiopathic Male Infertility’). 
Also, although uncommon, secondary hypogonadism from a pitu-
itary or hypothalamic tumour can be associated with deficiency and/ 
or excessive secretion of other anterior pituitary hormones or pitu-
itary mass effects (e.g. visual field defects or headaches) that require 
management in addition to testosterone treatment [1– 3]. Finally, the 
cause of secondary hypogonadism is often functional and potentially 
reversible so that testosterone treatment may not always be required 
(e.g. weight loss with diet or bariatric surgery can improve testos-
terone concentrations in obesity- related hypogonadism) [1, 4].

causes of Primary Hypogonadism

organic congenital Aetiologies

Klinefelter Syndrome

Klinefelter syndrome (KS) results from one or more extra X 
chromosomes, most commonly by a 47,XXY karyotype; or mosai-
cism in most of the remainder (a 47,XXY karyotype present in some 
tissues or cells and a normal 46,XY karyotype in others). KS occurs 
in approximately 150 per 100 000 males and is the most common 
cause of primary hypogonadism [5] . Men with KS have classical 
phenotypic characteristics: very small firm testes (less than 2.5 cm 
or 6 ml), varying degrees of testosterone deficiency, gynaecomastia, 
long legs relative to arms, azoospermia, and infertility. Some men 
may have milder signs and symptoms. A  karyotype confirms the 
diagnosis [1– 3, 5, 6] (see Chapter 10.3, ‘Klinefelter’s Syndrome’).

Men with classical KS have azoospermia, but both mosaic and 
classical KS men been shown to be capable of conceiving children 
through testicular sperm extraction. KS men also have a higher in-
cidence of male breast cancer, extragonadal germ cell tumours, and 
non- Hodgkin’s lymphoma, decreased bone mass, higher degree of 
insulin resistance, and autoimmune disorders [2, 5, 6].

Cryptorchidism

Cryptorchidism is failure of one or both testes to descend through 
the inguinal canal into the scrotum. Most commonly, it is associ-
ated with selective impairment of sperm production and increased 
FSH with normal testosterone production [1– 3]. However, rarely 
(e.g. in men with uncorrected bilateral cryptorchidism), both testos-
terone and sperm production are impaired with elevated FSH and 
LH concentrations, consistent with primary hypogonadism. Bilateral 
cryptorchidism may be present in other causes of both primary hypo-
gonadism (e.g. Klinefelter syndrome) and secondary hypogonadism 
(e.g. Kallmann syndrome) or other complex congenital genetic syn-
dromes (e.g. Prader– Willi syndrome). Patients with cryptorchidism 
have an approximately 5– 10- fold increased testicular cancer risk, es-
pecially within an undescended testes; increased risk persists despite 
surgical relocation of the testis in the scrotum (orchiopexy) [2] .

Congenital Anorchia

Congenital anorchia, also known as vanishing testes syndrome, is a 
rare disorder characterized by the absence of one or both testes in 

Table 10.4.1.2 Aetiology of Male Hypogonadism

Primary hypogonadism Secondary hypogonadism

Organic

Congenital

Klinefelter syndrome and variants Congenital hypogonadotropic 
hypogonadism

Cryptorchidism (uncorrected 
bilateral)

Complex genetic syndromes*

Congenital anorchia Inactivating LH beta mutations

Myotonic dystrophy

Noonan syndrome

Testicular adrenal rest tumours 
(congenital adrenal hyperplasia)

Testosterone biosynthetic defects

Complex genetic syndromes

Inactivating mutations of LH receptor

Acquired

Bilateral orchidectomy testicular 
damage, torsion, radiation

Hypothalamic/ pituitary or parasellar 
tumours

Cancer chemotherapy (alkylating 
agents)

Hypothalamic/ pituitary radiation

Orchitis (mumps) Pituitary apoplexy

Autoimmune testicular failure Severe head trauma, pituitary stalk 
injury/ section

Advanced older age* Infiltrative disorders

Hodgkin’s disease* Hypothalamic/ pituitary infection 
(tuberculosis, fungal)

Testicular cancer* Immune check point inhibitors, 
hypophysitis, hypophysectomy

Hemochromatosis*—that of primary 
hypogonadism, transfusion-related 
iron overload

Sickle cell disease*

Functional

Hepatic cirrhosis* Constitutional delayed puberty

Renal failure (CKD 4– 5)* Diabetes mellitus

Obesity

Obstructive sleep apnoea

Opioid use

Hyperprolactinemia

Malnutrition

Excessive exercise (energy 
expenditure > intake)

Glucocorticoid excess (Cushing 
syndrome)*

Sex steroid use (anabolic steroids, 
progestins, oestrogens)*

Chronic systemic illness, organ failure 
(liver, lung, heart)*

Alcohol abuse*

Severe acute illness or surgery*

* Combined primary and secondary hypogonadism.
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a phenotypic male (suggesting that functioning testes were present 
during fetal genital development). It is believed to be caused by tes-
ticular torsion during fetal life after sufficient testosterone exposure 
to produce masculinization of the reproductive tract. Males with 
congenital anorchia present with primary hypogonadism, delayed 
puberty, and on physical exam, testes are not palpable. In contrast to 
bilateral cryptorchidism (discussed earlier), in congenital anorchia, 
testosterone concentrations do not increase with hCG stimulation 
and anti- Müllerian hormone concentrations are very low or un-
detectable. A response to hCG stimulation would raise the possi-
bility of intra- abdominal testes and cryptorchidism [2] .

Myotonic Dystrophy

Myotonic dystrophy is an autosomal dominant disorder that pre-
sents with progressive muscle weakness and wasting, myotonia 
(involuntary sustained muscle contraction), male pattern balding, 
and other congenital anomalies. There are two types of myo-
tonic dystrophy, type 1, and type 2.  Type 1 myotonic dystrophy 
is more prevalent and results from an expansion of trinucleotide 
cardiotocography (CTG) repeats in the DMPK gene. Type 2 myo-
tonic dystrophy is a neurologically milder form caused by expansion 
of CTG repeats in CNBP gene. In both types, the pathogenesis is a 
disruption of the normal mRNA metabolism and this affects many 
genes and causes multisystem effects including hypogonadism. 
While the exact mechanism is unknown, testicular atrophy and pri-
mary hypogonadism is observed in both types [2, 3].

Noonan Syndrome

Noonan syndrome, previously referred to as the male Turner syn-
drome, is an autosomal dominant or occasionally sporadic genetic 
disorder that is caused by mutations of genes that are part of the 
Ras- MAPK signalling pathway, such as PTPN11, SOS1, BRAF, and 
others. While the exact mechanism is unknown, alterations in en-
coded proteins leads to multisystem dysregulation including hypo-
gonadism. The clinical features of Noonan syndrome include short 
stature, certain facial features (low set ears, downward slanting eyes, 
strabismus, high arched palate), short web neck, skeletal abnor-
malities (shield- like chest, pectus excavatum or carinatum, cubitis 
valgus, and joint laxity), intellectual disability, congenital heart de-
fects (pulmonic stenosis and hypertrophic cardiomyopathy), and 
primary hypogonadism [2] .

Congenital Adrenal Hyperplasia (CAH)

Men with CAH have mutations in genes coding for enzymes es-
sential for steroid biosynthesis. The most common form of CAH is 
autosomal recessive 21α- hydroxylase deficiency caused by a muta-
tion of the CYP21 gene leading to low cortisol and aldosterone con-
centrations that increase adrenocorticotrophic hormone (ACTH) 
concentrations (due to reduced cortisol negative feedback) and 
cause adrenal hyperplasia with accumulation of proximal steroid 
hormone precursors (17- hydroxyprogesterone and progesterone, 
and adrenal androgens (androstenedione and DHEA) [2, 7]. Men 
with CAH may develop testicular adrenal rest tumours (TARTs) 
that can cause compression of surrounding testicular tissue and pri-
mary hypogonadism. TARTs are palpable on examination or identi-
fied by ultrasound and decrease in size with adequate glucocorticoid 
treatment to suppress ACTH stimulation. Also, if glucocorticoid 
suppression is inadequate, men with CAH can then present with 

secondary hypogonadism. Due to oversecretion of adrenal andro-
gens, these men maintain virilization but increased progesterone as 
well as testosterone and oestradiol concentrations from conversion 
of adrenal androgen precursors can suppress LH and FSH concen-
trations leading to impaired spermatogenesis and secondary hypo-
gonadism [2, 3, 7].

Testosterone Biosynthetic Defects

Rare testosterone biosynthetic enzyme defects, including 17α- 
hydroxylase/ 17,20- lyase, 17β- hydroxysteroid dehydrogenase type 
3/ 17- ketoreductase and 3β- hydroxysteroid dehydrogenase type 
2 deficiencies caused by mutations in the CYP17, HSD17B3, and 
HSD3B2 genes, respectively, usually present at birth with a partial 
virilized near- female phenotype, or ambiguous genitalia, i.e. 46,XY 
disorder of sex development (DSD). However, males with incom-
plete deficiencies in these biosynthetic enzymes may present as a 
near- male phenotype with delayed puberty, hypospadias, gynaeco-
mastia, and primary hypogonadism [7] .

Complex Genetic Syndromes

Numerous complex genetic syndromes associated with distinct 
morphological developmental manifestations and congenital 
anomalies, may also present with primary hypogonadism.

While the mechanism is unknown, Prader– Willi can present with 
either primary or secondary hypogonadism and can have either 
unilateral or bilateral cryptorchidism and obesity that may con-
tribute to hypogonadism [8] . Men with Down’s syndrome (trisomy 
21) usually present with isolated impairment of sperm production 
with normal or selective high FSH, but occasionally, they may pre-
sent with elevated FSH and LH concentrations [2].

Luteinizing Hormone Receptor Mutations

Patients with inactivating mutations of LH receptors resulting in 
Leydig cell aplasia or hypoplasia usually present with a near- female 
phenotype or ambiguous genitalia and cryptorchidism (46,XY 
DSD). Men with milder forms have micropenis, hypospadias, 
undervirilization, delayed puberty, or primary hypogonadism.

organic Acquired Aetiologies

Bilateral Orchiectomy, Testicular Damage, or Torsion 
and Radiation

Bilateral orchiectomy results in rapid and severe primary hypo-
gonadism often associated with hot flushes [1– 3]. Direct blunt 
trauma or torsion to one or both testicles may be associated with 
vascular compromise that can lead to development of testicular at-
rophy. Exposure of the testes to the large amounts of ionizing radi-
ation (>600– 800 cGy) that is used in treatment for certain types of 
leukaemia can also result in testicular damage (especially spermato-
genesis) and primary hypogonadism [9] .

Cancer Chemotherapy

Combination cancer chemotherapy regimens that contain alkylating 
agents (e.g. cyclophosphamide) used in the treatment of Hodgkin’s 
or non- Hodgkin’s lymphoma; cyclophosphamide therapy for sys-
temic rheumatic disorders; or platinum drugs (e.g. cisplatin) used 
in the treatment of testicular cancer can cause testicular atrophy, 
impaired spermatogenesis, and testosterone production with ele-
vated gonadotropin concentrations [10].
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Orchitis

Viral infections of the testes, such as mumps orchitis, most com-
monly result in testicular atrophy and isolated impairment of 
spermatogenesis and elevated FSH concentrations, but if severe, 
can cause primary hypogonadism. Orchitis is the most common 
complication of mumps in pubertal boys and men. Testis pain and 
swelling usually occurs 1– 2 weeks after the initial painful swelling 
of the parotid glands; however, orchitis is subclinical in half the 
cases [1– 3]. HIV infection, and/ or associated opportunistic in-
fections may involve the testes directly leading to primary hypo-
gonadism [2, 3].

Autoimmune Polyglandular Syndrome

Autoimmune polyglandular syndrome type 1 is a rare autosomal 
recessive disorder that is caused by a mutation in the autoimmune 
regulator (AIRE) gene, characterized by autoimmune hypoparathyr-
oidism, primary adrenal insufficiency, mucocutaneous candidiasis 
and, rarely, primary hypogonadism. Autoimmune polyglandular 
syndrome type 2 is a polygenic disorder associated with HLA- DR3 
and DR4 that is characterized by autoimmune primary adrenal in-
sufficiency, thyroid disease (Hashimoto’s or Graves’ disease), type 1 
diabetes mellitus and rarely, primary hypogonadism associated with 
steroid cell autoantibodies (SCA) [11].

Advanced Older Age

In men, there is a gradual decline in testosterone concentra-
tions with ageing, at a rate of approximately 1% per year after age 
30 years [1, 2, 4, 12]. Sex- hormone- binding globulin (SHBG) con-
centrations increase with ageing, resulting in a greater decrease 
in free testosterone concentrations and an increasing prevalence 
of testosterone concentrations in the hypogonadal range in older 
men [4,  12]. However, the prevalence of clinical hypogonadism 
(low testosterone concentrations with clinical manifestations of 
androgen deficiency) is lower, 2% (with only sexual symptoms) 
to 9% [4] .

With ageing, there is also a progressive increase in LH and FSH 
concentrations. However, in large part because of age- related 
comorbidities, gonadotropin concentrations do not increase to 
above normal until advanced age (70  years or older). Therefore, 
healthy advanced age men usually manifest primary hypogonadism, 
while older men with poorer health status and comorbid illness(es) 
have hormone pattern of secondary hypogonadism. There is evi-
dence of both testicular failure (reduced testosterone response 
to hCG stimulation and histologically reduced Leydig cell num-
bers) and hypothalamic dysfunction (disordered LH pulses) with 
ageing [12].

Recently, The Testosterone Trials demonstrated that short- 
term testosterone treatment in older men with symptomatic 
hypogonadism (but without recognizable organic HPT axis path-
ology) improved sexual function (sexual activity, libido, and 
erectile dysfunction), anaemia, bone density; slightly improved 
walking distance, mood, and depressive symptoms; but did not 
improve cognitive function and vitality. However, testosterone 
did increase non- calcified coronary artery plaque volume with 
no differences in cardiovascular adverse events [1] . The signifi-
cance of this last finding is not known and there is a need for 
longer term, larger randomized trials. Meanwhile, in older men, 

it is important to consider functional causes of low testosterone 
concentrations that are potentially reversible during work- up for 
hypogonadism aetiology before considering starting testosterone 
[1, 4, 12].

Cancer

Advanced Hodgkin’s disease or testicular cancer can also pre-
sent with primary hypogonadism before chemotherapy or radi-
ation therapy; the cause is unknown. While the pattern is that of  
primary hypogonadism, secondary hypogonadism can also be  
observed [2, 3].

Functional Acquired Aetiologies 

Hepatic Cirrhosis and Chronic Kidney Disease

In alcoholic cirrhosis, direct toxic effects of alcohol may lead to tes-
ticular atrophy and elevated FSH and LH concentrations; however, 
gonadotropin suppression can also be observed. Patients with cir-
rhosis are often treated with spironolactone that acts primarily as 
an androgen receptor antagonist, but also may reduce testosterone 
production. Furthermore, oestradiol and estrone concentrations 
may be elevated due to reduced hepatic clearance and contribute 
to secondary hypogonadism by suppressing LH and FSH concen-
trations. In severe cirrhosis and liver failure, reduced hepatic pro-
tein production, protein- calorie malnutrition, and complicating 
infections may also lead to gonadotropin suppression. Hepatic cir-
rhosis is considered a functional cause of hypogonadism because 
gonadal function may recover after liver transplant, at least par-
tially, depending on the chronic immunosuppression regimen used 
[2, 3].

Chronic kidney disease may also produce both primary and sec-
ondary hypogonadism. However, in late stage chronic kidney dis-
ease (CKD), the LH, and FSH concentrations are high in large part, 
due to reduced renal clearance of gonadotropins [1, 2]. Primary tes-
ticular failure in CKD as evidenced by reduced Leydig cell testos-
terone response to hCG is due to numerous factors, including direct 
toxic effects of uraemia, systemic inflammation, and chronic nutri-
tional deficiency. These factors, in addition to hyperprolactinaemia 
(from reduced prolactin clearance), contribute to alterations in 
pulsatile gonadotropin secretion. Renal transplantation usually 
reverses hypogonadism, depending on the presence of comorbid 
conditions and use of certain medications such as glucocorticoid 
immunosuppression [1– 3]. See Chapter  10.6  ‘Hypothalamo– 
Pituitary– Testicular Axis Function in Systemic Diseases and Effects 
of Medications’.

causes of Secondary Hypogonadism

organic congenital Aetiologies

Congenital hypogonadotropic hypogonadism (CHH) is a relatively 
rare condition that causes severe secondary hypogonadism with 
estimated prevalence 1/ 4000 to 1/ 10 000 males. Males with CHH 
present with delayed puberty or incomplete sexual maturation 
(eunuchoidism), severe androgen deficiency with prepubertal tes-
tosterone concentrations, impairment of sperm production, and 
varying but usually severe degrees of gonadotropin deficiency. 
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Gonadotropin deficiency is caused by gonadotropin- releasing 
hormone (GnRH) deficiency (as evidenced most commonly by 
absent or less commonly by deficient pulsatile LH secretion) or 
rarely, GnRH receptor defects. CHH can be divided into three sub-
groups: Kallmann syndrome, normosmic CHH, and CHH associ-
ated with complex genetic syndromes forms [13].

Approximately 60% of CHH men have anosmia or hyposmia 
due to defective development of the olfactory bulbs known as 
Kallmann syndrome (e.g., due to KAL1, FGFR1/ FGF8, PROKR2/ 
PROK2 mutations). Kallmann syndrome patients may have other 
developmental midline defects, such as cleft lip or palate, or other 
craniofacial defects, sensorineural hearing loss, digital skeletal 
anomalies, unilateral renal agenesis, and neurological defects such 
synkinesia or mirror movements [14].

Individuals with normosmic CHH have normal olfaction and 
are difficult to differentiate from those with constitutional delay 
of puberty (CDP) which is much more common. Presence of 
micropenis, cryptorchidism, careful history, and signs from family 
members would make the clinician favour normosmic CHH ra-
ther than CDP. Certain gene mutations that typically cause iso-
lated CHH include KISS1R (kisspeptin 1 receptor gene), KISS1 
ligand, and GnRH receptor. When the diagnosis of CHH is sus-
pected, it is recommended to refer to a clinical geneticist for fur-
ther evaluation [2, 14, 15].

CHH can also occur in a number of complex genetic syndromes 
that are characterized by a constellation of developmental and/ 
or hormonal abnormalities. The CHARGE (Coloboma or cen-
tral nervous system (CNS) anomalies, Heart anomalies, choanal 
Atresia, growth Retardation, Genital defect (cryptorchidism 
and hypospadias), and Ear anomalies) that is caused by a mu-
tation in the CHD7 gene may present with either Kallmann 
syndrome or normosmic CHH [15]. CHH is part of numerous 
congenital dysmorphology syndromes, many of which are as-
sociated with neurological abnormalities and obesity that may 
contribute to secondary hypogonadism, such as Prader– Willi 
syndrome that can manifest either with primary or secondary 
hypogonadism [2] .

Although rare, inactivating mutations of the LHβ subunit gene 
result in prepubertal secondary hypogonadism manifested by 
failure to undergo puberty with severe androgen deficiency [16].

organic Acquired Aetiologies

Hypothalamic, Pituitary, or Parasellar Tumours and Radiation

Tumours of the hypothalamus, pituitary, or parasellar area 
including pituitary macroadenomas, pituitary cysts, meningiomas, 
craniopharyngiomas can decrease GnRH and/ or LH and FSH se-
cretion. Hypopituitarism following treatment for these or other 
tumours with surgery or radiation therapy can also result in sec-
ondary hypogonadism. Although secondary hypogonadism asso-
ciated with some pituitary macroadenomas may be reversed after 
surgical resection, more commonly, gonadotropin deficiency is ir-
reversible. In addition, microprolactinomas can suppress GnRH se-
cretion and reduce LH pulsatility independent of its mass effect (see 
later section on hyperprolactinaemia).

Depending on the neuroanatomical location, size, and associ-
ated destruction and functional state, hypothalamic or pituitary 

tumours may be associated with anterior pituitary hormone defi-
ciencies (e.g. secondary adrenal insufficiency and hypothyroidism) 
or hypersecretion (e.g. hyperprolactinaemia, Cushing syndrome, 
or acromegaly); diabetes insipidus or hypothalamic dysfunction; 
tumour mass effects (e.g. headache, visual field defects, or cere-
brospinal fluid rhinorrhoea) that require evaluation and man-
agement independent of testosterone treatment for secondary 
hypogonadism.

Pituitary Apoplexy/ Severe Head Trauma/ Pituitary Stalk 
Injury/ Hypopituitarism

Pituitary apoplexy is sudden haemorrhage or infarction within a pi-
tuitary tumour that can lead to compression and destruction of the 
pituitary gland, manifested by sudden onset of headache, nausea, 
visual defects, and acute hypopituitarism [2] . It is rare and occurs 
in only 2– 12% of patients with pituitary adenomas. The acute im-
pairment of pituitary function usually persists after the acute event 
particularly if surgery is required [17].

Infiltrative Disorders

Hypopituitarism leading to decreased anterior pituitary hormone 
secretion, including LH and FSH, can be caused by infiltrative in-
flammatory or granulomatous disorders of the pituitary. The typical 
diseases are lymphocytic hypophysitis, sarcoidosis, and Langerhans 
cell histiocytosis. Tuberculosis and fungal infections causing basilar 
meningitis can affect hypothalamic and pituitary function that re-
sults in secondary hypogonadism [1– 3].

Immune Checkpoint Inhibitors and Hypophysitis

Recently, immune checkpoint inhibitors have become a mainstay 
in cancer treatment especially for metastatic melanoma and lung 
cancer. However, these can cause autoimmune effects and lead to 
endocrinopathies including hypophysitis and secondary hypo-
gonadism. One new class of immunomodulating antibodies dir-
ected against CTLA4 (anti- CTLA4- mAbs) has been shown to have 
an incidence of hypophysitis ranging up to 17%. While most often 
secondary adrenal insufficiency and hypothyroidism occur, the 
incidence of hypogonadotropic hypogonadism with this type of 
hypophysitis was approximately 7.5% [18].

Haemochromatosis and Transfusion-Related Iron Overload

Iron overload caused either by hereditary hemochromatosis, a 
genetic disorder of excessive gastrointestinal iron absorption 
caused by mutations in the HFE gene, or due to chronic blood 
transfusions for haematologic conditions (e.g. β- thalassemia 
major, sickle cell disease) may involve excessive iron deposition 
in both the pituitary gonadotrope and testes, but more commonly 
presents with secondary hypogonadism [2,  3]. In more recent 
studies, the prevalence of secondary hypogonadism associated 
with haemochromatosis is approximately 6% and hypogonadism 
is more likely in men who have hepatic cirrhosis, ferritin con-
centrations exceeding 1500 ng/ ml and complications of iron de-
position such as diabetes mellitus [19]. Early treatment of iron 
overload with therapeutic phlebotomy or chelation therapy may 
reverse hypogonadism however, pituitary dysfunction is more 
commonly irreversible.
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Functional Aetiologies

Constitutional Delayed Puberty (CPD)

As discussed, CPD is the most common cause of delayed puberty, 
affecting approximately 3% of adolescents. Also often referred to as 
‘late bloomers’, this is thought to be a transient delay in production 
of GnRH from hypothalamus leading to decreased LH and FSH se-
cretions that resolves eventually with older age [2] .

Diabetes Mellitus

Low free testosterone and inappropriately normal or low LH 
and FSH concentrations occur in 30– 40% of men with type 2 
diabetes mellitus. The mechanisms contributing to secondary 
hypogonadism are likely to be multifactorial and include obesity, 
poor glycaemic control, systemic inflammation, and diabetic 
complications (e.g. CKD) [2– 4]. Some of the mechanisms that 
have been observed with poorly controlled diabetes mellitus 
and hypogonadism include higher glucose values decreasing LH 
pulses, increase in inflammatory markers such as C- reactive pro-
tein (CPR), tumour necrosis factor- α (TNF- α) and interleukin- 
1β (IL- 1β) suppressing GnRH release in hypothalamus and LH 
secretion [4] .

Obesity

In men with mild to moderate obesity (body mass index, BMI, 
30– 40), SHBG concentrations are usually suppressed, resulting in 
low total testosterone concentrations; however, free testosterone 
concentrations are usually normal unless obesity is associated with 
comorbid illness such as diabetes or obstructive sleep apnoea in 
which case, free testosterone concentrations are low and gonado-
tropin concentrations are inappropriately normal or low, consistent 
with secondary hypogonadism [1– 4]. Men with severe or morbid 
obesity (BMI >40) have more consistently low free testosterone 
concentrations and secondary hypogonadism. Gonadotropin sup-
pression is likely due to increases in pro- inflammatory cytokines 
(e.g. tumour necrosis factor- α or interleukin- 1) and dysregulated 
leptin signalling [4] . Because obesity associated with insulin resist-
ance suppresses SHBG concentrations by reducing hepatic SHBG 
production, it is critical to measure free testosterone in the work- 
up of an obese man with hypogonadism [1]. Substantial weight 
loss following bariatric surgery increases free testosterone and 
gonadotropins [4].

Obstructive Sleep Apnoea (OSA)

Men with untreated or inadequately treated obstructive sleep ap-
noea are also more likely to have reduced testosterone and gonado-
tropin concentrations as well as symptoms of low energy, low libido, 
and fatigue [1– 4]. Secondary hypogonadism is likely due in part 
to obesity and age, but also to the significant stress associated with 
nocturnal oxygen desaturation that results in arousal and sleep 
fragmentation [4] .

Opioid Use

Use of opioid medications, especially long- acting opioids, for the 
treatment of chronic pain or opioid use disorder may cause sec-
ondary hypogonadism by inhibiting pulsatile hypothalamic GnRH 
secretion (primarily via interaction with μ- opioid receptors). 

Opioid- induced hypogonadism usually occurs in men taking high 
dosages of opioids (e.g. 100– 200 mg of oral morphine equivalents 
daily, intrathecal morphine sulphate, oral methadone greater than 
30 mg daily or with transdermal fentanyl patches) [20]. Tapering off 
opioids may reverse secondary hypogonadism, although this may 
not always be possible.

Hyperprolactinaemia

Hyperprolactinaemia can suppress pulsatile GnRH secretion that 
can be corrected with D2 dopamine receptor agonist treatment. The 
most common causes of hyperprolactinaemia are:  prolactinoma 
(most commonly, prolactin- secreting macroadenomas in men); 
pituitary stalk interruption (preventing endogenous hypothal-
amic dopamine- induced inhibition of prolactin secretion); hypo-
thalamic disease; central nervous system- active medications (D2 
dopamine receptor antagonists, e.g. older antipsychotics such as 
phenothiazines, some atypical antipsychotics such as risperidone, 
and gastrointestinal promotility agents such as metoclopramide); 
CKD (as a result of decreased prolactin clearance). Treatment 
of the prolactinoma with normalization of serum prolactin con-
centrations is generally associated with an increase in serum 
testosterone concentrations unless there is tissue destruction 
or vascular compromise from very large macroprolactinomas. 
Discontinuation or switching of a medication that causes 
hyperprolactinaemia or treatment with D2 dopamine receptor 
agonists (e.g. cabergoline or bromocriptine) if possible, can reverse 
secondary hypogonadism [1– 3].

Malnutrition/ Excessive Exercise

Severe energy deficit due to starvation, protein- calorie malnu-
trition, and eating disorders (e.g. anorexia nervosa) where there 
is substantial weight loss can suppress hypothalamic pulsatile 
GnRH secretion. Refeeding, nutritional resuscitation, or treat-
ment of eating disorders, respectively, restores HPT function. 
High intensity training or exercise seen in athletes or in the mili-
tary that results in very high energy expenditure, usually asso-
ciated with inadequate energy intake can also cause a state of 
energy deficit that decreases LH, FSH, and testosterone concen-
trations. Once excessive exercising is stopped or reduced and/ or 
energy intake is increased, the HPT recovers usually in several 
weeks to months [2, 3].

Glucocorticoid Excess (Cushing Syndrome)

Glucocorticoid excess caused by either by exogenous glucocorticoid 
treatment or endogenous Cushing syndrome predominantly sup-
presses hypothalamic GnRH secretion; but also has direct inhibi-
tory effects on the testes, inducing apoptosis in Leydig cells [2, 3]. 
Glucocorticoid- induced hypogonadism typically occurs with 
chronic high- dose glucocorticoid treatment, but testosterone sup-
pression can occur in men taking doses as low as prednisone 7.5 mg 
daily [1, 2]. Restoration of normal HPT axis function and reversal 
of hypogonadism occurs with discontinuation of glucocorticoid ad-
ministration or treatment of Cushing syndrome.

Sex Steroids

Androgens, progestins or oestrogens can suppress gonadotropin 
concentrations by negative feedback on the hypothalamus and/ or 
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pituitary. Androgenic anabolic steroids (AASs, synthetic andro-
gens) are taken in various combinations by athletes to enhance per-
formance and non- athletes to enhance muscle bulk and strength. 
Because AASs do not cross- react in testosterone assays, testos-
terone levels are suppressed while taking these steroids. Patients 
taking AASs often present normal virilization but small testes on 
physical exam and have profoundly suppressed gonadotropins and 
testosterone that may persist with symptoms of androgen defi-
ciency for months to years after discontinuation [21]. Progestins 
(e.g. megestrol acetate), an appetite stimulant that is used in pa-
tients with wasting syndromes such as cancer cachexia and HIV/ 
AIDS wasting also cause severe suppression of gonadotropins 
and testosterone. Exposure to oestrogen- containing substances 
or oestrogen- secreting tumours of the testes or adrenal gland also 
induce secondary hypogonadism that is reversible with discon-
tinuation of the offending substance or resection of the tumour, 
respectively [2] .

Chronic Systemic Illness, Organ Failure

As previously discussed, chronic illnesses, especially hepatic cir-
rhosis, chronic kidney disease, congestive heart failure or chronic 
obstructive pulmonary disease (COPD) can cause combined pri-
mary and secondary hypogonadism. In severe late-  or end- stage 
organ failure, secondary hypogonadism is predominant, and 
the degree of hypogonadism depends on the severity of illness 
and multiple other factors, such as malnutrition, systemic in-
flammation, medication exposure (e.g. prednisone use in COPD 
patients) [1– 3].

Predominantly secondary more than primary hypogonadism 
also occurs in other chronic systemic illnesses such as, chronic 
active alcohol use disorder, HIV disease, and sickle cell 
disease [2] .

Acute Illness or Surgery

Acute or critical illness or surgery requiring hospitaliza-
tion often causes a hormonal pattern where secondary hypo-
gonadism predominates with suppressed pulsatile GnRH 
secretion [1– 3]. Testosterone and gonadotropin suppression 
improve once the acute illness is resolved; however, the dur-
ation of recovery is dependent on the severity of the acute 
illness, underlying chronic comorbid illness, age, and medi-
cations used during the illness and recovery (e.g. opioids or 
glucocorticoids) [22]. Therefore, evaluation for hypogonadism 
should not be performed until a patient is fully recovered, 
which may take several months.
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Introduction

This chapter will present the medications specifically approved for 
treatment of male hypogonadism (testosterone preparations and 
gonadotropins) and those not yet approved but currently under in-
vestigation as possible new therapeutic options.

Pharmacologic Treatments

Testosterone Preparations

In 1935, Karoly Gyula David and Ernst Laqueur extracted and puri-
fied an androgenic steroid from bull testes, which was named tes-
tosterone (T). In the same year, Butenandt’s group in Gottingen 
and Ruzicka and Wettstein in Basel simultaneously described the 
chemical synthesis of T [1] . It soon became apparent that native T 
could not be given effectively by oral or parenteral routes, because 
of a prompt hepatic metabolism. Hence, a series of chemical modi-
fications were developed to improve T bioavailability and pharma-
cokinetics, essentially by retarding the rate of liver catabolism [2, 3].

Nowadays many T formulations are available including oral, 
injectable(intramuscular or subcutaneous implantation), transdermal 
(gels, axillary solution, and patches) or transmucosal (buccal and nasal 
systems) formulations. In the following sections, the specific charac-
teristics of the T preparations available on the market will be analysed 
in detail (Table 10.4.2.1). It should be noted that available T prepar-
ations have been approved for clinical use based only on their effi-
cacy in raising T levels into the physiological range [4– 7], rather than 
achieving clinical benefits. The efficacy of T preparations in improving 
the clinical features of hypogonadism has only been properly evalu-
ated in more recent post- marketing randomized clinical trials (RCTs).

Oral Testosterone Preparations

Alkylation in 17- α position in ring A  of the T molecule pre-
vents rapid breakdown in the liver, hence, 17α-methyl-T was 
synthesized for oral use in 1935. However, this compound, along 
with all other 17α methyl T derivates, is associated with liver tox-
icity and are now no longer in clinical use [2, 3]. Unfortunately, 
these products are still available on the black market and continue 
to be abused as anabolic steroids [8] . In contrast, alkylation at the 
1- α position as well as esterification of the 17α- hydroxyl group 
also reduce hepatic first- pass effect, but these modifications are 
not associated with hepatotoxicity. Hence, oral T formulation 
based on these chemical modifications are can be prescribed for 
clinical use (Table 10.4.2.1).

Testosterone Undecanoate

In the late 1970s, a new orally effective T formulation, based on 17β- 
esterification of native T with a long aliphatic side chain, undecanoic 
acid (oral T undecanoate, TU), was introduced to the market (Table 
10.4.2.1). This lipophilic T ester allows absorption via the intestinal 
lymphatic system, avoiding the first- pass effect in the liver [2, 3]. 
Recently, this preparation has been reformulated, in a mixture of 
castor oil and propylene glycol laureate (T undecanoate caps), to in-
crease stability of the product at ambient temperature [3] . Oral TU 
is formulated in 40 mg gel capsules. However, its bioavailability is 
poor on an empty stomach and the absorption is dependent on the 
dietary fat content [2, 3, 9]. A minimal amount of 20 mg of dietary 
fat is required for optimal oral TU absorption [2, 3, 9]. One or two 
40 mg capsules should be taken thrice daily during meals, limiting 
its acceptability for compliant T treatment [2, 3, 9].

Parenteral Testosterone Preparations

Subdermal Implantation of T Pellets

T pellets are currently available only in a limited number of coun-
tries, including the United States and the United Kingdom. The pel-
lets consist of pure crystals of 100 mg and 200 mg of T compressed 
into short rods and are placed, under local anaesthesia, into the 
subdermal fat layer of the skin usually in the lower abdominal wall 
or upper buttock area [2, 3, 9] (Table 10.4.2.1). The recommended 
dosage includes the implantation of 3 to 6 pellets (600– 1200 mg) 
subcutaneously every 4 to 6 months. T pellet implantation provides 
the longest and the most stable form of T release, but possible ad-
verse side effects include implant site infections and/ or pellet extru-
sion occurring in 5– 10% of cases.

Intramuscular Injectable Preparations

Injectable formulations of T are based on 17β- esterification of na-
tive T with fatty acids of variable aliphatic or aromatic chain lengths, 
and are administered in an oily base. Following intramuscular in-
jection, the oily base acts as a depot, because it serves to retard the 
release of the T ester. Following release, the esters are rapidly hydro-
lysed to release native T into the circulation. Therefore, the duration 
of action of esterified T esters is largely dependent on the length of 
the ester side chain (which determines the lipophilic property/ fat 
solubility of the T ester), as well as on the volume of the oily base.

T propionate (TP) has a short side chain ester and a short dur-
ation of action, requiring the administration of at least two to three 
injections per week (usually 50 mg every 2 or 3 days). T cypionate 
(TC) and enanthate (TE) have longer side chain esters and a longer 
duration of action, and can be injected every 10– 14 days at doses of 
200– 250 mg.

The relatively short half- life of these T esters can lead to wide fluc-
tuations in T plasma concentrations across the injection interval, in 
so- called peaks and troughs. Circulating T concentrations are com-
monly supraphysiological in the first few days after administration 
and then decline to subphysiological levels in the days prior to the 
next scheduled injection. This can be perceived as unpleasant vari-
ations in mood or energy by patients and represents a risk factor for 
erythrocytosis [10]. However, due to due to their long- established 
usage and relatively low cost compared to other formulations, these 
shorter- acting T esters continue to be prescribed widely in some 
countries.
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In 2004, a long- lasting injectable formulation of TU was intro-
duced to the market [2, 3, 9] (Table 10.4.2.1). The greater fat solu-
bility rendered by the longer fatty acid side chain and the relatively 
large volume of oily base in the formulation increases the duration 
of action compared to other T esters [11] (Table 10.4.2.1). In most 
countries, injectable TU is available as a 1000 mg dose in 4 ml castor 
oil. This formulation maintains relatively stable circulating T con-
centrations when injected at 12 weekly intervals, following a week 
6 loading dose. Once steady- state T concentrations have been 
achieved, usually after the third dose, the injection interval may need 
to be adjusted to every 10– 14 weeks to achieve therapeutic serum T 
trough concentrations of 10– 15 nmol/ L. In the United States, TU is 
marketed as 750 mg is 3 ml castor oil. This formulation requires 10- 
weekly injections, following an initial week 4 loading dose. Injectable 
TU preparations result in lower plasma T fluctuations compared to 
other intramuscular T preparations with shorter half- lives, reducing 
the risk of polycythemia and improving patient compliance [11].

An uncommon adverse effect specific to injectable T formula-
tions in oily base reported in post- marketing studies is pulmonary 
oil microembolisms due to leakage of the oil- based depot into the 
systemic circulation [2, 3, 9]. This can manifest with transient cough 
and respiratory distress immediately after the injection which gen-
erally does not require any intervention apart from reassurance. In 
addition, along with other parenteral preparations, injectable TU 
should be avoided in men at increased bleeding risk, due to, for ex-
ample, coagulopathies or thrombocytopaenia.

Transdermal Testosterone Preparations

Testosterone Patches

Transdermal T formulations have been available since the mid- 
1990s, initially as self- adherent T patches designed to be applied to 
the relatively thin, highly vascularized scrotal skin. Scrotal patches 
gained limited acceptance given they are relatively large, require 
shaving, and have relatively poor adherence to the skin. Moreover, 
scrotal systems tend to disproportionally increase dihydrotestos-
terone (DHT) due to the relatively high expression of 5α- reductase 
in scrotal skin. Subsequently, patches for application on non- scrotal 
skin were developed [2, 3, 9] (Table 10.4.2.1). Non- scrotal patches 
require alcohol- based absorption enhancers which not uncom-
monly leads to skin irritation at the application site which, in add-
ition to the requirement of daily application, may limit compliance 
[2, 3, 9].

Testosterone Gels

Given drawbacks associated with T patches, transdermal T formu-
lations in hydroalcoholic gels with less irritative penetration enhan-
cers have become available in the early 2000s. Transdermal gels are 
available in different concentrations (1%, 1.62%, and 2%) either as 
sachets (usually containing 50 mg of T) or as metered- dose pumps 
to allow dose titrations. Worldwide, transdermal gels constitute the 
largest market share of T prescriptions [2, 3, 9] (Table 10.4.2.1). Like 
patches, T gels require daily administration usually to upper arms 
or shoulders. Once applied, T gel is rapidly absorbed by the stratum 
corneum and subcutaneous tissues which serve as a reservoir from 
which T is gradually released into systemic circulation, leading to 
relatively stable circulating T concentrations over the subsequent 24 
hours (for dosing regimens see Table 10.4.2.1). However, T levels 

can be variable from day to day and dose adjustment is frequently 
required. To ensure optimal absorption, the skin should be kept dry 
for 4– 6 hours following gel application [2, 3, 9]. Due to the poten-
tial risk of T transfer, men are instructed to avoid close skin contact 
with others for the first few hours following gel application. To try 
and reduce transference risk, an alcohol- based T solution (2%) de-
veloped for axillary application is available in some countries, but its 
acceptability has been relatively low [2, 3, 9] (Table 10.4.2.1)

Transmucosal Testosterone Preparations

Transbuccal Testosterone Preparations

In some countries, a buccal preparation in tablet form is available, 
designed to adhere to the gum or inner cheek to provide a con-
trolled and sustained release of T through the buccal mucosa. The 
tablet does not dissolve completely and must be removed and re-
placed every 12 hours. Each buccal system contains 30 mg of T. This 
formulation can maintain physiological T concentrations, but local 
irritation (such as gum oedema, ulceration, and gingivitis) can 
occur [2, 3, 9] (Table 10.4.2.1).

Transnasal Testosterone Preparations

A gel containing 5.5 mg of T in 122.5 mg of gel for nasal adminis-
tration is available in some countries, including the United States 
and Canada. The recommended dose is 11 mg of T (corresponding 
to two pump actuations, one per nostril) administered three times 
daily [2, 3, 9] (Table 10.4.2.1).

Monitoring Testosterone Treatment

International guidelines [12,  13], recommend that patients re-
ceiving T treatment should be reviewed 3– 6 months after initiation 
of therapy and yearly thereafter. Clinical assessment includes moni-
toring for improvement in hypogonadal symptoms and evaluation 
for side effects of T treatment (Table 10.4.2.1). Serum T should be 
measured to assess adequacy of T dosing, noting that timing of the 
blood draw and circulating T targets vary depending on the T for-
mulation used (Table 10.4.2.1). Haematocrit should be monitored 
and if above 0.54, T therapy should be withheld until it declines 
to the normal range (see Chapter  10.4.5, ‘Risks of T Treatment’). 
For men of more than 55 years of age who, following individualized 
discussion regarding advantages and disadvantages, opt for prostate 
monitoring, digital rectal exam, and prostate- specific antigen testing 
can be performed at regular intervals. In hypogonadal men at high 
risk of osteoporotic fracture, bone mineral density is measured at 
baseline, while subsequent measurements are individualized.

Androgens Other Than Testosterone

Dehydroepiandrosterone

Dehydroepiandrosterone (DHEA) is produced by the adrenal 
glands and circulates as a sulphated form (DHEAS). DHEA is a 
weak androgen receptor agonist and largely serves a steroid pre-
cursor of T. A meta- analysis of 25 RCTs including 1353 older men 
treated with DHEA at a dose varying from 25 to 100 mg per day 
for a mean of 36 weeks found that DHEA did not improve sexual 
function, quality of life, bone health or metabolic profile [14]. 
Therefore, use of DHEA for treatment of male hypogonadism is not 
recommended.



1566

Ta
b

le
 1

0.
4.

2.
1 

A
va

ila
bl

e 
te

st
os

te
ro

ne
 p

re
pa

ra
tio

ns
 fo

r 
th

e 
tr

ea
tm

en
t o

f a
du

lth
oo

d 
hy

po
go

na
di

sm
. N

A
 =

 n
ot

 a
va

ila
bl

e

Fo
rm

ul
at

io
n

Tr
ad

e 
n

am
es

C
h

em
ic

al
 s

tr
uc

tu
re

H
al

f-
 lif

e
St

an
d

ar
d

 d
o

sa
ge

M
o

n
it

o
ri

n
g 

T 
co

n
ce

n
tr

at
io

n
s

Si
d

e 
ef

fe
ct

s

W
h

en
 to

 m
ea

su
re

W
h

en
 to

 a
d

ju
st

 th
e 

d
o

se
 o

r 
fr

eq
ue

n
cy

Te
st

o
st

er
o

n
e 

p
re

p
ar

at
io

n
s

O
ra

l

Te
st

os
te

ro
ne

 u
nd

ec
an

oa
te

A
nd

rio
l®

A
nd

rio
l T

es
to

ca
ps

®
17

- α
- h

yd
ro

xy
l-

 es
te

r
4 

h
12

0–
 24

0 
m

g 
2–

 3 
tim

es
 

da
ily

3–
 5 

h 
af

te
r  

 
in

ge
st

io
n

N
A

N
ee

d 
fo

r m
ul

tip
le

 a
ss

um
pt

io
ns

 
pe

r d
ay

 w
ith

 fa
tty

 m
ea

ls

M
es

te
ro

lo
ne

Pr
ov

iro
n®

1α
- m

et
hy

l-
 4,

5α
- 

di
hy

dr
ot

es
to

st
er

on
e

12
 h

50
– 1

00
 m

g 
2–

 3 
tim

es
   

da
ily

N
A

N
A

N
A

Pa
re

nt
al

Te
st

os
te

ro
ne

 e
na

nt
ha

te
Te

st
ov

iro
n 

D
ep

ot
®

D
el

at
es

tr
yl

®

Te
st

oe
na

nt
®

17
- α

- h
yd

ro
xy

l-
 es

te
r

4–
 5 

da
ys

25
0 

m
g 

ev
er

y 
2–

 3 
w

ee
ks

M
id

w
ay

 b
et

w
ee

n 
in

je
ct

io
ns

TT
<1

4 
nm

ol
/ L

TT
>2

5 
nm

ol
/ L

Pa
in

 a
t i

nj
ec

tio
n 

si
te

C
ou

gh
 a

fte
r i

nj
ec

tio
n

Fl
uc

tu
at

io
n 

in
 s

ym
pt

om
s

Te
st

os
te

ro
ne

 c
yp

io
na

th
e

D
el

at
es

tr
il®

17
- α

- h
yd

ro
xy

l-
 es

te
r

8 
da

ys
20

0 
m

g 
ev

er
y 

2–
 3 

w
ee

ks
M

id
w

ay
 b

et
w

ee
n 

in
je

ct
io

ns
TT

<1
4 

nm
ol

/ L
TT

>2
5 

nm
ol

/ L

Te
st

os
te

ro
ne

 p
ro

pi
on

at
e

Te
st

ov
is

®
17

- α
- h

yd
ro

xy
l-

 es
te

r
20

 h
10

0 
m

g 
ev

er
y 

2 
da

ys
N

A
N

A

Te
st

os
te

ro
ne

 u
nd

ec
an

oa
te

 
in

 c
as

to
r o

il
N

eb
id

o®

A
ve

ed
 ® (U

S)
*

17
- α

- h
yd

ro
xy

l-
 es

te
r

34
 d

ay
s

10
00

 m
g 

ev
er

y 
10

– 1
4 

w
ee

ks
*7

50
 m

g 
ev

er
y 

10
 w

ee
ks

Th
e 

w
ee

k 
pr

io
r  

 
th

e 
ne

xt
 in

je
ct

io
n

TT
 n

ad
ir 

be
lo

w
 o

r 
ab

ov
e 

th
e 

lo
w

- m
id

 
no

rm
al

 ra
ng

e

Su
rg

ic
al

 im
pl

an
ts

Te
st

op
el

®

Te
st

oi
m

pl
an

t®
N

at
iv

e 
te

st
os

te
ro

ne
– 

4–
 6 

20
0 

m
g 

im
pl

an
ts

 
la

st
in

g 
up

 to
 6

 m
on

th
s

A
t t

he
 e

nd
 o

f  
 

do
si

ng
 in

te
rv

al
TT

 n
ad

ir 
be

lo
w

 o
r 

ab
ov

e 
th

e 
lo

w
- m

id
 

no
rm

al
 ra

ng
e

In
fe

ct
io

n
Ex

pu
ls

io
n 

of
 im

pl
an

t

Tr
an

sd
er

m
al

Te
st

os
te

ro
ne

 p
at

ch
es

N
ot

 s
cr

ot
al

:
A

nd
ro

de
rm

®

A
nd

ro
pa

tc
h®

Te
st

op
at

ch
®

N
at

iv
e 

te
st

os
te

ro
ne

10
 h

50
– 1

00
 m

g/
 da

y
3–

 12
 h

 a
fte

r 
ap

pl
ic

at
io

n
TT

 b
el

ow
 o

r a
bo

ve
 th

e 
lo

w
- m

id
 n

or
m

al
 ra

ng
e

Itc
hi

ng
 a

nd
 s

ki
n 

irr
ita

tio
n 

at
 

ap
pl

ic
at

io
n 

si
te

Te
st

os
te

ro
ne

 g
el

1–
 2%

1%
 g

el
:

A
nd

ro
ge

l®

Te
st

og
el

®

Te
st

im
®

2%
 g

el
:

Te
st

os
to

p®

To
st

re
x®

(a
ls

o 
kn

ow
n 

as
Fo

rt
es

ta
® , T

os
tr

an
®

an
d 

Itn
og

en
® , a

va
ila

bl
e 

on
ly

 in
 E

ur
op

e)
1.

6%
 g

el
A

nd
ro

ge
l (

av
ai

la
bl

e 
  

on
ly

 in
 U

S)

N
at

iv
e 

te
st

os
te

ro
ne

6 
h

50
– 1

00
 m

g/
 da

y
2–

 8 
h 

af
te

r 
ap

pl
ic

at
io

n
TT

 b
el

ow
 o

r a
bo

ve
 th

e 
lo

w
- m

id
 n

or
m

al
 ra

ng
e

Sk
in

 ir
rit

at
io

n 
at

 a
pp

lic
at

io
n 

si
te

St
ic

ki
ne

ss
 o

r s
lo

w
 d

ry
in

g
Po

te
nt

ia
l r

is
k 

of
 tr

an
sf

er
 to

 
pe

rs
on

 in
 c

lo
se

 c
on

ta
ct

U
nd

er
ar

m
 te

st
os

te
ro

ne
 

(te
st

os
te

ro
ne

 s
ol

ut
io

n 
2%

)
A

xi
ro

n®
N

at
iv

e 
te

st
os

te
ro

ne
N

A
60

– 1
20

 m
g/

 da
y

2–
 8 

h 
af

te
r 

ap
pl

ic
at

io
n

TT
 b

el
ow

 o
r a

bo
ve

 th
e 

lo
w

- m
id

 n
or

m
al

 ra
ng

e

D
ih

yd
ro

te
st

os
te

ro
ne

A
nd

ra
ct

im
 ®

N
at

iv
e 

di
hy

dr
ot

es
to

st
er

on
e

N
A

5 
or

 1
0 

g/
 da

y
N

A
N

A
N

A

Tr
an

sm
uc

o
sa

l

Te
st

os
te

ro
ne

 b
uc

ca
l

St
ria

nt
®

N
at

iv
e 

te
st

os
te

ro
ne

12
 h

30
 m

g/
 tw

ic
e 

da
ily

Im
m

ed
ia

te
ly

 b
ef

or
e 

or
 a

fte
r a

pp
lic

at
io

n
N

A
G

um
 Ir

rit
at

io
n

Ta
st

e 
al

te
ra

tio
ns

Te
st

os
te

ro
ne

 n
as

al
N

at
es

to
®

N
at

iv
e 

te
st

os
te

ro
ne

10
– 1

00
 

m
in

ut
es

11
 m

g 
th

re
e 

tim
es

/ d
ai

ly
N

A
N

A
N

as
al

 d
is

co
m

fo
rt

Rh
in

or
rh

oe
a

Ep
is

ta
xi

s
N

as
al

 c
on

ge
st

io
n

Pa
ro

sm
ia

A
n

d
ro

ge
n

s 
o

th
er

 th
an

 te
st

o
st

er
o

n
e

O
ra

l

D
eh

yd
ro

ep
ia

nd
ro

st
er

on
e

G
al

en
ic

 p
re

pa
ra

tio
n

N
at

iv
e 

de
hy

dr
oe

pi
an

dr
os

te
ro

ne
12

 h
25

– 1
00

 m
g 

da
ily

N
A

N
A

N
A

M
es

te
ro

lo
ne

Pr
ov

iro
n®

1α
- m

et
hy

l-
 4,

5α
- 

di
hy

dr
ot

es
to

st
er

on
e

12
 h

50
– 1

00
 m

g 
2–

 3 
tim

es
 d

ai
ly

N
A

N
A

N
A

Tr
an

sd
er

m
al

D
ih

yd
ro

te
st

os
te

ro
ne

A
nd

ra
ct

im
 ®

N
at

iv
e 

di
hy

dr
ot

es
to

st
er

on
e

N
A

5 
or

 1
0 

g/
 da

y
N

A
N

A
N

A



1567

Ta
b

le
 1

0.
4.

2.
1 

A
va

ila
bl

e 
te

st
os

te
ro

ne
 p

re
pa

ra
tio

ns
 fo

r 
th

e 
tr

ea
tm

en
t o

f a
du

lth
oo

d 
hy

po
go

na
di

sm
. N

A
 =

 n
ot

 a
va

ila
bl

e

Fo
rm

ul
at

io
n

Tr
ad

e 
n

am
es

C
h

em
ic

al
 s

tr
uc

tu
re

H
al

f-
 lif

e
St

an
d

ar
d

 d
o

sa
ge

M
o

n
it

o
ri

n
g 

T 
co

n
ce

n
tr

at
io

n
s

Si
d

e 
ef

fe
ct

s

W
h

en
 to

 m
ea

su
re

W
h

en
 to

 a
d

ju
st

 th
e 

d
o

se
 o

r 
fr

eq
ue

n
cy

Te
st

o
st

er
o

n
e 

p
re

p
ar

at
io

n
s

O
ra

l

Te
st

os
te

ro
ne

 u
nd

ec
an

oa
te

A
nd

rio
l®

A
nd

rio
l T

es
to

ca
ps

®
17

- α
- h

yd
ro

xy
l-

 es
te

r
4 

h
12

0–
 24

0 
m

g 
2–

 3 
tim

es
 

da
ily

3–
 5 

h 
af

te
r  

 
in

ge
st

io
n

N
A

N
ee

d 
fo

r m
ul

tip
le

 a
ss

um
pt

io
ns

 
pe

r d
ay

 w
ith

 fa
tty

 m
ea

ls

M
es

te
ro

lo
ne

Pr
ov

iro
n®

1α
- m

et
hy

l-
 4,

5α
- 

di
hy

dr
ot

es
to

st
er

on
e

12
 h

50
– 1

00
 m

g 
2–

 3 
tim

es
   

da
ily

N
A

N
A

N
A

Pa
re

nt
al

Te
st

os
te

ro
ne

 e
na

nt
ha

te
Te

st
ov

iro
n 

D
ep

ot
®

D
el

at
es

tr
yl

®

Te
st

oe
na

nt
®

17
- α

- h
yd

ro
xy

l-
 es

te
r

4–
 5 

da
ys

25
0 

m
g 

ev
er

y 
2–

 3 
w

ee
ks

M
id

w
ay

 b
et

w
ee

n 
in

je
ct

io
ns

TT
<1

4 
nm

ol
/ L

TT
>2

5 
nm

ol
/ L

Pa
in

 a
t i

nj
ec

tio
n 

si
te

C
ou

gh
 a

fte
r i

nj
ec

tio
n

Fl
uc

tu
at

io
n 

in
 s

ym
pt

om
s

Te
st

os
te

ro
ne

 c
yp

io
na

th
e

D
el

at
es

tr
il®

17
- α

- h
yd

ro
xy

l-
 es

te
r

8 
da

ys
20

0 
m

g 
ev

er
y 

2–
 3 

w
ee

ks
M

id
w

ay
 b

et
w

ee
n 

in
je

ct
io

ns
TT

<1
4 

nm
ol

/ L
TT

>2
5 

nm
ol

/ L

Te
st

os
te

ro
ne

 p
ro

pi
on

at
e

Te
st

ov
is

®
17

- α
- h

yd
ro

xy
l-

 es
te

r
20

 h
10

0 
m

g 
ev

er
y 

2 
da

ys
N

A
N

A

Te
st

os
te

ro
ne

 u
nd

ec
an

oa
te

 
in

 c
as

to
r o

il
N

eb
id

o®

A
ve

ed
 ® (U

S)
*

17
- α

- h
yd

ro
xy

l-
 es

te
r

34
 d

ay
s

10
00

 m
g 

ev
er

y 
10

– 1
4 

w
ee

ks
*7

50
 m

g 
ev

er
y 

10
 w

ee
ks

Th
e 

w
ee

k 
pr

io
r  

 
th

e 
ne

xt
 in

je
ct

io
n

TT
 n

ad
ir 

be
lo

w
 o

r 
ab

ov
e 

th
e 

lo
w

- m
id

 
no

rm
al

 ra
ng

e

Su
rg

ic
al

 im
pl

an
ts

Te
st

op
el

®

Te
st

oi
m

pl
an

t®
N

at
iv

e 
te

st
os

te
ro

ne
– 

4–
 6 

20
0 

m
g 

im
pl

an
ts

 
la

st
in

g 
up

 to
 6

 m
on

th
s

A
t t

he
 e

nd
 o

f  
 

do
si

ng
 in

te
rv

al
TT

 n
ad

ir 
be

lo
w

 o
r 

ab
ov

e 
th

e 
lo

w
- m

id
 

no
rm

al
 ra

ng
e

In
fe

ct
io

n
Ex

pu
ls

io
n 

of
 im

pl
an

t

Tr
an

sd
er

m
al

Te
st

os
te

ro
ne

 p
at

ch
es

N
ot

 s
cr

ot
al

:
A

nd
ro

de
rm

®

A
nd

ro
pa

tc
h®

Te
st

op
at

ch
®

N
at

iv
e 

te
st

os
te

ro
ne

10
 h

50
– 1

00
 m

g/
 da

y
3–

 12
 h

 a
fte

r 
ap

pl
ic

at
io

n
TT

 b
el

ow
 o

r a
bo

ve
 th

e 
lo

w
- m

id
 n

or
m

al
 ra

ng
e

Itc
hi

ng
 a

nd
 s

ki
n 

irr
ita

tio
n 

at
 

ap
pl

ic
at

io
n 

si
te

Te
st

os
te

ro
ne

 g
el

1–
 2%

1%
 g

el
:

A
nd

ro
ge

l®

Te
st

og
el

®

Te
st

im
®

2%
 g

el
:

Te
st

os
to

p®

To
st

re
x®

(a
ls

o 
kn

ow
n 

as
Fo

rt
es

ta
® , T

os
tr

an
®

an
d 

Itn
og

en
® , a

va
ila

bl
e 

on
ly

 in
 E

ur
op

e)
1.

6%
 g

el
A

nd
ro

ge
l (

av
ai

la
bl

e 
  

on
ly

 in
 U

S)

N
at

iv
e 

te
st

os
te

ro
ne

6 
h

50
– 1

00
 m

g/
 da

y
2–

 8 
h 

af
te

r 
ap

pl
ic

at
io

n
TT

 b
el

ow
 o

r a
bo

ve
 th

e 
lo

w
- m

id
 n

or
m

al
 ra

ng
e

Sk
in

 ir
rit

at
io

n 
at

 a
pp

lic
at

io
n 

si
te

St
ic

ki
ne

ss
 o

r s
lo

w
 d

ry
in

g
Po

te
nt

ia
l r

is
k 

of
 tr

an
sf

er
 to

 
pe

rs
on

 in
 c

lo
se

 c
on

ta
ct

U
nd

er
ar

m
 te

st
os

te
ro

ne
 

(te
st

os
te

ro
ne

 s
ol

ut
io

n 
2%

)
A

xi
ro

n®
N

at
iv

e 
te

st
os

te
ro

ne
N

A
60

– 1
20

 m
g/

 da
y

2–
 8 

h 
af

te
r 

ap
pl

ic
at

io
n

TT
 b

el
ow

 o
r a

bo
ve

 th
e 

lo
w

- m
id

 n
or

m
al

 ra
ng

e

D
ih

yd
ro

te
st

os
te

ro
ne

A
nd

ra
ct

im
 ®

N
at

iv
e 

di
hy

dr
ot

es
to

st
er

on
e

N
A

5 
or

 1
0 

g/
 da

y
N

A
N

A
N

A

Tr
an

sm
uc

o
sa

l

Te
st

os
te

ro
ne

 b
uc

ca
l

St
ria

nt
®

N
at

iv
e 

te
st

os
te

ro
ne

12
 h

30
 m

g/
 tw

ic
e 

da
ily

Im
m

ed
ia

te
ly

 b
ef

or
e 

or
 a

fte
r a

pp
lic

at
io

n
N

A
G

um
 Ir

rit
at

io
n

Ta
st

e 
al

te
ra

tio
ns

Te
st

os
te

ro
ne

 n
as

al
N

at
es

to
®

N
at

iv
e 

te
st

os
te

ro
ne

10
– 1

00
 

m
in

ut
es

11
 m

g 
th

re
e 

tim
es

/ d
ai

ly
N

A
N

A
N

as
al

 d
is

co
m

fo
rt

Rh
in

or
rh

oe
a

Ep
is

ta
xi

s
N

as
al

 c
on

ge
st

io
n

Pa
ro

sm
ia

A
n

d
ro

ge
n

s 
o

th
er

 th
an

 te
st

o
st

er
o

n
e

O
ra

l

D
eh

yd
ro

ep
ia

nd
ro

st
er

on
e

G
al

en
ic

 p
re

pa
ra

tio
n

N
at

iv
e 

de
hy

dr
oe

pi
an

dr
os

te
ro

ne
12

 h
25

– 1
00

 m
g 

da
ily

N
A

N
A

N
A

M
es

te
ro

lo
ne

Pr
ov

iro
n®

1α
- m

et
hy

l-
 4,

5α
- 

di
hy

dr
ot

es
to

st
er

on
e

12
 h

50
– 1

00
 m

g 
2–

 3 
tim

es
 d

ai
ly

N
A

N
A

N
A

Tr
an

sd
er

m
al

D
ih

yd
ro

te
st

os
te

ro
ne

A
nd

ra
ct

im
 ®

N
at

iv
e 

di
hy

dr
ot

es
to

st
er

on
e

N
A

5 
or

 1
0 

g/
 da

y
N

A
N

A
N

A



SEcTIon 10 Male Reproductive Endocrine Disorders1568

Dihydrotestosterone (DHT) Gels

In some European countries, DHT is available as a hydroalcoholic 
2.5% gel with a dosage of 5 or 10 g/ day [2, 3, 9] (Table 10.4.2.1). It 
has been used in the context of gynaecomastia or microphallus, but 
evidence for benefit is limited [2, 3, 9] (Table 10.4.2.1). Moreover, 
DHT cannot be aromatized to oestradiol. This limits DHT use, 
given increasing evidence that some of the biological actions attrib-
uted to T (e.g. maintenance of bone mass, prevention of adipose 
tissue accumulation, and possibly maintenance of libido) are de-
pendent on its conversion to oestradiol [15]. Moreover, evidence 
regarding benefits and risks of DHT is limited, due to the paucity 
of RCTs. In one RCT of 120 men aged 50– 70 years with borderline- 
low T levels, DHT treatment (125– 250 mg daily for 6 months) was 
associated with a modest improvement in sexual function, but no 
effects on body weight or lipid parameters [16]. In an RCT of 114 
healthy (not hypogonadal) men DHT gel (70 mg/ daily) modestly 
improved body composition and measures of muscle performance, 
without evidence of adverse prostate effects [17, 18]. However, bone 
mineral density and sexual desire decreased, likely due to the rela-
tive lack of oestrogenic action.

Mesterolone

Mesterolone (1α- methyl- 4,5α- dihydrotestosterone) is a 1α- 
methylated derivative of 5α- dihydrotestosterone (DHT) available 
for oral administration (Table 10.4.2.1) [2, 3]. However, similar to 
DHT, Mesterolone cannot be aromatized to oestradiol, limiting its 
clinical use.

Alternative Treatments to Testosterone

GnRH/ Gonadotrophin Therapy

Gonadotropin- releasing hormone (GnRH) and gonadotrophin 
therapy is most commonly used to stimulate spermatogenesis (see 
Chapter  10.4.3, ‘Gonadotrophin Induction of Spermatogenesis’). 
These agents require testicular responsiveness, and are therefore 
only effective in hypogonadotropic hypogonadism. Due to cost and 
need for parental therapy, they are generally not a practical treat-
ment option for T replacement in hypogonadism. with limited evi-
dence supporting their clinical use in this context.

Only two studies have evaluated the efficacy of luteotropic hor-
mone (LTH) stimulation in adult men [19– 21]. These RCTs have 
used human chorionic gonadotrophin (hCG) due to its longer 
half- life compared to LTH in doses used to induce spermatogen-
esis. In a placebo- controlled RCT, hCG modestly increased lean 
mass and decreased fat mass and modestly improved lipid param-
eters, but had no effect on sexual function [20, 21]. A very small 
study (including ten men receiving hCG) reported improvements 
in sexual function comparable to T treatment, but this study lacked 
a control group [22].

Antioestrogens

This category includes the selective oestrogen receptor (ER) modu-
lators (SERMs) and the aromatase inhibitors (AIs). These orally 
active agents antagonize the oestradiol- mediated negative feed-
back that normally supresses GnRH and gonadotrophin section 
and lead to a reflex rise in circulating LTH, FSH, and T. However, 
the agents require an intact gonadal axis and are not effective in 
organic hypogonadotropic hypogonadism due to established 

hypothalamic– pituitary disease. In addition, as discussed next, 
they may interfere with oestrogenic signalling and to date, there 
are limited clinical data supporting their use. It should be noted 
that both SERMs and AIs are not approved for use in male hypo-
gonadism. For all these reasons, their use should be considered ex-
perimental and restricted to clinical trials.

SERMs

SERMs are non- steroidal compounds that bind to the oestrogen 
receptor and exert both agonistic and/ or antagonist actions, 
depending on the target tissue.

SERMs are classified into three generations. The first generation 
includes the triphenylethylene derivatives, clomiphene citrate (CC), 
tamoxifen, and toremifene. The second generation includes the 
benzothiophene derivatives, of which only raloxifene is available 
for clinical use. More recently, third generation compounds such as 
basedoxifene, ospemifene, and lasofoxifene have become available, 
but have not been evaluated in men.

CC is a non- racemic mixture composed of two stereoiso-
mers:  the trans- isomer enclomiphene (ECC), representing 62% 
and the cis- isomer zuclomiphene representing 38% of the mixture 
[3] . ECC has a pure antioestrogen effect with a half- life of 10 hours. 
Zuclomiphene has mixed oestrogenic and antioestrogenic actions 
and a longer half- life of 30 days. CC is approved for use in female 
infertility to induce ovulation. Due to its antioestrogenic actions, 
CC antagonizes the oestradiol- mediated negative central gonadal 
axis feedback resulting in increased gonadotropin secretion, which 
stimulates oocyte development. The same mechanism can be ex-
ploited in men, whose endogenous T levels significantly increase 
after using CC, ECC, or other SERMs [3].

Besides CC and ECC, tamoxifen, toremifene, and raloxifene 
have been evaluated in clinical studies using doses listed in Table 
10.4.2.2 [3] . A meta- analysis of available studies has reported that 
in men with low to borderline T concentrations who do not have 
organic gonadal axis pathology, SERMs increase gonadotropins 
and circulating T, generally into the mid- normal range for healthy 
young men. However, so far, high- quality studies assessing their 
effects on androgen deficiency symptoms and end organ effects are 
lacking and currently available reports do not provide conclusive 
evidence of efficacy [3]. One placebo- controlled 8- week RCT in 
17 men with lowered T concentration (less than 9.4 nmol/ L) and 
erectile dysfunction (ED) [23] reported that CC at a dose of 50 mg 
daily had no effect on erectile function, despite a marked increase 
in T (+10.0  nmol/ L vs. baseline and +7.7  nmol/ L vs. placebo). 
Another 12- week RCT in 26 men with lowered serum T (less than 
10.4 nmol/ L) [24] compared CC 25 mg daily with anastrozole 1 
mg similarly found no improvement in hypogonadal symptoms, 
including ED, were observed. In contrast to exogenous T, which 
suppresses gonadotropins and spermatogenesis, SERMs increase 
gonadotropins and may stimulate/ preserve spermatogenesis in 
patients with functional secondary hypogonadism. To date, the 
largest RCT involving a SERM randomized 256 obese men with 
low serum T to either enclomiphene, T, or placebo. As expected 
ECC increased, but T therapy decreased, gonadotropins, while 
both ECC and T therapy increased serum T concentrations com-
pared to placebo [25]. ECC maintained, whereas T modestly re-
duced sperm counts from a normal baseline [25]. However, to 
date, robust data on symptomatic improvements and fertility are 
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not available. ECC has not been approved for clinical use and is 
not commercially available.

Raloxifene and toremifene, both SERMs with partial agonistic 
activity in bone, have been evaluated for their effect on skeletal 
endpoints. In a 6 month RCT of older men with serum bioavail-
able T less than 4.5 nmol/ L, treatment with raloxifene 60 mg daily 
was associated with an improvement in markers of bone remod-
elling compared to placebo, but only in the subgroup of men with 
the lowest oestradiol and T concentrations [26]. Similar results 
were reported in a 6 months RCT of 43 healthy older men treated 
with raloxifene 120  mg daily [27]. Effects of SERMs on bone 
have also been assessed in men receiving androgen deprivation 
therapy (ADT) for prostate cancer, who have castrate concentra-
tions of both T and oestradiol. In a large (n = 646 men receiving 
ADT) RCT, toremifene 80  mg daily for 2  years was associated 
with a significantly lower incidence of morphometric (according 
to the Genant semiquantitative scoring method) vertebral frac-
tures than placebo (relative risk reduction of – 50 ([– 1.5; – 75]%; 
p <0.05) [28]. However, men receiving toremifene had higher in-
cidence of venous thromboembolic events (VTE; 2.6% vs. 1.1%) 
that was significant among older men (80  years old or older), 
which led the manufacturer to discontinue further evaluation of 
toremifene in men with prostate cancer receiving ADT [2,  29]. 
While an increased risk of VTE has not been reported in younger 
men without prostate cancer, existing studies have not been de-
signed or powered to evaluate such risks. However, SERMs 
should be avoided in men at risk for VTE until more definitive 
data are available.

Aromatase Inhibitors

AIs inhibit aromatase, an enzyme whose physiologic function is to 
convert T into oestradiol. Based on their structure, AIs are classi-
fied into steroidal (testolactone and exemestane) and non- steroidal 
(anastrozole and letrozole) compounds. Exemestane, anastrozole, 
and letrozole are approved for the treatment of oestrogen receptor 
positive breast cancer in women. AIs profoundly reduce serum oes-
tradiol (by >98%), and hence, in a mechanism similar to SERMs, 
remove oestradiol- mediated central gonadal feedback with conse-
quent increase in gonadotropin secretion in turn stimulating tes-
ticular T production and possibly spermatogenesis. However, to 
date beneficial effects of AIs on spermatogenesis and fertility have 
not been reported. Similar to SERMs AIs increase circulating T 
into the mid- normal range, with an average difference of 7 nmol/ 
L compared to placebo arm [3] . Effect in clinical outcomes such as 
sexual function, bone parameters, muscle strength, and metabolic 
outcomes have not been adequately evaluated to date. Effects of AIs 
on sexual function have been evaluated by three small short- term 
placebo- controlled RCTs [30– 32]. None of the studies reported an 
improvement in sexual function. While this may have been due to 
lack of power, the findings are consistent with evidence that oes-
tradiol plays a role in sexual function in men. Three RCTs [32– 34] 
evaluated the effect of AIs on body composition, lipids, and muscle 
strength. None of them showed any difference in fat or lean mass 
and lipids in the AI arm as compared with placebo. Given the 
profound reduction of circulating oestradiol, detrimental effects 
of AIs on bone health are a potential concern. While two small 
RCTs did not report an effect on bone density [32, 35] the largest 

RCT (n = 69) using anastrozole reported a significant reduction in 
lumbar spine bone mineral density (BMD) at 52 weeks compared 
to placebo (change from baseline BMD: – 0.020 ± 0.005 vs. 0.009 ± 
0.006 for anastrozole and placebo group, respectively; P = 0.0014) 
[34]. At present, the available data do not support a role for AIs in 
the treatment of men with lowered T, despite their ability to increase 
circulating T levels [3]. However, the limited available evidence is 
not sufficient for drawing conclusions on their clinical utility, and 
further studies are required.

conclusions

The optimal treatment of adult hypogonadism should be based on 
the clinical context, treatment availability, and individual patient 
needs and expectations. In the majority of cases, T substitution rep-
resents the best treatment. The use of transdermal T preparations 
and long- acting injectable T undecanoate have become the most 
popular forms of the replacement, providing assured efficacy and 
safety. When fertility is required, in the case of secondary hypo-
gonadism, the use of gonadotrophins is appropriate and quite suc-
cessful. The unlicensed use of antioestrogens in the management of 
male hypogonadism is not supported by good evidence on efficacy 
and carries concerns regarding long- term safety.
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Introduction— General Principles

Testicular dysfunction often compromises both production of tes-
tosterone and spermatogenesis. These functions are dependent on 
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gonadotropin action in men, with luteinizing hormone (LH) stimu-
lating testosterone production in Leydig cells and follicle- stimulating 
hormone (FSH) supporting spermatogenesis by stimulating Sertoli 
cell function (see Chapter 10.1.1). Testicular disorders, causing pri-
mary hypogonadism, do not present a condition in which a therapy 
with gonadotropin- releasing hormone (GnRH) or gonadotropins 
is an option to induce spermatogenesis. Rather, morbidities with 
impaired secretion of GnRH (tertiary hypogonadism) or lack of 
production of gonadotropins (secondary hypogonadism) in the 
presence of an intact, yet unstimulated testis, present an option for 
the therapy with these hormones [1– 4].

Mutations in a large set of genes causing the secondary and ter-
tiary hypogonadism have been reported [5, 6], but also other, pre-
pubertal or postpubertally acquired pathologies of the pituitary 
and hypothalamus can give rise to a similar a clinical picture (see 
Section 2, ‘Pituitary and Hypothalamic Diseases’).

Hypogonadism is usually treated with replacement of tes-
tosterone to correct androgen deficiency. However, in 
hypogonadotropic hypogonadism (HH), it is also possible to 
achieve fertility as well, by temporarily switching testosterone treat-
ment to gonadotropins:  human chorionic gonadotropin (hCG) 
in combination with FSH (purified urinary FSH or recombinant 
human FSH [rhFSH]) or, alternatively, pulsatile GnRH in case of 
tertiary hypogonadism [7– 13]. Once paternity has been achieved, 
men should switch back to more convenient and cost- effective tes-
tosterone replacement, unless men wishing to father a second child 
within a short time frame.

Hormonal treatment designed to achieve fertility in hypogonado-
tropic hypogonadal men usually do not increase sperm counts 
into the normal range (sperm concentration ≥15 mill/ ml or a 
total sperm count ≥38 mill/ ejaculate as per current World Health 
Organization definitions). Normalization of sperm counts is not 
necessary to achieve fertility. In a study of 24 men with IHH re-
ceiving gonadotropin therapy, 71% of a total of 40 initiated preg-
nancies were conceived with sperm concentrations ranging from 1 
to 20 mill/ ml [14]. Similar results were seen in men with IHH re-
ceiving pulsatile GnRH combined hCG/ hMG therapy [15, 16]. The 
length of treatment required to induce spermatogenesis and achieve 
fertility (ranging from a few months to several years) depends on 
cofactors discussed next [17].

Spermatogenesis can be induced even in hypogonadotropic pa-
tients with a very small testicular volume (of less than 3 ml), but 
this may require treatment for 18– 24 months [15, 16, 18]. During 
therapy, testicular volume can be monitored carefully by ultrasound 
sonography, in order to detect subtle increases, which precede the 
first appearance of sperm [19].

A review of 42 patients with HH reported that a history of sur-
gically corrected testicular maldescent (uni-  or bilateral) hampers 
spermatogenesis and requires a longer course of treatment, but 
again, this does not preclude fertility. This is especially the case in 
unilateral maldescent, but there are also reports of men with pre-
vious bilateral cryptorchidism achieving paternity with gonado-
trophin treatment. On average, patients with unilateral maldescent 
required 5 months (range 1– 16 months) and patients with bilateral 
maldescent required 13 months (12– 22 months) of treatment until 
induction of spermatogenesis, that is appearance of sperm in the 
ejaculate. In comparison patients without a history of maldescent 
required 4.5 months of treatment (2– 18 months) [16, 17]. Similar 

findings have been reported in other studies [20– 24]. Since in-
duction of spermatogenesis may take 2 years or occasionally even 
longer, men with HH desiring paternity should plan well in advance 
to initiate timely treatment. In repeatedly treated patients, stimu-
lation of spermatogenesis tended to be faster, leading to a reduced 
time to pregnancy [16]. In one study [25], 75 men with idiopathic 
hypogonadotropic hypogonadism (IHH) (with 72 desiring fertility) 
were treated at two academic andrology centres for a total of 116 
courses of therapy from 1981– 2008; semen analysis and testicular 
examination were performed every 3  months. A  total of 38 men 
became fathers, including five through assisted reproduction. The 
median time to achieve first sperm appearance was 7.1  months 
(95% confidence interval [CI] 6.3– 10.1) and for conception was 
28.2 months (95% CI 21.6– 38.5). The median sperm concentration 
at conception for unassisted pregnancies was 8.0 m/ ml (95% CI 0.2– 
59.5). Multivariate correlated time- to- event analyses showed that 
larger testis volume predicted faster induction of spermatogenesis 
and unassisted pregnancy. In general, advanced age was a negative 
predictor, but a definitive threshold in terms of ‘too old age’ does 
not seem to exist.

It has been recently shown that the underlying pathology strongly 
influences the treatment response in HH. A history of puberty was a 
predictive marker for successful of gonadotropin substitution, while, 
for example patients with Kallmann syndrome had lower chances 
for testicular growth and they also had lower sperm output [17].

The induction of fertility in men with secondary or tertiary hypo-
gonadism is highly effective but obviously needs patience in sub-
groups with unfavourable confounders [17, 19, 26]. Of note, recent 
evidence suggests that central hypogonadism may be a reversible 
condition in up to 10% men [27], and should be considered in men 
experiencing testicular growth despite testosterone treatment. In 
such men, gonadotropin treatment to induce spermatogenesis or 
testosterone replacement may no longer be necessary; however, 
these men require periodic clinical monitoring, as the gonadal axis 
recovery may only be temporary.

Gonadotropin Therapy

Gonadotrophin therapy is effective in promoting fertility in pa-
tients with secondary as well as tertiary hypogonadism. Historical 
hCG and hMG, both purified extractions from urine was used. In 
contemporary practice, however, purified urinary FSH and recom-
binant human FSH have replaced hMG in most countries [19, 28].

Pulsatile GnRH Therapy

In general, GnRH therapy is not frequently used since gonado-
trophin therapy (see next) is successful in both secondary and ter-
tiary hypogonadism. Pulsatile GnRH delivery is more expensive 
and demanding and not generally available except in the few centres 
with a research interest in GnRH physiology [29].

Treatment with GnRH requires subcutaneous pulsatile application 
using a portable pump via a butterfly needle placed in the abdom-
inal wall and changed every 2 days. The dose usually ranges from 5 
to 20 µg/ 120 min (corresponding to 100– 400  ng/ kg body weight/ 
120 min). Low- dose pulsatile GnRH therapy (2 µg/ 150 min) may 



10.4.3 Induction of Spermatogenesis by Gonadotrophin Treatment 1573

be tried but is commonly not sufficient to elicit a pituitary response 
[30]. The induction of spermatogenesis is evidenced by the appear-
ance of sperm in the ejaculate. Spermatogenesis (with counts ranging 
from 1.2– 15.3 mill/ ml) was achieved after an average of 4 months of 
treatment, as shown during GnRH substitution in patients with idio-
pathic (i.e. tertiary) HH or Kallmann’s syndrome [16].

Similar results have been demonstrated in other studies [21, 31– 
33]. Despite low sperm counts, pregnancies can be achieved, the 
duration until conception being on average 6– 7  months. During 
pulsatile GnRH treatment testicular size increased significantly, 
from an initial mean size of 6.8 ± 2.2 ml to 14.9 ± 3.2 ml after 5– 
12 months of treatment [16].

Generally, GnRH therapy is successful in inducing virilization 
and spermatogenesis in tertiary hypogonadism. However, a small 
subset of tertiary IHH men usually those who showed a complete 
absence of prior pubertal development (presumed GnRH re-
ceptor gene defects), does not achieve a satisfactory response to 
GnRH [34].

Treatment with hcG/ Highly Purified Urinary Human 
FSH (Urinary- hFSH)

Improved purification methods have provided highly purified 
urinary FSH with enhanced specific activity in comparison to hMG 
(10 000 IU/ mg of protein vs. 150 IU/ mg of protein for hMG) [35].

In 14 prepubertal males with isolated HH or panhypopituitarism 
(i.e. secondary hypogonadism), complete virilization was achieved 
in all patients; in seven of eight patients willing to provide ejacu-
lates spermatogenesis was achieved [36]. The subcutaneous appli-
cation makes self- administration feasible: in 60 men with different 
forms of HH (16 with Kallmann syndrome, 19 with IHH, 25 with 
hypopituitarism) highly purified urinary FSH (150 IU thrice/ week) 
and hCG (2500  IU twice/ week) were administered. Results were 
comparable to other studies and the treatment was well tolerated 
[19, 37].

Treatment with hcG/ Recombinant Human FSH (rhFSH)

rhFSH has advantages over urinary preparations in terms of 
purity, specific activity, consistent composition, and constant 
supply. Multiple dose pharmacokinetics showed an elimination 
half- life of 48 ± 5 h and demonstrated that serum FSH increases 
in a dose- dependent fashion. No intrinsic LH activity was de-
tected [38– 40].

Early case reports suggested rhFSH effectiveness in indu-
cing spermatogenesis in HH [15,  41] in combination with 
hCG- treatment.

In a study of ten men with HH due to hypothalamic or pitu-
itary disorders, combined therapy with recombinant FSH (150 IU 
s.c. thrice/ week) and hCG (2000 IU 2– 3 times/ week), seven had 
evidence of spermatogenesis after a median of 6  months. Five 
achieved a sperm output of more than 1.5 mill/ ml. Mean testicular 
volume increased by 4.2  ml. Three pregnancies were achieved 
during FSH treatment. Its efficacy is comparable to urinary FSH 
in restoring normal fertility in men with gonadotropin deficiency 
[19, 42].

A combined analysis of data from four studies using rhFSH/ hCG 
to induce spermatogenesis in men with HH (n = 100) revealed that 
spermatogenesis could be achieved in 68 men after a maximal dur-
ation of treatment of 18 months [43].

There is no evidence of any significant difference in terms of 
various clinical outcomes between GnRH and gonadotrophin 
therapy in hypogonadotropic patients seeking fertility. A study with 
36 patients with tertiary hypogonadism (IHH or Kallmann syn-
drome), comparing GnRH (n = 18) with gonadotrophin (n = 18) 
therapy, reported no significant difference in effectiveness with re-
spect to sperm counts. A 2- year comparison including 16 patients 
showed no advantage of either therapy concerning acceleration 
and/ or enhancement of testicular growth, onset of spermatogenesis 
or increment of sperm output [31].

conclusion

Gonadotropin substitution therapy is highly effective in men with 
HH in achieving fertility. See Table 10.4.3.

Practical Relevance

 • In tertiary or secondary hypogonadism, fertility and andro-
genization of patients can be achieved by administration of 
gonadotropins. A  rarely used alternative method is pulsatile 
GnRH application in tertiary hypogonadism.
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Table 10.4.3. Modern modalities of gonadotropin substitution 
therapy in men to achieve spermatogenesis and maintain 
androgenicity

Substance Form of application Dosage

GnRH pulsatile Subcutaneous by 
minipump

5– 20 μg/ Pulse every 2 h

or alternatively

Human chorion- 
gonadotropin (hCG)

Subcutaneous or 
intramuscular

1500– 3000 IE 2 
2 to 3 times per 
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Introduction

Male hypogonadism is a clinical syndrome that arises from 
disruption of the hypothalamic– pituitary– testicular axis re-
sulting in failure to produce physiological concentrations of 
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testosterone and/ or normal production of sperm [1] . Primary 
hypogonadism results from testicular dysfunction, while sec-
ondary hypogonadism arises due to disease or dysfunction of the 
hypothalamus and/ or the pituitary. In primary hypogonadism, 
serum concentrations of gonadotropins are increased, testos-
terone concentrations are decreased (hypergonadotropic hypo-
gonadism), and spermatogenesis is impaired, with impairment 
of spermatogenesis generally greater than that of testosterone 
production. In secondary hypogonadism, testicular testosterone 
secretion and spermatogenesis are similarly impaired, but con-
centrations of gonadotropins are low or inappropriately normal 
(hypogonadotropic hypogonadism) [2].

Men seek consultation in the clinics typically as a result of symp-
toms and signs related to low serum testosterone levels, although 
some men might present with infertility as their chief complaint. 
Testosterone is produced by the Leydig cells of the testes and is the 
predominant androgen in men; it is essential for virilization and 
maintenance of the male phenotype. As a result, prepubertal onset 
of androgen deficiency results in small testes and micropenis, high- 
pitched voice, eunuchoidal habitus, gynaecomastia, decreased body 
hair, and low libido [2] . If the onset is post- pubertal, size of the 
phallus, body proportions, and voice remain normal; these patients 
may present with gynaecomastia, reduced hair growth, low libido, 
and erectile dysfunction [1,  2]. Additionally, as testosterone has 
several non- reproductive functions, which include impact on bone 
mass, body composition, muscle strength, erythropoiesis, and mood, 
men with low testosterone may present with low bone mass, reduced 
muscle strength, unexplained anaemia, and decreased energy [1, 2].

Even though randomized trials of testosterone replacement in 
men with organic hypogonadism are few (it is unethical for these 
patients with profound androgen deficiency to be randomized to a 
placebo arm), agreement exists— on the basis of clinical experience 
and open- label trials— that testosterone replacement therapy (TRT) 
is associated with beneficial effects. This statement on accepted effi-
cacy of TRT applies only to classic/ organic hypogonadism, and must 
not be extrapolated to the age- related decline in testosterone levels, 
also known as ‘late- onset hypogonadism’ or ‘age- related low testos-
terone’. Testosterone levels peak in the second and third decade of 
life and then gradually decline (in some men) with advancing age 
without a clear inflection point [3– 6]. The age- related decline in tes-
tosterone levels has been associated with defects at all levels of the 
hypothalamic– pituitary– testicular axis, and the trajectory of this de-
cline is influenced by body mass index (BMI), comorbid conditions, 
medications and genetic factors [7– 9]. In the European Male Ageing 
Study (EMAS), three sexual symptoms (poor morning erection, low 
sexual desire, and erectile dysfunction) were associated with testos-
terone levels below 11 nmol/ L (317 ng/ dl) or free testosterone levels 
below 220 pmol/ L (63 pg/ ml) [6] . Men defined as having late- onset 
hypogonadism by these criteria tended to be older and have a higher 
BMI, lower muscle mass, lower bone mineral density (BMD), lower 
haemoglobin levels, and slower gait speed, which suggests that men 
with late- onset hypogonadism have end- organ deficits similar to 
those observed in patients with organic androgen deficiency [9, 10]. 
Nonetheless, randomized trials of TRT in men with late- onset hypo-
gonadism have shown modest benefits at best. Furthermore, long- 
term safety of TRT, particularly its impact on cardiovascular disease 
and prostate cancer risk, remains unknown. Therefore, testosterone 
treatment for age- related low testosterone is not approved by the 

American Food and Drug Administration (FDA) and remains ‘off- 
label’. Here we discuss the data on the efficacy of testosterone treat-
ment in both organic hypogonadism (most studies included younger 
men but some also included middle- aged and older men with or-
ganic hypogonadism) and in men with purely age- related low testos-
terone (Figure 10.4.4.1 Online- only).

Benefits of Testosterone Replacement

Sexual Function

Hypogonadal men experience fewer sexual thoughts and spontan-
eous erections, and have lower overall sexual activity than eugonadal 
men [11]. However, hypogonadal and eugonadal men have similar 
erectile responses to visual erotic stimuli [11]. These observations 
have led to the generally accepted view that testosterone influences 
spontaneous but not sexually aroused erections, whereas its associ-
ation with libido remains its most consistent effect.

Testosterone therapy in young hypogonadal men improves many 
aspects of sexual function, including overall sexual activity, sexual 
desire, intensity of sexual feelings, sexual fantasies, as well as the 
number and duration of night- time and spontaneous erections [11– 
15]. However, TRT does not improve ejaculatory function in hypo-
gonadal men with ejaculatory dysfunction [16]. A meta- analysis of 
randomized trials showed that TRT improved sexual motivation, 
number of successful intercourses, erectile function scores, and 
overall sexual satisfaction in men with baseline serum testosterone 
concentrations lower than 12.0 nmol/ L (356 ng/ dl), whereas no ef-
fect was seen in men with higher (>12 nmol/ L) serum testosterone 
concentrations [17].

Even though sexual symptoms are consistently associated with 
low serum testosterone levels in older men, intervention trials have 
reported inconsistent efficacy in this population. This might be be-
cause some trials enrolled men with low- normal or normal serum 
testosterone levels, and only a few studies investigated the effects of 
TRT in older men with sexual dysfunction and unequivocally low 
testosterone levels. Additionally, most earlier trials did not enrol par-
ticipants based on rigorously defined criteria for sexual dysfunction, 
thus making it difficult to draw firm conclusions regarding the effi-
cacy of TRT on sexual function. Nevertheless, positive effects of TRT 
on libido have been reported more consistently than those on erectile 
function in randomized trials in older men. Indeed, in men older 
than 60 years with age- related low testosterone, serum testosterone 
concentrations do not correlate strongly with erectile function, 
which suggests aetiologies other than testosterone deficiency may 
be responsible for erectile dysfunction [2] . More recently, however, 
the Testosterone Trials (TTrials), a coordinated set of seven trials 
involving 790 men aged 65 years or older with unequivocally low 
testosterone concentration at baseline (below 9.54 nmol/ L (275 ng/ 
dL)), randomized men with at least one manifestation of hypo-
gonadism (decreased libido, difficulty walking, or low vitality) to 
transdermal testosterone gel or placebo gel treatment for 12 months 
[18]. The therapy- induced increase in serum testosterone concentra-
tion was associated with modest increases in sexual activity (Figure 
10.4.4.2a), sexual desire and erectile function [18]. These findings 
were further confirmed in a recent meta- analysis of randomized, 
placebo- controlled testosterone trials in adult men with morning 
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testosterone levels below 10.4 nmol/ L (300 ng/ dl) and one or more 
symptoms or signs of hypogonadism [19] (Figure 10.4.4.2b).

When men present with predominant complaint of erectile 
dysfunction and their serum testosterone concentrations are 
only mildly reduced (generally from a non- organic aetiology), 
phosphodiesterase- 5 inhibitors (PDE- 5 inhibitors) might be the 
first line of therapy as they are more efficacious than TRT based 
on the magnitude of improvement as assessed by validated ques-
tionnaires. In small clinical trials, patients with erectile dysfunction 
and low serum testosterone concentrations who do not respond 
to monotherapy with PDE- 5 inhibitors, addition of testosterone 
to PDE- 5 inhibitors have shown some benefit [20]. However, in a 
large randomized, controlled trial, no additional benefit was seen 
when TRT was added to participants after their dose of sildenafil 
was carefully optimized [21] (Figure 10.4.4.3 Online- only).

Muscle Mass, Muscle Strength, and Physical Function

Testosterone is a potent anabolic hormone which plays a major role 
in regulating body composition, maximal voluntary muscle strength 
and muscle power [22, 23]. In epidemiological studies, low testos-
terone concentrations are associated with higher fat mass, lower lean 
body mass, and lower muscle strength [24]. Additionally, men with 
low testosterone levels are more prone to having worse physical per-
formance than men with normal testosterone levels [24, 25], and are 
more predisposed to become frail and experience falls [5, 26].

The most noticeable and consistent effect of TRT in hypogonadal 
men is the increase in muscle mass and maximal voluntary strength 
[27– 29]. In a trial in young hypogonadal men, TRT for 10 weeks 
induced a mean increase in lean mass of 5.0 kg (8.9%), as well as im-
provements in chest press (22%) and leg press strength (45%) [27] 
(Figure 10.4.4.4a). In studies that included adult men of all ages 
(including older men), modest increments in lean mass (1– 3  kg) 
and muscle strength have been observed [29– 31]. Similarly, modest 
increases in lean mass and muscle strength were seen in trials of 
TRT in intermediate- frail and frail older men as well as in older 
men with mobility limitations [32– 34].

Despite the consistent observation of improvements in lean mass 
and maximal voluntary muscle strength, improvements in meas-
ures of physical function have been inconsistent or of a small mag-
nitude [30, 32– 35]. In a large trial of community- dwelling older 
men with low to low- normal serum testosterone, TRT for 3 years 
improved loaded and unloaded stair climbing power [30]. Loaded 
stair climbing power also improved in a 6- month trial of TRT in 
older men with mobility limitation and low testosterone [34] 
(Figure 10.4.4.4b), with a greater proportion of men receiving tes-
tosterone (compared with placebo) demonstrating improvement 
that was considered to be clinically meaningful [33]. However, there 
was no significant improvement in gait speed [34]. Similarly, clin-
ical trials in older men have also not demonstrated improvements 
in other measures of physical function, such as the sit- to- stand test, 
the get up and go test, the 6- minute walk test and the Short Physical 
Performance Battery score [32].

The conflicting findings relating to the efficacy of TRT in 
improving measures of physical function in older men were further 
highlighted by the findings of the TTrials. In the pre- determined 
analysis of the cohort enrolled in the Physical Function Trial of the 
TTrials (387 men with self- reported difficulty walking or climbing 
stairs plus a gait speed <1.2 m/ s on the 6- minute walk test), TRT 
did not result in significant improvements in the primary endpoint 
of walking distance in men treated with testosterone for 12 months 
compared to placebo [18, 35] (Figure 10.4.4.4c). In other words, in 
carefully selected men who had both unequivocal low serum tes-
tosterone concentrations and physical dysfunction, TRT was not 
beneficial. However, a sub- analysis that included all randomized 
men (including those who did not have physical dysfunction) dem-
onstrated significant improvements in the 6- minute walk test [18]. 
Additionally, men treated with testosterone were more likely to re-
port that their walking ability had improved [18].

Another functional parameter that has been evaluated in some 
testosterone trials is aerobic capacity (V̇O2peak). In the TEAAM 
trial, TRT for 3 years in men 60 years and older with low to low- 
normal serum testosterone concentrations (below 13.9  nmol/ L; 
400  ng/ dl) attenuated the expected age- related decline in aerobic 
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Figure 10.4.4.2 Effects of testosterone replacement on sexual function 
in hypogonadal men. Panel A shows change from baseline in overall 
sexual activity with testosterone treatment in older men assessed by 
the Psychosexual Daily Questionnaire (data presented as means; error 
bars are 95%CI). Panel B shows the effects of testosterone replacement 
on various aspects of sexual function summarized in a meta- analysis 
of randomized testosterone trials in men with low serum testosterone 
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deficiency (data displayed as standardized mean difference and 95%CI).
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capacity [36]. However, this effect was modest (a 0.91 ml/ kg/ min 
difference from placebo) and its clinical meaningfulness remains 
uncertain. Similar findings were also seen in older men with mo-
bility limitations [37] (Figure 10.4.4.4d).

The reasons why the gains in muscle mass and muscle power con-
sistently demonstrated in clinical trials of TRT have not translated 
into improvements in physical function remain unclear. It is con-
ceivable that adjunctive physical exercise training, together with 
TRT may be necessary to achieve more meaningful improvements 
in functional performance; this avenue deserves further investiga-
tion. In the interim, TRT for the sole purpose of improving physical 
performance is not recommended.

Bone Mineral Density and Bone Quality

Testosterone has anabolic effects on the male skeleton; it increases 
bone mass and strength via its direct action on the androgen receptor 
and indirectly through its conversion to oestradiol [38, 39]. During 
puberty, increase in the secretion of gonadal steroids stimulate 

osteoblast activity, markedly increasing BMD [40]. Pre- pubertal an-
drogen deficiency is associated with reduced cortical and trabecular 
bone mass [40, 41]; similarly, compared to eugonadal men, hypo-
gonadal men also have lower cortical and trabecular bone mass 
[41]. Additionally, lower bioavailable testosterone levels have also 
been associated with lower volumetric BMD, bone geometry and 
bone quality in older men [42]. Indeed, suppression of testosterone 
production with androgen deprivation therapy for prostate cancer 
is associated with a rapid loss of bone mass [43, 44].

Testosterone therapy in young, hypogonadal men is associated 
with improvement in vertebral BMD [31, 45– 47]. Small trials in 
men with unequivocal organic hypogonadism have shown that TRT 
is associated with an increase of 5– 8% in spinal and 4% in hip BMD, 
with maximum improvement observed by 24  months [29,  31], 
even though normalization of BMD may not be achieved in this 
timeframe [31]. Nonetheless, BMD in some hypogonadal men con-
tinues to increase even after long- term testosterone treatment [45], 
supporting a sustained beneficial role of TRT on male skeleton.

Figure 10.4.4.4 Effects of testosterone administration on measures of muscle performance and physical function in interventional trials. Panel 
A shows the effects of testosterone replacement for 12 weeks on voluntary maximum strength in the chest press and leg press exercises in young 
hypogonadal men (bars are means and error bars SEM). Panel B shows the effects of testosterone treatment for 6 months on loaded stair climbing 
power in older men with mobility limitations (data displayed as means and error bars are 95% CI). Panel C shows the change in walk distance in the 
6- minute walk test in older men with mobility limitations participating in the Physical Function Trial of the TTrials (data displayed as means and error 
bars are 95% CI). Panel D shows mean changes in VO2peak after 6 months of testosterone treatment or placebo in mobility- limited older men (error 
bars are SEM). The anticipated age- related decline in the VO2peak for the 6- month period is shown for reference.
Data in Panel A derived from Bhasin et al., J Clin Endocrinol Metab. 1997;82(2):407– 13. Data in Panel B derived from Basaria et al. N Engl J Med. 2010;363(2):109– 22. Panel 
C adapted with permission from Bhasin et al., Lancet Diabetes Endocrinol. 2018;6(11):879– 890. Panel D adapted with permission from Storer et al., J Clin Endocrinol Metab. 
2016;101(6):2562– 9. Copyright © 2016, Oxford University Press.
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The age- related decline in sex hormones has been associated 
with reduction in BMD and increased risk of osteoporotic fractures 
[42, 48]. However, earlier clinical trials in this patient population 
reported inconsistent effects of TRT on BMD and bone quality. 
A meta- analysis of randomized trials found a significantly greater 
increase in lumbar spine but not femoral BMD in older men re-
ceiving intramuscular testosterone compared to placebo (Figure 
10.4.4.5a); interestingly use of transdermal testosterone did not 
show benefits [49]. More recently, in the Bone Trial of the TTrials, 
TRT in men with age- related low testosterone showed an increase 
in volumetric BMD and estimated bone strength on quantitative 
computerized tomography scan compared to men receiving pla-
cebo [50], however, these effects appear modest when assessed with 
dual energy X- ray absorptiometry (DEXA) scan (Figure 10.4.4.5b), 
a tool more likely to be utilized by clinicians.

To date, no randomized trial has evaluated the effects of TRT 
on fracture rate. Future studies should be powered to determine 
whether improvements in BMD from TRT translate into reduced 
fracture risk. In the interim, bone- specific osteoporosis therapy with 
agents that have proven antifracture efficacy should remain the main 
therapeutic approach for men who are at a high risk for fracture [51].

Mood

Epidemiological studies have demonstrated an association be-
tween lower testosterone levels and chronic low- grade depression 
in men [52, 53]. However, in young and middle- age men with re-
fractory depression, placebo- controlled trials of testosterone have 

not consistently shown a beneficial effect of testosterone, either in 
men with total testosterone concentrations below 12.1 nmol/ L (350 
ng/ dl) [54, 55] or in men with normal testosterone levels [56, 57]. 
In a previous meta- analysis, TRT in hypogonadal men resulted in 
greater improvements in depression scores than did placebo, an ef-
fect that was not seen in eugonadal men [58]. However, in a re-
cent meta- analysis including 27 randomized trials of testosterone 
administration in hypogonadal or eugonadal men reporting de-
pressive symptoms (determined with psychometrically validated 
depression scales), testosterone treatment was associated with a 
significant reduction in depressive symptoms compared to placebo 
[59]. It is not clear, however, if these improvements are clinically 
relevant. Importantly, one should not conclude that testosterone 
treatment induces remission of major depression or that it might 
improve the response to antidepressants in these patients.

Vitality

In older hypogonadal men with sexual dysfunction, decreased vi-
tality, and/ or mobility limitation, higher endogenous testosterone 
levels have not been associated with improved vitality or depression 
scores. In the Vitality Trial of the TTrials [18], TRT for 12 months 
did not improve vitality in older men who were carefully selected 
for low vitality. However, men receiving testosterone had small but 
significant improvements in mood and lower severity of depression. 
Other randomized controlled trials in older men have failed to show 
a clear benefit on vitality and health- related quality of life with tes-
tosterone therapy [60, 61]. However, in a randomized trial of adult 
hypogonadal men (mean age 55 years) with decreased energy or de-
creased sex drive, TRT for 9 months significantly improved energy 
assessed by a new questionnaire known as hypogonadism energy 
diary (HED) [62]. The reasons for these conflicting findings are not 
clear, but it is conceivable that the currently available tools (question-
naires) are not able to capture changes in energy in a meaningful way.

cognition

Cohort studies have reported weak associations of testosterone 
levels with measures of visuospatial cognition and verbal fluency 
[63], but the findings have not been consistent [64]. Other studies 
have reported a complex relationship between serum androgen 
levels and spatial ability [65, 66]. A recent study found an associ-
ation between the age- related decline in serum testosterone levels 
with impairment in cognitive function [67]. Additionally, in a meta- 
analysis of prospective cohort studies of older men, low serum tes-
tosterone was associated with increased risk of being diagnosed 
with Alzheimer’s disease [68].

Earlier clinical trials evaluating the impact of testosterone therapy 
on cognitive function have been small and not well- designed, and 
reported mixed findings, either in cognitively healthy older men 
[69,  70] or in older men with impaired cognition or Alzheimer’s 
disease [71, 72]. More recently, a secondary analysis of the TEAAM 
trial evaluated the effects of testosterone administration for 3 years 
on multiple domains of cognitive function in a large cohort of cog-
nitively healthy older men; testosterone therapy was not associated 
with improved cognitive function [73]. These findings are similar 
to those reported by the Cognitive Function Trial of the TTrials, in 
which TRT for 12 months in hypogonadal older men was not asso-
ciated with improvements in any domain of cognitive function [74] 
(Figure 10.4.4.6).
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Figure 10.4.4.5 The effects of testosterone therapy on bone health 
in intervention trials. Panel A shows the effects of testosterone therapy 
on lumbar and femoral bone mineral density in a meta- analysis of 
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Based on the cumulative data, the current evidence suggests that 
testosterone therapy does not benefit cognitive function. In fact, 
TRT with supraphysiological doses may even have a negative im-
pact on cognitive function [75]. These data suggest that testosterone 

therapy should not be initiated in men solely for the purposes of 
improving cognition.

Anaemia

Testosterone plays an important role in erythropoiesis. It stimu-
lates erythropoiesis via multiple mechanisms which include 
(i)  increasing iron availability [76– 78] via suppression of hepatic 
secretion of hepcidin [79, 80], the liver- derived master iron regu-
latory peptide hormone that controls systemic iron homeostasis 
[81]; (ii) stimulation of erythroid progenitor cells and; (iii) stimula-
tion of erythropoietin (EPO) secretion [77, 82]. Indeed, before the 
discovery of EPO, androgens were widely used in the treatment of 
anaemias of various aetiologies [77]. Additionally, erythrocytosis is 
the most common adverse event observed in men receiving TRT [1]  
and anaemia is a common adverse effect of androgen deprivation 
therapy in men with prostate cancer [83]. Moreover, lower testos-
terone levels are associated with lower haematocrit in men [84] and 
an increased risk of anaemia [85].

In the TTrials, TRT significantly increased haematocrit and 
haemoglobin levels in men with anaemia from known causes 
as well as in men with unexplained anaemia [86]. Furthermore, 
changes in haemoglobin concentrations in the testosterone group 
were associated with changes in walking speed [35]. In the TEAAM 
trial, testosterone- induced attenuation of the age- related decline 
in aerobic capacity (V ̇O2peak) was also associated with changes in 
haemoglobin [36]. These observations highlight the importance of 
haemoglobin concentrations to cardiovascular capacity and phys-
ical function and suggest that testosterone- induced increments in 
haemoglobin contribute to improvement in some aspects of quality 
of life in hypogonadal men. However, it should be noted that an-
aemia alone is not an approved indication to initiate TRT.

Metabolic Health

A large body of evidence suggests that testosterone plays an im-
portant role in the maintenance of metabolic health in men. 
Population studies have shown that higher endogenous serum 
testosterone concentrations are associated with a lower risk of 
metabolic syndrome and diabetes [87– 90]. Indeed, initiation of an-
drogen deprivation therapy for prostate cancer is associated with 
worsening of metabolic parameters and increased risk of developing 
metabolic syndrome and diabetes [91– 96]. Similarly, acute inter-
ruption of TRT in hypogonadal men worsens insulin sensitivity 
[97]. Additionally, endogenous testosterone levels were positively 
associated with insulin sensitivity assessed with hyperinsulinaemic- 
euglycemic clamp [98]. Data suggests that adiposity modulates the 
beneficial role of TRT on insulin sensitivity. In a prospective co-
hort study, men with total testosterone concentration in the lower 
quartiles had an increased risk of developing diabetes [90]; however, 
this higher risk was dependent on waist circumference. This finding 
was later corroborated by a cross- sectional study [99]. Conversely, 
the association of endogenous testosterone concentrations and risk 
of incident diabetes was independent of adiposity in other cross- 
sectional studies [89], suggesting that low testosterone is itself a risk 
factor for metabolic dysfunction.

Notwithstanding the protective effect of endogenous testosterone 
on male metabolic health reported in population studies, large ran-
domized trials of TRT have reached conflicting conclusions. In 
the TTrials, TRT for 12  months in older men resulted in modest 
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improvements in fasting insulin and homeostasis model assessment 
of insulin resistance (HOMA- IR) compared to placebo [100]. To the 
contrary, in a trial in older non- diabetic men with low to low- normal 
serum testosterone with an intervention duration of 3 years, testos-
terone treatment did not improve insulin sensitivity (assessed by the 
octreotide insulin suppression test) compared to placebo [101].

Findings from randomized trials evaluating the effects of TRT on 
glucose metabolism in men with type 2 diabetes and low serum 
testosterone are also conflicting. In a study of diabetic men aged 
35 to 70 years with HbA1c ≤8.5% and baseline testosterone ≤346 
ng/ dl, testosterone treatment for 40 weeks did not improve insulin 
sensitivity (assessed by HOMA- IR) nor HbA1c compared to pla-
cebo [102]. Conversely, in a small trial of diabetic men aged 30 to 
65 years with HbA1c ≤8% and hypogonadotropic hypogonadism, 
TRT for 24 weeks significantly improved insulin sensitivity as as-
sessed by hyperinsulinaemic- euglycemic clamp [103].

In summary, despite the robust epidemiological data supporting 
a positive impact of endogenous testosterone level on metabolic 
parameters, trials of TRT have yielded conflicting results both in 
diabetic and in community- dwelling older non- diabetic men. 
Therefore, the current evidence does not support initiating TRT 
solely with the intent of improving glycaemic control.

conclusion

Testosterone therapy in young hypogonadal men with known dis-
ease of hypothalamic- pituitary- testicular axis is generally benefi-
cial and safe, and improves several health outcomes. However, the 
benefits of testosterone therapy in older men with age- related low 
testosterone levels are modest and mainly limited to sexual func-
tion. Despite testosterone- induced increases in lean mass in older 
men, improvements in physical function have been small and in-
consistent. Additionally, even though testosterone treatment has 
been demonstrated to consistently increase bone density, no trials 
have evaluated the effects of TRT on fracture rate; TRT is therefore 
not recommended solely for the purposes of improving physical 
function or bone health in this population. Similarly, randomized 
trials in older men evaluating mood and cognition have yielded 
mixed results. Moreover, the long- term safety of TRT in men with 
age- related low testosterone has not been determined. Therefore, 
testosterone therapy is mainly indicated in men with organic hypo-
gonadism (most of these men are young but may include men of 
all ages); as for men with age- related low testosterone levels, TRT 
might be indicated for select men who have sexual dysfunction.
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Introduction

Testosterone has increasingly been prescribed for middle- aged 
and older men with relatively non- specific symptoms that mimic 
androgen deficiency, many without a formal diagnosis of hypo-
gonadism. It has been speculated that this trend is at least in part 
due to direct- to- consumer advertising in the United States and the 
availability of more convenient forms of testosterone replacement 
such as gels and patches [1– 5]. However, there is evidence that since 
2013, testosterone prescribing may have declined, possibly due to 
concerns regarding adverse effects [6] .

There is also concern that a substantial proportion of this in-
crease in testosterone therapy is being prescribed for age- related 
decline in testosterone levels, which is not an approved indication 
for use [7] . While benefits in young men with organic (classic) 
hypogonadism are well- established with low frequency of ad-
verse events, limited data on efficacy and safety are available in 
older men. As will be discussed, adequately powered random-
ized controlled trials to examine serious adverse effects and key 
patient- important outcomes are generally lacking. In this chapter 
we will outline the available data on the effects of exogenous tes-
tosterone on erythrocytosis, lower urinary tract symptoms, pros-
tate cancer, and cardiovascular disease risks in older men. The 
potential beneficial effects of testosterone therapy on sexual func-
tion, body composition, physical function, and bone health are 
discussed elsewhere (see Chapter 10.4.4, ‘Benefits of Testosterone 
Treatment’).

Erythrocytosis

The stimulatory effects of androgens on erythropoiesis have been 
recognized since the early twentieth century [8] . In clinical studies, 
men were noted to have higher red cell mass than women and 
animal studies consistently showed that androgens promote haemo-
globin synthesis.

With respect to mechanisms, it has been hypothesized that tes-
tosterone stimulates erythropoietin (EPO) secretion and recali-
brates the set point of EPO relative to haemoglobin by increasing 
iron utilization for erythropoiesis [9] . It has also been hypothe-
sized that upregulation of the GATA- 1 transcription factor (also 
termed erythroid transcription factor) and GATA- dependent genes 
could increase EPO sensitivity and stimulate stress erythropoi-
esis [10]. The association of circulating EPO concentrations with 
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testosterone in human studies however has been conflicting [9, 11– 
14]. Hepcidin, which plays a major role in the negative regulation of 
iron intestinal absorption and release of iron from macrophages, is 
another mechanism whereby testosterone can promote erythropoi-
esis via suppression of hepcidin transcription [15]. Aromatization 
of testosterone to oestradiol may be required in the regulation of 
hepcidin transcription [9, 16– 18].

An increase in haematocrit may be of benefit to men with an-
aemia and androgens were previously used to treat various forms of 
refractory anaemia [8] . Data from the Testosterone Trials (TTrials) 
demonstrated that among men aged 65  years or older with low 
testosterone levels (defined as <9.54  nmol/ L), exogenous testos-
terone increases haemoglobin levels in those with unexplained an-
aemia [19]. However, the pro- erythropoietic actions of testosterone 
increase the potential for an excessive rise in haematocrit with 
treatment.

Observational data from the Framingham study demonstrated 
a 35% increase in cardiovascular mortality in individuals with the 
highest quintile of haematocrit (46– 65% in men) compared to the 
third quintile of haematocrit (42– 43%) (odds ratio 1.35, P = 0.05) 
[20]. Elevated haematocrit has also been associated with increased 
prevalence of atherosclerosis, coronary artery disease, unstable an-
gina, and myocardial infarction, as well as increased risk of venous 
thrombosis [21].

In a meta- analysis of 19 randomized control trials of testos-
terone (n = 651 men treated with testosterone and 433 men with 
placebo), erythrocytosis defined as haematocrit >50% was the most 
commonly reported adverse effect (OR 3.69, 95% CI 1.82, 7.51) 
[22]. Coviello et  al. performed a secondary analysis of data in a 
testosterone dose- response study in younger (19– 35 years, n = 61) 
and older men (60– 75  years, n  =  60) who received long- acting 
gonadotropin- releasing hormone (GnRH) agonist therapy to sup-
press endogenous testosterone production and then were given one 
of five weekly intramuscular doses of testosterone enanthate (20, 
50, 125, 300, or 600 mg) [11]. Haemoglobin and haematocrit in-
creased in a dose- dependent linear fashion in both groups of men, 
though increases in these levels were greater in older compared to 
younger men. The study suggested that testosterone causes a dose- 
dependent effect of erythropoiesis that may be more pronounced in 
older men. The type of testosterone formulation may also impact on 
the risk of erythrocytosis (haematocrit >52%) with the highest in-
cidence reported with injections such as testosterone cypionate and 
enanthate (wide range of risk reported, 3– 18% with transdermal ad-
ministration and up to 44% with injections) [23– 25]. In the TTrials, 
a rise in haemoglobin concentration to >17.5 g/ dl was seen in only 
2% of men who were not anaemic at baseline and were treated with 
testosterone gel, mostly when serum testosterone was elevated [19].

Another systematic review and meta- analysis (2010) including 
51 studies (randomized and non- randomized) with transdermal, 
oral, and intramuscular formulations with a follow up duration 
ranging from three months to three years reported that the relative 
risk of erythrocytosis was three fold higher in testosterone treated 
men compared to non- treated men [26]. In subgroup analyses, 
intramuscular route and high testosterone treatment doses were 
associated with greater increases in haemoglobin and haematocrit. 
However, a recent meta- analysis [27] including three randomized 
placebo- controlled trials using exclusively transdermal testos-
terone for 12– 52 weeks in symptomatic hypogonadal (testosterone 

≤10.41 nmol/ L) men, an eight fold higher risk (relative risk: 8.14; 
95% CI, 1.87, 35.40; n  =  1579) of erythrocytosis (haematocrit 
>54%) was reported. Patients predisposed to erythrocytosis due to 
smoking, hypoventilation syndrome, sleep apnoea, living at high 
altitude, end stage renal disease, and lung disease may be at higher 
risk of polycythemia [28].

Evidence- based guidelines suggest baseline haematocrit >48% 
(>50% for men living at high altitudes) should be a relative contra-
indication to commencing testosterone treatment, as such men may 
be at higher risk of experiencing a haematocrit rise to a potentially 
harmful level [29]. Should men with elevated haematocrit be con-
sidered for testosterone treatment, further evaluation of possible 
causes of erythrocytosis and thorough discussion about risk of poly-
cythemia on treatment is recommended before starting. Currently, 
it is recommended that both testosterone and haematocrit be moni-
tored at 3– 6- month intervals for the first year after initiation, and 
annually thereafter.

If haematocrit exceeds 54% during treatment, testosterone 
should be withheld until haematocrit normalizes— this may take 
several weeks or months. Therapeutic phlebotomy is effective in 
rapidly lowering the haematocrit in the immediate management 
of erythrocytosis in the context of testosterone pharmacotherapy. 
Thereafter periodic phlebotomy may allow continuation of testos-
terone therapy, when clinically indicated.

Venous Thromboembolism (VTE)

VTE is associated with morbidity and mortality [30,  31]. The as-
sociation of testosterone with VTE risk is unclear. It has been hy-
pothesized that testosterone may increase the risk of VTE via 
erythrocytosis- induced viscosity; other postulated mechanisms 
include platelet aggregation, increased thromboxane A2 concen-
tration in platelets, and an increase in circulating oestrogens [32]. 
A population- based case control study demonstrated that the risk 
of thromboembolism was elevated in the first six months of therapy, 
translating to ten additional VTE events/ year above the base rate of 
15.8 per 10 000 person- years [33]. In 2014, the FDA required manu-
facturers to include information on VTE risk on testosterone prod-
ucts based on post- marketing data, noting that VTE may occur even 
in the absence of an excessive rise in haematocrit. It is possible that 
men who developed VTE while on testosterone may have an un-
diagnosed susceptibility for thromboembolism, which becomes un-
masked by the testosterone treatment. Glueck et al. (2014) reported 
that among 42 individuals (38 men and 4 women) who developed 
thrombotic events after starting testosterone treatment (median 
5 months), 40 had evidence of thrombophilia- hypofibrinolysis [32]. 
Men with VTE were more likely to have Factor V Leiden heterozy-
gosity and high levels of both Factor VIII and factor XI compared 
to controls [32]. Similar results were seen among individuals hos-
pitalized for pulmonary embolism [34]. Currently available data 
are limited to uncontrolled anecdotal case reports and short- term 
studies. A meta- analysis of randomized controlled data (mean dur-
ation 42 weeks, mean age 47 years) including different cohorts and 
different formulations/ doses of testosterone did not demonstrate 
an increased risk of VTE with testosterone (Mantel– Haenszel- odds 
ratio 1.96 [0.75, 5.17], P = 0.17) [35]. Screening all patients before 
starting testosterone for thrombophilia (including but not limited 



SEcTIon 10 Male Reproductive Endocrine Disorders1586

to Factor V Leiden and prothrombin mutations) is not currently 
recommended, but a thorough personal and family history of 
thromboembolic events is important. While known thrombophilia 
is a contraindication to testosterone therapy in current guidelines, 
a history of VTE is not because there are too few testosterone- 
associated VTE events in RCTs to make meaningful inferences [29]; 
clearly more data are needed.

Prostate

Lower Urinary Tract Symptoms (LUTS)

Androgens play an important role in prostate development and 
growth; this had led to concerns that exogenous testosterone may 
increase prostate volume and exacerbate LUTS. LUTS is a term used 
to describe a range of symptoms due to storage (irritative) and/ or 
voiding (obstructive) disturbances related to problems of the lower 
urinary tract (including bladder irritation and prostate enlarge-
ment due to benign prostatic hypertrophy) common in ageing 
men. The International Prostate Symptoms Score (IPSS) is a val-
idated measure consisting of seven questions designed to evaluate 
symptom severity (0– 7 mild symptoms; 8– 19 moderate symptoms; 
20– 35 severe symptoms) and response to therapy.

In the TTrials (n = 778 participants), exogenous testosterone for 
12 months was not associated with a difference in men with mod-
erately severe LUTS (defined as IPSS >19) [36]. Exogenous tes-
tosterone has not been demonstrated to cause de novo or worsen 
mild to moderate LUTS— a consistent finding in systematic reviews 
and meta- analyses [27, 37, 38]. However, it is important to bear in 
mind that men with severe LUTS (IPSS score >19) have invariably 
been excluded from entering testosterone trials; therefore it is un-
known whether exogenous testosterone will exacerbate LUTS in 
this population

Consequently, all guidelines recommend against starting testos-
terone in men with severe LUTS (AUA/ IPSS>19) [29].

Prostate cancer

The relationships between testosterone and prostate cancer is poorly 
understood. Currently there is not clear evidence that endogenous 
testosterone levels are associated with increased risk of prostate 
cancer [39], nor is there any evidence that exogenous testosterone 
causes the development of prostate cancer de novo [26].

Traditionally, prostate cancer has been considered to be a contra-
indication to testosterone treatment, partly on the basis of studies 
in the 1940s that demonstrated clinical/ biochemical improvements 
with castration therapy and acceleration of prostate cancer progres-
sion during testosterone treatment [40]. In the 1980s, the saturation 
model for androgen action in the prostate was proposed on the 
basis of androgen receptor binding studies of benign prostate tissue. 
The model suggests that, at an intraprostatic androgen concentra-
tion threshold corresponding to a relatively low concentration of 
circulating testosterone, prostate androgen receptors may become 
saturated and are relatively insensitive to further increases in serum 
testosterone. Thus androgens may have limited ability to stimulate 
prostate cancer growth [40– 42]. However, the saturation model has 
been criticized as being overly simplistic— it does not account for 
complexities in the interchange between serum/ intraprostatic an-
drogens, nor for the functional heterogeneity and transformation 

of androgen receptor signalling (modified by transcriptional acti-
vators/ repressors) in prostate cancer cells. Additionally, as evidenced 
by the established role of androgen deprivation therapy (medically 
or surgically) in advanced prostate cancer [43], androgen receptor 
signalling clearly plays an important role in the growth of metastatic 
prostate cancer.

The majority of available data on exogenous testosterone and in-
cident prostate cancer are limited to small and prospective studies 
insufficiently powered to assess prostate cancer risk. It has been es-
timated that to detect a 30% increase in the incidence of prostate 
cancer, a trial would require 6000 men in each arm of a randomized 
placebo controlled trial receiving testosterone treatment for 5 years 
[44]. A meta- analysis in 2010 of a variety of safety endpoints in 51 
randomized controlled trials did not detect an increase in prostate 
cancer [26]. More recently, Corona et al. (2018) identified a total of 
seven published systematic reviews and meta- analyses on the rela-
tionship between testosterone and prostate safety since 2005 [35]. 
Both parenteral and transdermal preparations were reported to be 
associated with short- term PSA elevation within the normal range, 
but no increased risk of histologically positive prostate biopsy or 
prostate cancer.

Reports of increased prostate cancer in men on testosterone may 
be related to detection bias. Men on testosterone undergo increased 
surveillance, thus increasing the risk of detecting subclinical pros-
tate cancer; additionally, testosterone- induced rises in PSA levels 
may increase the rate of prostate biopsy. Testosterone treatment in-
crease the likelihood of detecting PSA levels above the threshold of 
4 ng/ ml, raising the risk of prostate biopsy by up to 1.8- fold, and 
consequently the detection of prostate cancer [22].

Recognizing the importance of minimizing the risks and expense 
of unnecessary testing, especially the potential harms of prostate 
biopsy, current guidelines recommend discussing the benefits 
and risks of prostate cancer screening and monitoring with hypo-
gonadal men aged 55– 69 years being considered for testosterone 
therapy, who have a life expectancy greater than 10 years, in order 
to reach a joint decision with the clinician on prostate evaluation. 
In hypogonadal men 40– 69 years old who are at increased risk of 
prostate cancer (such as African Americans or those with a first- 
degree relative with prostate cancer), prostate cancer screening 
and monitoring should be offered after discussing the risks. It is 
not recommended to screen men <40  years (due to low risk for 
prostate cancer in this age group), nor screening men >70  years 
(as the risk of dying from prostate cancer if diagnosed is not high). 
Among men who choose prostate screening/ monitoring, PSA and 
digital rectal exam should be performed before initiating and 3– 
12  months after starting treatment and thereafter in accordance 
with local guidelines for prostate cancer screening depending on 
the age and race of the patient. A urological consultation is recom-
mended if there is a confirmed PSA >4.0 ng/ ml or an abnormal 
prostate on digital rectal examination at any time, and a confirmed 
increase in PSA to >1.4 ng/ ml above baseline during the first year 
of treatment.

The Endocrine Society classifies men with metastatic prostate 
cancer and/ or breast cancer (considered to be hormone- dependent 
cancers) at very high risk of serious adverse outcomes and recom-
mends against testosterone in this group. Men with unevaluated 
prostate nodules or induration, or unevaluated PSA >4 ng/ ml (>3 
ng/ ml in men at high risk for prostate cancer) are classified as 
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moderate to high risk of adverse outcomes and testosterone is not 
recommended in these individuals without prior urological evalu-
ation. The Endocrine Society refrained from offering a general rec-
ommendation on testosterone treatment in patients with adequately 
treated organ- confined prostate cancer. However, the American 
Urological Society states that hypogonadal patients with a history 
of prostate cancer should be informed that there is inadequate evi-
dence to quantify the risk- benefit ratio of testosterone therapy; in 
the setting of treated prostate cancer, testosterone therapy should be 
a negotiated decision based on perceived potential benefit of treat-
ment vs. limited knowledge of potential risks [45].

cardiovascular System

Multiple studies have described an inverse relationship between en-
dogenous testosterone and adverse cardiovascular outcomes inde-
pendent of traditional risk factors. The evidence overall suggests that 
physiologic testosterone levels may be beneficial, while lower tes-
tosterone concentrations have been associated with increased car-
diovascular risks [46, 47]. However, data are largely observational, 
and may therefore be influenced by unadjusted variables and/ or un-
known confounders, making it difficult to designate testosterone as 
a mediator (as opposed to a risk marker) in the pathway leading to 
cardiovascular disease. Indeed, obesity and a high comorbid burden 
may be associated with central suppression of the hypothalamic– 
pituitary– testicular axis, suggesting that in some men, low tes-
tosterone could therefore simply be a biomarker of poor health 
including cardiovascular disease (see Chapter  10.6, ‘HPT Axis 
Function in Systemic Diseases and Effects of Medications’).

Definitive data on cardiovascular risk associated with testos-
terone use do not exist.

No placebo- controlled randomized control trials in men on 
testosterone have been designed with primary cardiovascular 
endpoints and much of our knowledge is derived from trials aimed 
to explore other outcomes.

One of the first trials to raise concern about adverse cardio-
vascular events was the Testosterone in Older Men with Mobility 
Limitations (TOM) trial [48]. This randomized placebo- controlled 
trial included community- dwelling older men (mean age 74 years) 
with limitations in mobility, and serum total testosterone levels 
3.47– 12.15 nmol/ L. Although cardiovascular outcomes were not a 
pre- specified endpoint, the study was terminated early because of a 
higher frequency of self- reported ‘cardiovascular- related’ events in 
the treatment arm. Because of early termination, small sample size, 
lack of predominance of a single event (events ranged from oe-
dema to myocardial infarction (MI) and death), and small number 
of cardiovascular events, it is difficult to interpret this data. Two 
retrospective cohort studies reported an association of exogenous 
testosterone with an increased risk of cardiovascular disease. The 
first demonstrated that veterans started on testosterone therapy 
after coronary angiography had a higher percentage of cardiovas-
cular events at three years compared to men who were not treated 
(19.9% vs. 25.7%) [49]. The second study compared the incidence 
rate of acute non- fatal myocardial infarctions in the 90 days post- 
testosterone prescription with the rate in the one year prior to the 
prescription [50]. The authors reported 2.9- fold of excess risk of 
cardiovascular evens in men ≥65 years of age and in younger men 
with a prior history of heart disease post- prescription as compared 
to pre- prescription. However, several other studies have not shown 

an increased cardiovascular risk associated with testosterone treat-
ment [26, 51, 52]. In particular, most meta- analyses have not dem-
onstrated a significant association with adverse cardiovascular 
events/ mortality and major adverse cardiovascular effects [53, 54]. 
The FDA (31 January 2014)  issued a statement, despite the con-
flicting and inconclusive evidence, to warn against the possibility 
of increased cardiovascular risk with exogenous testosterone and 
mandated that manufacturers of testosterone products change 
their labelling to clarify approved uses and to include informa-
tion about the possibility of increased risk of myocardial infarc-
tion and strokes. In contrast, the European Medicines Agency 
issued a report stating that the signal for an increased risk of car-
diovascular associated with use of testosterone remains weak and 
inconclusive [55].

An overview of systematic reviews of randomized controlled 
trials published up to 2016 identified six systematic reviews, each 
including a meta- analysis, that showed no overall significant associ-
ation between testosterone and cardiovascular events [54]. Among 
these six meta- analyses [22, 26, 56– 59], two showed an increased 
risk only in subgroup analyses (one with oral testosterone [58] and 
the other in men ≥65 years of age in the first year [59]). A subse-
quent systematic review and meta- analysis included 39 randomized 
controlled trials and 10 observational studies similarly demon-
strated no increase in the risk of myocardial infarction, stroke, or 
mortality in randomized controlled trials [60]. It has been suggested 
[54] that in order to detect a true difference in cardiovascular risk 
in a randomized controlled trial among men receiving testosterone 
and controls (assuming P value of 0.05 and power of 80%) the study 
would require at least 17 664 participants in each arm. Despite the 
obvious difficulties, such a study, mandated by the FDA and led by 
industry, is planned [54]. In summary, the very low quality of avail-
able evidence precludes definitive conclusions on the association 
between testosterone and cardiovascular adverse outcomes.

In accordance with the aforementioned data, current guidelines 
acknowledge that there is no conclusive evidence that exogenous 
testosterone is associated with increased cardiovascular risk in 
hypogonadal men [29]. However, as a precautionary good clin-
ical practice statement (or opinion), exogenous testosterone is not 
recommended in those with uncontrolled heart failure, myocar-
dial infarction, or stroke with the past 6 months. Although testos-
terone has been explored as a potential treatment for heart failure 
[61], testosterone may cause fluid retention and oedema and use 
is not currently recommended in men with uncontrolled heart 
failure [48].

conclusion

Age- related decline in testosterone levels may be physiologic, due 
to disorders at one or more levels of the hypothalamic– pituitary– 
gonadal system or due to gonadal axis suppression by accumula-
tion of age- related comorbidities, including obesity. Testosterone 
treatment is generally recommended only in those considered to 
have organic (classical hypogonadism). However, the vast ma-
jority of symptomatic older men with low testosterone do not have 
any identifiable aetiology usually associated with organic hypo-
gonadism. Further compounding the diagnostic difficulties, man-
agement decisions in older patients often have to be made on the 
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basis of limited data on the risks/ benefits of testosterone. Due to 
a possible association with erythrocytosis, testosterone is not re-
commended in men with an elevated haematocrit at baseline or 
at increased risk for thrombophilia. VTE risk, if it does exist, may 
be highest in the first 6  months of treatment. Available data do 
not suggest worsening of low to moderate LUTS with testosterone, 
though data are lacking in men with severe LUTS. Testosterone 
is not recommended in men who have untreated prostate cancer. 
Among hypogonadal men with cured prostate cancer, the risk of 
testosterone treatment is unclear. Data with regards to cardiovas-
cular risk are inconclusive, but presently testosterone initiation 
is not recommended in men with uncontrolled heart failure, 
myocardial infarction, or stroke within the last 6  months or 
thrombophilia.

There are no adequately powered randomized controlled trial 
data on all the aforementioned safety endpoints, limiting our ability 
to ascertain the true level of risk associated with testosterone. 
Further research is urgently needed to understand the benefits as 
well as risks of testosterone in men with age- related hypogonadism.
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Introduction

According to the World Health Organization (WHO), the definition 
of infertility is ‘the inability of a sexually active, non- contracepting 
couple to achieve spontaneous pregnancy in 1 year [1] . About 15% 
of all couples are infertile and seek medical treatment for fertility 
[2]. Male infertility is wholly or partly the cause in 20– 70% of infer-
tile couples [3]. Excellent fertility status in a female partner might 
compensate for reduced fertility of a male partner. Alternatively, 
poor fertility in a male partner could hamper or eliminate concep-
tion altogether, irrespective of the female partner’s fecundity [3].

Epidemiology

In 2010, around 48.5 million couples worldwide were considered to 
have primary infertility [4] . The WHO surmises that the real preva-
lence of infertility is probably 2.5 times higher [5, 6]. It is estimated 
that more than 30 million men worldwide may be infertile [7].

causes of Male Infertility

Male infertility has traditionally been divided into three major 
aetiological categories: pretesticular, testicular, and post- testicular. 
A  new clinically based aetiological construct which describes the 
underlying causes of male fertility in terms of hypothalamic– 
pituitary axis function, quantitative and qualitative spermatogenesis 

impairments, and ductal obstruction or dysfunction (Table 10.5.1) 
has been proposed recently [3] . Since increasing numbers of under-
lying genetic bases for defects in male reproduction are being dis-
covered, this classification can be further subdivided into genetic, 
non- genetic, and environmental categories (for detailed description 
of the classification, please consult [3]).

Genetics of Male Infertility

Spermatogenesis can be impaired by gross chromosomal anom-
alies identifiable by karyotype analysis or by submicroscopic dele-
tions and gene mutations [3] . The gross chromosomal anomalies 
most commonly include Klinefelter’s syndrome (47XXY) which is 
a direct cause of male reproductive failure in 15% of azoospermic 
men and frequency is one per 600 men [8] and 46XX male syn-
drome (de la Chapelle syndrome) is seen in one per 20,000 male 
neonates and causes azoospermia (see Chapter  10.3, ‘Klinefelter 
Syndrome’). Structural changes that might alter the natural com-
position and integrity of the Y chromosome are isodicentricism, 
truncation, or ring formation [9] where the degree of spermato-
genesis defect depends on the proportion of cells with the aber-
rant Y chromosome. Structural chromosomal anomalies such as 
Robertsonian translocations, inversions, and reciprocal transloca-
tions are more commonly seen in oligozoospermic men than in 
normospermic men, with a frequency of 4– 8%, which is ten times 
more frequent than in the general population [3]. Y- chromosomal 
microdeletions are the most frequent known molecular genetic 
causes of severe impairment of spermatogenesis, accounting for 
around 10% of cases of non- obstructive azoospermia and 3– 5% of 
severe oligozoospermia [3].

Spermatogenesis is one of the most complex cellular differ-
entiation processes in which germ cells transform from sperm-
atogonia to spermatozoa while undergo meiosis [10] (Chapter 
10.1.1, ‘Male Reproductive Physiology and Spermatogenesis’). 
Spermatogenesis is thought to be orchestrated by a up to 2000 
genes, of which 600 to 900 seem to be exclusively expressed in 
the male germ cells [11–13]. Accordingly, genetic defects under-
lying abnormal spermatogenesis have been actively sought, ini-
tially through a candidate gene single nucleotide polymorphisms 
(SNP) [14] and latterly by high- throughput genome- wide asso-
ciation studies (GWAS), comparative genomic hybridization- 
arrays (array- CGH), and next generation sequencing (NGS). 
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The results of these research effort to date however have been 
largely unsuccessful in identifying common genetic factors in 
male infertility [15]. A  few rare single gene defects have been 
described in association with azoospermia and oligozoospermia 
[16] and teratozoospermia and asthenozoospermia [17]. One 
recently identified mutation associated with non- obstructive 
azoospermia is the X- chromosome meiotic gene TEX11 [16]. 
Approximately 80% of the patients with macrozoospermia 
and globozoospermia are associated with mutations in one 
single gene, AURKC for macrozoospermia and DPY19L2 for 
globozoospermia [17]. In addition, four genes have been linked 
to asthenozoospermia:  CATSPER1, CATSPER2, SEPT12, and 
SLC26A8 but all of the four mutations are rare [14].

Idiopathic Male Infertility

A recent prospective clinical- epidemiological study, conducted in 
8518 couples trying to achieve pregnancy for more than 1 year [18] , 
revealed that 20.4% (n = 1737) of men had total sperm numbers 
below 39 million per ejaculate, the lower limit of normal proposed 
by the WHO. In 60% of these men, the primary causal factor could 
not be assigned [18].

In general, 30– 40% of male infertility cases have no clear iden-
tified cause, a heterogeneous group referred to as idiopathic male 
infertility [2] . Despite the fact that these men have no history of dis-
eases affecting fertility while physical examinations and endocrine, 
genetic, and biochemical tests are normal, their semen analysis 

often reveals non- specific abnormal semen parameters such as 
‘oligozoospermia’ (reduced sperm count), ‘asthenozoospermia’ 
(reduced sperm motility), ‘teratozoospermia’ (reduced percentage 
of sperm with normal morphology). Combinations are common; 
most frequently ‘oligoasthenoteratozoospermia’ or ‘OAT syndrome’. 
It can be seen from Table 10.5.1 that idiopathic male infertility pa-
tients are mostly classified in the presumed non- genetic causes. 
However, it is likely that in the years to come, novel genetic mu-
tations associated with male infertility will be identified as more 
powerful molecular genetic diagnostic methods such as whole 
genome sequencing are applied to studies of large cohorts of pa-
tients. This could enable rapid identification of many more gen-
etic alterations (including copy number variations) associated with 
male infertility [14, 16].

Diagnosis

Standardized investigation of the male partner of an infertile couple 
should start with an accurate medical history focusing on past med-
ical (e.g. cryptorchidism, mumps orchitis, TB, STI, respiratory dis-
ease) and surgical history (e.g. orchidopexy, herniorrhaphy), sexual 
history (including libido, erection, and ejaculation) histories medi-
cation usage, dietary supplements, and anabolic steroids exposure, 
family history of infertility.

Physical examination should include assessment of secondary 
sex characteristics (distribution of pubic hair, body proportions, 
voice changes, and the presence of gynaecomastia) and genitalia 

Table 10.5.1 New classification for male reproductive impairment

Hypothalamic pituitary axis

Genetic Congenital hypogonadotropic hypogonadism with anosmia (e.g. Kallmann’s
syndrome) or normosmia

Non- genetic CNS malignancy or transphenoidal resection or radiation (ablative);haemochromatosis, sarcoidosis, tuberculosis or fungal 
(infiltrative); secreting and non- secreting pituitary adenoma (compressive); and exogenous androgen or testosterone use 
(suppressive)

Spermatogenic, quantitative

Genetic Y- chromosomal microdeletions in the AZFa, AZFb, AZFc subregions of the long armAZF region, 47,XXY Klinefelter’s 
syndrome, 46,XX male syndrome, or isodicentric Y chromosomes, partial androgen insensitivity syndrome (mild form), 
chromosomal structural anomalies (translocation, inversions), X chromosomal TEX11 mutation

Non- genetic Varicocele (grade 3), previous cytotoxic chemotherapy or radiotherapy, previous testicular torsion leading to loss of testis, 
bilateral mumps orchitis, bilateral testis malignancy and orchiectomy, and systemic illness (liver or renal insufficiency)

Presumed non- genetic Idiopathic oligozoospermia or azoospermia and cryptorchidism or testicular dysgenesis syndrome

Spermatogenic, qualitative

Genetic Globozoospermia, immotile cilia syndrome, stump- tail syndrome, macrocephalic sperm head, and advanced paternal age

Non- genetic Oxidative stress or DNA damage

Presumed non- genetic Phospholipase C ζ deficiency, idiopathic asthenozoospermia, idiopathic
teratozoospermia, autoimmune

Ductal obstruction or dysfunction

Genetic Congenital absence of the vas deferens with normal renal anatomy

Non- genetic Previous vasectomy, idiopathic epididymal occlusion, bilateral inguinal hernia repair, ejaculatory duct obstruction, diabetes 
mellitus with vasal peristaltic deficiency, spinal cord injury, multiple sclerosis, neural tube defects, retroperitoneal lymph 
node dissection, pelvic surgery, and ejaculatory or erectile dysfunction

Presumed non- genetic Congenital bilateral absence of the vas with unilateral renal agenesis, Young’s syndrome

Reproduced with permission from Tournaye H, Krausz C, Oates RD. Novel concepts in the aetiology of male reproductive impairment. ncet Diabetes Endocrinol. 2017 Jul;5(7):  
544–553. Copyright © 2016 Elsevier Ltd. (3)
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examination including penis, testes (position, size, consistency), 
other scrotal contents (including vas, epididymis, varicoceles, 
cysts). Enhanced, out- of- proportion upper body muscular develop-
ment can indicate anabolic steroid misuse. Body weight, body- mass 
index, and waist circumference should be recorded. Routine semen 
analysis is the best method to assess male fertility and should be 
performed according to WHO guidelines [1]  (see Chapter 10.2.3, 
‘Diagnostic Semen Analysis’).

Management of Idiopathic Male Infertility

Presently, there is no specific treatment for idiopathic male in-
fertility. Thus, the management of idiopathic male infertility 
is based on maximizing the chance of spontaneous concep-
tion in the couple and/ or artificially by assisted reproductive 
technology (ART).

Various lifestyle factors may contribute to a decrease in sperm 
quality and male fecundity [19, 20]. Although smoking, marijuana 
use, high alcohol consumption, obesity have been reported to be as-
sociated with reduced sperm quality, a direct negative causal impact 
remains unproven [19]. In addition, there are no good intervention 
studies on the possible benefits of lifestyle change on semen quality 
[20, 21]. Nevertheless, it is generally sound to recommend a healthy 
lifestyle including diet, exercise, avoidance of smoking and illicit 
drugs, for infertile men seeking conception [19].

Empirical Medical Therapy for Idiopathic 
Male Infertility

In the absence of any targeted therapy, a number of empirical drugs, 
including hormonal preparations and antioxidants have been used 
off- label to treat infertile men without clear benefits [22]. Hormonal 
treatments include the use of gonadotropins, aromatase inhibitors 
and selective oestrogen receptor modulators (SERMs).

Gonadotropins

Gonadotropins are the only class of medications approved for 
the medical management of male factor infertility in case of 
hypogonadotropic hypogonadism [22] (see Chapter  10.4.3, 
‘Gonadotrophin Induction of Spermatogenesis’) while their use in 
the idiopathic male infertility is controversial.

A Cochrane review including six randomized controlled trials 
involving 456 patients with idiopathic male subfertility treated 
with FSH [23], and a more recent meta- analysis [26] including 
15 controlled clinical studies (614 men treated with FSH and 661 
treated with placebo or untreated), suggested a possible benefi-
cial effect on pregnancy rate in the treatment group compared 
to placebo or no treatment. The limited data of the Cochrane 
review [23] showed that the live birth rate per couple randomly 
assigned (27% vs. 0%; Peto odds ratio (OR) 9.31, 95% con-
fidence interval (CI) 1.17 to 73.75, one study, 30 participants, 
very low- quality evidence) and the spontaneous pregnancy 
rate per couple randomly assigned (16% vs. 7%; Peto OR 4.94, 
95% CI 2.13 to 11.44, five studies, 412 participants, I(2) = 0%, 
moderate- quality evidence) were significantly higher in men re-
ceiving gonadotrophin treatment than in men receiving placebo 

or no treatment. In the more recent meta- analysis by Santi et al., 
(2015), there was a significantly higher treatment- related spon-
taneous pregnancy rate, with an OR of 4.5 (CI: 2.17– 9.33) and OR 
of 1.60 (CI: 1.08– 2.37) for pregnancy after ART [24]. However, 
it must be recognized that both meta- analyses included studies 
of low to moderate quality, flawed by methodological issues: sig-
nificant heterogeneity due to differing types of gonadotropins 
used (hCG, hMG, purified FSH, and recombinant FSH), dif-
ferent treatment duration, and no reporting on live birth rates. 
The latest systematic review and meta- analysis by Omar et  al., 
(2019) in idiopathic male infertility reiterated that the quality 
of included studies is low, found some improvements in semen 
parameters in the FSH- treated patients, but due to methodo-
logical flaws it was difficult to draw conclusions on pregnancy 
and live births [25]. Therefore, based on current evidence, the 
use of gonadotrophins in the management of idiopathic male in-
fertility cannot be recommended.

SERMs

An empirical therapy for idiopathic male infertility is the use of 
SERM (which may have mixed/ partial agonistic and antagonistic 
properties in different tissues). The basic rationale is to inhibit the 
negative feedback of oestrogen on the hypothalamus and pituitary, 
thereby increasing endogenous gonadotropin secretion in men 
where these levels are low. In turn, FSH and LH stimulate Leydig cells 
with the possible increase in testosterone production and spermato-
genesis [26]. Clomiphene citrate (CC) and tamoxifen are the most 
commonly used, CC in doses of 25– 50 mg daily and tamoxifen in 
10– 30 mg doses. Based on low- quality meta- analysis involving 11 
trials (where 10 out of 11 were published before 1997)  including 
only few randomized controlled trials (RCTs), small studies, ma-
jority not accounting for the female fertility status, the evidence of 
a beneficial effect of SERMs in idiopathic male infertility is ques-
tionable [26]. The use of SERMs for idiopathic male infertility is not 
recommended.

Androgens

The use of androgens is sadly still being misused for treatment 
of idiopathic male infertility [27]. Exogenous testosterone has a 
suppressive effect on spermatogenesis, being a highly effective 
male contraceptive [27] (see Chapter  10.8, ‘Hormonal Male 
Contraception’). Androgens are contraindicated in men seeking 
conception [19].

Antioxidants

Contemporary studies have found elevated reactive oxygen species 
reactive oxygen species (ROS) levels in ejaculated spermatozoa in 
30% to 80% of infertile men [28]. It has been postulated, based on 
in vitro studies, that ROS damage the sperm membrane, decreasing 
sperm motility and its ability to fertilize the oocyte. In addition, 
ROS can alter the sperm DNA, resulting in the passage of defective 
paternal DNA on to the conceptus [28].

The use of antioxidants, assessed in 48 RCTs which investi-
gated: magnesium, zinc, folic acid, N- acetylcysteine, coenzyme Q10, 
vitamins E and C, selenium, docosahexaenoic acid (DHA), various 
carnitines, and pentoxifylline, was summarized in a Cochrane re-
view on in 4170 subfertile men [29]. Again, the methodological 
quality of most of these trials is poor and often focused only on 
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sperm parameters or DNA damage as the main outcome measure, 
rather than pregnancy rates. Despite suggestions that oral antioxi-
dant therapy might improve seminal oxidative status and possibly 
sperm motility in infertile men, [30] there is no evidence to support 
any benefits on pregnancy outcomes.

Assisted Reproduction for Idiopathic 
Male Infertility

Since there is no evidence that empirical medical treatment of 
idiopathic male infertility is effective, most infertile couples 
with significant male factors should be advised to consider 
evidence- based methods of assisted reproduction techniques 
[19]. The flow of ART is usually from less invasive, low- cost, 
low- technology such as intrauterine insemination (IUI) to high- 
cost, more invasive assisted reproductive technologies of in vitro 
fertilization (IVF) and intracytoplasmic sperm injection (ICSI) 
[31, 32].

Intrauterine Insemination

IUI is one of the most frequently used fertility treatments for 
couples with male subfertility. Intrauterine insemination is a tech-
nique which is used to increase the number of motile sperm that 
are morphologically normal at the site of fertilization by injecting 
a small volume of prepared semen transcervically into the uterine 
cavity at the expected time of ovulation. The rationale behind this 
procedure is to bypass the cervix and to bring the semen closer to 
the oocyte released into the Fallopian tube.

The increasing use of IUI in idiopathic male infertility is 
mainly the result of the refinement of techniques for the prepar-
ation of washed motile spermatozoa, as used in IVF procedures 
[31]. Retrospective data from the European Society of Human 
Reproduction report a live birth of 8.9% following IUI for couples 
with subfertility including unexplained infertility and mild male 
factor subfertility [33].

The most recent Cochrane review on assisted reproductive tech-
niques for male subfertility [34] compared IUI versus timed inter-
course in natural (unstimulated) cycles and found no significant 
difference between pregnancy rates per woman. Neither were there 
significant differences between pregnancy rates per couple for IUI 
with ovarian stimulation versus IUI in natural cycles. However, the 
quality of studies included in this Cochrane review was low and no 
firm conclusions could be drawn [34].

In 2013 the United Kingdom’s National Institute for Clinical 
Excellence (NICE) guidelines on fertility treatment advised against 
routinely offering IUI to subfertile couples but to proceed immedi-
ately to treatment with IVF after a period of expectant management 
of two years in women under 36 years of age [35]. It is interesting 
that the majority of the fertility clinics in the United Kingdom did 
not adhere to these guidelines [36]. Indeed, the most recent recom-
mendation from a systematic review [35] regarding the treatment 
of couples with idiopathic male factor infertility with a total motile 
count (TMC = volume × density × percentage progressive motile 
spermatozoa/ 100) of >10 million is to offer at least three cycles of 
IUI [37]. It is however accepted that IUI is not a treatment option 
for couples with exceeding poor sperm quality and IVF or ICSI is 
the most appropriate treatment [19].

IVF/ IcSI

Assisted reproductive techniques (IVF and ICSI) aim to increase 
the probability of fertilization by bringing the spermatozoa closer 
to or even within the oocyte(s), thereby bypassing some functional 
deficits of the male gametes. In IVF/ ICSI gamete interaction and 
fertilization take place outside the woman’s body.

Conventional IVF involves insemination of the oocyte with a 
number of processed motile spermatozoa.

In ICSI the rate of fertilization is enhanced by microinjecting 
one single spermatozoon directly into the oocyte’s cytoplasm. The 
introduction of ICSI in 1992 has been an unparalleled revolutionary 
treatment of male infertility [38]. Almost three decades later, ICSI 
is now by far the most used infertility treatment for both male and 
non- male infertility [39].

When the TMC is too low to perform IUI (post processing TMC 
below 1 million) or when pregnancy is not achieved after 3– 4 IUIs 
in couples with moderate male factor subfertility with at least 1 mil-
lion motile sperm after semen preparation, the next treatment op-
tion is IVF [19].

The success rates of IVF/ ICSI are increasing in comparison with 
IUI where pregnancy rates have remained unchanged over the 
years. After three IVF/ ICSI cycles, the cumulative live birth rate in 
the population of patients with male infertility was 74% when the 
age of the female partner is below 37 years and 57% between 37 and 
40 years [19].

An important debated issue is whether ICSI should be preferred 
to conventional IVF for circumventing male factor infertility. Even 
if the sperm quality is normal or near normal, ICSI has overtaken 
conventional IVF in routine clinical practice in an effort to maxi-
mize fertilization rates [40]. A meta- analysis including 11 studies 
with a total of 901 couples (female age range 30– 35  years) with 
11,767 sibling oocytes showed that the pooled relative risk (RR) of 
a mature oocyte fertilizing was higher with ICSI than with conven-
tional IVF (RR 1.49, 95% confidence interval [CI] 1.35– 1.65.) The 
pooled RR of total fertilization failure was significantly higher with 
conventional IVF than with ICSI (RR 8.22, 95% CI 4.44– 15.23) [41].

Although there are currently no studies directly comparing either 
ICSI vs. IUI or IVF vs. ICSI for idiopathic male factor infertility, as 
shown by the most recent Cochrane review [34], the therapeutic 
mindset of preferred use of ICSI can be explained by the fact that 
about five out of ten patients will have their own child within three 
treatment cycles [42– 44].

conclusions

The diagnosis of idiopathic male infertility, made by exclusion 
after the standard work- up in the male partner, is more than an 
assessment of the semen. Its management is closely linked to the 
fertility status (and age) of the female partner and would often 
benefit from a multidisciplinary approach, consisting of a urolo-
gist or clinical andrologist, gynaecologist, and endocrinologist. 
Given the assumption that idiopathic male infertility may have a 
genetic background, the future role of a geneticist will probably 
become more important as genome- wide carriership screening 
enter the diagnostic scene. The treatment of men with idiopathic 
infertility should commence with advocating a healthy lifestyle 
in an attempt to increase natural fecundity. There is however no 
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proven benefit of food supplements and oral antioxidant prepar-
ations. Based on current evidence, empiric hormonal treatment 
has no role in unexplained male infertility. ART have gained con-
siderable momentum in the management of idiopathic male in-
fertility:  IUI and/ or ICSI are increasingly used to shorten time 
to pregnancy in couples with idiopathic/ unexplained male infer-
tility. However, more prospective trials focusing on cumulative 
live birth rates of these procedures are needed.
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Introduction

Organic pathology of the hypothalamic- pituitary- testicular (HPT) 
axis resulting in low serum testosterone concentrations (i.e. ‘patho-
logical hypogonadism’) occurs in under 2.5% of the male popu-
lation. However, epidemiological studies have shown that with 
increasing age up to 40% of men have serum testosterone concen-
trations that are low compared to those found in young healthy 
males [1] . In many older men low testosterone may be attributable 
to acute and chronic health conditions external to the HPT axis, 
medication use and lifestyle behaviours (i.e. ‘functional hypo-
gonadism’). This chapter describes the effects of acute and chronic 
disorders and medications on the HPT axis. The important message 
to take away is that a low serum testosterone concentration may 
be a ‘barometer’ of overall poor physical and psychological health 

and well- being and when found should prompt assessment for and 
optimization of ill health rather than the knee- jerk prescription of 
testosterone.

Undernutrition

Both under-  and overnutrition can disrupt the function of the HPT 
axis. For example, a study undertaken in non- obese men showed 
that a 7- day period of overfeeding decreased serum testosterone 
by 6%. Following a subsequent 3- week period of calorie restriction 
(50% of energy requirements) sufficient to reduce body weight by 
7.5% and fat mass by 17.8%, serum testosterone concentrations de-
creased by a further 11%. After 14 days of refeeding, testosterone 
increased by 6% on average. Over these three varying food intake 
periods, there was a 14% decrease, followed by a 41% increase and 
then a 40% decrease respectively, in serum sex- hormone- binding- 
globulin (SHBG) [2] .

In states of chronic energy deficit, either because food in-
take is insufficient or physical activity is excessive relative to nu-
trient intake, there is a positive association between fat mass and 
serum testosterone that appears to be mediated by leptin. The 
starvation- associated leptin decline signals energy deficits to the 
hypothalamus, with subsequent HPT axis suppression intended 
to limit procreation and promote survival. Restoration of fat 
mass leads to an increase in both leptin and serum testosterone 
concentrations [3] .

obesity

Obesity is the clinical condition most strongly associated with 
lowered testosterone concentrations in men [4] .

In men aged 18– 55 years with class 1– 2 obesity (BMI 30– 40 kg/ 
m2), but who are otherwise healthy, reductions in total testosterone 
primarily reflect obesity- associated reductions in its circulating 
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carrier protein SHBG [5] . These men have no clinical evidence of 
clinical androgen deficiency or of defective spermatogenesis. Men 
with class 3 obesity (BMI >40 kg/ m2) have reductions in total and 
free testosterone concentrations with decreased luteinizing hor-
mone (LH) diurnal concentrations and pulse amplitudes compared 
to lean controls [6]. Despite these changes, studies have not found 
evidence of clinical androgen deficiency, in these men [5, 6].

The obesity- hypogonadism relationship has subsequently been 
examined in large population- based studies of middle- aged and 
older men with varying degrees of comorbid burden that by and large 
excluded men with classical hypogonadism. These studies have con-
firmed that obesity is the single most important factor associated with 
low testosterone, overriding the effects of age and comorbidities [4] .

In many of these epidemiological studies, low testosterone was 
associated with androgen deficiency- like symptoms and clinical 
markers of androgen deficiency such as sexual dysfunction, re-
duced lean mass, reduced physical performance, reduced bone 
density, and anaemia. However, observational studies cannot 
clarify whether low testosterone is causing these clinical features, or 
whether instead obesity and associated comorbidities lead to HPT 
axis suppression and non- specific symptoms and signs that mimic 
androgen deficiency.

Although variations in circulating testosterone can influence fat 
mass, current evidence suggests that the effects of obesity on tes-
tosterone concentrations are more substantial than the effects of 
testosterone on adiposity. Weight loss is associated with increases 
in serum testosterone in proportion to the amount of weight lost. 
Following bariatric surgery (Roux- en Y Gastric Bypass and Sleeve 
Gastrectomy) total testosterone, gonadotropins and free testosterone 
all increase, suggesting a genuine reactivation of the HPT axis [7] .

In contrast, changes in circulating testosterone concentrations 
induced either by testosterone treatment [8]  or testosterone depriv-
ation [9] have limited effects on overall body weight, although sig-
nificant changes in body composition occur. Reductions in body 
weight with testosterone treatment have been reported in registry 
studies, this has to date not been demonstrated in randomized con-
trolled trials (RCTs) [8].

Therefore, in obese men presenting with lowered testosterone, 
after classical hypogonadism has been excluded by an individual-
ized approach, the first line therapeutic approach should be to treat 
the obesity and its related comorbidities (particularly depression 
and sleep apnoea), optimize health- related behaviours to induce 
weight loss and, bariatric surgery (preferably a Roux- en- Y gastric 
bypass) when indicated for those with intractable and severe obesity 
[10]. Given the lack of long- term, large RCTs powered for patient- 
important outcomes and long- term safety, testosterone treatment 
cannot be routinely recommended for men with obesity- associated 
non- classical hypogonadism [11].

Type 2 Diabetes and the Metabolic Syndrome

Observational studies consistently show that men with type 2 dia-
betes (T2D) and/ or the metabolic syndrome have modestly reduced 
(– 1.6 mmol/ L) circulating testosterone concentrations, with 30– 50% 
of them having low concentrations relative to reference ranges based 
on healthy young men, after adjustment for age and obesity [12]. 
However, some studies suggest it is the low SHBG that underlies this 

relationship [13]. There is a feedforward effect of low testosterone 
concentrations associated with obesity and the metabolic syndrome 
so as to increase the likelihood of developing T2D [1] . Androgen 
deficiency- like symptoms in diabetic men with lowered testosterone 
are non- specific and their presence is more closely correlated with 
increasing age rather than diabetes status in itself [14].

Low testosterone concentrations in men with T2D are independ-
ently associated with insulin resistance [15]. Experimental evidence 
suggests that testosterone promotes the commitment of pluripotent 
stem cells into the myogenic lineage, inhibits their differentiation 
into adipocytes [16] and regulates the metabolic functions of ma-
ture adipocytes and myocytes in ways that reduce insulin resistance. 
For example, testosterone has been reported to promote lipolysis in 
male rat adipocytes [17], and to prevent abdominal fat accumula-
tion in men by regulating adipocyte triglyceride uptake and lipopro-
tein lipase activity [18]. Moreover, testosterone promotes skeletal 
muscle glucose uptake by activating the glucose metabolism- related 
glucose transporter type 4 (GLUT4) signalling pathway in skeletal 
muscle cells [19]. Reducing testosterone concentrations to near zero 
by androgen deprivation therapy in men with prostate cancer leads 
to insulin resistance [9] , and testosterone therapy reduces fat mass 
and increases lean body mass [8].

The evidence from randomized controlled clinical trials of testos-
terone treatment on glycaemic outcomes are inconclusive. A meta- 
analysis of seven RCTs including 833 men with type 2 diabetes and/ 
or the metabolic syndrome concluded that testosterone treatment 
may modestly improve surrogate measures of insulin resistance but 
had no effect on glycaemic control (assessed by HbA1c) or on an-
drogen deficiency- like symptoms [20]. While larger, longer- term 
studies are needed, current guidelines recommend against testos-
terone treatment in men with type 2 diabetes and low testosterone 
as means of improving glycaemic control [11].

cardiovascular Disease

The presence of cardiovascular disease (CVD) is associated with 
lower endogenous testosterone concentrations. In the acute setting 
of hospitalization for unstable angina or myocardial infarction, this 
reflects a variable but generally moderate suppression of the HPT 
axis which may be secondary to the acute event, physiological stress 
and accompanying use of medications such as opioids for analgesia 
[21]. Testosterone concentration at the time of acute admission ap-
pears to have limited utility as a predictor for outcomes and rou-
tine measurement of serum testosterone is not recommended in 
this context. Assessment for underlying hypogonadism in men with 
symptoms and signs suggestive of androgen deficiency should only 
be conducted after recovery from the acute cardiovascular event. In 
one study, endogenous testosterone concentrations had largely re-
covered when re- assessed 6 months after the acute admission [21].

Testosterone concentrations are reduced in community- dwelling 
men with prevalent CVD [22– 24] by a central mechanism of ac-
tion reflecting reduction of HPT axis function. Of note, relative 
reductions in HPT axis function resulting in lower endogenous 
testosterone concentrations are associated with incidence of car-
diovascular events such as stroke, independently of conventional 
cardiovascular risk factors [25]. However, studies might not have 
accounted for sleep apnoea, depression, and other confounders. 
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Testosterone treatment was associated with adverse cardiovas-
cular events in one clinical trial, but other trials found no excess 
of such adverse events [26– 28]. Thus, ongoing uncertainty exists 
over the effects of testosterone treatment on the cardiovascular 
system. Whether testosterone treatment has beneficial, neutral, or 
harmful effects on the cardiovascular system remains to be clari-
fied by the conduct of adequately powered clinical trials (refer to 
Chapter 10.4.5, ‘Risks of Testosterone Treatment’).

chronic obstructive Airways Disease

In community- dwelling men higher testosterone concentrations are 
associated with better indices of pulmonary function, independently 
of age, smoking status, and other covariates [29]. Conversely, men 
with chronic obstructive airways disease commonly exhibit lower 
testosterone concentrations compared to men without apparent 
pulmonary disease [30], which may be the result of chronic hypoxia, 
inflammation, and to some extent the use of glucocorticoid medica-
tion. Of note, men with chronic obstructive airways disease exhibit 
clinical features that overlap androgen deficiency, particularly loss 
of lean muscle mass [31]. Further research is required to establish 
whether testosterone therapy will safely and efficaciously improve 
clinically relevant health outcomes in men with chronic obstructive 
airways disease in the absence of pathological hypogonadism.

chronic Kidney Disease

Serum testosterone is low in men in men with chronic kidney dis-
ease associated with the decreasing estimated glomerular filtration 
rates (eGFR) and lower haemoglobin concentrations. There is an 
independent relationship between the degree of visceral adiposity 
and lower testosterone concentrations among men with chronic 
kidney disease stages 3 to 5 not undergoing dialysis [32]. With 
end- stage renal disease testosterone concentrations are in the hypo-
gonadal range in 40– 60% of men [33]. The most common mech-
anism is decreased testosterone synthesis in Leydig cells resulting in 
hypergonadotropic hypogonadism [34] although in some men with 
significant hyperprolactinaemia (common in renal failure), gonado-
trophins may not be elevated. Testosterone concentrations increase 
rapidly following recovery from renal transplantation [35] particu-
larly in patients under the age of 50 [33]. Haemodialysis is thought 
not to improve testosterone concentrations, but this may depend on 
the technique used [36] and in some centres, well- dialysed patients 
have normal serum testosterone.

chronic Liver Disease

In men with chronic liver disease, serum testosterone is reduced 
in proportion to the severity of the disease. Serum testosterone is 
reduced in up to 90% of men with cirrhosis, and an independent 
predictor of mortality [37]. SHBG concentrations are increased in 
moderate to severe disease but are low normal in end- stage disease. 
Serum oestradiol is increased. Multiple mechanisms contribute 
to HPT axis dysregulation, including non- specific illness effects, 
porta- systemic shunting and altered sex steroid clearance [38]. 
Aetiology- dependent toxins such as alcohol and iron deposition (in 

haemochromatosis) contribute. Increased oestradiol is thought to 
mediate gynaecomastia and spider naevi, whereas low testosterone 
contributes to sarcopaenia and testicular atrophy. In clinical trials, 
testosterone treatment robustly increases lean mass, but effects on 
patient- important outcomes are unknown [39]. Successful liver 
transplantation markedly improves HPT axis dysregulation, sug-
gesting the effects are functional [40].

cancer

Primary hypogonadism because of toxicity of prior cancer therapy 
(particularly in childhood) may merit testosterone supplementation 
to treat symptoms and signs of androgen deficiency. Cancer can also 
negatively impact on central HPT axis function, particularly in the 
presence of metastatic or advanced disease and when anorexia and 
cachexia are present [41]. Lower testosterone concentrations can 
also reflect use of opioid analgesia and are frequently associated 
with symptoms such as weight loss, depression, and poor sense of 
well- being [42]. In an RCT of late stage cancer patients, seven weeks 
of testosterone therapy at standard replacement dose increased lean 
body mass (compared with placebo recipients who lost lean mass) 
and improved quality of life [43].

Androgen deprivation therapy (ADT) for prostate cancer has 
deleterious effects on metabolic parameters, and body composition 
[11, 18].

Inflammatory Disorders

Men with hypogonadism are at increased risk of developing auto-
immune disorders particularly those affecting the musculoskel-
etal system [44]. Testosterone concentrations are lower in men 
with rheumatoid arthritis than in healthy men, but in those who 
respond to disease- modifying treatment, serum testosterone in-
crease over a 2- year period [45]. Inflammatory bowel disease is as-
sociated with low testosterone concentrations in men; the extent to 
which this is the disease itself or the treatment is unclear [46]. The 
testosterone- suppressive effects of acute and chronic inflammation 
have been reported to be mediated by inflammatory cytokines on 
steroidogenesis in Leydig cells [47, 48].

Thyroid Disease

Thyroid hormones regulate several aspects of testicular function, 
including steroidogenesis and spermatogenesis [49]. Small studies 
in adult men with hyperthyroidism have reported that circulating 
SHBG, gonadotrophins, total testosterone and oestradiol are in-
creased compared to euthyroid controls, whereas the opposite 
changes occur in hypothyroid men [50]. Both hyper-  and hypo-
thyroidism are associated with erectile dysfunction and reduced 
libido, while premature ejaculation is increased in hyperthyroid 
men. Delayed ejaculation more frequent in hypothyroid men. These 
alterations generally normalize once euthyroidism is restored [49]. 
Reversible abnormalities in spermatogenesis have been described 
in both hyper-  and hypothyroid men. Gynaecomastia is considered 
to be the consequence of increases in the oestradiol to testosterone 
ratio as a result of the increased SHBG [50].
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Infections

In men with severe septic shock HPT axis function is suppressed with 
resultant low LH and testosterone concentrations [51]. Older men 
hospitalized for respiratory tract infections have also been found to 
have lower testosterone concentrations with either normal or elevated 
LH [52]. Thus, where pre- existing androgen deficiency is suspected 
on clinical grounds assessment for pathological hypogonadism should 
be deferred until after recovery from an acute infection. Of note, im-
paired HPT axis function with secondary hypogonadism has also been 
reported as chronic sequelae of central nervous system infections [53].

There has been considerable interest in the effect of human im-
munodeficiency virus (HIV) infection on the function of the HPT 
axis [54]. Early studies commented on the ability of HIV manifesting 
as the acquired immunodeficiency syndrome (AIDS) to involve 
multiple endocrine systems including the HPT axis with biochem-
ical features of secondary hypogonadism in affected men [55]. Low 
testosterone concentrations in men with AIDS appeared to cor-
relate with weight loss and with depressive symptom scores [55]. 
Furthermore, in RCTs involving men with AIDS wasting syndrome, 
testosterone improved depressive symptoms scores and increased 
lean and muscle mass with a corresponding improvement in well- 
being [56]. Other testosterone RCTs in men with HIV and low tes-
tosterone concentrations have reported increases in lean and muscle 
mass and reductions in fat mass [57, 58]. In the current era of highly 
active antiretroviral therapy, only a minority of HIV- infected men 
are found to have low testosterone concentrations in the presence of 
low or normal LH and increased adiposity, with an even smaller pro-
portion having elevated LH [54]. A current guideline suggests con-
sideration of short- term testosterone therapy in HIV- infected men 
with low testosterone concentrations and weight loss (when other 
causes have been excluded) to benefit body composition noting that 
the evidence to support this recommendation was of low quality [59].

Disorders of Sleep

The production of testosterone is dependent on sleep rather than an 
endogenous rhythm entrained to the light dark cycle. Circulating 
testosterone begins to increase with the onset of sleep, peaks at the 
first rapid eye movement (REM) sleep episode and remains stable 
thereafter until waking. If REM latency is increased, then the rise in 
testosterone will be slower [60]. Therefore, the effect of sleep restric-
tion on serum testosterone will depend on the timing of occurrence 
and duration. For shift workers serum testosterone will peak at the 
time of waking and provided the minimum sleep requirements are 
met, concentrations will be normal.

Testosterone deficiency is associated with reduced slow- wave 
sleep and overall sleep efficiency that is improved by treatment with 
testosterone [60].

Obstructive sleep apnoea (OSA) is not an independent cause of 
low testosterone after adjustment for the degree of obesity [60, 61] 
and treatment of OSA with continuous positive airways pressure does 
not in and of itself increase serum testosterone [62]. There is a wide-
spread belief, reflected in the recent US Endocrine Society guideline 
for treatment of hypogonadism [59], that untreated sleep apnoea is 
a contraindication to testosterone treatment. However, recent data 
have shown that, testosterone replacement therapy in obese men 

with severe OSA leads to a slight transient worsening of some indices 
of sleep- disordered breathing that recover after 3– 4 months of con-
tinued treatment [63]. That said, the prevalence of OSA has increased 
dramatically in association with the obesity epidemic, and OSA, even 
if severe may not be associated with subjective sleepiness [64]. When 
clinically suspected it should be actively excluded even if not con-
sidered a contraindication to initiation of testosterone treatment.

From a practical standpoint lower serum testosterone concen-
trations, poor energy, sexual dysfunction, obesity, and OSA often 
coexist and are difficult to disentangle. Treatment of OSA by weight 
reduction and/ or continuous positive airway pressure (CPAP) may 
lead to significant symptomatic improvement without resorting to 
testosterone replacement.

Psychiatric Disorders

Eating Disorders

Anorexia nervosa is associated with hypogonadism. Although adoles-
cent and young men considered to comprise 10– 15% of patients diag-
nosed with anorexia nervosa [65] the proportion with the disorder is 
likely to be closer to 30% and many cases are overlooked [66]. Men with 
anorexia more frequently use exercise as a compensating mechanism as 
compared to women and may look muscular rather than particularly 
thin. Presentation may be with a dominant concern about muscle size. 
Hypogonadism resolves with weight gain, implying it is functional.

Approximately 36% of the patients suffering from bulimia ner-
vosa are male. This is not a condition in and of itself known to be 
specifically associated with low testosterone.

Major Depressive Disorder and Anxiety Disorder

Compared with healthy men, serum testosterone concentrations 
are lower in older men with major depressive disorder (MDD) 
but not in those with MDD and comorbid anxiety [67]. In a lon-
gitudinal cohort study of community- dwelling middle- aged and 
older men, severe depression was associated with lowered serum 
testosterone [23], and a very large population- based cohort study 
showed an inverse association of serum testosterone with de-
pressive symptom burden [68]. There is recent evidence that the 
reduced testosterone in MDD may be limited to a subgroup of 
atypical depressives [69].

Although symptoms such as dysphoria, lack of motivation, fa-
tigue, and lethargy, and decreased libido that present in organic 
hypogonadism may improve with testosterone treatment, these 
symptoms, in the context of hypogonadism constitute a different 
construct to MDD- associated low testosterone and evidence to im-
plicate testosterone in the pathogenesis of MDD is lacking.

Post- traumatic stress disorder is associated with sexual dys-
function but there are no associations with testosterone although, 
dehydroepiandrosterone (DHEA) has been reported to be higher 
in men with post- traumatic stress disorder (PTSD) as compared to 
healthy men in one small study [70].

Psychoses

Disorders such as schizophrenia are not associated with low tes-
tosterone in and of themselves. Antipsychotic medications induce 
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increases in prolactin and obesity, both of which reduce testos-
terone concentrations by a central mechanism of action.

Medications

Medications may lower serum testosterone concentrations 
by mechanisms that impair:  hypothalamic gonadotrophic- 
releasing hormone (GnRH) and/ or pituitary gonadotroph LH 
production, either directly or consequent to increased pro-
lactin; Leydig cell function and pathways of steroidogenesis in 

the testis; binding of testosterone to the androgen receptor or 
induce enzymes that metabolize testosterone. Some drugs affect 
the function of either 5- α reductase or aromatase altering bio-
transformation of testosterone to dihydrotestosterone and oes-
tradiol, respectively.

Medications (Long acting GnRH agonists, 5- α reductase and 
aromatase inhibitors and androgen receptor antagonists) specific-
ally designed to inhibit one or more components of the HPT axis for 
therapeutic purposes are discussed elsewhere in this volume. Table 
10.6.1 lists medications that may affect the HPT axis, and the mech-
anism/ s whereby this effect occurs.

Table 10.6.1 Medications and mechanisms of effect on the hypothalamo– pituitary– testicular axis

Hypothalamic/  pituitary Steroidogenesis Degradation
CYP3A4

Biotransformation Androgen 
receptor

SHBG

Analgesics

Opioids Direct
↑ Prolactin

↓ aromatase

Psychotropics

^Antipsychotics ↑ Prolactin

SSRI antidepressants The effects are unresolved. Some studies suggest a decrease while others no effect.

Clomipramine ↑ Prolactin

Lithium ↑ Prolactin

Antiepileptics

Phenytoin ↑↑ ↑↑

Carbamazepine ↑↑ ↑↑

Topiramate ↑↑

Anti- inflammatory

Glucocorticoids Direct ↓↓↓ ↑↑

Antimicrobial

Azole antifungals ↓↓↓ ↓↓

Rifampicin ↑↑

Clarithromycin ↓↓ ↓↓

Chloramphenicol ↓↓ ↓↓

Protease inhibitors ↓↓ ↓↓

Cardiovascular

Verapamil, Diltiazem ↓

Spironolactone ↓ ++

Atenolol

Lipid- lowering

Statins (Simvastatin) ↓

Diabetes

Glitazones ↓ ↑↑

Gastrointestinal

Cimetidine +

Other

Modafinil ↑↑

Capsaicin ↑↑

The medications listed are those associated with reductions in serum testosterone concentrations and the mechanism/ s by which this occurs. CP3A4 it is an enzyme of the 
cytochrome P- 450 complex involved in the degradation of testosterone.
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In practice opioid prescribed for analgesia is the medication most 
frequently implicated in in low testosterone concentrations with 
low or normal LH in men [71]. There is a worldwide scourge of 
overprescribing opioids for chronic musculoskeletal pain [72] and 
the appropriate management is to withdraw the opioids. Treatment 
with testosterone has not been shown to affect self- reported pain or 
opioid dosage [73].

Although associated with major adverse consequences for 
spermatogenesis (see Chapter  10.4.3), there are limited data re-
lating to the effects of chemotherapeutic agents on serum tes-
tosterone concentration in men. In one study [74], 8.8% of adult 
survivors of cancer treatment during childhood or adolescence had 
low serum testosterone concentrations; none had been commenced 
on replacement therapy. Based on the Children’s Oncology Group 
Long- Term Follow- Up Guidelines for Survivors of Childhood, 
Adolescent, and Young Adult Cancer (COG- LTFU) Guidelines, 
the risk is greatest with high dose alkylating agents or testicular 
radiation above 20 Gy. The testis has greater resistance to radio-
therapy post puberty. Pubertal status does not affect the risk of 
hypogonadism associated with chemotherapy. Follow- up should 
be lifelong. Mild, subclinical Leydig cell dysfunction can become 
overt due to interaction with any of the disorders described earlier. 
Treatment with testosterone is beneficial for overt hypogonadism 
but there is no evidence of benefit from mild or subclinical Leydig 
cell dysfunction [75].

Glucocorticoids remain widely prescribed and the magnitude of 
effect to reduce serum testosterone concentration depends dose, 
duration, and individual patient sensitivity. Long- term treatment 
with even modest doses of glucocorticoid leads to reduced bone 
density and muscle mass and increased risk of fracture. Treatment 
with testosterone has been shown, independent of the starting 
plasma concentration, to increase muscle mass and strength, reduce 
fat mass, and improve bone density at the lumbar spine in chronic 
steroid treated men [76]. To date, however, studies have been small, 
short- term, and there are no data on fracture outcomes. There has 
been no trial since 2003 and clearly further study of this neglected 
area is warranted. Until then, in the absence of contraindications, 
it is reasonable to consider treatment with testosterone on an indi-
vidual patient basis.

Antipsychotic medications lower serum testosterone by 
increasing prolactin. This is best managed wherever possible using 
antipsychotics with either no or minimal effect on serum prolactin. 
These include aripiprazole, clozapine, olanzapine, and quetiapine. 
OSA occurs with substantially increased frequency and severity in 
people affected by schizophrenia treated with antipsychotics and 
should be diagnosed and treated. Testosterone treatment is benefi-
cial for men with schizophrenia and hypogonadism and may ameli-
orate negative symptoms.

Selective serotonin reuptake inhibitors (SSRI) are the medi-
cations most commonly prescribed to treat depression. It is 
unlikely that they have clinically significant effects on serum 
testosterone concentrations, however they are associated with 
sexual dysfunction. Those antidepressants that primarily modu-
late adrenergic (e.g. desvenlafaxine, vortioxetine), dopaminergic 
(e.g. bupropion) or melatonin (agomelatine) receptor systems 
attenuate the risk of emergent sexual dysfunction during treat-
ment of depression.

Medications used for the treatment of epilepsy may disrupt the 
HPT axis either by increasing the degradation of sex steroids by in-
duction of CYP3A4 (e.g. phenytoin, carbamazepine, topiramate) 
or by increasing SHBG (e.g. phenytoin, carbamazepine). This ap-
pears not to occur with newer drugs used for seizure control (e.g. 
lamotrigine and levetiracetam).

REFEREncES
 1. Araujo AB, Wittert GA. Endocrinology of the aging male. Best 

Pract Res Clin Endocrinol Metab, 2011; 25: 303– 19.
 2. Muller MJ, Enderle J, Pourhassan M, et al. Metabolic adaptation 

to caloric restriction and subsequent refeeding: the Minnesota 
Starvation Experiment revisited. Am J Clin Nutr, 2015; 
102: 807– 19.

 3. Wabitsch M, Ballauff A, Holl R, et al. Serum leptin, gonado-
tropin, and testosterone concentrations in male patients with 
anorexia nervosa during weight gain. J Clin Endocrinol Metab, 
2001; 86: 2982– 8.

 4. Tajar A, Forti G, O’Neill TW, et al. Characteristics of secondary, 
primary, and compensated hypogonadism in aging men: evi-
dence from the European Male Ageing Study. J Clin Endocrinol 
Metab, 2010; 95: 1810– 18.

 5. Glass AR, Swerdloff RS, Bray GA, Dahms WT, Atkinson RL. 
Low serum testosterone and sex- hormone- binding- globulin 
in massively obese men. J Clin Endocrinol Metab, 1977; 
45: 1211– 19.

 6. Vermeulen A, Kaufman JM, Deslypere JP, Thomas G. Attenuated 
luteinizing hormone (LH) pulse amplitude but normal LH pulse 
frequency, and its relation to plasma androgens in hypogonadism 
of obese men. J Clin Endocrinol Metab, 1993; 76: 1140– 6.

 7. Corona G, Rastrelli G, Monami M, et al. Body weight loss re-
verts obesity- associated hypogonadotropic hypogonadism: a 
systematic review and meta- analysis. Eur J Endocrinol, 2013; 
168: 829– 43.

 8. Isidori AM, Giannetta E, Greco EA, et al. Effects of testosterone 
on body composition, bone metabolism and serum lipid profile 
in middle- aged men: a meta- analysis. Clin Endocrinol (Oxf), 
2005; 63: 280– 93.

 9. Cheung AS, Hoermann R, Dupuis P, Joon DL, Zajac JD, 
Grossmann M. Relationships between insulin resistance and 
frailty with body composition and testosterone in men under-
going androgen deprivation therapy for prostate cancer. Eur J 
Endocrinol, 2016; 175: 229– 37.

 10. Grossmann M, Matsumoto AM. A perspective on middle- aged 
and older men with functional hypogonadism: focus on holistic 
management. J Clin Endocrinol Metab, 2017; 102: 1067– 75.

 11. Yeap BB, Grossmann M, McLachlan RI, et al. Endocrine 
Society of Australia position statement on male hypogonadism 
(part 1): assessment and indications for testosterone therapy. 
Med J Aust, 2016; 205: 173– 8.

 12. Ding EL, Song Y, Malik VS, Liu S. Sex differences of endogenous 
sex hormones and risk of type 2 diabetes: a systematic review 
and meta- analysis. JAMA, 2006; 295: 1288– 99.

 13. Bhasin S, Jasjua GK, Pencina M, et al. Sex hormone- binding 
globulin, but not testosterone, is associated prospectively and 
independently with incident metabolic syndrome in men: the 
framingham heart study. Diabetes Care, 2011; 34: 2464– 70.

 14. Kapoor D, Aldred H, Clark S, Channer KS, Jones TH. Clinical 
and biochemical assessment of hypogonadism in men with type 



1603

2 diabetes: correlations with bioavailable testosterone and vis-
ceral adiposity. Diabetes Care, 2007; 30: 911– 17.

 15. Grossmann M, Thomas MC, Panagiotopoulos S, et al. Low 
testosterone levels are common and associated with insulin re-
sistance in men with diabetes. J Clin Endocrinol Metab, 2008; 
93: 1834– 40.

 16. Singh R, Artaza JN, Taylor WE, Gonzalez- Cadavid NF, Bhasin 
S. Androgens stimulate myogenic differentiation and inhibit 
adipogenesis in C3H 10T1/ 2 pluripotent cells through an an-
drogen receptor- mediated pathway. Endocrinology, 2003; 
144: 5081– 8.

 17. Xu XF, De Pergola G, Bjorntorp P. Testosterone increases lip-
olysis and the number of beta- adrenoceptors in male rat adipo-
cytes. Endocrinology, 1991; 128: 379– 82.

 18. Marin P, Oden B, Bjorntorp P. Assimilation and mobilization of 
triglycerides in subcutaneous abdominal and femoral adipose 
tissue in vivo in men: effects of androgens. J Clin Endocrinol 
Metab, 1995; 80: 239– 43.

 19. Sato K, Iemitsu M, Aizawa K, Ajisaka R. Testosterone and 
DHEA activate the glucose metabolism- related signaling 
pathway in skeletal muscle. Am J Physiol Endocrinol Metab, 
2008; 294: E961– 8.

 20. Grossmann M, Hoermann R, Wittert G, Yeap BB. Effects of tes-
tosterone treatment on glucose metabolism and symptoms in 
men with type 2 diabetes and the metabolic syndrome: a system-
atic review and meta- analysis of randomized controlled clinical 
trials. Clin Endocrinol (Oxf), 2014; 83: 344– 51.

 21. Pesonen E, Pussinen P, Huhtaniemi I. Adaptation to acute cor-
onary syndrome- induced stress with lowering of testosterone: a 
possible survival factor. Eur J Endocrinol, 2016; 174: 481– 9.

 22. Yeap BB, Knuiman MW, Divitini ML, et al. Differential associ-
ations of testosterone, dihydrotestosterone and oestradiol with 
physical, metabolic and health- related factors in community- 
dwelling men aged 17– 97 years from the Busselton Health 
Survey. Clin Endocrinol (Oxf), 2014; 81: 100– 8.

 23. Shi Z, Araujo AB, Martin S, O’Loughlin P, Wittert GA. 
Longitudinal changes in testosterone over five years in 
community- dwelling men. J Clin Endocrinol Metab, 2013; 
98: 3289– 97.

 24. Yeap BB, Alfonso H, Chubb SA, et al. Reference ranges and de-
terminants of testosterone, dihydrotestosterone, and estradiol 
levels measured using liquid chromatography- tandem mass 
spectrometry in a population- based cohort of older men. J Clin 
Endocrinol Metab, 2012; 97: 4030– 9.

 25. Yeap BB. Testosterone and its metabolites: differential associ-
ations with cardiovascular and cerebrovascular events in men. 
Asian J Androl, 2018; 20: 109– 14.

 26. Basaria S, Coviello AD, Travison TG, et al. Adverse events as-
sociated with testosterone administration. N Engl J Med, 2010; 
363: 109– 22.

 27. Srinivas- Shankar U, Roberts SA, Connolly MJ, et al. Effects of 
testosterone on muscle strength, physical function, body com-
position, and quality of life in intermediate- frail and frail elderly 
men: a randomized, double- blind, placebo- controlled study. J 
Clin Endocrinol Metab, 2010; 95: 639– 50.

 28. Snyder PJ, Bhasin S, Cunningham GR, et al. Effects of testos-
terone treatment in older men. N Engl J Med, 2016; 374: 611– 24.

 29. Mohan SS, Knuiman MW, Divitini ML, et al. Higher serum 
testosterone and dihydrotestosterone, but not oestradiol, are 
independently associated with favourable indices of lung func-
tion in community- dwelling men. Clin Endocrinol (Oxf), 2015; 
83: 268– 76.

 30. Atlantis E, Fahey P, Cochrane B, Wittert G, Smith S. Endogenous 
testosterone level and testosterone supplementation therapy in 
chronic obstructive pulmonary disease (COPD): a systematic 
review and meta- analysis. BMJ Open, 2013; 3: e003127.

 31. Velema MS, Kwa BH, de Ronde W. Should androgenic ana-
bolic steroids be considered in the treatment regime of selected 
chronic obstructive pulmonary disease patients? Curr Opin 
Pulm Med, 2012; 18: 118– 24.

 32. Cobo G, Cordeiro AC, Amparo FC, Amodeo C, Lindholm B, 
Carrero JJ. Visceral adipose tissue and leptin hyperproduction 
are associated with hypogonadism in men with chronic kidney 
disease. J Ren Nutr, 2017; 27: 243– 8.

 33. Reinhardt W, Kubber H, Dolff S, Benson S, Fuhrer D, Tan S. 
Rapid recovery of hypogonadism in male patients with end 
stage renal disease after renal transplantation. Endocrine, 2018; 
60: 159– 66.

 34. Fugl- Meyer KS, Nilsson M, Hylander B, Lehtihet M. Sexual 
function and testosterone level in men with conservatively 
treated chronic kidney disease. Am J Mens Health, 2017; 
11: 1069– 76.

 35. Eckersten D, Giwercman A, Pihlsgard M, Bruun L, Christensson 
A. Impact of kidney transplantation on reproductive hor-
mone levels in males: a longitudinal study. Nephron, 2018; 
138: 192– 201.

 36. Cigarran S, Coronel F, Florit E, et al. Testosterone deficiency 
in dialysis patients: difference between dialysis techniques. 
Nefrologia, 2017; 37: 526– 30.

 37. Grossmann M, Hoermann R, Gani L, et al. Low testosterone 
levels as an independent predictor of mortality in men   
with chronic liver disease. Clin Endocrinol (Oxf), 2012; 
77: 323– 8.

 38. Sinclair M, Grossmann M, Gow PJ, Angus PW. Testosterone in 
men with advanced liver disease: abnormalities and implica-
tions. J Gastroenterol Hepatol, 2015; 30: 244– 51.

 39. Sinclair M, Grossmann M, Hoermann R, Angus PW, Gow PJ. 
Testosterone therapy increases muscle mass in men with cir-
rhosis and low testosterone: a randomised controlled trial. J 
Hepatol, 2016; 65: 906– 13.

 40. Handelsman DJ, Strasser S, McDonald JA, Conway AJ, 
McCaughan GW. Hypothalamic- pituitary- testicular function in 
end- stage non- alcoholic liver disease before and after liver trans-
plantation. Clin Endocrinol (Oxf), 1995; 43: 331– 7.

 41. Wiechno PJ, Poniatowska GM, Michalski W, et al. Clinical sig-
nificance of androgen secretion disorders in men with a malig-
nancy. Med Oncol, 2017; 34: 123.

 42. Dev R, Hui D, Del Fabbro E, et al. Association between hypo-
gonadism, symptom burden, and survival in male patients with 
advanced cancer. Cancer, 2014; 120: 1586– 93.

 43. Wright TJ, Dillon EL, Durham WJ, et al. A randomized  trial of 
adjunct testosterone for cancer- related muscle loss  in men and 
women. J Cachexia Sarcopenia Muscle, 2018; 9: 482– 96.

 44. Baillargeon J, Al Snih S, Raji MA, et al. Hypogonadism and the 
risk of rheumatic autoimmune disease. Clin Rheumatol, 2016; 
35: 2983– 7.

 45. Tengstrand B, Carlstrom K, Hafstrom I. Gonadal hormones in 
men with rheumatoid arthritis— from onset through 2 years. J 
Rheumatol, 2009; 36: 887– 92.

 46. O’Toole A, Winter D, Friedman S. Review article: the psycho-
sexual impact of inflammatory bowel disease in male patients. 
Aliment Pharmacol Ther, 2014; 39: 1085– 94.

 47. Tremellen K, McPhee N, Pearce K, Benson S, Schedlowski 
M, Engler H. Endotoxin- initiated inflammation reduces 

10.6 Hypothalamo– Pituitary– Testicular Axis Function in Systemic Diseases and Effects of Medications



SEcTIon 10 Male Reproductive Endocrine Disorders1604

testosterone production in men of reproductive age. Am J 
Physiol Endocrinol Metab, 2018; 314: E206– 13.

 48. Leisegang K, Henkel R. The in vitro modulation of 
steroidogenesis by inflammatory cytokines and insulin in TM3 
Leydig cells. Reprod Biol Endocrinol, 2018; 16: 26.

 49. Krassas GE, Poppe K, Glinoer D. Thyroid function and human 
reproductive health. Endocr Rev, 2010; 31: 702– 55.

 50. Meikle AW. The interrelationships between thyroid dysfunction 
and hypogonadism in men and boys. Thyroid, 2004; 14 Suppl 
1: S17– 25.

 51. Fourrier F, Jallot A, Leclerc L, et al. Sex steroid hormones in cir-
culatory shock, sepsis syndrome, and septic shock. Circ Shock, 
1994; 43: 171– 8.

 52. Iglesias P, Prado F, Macias MC, et al. Hypogonadism in aged 
hospitalized male patients: prevalence and clinical outcome. J 
Endocrinol Invest, 2014; 37: 135– 41.

 53. Schaefer S, Boegershausen N, Meyer S, Ivan D, Schepelmann K, 
Kann PH. Hypothalamic- pituitary insufficiency following infec-
tious diseases of the central nervous system. Eur J Endocrinol, 
2008; 158: 3– 9.

 54. Rochira V, Guaraldi G. Hypogonadism in the HIV- infected man. 
Endocrinol Metab Clin North Am, 2014; 43: 709– 30.

 55. Dobs AS, Dempsey MA, Ladenson PW, Polk BF. Endocrine dis-
orders in men infected with human immunodeficiency virus. 
Am J Med, 1988; 84(3 Pt 2): 611– 16.

 56. Grinspoon S, Corcoran C, Askari H, et al. Effects of androgen 
administration in men with the AIDS wasting syndrome. A ran-
domized, double- blind, placebo- controlled trial. Ann Intern 
Med, 1998; 129: 18– 26.

 57. Bhasin S, Storer TW, Javanbakht M, et al. Testosterone replace-
ment and resistance exercise in HIV- infected men with weight 
loss and low testosterone levels. JAMA, 2000; 283: 763– 70.

 58. Bhasin S, Parker RA, Sattler F, et al. Effects of testosterone 
supplementation on whole body and regional fat mass and 
distribution in human immunodeficiency virus- infected 
men with abdominal obesity. J Clin Endocrinol Metab, 2007; 
92: 1049– 57.

 59. Bhasin S, Brito JP, Cunningham GR, et al. Testosterone therapy 
in men with hypogonadism: an Endocrine Society clinical prac-
tice guideline. J Clin Endocrinol Metab, 2018; 103: 1715– 44.

 60. Wittert G. The relationship between sleep disorders and testos-
terone in men. Asian J Androl, 2014; 16: 262– 5.

 61. Ruchala M, Brominska B, Cyranska- Chyrek E, Kuznar- 
Kaminska B, Kostrzewska M, Batura- Gabryel H. Obstructive 
sleep apnea and hormones— a novel insight. Arch Med Sci, 2017; 
13: 875– 84.

 62. Knapp A, Myhill PC, Davis WA, et al. Effect of continuous 
positive airway pressure therapy on sexual function and serum 

testosterone in males with type 2 diabetes and obstructive sleep 
apnoea. Clin Endocrinol (Oxf), 2014; 81: 254– 8.

 63. Hoyos CM, Killick R, Yee BJ, Grunstein RR, Liu PY. Effects 
of testosterone therapy on sleep and breathing in obese men 
with severe obstructive sleep apnoea: a randomized placebo- 
controlled trial. Clin Endocrinol (Oxf), 2012; 77: 599– 607.

 64. Adams R, Appleton S, Taylor A, McEvoy D, Wittert G. Are the 
ICSD- 3 criteria for sleep apnoea syndrome too inclusive? Lancet 
Respir Med, 2016; 4: e19– 20.

 65. Schorr M, Miller KK. The endocrine manifestations of anorexia 
nervosa: mechanisms and management. Nat Rev Endocrinol, 
2017; 13: 174– 86.

 66. Zhang C. What can we learn from the history of male anorexia 
nervosa? J Eat Disord, 2014; 2: 138.

 67. Giltay EJ, van der Mast RC, Lauwen E, Heijboer AC, de Waal 
MWM, Comijs HC. Plasma testosterone and the course of major 
depressive disorder in older men and women. Am J Geriatr 
Psychiatry, 2017; 25: 425– 37.

 68. Kische H, Pieper L, Venz J, et al. Longitudinal change in-
stead of baseline testosterone predicts depressive symptoms. 
Psychoneuroendocrinology, 2018; 89: 7– 12.

 69. Rodgers S, Grosse Holtforth M, Hengartner MP, et al. Serum 
testosterone levels and symptom- based depression subtypes in 
men. Front Psychiatry, 2015; 6: 61.

 70. Lehrner A, Flory JD, Bierer LM, Makotkine I, Marmar CR, 
Yehuda R. Sexual dysfunction and neuroendocrine correlates of 
posttraumatic stress disorder in combat veterans: preliminary 
findings. Psychoneuroendocrinology, 2016; 63: 271– 5.

 71. Vuong C, Van Uum SH, O’Dell LE, Lutfy K, Friedman TC. The 
effects of opioids and opioid analogs on animal and human 
endocrine systems. Endocr Rev, 2010; 31: 98– 132.

 72. Hagemeier NE. Introduction to the opioid epidemic: the eco-
nomic burden on the healthcare system and impact on quality of 
life. Am J Manag Care, 2018; 24(10 Suppl): S200– S6.

 73. Basaria S, Travison TG, Alford D, et al. Effects of testosterone 
replacement in men with opioid- induced androgen deficiency: a 
randomized controlled trial. Pain, 2015; 156: 280– 8.

 74. Yoon JY, Park HJ, Ju HY, et al. Gonadal and sexual dysfunc-
tion in childhood cancer survivors. Cancer Res Treat, 2017; 
49: 1057– 64.

 75. Kenney LB, Cohen LE, Shnorhavorian M, et al. Male repro-
ductive health after childhood, adolescent, and young adult can-
cers: a report from the Children’s Oncology Group. J Clin Oncol, 
2012; 30: 3408– 16.

 76. Crawford BA, Liu PY, Kean MT, Bleasel JF, Handelsman DJ. 
Randomized placebo- controlled trial of androgen effects on 
muscle and bone in men requiring long- term systemic gluco-
corticoid treatment. J Clin Endocrinol Metab, 2003; 88: 3167– 76.



10.7

Management of Sexual Dysfunction
Vincenzo Rochira, Cesare Carani, and  Antonio R.M. Granata

Introduction 1605

Penile Anatomy 1605

Erectile Physiology 1605

Erectile Dysfunction 1607

Aetiologies and Epidemiology of Erectile Dysfunction 1608

Diagnosis 1611

Management of Erectile Dysfunction 1613

Oral Non- Hormonal Drugs 1613

Conclusions 1616

References 1616

Introduction

Sexuality is a complex construct encompassing not only the act of 
sexual intercourse. but also includes the physiological, behavioural, 
and relational aspects of human sexual life, which are variously in-
fluenced by psychological (e.g. sexual fantasies, desire, arousal, 
psychosexual orientation, and the choice of the sexual object), as 
well as social and organic (vascular, nervous, and endocrine) fac-
tors [1, 2].

From a male sexual functional point of view, a normal penile 
erection may be defined as an erection that permits the penetration 
of a lubricated vagina without additional assistance. Concerning 
the erectile mechanism, the haemodynamic changes in the penis 
require a high degree of central and peripheral neurovascular co-
ordinated control and an intact endocrine system [1, 3, 4].

Penile Anatomy

The penis consists of two paired and elongated sponge- like 
bodies, the corpora cavernosa. These are ventrally joined to the 
corpus spongiosum, all of which are covered by a tough fibroelastic 
sheath, the tunica albuginea. The corpus spongiosum surrounds 
the urethra and distally forms the glans [3]  (Figure 10.7.1a).

The erectile tissue of the corpora cavernosa is composed of si-
nusoidal spaces, also known as lacunae, lined by endothelial cells. 
The lacunae are surrounded by trabecular tissue, consisting of an 

intricate network of both smooth muscle cells and fibroblasts joined 
by collagen and elastin. The trabeculae have both structural and 
contractile functions [3] . The structural function is provided by the 
extracellular, fibroelastic component of collagen and elastin; con-
traction of the smooth muscle component is associated with the 
flaccid state of the penis while relaxation leads to lacunae engorge-
ment and penile erection (Figure 10.7.1b).

Arterial inflow to the penis is supplied by the helicine arteries 
which branch out from the two deep cavernosal arteries. When 
the penis is flaccid, the helicine arteries are contracted. During 
erection arterial relaxation causes an increase in blood flow 
and a consequent enlargement of the lacunar spaces. The struc-
tural elasticity of the trabeculae allows the increase in penile 
size from the flaccid to the erected state [3]  (Figure 10.7.1b). 
Blood drainage from the corpora cavernosa is provided by the 
circumflex and emissary veins which end in the deep dorsal 
penile vein.

Innervation of the penis comes from the thoracolumbar spinal 
centre of erection (T12– L2), the sacral spinal centre of erection 
(S2– S4), the hypogastric plexus, and the pelvic, cavernous, and pu-
dendal nerves [3, 4].

Erectile Physiology

An erection occurs as a consequence of haemodynamic changes in 
the penile structures induced by integration of one or more central 
and peripheral neurological signalling events. Erections are medi-
ated by the spinal centres, which can be activated by genital sensory 
stimulation and by neural pathways from the brain. Normal erec-
tion depends on multiple regulatory inputs including psychological, 
neurological, and hormonal components that are closely integrated 
and reinforce each other [1, 2,  4] (Figure 10.7.2). For example, 
psychological stimuli (i.e. visual, auditory, olfactory, and internal 
imagery— imagination/ fantasy) increase the sensitivity to reflexive 
(i.e. tactile) stimuli (Figure 10.7.2). Vice versa— undesired tactile 
stimuli (i.e. painful stimulation) might inhibit central psychogenic 
activity (Figure 10.7.2).

Central erotogenic stimulation promotes sexual arousal, a sub-
jective state which stimulates the man to search for sexual stimula-
tion and sexual intercourse [2] .
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The main areas of the central nervous system involved in the 
promotion of the male sexual response are the limbic system, the 
preoptic region, and the hypothalamus, while the sympathetic 
pathway that exerts an inhibitory control on erection corresponds 
to the sympathetic thoracolumbar spinal erection centre (T12– L2) 
[1, 2, 4].

In addition to psychogenic erections, direct physical stimula-
tion of the penis and perineal skin induces a reflexogenic erection 
by activation of the sacral spinal reflex pathway. This results from 
the inhibition of the thoracolumbar sympathetic centre of erection 
(T12– L2), a stimulation of the parasympathetic centre of erection 

(S2– S4), and the activation of both parasympathetic and non- 
adrenergic non- cholinergic (NANC) pathways [4]   (Figure 10.7.3).

Furthermore, sleep- related erections occur during rapid eye 
movement (REM) sleep; however, the precise physiological 
mechanism involved in sleep- related erections is not thoroughly 
understood.

The endocrine system also contributes to penile erection. 
Androgens are the hormones involved in erectile physiology. Most 
of the actions of testosterone on the brain seem to be mediated 
by oestrogens after aromatization [5– 7]. Dihydrotestosterone also 
plays a role on penile erection as suggested by erectile dysfunction 
as a side effect of 5- α- reductase- inhibitors treatment for benign 
prostatic hyperplasia and hair loss [8] .

Prenatal and perinatal brain androgenization is a prerequisite for 
normal male sexual function in some species, and androgens are 
necessary for secondary sexual maturation in mammals [1] .

In adult men, androgens are required to maintain sexual be-
haviour; lack of testosterone frequently produces loss of libido 
and sexual dysfunction [1, 9]. In hypogonadal men testosterone 
replacement therapy consistently increases spontaneous sexual 
interest and sexual arousal thereby facilitating erectile function 
and increasing sexual activities [9] . Note however that most 
cases of erectile dysfunction (without a major loss of sexual 
interest) are predominantly associated with vascular diseases 
and not testosterone deficiency (see next). Similarly, erections 
in response to visual erotic stimuli are not affected by the lack of 
testosterone [10]. In contrast, nocturnal (sleep- related) or early 
morning erections are androgen- dependent, being impaired 
in hypogonadal men and restored by testosterone replacement 
therapy [11].

Local Mechanisms of Erection

Neurological activation or inhibition of penile erection is mediated 
by modulation of neurotransmitter release in the penile vasculature 
[3, 12] (Figure 10.7.2). Knowledge of neurotransmitters responsible 
for the local regulation of erection has recently been extended by 
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the identification of NANC fibres, which are the terminal effectors 
of the nervous system in controlling erection [3,  12]. The activa-
tion of cholinergic fibres stimulates postganglionic NANC nerve 
neurons to synthesize and release nitric oxide, which is the prin-
cipal neurotransmitter involved in the haemodynamic promotion 
of penile erection [3, 12]. The sympathetic system exerts a constant 
negative control on erection by inhibiting postganglionic NANC 
neurons [3, 12]. Nitric oxide is released by both neuronal fibre end-
ings and endothelial cells, but under physiological conditions neur-
onal nitric oxide plays the dominant role [13].

Nitric oxide is a cleavage product whose synthesis from amino acid 
l- arginine is catalysed by nitric oxide synthase (NOS). Nitric oxide 
relaxes the trabecular smooth muscle cells of corpora cavernosa by 
increasing the synthesis of cyclic guanosine monophosphate (cGMP) 
via a direct stimulation of guanylate cyclase [3, 12, 13] (Figure 10.7.4). 
The cGMP activates protein kinase G, which then causes a reduction 
of transmembrane Ca2+influx, and membrane hyperpolarization. 
This sequence of events induces smooth muscle relaxation of tra-
beculae (Figure 10.7.4). Residual cGMP is catabolized by phospho-
diesterase 5 (PDE5) [3, 12, 13] (Figure 10.7.4).

Based on animal studies, it has been suggested that testosterone 
may directly promote erections through the penile nitric oxide 
pathway by stimulating both neuronal NOS synthesis/ release and 
by modulating PDE5 activity [14– 16]. However, the relevance of 
this work to human erectile physiology is uncertain.

Other substances, including neurotransmitters, hormones, pros-
taglandins, and other peptides also play a role in the local control 
of erection. In particular, prostaglandin E1 and vasoactive intestinal 

peptide (VIP) relax the smooth muscle, while substance P and pros-
taglandin F2- α cause contraction [3, 12]. Prostaglandin E1 induces 
smooth muscle relaxation by reducing intracellular Ca2+ uptake, 
as a result of the activation of adenylate cyclase and a consequent 
increase of intracellular cyclic adenylate monophosphate (cAMP), 
which activates protein kinase A (Figure 10.7.4) [3, 12].

Vascular Response

Erection and detumescence are linked haemodynamic events regu-
lated by smooth muscle relaxation and contraction, respectively. 
Therefore, the tone of the corpora cavernosa smooth muscle is the 
major determinant in controlling the flaccid or erect state of the 
penis. The haemodynamic events involved in penile erection are as 
follows [3, 12, 13]: (1) the resistance of intracavernosal arterioles de-
creases by relaxation of the trabecular smooth muscle cells; (2) the 
dilatation of the arterial bed (particularly helicine arteries) increases 
the arterial flow causing [17] the engorgement of sinusoids and the 
engorgement of lacunae; (4) these events cause an increase in penile 
tumescence/ rigidity and penile length; (5)  the stretching of the 
poorly distensible tunica albuginea and the expansion of the lacunae 
activate a veno- occlusive mechanism with reduced venous outflow 
due to compression of the subtunical and emissary veins [3, 12, 13].

Erectile Dysfunction

Erectile dysfunction had its first official definition in 1993: the in-
ability to attain and/ or maintain a penile erection sufficient to 

Central
nervous
system

Parasympathetic
stimulation allowed only

by previous central activation

Pelvic
Nerves

Pudendal
nerves

NANC

Hypogastric
nerves

Hypogastric

plexus

Celiac
plexus

Cavernosal
nerves

Sympathetic fibres
PENIS

S2-S4

T12-L2

SYMPATHETIC

PARASYMPATHETIC

ERECTION

SP
IN

A
L

C
O

R
D

Pelvic
plexus

Tonic, constant sympathetic
inhibitory control

Cognitive function
Visual, olfactory, auditive,

imaginative stimuli

Figure 10.7.3 Central and peripheral nervous pathways involved in the control of erection.
T10– L2: toracholumbar spinal centre; S2– S4: sacral spinal centre; NANC: non- adrenergic- noncholinergic neurons/ fibres.



SEcTIon 10 Male Reproductive Endocrine Disorders1608

permit satisfactory sexual performance (Box 10.7.1) [18]. A more 
recent definition in 2000 [19] stated that erectile dysfunction is the 
persistent or recurrent inability to attain, or to maintain until com-
pletion of sexual activity, an adequate erection.

Erectile dysfunction per se, should be differentiated from other 
aspects of sexual dysfunctions such as loss of libido, decreased 
spontaneous erections, or disorders of ejaculation, and disorders 
of orgasm. Loss of libido can be the consequence of both hypo-
gonadism [1, 2, 20, 21] and psychogenic erectile dysfunction [22]; 
on the other hand, quality of spontaneous (especially nocturnal) 
erections is related to organic rather than psychogenic erectile 
dysfunction [23, 24]. It is important to be reminded that erection 
constitutes only part of the overall multifaceted process of normal 
sexual function, which also includes psychological, behavioural, 
and relational components that can contribute to the overall picture 
of sexual dysfunctions.

Aetiologies and Epidemiology 
of Erectile Dysfunction

Erectile dysfunction (ED) may be caused by psychological, organic 
(vascular, metabolic, neurological, hormonal), and iatrogenic dis-
orders [13, 25, 26]. Up until the 1960s, psychological disorders were 
considered the most frequent cause of erectile dysfunction [26]; at 
present this is true only in young men; about 70% of men less than 

35 years old presenting with erectile dysfunction, the main cause 
is psychogenic [13, 25,  26]. In middle- aged and older men, or-
ganic disorders now account for two- thirds of the causes of erectile 
dysfunction [13, 26]. In the Massachusetts Male Aging Study, the 
combined prevalence of minimal, moderate, and complete impo-
tence was 52% in the general population. The prevalence of com-
plete impotence tripled from 5 to 15% between subject ages 40 and 
70 years. Erectile dysfunction correlated positively with age, cigar-
ette smoking, depression, diabetes mellitus, and cardiovascular dis-
eases [26, 27].

Among organic causes, vascular disorders are the most frequent 
[26]; neurological causes occur in 3– 10% of the cases [26]. Although 
hormone abnormalities (e.g. hypogonadism, hyperprolactinaemia, 
hyperthyroidism, acromegaly) can be detected in 3– 5% of patients 
with ED [9, 13, 26], low T frequently coexists with ED in men with 
chronic diseases (such as obesity, diabetes mellitus, HIV infection, 
cardiovascular/ peripheral vascular disease, and chronic kidney dis-
ease) [28– 31], rather than being the overriding cause of the erectile 
failure [32].

Although erectile dysfunction may be exclusively of psycho-
logical origin, a psychological disorder often arises secondarily to 
organic erectile dysfunction [33]; therefore, organic and psycho-
genic erectile dysfunction often coexist in many patients.

Psychogenic Erectile Dysfunction

Psychogenic erectile dysfunction is frequently associated with 
generalized trait anxiety, situational anxiety (e.g. performance 
anxiety), relationship conflicts, disorders involving sexuality 
(psychosocial sexual inhibition, sex- preference conflicts, history 
of childhood sexual abuse, disorders of sexual orientation), fear 
of pregnancy, fear of sexually transmitted infections, sexual per-
formance anxiety, fear of erectile failure, and decreased libido [23, 
26, 29,  34]. The suggested mechanism in primary psychogenic 
erectile dysfunction is an activation of the sympathetic nervous 
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Box 10.7.1 Definitions of erectile dysfunction

1993: The inability to attain and/ or maintain a penile erection sufficient 
to permit satisfactory sexual performance [12]

2000: The persistent or recurrent inability to attain, or to maintain until 
completion of the sexual activity, an adequate erection [13]



10.7 Management of Sexual Dysfunction 1609

system with increased adrenergic and noradrenergic vasocon-
strictive tone [3, 13, 26, 33].

Psychogenic erectile dysfunction can also occur in primary psy-
chiatric diseases, such as depression [24,  34]. Loss of libido is an 
important symptom of depression, which may lead secondarily to 
erectile dysfunction and is possibly worsened by antidepressant 
drug administration [23,  34]. Accordingly, serotoninergic anti-
depressants may lead to mild to severe sexual dysfunction (i.e. de-
creased libido and delayed orgasm frequently) in >60% of patients, 
while other sexual dysfunctions such as anorgasmia and arousal dif-
ficulties occur less frequently (30%) [35] (Box 10.7.2). In contrast, 
noradrenergic, dopaminergic, or melatonergic antidepressants do 
not cause sexual dysfunction but the clinical profile of patients re-
ceiving these compounds could be different [35].

Vasculogenic Erectile Dysfunction

Vasculogenic erectile dysfunction is caused by reduced arterial in-
flow into the penis or an impaired veno- occlusive mechanism, or 
both, and its frequency increases with ageing. Arterial insufficiency 
is a common cause of erectile dysfunction and results from many 

disorders, including thrombotic and thromboembolic occlusion of 
the terminal aorta and the iliac, hypogastric, pudendal, and penile 
arteries. Atherosclerosis is the most common cause of arterial oc-
clusion; therefore, arterial penile insufficiency shares the same 
risk factors for atherosclerosis, including age, cigarette smoking, 
hypertension, dyslipidaemia, diabetes mellitus, and the metabolic 
syndrome [28,  36]. Arterial penile insufficiency may also be due 
to congenital anomalies, surgery, and perineal or pelvic trauma 
[13, 37].

Impairment of the veno- occlusive mechanism of erection may 
cause erectile dysfunction because of venous leakage with increased 
venous blood outflow. Failure of the veno- occlusive mechanism 
may occur at many levels: tunica albuginea, trabecular tissue, endo-
thelial cells, nerve fibres, and veins [37].

Diseases of the tunica albuginea include fibrosis, Peyronie’s dis-
ease, penile fracture, diabetes, trauma, and congenital tunical ab-
normalities (e.g. reduced tunica thickness) [3, 13, 26].

Trabecular compliance is impaired when changes in the smooth 
muscle/ collagen ratio occurs. Morphological and functional 
changes in cavernous smooth muscle may be due to smooth muscle 

Box 10.7.2 Principal drugs affecting erection according to the strength of the body of evidence

(In parenthesis): 1: good evidence; 2: moderate evidence; 3: poor evidence

Antihypertensive drugs
 • Diuretics
 — Thiazide diuretics (1)
 — Spironolactone (1)
 • Sympatholytics
 — β- blockers (1)
 • Central agents
 — Methyldopa (1)
 — Clonidine (1)
 • Calcium- antagonists (2)
 • ACE inhibitors (2)

Psychotropic drugs
 • Antidepressant drugs
 — Monoamine oxidase inhibitors (2)
 — Tricyclics (1)
 — Selective serotonin reuptake inhibitors (1)
 — Serotonin noradrenaline reuptake inhibitors (2)
 — Lithium (3)
 • Antipsychotics
 — Chlorpromazine (3)
 — Fluphenazine (2)
 — Loxapine (3)
 — Mesoridazine (3)
 — Molindone (3)
 — Thioridazine (3)
 — Thiothixene (3)
 — Trifluoperazine (3)
 — Haloperidol (2)
 — Clozapine (2)
 — Olanzapine (2)
 — Quetiapine (2)
 — Risperidone (2)
 — Aripiprazole (3)
 — Ziprasidone (3)
 • Others
 — Sulpiride (3)
* see the specific paragraph at the end of this chapter for further details

 — Barbiturates (3)
 — Benzodiazepines (2)
 — Anticonvulsant (2)
 — Diphenylhydantoin (1)
 — Ketoconazole (3)
 — Disopyramide (2)

Gastrointestinal drugs
 • H2 blockers

 — Cimetidine (3)
 — Ranitidine (1)

 • Metoclopramide (1)

Cytotoxic agents
 • Methotrexate (2)
 • Mitotane (1)

Hormonal drugs
 • LHRH- agonists or antagonists (1)
 • Antiandrogens

 — Flutamide (2)
 — Cyproterone acetate (1)
 — 5- α- reductase inhibitors [Finasteride] (2)*

 • Oestrogens (at high doses) (2)
 • Progestins (3)
 • Corticosteroids (3)

Miscellaneous
 • Digoxin (2)
 • Clofibrate (3)
 • Gemfibrozil (3)

Recreational drugs
 • Illicit drugs

 — Cocaine (2)
 — Opioids (1)
 — Cannabinoids (Cannabis/ Marijuana/ Hashish) (2)

 • Alcohol [high consumption] (1)
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atrophy with replacement by fibrotic tissue (as in atherosclerosis 
and diabetes), and to local functional disorders with impaired 
neurotransmitter release or receptor function [3] . In vitro studies 
suggest that testosterone exerts a trophic effect on the penile nerves, 
vasculature and cavernosal tissue and regulates nitric oxide release 
by enhancing both the expression and activity of NOS [16], but the 
significance of these animal data to human physiology and clinical 
erectile dysfunction remains unclear.

Venous drainage may be impaired by congenital abnormal or ec-
topic veins and by pathological shunts (traumatic, post- priapism, 
surgical, or congenital) between the corpus cavernosum and the 
corpus spongiosum of the glans penis [13, 25, 26].

Endocrine Erectile Dysfunction

Among the endocrine disorders, men with organic hypogonadism 
due to established hypothalamic– pituitary commonly present 
with low libido and may have erectile dysfunction [9] . However, 
in older men with age- related low testosterone in the absence of 
recognizable hypothalamus– pituitary– testicular HPT axis path-
ology, sexual dysfunction is commonly caused by coexisting 
neurovascular disease, rather than due to androgen deficiency. 
Organic hypogonadism is not a common finding in patients 
with ED, occurring in about 2– 32% of cases depending on how 
hypogonadism is defined, age of patients and different clinical 
settings [38]. In general, there is a lack of association between 
serum testosterone levels and erectile function [38]. In men over 
50, ED and hypogonadism are common but independently dis-
tributed rather than causally linked disorders [32]. Among men 
presenting with erectile dysfunction, low serum T below 300 
ng/ dl (10.4  nmol/ L) may be detected in 12% of 1022 consecu-
tive ED patients, including 4% under and 15% over the age of 50 
[39]. The prevalence of low serum T <200 ng/ dl, 7 nmol/ L was 
even lower:  1.8%, 0.8% before 50  years, and 2.6% after this age 
[39]. Even then, this association does not prove causality, given 
the evidence is observational [38] (see Chapter 10.4.2, ‘Types of 
Treatment’).

Hyperprolactinaemia with or without hypotestosteronaemia may 
also be associated with loss of libido and erectile dysfunction [9] , 
but does not appear to modify sleep- related erections and response 
to visual erotic stimulation, suggesting that hyperprolactinaemia 
negatively affects libido and sexual behaviour directly [40]. 
Hyperprolactinaemia is common (30– 65%) in patients with 
chronic kidney disease (CKD); however the specific contribu-
tion of hyperprolactinaemia to the very high frequency (60– 80%) 
of erectile dysfunction in men with CKD remains unclear due to 
concomitant prevalent vascular abnormalities [30, 31]. Among the 
other endocrinopathies associated with erectile dysfunction are 
adrenal insufficiency, acromegaly, Cushing’s syndrome, hyperthy-
roidism, and hypothyroidism [9, 41– 43]. Again, the exact role and 
the mechanisms by which these conditions contribute to erectile 
malfunction are unclear.

neurological Erectile Dysfunction

Brain, spinal cord, and neuropathic diseases can cause neurogenic 
erectile dysfunction. Lesions in various brain areas may induce 
erectile and sexual dysfunction (e.g. Parkinson’s disease, cerebro-
vascular or expansive lesions of either temporal lobes or limbic 

system) [13,  44]. Congenital (e.g. spina bifida, syringomelia) or 
acquired (traumas, neoplasia, and inflammatory disorders as mul-
tiple sclerosis) spinal cord diseases are the most frequent causes of 
neurogenic erectile dysfunction [13,  44]. Injuries to lower spinal 
cord segments (lumbar and sacral) often result in complete erectile 
dysfunction, while lesions of the upper spinal cord segments (cer-
vical and thoracic) do not affect reflexogenic erections [4, 44]. In 
the peripheral nervous system, erectile dysfunction can result 
from traumatic (pelvic fracture) or surgical (radical prostatectomy, 
cystoprostatectomy, proctocolectomy) injuries to the pudendal and 
cavernous nerves [44]. Peripheral neuropathy in diabetes mellitus 
(the most common cause), uraemia, amyloidosis, vitamin defi-
ciency (folic acid, B6, and B12), and alcoholism can cause erectile 
dysfunction [44].

Iatrogenic Erectile Dysfunction

Drugs

Erectile function can be affected by many drugs acting through dif-
ferent mechanisms (i.e. penile arterial flaw, central action on libido, 
changes in hormonal secretion/ action) (Box 10.7.2) [3, 25,  26]. 
Data on drugs and erectile dysfunction are often collected by un-
controlled studies and/ or case reports; therefore, a cause– effect re-
lationship is not always proven.

Erectile dysfunction is commonly associated with the use of 
antihypertensive drugs (thiazide diuretics, β- blockers). Some 
drugs affecting the hypothalamus– pituitary– testicular axis (oes-
trogens, progestins, antiandrogens, both luteinizing hormone- 
releasing- hormone agonists, and antagonists) can impair erectile 
function by decreasing gonadotropin and testosterone release. 
The peripheral bioavailability of androgens is decreased by digi-
talis, cimetidine, and spironolactone. Hyperprolactinaemia, and 
the often- related low libido and erectile dysfunction, can result 
from antipsychotic drugs (phenothiazines, sulpiride, and related 
drugs) and H2- receptor antagonists. Alcohol abuse can cause low 
testosterone serum levels, peripheral neuropathy, and chronic liver 
damage [3, 25, 26].

Surgery

Pelvic surgery, such as radical prostatectomy, cystoprostatectomy, 
proctocolectomy, is a frequent cause of erectile dysfunction due 
to pelvic vessel and/ or pelvic nerve lesions [13, 25, 26, 37,  44], 
occurring in 20– 80% of patients undergoing the above- mentioned 
surgical procedures, the prevalence depending on several fac-
tors such as the extent of surgery, the surgical technique used, 
the skills of the surgeon [13, 25, 26, 37, 44]. Also external pelvic 
radiotherapy can cause erectile dysfunction, with delayed onset 
2– 5 years after treatment. Comparison between patients with pros-
tate cancer who underwent radical prostatectomy or radiotherapy 
shows higher prevalence after the former treatment (79% versus 
63%) [45], with apparently lower frequency when a robot- assisted 
radical prostatectomy is performed [46]. Renal transplantation and 
vascular surgery on the aortoiliac arteries may also cause erectile 
dysfunction [31].

Trauma

Pelvic fractures can cause erectile dysfunction if injury to a vessel or 
to nerves involved in the erectile mechanism occurs [37, 44].
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Diagnosis

More than one cause can be simultaneously responsible for erectile 
dysfunction at the time of the diagnosis, even if they may have oc-
curred at different times.

The diagnostic approach to erectile dysfunction should include 
several sequential steps which may be influenced by the expertise 
(psychologist/ sexual medicine, endocrinologist, urologist) of the 
clinician (Figure 10.7.5).

General clinical Interview

A general medical interview and examination can identify systemic 
diseases, medications/ drugs or previous surgery/ trauma which can 
cause erectile dysfunction [13, 23, 25, 26, 34].

Sexological Interview

The sexological interview constitutes a main step, because it may 
indicate either psychogenic or organic erectile dysfunction [13, 23, 
25, 26, 34].

Some information concerning sexual orientation, the presence of 
one, more, or no constant partner, sexual habits, and frequency of 
sexual intercourse is required [23, 34]. Other information (e.g. cul-
tural level, religious beliefs, or profession) is also helpful [34].

A sexological interview can reveal psychogenic erectile dys-
function suggested by:  abrupt onset, full morning erections, full 
erections following visual erotic stimulation, full erections with 
masturbation, inconstant occurrence, occurrence only with some 
form of sexual intercourse, and occurrence with one partner, but 
not with another [23, 26, 34].

Conversely, organic erectile dysfunction is often characterized 
by a progressive loss of erectile function and by an almost constant 
presence of the problem [13, 23, 25, 26, 34].

Libido needs to be enquired carefully. When a patient com-
plains of low libido, the physician should try to determine if what 
is occurring is loss of libido, or unwillingness to face erectile dys-
function [13, 23, 25, 26,  34]. Low libido justifies an evaluation 
of testosterone and prolactin levels, and consideration of de-
pression, or the use of neuroleptics or antiandrogens [13, 21, 23, 
25, 26]. Some structured interview instruments for use with pa-
tients complaining of erectile dysfunction or other sexual prob-
lems are currently available [26, 47, 48]. The International Index 
of Erectile Function (IIEF) is a validated and extensively used in-
strument in research and in the clinical work- up of individual 
patients with erectile dysfunction [34], while others are more 
suitable for research [48]. The short version of the IIEF (IIEF- 5; 
5 items) is a self- administered questionnaire that may be used 
as a diagnostic tool in evaluating erectile function (EF domain), 
ascertaining if erectile dysfunction is present (EF score ≤25) or 
not (EF score >25), as well as assessing the degree of erectile 
function impairment (mild, moderate or severe for EF scores of 
17– 25, 11– 16, 6– 10, respectively) [17, 48, 49]. The long version 
of the IIEF (IIEF- 15; 15 items) provides further information also 
on the domains concerning sexual desire, orgasmic function, 
intercourse satisfaction, and overall satisfaction [17,  48]. Other 
questionnaires (e.g. the Aging Male Symptom Scale for male 
hypogonadism) [50] are not recommended due to poor clinical 
discriminating power [34, 48].

The interview should also be directed to check other symptoms 
of hypogonadism such as the decrease of the volume of the ejacu-
late, the presence of hot flushes and the changes in body hair and 
beard growth and distribution. See Chapter  10.4.4, ‘Benefits of 
Testosterone Treatment’.

Psychological Evaluation

A psychological evaluation of the patients affected by erectile dys-
function is almost always helpful because of the very frequent in-
volvement of psychological factors, even when the causes are 
organic [23,  26]. Psychological evaluation should ideally be per-
formed formally by a psychologist with experience/ training in psy-
chosexual problems. However, when this is not readily available, 
self- completed, brief questionnaires are available in order to pro-
vide a picture of the patient’s personality and anxiety levels, and to 
detect clinical depression [33, 47].

Physical Examination

The physical examination should focus on the presence of signs of 
hypogonadism (i.e. reduced facial and body hair, reduced volume 
of the testes, reduced muscle mass, and increased body fat), the 
presence of penile fibrosis, the peripheral pulses and the presence 
of signs of peripheral and autonomic nervous system abnormalities.

Blood chemistry

Erectile dysfunction is associated with almost all severe endo-
crinological diseases, particularly hypogonadism. For this 
reason, measuring serum morning fasting total testosterone is 
mandatory in all patients with erectile dysfunction, especially 
in those with low sexual desire or symptoms and signs of hypo-
gonadism [23,  51] (Figure 10.7.5). Further diagnostic proced-
ures are needed in case of low serum total testosterone [51] (see 
Chapter  10.4.4, ‘Benefits of Testosterone Treatment’). Prolactin 
should be measured in all subjects who complain of low libido 
and have documented low serum testosterone and low or in-
appropriately normal gonadotropins [9]  (Figure 10.7.5) (see 
Chapter 2.3.9, ‘Prolactinomas and Hyperprolactinaemia’).

Fasting blood glucose should be checked because of the high 
prevalence of erectile dysfunction in diabetics. Cholesterol and tri-
glycerides should also be measured in order to detect risk factors for 
arteriosclerosis (Figure 10.7.5).

Further Investigations

Further investigations aiming to better define the cause and mech-
anism of erectile dysfunction may be pursued in selected patients 
managed under specialized clinical settings. Documenting the pres-
ence of full erections under defined circumstances may be useful 
to rule out an organic cause of impotence. Visual erotic stimula-
tion by movies, slides, or magazines provides an inexpensive test, 
where the erectile response is self- scored by the patient. A full erec-
tion in response to visual erotic stimuli indicates that both vascular 
and nerve supplies involved in erection are intact. However, erec-
tion in response to visual erotic stimuli may not occur (despite in-
tact neurovascular system) because of embarrassment or because 
the patient is accustomed/ desensitized to visual erotic stimula-
tion. Furthermore, a full erection can occur during visual erotic 
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stimulation in hypogonadal men, which renders the test unin-
formative in excluding erectile dysfunction due to low testosterone 
and/ or high prolactin levels [10, 40].

Nocturnal penile tumescence and rigidity monitoring 
(NPTRM) may help to differentiate between psychogenic 
(normal NPTRM) and organic (impaired NPTRM) erectile dys-
function [24]. Furthermore, devices (e.g. RigiScan®) recording 
and measuring nocturnal penile tumescence and rigidity reduce 
the possibility of false positive diagnosis of psychogenic erectile 
dysfunction due to normal increase of tumescence but impaired 
rigidity [24].

Impaired NPTRM can occur because of hormonal (namely, low 
testosterone) vascular and neurological pathologies [10, 11, 14, 
24,  40]. Thus, an impaired response cannot identify the specific 
cause underlying organic erectile dysfunction. The usefulness of 
NPTRM is also limited by the possibility of impaired sleep- related 
erections in men without organic pathologies but suffering from 
depression or sleep disturbances. Despite these drawbacks, there 
is general agreement that NPTRM is a valuable method to study 
the integrity of the erectile mechanism without psychological 
interferences [52].

To investigate the integrity of the vasculature within the penis, 
the simplest test is the direct intracavernosal injection of vaso-
active drugs, useful both for obtaining information about the 

possible vasculature damage and the effectiveness of these drugs 
as potential treatment for erectile dysfunction [23, 33, 34,  53]. 
Intracavernosal injection of vasoactive drugs directly promotes 
penile erection by increasing arterial blood inflow and the sub-
sequent achievement of a full erection indicates a normal veno- 
occlusive mechanism [23, 33, 34, 53]. Although many substances 
have been used for this test, to date prostaglandin E1 and papa-
verine hydrochloride are the drugs most frequently used, both 
alone or added to phentolamine. This is not an appropriate test 
to evaluate the arterial penile vessels [53] because a full erection 
in response to this test is reached by as many as 20% of patients 
with borderline low arterial inflow, according to penile Doppler 
parameters (see next) [54].

Penile Doppler ultrasonography is the most accurate tool to in-
vestigate arterial haemodynamics in the penile arteries after an 
intracavernosal injection of a vasoactive drug [23, 26,  34]. The 
cavernosal artery peak blood flow velocity (normal:  above 25– 
30 cm/ sec) is a measure of vascular integrity of penile blood ves-
sels which can reveal local atherosclerotic disease within the penis, 
that may reflect the general status of other small- to- medium- sized 
arteries in the patient [55]. Thus, investigation and detection of 
vasculogenic erectile dysfunction may prompt further investi-
gation of unsuspected generalized cardiovascular diseases in the 
patient [56].

T and PRL assay

Low libido
and/or

Hypogonadal features

If specific signs/symptoms are
present, rule out other

endocrinopathies (thyroid and
adrenal dysfunctions, acromegaly)

Low T High PRL Normal

Dopaminergic
drugs

Effective Ineffective

Full erection  No full erection

 No full erectionFull erection

Visual erotic stimulation

Doppler Ultrasonography

NPTRM

Full erection

Penile prothesis
or

Vacuum device

No full erection with
or without possible
vasculature damage

-TSH, fT3, fT4
-IGF-1
-ACTH, cortisol

Psychological evaluation

Impaired
psychological pattern

Psychotherapy

Normal psychological
pattern

•   Clinical general interview
•   Sexological interview
•   Physical examination
•   Blood chemistry (fasting glucose, lipids, morning serum T)
•   IIEF

•   Negative clinical examination
•   Full erections on occasion
•   No reduced libido

•   Negative clinical examination
•   Never full erections
•   No reduced libido

If all ineffective

ICI-SA

Psychotherapy
or

PEE5-I
or

both

ICI-SA
or

PDE5-i

Psychotherapy
or

PDE5-I
or

bothReplacement
therapy

Figure 10.7.5 Diagnostic and therapeutic algorithm of erectile dysfunction.
T, testosterone; PRL, prolactin; NPTRM, nocturnal penile tumescence and rigidity monitoring; ICI, intracavernosal injection; ICSI, intracavernosal self- injection; PSV, peak 
systolic velocity; RI, resistance index; PDV, peak diastolic velocity.
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Management of Erectile Dysfunction

In the management of erectile dysfunction, the physician should 
consider the goal(s) that the patient (and his partner) is seeking and 
determine which therapy is best suited to the patient’s psychological 
pattern and sexual habits (Figure 10.7.5).

General and Psychosexual counselling

General counselling should provide the patient with information on 
lifestyle risk factors (e.g. obesity, smoking, alcohol, and recreational 
drug abuse) of erectile dysfunction and on how to modify them if 
present. As adjunctive intervention, lifestyle modification may lead 
to small improvement of both the erectile function and/ or the hor-
monal secretion, especially testosterone [26, 34, 36].

Ideally, every patient suffering from erectile dysfunction, not only 
with psychogenic aetiologies, can potentially benefit from some be-
havioural and couple- oriented psychosexual counselling to tackle 
common contributory psychological factors in organic erectile dys-
function as well as any relationship issues of the couple. In general, 
the physician managing patients with erectile dysfunction should be 
skilled in providing simple, elementary psychosexual support (be-
havioural advice, sex education information) but should be able to 
recognize who and when to refer to sexologist, psychiatrist or psych-
ologist/ counsellor for specialized care [34,  36]. Pharmacological 
treatments for erectile dysfunction may be administered even in pa-
tients undergoing psychotherapy (cognitive- behavioural interven-
tions) and/ or drugs prescribed by the psychiatrist [34, 36].

oral non- Hormonal Drugs

Several oral agents (e.g. yohimbine, phentolamine, and apo-
morphine) were used in the past for the treatment of erectile 
dysfunction, but most of them are now of historical interest only 
[12, 26].

Type 5 Phosphodiesterase Inhibitors (PDE5Is)

Sildenafil, vardenafil, tadalafil, and avanafil are the drugs currently 
used as first- line treatment of erectile dysfunction; they belong to 
the class of orally- active inhibitors of PDE5, the enzyme that me-
tabolizes and inactivates cGMP and cAMP in the penile blood ves-
sels (Figure 10.7.2). PDE5Is decrease PDE5 enzyme activity and the 
consequent increase of cGMP and cAMP that causes the efflux of 
intracellular Ca2+ to induce penile vascular smooth muscle relax-
ation (Figure 10.7.2) [3, 12, 13, 26, 57].

PDE5Is are effective for both psychogenic and organic erectile 
dysfunction but their action is contingent upon sexual arousal 
and central erectile neurological stimulation [13, 25, 26, 34, 
36,  57]. The dose should be titrated to the maximum tolerated 
dose (Table 10.7.1). The starting dose is chosen by the clinician 
and it is not mandatory to start with the lowest dose, except in 
older people (>65  years) [57]. PDE5Is do not differ from each 
other in terms of efficacy, the only differences being the time of 
onset and duration of action, and the dose range (Table 10.7.1) 
[57]. PDE5Is are preferably used on- demand, except for tadalafil, 
which is effective at the same dose also when administered once 
daily due to its longer duration of action (Table 10.7.1) [26, 34, 
36,  57]. Daily therapy may be advisable in case of psychogenic 

erection, post- radical prostatectomy, couples discomforted by the 
need for programming sexual activities [36, 57]. PDE5Is therapy 
should be stopped when there is no response (defined as lack of 
efficacy after at least 8 maximum doses of the drug with sexual 
stimulation) as well as in patients with psychogenic erectile dys-
function after having restored normal erections or when other 
drugs contraindicated in PDE5Is therapy are indispensable [20, 
26, 34, 58]. Non- responders to PDE5Is are common among pa-
tients with type 2 diabetes mellitus and those who underwent 
radical prostatectomy [34, 36].

The safety profile of PDE5Is is excellent when the drugs are used 
at the right dosage and within the appropriate clinical context [12, 
26, 34, 36, 58]. Their adverse effects are usually transient and have 
minor importance; these include headache, flushing, rhinitis, dys-
pepsia, dizziness, blue vision, and abnormal vision (change in 
brightness perception) (Table 10.7.1) [26, 34, 36, 58]. Other minor 
side effects, such as back pain, myalgia have been described occa-
sionally [12, 58]. Absolute contraindications to the use of PDE5Is 
are the concomitant administration of nitrate medications for is-
chaemic heart disease or as recreational drug (i.e. poppers) as well 
as other potent vasodilators such as nicorandil [34, 36, 58]. Retinitis 
pigmentosa, an inherited disorder of retinal PDE6, is also an abso-
lute contraindication [26, 34, 36]. The dosage of PDE5Is should be 
reduced in case of older patients (>65 years), impaired hepatic and/ 
or renal function and use of potent cytochrome P450 3A4 (CYP3A4) 
inhibitors (e.g. ritonavir, squinavir, cimetidine, erythromycin) [34, 
36, 58]. PDE5Is might further reduce blood pressure in men taking 
antihypertensive drugs, but the decrease is usually too small to lead 
to symptomatic hypotensive episodes [34, 36, 58]. PDE5Is are safe 
in patients with cardiovascular diseases with the caveats on vaso-
dilator medications; in particular they do not increase the overall 
incidence and the occurrence of further cardiovascular events (i.e. 
myocardial infarction); vice versa they seem to exert beneficial ef-
fect on the cardiac arterial bed [34, 36, 58].

Sildenafil and vardenafil have a reduced maximal plasma concen-
tration when taken after a high fat meal and should ideally be ad-
ministered on an empty stomach in which an acidic environment 
increases the bioavailability [59]. Alcohol consumption should be 
avoided or moderated when taking any PDE5Is in order to min-
imize the hypotensive effects of these drugs [59].

Misuse of PDE5Is drugs for recreational purposes is increasing in 
young men [60, 61] especially among men who have sex with men, 
HIV infected patients and sex workers [29, 62, 63].

Hormonal Therapy

Testosterone should be reserved only for patients with an established 
diagnosis of hypogonadism [34, 36, 51], where improvement in li-
bido and, concomitantly, erectile function can be expected [20] (see 
Chapters 10.4.2, 10.4.4, and 10.4.5). As mentioned earlier, this rep-
resent a minority of patients presenting with erectile dysfunction as 
the predominant complaint. Before testosterone treatment is con-
sidered, plans for paternity should be ascertained. Patients should be 
informed that testosterone treatment, while not being a fully reliable 
contraceptive, suppresses spermatogenesis, and reduces fertility.

Phosphodiesterase 5 inhibitors can improve erectile function in 
eugonadal and hypogonadal men [14, 57, 59, 64]. However, the ef-
ficacy and the place of combination therapy with testosterone and 
PDE5Is in the management of ED and/ or hypogonadism is debated. 
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Several uncontrolled clinical studies have shown an apparent syn-
ergic effect between testosterone and PDE5Is in patients with ED, 
not all of whom had low T in the hypogondal range [14, 65– 67]. 
However, a randomized controlled trial in men with ED and T levels 
<330 ng/ dl failed to demonstrate further improvements in erectile 
function with the addition of T to an optimized regimen of PDE5I 
(Sildenafil) [64]. Similarly, addition of T to impotent men treated 
with PDE5 (tadalafil 10 mg daily for 4 weeks) did not produce any 
further improvements in erectile function unless the baseline T 
levels were ≤ 300 ng/ dl [68]. Based on current evidence, a reason-
able approach in the older ED patients with low T (but without a 
diagnosis of organic hypogonadism) is to optimize sexual function 
using (unless contraindicated) a PDE5I in the first instance, and 
consider add- on T treatment on a case by case basis, educating the 
man about the lack of definitive evidence.

Low libido and/ or erectile dysfunction in hyperprolactinaemic 
men with or without hypogonadism can be successfully treated with 
dopaminergic drugs; testosterone alone may be ineffective in these pa-
tients if the hyperprolactinaemia remains uncorrected [9, 40]. In case 
of hypogonadism and hyperprolactinaemia due to CKD, the recovery 
of normal renal function following renal transplantation is able to 
improve or even restore normal function of the testis with beneficial 
effects also on erectile function (in the absence of pelvic complication 
due to surgery on nerves and vessels), especially in younger patients 
[30, 31]. See Chapter 10.6, ‘Hypothalamo– Pituitary– Testicular Axis 
Function in Systemic Diseases and Effects of Medications’.

Intracavernosal Self- Injection Therapy

This therapy is effective in more than 70% of men with psycho-
genic and neurogenic erectile dysfunction, and is also effective in 
men with mild to moderate vasculogenic erectile dysfunction [57, 
69, 70]. The injection is given, usually by the patient prior to sexual 
activity, at the penile base on a lateral side.

The main side effect linked with regular therapeutic use of 
intracavernosal injections is the development of fibrous plaques as 
in Peyronie’s disease, which are reported to occur in up to 2– 4% of 
self- injecting men after one year of injections at a rate of once per 
week [57]. An ischaemic, veno- occlusive priapism, that is a rigid 
and painful erection lasting more than 4 hours and characterized by 
absent cavernous blood flow [71] can occur when an excessive dose 
of prostaglandin E1 is used, but this can be easily avoided by pa-
tient education and careful dose titration starting with lower doses 
(5– 10 mcg) initially [57, 69]. Priapism is a medical emergency, re-
quiring urgent treatment to relieve pain and avoid penile fibrosis, 
persistent erectile dysfunction, and possible major penile deformity 
[72]. Treatment of priapism consists of blood aspiration from cor-
pora cavernosa or intra corpora cavernosa administration of sym-
pathomimetic drugs (most frequently phenylephrine or etilefrine) 
or both measures to restore penile flaccidity. If treatment is de-
layed by 48– 72 hours after priapism onset, there may be worsening 
of the erectile response when intracavernosal self- injection is 
restarted [72].

Transurethral Therapy

Transurethral administration of prostaglandin E1 (250– 1000 
mcg) [57,  73] is less effective than intracavernosal injections; the 
occurrence of full erection ranges from 10% to 65% of patients. 
Furthermore, the transurethral absorption of prostaglandin E1 can 

lead to more acute systemic side effects (dizziness, sweating, and 
hypotension), than intracavernosal injections, but the absence of 
the risk of penile fibrosis is noteworthy [57].

External Devices

Among external devices available for purchase on the market, 
vacuum pumps are the most commonly. They consist of a suction 
pump connected to a cylinder, which is placed over the penis. The 
negative pressure causes increased blood flow into the penis. A ten-
sion ring is placed at the base of the penis when the erection is 
reached; the pump is then removed. Adverse effects of the vacuum 
device include pain, blocked and painful ejaculation, haema-
toma, ecchymosis, petechiae, and ischaemic penile injury [26, 74]. 
Depending on individual patient’s and partner’s preferences, ex-
ternal penile devices may be an effective alternative to medica-
tions or intracavernosal injections for some couples to achieve 
intercourse [74].

Extracorporeal Shockwave Therapy

There is recent literature describing the use of low intensity extra-
corporeal shockwave therapy applied to the penis in men with 
erectile dysfunction. Shockwave therapy should improve penile 
haemodynamics, but a widespread acceptance of this treatment has 
not yet been reached [75].

Penile Prosthesis

Thanks to the increased availability and effectiveness of 
intracavernosal self- injection, oral drugs, and the pump devices, 
penile prosthesis are less commonly employed as a surgical treat-
ment for erectile dysfunction. It remains the last resort treatment 
for erectile dysfunction that is refractory to all the above- mentioned 
therapies. There are semi- rigid and inflatable penile prostheses, 
which provide penile rigidity continuously or on- demand, respect-
ively. The invasiveness of this treatment continues to be a deter-
rent for the patient, even though the surgical complications have 
decreased in recent years [26,  76]. Perioperative infection, poor 
erection, penile deformity, device failure, and penile glans trauma 
during sex are amongst the complications of penile prostheses 
[26, 76].

Vascular Surgery

Vascular surgery is reserved for venous leakage and focal arterial 
block. The treatment of venous leakage by ligation of the superficial 
and deep dorsal veins is disappointing with respect to long- term 
effectiveness [26, 77]. In contrast, arterial surgery— anastomosis of 
the inferior epigastric artery to the penile dorsal artery or to the 
deep dorsal vein— seems more promising [26, 77].

Post- Finasteride Syndrome

Post- finasteride syndrome is a controversial entity that has been re-
cently described in men (usually young adults) taking finasteride 
for counteracting hair loss [78]. It is characterized by a multi-
tude of sexual (low libido, erectile dysfunction, sexual anhedonia 
(i.e. reduced motivation or ability to experience pleasure), loss of 
pleasure during orgasm) physical (gynaecomastia, fatigue, weak-
ness, skin lesions), and psychological (memory and cognitive im-
pairment, depressed mood, anxiety, suicidal ideation, no emotional 
changes, insomnia), symptoms which may be present in different 
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combinations [78,  79]. Much of the information comes from pa-
tients’ self- reports [79]. The most rigorous study to date has failed 
to identify consistent objective parameters validating the exist-
ence of this ‘syndrome’ [78]. From a pathophysiological perspec-
tive, the side effects of finasteride may be due, at least in part, to 
its antiandrogen action (sexual symptoms) but this mechanism 
does not explain psychoneurological symptoms, and/ or their per-
sistence after cessation of finasteride. Recently, changes in some 
neurosteroids have been found in cerebrospinal fluid of patients 
with the post- finasteride ‘syndrome’ compared to controls but 
whether they are cause or consequence is not known [80].

The management of this ‘syndrome’ is complex since symptoms 
seem not to reverse in most of the patients after finasteride dis-
continuation and/ or testosterone therapy [78, 79]. No data on the 
possible beneficial effects of exogenous androgens administration 
are available. Furthermore, there are no predictive factors that can 
identify patients at risk of developing this ‘syndrome’, except that a 
pre- existing mood disturbance seems to be frequent [79]. At pre-
sent there is no known effective treatment for this poorly under-
stood condition.

conclusions

Due to advances in the understanding of the physiological mech-
anisms of penile erection and the availability of PDE5Is, the 
awareness, diagnosis and management of erectile dysfunction has 
improved greatly in the last two decades for an increasing number 
of patients. Significant benefits on sexual activities and satisfaction 
can now be extended also to some patients with chronic diseases 
(e.g. chronic kidney disease, HIV infection, diabetes, cardiovas-
cular disease). However, despite these welcomed improvements, 
treatment for sexual/ erectile dysfunction remain unsatisfactory for 
a significant proportion of men (and their partners). Consultations 
for erectile dysfunction may alert clinicians and patients to the 
presence of undiagnosed cardiovascular diseases. Finally, the re-
covery of a satisfying sexual relationship often results in improved 
self- esteem and overall quality of life in a previously under-served 
group of patients.
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Introduction

Effective male contraception requires the reduction of motile sperm 
in the ejaculate to levels that reliably prevent fertilization. To date, all 
approved forms of male contraception aim to reduce female exposure 
to spermatozoa via mechanical blockade (condoms and vasectomy). 
The last half of the twentieth century saw the introduction of reli-
able, reversible hormonal contraceptive options for women, yet men 
continue to rely on less effective and irreversible family planning 
methods, with condoms, withdrawal, rhythm, and male sterilization, 
accounting for one- quarter of all contraceptive use worldwide [1] . 
Despite advances in female contraceptive methods and availability, 
in 2012 nearly 40% of all pregnancies worldwide were unintended 
and 50% of these ended in termination [2]. Men’s role in furthering 
effective family planning has been underexplored and the develop-
ment of more efficacious, reliable, safe, and reversible male contra-
ceptive methods could have an enormous public health impact [3].

Reversible suppression of the hypothalamic– pituitary– testicular 
axis, resulting in abrogation of spermatogenesis, provides the foun-
dation for reversible male hormonal contraception (MHC) regi-
mens. High levels of intratesticular testosterone (and adequate 
intratesticular oestradiol) are required for normal human sperm-
atogenesis. Administration of appropriately dosed exogenous an-
drogens +/ –  progestins to men serves two purposes simultaneously. 

First, due to negative hypothalamic– pituitary feedback leading 
to suppression of GnRH and gonadotropin secretion, testicular 
steroidogenesis is inhibited. At the same time, peripheral androgen 
action is maintained to support non- gonadal tissues and prevent 
the sequalae of male hypogonadism (such as hot flashes, impair-
ment of sexual function, bone density loss, and reduction in lean 
body mass). Progestins are used to augment androgen- induced 
hypothalamic– pituitary suppression, as androgens by themselves 
may not be sufficiently potent and at high doses exogenous andro-
gens may also have direct, stimulatory intratesticular effects.

Here we provide an overview of various regimens and formula-
tions that have been evaluated as potential MHC, including novel 
modified steroids that show promise as reversible contraceptive 
methods for men.

Physiology of Male Hormonal contraception

Testosterone (T) is essential for maintenance of male secondary 
sexual characteristics including hair pattern, sexual function, 
muscle, and bone mass, as well as spermatogenesis. In eugonadal 
men, starting at puberty, pulsatile release of gonadotropin- 
releasing hormone (GnRH) from the hypothalamus stimulates 
the release of gonadotropins, luteinizing hormone (LH) and 
follicle- stimulating hormone (FSH), from the pituitary gland. LH 
binds to Leydig cells in the interstitium of the testes, stimulating 
T synthesis within the testes and generating high local concen-
trations of intratesticular T (between 50 and 100 times serum T 
concentrations) that are essential for spermatogenesis. Within 
the testes 1– 2% of T is metabolized to produce both oestradiol 
(E2), and dihydrotestosterone (DHT). All three sex steroids are 
secreted into the circulation and inhibit FSH and LH secretion 
from the pituitary. Nurtured by Sertoli cells and stimulated by 
FSH, spermatogenesis occurs in the seminiferous tubules in 
this high T environment. FSH also stimulates inhibin B produc-
tion from Sertoli cells that supresses FSH secretion by negative 
feedback.

Reversible MHC interrupts this naturally occurring negative 
feedback loop. The administration of an exogenous androgen 
(+/ –  a progestin), often at a supraphysiogical dose, results in 
suppression of GnRH and gonadotropin production through 
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interactions with the androgen, oestrogen, and progesterone re-
ceptors in the hypothalamus and pituitary gland. Importantly, 
intratesticular testosterone concentrations plummet without LH 
stimulation of Leydig cells, depriving developing spermatogonia 
of local testicular endocrine and paracrine signals required for 
completion of spermatogenesis. In the acute phase following ad-
ministration of the MHC, there is blockade in the differentiation 
of Type A  to Type B spermatogonia. Because the existing type 
B spermatogonia complete their maturation process despite the 
altered intratestiscular hormonal milieu, MHC requires 8– 16 
weeks for maximal suppression of mature sperm in the ejaculate. 
Therefore, markedly decreased sperm concentrations are only 
achieved after 3– 4  months of MHC administration. Following 
cessation of exogenous steroid administration, the hormonal axis 
recovers in a matter of days, while sperm concentrations require 
3– 6 months to return to pretreatment levels [4] . Adjuncts to ex-
ogenous androgens, including progestins, are used to augment 
the androgen- mediated hypothalamic– pituitary suppression, 
providing further reduction of gonadotropin production, and, 
consequently, spermatogenesis.

Testosterone Formulations for MHc

Steady- state serum concentrations of serum testosterone at 
least within normal range are required for maintaining systemic 
eugonadism. In addition, exogenous androgens inhibit gonado-
tropin production, contributing to at least partial suppression of 
spermatogenesis. Injectable androgens have been the mainstay of 
MHC (see following sections), but alternative oral, transdermal, 
and implantable androgen delivery systems hold promise for novel 
MHC regimens in the future.

Oral androgens undergo significant first- pass metabolism, alter 
hepatic protein secretion, and have limited bioavailability. Early 
studies of oral testosterone undecanoate (TU), which is safe, as 
part of MHC were encouraging but limited by a requirement 
for twice daily dosing [5] . Transdermal T patches are approved 
in many countries to treat male hypogonadism, but, even when 
combined with a progestin, are not effective for male contracep-
tion [6, 7], likely due to the due to failure to consistently main-
tain high normal T concentrations. In addition, skin irritation 
occurs frequently at the patch application sites often leading to 
discontinuation [8]).

Several proof- of- concept studies have demonstrated that trans-
dermal T- gels may be effective as MHC when combined with a 
progestin. The combination of T- gel (10 g daily) with nestosterone 
(NES), a non- androgenic progestin, led to severe oligospermia 
(<1 million sperm/ ml, see sperm targets next) in 89% of men with 
minimal adverse effects, compared to 23% in the group receiving 
T- gel alone [9] . The median serum total and free T concentra-
tions were maintained within the adult male range throughout 
the 24- week treatment period with combination therapy. Based 
upon these promising results, a combined Nes- Tes gel is slated 
for Phase 2 testing in a multinational MHC efficacy trial in 
2018. Similarly, T- gel combined with depomedroxyprogesterone 
acetate (DMPA) injections resulted in severe oligospermia in 90% 
of men treated for 24 weeks [10]. Sexual function was preserved 
during treatment, and the majority of men reported satisfaction 

with the regimen [11]. Skin irritation associated with T- gels is 
uncommon, while potential downsides for some users include the 
need for daily application and care to avoid transferring the gel to 
female partners and children.

The subdermal T- implant, originally developed in 1937, lasts 
3– 6  months and achieves steady testosterone concentrations. 
Clinical use of T- implants and pellets as androgen replacement 
therapy increased in the 1990s [12]. T- pellets were used success-
fully in combination with long- acting progestin injections (DMPA) 
in a proof- of- concept MHC efficacy study [13]. T- pellets are gen-
erally well- tolerated, but their insertion requires a minor surgical 
procedure and there is a small risk of painful self- extrusion and 
infection [14], making T- pellets less attractive for some settings 
and users.

Androgen- Alone MHc Studies

Systematic dose- finding and feasibility studies using testos-
terone for MHC began in the 1970s [15]. The largest experience 
with androgen- alone regimens arose from landmark WHO- 
sponsored studies in the 1990s. The first [16] enrolled 271 fer-
tile men in seven countries given 200 mg testosterone enanthate 
(TE) intramuscularly (IM) weekly, twofold the physiologic dose. 
Sixty- five per cent (65%) of these men became azoospermic, and 
an additional 30% became severely oligospermic. The 119 men 
who became azoospermic then discontinued other birth control 
methods and continued the injections as their only method of 
contraception with their female partner for 1 year. There was one 
pregnancy during the efficacy phase (0.8 conceptions [95% CI 
0.02– 4.5] per 100 person- years), a rate comparable with female 
contraceptive methods [17] demonstrating supraphysiologic 
testosterone- induced azoospermia to be a highly effective 
contraceptive.

The second international WHO study [18] was designed to 
evaluate the contraceptive effects of suppression to near azoo-
spermia. In this nine- country study, 399 healthy men (123 from 
Asian and 276 from non- Asian countries) in stable heterosexual 
relationships were recruited and again received 200  mg/ week 
IM TE. Of the men who completed the 6- month sperm suppres-
sion phase, 98% suppressed to the target threshold (<3  million 
(M) sperm/ ml). The combined pregnancy rate for the men whose 
sperm concentration suppressed from 0 to 3 M/ ml was 1.4 per 100 
person- years. The combined pregnancy rate for men whose sperm 
concentration suppressed to 0– 1 M/ ml was 0.7 per 100 person- 
years, providing the benchmark for subsequent MHC studies 
stipulating a sperm concentration of ≤1 M/ ml for entrance into an 
efficacy phase (wherein the experimental method is relied upon for 
contraception [19]).

Testosterone undecanoate (TU) in castor oil is a promising 
longer- acting injectable T formulation approved for use in many 
countries to treat male hypogonadism. Two studies in China dem-
onstrated that IM TU is an effective hormonal contraceptive. In the 
first study [20], 308 men were enrolled in a 6- month suppression 
phase with a loading dose of 1000 mg IM TU followed by 500 mg 
monthly. 97% of men had sperm concentrations suppress to <3 M/ 
ml during the suppression phase, and 296 couples were enrolled in 
a 6- month efficacy phase. There was only one pregnancy in the 280 
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couples who completed the efficacy phase. Based on these prom-
ising results, a longer follow- up study [21] recruited 1045 healthy 
Chinese men using the same regimen and suppression criteria in 
a 24- month efficacy phase study. 893 couples completed the sup-
pression phase and 95% of these enrolled in the efficacy phase. Nine 
pregnancies occurred, with a resulting cumulative pregnancy rate 
of 0.55 per 100 person/ years. Thus, using a long- acting injectable 
T formulation, these studies confirmed the efficacy findings of the 
shorter- acting WHO testosterone- alone trials. The most common 
side effects associated with these supraphysiologic doses of IM TU 
included injection site discomfort, acne, and acute, post- injection 
coughing.

Testosterone Plus Progestin combinations

Progestins suppress gonadotropin secretion and may have add-
itional direct, intratesticular effects, resulting in more rapid and 
complete suppression of spermatogenesis when a progestin is added 
to T for MHC [22]. The addition of a progestin also allows for lower, 
more physiological T dosing, reducing androgenic side effects and 
minimizing any long- term risks associated with supraphysiologic 
androgen exposure. The combination of T plus a progestin achieves 
severe oligospermia in 85– 90% of men [10, 23– 27]. Turner et  al. 
demonstrated contraceptive efficacy using combination MHC in 
a proof- of- concept Australian study enrolling 55 couples, using 
T- pellets plus IM DMPA [13]. No pregnancies occurred in 426 
person- months (95% CI contraceptive failure rate, 0– 8%/ year).

Based on results of preliminary work administering IM TU 
plus IM norethisterone enanthate [26] demonstrating an 8- week 
dosing interval induced severe oligozoospermia in 100% of men, a 
multicentre efficacy study [28] of this regimen was undertaken. Of 
the 320 participating couples, 96% of men (95% CI 92.8– 97.9) sup-
pressed to a sperm concentration ≤1 M/ ml within 24 weeks. During 
the 1- year efficacy phase, four pregnancies occurred among 266 par-
ticipants, giving a pregnancy rate of 1.57/ 100 continuing users (95% 
CI, 0.59– 4.14). This study was discontinued early due to sponsor 
safety concerns (not those of the Data Safety Monitoring Board). 
There was one suicide during the efficacy phase judged by the in-
vestigators to be unrelated to the study medications, one case of de-
pression (judged probably related to the study), and one attempted 
paracetamol overdose (judged possibly related). Additional adverse 
effects of concern included site injection pain, mood changes, in-
creased libido, and acne. Adverse events surrounding mood, libido, 
and injection site pain were much more frequent in one of the ten 
study centres.

Testosterone Plus GnRH Antagonists

Systemically dosed gonadotropin- releasing hormone (GnRH) ant-
agonists, acting on the pituitary, suppress circulating gonadotropin 
concentrations within hours of administration. It has been hypothe-
sized that the addition of a GnRH antagonist to androgen- based 
MHC could potentiate suppression of gonadotropins and, con-
sequently, spermatogenesis. However, GnRH antagonists are ex-
pensive to synthesize and difficult to deliver. There have been no 
efficacy trials of MHC regimens that include a GnRH antagonist, 

but studies of an androgen plus short acting GnRH antagonists 
(given daily) have not generally demonstrated superiority over 
androgens alone [29, 30] although one small study suggested that 
suppression induced by a GnRH antagonist plus testosterone might 
be sufficiently maintained with a physiologic dose of testosterone- 
alone. A  similar study using 19- nortestosterone did not replicate 
these results [31]. A  longer- acting GnRH antagonist, acyline, ad-
ministered by subcutaneous injection, suppresses LH within hours, 
and lowers serum T concentrations to castrate levels within 24 
hours, with effects lasting 14– 15 days after a single injection [32]. 
However, a study of daily transdermal T- gel plus IM DMPA with or 
without acyline showed a similar degree and rapidity of suppression 
to severe oligozoospermia between groups [10].

novel Synthetic Androgens

With the goals of minimizing androgen- related side effects, maxi-
mizing efficacy, and optimizing delivery systems for users with 
varied preferences, novel synthetic androgens are currently in de-
velopment for MHC. Derivatives of 19- nortestosterone that retain 
the androgen effects of T but may have a longer half- life, negligible 
hepatotoxicity with oral administration, and progestogenic activity 
[33] have shown promise in recent clinical trials. In addition, ideal 
androgens for MHC are:  (1) resistant to 5α- reductases, enzymes 
highly expressed in the prostate gland which convert T to the more 
potent androgen dihydrotestosterone (DHT) and are implicated in 
prostate cancer; and (2)  aromatizable to metabolites which bind 
and activate the human oestrogen receptor. The role of oestrogen 
in male physiology has been increasingly recognized; oestrogen de-
ficiency in men may result in bone loss, accumulation of body fat, 
decreased sexual function, and vasomotor symptoms (VMS) [34].

7α- methyl- 19- nortesterone (MeNT) an attractive ‘prostate- 
sparing’ androgen, is aromatizable yet resistant to 5α- reductase 
[35, 36]. In a small 6- month study [37] MeNT implants adminis-
tered to hypogonadal men maintained most androgen- dependent 
functions without prostate effects, although there was some bone 
loss suggesting oestrogenic activity may not have been adequate. As 
a contraceptive, an initial 1- year pilot study of MeNT implants was 
encouraging, with 8/ 11 of men developing severe oligozoospermia 
[38]. However, subsequent studies of MeNT plus a progestin were 
stymied by an implant design flaw, preventing sustained and ad-
equate release of MeNT, which will need to be overcome before fur-
ther human testing [39].

Dimethandrolone undecanoate (DMAU) and 11β- methyl- 19- 
nortestosterone- 17β- dodecylcarbonate (11β- MNTDC) are orally 
bioavailable 19- nortestosterone derivatives that bind and potently 
activate both androgen and progesterone receptors. Both DMAU 
and 11β- MNTDC are de- esterified to their active metabolites, 
dimethandrolone (DMA) and 11β- methyl- 19- nortestosterone 
(11β- MNT), respectively, in vivo, and neither are reduced by 
5α- reductase [40] nor likely aromatized to oestrogenically active 
metabolites. In castrated rodents, administration of DMAU dem-
onstrated favourable changes in androgenic endpoints and main-
tenance of bone mineral density [41] with doses comparable to 
exogenous testosterone, while in rabbits oral DMAU given daily 
was an effective, reversible contraceptive [42]. These encour-
aging preclinical data supported the first- in- human trials of oral 
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DMAU and 11β- MNTDC. Placebo- controlled Phase I studies of 
escalating single doses of oral DMAU have assessed pharmaco-
kinetics, safety and food effects in men [43, 44] and have dem-
onstrated that oral DMAU is well- tolerated and significantly 
suppresses gonadotropin and T production in men, properties 
required for effective MHC. Of note, concomitant administra-
tion with a high- fat meal markedly improves oral DMAU/ DMA 
pharmacokinetics and similar results were reported for single 
doses of 11β- MNTDC [45]. Recently, a one month, double- blind 
Phase I  trial of daily oral DMAU administered to healthy men 
demonstrated doses of 200– 400 mg are well- tolerated, markedly 
suppress gonadotropins, and suppress serum T to near castrate 
levels without significant, acute hypogonadal side effects [46]. 
These exciting results support the further development of DMAU 
as a single- agent oral male contraceptive pill and investigations 
are ongoing.

contraceptive Efficacy, Sperm Targets, and 
Variable Responsiveness to MHc

In healthy men, sperm concentrations in the ejaculate are 15– 
150 million per millilitre (M/ ml). Sperm concentrations of greater 
than 15 M/ ml are associated with normal fertility [47]. The absence 
of spermatozoa in the ejaculate, azoospermia, is the ideal target of 
MHC, analogous to anovulation. However, the early WHO clinical 
efficacy studies demonstrated that oligospermia (<3 M/ ml) and se-
vere oligospermia (≤1  M/ ml) are efficacious in the prevention of 
pregnancy [16, 18, 28].

An integrated analysis [22] reviewed MHC studies of at least 
3 months’ treatment duration, including a total of 1756 healthy men. 
Restricting the analysis to contraceptive efficacy studies employing 
optimized regimens (testosterone plus progestin) the authors con-
cluded 96% of men suppress sperm output to <1 M/ ml by 6 months 
using MHC. Current expert opinion based on phase II dose- finding 
trials [19] recommends a sperm concentration threshold of ≤1 M/ 
ml as suitable for reliable contraception.

One question that has plagued the field is why some men, 5– 
10%, do not suppress their sperm production completely. Initial 
MHC studies with supraphysiologic T- alone found that 60% of 
non- Chinese and more than 90% of Chinese men became azoo-
spermic [16, 18]. High rates of azoospermia among Chinese men 
have been replicated using monthly TU injections [3, 20,  21]. 
The explanation for differences in susceptibility to hormonally 
induced azoospermia between individual men and across eth-
nicities remains largely unknown, but may include both gen-
etic and environmental factors [48]. In some men gonadotropin 
production may be incompletely suppressed thus allowing for 
persistent spermatogenesis but analyses of gonadotropin con-
centrations in multiple MHC studies have not supported this 
explanation [22, 49]. However, it remains possible that there are 
very small differences in serum gonadotropin concentrations 
or responsiveness in men who fail to reach severe oligospermia 
[50]. Rodent studies have demonstrated that spermatogenesis 
can be maintained by persistent, gonadotropin- independent tes-
ticular steroidogenesis [51, 52] although this has yet to be dem-
onstrated in men.

Reversibility of MHc

Following cessation of short- term MHC in studies of reproduc-
tively normal men, hormone and sperm count recovery is nearly 
universal. In a multivariate, integrated analysis of individual data 
gathered from approximately 90% of all published androgen or 
androgen- progestin MHC trials, the median times for sperm to re-
cover to thresholds of 20 or 10 M/ ml were 3.4 months (95% CI 3.2– 
3.5) and 3.0 months (95% CI 2.9– 3.1), respectively [4] . The typical 
probability of recovery to 20 M/ ml was 90% within 12 months and 
100% within 24 months. Various covariables were associated with 
time to recovery, but not the extent of recovery, including shorter 
duration of treatment, shorter- acting T preparations, higher sperm 
concentrations at baseline, and lower blood concentrations of LH at 
baseline [4]. Treatment duration appears to be a clinically important 
covariable [21, 53] but understanding its importance is limited by 
lack of ‘long- term’ MHC studies (>30 months treatment duration) 
highlighting a need for post- marketing surveillance [54]. There are 
no systematic studies of eugonadal men treated with androgens 
beyond 30  months, although users of androgenic- anabolic ster-
oids generally have spontaneous sperm recovery within 12 months 
[55]. MHC efficacy data are limited for men of African or Hispanic 
origin; longer treatment studies in more diverse populations of men 
are required [54], although one study in African men demonstrated 
full reversibility [24].

Acceptability

Survey data suggest that men, women, and heterosexual couples 
across a wide range of countries find hypothetical MHC acceptable 
and appealing. In an extensive cross- cultural, multicentre popula-
tion survey of more than 9000 men, the willingness to use a hypo-
thetical MHC averaged 55% (range 29– 71%) [56,  57]. A  smaller 
four- country study yielded similar results [58]. A small Australian 
study [59], reported 75% of men willing to try an MHC. In this 
study, the three most popular choices for method of administration 
of MHC were (in descending order) an oral pill, a 3- monthly in-
jection, or a 2- yearly injection. Female partners from a variety of 
cultures also indicate high level of interest in MHC. In a survey of 
1894 women attending family planning clinics in Scotland, China 
and South Africa, 65% felt the responsibility for contraception 
falls too much on women and more than 90% in South Africa and 
Scotland thought that a ‘male pill’ was a good idea, with Chinese 
women only slightly less positive. Overall, 40– 78% indicated they 
would support and trust their male partners in stable relationships 
to use MHC [60].

Most study participants in MHC trials would be willing to use 
the method under evaluation were it available, although such data 
have inherent responder bias given the self- selection of partici-
pants volunteering in clinical trials. A Chinese acceptability study 
[61] of monthly IM testosterone undecanoate (TU) carried out 
concurrently with, but independently from, a clinical efficacy trial, 
indicated the majority of participants were satisfied with monthly 
injections. More recently, as part of a six- month, double- blind, ran-
domized controlled trial of T and NES transdermal gels, 56% of men 
were satisfied with the method, and 51% reported that they would 
recommend a transdermal gel- based MHC [11]. More than 75% of 
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men, and their female partners, who participated in the most recent 
MHC efficacy study of long- acting T and progestin injections would 
use the method were it available [28].

Together, these studies support the development of effective 
MHC but further work is needed to more clearly define the poten-
tial market. Such work is challenging without an available product, 
as the introduction of new contraceptive methods may influence 
behaviours and acceptability in unforeseen ways. Models of limited 
uptake suggest that MHC could influence unplanned pregnancy 
rates [62].

Adverse Effects

Potential adverse effects from MHC include alterations in sexual 
function, mood, body composition, and other changes in androgen- 
sensitive tissues. Side effects of exogenous androgen administration 
include reversible testicular atrophy and acne, and these can occur 
with T containing MHC. Androgen administration can also mod-
estly lower high- density lipoprotein- cholesterol (HDL- C), as has 
been observed in some MHC studies [54], although the clinical sig-
nificance of alterations in HDL- C are unclear [63].

Potential adverse effects of MHC related to mood and sexual 
function are difficult to quantify as very few studies of prototype 
MHC have included a placebo group. A recent placebo- controlled 
androgen- progestin trial [53] to assess sperm suppression and 
safety, demonstrated changes in mood, libido, acne, weight gain, 
and night sweats that were statistically more prevalent than in 
the active compared to placebo groups. Adverse effects were self- 
reported by 93% of men receiving active treatment versus 81% of 
placebo- treated men. Although mood changes have been reported 
as mild in T- only studies, the most recent MHC efficacy study 
combing TU and a long- acting progestin [28] raised concerns 
regarding the potential for adverse mood effects of progestin- 
containing regimens, a finding that requires further study in fu-
ture MHC trials.

The influence of MHC on long- term disease risk in men is 
unknown. There has been no evidence to suggest that MHC in-
creases the risk of prostate disease or cardiovascular events, but 
studies to date have been done in healthy men who are young 
or middle- aged (18– 50  years), have been short in duration (1– 
2.5 years), and underpowered to identify cardiovascular, throm-
botic, or prostatic events. Longer- term studies will be required, 
at a minimum, as well as post- marketing evaluation if and when 
MHC is approved.

conclusion

MHC has the potential to offer a new effective and reversible family 
planning option for men and couples. Androgens provide the basis 
of MHC via suppression of the hypothalamic– pituitary– testicular 
axis and, as a result, spermatogenesis; adding a progestin improves 
sperm suppression and can reduce androgen dosing and androgen- 
related side effects. Short- term side effects of T- progestin regimens 
are mild, but there are concerns regarding potential effects on mood 
and long- term disease risks. Novel, orally bioavailable, synthetic an-
drogens with both androgen and progestin activity, are in clinical 

trials and are promising candidates as single- agent MHC, including 
as a once daily ‘male pill’.
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Introduction

The term gynaecomastia is used to describe the unilateral or bi-
lateral benign enlargement of the glandular tissue in the male 
breast. Various studies have defined gynaecomastia as glandular 
tissue exceeding 0.5– 2.0 cm [1, 2]. The condition may present as 
an acute growth with pain and tenderness, or may be an inci-
dental, painless finding detected during a physical examination. 
It is relatively common and needs to be distinguished from other 
causes of breast enlargement in males including fat deposition 
(lipomastia or pseudogynaecomastia) and breast carcinoma. 
Although gynaecomastia itself is benign, and often occurs as part 
of normal puberty or senescence, or as an adverse reaction to 
some drugs, its presence may indicate an underlying pathological 
abnormality. Therefore, it is important to have an understanding 
of its pathophysiology, causes, and diagnostic approach to arrive 
at a rational plan for managing gynaecomastia and any associated 
conditions.

Prevalence of Gynaecomastia

Transient gynaecomastia has been noted in 60– 90% of newborns, 
presumably due to the transplacental transfer of maternal oestro-
gens during pregnancy. Physiological gynaecomastia also occurs 
during puberty, ranging from 4% to 69% in different epidemiological 
studies, with a median prevalence of about one- third of adolescent 
boys exhibiting some degree of breast glandular tissue enlargement. 
Clinical and autopsy studies have shown that about one- third to 
two- thirds of adult men may exhibit gynaecomastia [1– 3].

Pathophysiology

Breast tissue at birth is identical in both males and females, and their 
responses to hormonal stimulation is the same. Oestrogens stimu-
late growth and branching of the ducts, hyperplasia of the ductal 
epithelium, fibroblast proliferation in the periductal areas, and in-
crease in the vascularity of the breasts. Insulin- like growth factor 
may help sensitize the glandular tissue to the effects of oestrogens. 
Acinar development, a requirement for lactation to occur under the 
influence of prolactin, is generally not seen in males because luteal 
phase progesterone levels are required. Androgens antagonize the 
effects of oestrogen on breast glandular tissue. Thus, gynaecomastia 
occurs when there is an imbalance between the stimulatory effects 
of oestrogens and the inhibitory effects of androgens [1] .

An alteration of this balance can occur when oestrogen secretion 
is increased, androgen secretion decreased, exogenous oestrogen or 
oestrogen- like substances are present, exogenous antiandrogens are 
present, or there are abnormalities in androgen receptor function.

About 95% of testosterone, 15% of oestradiol, and less than 5% of 
estrone are secreted by the testes in adult males. The majority of the 
circulating oestradiol and estrone is produced in peripheral tissues 
from androgen precursors, testosterone, and androstenedione, the 
latter being secreted by the adrenal glands. This conversion is me-
diated by the aromatase enzyme complex that is widely distributed 
throughout the body, being present in the testes, adrenals, fat, skin, 
liver, muscles, bone, and kidneys. Aromatase activity increases with 
age, reflecting the age- related increase in fat mass, and also the in-
creased aromatase activity per fat cell. Testosterone and androstene-
dione are interconverted in extragonadal tissues by 17- ketosteroid 
reductase, as is oestradiol and estrone. Approximately one- half to 
two- thirds of the sex steroid hormones are transported in the blood 
bound to sex hormone- binding globulin (SHBG), a low capacity, high 
affinity transport protein; about one- third bound to albumin, a high 
capacity, low affinity binding protein; with 1– 2% being unbound or 
free to enter target tissues. Since the steroids bound to albumin may 
disassociate and also enter target tissues, the combination of free and 
albumin- bound steroids is termed ‘bioavailable’. When testosterone 
enters target tissues, it may bind directly to the androgen receptor or 
be converted to dihydrotestosterone (DHT) by 5α- reductase, which 
also binds to the androgen receptor. Following receptor binding, 
the androgen- androgen receptor complex is translocated into the 
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nucleus, binds to DNA, and transcribes androgen action in the target 
tissues. Similarly, oestrogens bind to oestrogen receptors to bring 
about oestrogenic effects. Alterations in any of these activities may re-
sult in a change in the oestrogen/ androgen relationship to a sufficient 
degree to stimulate breast glandular tissue growth [1, 2].

conditions Associated with Gynaecomastia

Box 10.9.1 lists the conditions that have been associated with gynae-
comastia and the primary pathophysiologic mechanisms identified 
for pathologic gynaecomastia. Combined results from several series 
of adult patients seeking consultation at plastic surgical or endo-
crine clinics have shown that 25% of patients have acute or persistent 
pubertal gynaecomastia, 25% were classified as having idiopathic 
gynaecomastia, 10– 20% related to medications or drugs, 8% from 
cirrhosis or malnutrition, 8% from primary hypogonadism, 3% 
from testicular tumours, 2% secondary hypogonadism, 1.5% from 
hyperthyroidism, and 1% from kidney disease (2). A more recent 
survey at a single medical centre of 786 men with gynaecomastia 
over the age of 18 years reported that 25% had persistent pubertal 
gynaecomastia, 37% with idiopathic, 10.8% associated with medi-
cine intake, 10% had used anabolic steroids or suffered from sub-
stance abuse, 10% had hypogonadism, 2.9% hepatic insufficiency, 
2.3% other endocrine disorders, 0.8% had a testicular tumour, and 
0.1% renal insufficiency (3).

Pubertal Gynaecomastia

Pubertal gynaecomastia has an onset usually between the ages of 
10 and 12  years, with a peak occurrence between the ages of 13 
and 14, when Tanner genital or pubic hair stages 3 to 5 are reached. 
Gynaecomastia usually occurs within one year of the boy’s peak 
height velocity. The development of gynaecomastia may be asyn-
chronous, with one breast enlarging weeks to months before the 
other enlarges. Although most boys who develop gynaecomastia 
will have it resolved in 6– 18  months, it may persist beyond pu-
berty in up to 20% or higher of late adolescents to young men, ac-
counting for the high proportion of patients with gynaecomastia 
presenting to endocrine or plastic surgical clinics for evaluation and 
treatment [4] .

The cause of pubertal gynaecomastia has not been fully elu-
cidated. Some studies have shown an imbalance in oestrogens/ 
androgens at the start of or during pubertal gynaecomastia while 
others have not, possibly due to the investigator missing the peaks 
of increased oestrogen production, which may have antedated the 
appearance of the breast growth. The rate of change of oestrogen 
and androgen production during puberty may also be a factor, since 
oestrogen levels rise 3- fold across puberty and androgens increase 
30- fold, with the oestrogen levels reaching adult concentrations be-
fore the testosterone concentration peaks. The activity of aromatase 
may be increased in pubertal males who develop gynaecomastia in 
comparison to those who do not, as aromatase activity was shown 
to be increased in pubic skin fibroblasts in some boys with pubertal 
gynaecomastia. However, a randomized, placebo- controlled trial of 
the aromatase inhibitor anastrozole in pubertal gynaecomastia did 
not show any improvement over placebo, suggesting that aromatiza-
tion of androgens in fat or other tissues is not of major importance 
in the genesis of pubertal gynaecomastia [5] . Similarly, studies have 
shown that serum oestradiol levels largely determine the oestrogen 

Box 10.9.1 Conditions associated with gynaecomastia and their 
pathophysiologic mechanisms

Physiologic
Neonatal
Pubertal
Ageing

Pathologic
Decreased testosterone action
 •	 Primary hypogonadism
 •	 Secondary hypogonadism
 •	 Defects in testosterone synthesis

 — Congenital
 — Drug- induced (e.g. ketoconazole)

 •	 Decreased androgen receptor function
 — Congenital androgen receptor defects
 — Drug- induced (e.g. spironolactone, cimetidine)

Increased oestrogen
 •	 Increased aromatization of androgens

 — Germ cell tumours (testicular and extragonadal)
 — Sertoli cell (sex cord) tumours
 — Leydig cell tumours
 — Feminizing adrenocortical tumours
 — Disorders of sexual development
 — Obesity
 — Hyperthyroidism
 — Liver disease
 — Androgen insensitivity syndrome
 — Refeeding after starvation
 — Primary aromatase- excess

 •	 Displacement of oestrogen from SHBG
 — Spironolactone
 — Ketoconazole

 •	 Decreased oestrogen metabolism
 — Cirrhosis

 •	 Exogenous sources
 — Topical oestrogen creams, lotions, or patches
 — Ingestion of oestrogen
 — Environmental exposure

 •	 Human chorionic gonadotrophin- producing tumours
 — Eutopic (germ cell tumours)
 — Ectopic (e.g. lung, liver, gastric, renal)

Drug- induced
 •	 Good evidence

 — Oestrogens
 — Spironolactone
 — Cimetidine
 — Ketoconazole
 — Growth hormone
 — Gonadotropins
 — Antiandrogens
 — 5α- reductase inhibitors

 •	 Fair evidence
 — Calcium channel blockers
 — Antipsychotics
 — Omeprazole
 — HIV drugs
 — Alkylating agents
 — Anabolic steroids
 — Alcohol
 — Opioids
 — Lavender and tea tree oil

Enhanced breast tissue sensitivity
Chronic renal insufficiency and dialysis
Idiopathic

Modified with permission from Mathur R, Braunstein G. Gynecomastia: Pathomech
anisms and Treatment Strategies. Hormone Research 1997;48:95– 102. Copyright © 
1997 Karger Publishers.
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levels in normal breast tissue. Blood levels of two other hormones, 
leptin, and insulin- like growth factor- 1 (IGF- 1), have been found 
to be elevated in boys with pubertal gynaecomastia in comparison 
to those without. The finding that pubertal gynaecomastia occurs 
in a temporal association with peak height velocity, the time when 
IGF- 1 levels also peak, lends credence to the suggestion that oestro-
gens and IGF- 1 both play a role in the genesis of pubertal gynae-
comastia [6]. Also, the observation that gynaecomastia may occur 
during growth hormone therapy, which elevates the levels of IGF- 
1, supports a role of IGF- 1 in the development of pubertal gynae-
comastia. In addition, polymorphisms of the leptin and oestrogen 
receptor- β genes and the G protein- coupled receptor (GPR30), a 
membrane bound receptor mediating non- classical oestradiol sig-
nalling, have been implicated in an increased susceptibility for pu-
bertal gynaecomastia [7].

Ageing

The frequent finding of asymptomatic gynaecomastia in older 
men is probably multifactorial. Body composition changes during 
ageing, with fat mass increasing while lean body mass decreases. 
Since fat contains aromatase and aromatase levels per fat cell in-
creases with age, there is enhanced conversion of androgens to oes-
trogens as part of the ageing process. Additionally, in many men, 
testosterone levels decrease over time and SHBG concentrations in-
crease, resulting in a lowering of the free and bioavailable fractions 
of testosterone, and, thus, less antagonism of oestrogen at the breast 
glandular tissue level. A  rise in luteinizing hormone (LH) levels 
that accompanies the drop in testosterone in some older men also 
may stimulate enhanced aromatization of testosterone to oestradiol 
in the testes. Also, older men are more likely to take medications   
(Box 10.9.1) that may be associated with gynaecomastia [1, 2, 8].

Drug- Induced

Many different drugs, including some illicit substances, have been 
associated with gynaecomastia in adults, but most of the reports, 
often anecdotal or small clinical series, relied on just a temporal re-
lationship between taking the drug and the subsequent occurrence 
of gynaecomastia. An evidence- based review placed drugs into 
three categories based upon the level of evidence. Good evidence 
required a systematic review of randomized controlled trials, or 
randomized placebo- controlled trial, or prospective cohort studies 
with or without concurrent controls plus a good pathophysio-
logical explanation. Fair evidence required retrospective studies 
or case- control studies or case series with a good pathophysio-
logical explanation. Isolated case reports alone were classified as 
poor level of evidence. Drugs with good evidence of association 
with gynaecomastia include oestrogens, spironolactone, cimeti-
dine, ketoconazole, growth hormone, gonadotropins, antiandrogen 
therapies (flutamide, bicalutamide, nilutamide, enzalutamide, 
cyproterone acetate, goserelin, leuprorelin) and 5α- reductase in-
hibitors (finasteride, dutasteride). Drugs with fair evidence of an 
association with gynaecomastia include some antipsychotics (halo-
peridol, risperidone), calcium channel blockers (verapamil, nifedi-
pine), omeprazole, HIV antiretroviral drugs (especially protease 
inhibitors), alkylating agents, anabolic steroids, lavender, and tea 
tree oil, alcohol, and opioids. All of the other drugs reported to be 
associated with gynaecomastia currently fall in the poor level of evi-
dence category [9] .

Drugs such as cimetidine, spironolactone, flutamide, bicalut-
amide, nilutamide, enzalutamide, and cyproterone acetate are known 
to bind to the androgen receptor and inhibit androgen action.

Drug- induced gynaecomastia generally has its onset as early as 
a week after starting the offending medication, with the majority 
of patients experiencing gynaecomastia within 9  months of con-
tinuous drug usage, although onset between 2 and 3 years of con-
tinuous drug usage have been reported.

Hypogonadism

Primary hypogonadism due to intrinsic testicular failure results in a 
low testosterone and elevation of LH and often follicle- stimulating 
hormone (FSH). Oestrogen antagonism at the breast glandular 
tissue level is reduced. The most common genetic cause is Klinefelter 
syndrome (XXY genotype) characterized by small firm testicles, gy-
naecomastia, and varying degrees of hypogonadism. The degree of 
hypogonadism and gynaecomastia is related in part to the number 
of CAG repeats in the androgen receptor gene— those with longer 
repeats are less virilized [10]. Patients with Klinefelter syndrome 
are at increased risk for the development of breast cancer as well as 
germ cell tumours, which may cause gynaecomastia through the se-
cretion of human chorionic gonadotropin (hCG) [11]. Other causes 
of primary hypogonadism include anorchia, cryptorchidism, Leydig 
cell aplasia, Noonan syndrome, myotonic dystrophy, viral orchitis, 
granulomatous diseases, and defects in testosterone biosynthesis.

Secondary hypogonadism results from hypothalamic or pitu-
itary dysfunction, and ranges from panhypopituitarism to spe-
cific defects in gonadotropin production or secretion. Genetic 
causes include defects in the KAL1 gene that leads to anosmia and 
hypogonadotropic hypogonadism and mutations in the FGFR1, 
KISS1, KISS1R, GnRH1, PROK2, and PROKR2 genes that are as-
sociated with secondary hypogonadism without defects in the 
sense of smell. Hypogonadotropic hypogonadism also is found 
with defects in the genes encoding leptin, leptin receptor, and the 
β- subunit of LH. Several complex congenital syndromes have sec-
ondary hypogonadism as part of the clinical picture [1] . These in-
clude Prader– Willi, Laurence– Moon Bardet– Biedl, Mobius, and 
Lowe syndromes, as well as cerebellar ataxia. Acquired causes may 
result from tumours, infection, vascular issues, and infiltrative dis-
eases involving the pituitary or hypothalamus. The loss of hypo-
thalamic gonadotropin- releasing hormone (GnRH) production or 
destruction of or defects in the gonadotrophs in the anterior pitu-
itary results in inadequate LH secretion that in turn leads to lowered 
testosterone secretion.

Prolactin- secreting pituitary tumours in men causes hypo-
gonadism through several mechanisms. Macroadenomas may 
destroy enough gonadotrophs to result in inadequate LH secre-
tion. Additionally, the elevated prolactin may inhibit hypothalamic 
GnRH secretion and, thus, inadequate gonadotroph stimulation, 
reducing LH stimulation of testicular testosterone production. 
Finally, the high prolactin may directly suppress testosterone re-
lease from the testes. Lowering the prolactin through the use of a 
dopamine agonist often results in a rise in testosterone as long as 
sufficient gonadotrophs are functional. Of note, prolactin, which 
stimulates milk production in breasts that have been primed by 
oestrogens and progesterone, does not stimulate breast glandular 
growth and has not been directly associated with the development 
of gynaecomastia.
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Testicular Tumours

Approximately 95% of testicular tumours are germ cell neoplasms 
and close to 10% of patients have gynaecomastia at presentation 
due to the secretion of hCG which inhibits testicular 17,20- lyase 
and 17- hydroxylase activity and stimulates Leydig cell aromatase 
activity, leading to a relative increase of oestradiol to testosterone 
[12]. Following treatment, close to 15% of patients will develop at 
least transient gynaecomastia due to therapy- related hypogonadism 
Ectopic production of hCG by non- trophoblastic neoplasms, such 
as lung, gastric, renal, or hepatocellular carcinomas, may rarely be 
associated with gynaecomastia if the tumour secretes intact hCG ra-
ther than the biologically inactive hCGβ- subunit, through the same 
mechanism as with the germ cell trophoblastic tumours (eutopic 
production).

Leydig cell tumours secrete increased quantities of oestradiol re-
sulting in gynaecomastia in 20– 30% of males harbouring this tu-
mour, 90% of which are benign. The elevated oestradiol inhibits LH 
secretion leading to a decrease in testosterone production, contrib-
uting to the oestrogen/ androgen imbalance.

The rare large- cell- calcifying Sertoli cell (sex cord) testicular 
tumours exhibit excessive aromatase activity and are associated 
with gynaecomastia. These tumours occur sporadically and in 
patients with two autosomal dominant disorders, Peutz– Jeghers 
syndrome, and Carney complex. Peutz– Jeghers is due to a mu-
tation in the STK11 or LKB1 genes and results in prepubertal 
gynaecomastia, gastrointestinal hamartomatous polyps, and 
mucocutaneous macules. Carney complex also is associated with 
prepubertal gynaecomastia, pigmented lentigines, blue nevi, 
myxomas, Cushing syndrome, and thyroid nodules including 
thyroid cancer [13].

Feminizing Adrenocortical Tumours

Gynaecomastia is found in virtually all males with feminizing 
adrenocortical tumours, three- quarters of which are malignant. 
Over half of these patients have a palpable tumour and about half of 
the patients have testicular atrophy. These tumours have high levels 
of aromatase activity and secrete increased amounts of oestrogens. 
The high oestrogen levels also lead to secondary hypogonadism 
with a reduction in testosterone [14].

Disorders of Sexual Development

Disorders of sexual development in which both testicular and 
ovarian tissue is present may also be associated with gynaecomastia 
due to the secretion of oestradiol from the ovarian tissue, which 
suppresses LH and testicular production of testosterone. These dis-
orders are usually diagnosed in childhood because of the presence 
of ambiguous genitalia.

Hyperthyroidism

Estimates of the prevalence of gynaecomastia in males with 
hyperthyroidism vary from less than 10% to as high as 40%. 
Hyperthyroidism is associated with an increase in LH levels, exces-
sive aromatization of androgens to oestrogens, and elevated SHBG 
levels [15]. Given SHBG binds testosterone with higher affinity than 
oestradiol, increased SHBG concentrations lead to a raised free E2/  
free T ratio, further aggravating the gynaecomastia.

Liver Disease

The gynaecomastia associated with severe liver disease or cirrhosis 
is multifactorial. About two- thirds of patients with cirrhosis exhibit 
breast glandular enlargement due to increased adrenal production 
of androstenedione, increased aromatization of the androstene-
dione to estrone, increased conversion of estrone to oestradiol, 
raised SHBG levels and the use of spironolactone to treat the fluid 
retention of cirrhosis [16, 17].

obesity

Breast enlargement is common in obese males and may be due to fat 
deposition (pseudogynaecomastia or lipomastia), gynaecomastia, 
or a combination of the two. In adults, a close correlation has been 
found between the prevalence of gynaecomastia and the body mass 
index and the amount of adipose tissue [16]. As previously noted, 
fat tissue contains the aromatase enzyme complex and it has been 
found that oestrogen production rates increase in proportion to the 
percentage increase in body weight above normal [18]. Thus, it has 
been hypothesized that the gynaecomastia found in some obese pa-
tients is due to the local production of oestrogens from androgen 
precursors such as androstenedione by the periglandular fat tissue 
in the breast, a process termed intracrinology [19]. However, it has 
been shown that breast tissue oestradiol levels are primarily de-
rived from the blood and not locally produced [20]. In addition, 
aromatase inhibitors have not been found to be effective in treating 
gynaecomastia not associated with the aromatase- excess syndrome 
(see next). Finally, there is conflicting data in adolescents, with 
some studies showing a correlation between body mass index and 
the prevalence of gynaecomastia, while others show no correlation 
or even a negative correlation. It is possible that much of the gy-
naecomastia reported in obese males essentially reflects lipomastia/ 
pseudogynaecomastia and not true gynaecomastia.

Refeeding After Starvation

Testicular atrophy, decreased libido, and erectile dysfunction were 
noted to be a common occurrence in American prisoners of war 
following the Second World War, and about 10% exhibited gy-
naecomastia. Studies on patients with chronic disease and weight 
loss have shown that the gonadotropins are low as is testosterone. 
During refeeding, the gonadotropins rise as does the testosterone, 
and many men developed transient breast tenderness, pain, and gy-
naecomastia about 2– 3 months following initiation of refeeding, a 
process that some have termed a ‘second puberty’. Refeeding gynae-
comastia resolves within one to two years. This mechanism prob-
ably accounts in part for the gynaecomastia that can occur in men 
with chronic renal failure after they start dialysis, and some patients 
with treated congestive heart failure [1, 2].

chronic Renal Insufficiency

Men with chronic kidney disease often have gynaecomastia that may 
be multifactorial. Leydig cell dysfunction with low testosterone pro-
duction and elevated LH levels may be present. Renal failure reduces 
the clearance of LH and prolactin and the elevated prolactin may con-
tribute to the reduction in testosterone production [21, 22]. As already 
noted, improvement in nutrition and health status with dialysis or 
transplantation may lead to a transient ‘refeeding’ gynaecomastia.
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Androgen Receptor Defects

Congenital inactivating mutations in the androgen receptor gene 
results in a spectrum of clinical findings ranging from the complete 
androgen insensitivity (‘testicular feminization’) syndrome to par-
tial androgen insensitivity syndrome (PAIS). In the absence of an-
drogen receptor function, affected individuals whose genotype is XY 
will appear to be phenotypic females at birth with open labioscrotal 
folds, a short vagina, absent uterus, and fallopian tubes, abdominal 
or inguinal testes. During puberty, there will be absence of pubic or 
axillary hair and, because of unopposed oestrogen action, gynaeco-
mastia will develop. Patients with PAIS show a spectrum of clinical 
findings from some degree of ambiguous genitalia (e.g. hypospa-
dias), to normal phenotypic males with gynaecomastia being the 
only clinical manifestation. In all of these syndromes, testosterone 
is elevated as is oestradiol (from aromatization of the elevated tes-
tosterone). LH is also elevated since suppression of GnRH from the 
androgen component is absent. The gynaecomastia is the result of 
unopposed oestrogen effect on the breast glandular tissue [23].

Patients with Kennedy syndrome (spinobulbar muscular at-
rophy), an X- linked disorder that leads to proximal muscle weak-
ness with fasciculations and tremor and gynaecomastia is the result 
of an increased number of CAG repeats in the androgen receptor 
gene that leads to PAIS.

congenital Aromatase- Excess Syndrome

The rare familial prepubertal gynaecomastia or aromatase- excess 
syndrome is an autosomal dominant constitutive activation of the 
aromatase gene (CYP19A1) due to heterozygous inversions, du-
plications, and polymorphisms. Boys with these mutations exhibit 
prepubertal or peripubertal gynaecomastia, accelerated growth and 
bone maturation in childhood, with diminished height in adult-
hood due to premature fusion of the epiphyseal plates in the long 
bones, elevated oestradiol and estrone from the excessive aroma-
tization and low testosterone [4, 24].

Diagnostic Evaluation

Breast Examination

It is important to establish whether the patient has true gynaeco-
mastia versus pseudogynaecomastia (lipomastia), breast carcinoma, 
or other conditions that can lead to unilateral or bilateral breast 
enlargement. Gynaecomastia cannot be diagnosed from a photo-
graph. It requires careful palpation. One method is to have the pa-
tient lie flat on his back with his hands locked behind his head. The 
examiner separates his or her thumb and forefinger, places them on 
either side of the breast, and slowly and gently brings them together. 
True gynaecomastia will be felt as a firm or rubbery disc of tissue 
that is concentric to the nipple- areolar complex, while in patients 
with pseudogynaecomastia the thumb and forefinger will not meet 
resistance until they come to the nipple. If gynaecomastia is of re-
cent onset, tenderness to palpation may be present [8] .

In contrast, breast cancer, which is rare in men, generally pre-
sents as a unilateral, hard, or firm non- tender mass that is eccentric 
and may be fixed to the underlying tissues. Dimpling of the skin, 
nipple retraction, nipple discharge, and axillary lymphadenopathy 
may also be found.

Other lesions affecting the breast include hematomas, lipomas, 
dermoid cysts, neurofibromas, and lymphangiomas. These are usu-
ally unilateral and generally do not present as a mass that is concen-
tric to the nipple- areolar complex.

History

It is important to document when the patient became aware of the 
gynaecomastia, whether it was unilateral or bilateral, was or is as-
sociated with pain and tenderness, and whether the breast tissue 
has continued to grow. A family history of gynaecomastia suggests 
a genetic aetiology. A medication and drug history is essential. Has 
the patient taken any of the drugs known to be associated with gy-
naecomastia, and is there environmental exposure to oestrogens 
or oestrogen- like agents? Over- the- counter preparations should 
be considered as some herbal remedies have been adulterated with 
hormones. Is there a temporal relationship between starting a medi-
cation and the occurrence of breast enlargement? A  full pubertal 
history should be obtained including age of onset of axillary and 
pubic hair, growth spurt, acne, sexual function, and whether the 
patient recalls pubertal gynaecomastia. Symptoms of hyperthy-
roidism, liver, or renal disease should be sought. Recent weight loss 
or weight gain should be recorded and the reasons for the weight 
change evaluated.

Physical Examination

In addition to the breast examination, a full physical examination 
should be performed looking for signs of pituitary tumours, hyper-
thyroidism, liver or renal insufficiency, abdominal masses, testicular 
size and tumours, incomplete sexual development, and neurological 
abnormalities.

Laboratory Studies

Most breast masses in males represent gynaecomastia, especially if 
it is bilateral and extends concentrically beneath the nipple- areolar 
complex, and do not require imaging for diagnosis. However, if it 
is unclear whether the breast mass is gynaecomastia or breast car-
cinoma, an ultrasound, mammogram, breast MRI, or needle as-
piration of the mass could be performed to make the distinction.

If a specific condition associated with gynaecomastia is suspected, 
appropriate laboratory and imaging studies should be performed. 
Chronic, asymptomatic gynaecomastia discovered incidentally on a 
physical examination is rarely associated with laboratory abnormal-
ities. However, the prevalence of compensated or uncompensated 
primary hypogonadism increases with ageing, and, therefore, it is 
reasonable to measure a serum testosterone level. If it is low or low 
normal, remeasurement of total or free testosterone with a serum 
LH may provide the diagnosis [8] .

Gynaecomastia occurring in the pubertal age range generally 
does not require any evaluation other than a careful physical exam-
ination and ascertaining whether the adolescent is using anabolic 
steroids. Most often reassurance and a follow- up examination at 
3 monthly intervals until it resolves or is determined to be persistent 
is all that is necessary.

In an adult, the onset of acute, symptomatic gynaecomastia 
should warrant an evaluation of hepatic and renal function tests, 
thyroid- stimulating hormone (TSH), total testosterone, LH, hCG, 
and oestradiol. Figure 10.9.1 provides a means to arrive at the prob-
able diagnosis based upon the results.
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Treatment

Treatment depends upon the duration of the gynaecomastia, the 
underlying aetiology, if known, and whether the patient is bothered 
by its presence due to pain, tenderness, or embarrassment.

The longer the gynaecomastia is present, the less reversible it be-
comes. Histological studies have shown that there are three phases 
that the breast tissue exhibits. During the acute phase, which lasts 
up to about 6 months, there is proliferation of the ducts and hyper-
plasia of the ductal epithelium, along with an increase in the stromal 
and periductal connective tissue, and a marked increase in vascu-
larity accompanied by periductal oedema. It is during this phase that 

pain and tenderness is present. If the inciting cause is treated (e.g. 
the medication stopped or a testicular tumour removed), regression 
of the gynaecomastia takes place. Also, it is during this stage that 
spontaneous resolution also is most likely. Gynaecomastia that has 
been present for over a year generally shows some hyalinization of 
the stroma, reduction of the ductal epithelial hyperplasia and dila-
tion of the ducts. This fibrotic stage of gynaecomastia is less likely 
to respond to medical therapy or resolve on its own, although spon-
taneous resolution of gynaecomastia present for over 2  years has 
been noted in epidemiological studies. Between the acute florid 
stage and chronic fibrotic stages is an intermediate stage with mix-
tures of both components.

Evaluate for hyperthyroidism

Evaluate for cirrhosis or chronic renal disease

Measure hepatic enzymes, creatinine, TSH, T, LH, E2, hCG

Primary hypogonadism

Evaluate pituitary / hypothalamus for secondary

Androgen resistance

Testicular ultrasound

TSH

 Hepatic enzymes or creatinine

LH, ↓T

 or NI LH, T
hypogonadism

LH, T, NI TSH

or NI LH, E2

Leydig or Sertoli Cell tumor

Adrenal tumor

 extraglandular aromatase

Abbreviations: TSH, thyroid stimulating hormone; LH, luteinizing hormone; T, testosterone; E2,
estradiol; hCG, human chorionic gonadotrophin; NI, normal.

All Normal Idiopathic gynaecomastia

Testicular germ cell tumor

Testicular ultrasound

hCG

Mass

Chest + Abdominal imaging for hCG-secreting neoplasmNormal

Normal

Normal

Mass

Mass

Adrenal imaging

Figure 10.9.1 Laboratory evaluation for gynaecomastia.
Measure hepatic enzymes, creatinine, TSH, T, LH, E2, hCG.

Abbreviations: TSH, thyroid stimulating hormone; LH, luteinizing hormone; T, testosterone; E2, oestradiol; hCG, human chorionic gonadotrophin; Nl, normal.



10.9 Management of Gynaecomastia 1633

Since the majority of adolescents who develop pubertal gynaeco-
mastia have spontaneous resolution of the condition, counselling, 
and observation generally is all that is needed. It is important to rule 
out confounding factors such as the use of anabolic steroids, and to 
perform a careful physical examination including the genitalia to 
determine that the gynaecomastia has occurred at the anticipated 
time during the pubertal process.

Several medical therapies have been examined to treat gynae-
comastia. However, few of the trials have been double- blind and 
placebo- controlled, which is important when studying a condition 
that has a high spontaneous resolution rate. Additionally, the num-
bers of subjects in the individual trials generally have been low, the 
causes of the gynaecomastia have been mixed, and some have in-
cluded patients with long- standing gynaecomastia which, because 
of the fibrosis in the breast, are unlikely to show improvement.

Medical therapies have included androgens, selective oestrogen 
receptors modulators (SERMS), and aromatase inhibitors.

In hypogonadal men with painful gynaecomastia, testosterone 
replacement may resolve the breast enlargement. However, long- 
standing gynaecomastia is unlikely to respond. Testosterone therapy 
for eugonadal men with gynaecomastia is not useful. Testosterone 
has also had some success in treating gynaecomastia associated with 
cirrhosis. The testosterone metabolite, dihydrotestosterone, which 
is not aromatizable has been used as a gel in uncontrolled studies to 
treat gynaecomastia. However, there is insufficient published data 
to recommend its use. The impeded androgen, danazol, has shown 
some efficacy in limited trials.

Several selective oestrogen receptor modulators, including 
clomiphene citrate, tamoxifen, and raloxifene, have been tried 
with some success. The best studied has been tamoxifen in doses 
of 10 mg twice daily for three months, used in a non- regulatory 
agency approved (‘off label’) manner. Analysis of six studies 
including 109 patients indicated that this treatment is effective in 
reducing the size of gynaecomastia in up to 80% of individuals 
and is safe, although it may not lead to complete resolution of the 
gynaecomastia [25].

Although theoretically ideal for treating a condition where there 
is an imbalance in oestrogen to androgens in breast tissue, the re-
sults from aromatase inhibitor trials have been disappointing. 
A double- blind, placebo- controlled trial in adolescents with pu-
bertal gynaecomastia did not show superior results compared to 
the placebo arm [5] . However, aromatase inhibitors have been ef-
fective in patients with the aromatase- excess syndrome; further 
studies with some of the newer, more potent aromatase inhibitors 
in patients with recent- onset gynaecomastia should be performed.

For long- standing gynaecomastia, or gynaecomastia that does 
not respond to medical therapy, surgical removal of the breast tissue 
should be considered in patients with persistent pain and tender-
ness or who are psychologically distraught over the condition. There 
are several plastic surgical techniques that have been developed, but 
most include blunt dissection and removal of the glandular tissue 
along with liposuction to contour the breasts. Exuberant gynae-
comastia often requires skin excision in addition. Complications 
of surgery include dehiscence of the wound, sloughing of tissue, 
contour irregularity, infection, seroma, or haematoma formation. 
Surgery should not be performed in adolescents until the patient is 
at the end of puberty because of the risk of regrowth of breast tissue 
if performed during the time that the oestrogen/ androgen balance 

is fluctuating [26]. It is important to have the procedure performed 
by a breast plastic surgeon with extensive experience in performing 
gynaecomastia surgery in order to minimize the complication rate 
and maximize patient satisfaction.

Prevention

Men receiving antiandrogen treatment for prostate cancer have 
a high risk of developing gynaecomastia. Indeed, those receiving 
bicalutamide monotherapy, have about a 70% chance of developing 
the condition. Concurrent treatment of these individuals with tam-
oxifen reduces this rate to about 10%. Similarly, prophylactic radio-
therapy also prevents antiandrogen- induced gynaecomastia in the 
majority of the patients [8] .
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Introduction

Adverse trends in male reproductive health have raised concerns 
about environmental effects. Reproductive toxicology has long been 
one of the main requirements of chemical testing that aims to dem-
onstrate product safety. The crucial role of hormonal regulation 
of the development and functions of reproductive organs brought 
endocrine- disrupting chemicals, also referred to as endocrine dis-
ruptors, into the limelight of reproductive toxicology. Endocrine 
disruptors have been on the top of agenda in chemical regulation in 
the European Union, the United States, and elsewhere with repro-
ductive health being a major focus. What is the role of endocrine 
disruptors in male reproductive health problems? Male repro-
ductive health and endocrine disruption was first considered with 
oestrogenic chemicals [1] , but antiandrogens have attracted more 
attention recently. Comprehensive reports have been produced by 
World Health Organization [2], and Endocrine Society [3].

Environmental effects are not limited to chemical expos-
ures. Irradiation, heat, and other physical effects can contribute 
to reproductive problems. Lifestyle and general health also affect 

reproductive function. Consideration of all these factors together 
is necessary for full assessment of possible environmental effects on 
reproduction.

As for many other health outcomes, foundations of reproductive 
health are largely laid early in development. In normal male devel-
opment, structural integrity of reproductive organs is established 
already during gestational weeks 8– 15, and the perinatal period is im-
portant for testicular and penile growth. Late prepuberty and puberty 
finalize sexual and reproductive development. Adverse effects during 
these developmental windows can produce irreversible damage. In 
adult age, reproductive health can also be impaired, but the effects 
are often temporary and therefore reversible. For example, cancer 
therapy can induce sterility for several years, after which spermato-
genesis recovers if spermatogonial stem cells have not been destroyed. 
Environmental influences can be analysed in these two contexts: de-
velopmental effects and adult effects. As said, the former can cause 
structural anomalies and permanent functional deficiencies, whereas 
the latter cause functional defects that can be reversible. There is ro-
bust evidence of adverse effects of endocrine disruptors on the male 
reproductive system in experimental animals (Table 10.10.1.1). In 
contrast, human evidence is based on epidemiological observational 
studies where single exposures have been correlated with various out-
comes and the results are less clear. Occupational and accidental ex-
posures are informative exceptions as described next.

contemporary Effects

Cancer chemotherapy and irradiation have direct toxic effects on 
spermatogenic cells. Spermatogonia are actively proliferating and 
therefore particularly susceptible. Critical doses of X- irradiation 
have been quantified decades ago [4] . Gonadal exposure to higher 
than 4– 6 Gy can produce permanent azoospermia, whereas recovery 
can occur within 5 years after lower doses, and the recovery time is 
inversely correlated to the dose. Even exposure to 0.15 Gy produces 
a significant but transient decline in sperm production, and there 
is no safe radiation dose. Fractionation of irradiation leads to even 
worse disruption than a single dose. Alkylating cancer drugs, such as 
cyclophosphamide, can cause permanent azoospermia, while non- 
alkylating agents (e.g. vincristine and methotrexate) are less toxic for 
spermatogenic cells.
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Heat is another well- known disruptor of spermatogenesis. In 
undescended testes, spermatogonia undergo apoptosis over time, 
although body temperature is only few degrees higher than in the 
scrotum [5] . Extended bathing in a hot tub (>15 min at temperature 
>36°C) or working in very hot environment can affect spermatogen-
esis [6, 7], whereas results on sauna effects at temperatures as high 
as 80°C are equivocal [7, 8]. Variable results on the effects of tight 
underwear or sportswear have also been published [7, 9, 10]. Obesity 
and sitting work, such as truck driving have also been linked to in-
creased scrotal temperature and impaired sperm production, how-
ever, many other factors may have contributed to these results [7].

Occupational exposures to specific toxicants can be much larger 
than those in the general population. The classic example of male in-
fertility associated with exposure to 1,2.dibromo- 3- chloropropane 
(DBCP) received much attention in the 1970s. Toxicity of DBCP 
was found only after an alert by the wives of men working in the 
chemical factory producing this nematocide. The young couples 
noticed their common fertility problem and started to suspect that 
it might be related to occupational exposures. Indeed, subsequent 

investigations demonstrated a positive association between the ex-
tent of exposure and the degree of suppression of sperm production. 
While in many of the men, sperm production recovered after re-
moval from exposure, some remained permanently infertile [11, 12]. 
Interestingly, animal experiments using dibromochloropropane 
(DBPC) clearly showed reproductive toxicity much earlier, but 
this was ignored [13]. This is an example where ordinary citizens 
spotted the problem, while regulatory authorities and occupational 
health professionals initially failed to notify and prevent it.

In addition to DBCP, other chlorinated pesticides such as 
chlordecone, carbaryl, and ethylene dibromide have similarly been 
associated with reproductive toxicity [14].

Developmental Effects

Genetic disorders of male reproductive health have taught us 
much about the mechanisms of development and function of re-
productive organs, thereby guiding the search for environmental 

Table 10.10.1.1 Effects of endocrine disruptors on male reproductive system in experimental animals

EDC Observations

Synthetic oestrogen
Diethylstilboestrol
(DES)

Reduction in testis weight; testicular lesions; reduction in the number of spermatogonia with multinucleate cells in lumina of testis; 
distension and overgrowth of the rete testis; underdevelopment of the epididymal duct epithelium; epididymal cysts; reduction in 
epithelial height in the vas deferens; convolution of the extra- epididymal vas; distension and reduction in epithelial height of the 
efferent ducts; decreased androgen receptor expression in testis, epithelium of the rete testis, caput and cauda epididymis and vas 
deferens; inflammatory disease of the accessory sex glands; nodular enlargements of the seminal vesicles and/ or prostate; decreased 
testosterone levels; increased gonadotrophin levels; decreased pituitary response to GnRH; cryptorchidism; sterility

Antifouling agent
(Tributyltin)

Increased anogenital distance; reduced number of Sertoli cells and gonocytes in fetal testis

Phytoestrogens   
(genistein, daidzein)

Impaired erectile function; decreased testosterone levels; increased testis weight; reduction in epithelial height of the efferent ducts

Surfactants
Alkyl phenol ethoxylates 
(p- tert- octylphenol, 
p- nonylphenol)

Changes in testis weight; decreased seminiferous tubule diameter; decreased epididymal weight; decreased total cauda epididymal 
sperm count; reduction in epithelial height of the efferent ducts

Plasticizers Phthalate   
esters (DEHP, BBP,   
DINP, DBP)

Histopathological changes of testis; decreased testis weight; multinucleated gonocytes; haemorrhagic testis; lesion of the rete testis; 
reduced anogenital distance; nipple retention; cryptorchidism; reduced accessory sex organ weights; agenesis of epididymis and vas 
deferens; agenesis of the seminal vesicles and coagulating glands; agenesis of bulbourethral glands; agenesis of gubernacular cords; 
cleft phallus and hypospadias; delayed preputial separation; reduced testicular testosterone levels; increased serum testosterone 
levels; reduced serum inhibin B levels; increased plasma LH levels; reduced daily sperm production; reduced fecundity; reduced 
fertility

Chlorinated pesticides 
(DDE)

Reduced anogenital distance; hypospadias; reduced accessory sex organ weights; poorly organized testis; nipple retention; decreased 
plasma testosterone levels; delayed preputial separation; abnormally small penis

Pollutants
(Dioxins)

Decreased testis weight; delayed testis descent; decreased daily sperm production; decreased sperm numbers; epididymal 
malformations; reduced accessory sex organ weights; reduced anogenital distance; dose- related tendencies to decrease plasma 
testosterone and dihydrotestosterone (DHT); altered sex behaviour

Dicarboximide   
Fungicides   
(Vinclozolin,   
Procymidone,   
Prochloraz)

Decreased testis weight; abnormal morphology of seminiferous tubules; increased number of apoptotic germ cells in testis; 
decreased sperm number and daily sperm production; reduced elongated spermatid content per testis; increased sperm head 
abnormalities; low ejaculated sperm count; spermatogenic granuloma; epididymal granulomas; chronic inflammation of epididymis; 
cryptorchidism; hypospadias; cleft phallus; reduced anogenital distance; nipple retention; reduced accessory sex organ weights; 
glandular atrophy and chronic inflammation of prostate; agenesis of prostate; reduced secretion and chronic inflammation of 
seminal vesicles; reduction of erections during the ex- copula penile reflex test; increase in seminal emissions during the ex- copula 
penile reflex tests; decreased testosterone levels; decreased fertility

Herbicides (Linuron) Decreased testis weight; testicular and epididymal malformations; reduced spermatid number; decreased anogenital distance; nipple 
retention; epispadias; reduced accessory sex organ weights; delayed preputial separation

UV screens
(4- MBC, OMC)

Reduced sperm count; decreased testosterone level; decreased weight of ventral prostate; delayed preputial separation

Based on Toppari J, Adamsson A, Boas M, Juul A, Main KM, Skakkebaek NE, Virtanen HE: Endocrine disrupters and child health. Possible developmental early effects of endocrine 
disrupters on child health. WHO 2012, 83 pp. ISBN 978 92 4 150376 1 and Gore AC, Chappell VA, Fenton SE, Flaws JA, Nadal A, Prins GS, Toppari J, Zoeller RT. EDC- 2: The 
Endocrine Society’s Second Scientific Statement on Endocrine- Disrupting Chemicals. Endocr Rev. 2015 Dec;36(6):E1– E150. For references, see Gore et al.
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influences [15]. Hormones regulate reproductive development and 
male- specific differentiation depends on normal androgen action. 
Androgen insensitivity due to inactivating androgen receptor mu-
tations and defects in androgen biosynthesis lead to complete sex 
reversal or varying degrees of undermasculinization. The lack of 
normal androgen action causes maldescent of the testes, hypospa-
dias, poor sperm production, and a marked increase in the risk of 
testicular germ cell cancer [16]. Fetal exposure to antiandrogenic 
chemicals can cause similar effects. There is substantial epidemio-
logical evidence suggesting that all the above- mentioned male 
reproductive disorders may share similar developmental risk fac-
tors leading Skakkebaek and coworkers to coin the term testicular 
dysgenesis syndrome (TDS) to emphasize the possibility of a 
common aetiological or pathogenic pathway (see Figure 10.10.1.1) 
[16– 19]. In the case of reproductive disorders that manifest during 
or beyond young adulthood (e.g. testicular cancer or defects in 
sperm production) potential developmental origins of these condi-
tions are difficult to ascertain given that fetal development occurred 
more than 20  years earlier. Undescended testes (cryptorchidism) 
and hypospadias can be observed immediately after birth, which 
allows an earlier opportunity to study the preceding fetal exposures 
without a 20-  or 30- year time gap. Cryptorchidism is a very fre-
quent birth defect (1– 8% of full- term newborns), whereas hypo-
spadias occurs in less than one percent of boys, and therefore most 
of the studies on environmental exposures and reproductive birth 
defects have focused on cryptorchidism.

cryptorchidism

Occupational and epidemiological studies have shown an as-
sociation between pesticide exposure in utero and risk of crypt-
orchidism [20– 22], but other studies did not confirm these 
associations (reviewed in Virtanen et al. [23]). Exposure measure-
ments are expensive and few large- scale studies can meaningfully 
analyse direct exposure- outcome relationships. However, there 

are studies showing an association between the levels of organo- 
chlorine pesticides, polybrominated diphenyl ethers (PBDEs; used 
as flame retardants), polychlorinated biphenyls (PCBs; used as 
flame retardants and insulators), and dioxins (pollutant from e.g. 
incineration and traffic) in either breast milk or child’s adipose 
tissue and the risk of cryptorchidism [24– 28]. In studies where 
pesticide levels were measured in maternal serum or in cord serum, 
no significant association with cryptorchidism was found [25, 29, 
30, 31]. Levels of PCBs in maternal or cord serum, placenta, umbil-
ical cord, or boy’s adipose tissue were not associated with the risk 
of cryptorchidism in most studies [33]. When breast milk levels of 
106 environmental chemicals were combined in an analysis, PBDEs 
and dioxins were identified as risk factors for cryptorchidism [33]. 
Levels of perfluorinated compounds (used in surface materials, 
such as water- proof shoes and clothes) in amniotic fluid or cord 
blood were not associated with the risk of cryptorchidism [34, 35]. 
All the above- mentioned chemicals are persistent and measurable 
even long after exposure. Fetal exposure to some of these chem-
icals, such as dioxins can be extrapolated also from samples taken 
years after birth when the duration of breast feeding is taken into 
account, whereas exposures that took place largely after birth and 
non- persistent chemicals need to be measured at the right time 
[26]. Exposure to persistent chemicals has been declining after 
most of them have been banned and governments have committed 
to phase out these harmful chemicals according to the Stockholm 
convention (https:// www.pops.int).

There are fewer studies on the association of exposure to non- 
persistent chemicals and the risk of cryptorchidism than those of 
persistent compounds. Antiandrogenic phthalates (used as plasti-
cizers) have been high on the list of suspected contributors to crypt-
orchidism. Risk of cryptorchidism was positively associated with 
phthalate levels in maternal urine during pregnancy [36], but no 
positive association was found when phthalates were measured in 
amniotic fluid, cord serum, or breast milk [25, 37, 38]. Serum levels 
of bisphenol A (used widely in plastics and tin coatings) were asso-
ciated with the risk of cryptorchidism in one study [39], while no 

Testicular dysgeneis syndrome

Environmental
factors

Disturbed
Sertoli cell
function

Testicular
dysgenesis

Growth factors 

Decreased
Leydig
cell function

Rec

Genetic
defects

SF1

Impaired
germ cell
differentiation

Testicular
cancerRec

Rec

CryptorchidismINSL3

HypospadiasSteroidogenic
enzymes

Androgen/INSL3
insufficiency

Semen
quality

Figure 10.10.1.1 Genetic and environmental factors can disrupt the function of fetal Sertoli cells and Leydig cells that communicate with each 
other by growth factors. Steroidogenic factor- 1 is an important transcription factor in the Leydig cells controlling steroidogenesis and production of 
insulin- like peptide- 3 (INSL3). Insufficient production of androgens and INSL3 affect developing germ cells and external genitalia causing testicular 
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association was found when bisphenol A (BPA) levels were meas-
ured in cord blood [40, 41].

A problem in many of the studies is their small sample size that 
limits their statistical power, which may give false negative re-
sults. Furthermore, there can be a publication bias that reduces 
the number of publications that show only negative results. Meta- 
analyses are difficult in this area, because the matrices in which the 
exposures have been measured are variable (breast milk, maternal 
serum and urine, amniotic fluid, placenta, adipose tissue, serum or 
urine of the child, etc.), number of chemicals is large, and outcome 
measures are poorly standardized.

Hypospadias

Hypospadias can be associated with cryptorchidism and a short-
ened anogenital distance, but usually present as an isolated birth 
defect [42, 43]. Anogenital distance has been used as a post-natal 
read- out of androgen effects in utero [44]. Epidemiological studies 
on hypospadias have been more challenging because the preva-
lence of hypospadias is low. Most studies have assessed persistent 
chemicals. In ecological and occupational studies, exposure 
to pesticides has been associated with the risk of hypospadias. 
According to a meta- analysis, the risk ratio was 1.36 (95%CI 1.04– 
1.77) after maternal exposure to pesticides and 1.19 (95%CI 1.00– 
1.41) after paternal exposure [45]. A positive association between 
fetal exposure to pesticides and hypospadias was also reported in 
two recent studies [20, 46], whereas no association was observed 
in others [47– 49].

Case– control studies have reported either positive or no associ-
ation between hypospadias and pesticides or the sum of PCBs in 
maternal serum or in the boy’s serum (reviewed in Virtanen et al. 
[32] and Vand Der Zanden et  al. [50]). A  positive association of 
placental concentrations of pesticides, BPA, and benzophenone 
(UV screen) with cryptorchidism and hypospadias together was 
reported [51, 52]. Meta- analyses combining data from different ex-
posures measured in different matrices did not reveal any positive 
associations with either hypospadias or cryptorchidism [53].

Testicular cancer

Testicular cancer usually refers to testicular germ cell tumours 
(TGCTs) since more than 90% of these cancers have a germ cell 
origin [54]. They appear after puberty and the incidence peaks 
within the reproductive age. Thus, TGCTs are the most common 
cancers of young men in Western countries, and the incidence has 
increased rapidly in all parts of world [55, 56]. Testicular cancer 
is preceded by germ cell neoplasia in situ (GCNIS) that develops 
either into seminoma or non- seminoma. GCNIS cells are very 
similar to fetal gonocytes, and it is likely that the TGCTs have a 
fetal origin [54]. Genetic studies have identified several genes, such 
as KIT and CDC27, whose polymorphisms are associated with an 
increased risk of testicular cancer [57]. Cryptorchidism, hypospa-
dias, and other genital malformations are risk factors for testicular 
cancer [58].

Many studies on environmental effects on testicular cancer 
have focused on contemporary exposures, which have not 

produced much evidence on increased risks, perhaps because 
the relevant exposure time during fetal and early childhood de-
velopment have not been documented. However, some case– 
control studies have reported an association between testicular 
cancer and exposure to organochlorine pesticides, while there 
are conflicting results regarding the association with exposure 
to PCBs [59– 63].

Maternal samples may reflect exposures during pregnancy better 
than samples from adult offsprings. Measurement of DDT enantio-
mers ratios gives information on the timing of exposure because 
DDT conformation changes over time, thereby revealing when 
DDT has entered body [64, 65]. This approach helped to identify 
higher DDT exposures in mothers of cryptorchid boys than in con-
trols in a U.S. pregnancy cohort when chemical analysis were made 
in postpartum serum samples [66].

Measurements have been made in mothers’ serum also in sam-
ples collected years after pregnancy, and extrapolations of fetal 
exposures to persistent chemicals in such samples are possible, al-
though exposures after pregnancy confound the findings. Swedish 
studies of men with testicular cancer compared men’s serum chem-
ical levels and then maternal serum chemicals in a case– control 
setting [67– 69]. Mothers of men with testicular cancer had signifi-
cantly higher serum levels of PCBs, hexachloro benzene, PBDEs, 
and cis-  and transnonachlordanes than controls, whereas only cis- 
nonachlordane concentration was higher in serum of cases them-
selves as compared to controls.

Semen Quality

Semen quality encompasses many aspects of sperm counts and 
seminal plasma constituents. Sperm concentration and total 
sperm counts can be measured very accurately (see Chapter 10.2.3, 
‘Semen analysis’). Assessment of sperm morphology and motility 
is less accurate and not well standardized, thus hampering com-
parisons between studies. Several meta- analyses have indicated 
decline of sperm concentrations in developed countries since 
1940s [70– 73]. Although, there are regional differences both in 
timing and degree of this decline, the current level of sperm con-
centration of young men in different areas of the world is sur-
prisingly similar [74]. However, both the existence of a secular 
decline in sperm counts and its possible association with environ-
mental effects have been disputed and the debate continues [73, 
75– 77].

Sperm production depends on the number of Sertoli cells in 
the testis, because each Sertoli cell can host and support only a 
finite number of germ cells. Sertoli cells cease proliferating in pu-
berty, and therefore the sperm production capacity is determined 
before puberty. Sertoli cells actively multiply first in fetal devel-
opment, then after birth during the so- called minipuberty and fi-
nally during late prepuberty [78]. Toxicants, heat and irradiation 
(and illnesses, etc.) can reduce sperm production (see earlier), 
but otherwise, sperm production rate in an individual remains 
remarkably stable during adult life. Since fetal and childhood 
testicular developments are decisive windows for determining 
lifelong sperm production capacity, it is possible that mechanisms 
operating during these early critical periods could account for the 
putative decline in adult sperm counts at the population level.
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Accidental exposure to high levels of persistent pollutants such 
as PCBs and 2,3,7,8,- tetrachlorodibenzo- p- dioxin (TCDD) as fetus 
or infant has been associated with reduced semen quality in adult-
hood [79– 81]. Serum concentrations of TCDD and polychlorin-
ated dibenzo- p- dioxins (PCDDs) toxic equivalents (TEQs) at the 
age of 8 to 9 years were inversely associated with sperm concentra-
tion, total sperm count and total motile sperm count at the age of 
18 to 19 years in a prospective Russian study, although the TCDD 
exposure was much lower than in the Seveso study by Mocarelli 
[82]. These studies suggest that dioxins have adverse developmental 
effects on the testis.

Perfluororinated compounds, prefluorooctanoic acid (PFOA), 
and perfluorooctanesulfonate (PFOS) have been of concern because 
of their toxicity and endocrine- disrupting properties [2] . Prenatal 
exposure to background levels of PFOA was inversely associated 
with semen quality (sperm concentration, total sperm count), 
whereas no association with PFOS, PCBs, or p,p’- DDE was ob-
served [83, 84]. There is also some evidence that contemporary (i.e. 
adult), exposure to phthalates is associated adversely with semen 
quality [85– 87]. Results on bisphenol A remain inconclusive [88].

Hormone Levels

Reproductive hormone levels can reflect toxic effects on the testis, 
pituitary, or hypothalamus. The levels need to be considered in re-
lation with each other and with other findings. Increased follicle- 
stimulating hormone (FSH) levels and decreased inhibin B levels 
in adult men who had been exposed to high levels of TCDD 
perinatally in the Seveso accident pointed to adverse testicular 
effects of dioxins [89]. Prenatal exposure to background levels 
of PFOA was associated positively with adult FSH and lutein-
izing hormone (LH) levels, whereas no significant associations 
with hormone levels were found for PFOS, PCBs, and p,p’- DDE 
[83, 90]. Prenatal exposure to phthalates has also been associated 
with increased serum concentration of FSH and LH in adult men 
[91– 93]. Phthalate and PBDE concentrations in breast milk were 
positively associated with LH and LH- free testosterone ratio in 
the male offspring at minipuberty (3 months of age) [27, 38].

Mixture Effects

Exposures to environmental chemicals (unless accidental) seldom 
occur alone. We are constantly exposed to a complex mixture of 
chemicals that can act additively, synergistically, and sometimes 
in opposite directions. Male reproductive disorders can be seen 
when several antiandrogenic compounds act together at concen-
trations below their individual no- adverse- effect levels [94,  95]. 
Dioxins add to the overall exposure load, although their mech-
anism of action is clearly different from that of antiandrogens 
[96]. Clear evidence on adverse effects of endocrine disruptors 
on human male reproductive health is still limited. However, 
the ample data from the animal experiments (Table 10.10.1.1), 
well- known mechanisms of action (aryl hydrocarbon receptor 
agonism, androgen receptor antagonism, and inhibition of an-
drogen synthesis), and emerging evidence on mixture effects give 
us a reasonable basis for risk assessment in chemical regulation. 

However, current safety margins may not guarantee health and 
safety, because the net effects of combined exposures of multiple 
chemicals can be harmful, even though individual chemicals in 
the mixture are present at lower concentrations than their no- 
observed- effect- levels that are used for determination of accepted 
daily doses of exposure [97]. Insightful regulation of chemicals is 
believed to be able to produce considerable healthcare savings in 
future reproductive healthcare [98].

conclusions

Experimental evidence from animal studies has clearly shown 
reproductive toxicity of many endocrine disruptors (Table 
10.10.1.1), but the risk for human reproduction is still controver-
sial unproven out. Many endocrine disruptors have been banned, 
and therefore our exposure to several harmful compounds is 
decreasing. It takes, however, several generations before we can 
be rid of the most persistent organic pollutants, such as DDE, 
because they are transferred from mother to offspring via breast-
feeding [99]. Multiple new chemicals are being introduced all the 
time, and it is important that appropriate resources and strategies 
are mandated to their safety testing in order to avoid adverse re-
productive outcomes in humans.
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Introduction

Gender identity is an essential part of any person, and expressing 
it is a basic human need and the right of each individual, regard-
less of age, gender, ethnicity, religion, disability and sexual orien-
tation [1] . The liberalization of society, particularly in the Western 
developed world, has led to more positive and less restrictive atti-
tudes and views in the population regarding the expression of one’s 
gender identity [2– 4]. The latter is reflected in a significant growth 
in literature concerning transgender health, especially in the last 
few decades, as well as in the growing interest shown in this topic by 
the media [5– 9]. Clinicians, researchers, educators, journalists, pro-
gramme makers as well as global organizations, such as the World 
Professional Association of Transgender Health (WPATH; wpath.
org), the European Professional Association of Transgender Health 
(EPATH; epath.eu), Global Action for Trans* Equality (GATE; 
transactivists.org), and Transgender Europe (TGEU; tgeu.org) con-
tinue to highlight the plight of transgender people and the need 
for a world wherein people of all gender identities and gender ex-
pressions have access to evidence- based healthcare, social services, 
justice, and equality. In many parts of the world, transgender people 
remain effectively marginalized and clearly discriminated against, 
with limited or no access to adequate (transgender) health services 
[10– 12].

This chapter provides an introduction to transgender health. 
It starts with a brief historical and cultural overview concerning 
being transgender, followed by a description of current lan-
guage and terminology in transgender health, the classification, 
and prevalence of identifying as transgender. It further describes 
transgender health services, including assessment and gender- 
affirming medical treatments. The chapter concludes with a syn-
opsis of mental health problems in the transgender population. 
Other routes into the literature are provided by textbooks [13, 14] 
and many of the books, chapters, and articles cited elsewhere in 
this chapter.

Historical Background

Descriptions of the adoption of varying gender roles have been 
reported throughout history and across cultures. As early as the 
fifth century BC, Herodotus described the disease of the Scythians 
(morbus feminarium), which was thought to be divine retribution 
for their pillaging of the temple, in line with his view of diseases 
as being from divine causes [15]. Hippocrates described trans-
gender women using the term ‘Anandrii’, and believed the disease 
was due to excessive riding on horseback. At the end of the nine-
teenth century, Edvard Westermarck, a Finnish philosopher and 
sociologist, reported that in nearly every part of North America 
there have been, throughout history, men dressing themselves in 
female clothes and performing female societal roles [16]. The his-
tory of transgender men has perhaps been generally less visible, al-
though there are many accounts of assigned females at birth living 
as men, working and marrying without attention, sometimes only 
found to be assigned females at birth at death and, at other times, 
suffering great adversity and even death upon discovery. During the 
American Civil War (1861– 1865) people assigned female at birth 
are known to have worn what was traditionally men’s clothing and 
fought as soldiers. Many may have worn men’s clothes as this was 
their only means of fighting and participating in the war effort. 
Some of them may have been transgender men and continued to 
live as men throughout their lives. There are many other people, 
male and female, some famous and others less so, who are thought 
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to have identified as transgender throughout history (for further 
reading see [17– 19]).

Equally, there are many more examples across the world and 
among different cultures of gender role change [20, 21]. Different 
terms are used when talking about people expressing themselves 
as ‘other’ from male assigned at birth and female assigned at birth. 
The people from the Pueblo Indians of New Mexico use the term 
‘Mujerados’, the term ‘Hijras’ is used in India [22], ‘rhawaja sira’ 
in Pakistan [23], ‘Fa’afafine’ in Samoa [24], ‘Kathooey’ in Thailand 
[25], ‘Travestis’ in Brazil [22], ‘Mahu’ in Hawaii [25], and ‘Mahoos’ 
in Tahiti [26]. Most of these terms have been used for people who 
were assigned male at birth, based on their sexual characteristics, 
but who live their lives as women. Terms and descriptions for trans-
gender men (people assigned female at birth), compared with their 
female transgender counterparts throughout cultures and in his-
tory, are comparatively rare. Individuals assigned female at birth are 
often underrepresented in medical and legal discourse [27– 29].

In addition to the aforementioned terms for what we often may 
understand to be transgender women, Non- Western societies have 
also generally been more tolerant and inclusive of people identi-
fying outside the binary concept of being male or female. There are 
many cultures where gender was not commonly binarized. Such 
cultures include the indigenous Chukchi people in Siberia [30], the 
Waria in Indonesia [31], First Nation tribes of the United States and 
Canada [32], and the Machi of Latin America [33], among others. 
They show the heterogeneity of gender identity and expression and 
demonstrate especially that the Western notion of a gender binary, 
which is deeply rooted in Christianity, is only one of many possible 
perspectives [34]. Most societies, however, have only two distinct 
classes of gender according to a binary system, male or female, that 
correspond with the biological sexes of male and female. When a 
baby is born, society allocates the child to one of two possible gen-
ders, on the basis of their external genitalia. The assigned gender is 
subsequently specified on one’s birth certificate and passport and 
most countries require that a passport gender marker is either fe-
male or male. A  few countries, such as Australia, Bangladesh, 
Denmark, Germany, India, Nepal, and New Zealand allow pass-
ports to have a non- binary gender marker, called X (unspecified), T 
(transgender or third gender), E (eunuch), or O (other), depending 
on the country [35]. Having a non- binary marker on one’s pass-
port may make it difficult to travel to a country whose passports do 
not give that option [36]. Only relatively recently there is a growing 
awareness and understanding that a sizeable group of people in 
terms of raw numbers in Western and North American societies 
identify as non- binary [37– 41].

As our understanding of gender identity and gender expression 
evolves, it is important to have a clear understanding of the meaning 
of the terminology and use of appropriate language in the field of 
transgender health. Language and terminology are addressed in the 
next paragraph.

Language and terminology

In order to be able to describe who transgender and cisgender people 
are, we need first to define the terms ‘transgender’ and ‘cisgender’. 
The word ‘transgender’ is an adjective often used as an umbrella 
term to describe anyone whose gender identity, expression, or 

behaviour is different from the assigned gender at birth based on 
the sexual characteristics. The term ‘trans’ is often used as an ab-
breviation for transgender. An asterisk used in the term ‘trans*’ 
indicates the inclusion of all gender diverse groups and includes 
non- binary people who self- describe or self- identify in a number 
of ways (e.g. as pangender, agender, polygender, bigender, neutrois, 
and so on. For further information, see [40]). The term ‘cisgender’ 
refers to a person whose assigned gender at birth is in line with their 
gender identity, or, in other words, someone who is happy to remain 
the gender assigned at birth. The term ‘cis’ is also used as an ab-
breviation for cisgender. So, a transgender woman is a person who 
was assigned male at birth, based on their sexual characteristics, but 
who identifies as female. Equally, a transgender man is a person as-
signed female at birth, based on their sexual characteristics, but who 
identifies as male. A cisgender woman is a person who was assigned 
female at birth, based on their sexual characteristics, and who iden-
tifies as female. Cisgender men are people who were assigned male 
at birth, based on their sexual characteristics, and who identify as 
male. Also, many trans people consider themselves men or women 
and no longer identify as a trans person following gender- affirming 
medical interventions, which may include cross- sex hormone treat-
ment and surgery, and which change the body irreversibly. This pro-
cess is known as transition [42– 45].

Terminology has changed significantly over the past decade in 
particular, and many new terms have been introduced, while older 
ones have been discarded and are no longer deemed politically cor-
rect [36, 46]. It is important, both for respect and for clarity, to use 
the correct language. The community often referred to as the trans-
gender or trans* community is an extraordinarily diverse group 
of people. Defining and quantifying the transgender population is 
problematic as there are currently few measurable and/ or standard-
ized criteria (e.g. physical, social, political) regarding what might 
or should constitute a transgender person. Furthermore, there is a 
relative invisibility in which many transgender people exist in their 
daily lives [47]. Moreover, language and terminology are important 
when attempting to address and target a community for access to 
healthcare and education, health promotion, disease prevention 
and service development [48– 50].

People, including our patients, expect gender pronouns to be 
used according to the gender that they identify with. This applies to 
anyone, whether they identify as cisgender, transgender, non- binary, 
or otherwise. People who identify as female generally prefer that 
the pronouns ‘she’ and ‘her’ and the adjective ‘her’ are used, while 
people who identify as male prefer the pronouns ‘he’ and ‘him’ and 
the adjective ‘his’. So, for a trans man, this would equally be ‘he’ or 
‘him’; and for a trans woman, ‘she’ or ‘her’. Preferred pronouns can 
change over time, as a person comes out as transgender and transi-
tions or discovers more about what feels right. If you are unsure as 
to how to address someone, it is generally a good idea to ask which 
pronouns (he or she or they; him or her or them) someone prefers 
and to use these pronouns accordingly [51]. There are trans people 
who do not identify within the binary spectrum of male and female, 
and they tend to prefer the pronouns ‘they’ and ‘them’ and the ad-
jective ‘their’. It is always better to ask rather than getting it wrong 
and potentially jeopardizing the quality of the patient– doctor rela-
tionship [36,  52]. Definitions and descriptions of frequently used 
and relevant terms in transgender healthcare are provided in alpha-
betical order in the following glossary in Box 11.1.1.
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Box 11.1.1 Glossary of transgender- related nomenclature

Affirmed gender: This term is used to describe transgender people post- 
transition. This term indicates that the gender identity is now in line with 
the social gender role and the physical characteristics of the person.

Differences of sex development (DSD): Refers to people born with a 
sexual anatomy and/ or chromosome pattern that does not fit the typ-
ical sexual anatomy and/ or chromosome pattern of male and female. In 
some cases, the appearance of the genitalia at birth may not be clear and 
the assigned gender and gender role (boy or girl) given may not be con-
sistent with the gender identity of the person. The inconsistencies in the 
development of the sexual organs may be associated with atypical sex 
chromosomes, such as Klinefelter syndrome (XXY), or Jacob’s syndrome 
(XYY). The term Intersex has also been used instead of DSD. There remains 
controversy as to which term is more appropriate, DSD or intersex. We 
would suggest asking what a person prefers rather than assuming which 
term is best.

Gender and sex:  These terms are often used interchangeably, but the 
meaning of both terms is different. The term ‘sex’ refers to the biological 
differences between male and female. This includes biological indicators 
such as sex chromosomes, anatomy of the reproductive system and sec-
ondary sexual characteristics, such as body hair. The term ‘Gender’ is more 
complex to define. It is related to the internal awareness or personal iden-
tification of being male, female, or other gender. It is also closely related to 
the cultural, social, and psychological differences between being male or 
female, which are part of gender role.

Gender- affirming treatment: Transgender people who wish to transition 
permanently to their experienced gender in order to affirm their gender 
may undergo treatment. This treatment includes hormone treatment and 
gender- affirming surgery.

Gender- affirming surgery: This term is used to describe the surgical pro-
cedures required in order for a transgender person to change their body 
to reflect their gender identity. This may include chest reconstructive sur-
gery, breast augmentation surgery, gender- affirming genital surgery, and 
other surgeries such as vocal cord surgery, facial surgery, and so on.

Gender- affirming genital surgery: This refers to the surgical procedures 
required in order for a transgender person to change their genitals to re-
flect their gender identity. In the past, the terms sex reassignment surgery 
(SRS) and genital reconstructive surgery have been used. The term gender 
surgery is also used. Colloquially, ‘bottom’ surgery can be used.

Gender dysphoria: This term is generally used as a symptom which de-
notes the personal experience of dissonance between one’s gender and 
phenotype [148]. The distress, which often accompanies gender dys-
phoria, is frequently manifested as depression, anxiety, or self- harm, and 
may also be related to feelings of non- acceptance, discrimination, and vic-
timization by people and society. As a consequence of gender dysphoria 
many people access transgender health services in order to be considered 
for gender- affirming treatment. The term gender dysphoria (GD) is also 
used as a diagnosis in the Diagnostic and Statistical Manual (DSM- 5) of 
the American Psychiatric Association [55].

Gender expression and gender role: Refers to all of the external char-
acteristics and behaviours that are socially defined as either masculine 
or feminine. A person can express their gender through their behaviour, 
mannerism, clothing, hairstyle, voice, or body characteristics. Some of 
those expressions are culturally bound, for example, outside of Western 
cultures, it is not uncommon for men to wear skirts and skirt- like garments; 
however, in Europe and North America, the wearing of a skirt is usually 
associated with being a woman. Other stereotypical gender expectations 
are that men should not cry and that women are gentle.

Gender identity: Refers to the sense of oneself as male or female [150]. 
Whether a person looks like a man or a woman may be easy to identify. 

However, only the individual knows the gender they identify with. Some 
people identify themselves with the sex they were assigned at birth, how-
ever, not everyone does. In those cases, the term transgender (as an adjec-
tive) or trans is used [90].

Gender identity disorder:  An obsolete term, which is considered a 
poignant remnant of the historic pathologization of transgender people. 
Gender identity disorder has been removed from the DSM- IV- TR [54] and 
ICD- 10 [53], and no longer features in current nosological classification 
systems of transgender people [55– 59].

Gender recognition certificate:  In the United Kingdom, transgender 
people who have undergone a permanent change of social gender 
status can obtain legal recognition in the form of a Gender Recognition 
Certificate (GRC), which allows them to change their birth certificate. 
Obtaining a GRC does not necessarily require hormone treatment or 
gender confirmation surgery [151].

Misgender/ Misgendering:  When somebody makes incorrect assump-
tions about your gender or refuses to accept your gender and uses lan-
guage that makes this apparent, such as using pronouns or gendered 
language like ‘sir’ or ‘madam’.

Passing: Being seen or read as a certain gender. The opposite meaning 
is conveyed by the terms ‘to be read’ or ‘to be clocked’, which means not 
passing.

Non- binary gender: This term is used to describe people who do not 
identify as being part of the binary gender (male or female). Non- binary 
identifying can also be defined as identifying as either having a gender 
which is in- between or beyond the two categories ‘man’ and ‘woman’, as 
fluctuating between ‘man’ and ‘woman’, or as having no gender, either per-
manently or some of the time. As part of the non- binary spectrum people 
can identify themselves as genderqueer, neutrois, pangender, polygender, 
third gender, agender, gender fluid, etcetera. The pronoun that non- binary 
people often prefer is ‘they’ and the title ‘Mx’.

Transition: The process of changing one’s gender presentation perman-
ently to correspond with one’s felt gender. It is usually the time when a 
person begins to live as their felt gender. This can take the form of a social 
gender role transition (by coming out to people, asking people to use 
the right pronoun and name, changing name legally, changing the way 
one presents and looks, etcetera). Transitioning may or may not include 
gender- affirming medical interventions, such as cross- sex hormone treat-
ment and surgery.

Trans*:  This term has been used as the most inclusive umbrella term 
to include anyone who does not identify as cisgender. In other words, 
the asterisk used at the end of trans* indicates inclusion of all gender di-
verse groups and includes genderqueer and non- binary people who self- 
describe or self- identify in a number of ways (e.g. as pangender, agender, 
polygender, bigender, gender fluid, neutrois, and so on).

Transsexual: The term transsexual (as an adjective) has been used since 
1949 to refer to people who had a clear sense of being ‘[born] in the wrong 
body’ [149]. The terms ‘transsexual’ and ‘transsexualism’ have been used 
as a diagnosis in the International Classification of Diseases and Health 
Related Problems (ICD- 10; [53]), but are being replaced by a different no-
menclature, namely ‘gender incongruence’. The terms ‘transsexual’ and 
‘transsexualism’ are often considered old- fashioned and stigmatizing, and 
this terminology is increasingly being replaced with terms, such as ‘trans-
gender’ and ‘trans’, which most clinicians and members of the trans* com-
munity deem more acceptable. Older trans people seem more inclined to 
use ‘transsexual’, and to distinguish between this binary identity and other 
non- binary or intermittent gender expressions. Also, after physically transi-
tioning, many transsexual people consider themselves men or women and 
no longer identify as a transsexual person.
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Finally, we will use the term ‘transgender’ to refer to individ-
uals who wish to be socially recognized as a gender distinct from 
their assigned sex at birth, with or without the desire for body 
modification. For reasons of order and containment, we will limit 
the content of this chapter to populations— however inconsistently 
defined— that have either transitioned from one gender to another 
or who present with a desire to do so. Although we have striven to 
be as consistent and comprehensive as possible regarding the use of 
terminology, the listings are by no means exhaustive and continue 
to develop. For further reading we refer to more extensive glossaries 
of relevant textbooks [36, 43, 51].

classification

Over the years, different terms have been used to indicate gender 
identity- related phenomena. People who experience distress be-
cause they do not identify with their gender assigned at birth were 
formerly known as transsexual people [53], or people with a gender 
identity disorder [54]. Recently, the name of the diagnosis changed 
to gender dysphoria (GD) [55], and in the forthcoming 11th ver-
sion of the International Classification of Diseases of the World 
Health Organization (WHO), the proposed term for the diagnosis 
is gender incongruence [56– 59]. People with GD (as a symptom) 
have a marked incongruence between the gender they have been 
assigned at birth and their experienced/ expressed gender. This dis-
crepancy is the core component of the diagnosis. There must also be 
evidence of distress regarding this incongruence for a diagnosis of 
GD [55]. Experienced gender may include alternative gender iden-
tities beyond binary stereotypes. Consequently, the distress is not 
limited to a desire to simply be of the other gender, but may include 
a desire to be of an alternative gender, provided that it differs from 
the individual’s assigned gender at birth [40, 55]. The diagnostic cri-
teria for a diagnosis of GD are:

(A) A  marked incongruence between one’s experienced/ ex-
pressed gender and assigned gender, of at least 6 months’ duration, 
as manifested by at least two of the following: (1) A marked incon-
gruence between one’s experienced/ expressed gender and primary 
and/ or secondary sex characteristics (or in young adolescents, the 
anticipated secondary sex characteristics); (2) A strong desire to be 
rid of one’s primary and/ or secondary sex characteristics because 
of a marked incongruence with one’s experienced/ expressed gender 
(or in young adolescents, a desire to prevent the development of 
the anticipated secondary sex characteristics); (3) A strong desire 
for the primary and/ or secondary sex characteristics of the other 
gender; (4) A strong desire to be of the other gender (or some al-
ternative gender different from one’s assigned gender); (5) A strong 
desire to be treated as the other gender (or some alternative gender 
different from one’s assigned gender); (6) A strong conviction that 
one has the typical feelings and reactions of the other gender (or 
some alternative gender different from one’s assigned gender).

(B) The condition is associated with clinically significant distress 
or impairment in social, occupational, or other important areas of 
functioning [55].

The American Psychiatric Association (APA) has been criticised 
for retaining identifying as transgender as a diagnosis in the cur-
rent mental disorders classification (e.g. [60, 61]). Both the DSM- 5 
work group of the APA and the ICD- 11 working group of the WHO 

wrestled with the challenges of reducing stigma (which underlies 
the call for removal of the gender diagnoses) and maintaining ac-
cess to care (which requires the existence of a diagnosis in order to 
obtain gender- affirming medical treatment) [62]. The APA chose 
to retain a diagnosis of GD in the psychiatric classification to en-
sure access to care and treatment due to existing health insurance 
infrastructures, mainly in North America, while the WHO took 
a clear position that issues related to transgender identity should 
not be classified as mental disorders in the ICD- 11. Consequently, 
the WHO opted for a non- pathologizing reclassification of the 
newly coined term gender incongruence outside their Mental and 
Behavioural Disorders chapter; and effectively ‘declassified’ being 
transgender as a mental disorder. Individuals with gender incon-
gruence may, or may not, experience distress and they may, or may 
not, want to live as ‘the other gender’ (see [59, 63] for an overview). 
Treatment preferences may also differ from the standard cross- sex 
hormone treatment and gender- affirming surgeries [41, 64].

Prevalence

Estimating prevalence rates of identifying as transgender is compli-
cated. Most studies investigating prevalence rates in the transgender 
population have been based on clinical populations [36]. There is 
growing evidence that an increasing number of people come out 
as transgender identifying [5, 65,  66], but not every transgender 
individual chooses to, or is in a position to seek gender- affirming 
medical interventions [66]. There also remain significant barriers to 
accessing transgender healthcare [67– 69]. The time of the study also 
affects the prevalence rates, as older studies collected information in 
an era where society was less tolerant towards transgender people 
and transgender health services were lacking. An example is the low 
prevalence rates found in some studies from the 1960s onwards, for 
 example 0.40 per 100 000 [70]; 1.42 per 100 000 [71]. Studies from 
non- Western countries, such as Thailand and Singapore, where 
transgender people have a higher visibility and genital affirming 
medical interventions are more generally available, produce higher 
prevalence rates. For example, Tsoi found a prevalence of 23.60 
transsexual people (as defined at that time) per 100 000 people [72], 
while Totman reports a prevalence of 333.33 transgender females 
per 100  000 people [73]. Some prevalence studies have focused 
on those undergoing gender- affirming genital surgery only, which 
some transgender people choose not to for a variety of reasons [64]. 
For example, prevalence rates of 10 per 100 000 were found in Spain 
[74], 4.28 per 100 000 in Belgium [75], and 16.67 per 100 000 in 
Sweden [76]. Other prevalence studies are based on transgender 
people accessing transgender health services or taking cross- sex 
hormone treatment. These studies have provided prevalence rates 
of 8.05 per 100  000 people [77], 6.77 [78], 4.42 [79], or 3.88 per 
100 000 [80]. Arcelus et al. investigated the meta- analytical preva-
lence of transsexual people and found rates of 4.6 per 100 000 [81]. 
There was a difference regarding the rates of transsexual women (6.8 
per 100 000) and men (2.6 per 100 000). This study found a clear in-
crease in prevalence rates over time. However, the reviewed studies 
are mainly based on clinical populations. Recently, population 
studies have investigated prevalence rate of trans* people in a more 
inclusive way. Unsurprisingly, these studies have found higher rates 
of people who feel incongruent with their gender assigned at birth. 
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Population studies from the Netherlands and Flanders in Belgium 
found rates varying from 0.7 to 1.1% in people assigned male at 
birth and 0.6 to 0.8% in those assigned female at birth [38,  39]. 
A  meta- regression study of population- based probability samples 
from the United States found prevalence rates of transgender people 
of 0.39%, which accounts for approximately 1  million people in 
North America [82]. The high rates of gender incongruity in people 
does not necessarily means a high rate of referrals to transgender 
health services, but may explain the recent increase in demand for 
these services [65, 67, 83].

transgender Health Services

In the past two decades, there has been a move away from national, 
centralized, specialized transgender health service in Western 
Europe to the gradual introduction and development of regional 
transgender health services. This has occurred in the Netherlands, 
Sweden, Finland, Italy, Spain, and the United Kingdom, among 
others [84– 86]. In small countries such as Belgium, Denmark, 
and Serbia centralized specialist centres remain. Some Northern 
European countries, most notably the Netherlands, Belgium, and 
Sweden, which historically have been academic and clinical leaders 
in the field of transgender healthcare, have moved transgender 
health services away from psychiatry and based these clinical ser-
vices within the department of medicine (endocrinology). These 
developments will not only reduce stigma associated with being 
trans*, but also serve as exemplary clinical service development 
models for education and training. Moreover, they will stimulate 
research in a multidisciplinary setting firmly grounded in physical 
healthcare [87– 89]. The majority of adult transgender health ser-
vices in Europe consist of a multidisciplinary team or clinical net-
work of clinical professionals, including mental health practitioners 
(psychologists, psychiatrists, and psychotherapists/ counsellors), 
endocrinologists, speech and language therapists, and surgeons. 
The assessment team usually makes recommendations to the endo-
crinologist and surgeon regarding the commencement of gender- 
affirming medical interventions [45, 90].

In the United States, on the other hand, a loose network of med-
ical and mental health providers exists, often affiliated with the 
WPATH. The first transgender health clinic in China (Hong Kong) 
opened as recent as 2016 (personal communication Dr Irene Lam). 
However, there remain many countries with no transgender health 
services, while other countries only provide these privately.

WPATH developed the Standards of Care (SoC) for gender tran-
sition, which are used globally and currently revised and expected to 
be published as the WPATH SoC 8th edition in 2020. In the current 
WPATH SoC7, mental health professionals are tasked with deter-
mining whether transgender people who want to undergo gender- 
affirming treatments meet eligibility criteria, have the capacity to 
provide informed consent, and have adequately anticipated the 
psychosocial impact of their transition [90, 91]. Furthermore, the 
WPATH SoC provides evidence- based recommendations regarding 
assessment and gender- affirming medical treatment that clinical 
services for transgender people should follow. WPATH SoC7 has 
also attempted to improve access to care by including the informed 
consent model for cross- sex hormone prescription. In multidiscip-
linary clinics providing transgender care, clinicians specialized in 

transgender healthcare can diagnose and assess patients with GD 
[55], who may benefit from treatment with cross- sex hormones, 
without referral from a mental health practitioner. Patients with 
coexisting mental health conditions should be referred to mental 
health services when appropriate. The SoC is closely aligned 
with the Endocrine Treatment of Gender- Dysphoric/ Gender- 
Incongruent Persons:  An Endocrine Society Clinical Practice 
Guideline of the Endocrine Society [92]. The latter established an 
evidence- based framework for endocrine treatment for transgender 
people, and reaffirms the core role of the endocrinologists in trans-
gender healthcare.

Finally, WPATH advocates for the depathologization of trans-
gender identity, the medical necessity of transgender care, and im-
provement of access to legal gender change [1, 90].

Assessment of Gender concerns

A careful and comprehensive assessment procedure, generally com-
prising one or two appointments [45, 83] is necessary, particularly 
as most gender- affirming medical interventions are not easily re-
versible [13]. The assessment should include the age and circum-
stances when the patient became first aware of a sense of difference 
from peers regarding the sex assigned at birth, as well as experi-
ences of low self- esteem or negative effect related to that sense of 
difference. Self- harm and suicidality should always be assessed, as 
should protective factors such as social and family support [93, 94]. 
Self- harm, suicidality and suicide are significantly increased in the 
transgender population [95– 99]. Any history of peripubertal and/ 
or pubertal distress due to the anticipation and/ or emergence of un-
wanted secondary sex characteristics, as well as body image, should 
be explored [100– 103]. Past experiences of gender- related stigma-
tization, discrimination, harassment, and violence should also be 
addressed [91, 104, 105]. Fertility preservation and child wish must 
be discussed, particularly with young people, prior to starting cross- 
sex hormone treatment [106, 107]. Autistic spectrum presentations 
have been found to be overrepresented among people with GD, al-
though the relationship is far from clear [108, 109]. It is important 
to clarify of what each patient hopes to achieve and what difficulties 
may need to be overcome. Some individuals may have considerable 
anxiety regarding the social transition to another gender role, and 
may need some support and information, as well as counselling/ 
psychotherapy, regarding the potential gains and losses they may ex-
perience by making such a change [110]. Exploring the options for 
gender expression, as well as the potential risks and benefits of tran-
sition, can be some of the tasks of such psychotherapy, although one 
must note that mandatory psychotherapy (rather than supportive 
assessment) for transgender people has been shown to be harmful 
[111, 112]. Psychotherapists may discuss some of the challenges and 
negotiations that occur in relationships and may explore the im-
pact of stigma and both external and internalized transphobia. The 
mental health practitioner may provide information, preparation, 
and support regarding cross- sex hormone and surgical treatments 
if these are requested [110]. Eligibility for both gender- affirming 
cross- sex hormone treatment and surgery requires persistent GD, 
a documented diagnosis of GD or gender incongruence according 
to established classification criteria [55,  59], and the capacity to 
give informed consent. In addition, any significant medical or 
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psychiatric coexisting condition must be sufficiently controlled, so 
that the risks associated with gender- affirming medical interven-
tions are minimized and there is no interference with the patient’s 
ability to safely adhere to the treatment regimen [90, 91].

Gender- Affirming Medical Interventions

Transgender people may seek any one of a number of gender- 
affirming interventions, including cross- sex hormone treatment, sur-
gery, facial hair removal, interventions for the modification of speech 
and communication, and behavioural adaptations, such as genital 
tucking or packing, or chest binding [42, 90]. There is flexibility in 
this process, given that some people do not pursue all of these inter-
ventions or choose to do so in a different sequence [64]. Generally, 
the endocrinologist initiates, administers, and monitors hormone 
treatment, although in some countries, like the United Kingdom, 
the general practitioner does so guided by the advice of the trans-
gender specialist [42, 45]. A significant proportion (around 20%) of 
transgender people obtain cross- sex hormones via the internet [113] 
prior to their first appointment at a transgender health service, partly 
due to difficulties in accessing services, including long waiting lists. 
Further detailed information regarding hormone treatment will be 
provided in the subsequent sections. Gender- affirming surgery is the 
surgical procedure (or procedures) by which a transgender person’s 
physical appearance and the function of their existing sexual char-
acteristics are altered to resemble that socially associated with their 
identified gender. For transgender women, genital reconstruction 
usually involves the surgical construction of a vagina, clitoris, labia, 
and urinary tract, with removal of the penis and testicles [114]. Breast 
augmentation, chondrolaryngoplasty (reduction of the Adam’s apple), 
voice surgery, hair implants, and facial feminization surgery are also 
part of gender- affirming surgeries for transgender women [115]. 
For transgender men, genital reconstruction may involve construc-
tion of a penis, through either phalloplasty or metoidioplasty [116]. 
Gender- affirming genital surgery may also involve other medically 
necessary ancillary procedures, such as vaginectomy, hysterectomy, 
and bilateral salpingo- oophorectomy [117]. Most transgender men 
choose to undergo a bilateral mastectomy and chest reconstruction 
(the shaping of a male- contoured chest).

Before genital reconstructive surgery, the WPATH SoC7 also rec-
ommend 12 months of continuous hormone treatment (unless hor-
mones are clinically contra- indicated) and 12 continuous months 
of living in a social gender role that is congruent with the patient’s 
gender identity [90]. Postoperative regret following gonadectomy 
is low and reported as 0.6% for transgender women and 0.3% for 
transgender men [66]. For further information regarding gender- 
affirming surgeries see [13] and [15].

Mental Health and transgender People

Research investigating mental health problems in transgender 
people has primarily focused on those attending transgender health 
services [74, 88, 104, 118– 123]. These studies found that the main 
mental health problems in transgender people accessing trans-
gender health services relate to depression [123], anxiety [13], and 
self- harm [96,  97]. The high level of mental health problems in 

the transgender population compared with their cisgender coun-
terparts has been linked to gender minority stress [124– 126]. The 
prevalence of severe psychiatric disorders does not appear to be 
more common than in the cisgender population [127].

Research investigating the role of cross- sex hormone treatment 
found that people on cross- sex hormone treatment experience better 
self- esteem [104, 128], lower symptoms of depression [74, 120, 121, 
123, 129– 131], lower symptoms of anxiety [46, 74, 104, 119– 121, 
129, 130], less self- harm behaviour [96, 97], and improved quality of 
life [122, 128, 132, 133, 134]. Improved body image and a reduction in 
eating disorders psychopathology have also been found in transgender 
people taking cross- sex hormone treatment [100, 103, 135– 137]. 
Research investigating the role of gender- affirming surgeries shows 
improved quality of life, body image, and mental health indicators fol-
lowing surgery [130, 138, 139]. Some studies are controlled for age and 
gender, but lack a longitudinal design. Few longitudinal studies have 
taken place to evaluate the effect of gender- affirming medical treat-
ment on mental health and quality of life [140– 144]. These studies 
show a clear improvement of mental health indicators and quality of 
life, reaching similar levels to those in the cisgender population, but 
they lack a control group. Other factors (than cross- sex hormone 
treatment) linked to improved mental health and quality of life consist 
of social support [93, 104, 118, 145], interpersonal function [146], and 
lack of transphobia experiences [118, 147]. There is a growing body 
of scientific evidence that gender- affirming medical interventions are 
beneficial to binary transgender people, but longitudinal and robustly 
designed outcome studies are lacking. There is a growing number of 
non- binary- identifying people attending transgender health services 
too, with initial evidence indicating that mental health and physical 
problems are significantly more prevalent in this group than in their 
binary transgender counterparts. Evidence- based medical treatment 
options in non- binary people remain unexplored [41].

conclusions

The last decade has seen a significant worldwide increase in the visi-
bility of transgender and gender- diverse identifying people with a 
concomitant rise in those seeking gender- affirming medical inter-
ventions. Transgender healthcare is a relatively new and multidis-
ciplinary specialty providing assessment, treatment, and support 
for transgender and gender- diverse identifying patients. There is a 
growing body of evidence that cross- sex hormone treatment and 
gender- affirming surgery have a positive beneficial effect of the 
mental health, body image, and quality of life of the vast majority of 
transgender and gender- diverse identifying people. The role of the 
endocrinologist is crucial in the provision of an adequate standard of 
care in transgender healthcare. It is vital that transgender healthcare 
constitutes an intrinsic part of education and training within the 
medical and specialist curriculum.
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Introduction

The endocrine treatment of transgender adolescents consists of two 
phases: pubertal suspension or gonadal suppression followed by the 
addition of the desired hormones. During the first phase (further) 
pubertal development is halted and adolescents can further explore 
their gender identity and prepare for the next phase. To start treat-
ment The Standards of Care of WPATH [1]  mentions the following 
minimum criteria for puberty suppressing hormones:

 1. The adolescent has demonstrated a long- lasting and intense pat-
tern of gender non- conformity or gender dysphoria (GD).

 2. GD emerged or worsened with the onset of puberty.
 3. Any coexisting psychological, medical, or social problems that 

could interfere with treatment (e.g. that may compromise treat-
ment adherence) have been addressed, such that the adolescent’s 
situation and functioning are stable enough to start treatment.

 4. The adolescent has given informed consent and, particularly 
when the adolescent has not reached the age of medical con-
sent, the parents or other caretakers or guardians have consented 
to the treatment and are involved in supporting the adolescent 
throughout the treatment process.

The minimum ages when puberty suppression should start and 
when the treatment with gender- affirming hormones (GAH) 
should commence, remains an issue of debate. At first, an age of 
12 and 16 years, respectively, was recommended [2] . These criteria 

have more juridical roots rather than they are based on endocrine 
factors. The treatment protocol was developed in the Netherlands, 
where children may take medical decisions together with their 
caretakers from the age of 12  years. Subsequently, patients are 
considered to be legally adult to make medical decisions at age 
16. However, boys and girls enter puberty at different ages. Also, 
psychological maturity differs between adolescents [3]. Therefore, 
not age but onset of puberty is now mentioned in the Standards of 
Care. Of course, it is up to the clinicians to assess readiness for treat-
ment, even in older adolescents who have already reached Tanner 
stage 5. As for starting sex hormones in transgender adolescents the 
present recommended age by the Endocrine Society still remains 
16 years. However, the need for re- evaluating is recognized by the 
medical profession [4] and the recommended age of starting GAH 
may shift in the future.

Gonadotropin- Releasing Hormone Analogue 
(GnRHa) treatment

Background

Gonadotropin- releasing hormone (GnRH) was isolated and ana-
lysed in 1971 [5,  6]. GnRH is an oligopeptide that consists of 10 
amino acids: Glu- His- Trp- Ser- Tyr- Gly- Leu- Arg- Pro- Gly [7, 8]. In 
1973 the first GnRHa, were introduced. These analogues reduce the 
levels of gonadotropins leading to a decrease of gonadal stimula-
tion and subsequent fall of sex hormone levels in the blood to pre-
pubertal levels. They have been used in the treatment of central 
precocious puberty since 1981 [9, 10]. The benefits of GnRHa have 
been well- established and their use in central precocious puberty 
is regarded both safe and effective, with no long- term adverse ef-
fects [11]. However, although there is now a broad experience in 
the transgender population, somatic data is scarce and limited to 
reported studies of a few centres worldwide [12].

GnRHa treatment will lead to regression of the first stages of the 
already developed sex characteristics. In adolescents with GD as-
signed female at birth (transgender boys), the present breast tissue 
will become weak and may disappear completely. In adolescents 
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with GD assigned boy at birth (transgender girls), testicular volume 
will regress to a lower volume. When treatment is started in adoles-
cents in later phases of pubertal development, the various physical 
changes of pubertal development, such as a late stage of breast de-
velopment in transgender boys and lowering of the voice and facial 
hair in transgender girls, will not regress completely, although any 
further progression will be stopped [3] .

treatment Protocol

In clinical practice, transgender boys usually can start when in 
Tanner stage Breast 2 and transgender girls when they have a tes-
ticular volume of 6– 8 ml (see Table 11.2.1). Also, adolescents who 
have already physically matured but are not yet ready to decide on 
hormones can use GnRHa to inhibit unwanted pubertal functions, 
such as breast formation and menses in transgender boys or further 
male phenotype development and erections in transgender girls 
to bridge the period until the adolescent’s gender identity is more 
stable [4] .

The use of GnRHa in transgender adolescents is off- label but the 
general safety and efficacy of triptorelin 3.75 mg every 4 weeks sub-
cutaneously have been studied [3,  13]. Anthropometry and body 
development, hormonal status and metabolic parameters were 

followed prospectively in late pubertal transgender girls (n = 49)) 
and transgender boys (n  =  67) during 12  months of triptorelin 
monotherapy [13].

effects on the Hypothalamic– Pituitary– Gonadal 
(HPG) Axis

Puberty was adequately suppressed with a decrease of testicular 
volume from 14 ml to 9 ml in 33 transgender girls. In transgender 
boys, when early in puberty, Tanner Breast 2, breast tissue fully re-
gressed to stage 1 (n = 4) and when menarche had already started 
menses ceased and breast tissue became unstimulated. Luteinizing 
hormone (LH) and follicle- stimulating hormone (FSH) levels de-
creased in 3 months to prepubertal levels in both transgender girls 
as transgender boys. As for sex hormones, testosterone decreased 
to below detection level in transgender girls within 3  months of 
therapy. In transgender boys, oestradiol decreased to early pubertal 
levels [13].

effects on Anthropometry and Metabolic Profile

In both transgender girls and transgender boys during the first year 
of GnRHa treatment height standard deviation score (SDS) calcu-
lated for sex assigned at birth significantly decreased, reflecting in 
transgender girls arrested linear growth and in transgender boys 
the attainment of final height. Changes in body mass index (BMI) 
SDS were not clinically relevant. With respect to body composition, 
the lean body mass percentage decreased and fat percentage signifi-
cantly increased. Glutamyl transferase, aspartate aminotransferase 
(AST), alanine aminotransferase (ALT), and creatinine levels did 
not significantly change from baseline to 12 months of treatment 
but alkaline phosphatase decreased, most likely reflecting the de-
crease in growth velocity [13].

effects on Bone Mass

Although bone mass accrual during puberty is regulated by genetic 
factors and environmental factors such as physical activity and ad-
equate supply of nutrients (calcium, vitamin D), gonadal hormones 
are key [14– 16]. Thus, the hypogonadal state induced by GnRHa 
monotherapy affects bone mineral density (BMD) [3, 17, 18]. In 30 
transgender girls who started GnRHa at a median age of 14.7 years 
and were on GnRHa monotherapy for 1.7 years the bone mass de-
fined as bone mineral apparent density (BMAD) of the lumbar 
spine remained stable whereas the BMAD of the hip significantly 
decreased. Since during puberty normally bone mass accrual occurs 
Z- scores inherently decreased from – 0.37 to – 1.15 and from – 0.5 
to – 0.95, respectively. Likewise, in transgender boys (n = 41, median 
age start GnRHa 15.1 years, median duration GnRHa monotherapy 
1.3 years) BMAD of the lumbar spine and the hip region decreased. 
Corresponding Z- scores decreased from 0.14 to – 0.62 and from – 
0.07 to – 0.39, respectively [17].

Adverse events

GnRHa is generally well tolerated with the exception of hot flushes 
early in treatment [3] . However, hypertension in transgender 
adolescents under triptorelin treatment was reported in three 
cases in a cohort of 138 subjects. They were all transgender boys. 
Hypertension was reversible upon cessation of triptorelin but in one 
case increased intracranial pressure developed which required the 
temporary use of acetazolamide [19]. GnRHa induced hypertension 

table 11.2.1 Baseline and follow- up protocol during GnRHa 
treatment

Start GnRHa at Tanner stage 2– 3 Follow- up frequency

Clinical assessment Every 3– 6 months

Height, weight, sitting height

BMI- SDS

Tanner stage

Blood pressure

Laboratory

LH, FSH, E2/ T Every 6– 12 months

25OH vitamin D Upon indication

Metabolic profile (upon indication)# Every 24 months

Liver function

Fasting glucose and insulin

Lipids

Karyotype (upon indication*) Once

Imaging

Bone density using DXA Every 12– 24 months

Bone age (upon indication) Every 12– 24 months

Abbreviations: BMI- SDS Body Mass Index Standard Deviation Score; E2, oestradiol; 
FSH, follicle- stimulating hormone; LH, luteinizing hormone; T, testosterone; DXA, dual- 
energy X- ray absorptiometry
* in premenarchial transgender boys when physical examination of external genitals is 
atypical
# clinical indication of compromised metabolic health such as obesity and/ or 
prolonged GnRHa monotherapy is expected.
Modified with permission from Hembree WC, Cohen- Kettenis PT, Gooren L, Hannema 
SE, Meyer WJ, Murad MH, Rosenthal SM, Safer JD, Tangpricha V, T’Sjoen GG. Endocrine 
Treatment of Gender- Dysphoric/ Gender- Incongruent Persons: An Endocrine Society 
Clinical Practice Guideline. J Clin Endocrinol Metab 2017; 102:3869– 903; and from de 
Vries AL, Klink D and Cohen- Kettenis PT. What the Primary Care Pediatrician Needs to 
Know About Gender Incongruence and Gender Dysphoria in Children and Adolescents. 
Pediatr Clin North Am. 2016 Dec;63(6):1121– 35.
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is an uncommon side effect and has only been reported inciden-
tally in girls [20, 21]. Indeed, the association that females seem to 
be more susceptible than males also is described in adult patients 
[22, 23].

Monitoring GnRHa treatment

Based on the evidence published, the guidelines for follow- up have 
been revised recently [4]  and are summarized in Table 11.2.1. 
However, the cohorts studied were relatively older and more ma-
tured populations, mid- teens, and Tanner stage G/ M4 and up, 
which coincides with a relatively shorter duration of an induced 
hypogonadal state. There are currently no publications available fo-
cusing on treatment of the young and less matured (Tanner 2 or 
3) adolescent with GD and therefore the effects of prolonged go-
nadal suppression (i.e. 3 to 4  years; short-  or long- term are un-
known). Thus, vigilance remains warranted.

Gender- Affirming Hormone treatment

Hormone therapy in adolescents with GD generally has two treat-
ment regimes. When GnRHa treatment had started in the early 
stages of pubertal development, the ‘new’ puberty is induced with 
a dosage scheme that is also common in hypogonadal patients. 
Alternatively, when GnRHa treatment had started in physically 
matured transgender persons and thus the duration of the hypo-
gonadal state was limited, hormones can be given at a higher start 

dose and more rapidly increased until maintenance dosage (Table 
11.2.2). An additional advantage of GnRHa treatment is that hor-
mones do not have to be administered in supraphysiological dos-
ages, which would otherwise be needed to suppress endogenous sex 
steroid production [4] .

oestrogen treatment in transgender Girls

The natural 17β- oestradiol has a less thrombogenic profile com-
pared to synthetic oestrogens, such as ethinyl oestradiol and is 
therefore preferred. 17β- oestradiol is available in both oral and 
dermal preparations. Both formulae are off- label for a pubertal in-
duction in transgender girls. Dosage schemes are summarized in 
Table 11.2.2. For oral 17β- oestradiol it is recommended to start 
at a dosage of 5 µg/ kg/ day, followed by 6- monthly increments of 
5 µg/ kg until a maintenance dosage of 2 mg or higher is reached. 
A  second treatment regime suitable for transgender girls who 
commenced GnRHa treatment in late puberty (Tanner 4 and up) 
is recommended. After a preferably short period of gonadal sup-
pression varying from 3 to 6 months, oestrogens can be given at 
a daily start dosage of 1 mg and increased to 2 mg after 6 months 
[24, 25]. Transdermal 17b- estradiol may be an alternative for oral 
17b- estradiol. Although it is increasingly used for pubertal in-
duction in hypogonadal adolescent females (mostly Turner syn-
drome), the lack of low- dose oestrogen patches may be a problem. 
To achieve the appropriate start dosage of 6.25– 12 µg/ 24 hour 
individuals may need to cut patches. The patch is applied twice 
a week with increments 12.5 µg/ 24 hour every 6  months. Adult 

table 11.2.2 Hormone therapy

Dosing scheme for pubertal induction Dosing scheme when GnRHa started at T4– 5

Transgender girls

p.o.17β- oestradiol therapy Increase every 6 months p.o. 17β- oestradiol therapy

5 µg/ kg/ day 1 mg/ day First 6 months

10 µg/ kg/ day Adult dosage 2– 6 mg/ day

15 µg/ kg/ day

20 µg/ kg/ day

Adult dosage 2– 6 mg/ day

TD 17β- oestradiol therapy Increase every 6 months

6.5– 12.5 µg/ day

25 µg/ day

37.5 µg/ day

Adult dosage 50– 200 µg/ day

Transgender boys

i.m. Testosterone* injection Increase every 6 months i.m. Testosterone* injection First 6 months

25 mg/ m2/ 2 weeks 75 mg/ 2 weeks

50 mg/ m2/ 2 weeks Adult dosage 200– 250 mg/ 2– 3 weeks

75 mg/ m2/ 2 weeks

Adult dosage 200– 250 mg/ 2– 3 weeks

* Testosterone formula: testosterone- ester mixture (Sustanon 250), testosterone mono- esters (testosterone enanthate, testosterone cypionate). p.o., per os; TD, transdermal i.m., 
intramuscular.
Reproduced with permission from Hembree WC, Cohen- Kettenis PT, Gooren L, Hannema SE, Meyer WJ, Murad MH, Rosenthal SM, Safer JD, Tangpricha V, T’Sjoen GG. Endocrine 
Treatment of Gender- Dysphoric/ Gender- Incongruent Persons: An Endocrine Society Clinical Practice Guideline. J Clin Endocrinol Metab 2017; 102:3869– 903.
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maintenance varies from 50 to 200 µg/ 24 hour [26]. Currently 
data on dermal oestrogen therapy in adolescent transgender girls 
is not available and only the effects of the addition of oral 17β- 
oestradiol were studied prospectively in transgender girls (n=28; 
minimum duration of oestrogen therapy 1 year) [25].

Breast Development and effects on the HPG Axis

When oestrogen treatment had started at a median age of 
16.0  years after median duration of 24.8  months of triptorelin 
monotherapy, breast development had started within 3  months 
and after 1- year median Tanner stage was Breast 3.  In the next 
3  years there was progression to Breast 5 (n  =  16) with a vari-
ability of all breast stages. The gonadotropins remained low and 
when the adult dose of 2 mg oestradiol daily was used during a 
median duration of 2 years the median serum oestradiol was 100 
pmol/ L (range 24– 380 pmol/ L). A change in prolactin levels was 
not seen [25].

effects on Anthropometry and Metabolic Profile

In the first 12– 24 months, waist circumference SDS (female refer-
ence) decreased and while hip circumference increased, the hip cir-
cumference SDS did not change. The changes in body shape resulted 
in a decrease of waist/ hip ratio (WHR) SDS from 0.48 to 0.04 SDS 
reflecting a change towards the affirmed phenotype. BMI increased 
but BMI- SDS did not. When bone age was less than 15 years at the 
start of oestradiol median height gain was 6.8 cm after 3 years of 
oestrogen therapy. Overall final height was 182.7 cm corresponding 
to +1.9 SD for Dutch adult women. Regarding metabolic param-
eters, haemoglobin, haematocrit, HbA1c, liver enzymes and cre-
atine did not change [25].

effects on Bone Mass

After start of oestrogen therapy bone mass accrual reassumed [17] 
and was described during the first two years of oestrogen treatment 
in 28 transgender girls after a median duration of GnRHa treat-
ment of 2.5 years. The bone mass defined as BMAD in the lumbar 
spine increased with 8– 12% with a coinciding significant Z- score 
increase. The BMAD of the hip and Z- score did not increase [18].

Androgen treatment in transgender Boys

For pubertal induction the use of testosterone- esters injections is 
recommended. The start dosage is 25 mg/ m2 every two weeks IM; 
and is increased with 25 mg/ m2 every 6 months. The maintenance 
dosages vary from 200  mg every 2 weeks for testosterone mono- 
esters, such as testosterone enanthate, to 250 mg per 3– 4 weeks for 
testosterone- esters mixture. For transgender boys who started treat-
ment in late pubertal stage testosterone can be started at 75 mg IM 
every 2 weeks, followed by the maintenance dosage after 6 months 
(Table 11.2.2) [4] . It is advised to continue GnRHa at least until 
maintenance dosage of testosterone is reached and is preferred to 
continue until gonadectomy. The effects of androgens and triptorelin 
have been studied prospectively in ten transgender boys [3].

effects on the HPG Axis

Virilization of the body occurred with lowering of the voice, in-
creased muscular development, particularly in the upper body, fa-
cial and body hair growth, and clitoral growth [3, 4].

effects on Anthropometry and Metabolic Profile

With respect to metabolic profile, both carbohydrate metabolism 
and lipids did not change during 2  years of testosterone therapy 
(n = 10) [3] .

effects on Bone Mass

After start of GAH the BMD increases both at the lumbar spine as 
in the hip [17]. During the first 2 years of GAH therapy BMAD of 
the lumbar spine increased with 4– 9% coinciding with an increase 
of Z- score. The degree of bone mass accrual depended on the bone 
age. A bone age younger than 14 years (female reference) favoured 
a higher increase. The BMAD of the hip increased with 5– 8% re-
sulting in an increase of Z- score [18].

Monitoring Gender- Affirming Hormone therapy

Guidelines for follow- up during pubertal induction are summar-
ized in Table 11.2.3. Once pubertal induction is completed, guide-
lines for transgender adults can be followed. However, BMD should 
be monitored closely until the age of 25– 30 or until peak bone mass 
has been reached [4] .

Long- term outcome of Gender- Affirming 
therapy in Adolescence Using GnRHa

The psychological benefits of gender- affirming treatment for young 
adolescents with GD using GnRHa have been established [27, 28]. 
One year after surgery the GD was alleviated, psychological func-
tioning had steadily improved and well- being was similar to or 
better than same- age young adults from the general population 
[28]. In addition, some somatic outcome in young adulthood has 
also become available [17, 29].

effects on Bone Mass

The effect of gender- affirming treatment in adolescence on bone 
mass in young adulthood has been studied. In transgender girls 
(n = 15; median age at start of GnRHa 14.9 years; duration of go-
nadal suppression 1.5 years) the areal BMD Z- score of the lumbar 
spine was  – 0.77 at start GnRHa. During GnRHa monotherapy 
areal BMD remained stable. However, since the physiological de-
velopment would be bone mass accrual, Z- score— as expected— 
decreased to  – 0.1. After commencing treatment, oestrogens areal 
BMD increased but Z- score decreased further to – 1.36 at the age of 
22. Three transgender women had a T- score <– 2.5.

In transgender boys (n = 19; median age start GnRHa 15.0 years; 
median duration GnRHa monotherapy) during GnRHa mono-
therapy both areal BMD of the lumbar spine and of the hip de-
creased. Corresponding Z- scores decreased from 0.17 to – 0.72 and 
from 0.36 to – 0.35, respectively. Subsequently, between start testos-
terone therapy and age 22, areal BMD of the lumbar spine and hip 
increased significantly. Z- score of the lumbar spine showed a trend 
of increase to – 0.33 whereas Z- score of the hip remained the same 
at – 0.35. At age 22 years, a BMD Z- score of the lumbar spine was 
lower when compared to start GnRHa but this was not significant. 
No subject had a T- score <– 2.5.

Concluding, at age 22 the Z- score of the lumbar spine was under 
pretreatment level, implying a possible delay in or loss of peak 
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bone mass. This was more pronounced in transgender women 
than in transgender men. Taken into consideration that even be-
fore the start of GnRHa transgender girls had a Z- score below ref-
erence population, transwomen who have started gender- affirming 
therapy in adolescence may be more at risk for lesser bone health 
than transgender men [17]. One case report has been published on 
long- term BMD development and it was shown that absolute BMD 
and Z- scores of a transgender man, treated with GnRHa in his ado-
lescence was in the normal range at age 35. However, pretreatment 
data was not provided [30].

Anthropometry and Metabolic Profile

The change in body shape and body composition from the start 
of treatment with GnRHa until 22 years was studied in 192 trans-
gender individuals. At a mean age of 14.5 years 71 transgender girls 
started GnRHa, to be followed by the addition of 17β- oestradiol 
(mean age 16.4 years). During treatment till the age of 22 waist and 
hip circumference increased with 8  cm and 17  cm, respectively. 
WHR decreased from 0.81 to 0.77. Regarding metabolic profile only 
body composition was studied and it was found that the percentage 
of total body fat increased with 9% and thus the percentage of lean 

body mass decreased with 9%. Percentage of body fat increased in 
the android region with 9% and the gynoid region with 11%.

Transgender men (n = 121) who started GnRHa at a mean age 
of 15.3  years, followed by the addition of testosterone (mean age 
16.9  years) were studied. From start treatment to the age of 22, 
transgender men showed increases in waist and hip circumference 
of 6 cm and 5 cm, respectively. WHR increased from 0.77 to 0.80. 
Percentage of total body fat decreased with 3% to 27% and per-
centage of lean body mass inversely increased to 73%. Percentage of 
body fat decreased in the gynoid region with 5% with no change in 
the android region.

When compared at 22 years to age- matched peers, it was found 
that in young adult transgender women, SDS for WHR, body fat, 
and lean body mass showed greater similarity to ciswomen than 
to cismen. In transgender men SDS for WHR, body fat, and lean 
body mass were within reference values for ciswomen and cismen. 
in transgender men, an earlier Tanner stage at start of treatment 
appeared to be associated with a closer resemblance of body shape 
to their affirmed sex at 22 years, and this tended to be the same in 
transgender women [29].

Alternatives to GnRHa treatment

GnRHa treatment can be costly and when resources are limited, al-
ternative treatment regimens should be considered. Antiandrogens 
such as cyproterone acetate (CPA) or spironolactone can be 
used in transgender girls. Transgender boys can be treated with 
progestogens [4] .

Induction of Hypogonadal State with Antiandrogens 
in transgender Girls

Similar to transgender women, in late pubertal transgender 
girls endogenous androgen production can be suppressed using 
antiandrogens. CPA is dosed 25– 50 mg daily and spironolactone 
dosages varies from 100 to 300 mg per day [4] . The effects of pro-
longed CPA monotherapy were studied retrospectively [31, 32].

effects on HPG Axis

After 6  months of CPA 50 mg once daily testosterone decreased 
and remained stable at 7.8 nmol/ L. LH and FSH however were not 
suppressed. Prolactin increased almost twofold but none developed 
galactorrhoea. Clinically more than half of the subjects reported re-
duced shaving frequency and in 29.6% breast development (Tanner 
stage Breast 2– 3) was reported [31].

effects on Anthropometry and Metabolic Profile

Weight development did not demonstrate an increase of BMI- SDS. 
Metabolic parameters such as lipid profile and glucose homeostasis 
were not negatively affected [31]. However, there was a significant 
increase in fat mass and decrease in lean mass. The fat tissue accu-
mulation in transgender girls was more than in their age- matched 
male peers [32].

effects on Bone Mass

Twenty- one transgender girls were started on 50 mg CPA once 
daily at a chronological age of 16.3  years (bone age 17.1  years) 
and changes in bone were studied over a period of 10.6  months. 

table 11.2.3 Baseline and follow- up protocol during pubertal 
induction

Follow- up frequency

Clinical assessment Every 3– 6 months

Height, weight, sitting height

BMI- SDS

Tanner stage

Blood pressure

Laboratory Every 6– 12 months

E2, prolactin in transgender girls

T in transgender boys

25OH vitamin D

Metabolic profile (upon indication)

Haemoglobulin, haematocrit*

Liver function*†

Serum electrolytes (potassium)†

Fasting glucose and insulin#

Lipids*

Imaging

Bone density using DXA Every 12– 24 months

Bone age (upon indication) Every 12– 24 months

Abbreviations: BMI- SDS Body Mass Index Standard Deviation Score; E2, oestradiol; T, 
testosterone; DXA, dual- energy X- ray absorptiometry.
# clinical indication of compromised metabolic health such obesity; *transgender boys 
using testosterone; † transgender girls using cyproterone acetate.
Modified with permission from Hembree WC, Cohen- Kettenis PT, Gooren L, Hannema 
SE, Meyer WJ, Murad MH, Rosenthal SM, Safer JD, Tangpricha V, T’Sjoen GG. Endocrine 
Treatment of Gender- Dysphoric/ Gender- Incongruent Persons: An Endocrine Society 
Clinical Practice Guideline. J Clin Endocrinol Metab 2017; 102:3869– 903; and from de 
Vries AL, Klink D and Cohen- Kettenis PT. What the Primary Care Pediatrician Needs to 
Know About Gender Incongruence and Gender Dysphoria in Children and Adolescents. 
Pediatr Clin North Am. 2016 Dec;63(6):1121– 35.
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Already at start of CPA, areal BMD was lower in transgender girls 
as compared to their peers of the same natal sex. During the study 
period, areal BMD of total hip decreased, coinciding with a Z- score 
decrease. At the lumbar spine, areal BMD remained stable, but Z- 
scores decreased [32].

Adverse events

Only a transient increase of liver enzymes was seen in 15% of the 
study subjects. The levels remained under the threshold of three 
times the upper limit and therefore treatment was not stopped. The 
use of CPA is associated in adults with depression [33] but the only 
reported side effect in adolescents was fatigue [31].

Pubertal Induction in Antiandrogen- treated 
transgender Girls

For the start of oestrogens, the same dosage schemes (Table 11.2.2) 
as in GnRHa- treated transgender girls can be used. When choosing 
a dosage scheme, factors such as pretreatment sexual maturation 
level and duration of hypogonadal state should be taking into con-
sideration. Data on the addition of oestrogens to antiandrogenic 
therapies in transgender adolescents is limited to two published 
studies. In one study the subjects received CPA [31] and in the other 
study spironolactone [34] was used.

Breast Development and effects on HPG Axis

When 17β- oestradiol was started at 0.5  mg orally once daily and 
subsequently increased to 0.75 mg after 6 months, initiation or fur-
ther progression of breast development occurred. After 12 months 
of oestrogen therapy 66.7% of the participants reached Tanner 
Breast 3 and 9.5% reached Tanner Breast 4.  During this period 
testosterone decreased significantly to 0.06  nmol/ L. LH and FSH 
became more suppressed. Prolactin levels decreased and the mean 
17β- oestradiol level was 121 pmol/ L [31].

effects on Anthropometry and Metabolic Profile

The addition of oestrogens to CPA monotherapy did not result in 
a change of BMI- SDS. With regards to metabolic parameters, lipid 
profile and glucose homeostasis did not change [31]. Oestrogens 
were added in transgender girls (n  =  44; age range 14– 25  years) 
who received spironolactone (dosage 50– 200  mg daily) in dif-
ferent methods, namely, oral (dosage 1– 8 mg daily), intramuscular 
(dosage 20– 80 mg monthly) or transdermal (dosage 0.025– 0.200 mg 
weekly). For all methods there were no changes reported in BMI, 
metabolic parameters, lipid profile. The use of spironolactone did 
not change potassium levels [34].

Adverse events

Serious adverse events were not reported [31, 34]. The adverse event 
‘fatigue’ as reported during CPA monotherapy resolved in almost all 
transgender girls. Although transient ALT and AST increases were 
observed sporadically, interruption of treatment was never needed. 
Also there was a decline in prolactin levels [31]. Prolactin levels in 
spironolactone treated transgender girls were not affected [34].

the Use of Progestational Agents in transgender Boys

In postmenarche adolescent transgender boys as alternative for 
GnRHa to stop or decrease menses frequency, progestogens such as 
lynestrenol [35] or medroxyprogesterone acetate [36] can be used. 
Effects of lynestrenol monotherapy were reported [32, 35].

effects on HPG Axis

LH decreased but levels of FSH did not change. Testosterone levels 
decreased by almost 30% whereas oestradiol decreased by almost 
60% and remained stable afterwards. In the first 6  months me-
trorrhagia occurred in 50% but reduced to 18% in the following 
6 months. Percentage of amenorrhoea was not reported [35].

effects on Anthropometry and Metabolic Profile

Weight increased during the first 6  months of lynestrenol mono-
therapy but returned to baseline value after 12 months. Haemoglobin 
and haematocrit increased but remained in the normal male range. 
Serum creatinine significantly increased during the first 6 months 
but remained stable afterwards. Total cholesterol and triglyceride 
levels did not change; however, mean high density- lipoprotein 
(HDL) decreased significantly and mean low- density lipopro-
tein (LDL) levels increased significantly in the first 6  months of 
lynestrenol monotherapy. No significant changes in haemoglobin 
A1c (HbA1c), glucose levels, insulin levels, or homeostasis model 
assessment (HOMA) index were reported (n = 42) [35]. When body 
composition was studied, it was found that during the first year of 
treatment lean mass, but not fat mass, significantly increased coin-
ciding with a decreased body fat percentage. Compared to their age- 
matched female peers transgender boys became more lean. Also, 
pQCT measurements demonstrated that the muscle area increased 
at the non- dominant forearm and left lower leg (n = 44) [32].

effects on Bone Mass

Changes in bone mass were studied during lynestrenol mono-
therapy (dose 5– 10 mg daily, duration 11.6 months) in transgender 
boys (n = 44; age at start 16.2 years). Bone mass— as defined areal 
BMD— of the hip increased with an increase of Z- score. In the 
lumbar spine, areal BMD increased while Z- scores remained stable, 
suggesting an acquisition similar to age- matched female peers. 
Based on pQCT scans, both trabecular and cortical bone param-
eters at the radius and the tibia increased during the study period, 
to the same extent as in age- matched control girls [32].

Adverse events

Fatigue (7%), headache (12%), and hot flushes (10%) were reported. 
In addition, in one patient, ALT levels transiently increased mod-
erately after 12 months of lynestrenol but normalized after adding 
testosterone [35].

Pubertal Induction in transgender Boys treated 
Previously with Progestational Agents

Testosterone can be added to progestogens following the dosage 
schemes summarized in Table 11.2.2. In choosing which dosage 
scheme is appropriate, one should consider duration of endogenous 
sex steroid exposure prior to start progestogens. The clinical effects 
and effects on metabolic parameters in adolescent transgender boys 
have been investigated retrospectively [34, 35].

Effects on HPG Axis

Testosterone therapy increased mean testosterone levels significantly 
in the first months, already at the lowest dose (50 mg/ 2 weeks) and 
further increased in the next months to reach testosterone values well 
within the male reference range. Some patients exceeded the male 
upper reference due to blood sampling close to the last testosterone 
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injection. There was a non- significant rise in oestradiol levels most 
likely representing the effect of aromatization of the injected testos-
terone esters. Complete suppression of both gonadotropins was now 
achieved after the addition of testosterone to lynestrenol [35].

Anthropometry and Metabolic Profile

Clinically, there was weight gain as both BMI [34] and BMI- SDS 
increased [35]. Haemoglobin and haematocrit increased but mostly 
remained within the normal male range [35]. Rarely, haematocrit 
increased to supraphysiological levels [34]. ALT, AST, creatinine in-
creased but remained in the normal range. Lipid profile was more 
unfavourable with an increase of cholesterol and LDL and a de-
crease of HDL. Glucose homeostasis parameters HbA1c [34,  35] 
and insulin, glucose, or HOMA index [35] were not affected.

Adverse Events

The prevalence of acne significantly increased in the first 6 months 
of testosterone therapy requiring treatment with oral retinoic acid 
in some individuals. In addition, fatigue was reported [35]. Despite 
sporadic incidence of polycythemia, no serious cardiovascular ad-
verse events were reported [34].

therapy Monitoring

In contrast to GnRHa treatment there are no international guide-
lines for alternative treatment regimes in transgender adolescents 
and clinicians are for therapy monitoring referred to protocols for 
adults [4] . Although data in adults are more abundant, protocols 
cannot be readily translated to adolescents. Firstly, adolescents may 
not respond the same to therapeutic interventions. Indeed, where in 
adult transgender women CPA and oestradiol resulted in increased 
body weight and body fat [37, 38], in adolescent transgender girls 
these changes were not observed [31]. Secondly, although ado-
lescents reach sexual maturation in their teens, other tissues such 
as bone and brain are not fully developed until young adulthood 
[39, 40]. Therefore, it is recommended to follow the guidelines for 
monitoring gender- affirming hormone therapy in adolescents as 
summarized in Table 11.2.3 for, at a minimum, during the endo-
crine transition process.

conclusion

Early medical intervention in transgender youth has been per-
formed for about 20  years. After at first considered very contro-
versial, nowadays treatment is generally accepted and endorsed by 
international endocrine communities. The limited availability of 
somatic outcome and the specific therapeutic needs of the trans-
gender adolescent warrants a multidisciplinary approach provided 
in specialized centres.
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Introduction

Recent studies estimate that 0.6% of the adult population and 0.7% 
of the adolescent population currently identify as transgender, 
equalling about 1.4 million transgender people in the United States 
[1] . As this number continues to rise and treatment options become 
more readily available, more transgender patients will be presenting 
to their physicians for medical and surgical treatment for gender 
affirmation [2, 3].

When a transgender woman is ready to pursue medical transition, 
she must meet with a physician to be prescribed gender- affirming 
hormone therapy. Traditionally, this physician was an endocrin-
ologist; however, to improve access to hormone therapy, there has 
been a shift towards other medical providers prescribing hormone 
therapy. With the ease of prescribing hormone therapy and moni-
toring its potential side effects and complications as outlined in this 
chapter, more primary care physicians should become comfortable 
prescribing hormone replacement therapy (HRT). The most re-
cent Endocrine Society guidelines for hormone therapy for gender 
dysphoric/ gender incongruent persons allow for hormone therapy 
to be initiated by non- endocrinologists who are able to make and 
confirm the diagnosis of gender dysphoria. Several other barriers 
exist to transgender people receiving hormone therapy. One study 
demonstrated that barriers to transgender people receiving care 
included bias within the medical field and lack of provider aware-
ness and education about interacting with and treating transgender 
people [4] .

Medical transition via hormone therapy in transgender women 
has the goal of reversing some of the effects of androgens and pro-
viding feminizing effects on the body of the person and allowing 
the person’s physical body to be more congruent with their gender 

identity. Effects of these therapies include softening of the skin, re-
distribution of body fat, breast development, and decreased hair 
growth. Atrophy of androgen dependent tissue (i.e. seminal vesicles 
and prostate) also occur.

These effects are achieved medically via supplementation with 
oestrogens and antiandrogens, or surgically by removal of the 
androgen- producing testes from the body via bilateral orchiectomy. 
This chapter outlines the use of hormone therapy in transgender 
women, their wanted and adverse effects on the body, how they 
should be monitored in the clinical setting, and future directions in 
the medical hormonal treatment of transgender women.

Initial evaluation

Before being prescribed gender- affirming hormone therapy, an ini-
tial evaluation should be conducted by a physician. According the 
recent guidelines released by the Endocrine Society, this evaluation 
should include well- documented gender dysphoria/ incongruence, 
capacity for informed consent, age of majority, and well- controlled 
mental health concerns if present [5] .

This visit should also be a place for the patient to discuss goals of 
therapy with the physician. Many people presenting with gender dys-
phoria desire total feminization from hormone therapy, but this is not 
always the case. It is important to understand where the person is 
in their transition and what they hope to gain from taking hormone 
therapies. Some transgender people may not be ready for full medical 
transition due to not being ‘out’ to family members or fear of discrim-
ination at work. It is also important to note that many transgender 
people describe psychological improvement when starting even low 
doses of hormone therapies before any physical effects take place [6] . 
Furthermore, some transgender people may identify as gender non- 
binary which means that they wish to acquire some but not all of the 
features of a different gender to better align with their gender identity.

This initial visit should also include a discussion on risks and benefits 
of hormone therapy with the person. Also, a complete history and phys-
ical should be taken with an emphasis of modifying adverse events such 
as thromboembolic disease (i.e. smoking, sedentary lifestyle, obesity, 
and underlying personal or family history of blood- clotting disorders). 
While hormone therapy for transgender people is considered relatively 
safe under medical supervision, there are some adverse effects that 
may occur that should be discussed with each individual person [7– 9]. 



SectIon 11 Management of the Transgender Patient1664

These are discussed later in this chapter. For monitoring purposes 
throughout the transgender person’s transition, baseline labs should 
be drawn at this visit for comparison after the person starts therapy. 
These should include serum oestradiol and serum testosterone. Once 
a person has begun therapy, the goal is to keep these values within the 
normal female reference range. Having levels above this range increases 
the risk of adverse outcomes such as venous thromboembolism (VTE), 
ischaemic stroke, and lipid abnormalities [5] .

Gender- Affirming Hormone therapy

Gender- affirming hormone therapy for transgender women re-
quires a dual approach:  antiandrogens are needed to reduce the 
effects of testosterone on the body and oestrogens to increase the 
supply of feminizing hormone. Progestins have often been added to 
regimens in the past. These were thought to augment breast devel-
opment when prescribed with oestrogens; however, there have been 
no data to show any benefit or additional feminization [3] . In fact, 
progestins, when prescribed with oestrogens, have been shown to 
increase the risk of cardiovascular and cerebrovascular disease [6]. 
Therefore, physicians should counsel all individuals that the risks 
of progestins out- weigh any potential perceived benefits of such 
therapy.

The effects of hormones on the physical changes will vary from 
person to person. There are a variety of formulations currently avail-
able on the market and the exact regimen for each person should be 
tailored based on their physiologic response to the medications and 
the available local pharmacy formulary. Care should be taken to en-
sure the levels of these hormones do not exceed normal physiologic 
levels that occur in reference cisgender females, since many of the 
adverse events related to HRT may be worsened at higher hormonal 
levels. Table 11.3.1 outlines the various medications currently avail-
able and recommended for hormone therapy in transgender fem-
inine individuals.

oestrogen Agents

Many forms of oestrogen are available on the market including oral, 
intramuscular, and transdermal formulations. Ethinyl oestradiol is 
the form of oral oestrogen commonly used in birth control and was 
formerly the mainstay in oestrogen replacement for gender- affirming 

hormone therapy. Guidelines currently recommend against the use 
of this agent for hormone therapy in transgender people due to a 
strong associated increase in the risk of cardiovascular disease and 
venous thrombosis [3,  10]. Oral 17 β- oestradiol, which must be 
taken daily, has been shown to have less of these complications and 
is commonly used for gender transition. Conjugated oestrogens such 
as Premarin are also not recommended because levels are oestra-
diol are not able to be monitored in blood which may result in inad-
vertent supraphysiologic levels of oestrogens in the circulation.

Injectable and transdermal (patch) formulations of oestradiol 
avoid first- pass metabolism from the liver. This property theoretic-
ally allows the medication to have a more favourable profile in terms 
of adverse effects. However, no head to head studies have been con-
ducted to demonstrate the superiority of these compounds to oral 
preparations of oestrogen.

testosterone- Lowering Agents

Many drugs exist for testosterone- lowering agents in gender- 
affirming hormone therapy. There is currently no standard for pre-
scribing these medications.

Spironolactone, a mineralocorticoid receptor antagonist with an 
added property of inhibiting androgen receptors, is commonly pre-
scribed by physicians as part of gender- affirming hormone therapy 
[3] . This is the primary antiandrogen prescribed by physicians in 
the United States. Cyproterone acetate (CPA) is a progestin and an-
drogen receptor antagonist and is widely used in Europe due to his-
torical reasons.

Gonadotropin- releasing hormone (GnRH) is a hormone that is 
cyclically released in the hypothalamus and causes the pituitary 
gland to release follicle- stimulating hormone and luteinizing hor-
mone. When a GnRH agonist medication is given, this disrupts the 
cyclic nature of the hormone and causes the pituitary to halt release 
of follicle- stimulating hormone (FSH) and luteinizing hormone 
(LH), resulting in a decline in testosterone production. These medi-
cations, such as leuprolide, are relatively expensive, but are used as 
first- line treatment in the United Kingdom [3] .

5- alpha reductase inhibitors block the conversion of testosterone 
to its more active form. These medications are not recommended 
by the Endocrine Society since they do not lower testosterone con-
centrations and have been associated with sexual dysfunction and 
depression [5] .

table 11.3.1 Preferred options for gender- affirming hormone therapy in transgender women

Mode of administration Type Total dose Frequency

Oestrogen Oral Oestradiol (17β- oestradiol valerate) 2– 6 mg Once or twice daily

Parenteral (IM) Oestradiol valerate 5– 30 mg Every 1– 2 weeks

Oestradiol cypionate 2– 10 mg Every week

Transdermal Oestradiol patch 0.1– 0.4 mg New patch every 3– 5 days

Antiandrogens Oral Spironolactone 100– 400 mg Once or twice daily

GnRH agonists Intramuscular Leuprolide 3.75– 7.5 mg Monthly

Implant Histrelin 50 mg Implanted every 12 months

Implant (subcutaneous) Goserelin 3.6 mg Implanted monthly

* The medications listed in this table are not FDA approved for gender transition due to no studies being available.
Source data from Hembree, W.C., et al., Endocrine Treatment of Gender- Dysphoric/ Gender- Incongruent Persons: An Endocrine Society Clinical Practice Guideline. Endocr Pract, 
2017. 23(12): p. 1437. Copyright © 2017 AACE.



11.3 Hormone Therapy in Transgender Women 1665

It is important to note that after surgical removal of the testes, the 
main androgen- producing organ, patients no longer need to take 
antiandrogen medications and may require a reduction in their oes-
trogen dosage [3] .

Feminizing effects of HRt

The goals of gender- affirming hormone therapy for transgender 
women, outlined next, are to reduce the virilizing effects of tes-
tosterone (i.e. decrease terminal hair growth, oiliness of the skin, 
muscle mass, and voice changes) and to enhance the feminizing ef-
fects of oestrogen (i.e. redistribution of body fat, breast growth, soft-
ening of the skin). Many of the physical results of taking hormone 
therapy are irreversible (Table 11.3.2).

Breast Development

A recent study suggests that most breast development in patients 
taking feminizing hormones occurs within the first 6 months of 
therapy, and only modest growth occurs after 12  months [11]. 
Furthermore, there has been no correlation seen with breast de-
velopment based on dose or even type of hormone regimen given, 
and most transgender patients report insufficient breast growth 
from HRT [12]. However, the transgender women studied here 
were also taking cyproterone which may have interfered with the 
breast development. The histologic changes that occur in breast 
tissue of a transgender women taking feminizing hormones 
appear to be identical to cisgender women with formation of 
ducts, lobules, and acini [13]. More research is still needed to 
understand breast development in transgender women taking 
hormones. Patients who are not fully satisfied with the breast 
development that occurs from hormone therapy may choose to 
have breast augmentation surgery.

Body Fat Distribution

After starting feminizing hormone therapy transgender women ex-
perience an increase in body fat and changes in body fat distribution. 
One study showed that transgender women experience a body fat in-
crease of 18% the android region (abdomen, chest, and shoulders), 
42% in the leg region, and 35% in the gynoid region (hips, thighs, and 
buttocks). Transgender women also had a decrease in the waist- to- hip 
ratio, mainly due to an increase in hip circumference [14].

Dermatological effects

Transgender women on hormone therapy see several changes in 
their skin including hair growth and sebum production. While 
hormone therapy does not completely reverse the androgen ef-
fects of hair growth that have already taken place if a person has 
already undergone puberty, there is a decrease in facial and body 
hair growth and density [15]. Hair- shaft diameter also decreases 
and has been shown to reach its maximum reduction in size after 
four months of oestrogen plus antiandrogen therapy [16]. These 
changes are often more evident on the abdominal hair compared to 
facial hair due to having lower hair density and hair- shaft diameter. 
Many transgender women opt to undergo laser hair removal to cor-
rect the masculinizing effects of testosterone. Transgender women 
on oestrogen and antiandrogen agents also have a decrease in skin 
sebum production to levels that are almost undetectable. One study 
showed transgender women had significantly less oily skin after 
four months of therapy [16]. Patients with acne often will notice less 
lesions due to the decrease in sebum production.

Voice

Feminizing hormone therapy has no effect on the voice. Therefore, 
if a patient has undergone virilizing puberty where their voice has 
deepened, starting hormone therapy will not provide any fem-
inizing effects on the voice (i.e. increasing the tone). Many trans-
gender women choose to see a voice therapist to learn techniques 
for making their voice sound more feminine. Some patient may also 
choose to undergo vocal cord surgery to tighten their vocal cords 
and make their voice higher pitched.

Genitalia and Sexual Desire

Patients on feminizing hormone therapy see a reduction in tes-
ticular and prostate size and decreased erectile function [6] . Also, 
testosterone levels are attributed to maintaining a person’s sexual 
desire. In feminizing hormone therapy, testosterone levels are gen-
erally kept at low levels, resulting in a reduction in sexual drive [17].

Monitoring

According to the Endocrine Society’s 2017 guidelines, a person 
on gender- affirming hormone therapy should be monitored every 
3 months in the first year and every 6– 12 months thereafter with 
a physical exam and labs. Serum testosterone levels should be kept 
below 50 ng/ dl and oestradiol levels should be kept in the physio-
logic range of about 200 pg/ ml. Keeping the hormone levels within 
these parameters has been shown to be relatively safe and have less 
adverse effects than if the patient were to achieve supraphysiologic 
levels of oestrogen.

table 11.3.2 Feminizing effects of HRT

Effect Expected onset Expected 
maximum 
onset

Redistribution of body fat 3– 6 months 2– 3 years

Decrease in muscle mass and strength 3– 6 months 1– 2 years

Softening of skin/ decreased oiliness 3– 6 months Unknown

Decreased sexual desire 1– 3 months 3– 6 months

Decreased spontaneous erections 1– 3 months 3– 6 months

Male sexual dysfunction Variable Variable

Breast growth 3– 5 months 2– 3 years

Decreased testicular volume 3– 6 months 2– 3 years

Decreased sperm production Unknown >3 years

Decreased terminal hair growth 6– 12 months >3 years

Scalp hair Variable – 

Voice changes None – 

Reproduced from Hembree, W.C., et al., Endocrine Treatment of Gender- Dysphoric/ 
Gender- Incongruent Persons: An Endocrine Society Clinical Practice Guideline. Endocr 
Pract, 2017. 23(12): p. 1437. Copyright © 2017 AACE with permission from Oxford 
University Press.
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cardiovascular Safety

The greatest health concern with feminizing hormone therapy is 
thromboembolic disease, which is increased in patients on oes-
trogen [7] . The risk of this adverse event is even more pronounced in 
patients with compounding risk factors including age greater than 
40, tobacco use, sedentary lifestyle, obesity, and pre- existing under-
lying thrombotic disease [6]. Physicians should counsel their trans-
gender women on these risks and encourage lifestyle changes such 
as smoking cessation to reduce these adverse events. Furthermore, 
the risk of thromboembolic disease may be decreased in individuals 
who are taking oestrogens transdermally or intramuscularly com-
pared to those on oral pills [3].

There is also some evidence that the lipid profile of a person 
changes when they are taking feminizing hormone therapy. 
Improved measures include a decrease in low- density lipoprotein 
(LDL) and an increase in HDL [18]. Hypertriglyceridemia has also 
been shown to be associated with feminizing hormone therapy 
[19]. Oral oestrogen therapy seems to have a larger impact on this 
when compared to transdermal therapies here as well; however, the 
clinical implications of this increase in triglycerides has yet to be 
studied.

Studies have also demonstrated a relationship with feminizing hor-
mone therapy increased blood pressure [18]. However, it is thought 
that this change may be more so related to changes in bodyweight 
and fat distribution when a person is taking gender- affirming hor-
mone therapy than actual direct effects of the medications.

Hepatic Safety

Use of oestrogens has been linked to transient elevation in liver 
enzymes with the rare complication of hepatotoxicity [6] . As men-
tioned previously, use of injectable and transdermal formulations 
of oestrogen avoid first- pass metabolism through the liver and may 
have lower risk of this complication. Neither the Endocrine Society 
nor the World Professional Association for Transgender Health 
(WPATH) recommend routine evaluation of liver enzymes in pa-
tients on feminizing hormone therapy.

endocrine Safety

Prolactin levels should also be monitored in transgender women 
on HRT at baseline, one year after starting hormone therapy, and 
then every two years indefinitely [5] . Oestrogen is a strong stimu-
lator of prolactin formation and release from the pituitary gland, 
and there have been case reports of patients on gender- affirming 
feminizing hormone therapy who have developed prolactinomas 
[20]. However, the risks of hyperprolactinemia have been debated 
and may be increased in transgender women taking cyproterone as 
compared to those taking spironolactone [21].

electrolyte changes

Patients on spironolactone, traditionally used as a potassium- 
sparing diuretic, have the added risk of hyperkalaemia. Serum elec-
trolytes should be monitored every three months when beginning 
this therapy, and then every 12 months thereafter [5] .

Bone Health

Sex hormones are integral to the preservation of bone density. 
Use of oestrogens in HRT has shown to increase bone density 

and reduce the formation of osteoporosis [3] . There have been no 
evidence- based guidelines released on monitoring the bone density 
of transgender women. The Endocrine Society recommends that 
clinicians consider doing a bone- mineral density test at baseline be-
fore starting therapy and then screen for osteoporosis in low- risk 
patients at 60 years of age or in patients who are not adherent to 
hormone therapy [5].

oncology

Very little research has been published on cancer in transgender in-
dividuals and there are currently no guidelines for cancer screening 
specifically in transgender patients. While it is rare, there have been 
several cases reported of prostate cancer in patients on feminizing 
hormone therapy, and effects of receiving a bilateral orchiectomy 
on development of prostate cancer in this patient population has 
yet to be established [22]. There have also been cases of breast 
cancer development in transgender women reported in the litera-
ture [13]. While no evidence- based guidelines have been released, 
the Endocrine Society recommends that physicians continue with 
current guidelines for cancer screening recommended for cisgender 
populations for all anatomy that is present in the person. This would 
include prostate and breast cancer screening in this population.

Mental Health

Transgender patients have unique mental health needs. Diagnoses of 
depression and anxiety occur at disproportionately high prevalences 
in patients with gender dysphoria, and transgender people are at in-
creased risk of suicide compared to their cisgender peers [23, 24]. 
A mental health professional is often very helpful in addressing any 
coexisting mood or social situations before and during the hor-
mone transition process. While many psychological symptoms may 
be directly linked to a person’s gender dysphoria and improve after 
starting gender- affirming treatment, the transgender population re-
mains a vulnerable population for chronic psychiatric conditions 
due to the unique daily stress and trauma they experience as a result 
of stigma and discrimination [25]. It is important for transgender 
people to have access to culturally competent mental health services 
throughout their lives to meet their unique healthcare needs.

other considerations

Fertility Preservation

Taking oestrogens has been shown to reduce spermatogenesis 
in transgender women. However, research on the exact effects of 
dosing, length of treatment, and reversibility of hormone therapy on 
fertility have yet to be established [26]. Since it is known that taking 
gender- affirming feminizing hormone therapy has currently unpre-
dictable and potentially irreversible dramatic effects on a person’s 
fertility, it is important to counsel all transgender women starting 
this therapy on options for fertility preservation. These options in-
clude sperm banking for patients who are able to provide sperm of 
sufficient quality and quantity. However, some transgender women 
experience such severe dysphoria concerning their genitals, and 
this is not an option. There are several procedures that can be done 
by specialists (i.e. urologists) that include surgical sperm extraction 
and testicular tissue cryopreservation [27]. It is important to note 



11.3 Hormone Therapy in Transgender Women 1667

that while these technologies are available, most are expensive and 
are not feasible for a large proportion of transgender people (more 
details can be found in Chapter 11.5).

Lactation

There are case reports of functional lactation achieved in trans-
gender patients. One such case report describes a transwoman on 
domperidone, oestradiol, progesterone, with breast pump stimula-
tion who was able to achieve lactation with the ability to feed her 
child solely on her own milk for 6 weeks [28]. Breastfeeding as a 
transgender woman has not been described well in the literature, 
but is a promising and expanding field of research.
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Introduction

As the number of trans persons actively seeking psychological, 
endocrinological, and/ or surgical treatment is increasing [1,  2] it 
is important to get healthcare professionals acquainted with trans-
gender care. Currently, transgender care is often not a (strong) part 
of the medical curriculum [3– 5], which may lead to miscommuni-
cation, misinformation, and not referring trans persons to the ap-
propriate care providers. This may lead to people taking hormones 
without the follow- up of a physician or undergoing clandestine 
gender- affirming surgery. Due to real or perceived stigma and fear 
of medicalization when reaching out to healthcare providers, trans 
persons may encounter barriers when accessing healthcare [6] . As 
gender- affirming hormonal and surgical treatment has been shown 
to reduce or even resolve feelings of gender dysphoria in trans per-
sons [7– 17], gender- affirming care should be accessible to all trans 
persons.

In most countries, hormonal treatment is ideally prescribed 
under the supervision of endocrinologists. However, many endo-
crinologists may feel uneasy and unskilled when working with the 
transgender population. This chapter aims to summarize the endo-
crine treatment for transgender men wishing physical transition.

Initial evaluation

The Endocrine Society guideline ‘Endocrine treatment of gender- 
dysphoric/ gender- incongruent persons: an Endocrine Society clin-
ical practice guideline’ recommends that a medical professional 
confirms the diagnosis of gender dysphoria in transgender persons 
prior to the initiation of gender- affirming hormone therapy. Medical 
professionals should document that the gender dysphoria has been 
persistent and that the individual is of legal age and able to make an 

informed decision and consent for treatment. If significant med-
ical or mental health concerns are present, they must be reasonably 
well- controlled, but the presence of mental health concerns does 
not necessarily exclude patients from gender- affirming hormones 
[18]. If hormone therapy is contraindicated due to serious health 
conditions, the practitioner should ensure access to non- hormonal 
interventions for gender dysphoria, which can be discussed with a 
qualified mental health professional (see Chapter 11.1).

Transgender people seeking gender- affirming hormone therapy 
expect to change their physical appearance to better match their 
gender identity and expression, which can range from an andro-
gynous presentation to maximum virilization [18]. Therefore, 
hormone prescribing physicians should always individualize the 
hormone therapy based on the patient’s goals, the risk/ benefit ratio 
of the treatment, the presence of other medical conditions, taking 
into account possible social and economic issues [19]. The phys-
ician who prescribes the hormones is responsible for discussing the 
expected effects of testosterone therapy and the possible adverse 
health effects, including the possible reduction in fertility (which 
should ideally be discussed before the patient is referred to the endo-
crinology department). He/ she should also provide ongoing med-
ical monitoring with regular physical and laboratory examination 
and communicate as needed with the patient’s primary care pro-
vider, mental health professional, surgeon, and/ or other healthcare 
professionals involved [18, 19]. Gender- affirming hormonal treat-
ment (and surgery) has been shown to reduce and in some cases 
even resolve gender dysphoria and mental health problems. In add-
ition, gender- affirming treatment increases self- reported quality of 
life (QOL). Satisfaction rates among transgender persons are high 
and gender- affirming treatment is rarely regretted [20– 23]. Ideally, 
gender- affirming hormonal therapy is only available by prescrip-
tion. However, one must realize that there is a black market for ster-
oids, including testosterone analogues. In addition, in non- Western 
countries or areas where gender- affirming care is less easily avail-
able, gender- affirming hormone therapy is often self- prescribed 
without supervision by a medical professional. Available evidence 
from the United States and Europe suggest that hormone therapy 
initiated and monitored under the supervision of a medical profes-
sional is associated with very low rates of adverse events [24– 27].

Guidelines, including the World Professional Association for 
Transgender Health (WPATH) Standards of Care edition 7 (SOC 
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7) and the Endocrine Society guideline advises to screen transgender 
people for conditions that can be aggravated by hormone therapy, 
before initiating gender- affirming care. Medical history should be 
assessed thoroughly, including history of thromboembolic diseases 
(e.g. deep vein thrombosis, pulmonary embolism), arterial hyper-
tension, polycythemia and sleep apnoea [18]. Testosterone therapy 
is usually continued lifelong after oophorectomy, unless medical 
contraindications arise [19].

Gender- Affirming Hormone therapy

testosterone Agents

Hormonal therapy in transgender men is aimed at inducing viriliza-
tion and consists of testosterone agents, which is preferably admin-
istered intramuscularly or transdermally. If patients are screened 
adequately and follow- up visits are provided regularly, testosterone 
therapy is safe on the longer term [28– 30]. Testosterone therapy is 
contraindicated in case of (desired) pregnancy or lactation. In order 
to maintain virilization and avoid hypogonadism symptoms (e.g. 
osteoporosis or vasomotor symptoms), testosterone therapy must 
be continued lifelong. Testosterone regimens in transgender men 
follow the general principle of hormone replacement therapy of male 
hypogonadism, aiming at cisgender male reference ranges for serum 
testosterone levels [18]. Most commonly prescribed are injectable 
testosterone esters, used in dosages of 200– 250 mg IM every 2– 3 
weeks [18, 31]. Long- acting testosterone undecanoate 1000 mg IM 
every 10– 12 weeks is also being used for treatment of transgender 
men [32]. In the United States, both the patient and provider must 
undergo risk evaluation and mitigation strategy (REMS) training 
in order to be able to initiate testosterone undecanoate therapy, due 
to the potential risk of oil pulmonary embolism. The use of oral 
testosterone (testosterone undecanoate 160– 240  mg/ day), axillary 
solutions, patches, nasal sprays, buccal tablets, or pellets is rarely 
reported for treatment in transgender men. If transgender men 
wish to self- inject testosterone, subcutaneous administration is also 
an option at a at a median dosage of 75 mg weekly [31, 33]. Other 
options include topical androgen gel 1% (25– 100  mg per day) or 

transdermal patches (2.5– 10 mg/ day) [18]. As long as patients ad-
here to the prescribed dose controlled by their physician, there is 
no difference between the different testosterone formulations re-
garding short- term safety, compliance, metabolic parameters, body 
composition and general life satisfaction [34]. The dose of testos-
terone may be increased (e.g. from 200 mg of testosterone esters to 
250 mg, biweekly or from testosterone undecanoate once every 12 
weeks to once every 10 weeks) if trough serum total testosterone 
levels do not reach cisgender male levels after six months of testos-
terone therapy, with subsequent monitoring of serum haematocrit 
levels. The dose of testosterone may be decreased if serum haem-
atocrit levels rise above male reference ranges or if desired by the 
patient (see monitoring— cardiovascular safety) (Table 11.4.1).

As transgender men often describe menstrual bleeding as a dis-
comfort [35, 36] medication to induce amenorrhea should be dis-
cussed with every transgender man early in the transition process. 
If suppression of the menses is desired or menstrual bleeding does 
not cease, a progestational agent or a gonadotropin- releasing hor-
mone (GnRH) analogue can be added to the treatment regimen. 
Suppression of menstrual bleedings is less likely in people treated 
with transdermal or oral testosterone [24] and enquiring about 
the persistence of menstrual bleeding and the degree of incon-
venience due to this should be part of the assessment. The most 
commonly used agents include oral lynestrenol 5– 10 mg daily or 
medroxyprogesterone 5– 10  mg daily. The use of progestational 
agents is contraindicated in case of pregnancy (history of) breast 
cancer or any other gynaecological cancer, unexplained vaginal 
bleeding, severe arterial disease, liver insufficiency, and severe liver 
or bile diseases. Possible side effects include gastrointestinal discom-
fort, water-  and salt retention, weight gain, decreased sexual desire 
and spotting. GnRH analogues are rarely used in adults because of 
the costs of the therapy. Another rarely used option is endometrial 
ablation [26]. After hystero- oophorectomy, progestational therapy 
can be stopped.

Virilizing effects of testosterone therapy

Hormone therapy with testosterone induces virilization; it causes 
the voice to break, sometimes menses stop, facial and body hair 

table 11.4.1 Preferred options for gender- affirming hormone therapy in transgender men

Mode of administration Type Dosage Frequency

Testosterone Parenteral Intramuscular Testosterone esters 200– 250 mg Every 2– 3 weeks

Testosterone undecanoatea 1000 mg Every 10– 12 weeks

Subcutaneous Testosterone esters 75– 125 mg Every week

Transdermal Androgen gel 1%b 25– 100 mg Once daily

Transdermal patches 2.5– 10 mg Once daily

Progestational agents Oral Lynestrenol 5– 10 mg Once daily

Medroxyprogesterone 5– 10 mg Once daily

Nomegestrol 5– 10 mg Once daily

Parenteral Medroxyprogesterone 150 mg Once every three 
months

a One thousand milligrams initially followed by an injection at 6 weeks, then at 12- week intervals.
b Avoid cutaneous transfer to other individuals.
Adapted with permission from Hembree WC, Cohen- Kettenis PT, Gooren L, Hannema SE, Meyer WJ, Murad MH, et al. Endocrine treatment of gender- dysphoric/ gender- 
incongruent persons: An Endocrine Society clinical practice guideline. J Clin Endocrinol Metab. 2017; Progestational agents. Copyright © 2017 Oxford University Press.
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appears in a male pattern, the clitoris enlarges (mean 3.83 +/ –  
0.42 cm after 2 years of testosterone therapy) and the musculature 
becomes bulkier and more pronounced, leading to an overall good 
passability (being perceived by others as a cisgender man) in daily 
life [7, 9]. It is important to discuss the possibilities and limitations 
of testosterone therapy before and during gender- affirming hor-
mone therapy; height and bone structure will not change if testos-
terone therapy is initiated after puberty. In addition, testosterone 
therapy will not affect the degree of subcutaneous fat, unless phys-
ical activity is initiated or increased (Table 11.4.2) [37].

Dermatological Effects

In the pilosebaceous unit of the skin, both androgen and oestrogen 
receptors are expressed, enabling testosterone to have effects on 
both the skin and hair of transgender men. Testosterone therapy 
leads to an increase in acne both at the face and back after four 
months, with peak severity after 6  months [30]. Long- term data 
(10- year follow- up) shows no to mild acne in 93.9% of transgender 
men [38]. Testosterone therapy also leads to a desirable increase in 
body and facial hair. The increase is already apparent during the 
first year of treatment, although after 12  months of testosterone 
therapy, the facial and abdominal hair profile is still less compared 
to cisgender men [39]. Long- term data (10- year follow- up) shows 
further increasing body and facial hair growth after the first year, 
with an increase of the Ferriman– Gallwey score from median 0.5 
(before hormone therapy) to 12 after 1 year, while long- term testos-
terone treatment (10 years) resulted in a median score of 24 [38]. 
While body and facial hair increases, male pattern baldness (MPB) 
may occur with thinning of hair related to the duration of testos-
terone therapy. One retrospective study found that 38.3% of trans-
gender men had MPB type II- V [39] and another study by Wierckx 
et al. reported a 17% incidence of developed androgenetic alopecia 
based on the Norwood- Hamilton classification after 1 year of treat-
ment [40]. Studies with longer follow- up data report an incidence 
of 32.7% of mild frontotemporal hair loss and 31% of moderate to 
severe androgenetic alopecia after 10 years of testosterone therapy 
[41]. If desired, oral finasteride 1 mg daily can be added to the treat-
ment regimen [41].

Voice

Testosterone causes hypertrophy of muscle cells with a reduction 
of surrounding fat cells. These effects are also exerted at the level of 
the larynx, which results in acoustic changes [42]. In high dose, tes-
tosterone is responsible for the development of the male voice char-
acteristics. Androgens act virilizing to the voice in birth- assigned 
females from a concentration of 150 μg/ dl. Repeated exposure to 
concentrations higher than 200 μg/ dl results in irreversible changes, 
which occur predominantly during the first three months of testos-
terone therapy [43]. Often, the voice of transgender men cannot be 
distinguished from cisgender men, although transgender men are 
more likely to experience problems with pitch quality (incidence 
10%) [44, 45]. In transgender men in whom the voice was perceived 
as male, overall well- being was higher compared to those in whom 
the voices were less gender congruent [46].

Genitalia

Testosterone therapy causes the clitoris to grow. Clitoral length al-
ready increases by 60% after only 3 months of testosterone therapy 
(mean clitoral length after three months: 3.19 ± 0.54 cm) and con-
tinues to enlarge during the testosterone therapy (mean clitoral 
length after 2 years: 3.83 ± 0.42 cm). As long- term follow- up data 
are not available, it is uncertain if further growth past the second 
year of testosterone therapy is to be expected [7] . Long- term tes-
tosterone use causes vaginal and cervical atrophy, with decreased 
vaginal secretions which can result in vaginal dryness or itching, 
and painful penetration reported by some patients [47]. If neces-
sary, vaginal dryness can be helped by simple over- the- counter 
lubricants [48].

Sexual Desire

In cisgender men, numerous studies have shown a relationship 
between sexual desire and circulating levels of testosterone [49– 
51], which has also been described in cisgender women [52,  53]. 
Testosterone therapy in transgender men may facilitate sexual de-
sire and arousal. However, to date, studies focusing on sexual func-
tioning in trans men treated with testosterone who did not (yet) 
undergo genital gender- affirming surgery are scarce. Wierckx et al. 
[54] reported higher sexual desire in transgender men who recently 
initiated testosterone therapy. Costantino et al. [51] reported an in-
crease in frequency of desire, masturbation, sexual fantasies, and 
arousal after 1 year of testosterone administration. Studies on trans 
persons (without substratification of trans men and trans women) 
show an increased sexual QOL in persons on gender- affirming 
hormones [55].

Monitoring

See Box 11.4.1.

cardiovascular Safety

Testosterone is one of the most anabolic hormones in the human 
body; it has a positive effect on protein synthesis, stimulates fat 
oxidation and reduces lipid storage [56]. Despite this, cardiovas-
cular mortality is higher in adult men, compared to women [57]. 
This difference may be caused by sex hormone differences, al-
though at physiological levels, both testosterone and oestradiol 
are thought to be involved in maintaining insulin sensitivity [58]. 

table 11.4.2 Virilizing effects of testosterone therapy

Effect Expected onset Expected 
maximum 
onset

Cessation of menses 1– 6 months n/ a

Skin oiliness/ acne 1– 6 months 1– 2 years

Clitoral enlargement 1– 6 months 1– 2 years

Vaginal atrophy 3– 6 months 1– 2 years

Body fat redistribution 1– 6 months 2– 5 years

Deepened voice 6– 12 months 1– 2 years

Facial/ body hair growth 6– 12 months 4– 5 years

Increased muscle mass/ strength 6– 12 months 2– 5 years

Scalp hair loss 6– 12 months Variable

Adapted with permission from Hembree WC, Cohen- Kettenis PT, Gooren L, Hannema 
SE, Meyer WJ, Murad MH, et al. Endocrine treatment of gender- dysphoric/ gender- 
incongruent persons: An Endocrine Society clinical practice guideline. J Clin Endocrinol 
Metab. 2017; Progestational agents. Copyright © 2017 Oxford University Press.
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Studies examining the effects of the administration of androgens 
on insulin resistance and glucose intolerance in cisgender men 
showed conflicting results [59– 62]. Despite this, there is currently 
no evidence for an increase in adverse cardiovascular outcomes in 
transgender men taking testosterone therapy on short and medium 
(10 years) follow- up time, although data on older transgender men 
are lacking [63– 65]. However, a systematic review of the literature 
concluded that the level of evidence was too low to allow an inter-
pretation of the risk of testosterone therapy on morbidity (stroke, 
myocardial infarction, venous thrombo- embolism) and mortality 
in transgender men [66]. Testosterone therapy does alter inde-
pendent cardiac risk factors, including the lipid profile (decrease 
in high- density lipoprotein cholesterol and increase in triglycer-
ides and low- density lipoprotein cholesterol), increasing inflamma-
tion parameters and (minimally) increasing systolic blood pressure 
and increasing serum haematocrit levels (to cisgender male refer-
ence values). To date, there is scarce evidence that these changes 
in risk factors result in altered morbidity [67– 69]. The majority of 
the studies on transgender men report no changes in insulin re-
sistance or diastolic blood pressure [30, 34, 64, 70], although one 
prospective study on 43 transgender men reported an increased in-
cidence of metabolic syndrome after 1 (16.3%) and 2 years (18.6%) 
of testosterone ester therapy every 3 weeks [71]. One prospective 
study on 13 transgender men on testosterone esters every 2 weeks, 

reported diminished peripheral glucose uptake after 4 months [72]. 
The Endocrine Society guideline [18] suggests monitoring weight, 
blood pressure, and lipids at regular intervals. If cardiovascular risk 
factors emerge, they should be managed according to established 
population- based guidelines.

Testosterone therapy is associated with an increase in serum 
haemoglobin (+  4.9– 12.5% range) and haematocrit (+  4.4– 17.6% 
range) levels during the first year of treatment, with the most pro-
nounced increase during the first three months (+2.7% Hct, 95% 
CI 1.94– 3.29). Serum haematocrit levels remain stable after the 
first year of testosterone therapy [32, 38, 67]. As serum haematocrit 
levels can be found in the reference range of the perceived gender 
as from three months after the initiation of gender- affirming hor-
monal treatment, it is advised to consult the reference range for men 
in transgender men after the initiation of testosterone treatment 
[68]. Although theoretically, testosterone therapy increases the risk 
for erythrocytosis, clinically significant erythrocytosis is very rare 
[30, 67, 68]. In a large prospective study by the European Network 
for the Investigation of Gender Incongruence (ENIGI), which in-
cluded 192 transgender men, the maximum measured haematocrit 
level was 54.0% and none of the transgender men experienced a 
thromboembolic event during follow- up. There are no reasons to 
assume that the observed mild increase in serum haematocrit levels 
is associated with an increased thrombotic risk in the short term 
[68]. Transgender men on testosterone undecanoate exhibit lower 
erythrocytosis rates compared to transgender men on testosterone 
esters or gel. Changing the treatment to testosterone undecanoate 
seems a valid option if the hormone prescribing physician and/ or 
the patient are concerned about elevated serum haematocrit levels. 
This may prevent unnecessary interruptions in hormonal treatment 
[68]. The Endocrine Society guideline [18] suggests measuring 
haematocrit or haemoglobin at baseline and every 3 months for the 
first year and then one to two times a year.

Hepatologic Safety

An increase in liver enzymes can be observed during testosterone 
therapy [18], but this is mainly observed in transgender men taking 
oral 17- alkylated testosterone, which is no longer recommended 
[73, 74]. Two prospective studies reported no significant increase 
in liver enzymes in transgender men during gender- affirming hor-
mone therapy [32,  75]. In addition, in the prospective study by 
Wierckx et al., none of the 53 transgender men had liver enzyme 
values exceeding twice the upper limit according to male refer-
ence ranges and only 1.9% of the transgender men had liver en-
zyme values exceeding twice the upper limit according to female 
reference ranges, during one year of follow- up [30]. The Endocrine 
Society guideline [18] states that hepatotoxicity is not anticipated 
in transgender men taking parenteral or transdermal testosterone.

Bone Health

Many studies have assessed bone mineral density (BMD) in trans-
gender men and results have recently been meta- analysed by Singh- 
Ospina et  al. [76]. This meta- analysis revealed a similar BMD 
compared to cisgender females prior to testosterone therapy [76– 79] 
and no decrease in BMD after the initiation of testosterone therapy 
[76, 77, 80]. There are two possible explanations for this: the aroma-
tization of testosterone to oestradiol and the androgen- mediated in-
crease in muscle mass, which stimulates bone formation according 

Box 11.4.1 Suggested guideline for the monitoring 
of testosterone therapy in transgender men

 • Provide adequate follow- up every 3 to 4 months during the 
first year of testosterone therapy and one to two times per year 
thereafter.

 • Monitor for appropriate signs of virilization, serum sex steroid levels, 
and development of adverse reactions.

 • For testosterone esters, the testosterone level should be measured 
midway between injections with a target level of 400– 700 ng/ dl 
(13.9– 24.3 nmol/ L) of total serum testosterone.

 • For testosterone undecanoate, testosterone should be measured just 
before the following injection. If the level is <400 ng/ dl (13.9 nmol/ 
L), increase the dosing interval.

 • For transdermal testosterone, the testosterone level can be meas-
ured at least 2 hours after application. It is not advised to measure 
serum testosterone levels within the first week of testosterone 
therapy.

 • Measure serum haematocrit or haemoglobin at baseline and every 
three to four months during the first year and one to two times per 
year thereafter.

 • Monitor weight, blood pressure, and serum lipid levels at regular 
intervals.

 • Screening for osteoporosis should be conducted in transgender men 
who stop testosterone therapy, are not compliant with hormone 
therapy or who develop risks for bone loss.

 • If cervical tissue is present, monitoring is recommended as in 
cisgender females.

 • Conduct annual breast examinations if mastectomy was performed. 
If mastectomy has not been performed, monitoring is recom-
mended as in cisgender females (by mammography).

Adapted with permission from Hembree WC, Cohen- Kettenis PT, Gooren L, 
Hannema SE, Meyer WJ, Murad MH, et  al. Endocrine treatment of gender- 
dysphoric/ gender- incongruent persons:  An Endocrine Society clinical practice 
guideline. J Clin Endocrinol Metab. 2017; Progestational agents. Copyright © 2017 
Oxford University Press.



11.4 Hormone Therapy in Transgender Men 1673

to the Mechanostat theory [81]. In the study by Van Caenegem et al. 
[82], both muscle mass and strength were positively associated with 
trabecular and cortical parameters and bone size.

There are very limited data on the risk of osteoporotic frac-
tures in transgender men [76]; only one cohort study of 53 trans-
gender women and 53 transgender men reported hard outcomes 
such as fracture results. There were no fractures after 12 months of 
follow- up [30].

After ovariectomy, testosterone therapy becomes crucial to pre-
serve BMD, as it prevents oestrogen- deprivation related bone loss 
in the short (<2  years) [34, 38, 77, 78, 80, 83– 85] and long term 
(>10 years) [82, 86– 88] and can even result in a prospective increase 
in BMD at cortical sites [84]. In addition, testosterone therapy 
also results in an increased cortical thickness [89] compared to 
postmenopausal cisgender women. However, bone loss has been 
described in transgender men who are not compliant with their 
testosterone therapy, who did not receive an adequate dose of tes-
tosterone or who stopped testosterone therapy completely [83, 86]. 
The Endocrine Society guideline [18] suggests screening for osteo-
porosis in those who stop testosterone treatment, are not compliant 
with hormone therapy, or who develop risks for bone loss.

oncology

With more countries abandoning laws requiring gonadectomy for 
legal gender affirmation in transgender people, the number of trans-
gender men who do not wish for hystero- oophorectomy is increasing. 
Both healthcare practitioners and transgender men have expressed 
concern about the impact of long- term testosterone therapy on its 
oncological risk. However, high- quality empirical data assessing 
cancer incidence and mortality among transgender people are lacking 
primarily because of an absence of large- scale prospective studies.

Breast Cancer

It is estimated that, in cisgender women, the incidence of breast car-
cinoma after prophylactic mastectomy is probably less than 2% [90]. 
In the current literature, seven cases of breast cancer in transgender 
men taking testosterone therapy have been reported [91– 94]. In 
addition, Van Renterghem et al. [95] examined mastectomy speci-
mens of 148 transgender men. They did not report invasive cancer, 
but apocrine metaplasia was seen in 23.6%, lactational changes in 
2%, columnar cell changes in 37.2%, sclerosing adenosis in 4.7%, 
fibroadenoma in 4.1%, usual ductal hyperplasia in 27%, flat epi-
thelial atypia in 0.7% and atypical ductal hyperplasia in 3.4%. In 
cisgender women, an increased risk of breast carcinoma has been re-
ported in both pre-  and postmenopausal women with higher serum 
testosterone levels. However, no causal relationship or association 
between testosterone therapy and the incidence of breast carcinoma 
in transgender men has been found and routine histopathological 
examination of mastectomy specimens may assess whether there 
is an increased risk of breast carcinoma in transgender men, com-
pared to cisgender women [95]. Gooren et al. even found a lower 
incidence rate of breast cancer in transgender men, compared to 
cisgender females (5.9 versus 155 per 100 000 person- years) [91]. It 
should also be noted that breast cancer can still occur after mastec-
tomy has been performed, thus adequate screening is still necessary 
postmastectomy [92, 94]. To date, no large studies on breast cancer 
risk have been performed in this population. The Endocrine Society 
[18] recommends conducting sub-  and periareolar annual breast 

examinations if mastectomy has been performed. If mastectomy is 
not performed, then mammography should be considered, as re-
commended by the American Cancer Society.

Cervical Cancer

In cisgender women, the presence of human papilloma virus (HPV) 
increases the risk for cervical cancer [96]. However, it is unsure 
whether serum testosterone is related to cervical cancer in cisgender 
women; in premenopausal women, a positive correlation was found 
between free testosterone and higher risk of invasive cervical car-
cinoma, whereas in postmenopausal women, there was a posi-
tive correlation with total testosterone [97]. Whether testosterone 
therapy is associated with an increased risk for cervical cancer in 
transgender men remains unknown to date. In the literature, only 
two case reports of transgender men diagnosed with cervical cancer 
have been published [98,  99]. Both cases were diagnosed upon 
gender- affirming surgery. If cervical tissue is present, the Endocrine 
Society guideline [18] suggests monitoring as recommended by the 
American College of Obstetricians and Gynecologists [100].

Endometrial and Ovarian Cancer

Observational studies have reported an association between endo-
metrial or ovarian cancer and higher total serum testosterone levels 
in postmenopausal women. The proposed explanation is two-
fold: testosterone can be aromatized into oestradiol, which results in 
lower testosterone levels and an increased in oestrogen levels, which 
may stimulate endometrial and ovarian epithelium proliferation, 
and testosterone can also be converted into dihydrotestosterone 
(DHT) by 5α- reductase. DHT and testosterone can both increase 
endometrial and ovarian epidermal growth. However, as DHT also 
has antiproliferative effects on the endometrial and ovarian cancer 
cells, higher testosterone levels may also lead to a decreased cancer 
risk [97]. In addition, cisgender women with polycystic ovary syn-
drome (PCOS) are at higher risk for endometrial cancer due to 
androgen- mediated endometrial epithelium proliferation [97]. 
Whether testosterone therapy induces PCOS morphology of the 
ovarian cortex in transgender men remains unsure, as results are 
contradictory [101,  102]. In the current literature, only one case 
of endometrial cancer in a transgender man after 7 years of testos-
terone therapy [98] and three cases of ovarian cancer in transgender 
men receiving testosterone therapy have been reported, of which 
two cases were tested for the endometrial epidermal growth factor 
receptor; both were positive [103, 104].

However, in Europe, in the past, many transgender men included 
in published studies underwent hystero- oophorectomy after 12– 
18  months of gender- affirming hormone therapy, which reduces 
the cohort of transgender men at risk for endometrial and ovarian 
cancers and increases the need for large long- term cohort studies 
on cancer risk in transgender men who do not undergo this surgery.

Other Cancers

To date, only eight published papers assessed cancer incidence or 
mortality in transgender men, these articles examined different 
populations (the Netherlands, Belgium, Sweden, and the United 
States) in different time periods (1989– 2016) [24, 28, 65, 91, 
105– 107].

Although large representative prospective studies of transgender 
populations across multiple clinical sites are not available to date, 
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there is evidence that transgender people are more frequently ex-
posed to cancer risk factors such as smoking, obesity and lack of/ 
inadequate cancer screening due to perceived barriers for accessing 
healthcare [97, 108]. These factors result in transgender people less 
frequently accessing healthcare for preventive care, such as cervical 
smears in transgender men [109]. However, to date, the number of 
cancers reported in transgender men is relatively low compared to 
transgender women [105, 106] which may be due to the younger 
age of transgender men in the majority of the published articles. 
However, as long as large- scale epidemiological data on long- term 
cancer risk in transgender people has not been published, it is ad-
vised to adhere to the general screening protocols.

Psychological Monitoring

Depression, suicide attempts and anxiety rates in the trans-
gender sample are high (36– 63%, 32%, and 33– 47%, respectively) 
[110– 113]. Avoidant coping is more frequent in the beginning of 
the gender- affirming process [112], which in turn can increase 
symptoms of depression and anxiety. In addition, social support 
is directly and indirectly related to depression and anxiety [112]. 
Therefore, it is important to enquire about psychosocial well- being 
during each contact and to refer to a psychologist/ psychiatrist if ne-
cessary. If additional risk factors are present, the WPATH Standards 
of Care [19] warn for a possible increased risk of destabilization of 
certain psychiatric disorders (including bipolar, schizoaffective, and 
other disorders that may include manic or psychotic symptoms) in 
transgender men on too high dosage of testosterone. In addition, 
the WPATH Standards of Care also warn for aggression or expan-
sive mood at the beginning of an injection cycle with testosterone 
esters [19]. However, in transgender men who adhere to the pre-
scribed dose of testosterone, a decrease of coexistent psychopath-
ology has been observed upon the initiation of gender- affirming 
hormone therapy [114] and the absence of increase in aggression 
has been observed [115].

other considerations

Fertility Preservation

Hysterectomy and bilateral oophorectomy in transgender men lead 
to an irreversible loss of natural reproductive capacity; therefore, 
it is important for healthcare professionals to discuss reproductive 
options beforehand [116]. As many transgender men desire chil-
dren [117], it is important for healthcare providers to get acquainted 
with the fertility needs of transgender men and to be able to discuss 
reproductive options at each stage of the gender- affirming process 
and the impact of hormonal therapy on fertility. There have been 
case reports of transgender men who became pregnant after stop-
ping testosterone therapy [118] and it is possible to stop testosterone 
therapy in order to preserve germ cells, but most transgender men 
experienced this as emotionally difficult [36]. Therefore, we advise 
freezing of germ cells prior to the initiation of gender- affirming 
therapy if there is a genetically related parental desire. If germ cells 
have been frozen, it may remain possible for transgender men to 
have genetically related children, even after gonadectomy. However, 
the preservation of oocytes, ovarian tissue, or embryos implicates 
extra costs for the retrieval procedure and an annual cost for the 

preservation, financed by the patient. Further details regarding fer-
tility options in trans men are discussed in De Roo et al. [119] and 
Chapter 11.5.
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Introduction

Persons with gender dysphoria inherently possess normal repro-
ductive capacity [1] . Treatment options to facilitate the transition 
and to live in accordance with the identified gender often com-
prises both hormone therapy and/ or surgical interventions [2]. 
Unfortunately, both these options have a negative effect on fertility 
[2, 3]. Healthcare professionals should address the consequences for 
future fertility with their patients before treatments have started.

Although there are only few studies that investigated the desire of 
transgender people to have children, they all conclude that approxi-
mately half of transgender women and half of transgender men 
wish to have children [4– 6].

The relevance of this topic is also reflected in the fact that trans-
gender people with children score significantly better on mental 
health and vitality scores than transgender people without chil-
dren [4] . In transgender women, parenting was even identified as 
a suicide protective factor [7]. Apart from an apparent child wish, a 
small majority of transgender men and transgender women would 
actually have cryopreserved their gametes, or would have seriously 
considered doing it, if the technique would have been available [4]. 
Especially lesbian and bisexual transgender women were interested 
in using their own cryopreserved sperm to fulfil a future child wish 
[4]. Regardless of their personal desire, the majority of transgender 
people clearly expressed the opinion that fertility preservation tech-
niques should be discussed and offered [6].

On the contrary and quite striking is the fact that some of the 
transgender patients are willing to completely sacrifice their fertility, 
since fertility preservation was considered not important enough to 
postpone their transition process [6]  as most of transgender people 
are in favour of a fast transition [5]. Also cost, physical discomfort 
and the invasiveness of the procedures were identified as burdens 
for fertility preservations [8,  9]. However, decisional regret and 
quality of life following declining fertility preservation needs to be 
further explored [8].

The World Professional Association for Transgender Health 
(WPATH) Standards of Care recommend in their seventh version 
to discuss fertility options with patients prior to any treatment or 
medical intervention, especially before gender- affirming surgery 
[2] . The impact of each treatment on fertility as well as a possible 
fertility preservation option to maintain the possibility of having fu-
ture genetically related children, should be addressed.

the effect of Gender- Affirming therapy 
on Fertility

Gender- Affirming Surgery

Gender- affirming surgery with penectomy and orchidectomy or 
hysterectomy with bilateral oophorectomy leads to irreversible ster-
ility [4, 10].

Pubertal Suppression

Gonadotropin releasing agonists (GnRH- a) preventing develop-
ment of secondary sexual characteristics, inhibit germ cell matur-
ation [11]. However, discontinuation results in normal pubertal 
progression [1, 12]. Hagen et al. (2012) showed that GnRH- a admin-
istration in girls with precocious puberty resulted in a significant 
decline of anti- Müllerian hormone (AMH— a marker for ovarian 
follicle reserve) after 3 months with recovery to pretreatment AMH 
serum levels 6 months after interruption of the treatment [11].

Hormone treatment therapy in transgender Women

Clinically, prolonged oestrogen treatment results in reduction of 
the testicular volume [13]. Additionally, oestrogens have a sup-
pressive effect on sperm motility and density in a (cumulative) 
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dose- dependent manner [13]. Hamada et  al. (2014) clearly dem-
onstrated a poor semen quality in transgender women fol-
lowing feminizing therapy. Their results show a high incidence 
of oligozoosperma, asthenozoospermia, and teratozoospermia 
[7,  14]. If semen samples of such poor quality are used, assisted 
reproduction techniques, such as in vitro fertilization (IVF) or 
intracytoplasmic sperm injection (ICSI) are needed [15].

Payer et al. (1979) described the histological effects on Leydig cells 
of treatment with oestrogens alone or with medroxyprogesterone 
acetate [13]. Three morphologies were distinguished: Leydig cells 
very similar to untreated Leydig cells (type 1); the absence of Leydig 
cells in presence of cells with increased microfilaments and abun-
dant smooth endoplasmic reticulum and lipid drops (type 2); 
and complete absence of any cell type but with varying amounts 
of microfilaments and pigmentation (type 3)  [13]. The persisting 
spermatogonia showed the typical features of the so- called pale 
type- A spermatogonia [16]. Because of the low mitotic rate of these 
cells, the pale type- A spermatogonia survive disturbances of the 
endocrine balance, as well as other noxious stimuli such as radio-  
and chemotherapy [16]. Therefore, these cells are regarded as the 
stem cells of the human testis [16].

These histological findings explain why feminizing hormonal 
therapy induces hypospermatogenesis, ultimately leading to azoo-
spermia [10]. This impact is— to a certain extent— heterogenous 
possibly due to different types of cross- sex hormone therapy [17] 
and reversible upon cessation of oestrogen therapy based on the 
presence of the spermatogonial stem cells [16]. Thresholds for hor-
mone treatment in transgender women to avoid permanent repro-
ductive impairment have not been established [1] .

Androgen therapy in transgender Men

Masculinizing hormonal therapy will in most cases lead to a re-
versible amenorrhea but ovarian follicles are not depleted from the 
tissue [18, 19]. Increased androgen levels may however adversely af-
fect follicle growth, mostly affecting the more matured follicle stages 
as these follicles are surrounded by an androgen- sensitive theca cell 
layer [19– 21]. Apparently, primordial follicles in cryopreserved and 
xenotransplanted ovarian cortical tissue do not lose their potential 
to resume growth and maturation [22].

An ongoing debate is still ongoing whether or not masculin-
izing therapy induces polycystic ovarian syndrome (PCOS) [20, 
21, 23]. Descriptive histology by Pache et al. (1991) showed some 
evidence for altered morphology induced by testosterone treatment 
comprising of enlarged ovaries, collagenized ovarian cortex, theca 
interna hyperplasia, and stromal hyperplasia [20, 24]. The idea that 
androgens induce high AMH levels, which is a particular feature of 
PCOS, is however questionable [25]. Moreover, a (3D) transvaginal 
ultrasound study in trans men treated with long- term testosterone 
therapy showed no increased polycystic ovarian morphology [26].

One must realize that hormonal interventions do not exclude 
possible pregnancy in transgender men [27, 28]. This implies that 
exogenous testosterone is not an adequate mean of birth control. 
Testosterone has teratogenic effects on the fetus, therefore trans-
gender men must avoid pregnancy while on testosterone therapy. 
In the absence of surgery, contraception should be discussed. Data 
on the choice of the correct contraceptive are currently lacking. 
Progesterone- only pills, a (progesterone- releasing) intrauterine 

device or barrier methods of birth control in order to avoid the use 
of oestrogen treatment are suggested [29].

the current Fertility Preservation options 
for transgender Men

Current fertility preservation options include cryopreservation of 
embryos, oocytes, or ovarian tissue. The theoretical options are pre-
sented in Table 11.5.1, including a short description of every tech-
nique, considerations in favour of and against the technique and the 
potential use in case of a (future) male or a female partner. These 
options are based on the known fertility preservation options for 
patients undergoing gonadotoxic treatment [30] transposed to the 
specific needs of transgender patients. It is preferable to bank gam-
etes before using hormones. For transgender men and transgender 
women already using hormones, an interruption of hormone treat-
ment is recommended at least 3 months to restore possible therapy- 
induced effects.

embryo cryopreservation

The embryo cryopreservation technique consists of a hormonal 
stimulation and oocyte aspiration for IVF/ ICSI techniques to create 
embryos that are subsequently cryopreserved for future embryo 
transfer [15,  31]. This is an appropriate option for post- pubertal 
transgender men with a male partner and offers the possibility 
of a genetically related child. However, if desired, a sperm donor 
can also be used to create embryos [31]. This fertility preservation 
method requires a controlled ovarian stimulation and thus female 
hormone exposure [31]. Additionally, frequent vaginal ultrasound 
monitoring is needed during the ovarian stimulation phase and a 
transvaginal surgical procedure is performed for oocyte aspiration 
[10, 31]. This can be a physical and psychological burden for many 
transgender men, hereby limiting their future reproductive options 
[4] . Although technically possible, genital exams in transgender 
men may need to be postponed until a well trusted doctor- patient 
relationship is established [32].

Nowadays embryo freezing is a routine procedure in the field 
of assisted reproduction. In case of an embryo transfer, a recipient 
uterus (surrogacy mother) is required, especially when the uterus 
has been removed in the transgender man [10,  15]. In case of a 
female partner, partner donation— where an oocyte of the trans-
gender man is inseminated with donor sperm and subsequently 
transferred to the female partner— is a possibility.

oocyte cryopreservation

Oocyte cryopreservation includes hormonal stimulation and oo-
cyte retrieval for oocyte vitrification [31]. Therefore, the same 
considerations as for controlled ovarian stimulation for embryo 
cryopreservation have to be taken into account. Cryopreservation 
of oocytes does not require fertilization before cryopreservation. 
Therefore, there is no need for a partner or for the use of donor 
sperm at the moment of the fertility preservation procedure. Again 
it is an established technique and future use of the cryopreserved 
oocytes requires the use of partner sperm or donor sperm and a 
recipient uterus which can be the female partner or a surrogate if a 
male partner is present [10].
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ovarian tissue cryopreservation

Ovarian tissue cryopreservation is the resection and cryopreserva-
tion of the ovary [31]. The technique requires a surgical procedure 
but does not include an ovarian stimulation. Since hormonal 
therapy does not deplete the ovary, resection of the tissue can be 
performed at the time of gender- affirming surgery [18]. At the mo-
ment, it is a promising but experimental procedure [31].

Future use of the frozen tissue can be either transplantation 
of thawed tissue or in vitro maturation of primordial follicles. 
Transplantation of ovarian cortical strips can however include un-
wanted side effects by restoring female hormone activity. It makes 
natural conception theoretically possible in case the uterus was not 
removed or if this transplanted ovarian tissue is stimulated in order 
to obtain mature oocytes for IVF/ ICSI techniques. In vitro matur-
ation of primordial follicles (the abundant follicle stage in ovarian 
cortex) would prevent the recovery of female hormone activity after 
transplantation, but in vitro maturation starting from these imma-
ture follicles is not yet possible [4, 15, 33]. Like oocyte cryopreser-
vation, once a mature oocyte is obtained, the use of partner sperm 
or donor sperm and a recipient uterus upon thawing of the oocytes 
for future use (female partner or surrogate mother) enables fertility 
treatment.

the current Fertility Preservation options 
for transgender Women

The fertility preservation options for transgender women include 
cryopreservation of sperm collected through ejaculation or direct 
testicular extraction and cryopreservation of immature testicular 
tissue. An overview is provided in Table 11.5.2.

Sperm cryopreservation

The cryopreservation of ejaculated sperm (through masturbation 
or vibratory stimulation) is the simplest and most reliable method 
of male fertility preservation [31]. Transgender women may find 

it difficult to masturbate in order to produce a semen sample for 
preservation. Even the fact that they have semen samples stored 
would remind them of their male past and would therefore not 
make them feel as a complete woman [5,  6]. Depending on the 
sperm quality, the cryopreserved spermatozoa can be used for 
future intrauterine insemination or to perform IVF/ ICSI in case 
of a female partner [10]. The need for IVF/ ICSI however creates 
the necessity to start controlled ovarian stimulation in the female 
partner, followed by oocyte aspiration. The obtained embryo can 
subsequently be transferred in the partner’s uterus. In case of a 
male partner, a donor oocyte and a surrogate mother are both 
necessary.

Surgical Sperm extraction

In case of surgical sperm extraction, a percutaneous aspiration of 
sperm from the testis of epididymis is performed [31]. Again, this 
is an established method in daily IVF practice. Although a solution 
for the transgender women for whom masturbation is a burden, one 
must not forget that this is a surgical procedure [31]. The obtained 
spermatozoa can be used for future IVF or ICSI procedures in case 
of a female partner. In case of a male partner, an oocyte donor and 
surrogate mother again are both necessary in order to fulfil their 
child wish [15].

testicular tissue cryopreservation

For cryopreservation of immature testicular sperm, a surgical bi-
opsy of testicular tissue from prepubertal or postpubertal trans-
gender women is performed [31]. This option overcomes the need 
of masturbation and is possible in prepubertal boys [31]. It is a sur-
gical procedure that can be combined with the sex reassignment 
surgery. In contrast with the other two options, this is an experi-
mental method. For future use, an in vitro maturation procedure 
or retransplantation is necessary, followed by assisted reproduc-
tion techniques. Retransplantation can however restore the male 
endocrine environment, which clearly is an undesired effect for 
transgender women.

table 11.5.1 Fertility preservation options in transgender men

Technique Description Considerations Future use

Embryo 
cryopreservation

Controlled ovarian 
stimulation for oocyte 
retrieval and fertilization 
to obtain embryo’s for 
cryopreservation

•  Established method
•  Controlled ovarian stimulation
•  Vaginal procedure
•  Postpubertal
•  Partner or donor sperm

Male partner
Use of partner’s sperm prior to cryopreservation, need 
of a surrogate mother
Female partner
Fertilization by donor sperm prior to cryopreservation, 
implantation into the partner’s uterus

Oocyte cryopreservation Controlled ovarian 
stimulation to 
obtain oocytes for 
cryopreservation

•  Established method
•  Controlled ovarian stimulation
•  Vaginal ultrasounds
•  Postpubertal
•  No partner required

Male partner
Use of partner’s sperm, need of a recipient uterus (7)
Female partner
Fertilization by donor sperm, implantation into the 
partner’s uterus

Ovarian tissue 
cryopreservation

Surgical excision of ovarian 
tissue for cryopreservation

•  Experimental
•  Prepubertal or postpubertal
•  No controlled ovarian stimulation
•  Possible at moment of transitioning surgery
•  No partner required

Male partner
In vitro maturation and use of partner’s sperm, need of a 
recipient uterus (7)
Female partner
In vitro maturation, fertilization by donor sperm, 
implantation into the partner’s uterus

Reproduced with permission from De Roo C, Tilleman K, T’Sjoen G, De Sutter P. Fertility options in transgender people. International Review of Psychiatry. Int Rev Psychiatry. 2016 
Feb;28(1):112– 19.
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Future Fertility Preservation options 
for transgender Patients

Current research focuses on optimizing the in vitro maturation of 
immature oocytes and spermatogonial stem cells. An optimized 
culture model would allow to use the currently banked ovarian or 
testicular tissue without the need of transplantation. This would 
solve the unwanted side effect of endocrine restoration by the trans-
planted tissue.

For trans men, the in vitro maturation of obtained cumulus- 
enclosed oocytes collected during ovarian tissue processing is very 
promising. These oocytes originate most probably from antral fol-
licles punctured through manipulation of the tissue during the 
cryopreservation procedure. In combination with freezing of the 
ovarian cortex, cryopreservation of in vitro matured oocytes might 
further broaden the reproductive perspectives for trans men.

Apart from a testicular biopsy in trans women, to obtain sperm-
atogonial stem cells, research to obtain artificial gametes through 
stem cells is ongoing [15, 34]. This possibility would be a true revo-
lution for those patients who have not stored their own gametes and 
currently need oocyte or sperm donation to fulfil their future child 
wish [3] .

transgender Gestation

In cases where transgender men retain their ovaries and uterus, 
they may regain fertility after discontinuing androgen therapy. It is 
a fact that transgender men are becoming pregnant and are having 
babies, regardless of prior testosterone use [28]. This also empha-
sizes the need for specialized obstetric care, addressing the specific 
needs of pregnant transgender men. This care includes a gender- 
neutral environment and specific attention for increasing gender 
dysphoria during and after pregnancy. Clinical concerns should 
also be addressed, such as interruption of testosterone therapy 
when trying to conceive and postpartum considerations including 
options for chest (breast) feeding or how and when to reinitiate 
testosterone [35].

In transgender women, being pregnant and giving birth is still 
impossible. The Swedish research unit of Brännström and his col-
leagues conducted a series of uterus transplants and reported a first 
live birth in 2014 [36]. This opens the possibility for assisted ges-
tation for transgender women [37]. However, there are important 
medical concerns regarding uterus transplantations if introduced to 
transgender people [3, 7]. A difficult surgical procedure would be 
needed in order to change the anatomy of the male pelvis with the 
intention to perform a successful uterus transplantation. Moreover, 
immunosuppressive therapy would be necessary and is possibly 
contraindicated during a pregnancy [3] , but that in se would not 
be any different from a uterus transplantation in a cisgender female 
patient.

trans Parenting and children

The above- mentioned options clearly show the opportunities (and 
limits) for transgender patients with a present or future child wish. 
All these possibilities, however, are strictly regulated by national le-
gislations. Apart from legislation, some healthcare professionals still 
need to be convinced about the necessity and the ethical accept-
ability to preserve fertility in this patient group [10]. The underlying 
question is whether trans parenting has a negative influence on the 
gender identity and the sexual orientation of the child [38, 39]. Few 
studies have addressed this question and conclusive evidence is 
scarce. Although the results from these studies are reassuring, long- 
term follow- up studies are undoubtedly needed. None of the studies 
published so far showed that children suffer to such an extent that 
would warrant a prohibition of trans parenting [40]. A transgender 
identity as a reason to interrupt contact between the transgender 
parent and his or her children, as is the case in some countries, is 
documented to be harmful for the children [38, 41]. It is shown that 
a child having a transgender parent may experience more transient 
and mild harassment than those who do not [38, 41].

Children who were younger at the time of their parent’s transi-
tioning, showed to adapt better and maintained healthier relation-
ships with both the transitioning and the non- transitioning parent 

table 11.5.2 Fertility preservation options in transgender women

Technique Description Considerations Future use

Sperm cryopreservation Cryopreservation of 
ejaculated sperm through 
masturbation or vibratory 
stimulation

•  Established technique
•  Masturbation
•  Postpubertal

Male partner
Need of a donor oocyte and surrogate mother
Female partner
Intrauterine insemination or IVF/ ICSI depending on sperm quality 
followed by embryo transfer in partner

Surgical sperm extraction Percutaneous aspiration 
of sperm from testis or 
epididymis

•  Established technique
•  No masturbation
•  Surgical procedure
•  Postpubertal

Male partner
Need of a donor oocyte and surrogate mother
Female partner
IVF/ ICSI treatment followed by embryo transfer in partner

Immature testicular tissue 
cryopreservation

Surgical biopsy to of 
testicular tissue

•  Experimental
•  Prepubertal or postpubertal
•  Possible at moment of sex 

reassignment surgery

Male partner
In vitro maturation and need of a donor oocyte and 
surrogate mother
Female partner
In vitro maturation and IVF/ ICSI followed by embryo transfer in 
partner

Reproduced with permission from De Roo C, Tilleman K, T’Sjoen G, De Sutter P. Fertility options in transgender people. International Review of Psychiatry. Int Rev Psychiatry. 2016 
Feb;28(1):112– 19.
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in the study of White and Ettner (2007). A less conflicted relation-
ship between child and parents is also predicted by a positive rela-
tionship between the two parents [39, 42]. In case of transitioning 
of the transgender parent before the birth of a child, it is important 
to disclose the transgender identity of the parent early in childhood, 
rather than later in the life of the child. The possibility that certain 
specific circumstances concerning the birth of the child are dis-
closed by someone else than the parents should be avoided at all- 
time as this can be traumatic for the child [43].

conclusion

Fertility and fertility preservation are important topics to discuss 
before planning any treatment to facilitate a transgender person to 
live according to the gender they identify themselves with. A pa-
tient should be clearly informed upon diagnosis, before starting 
hormonal treatment or gender- affirming surgery. The first informa-
tion on fertility preservation should be given by healthcare profes-
sionals within the transgender care unit. Next, the patient should be 
referred to a specialized fertility centre to discuss in more detail his 
or her options.

The current available options for fertility preservation are very 
promising. One must however realize that the banking of gametes 
cannot guarantee future treatment. Upon an apparent child wish 
post- transitioning, a couple should undergo the screening pro-
cedure according to the protocol of the centres for assisted repro-
duction. Furthermore, not all theoretical reproductive options are 
possible and not all forms of medically assisted reproduction are 
available in certain countries. Additionally, medically assisted re-
production, although considered to be safe, is not without health 
risks and they are often expensive.

The use of the cryopreserved gametes will therefore depend on 
their quality, success rate of the technique and choice of partner, 
apart from the centre’s policy and national legislation. Fertility 
in transgender patients also raises the need for appropriate and 
adapted care before conception, during pregnancy, and after 
giving birth.

Transgender individuals should be counselled on reproductive 
issues by professionals prior to initiating treatment in order to have 
a clear overview of the effects of treatment, the preservation pos-
sibilities, and what to expect from it. Transgender people should 
be referred to specialized centres for assisted reproduction to discuss 
possibilities. Even if a patient does not always have a clear view 
on his or her future child wish, it is very important that the pa-
tients have access to clear and detailed information so that a well- 
informed choice can be made.
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Introduction— What is Stress?

In the face of a real or perceived threat, organisms mount coordin-
ated and specific hormonal, autonomic, immune, and behavioural 
responses that allow escape or adaptation [1– 3]. Responses that are 
either inadequate or excessive in terms of specificity, intensity or 
duration may result in a range of psychological or physical patholo-
gies [2– 5]. This concept of ‘threat’ and the subsequent ‘response’ is 
what we typically understand as ‘stress’; however, as this construct 
is so broad and difficult to define [2]  ‘stress’ can be very difficult to 
investigate or study objectively [6].

The concept of homeostasis emerged in the early twentieth cen-
tury [4]  as the ideal steady state for all physiological processes. Stress 
may be considered the state where this ideal is threatened. More 
easily appreciated however are those factors, both intrinsic and ex-
trinsic, that challenge homeostasis (termed stressors) and the com-
plex physiologic, hormonal, and behavioural actions that restore 
balance, the stress response [1]. The importance of endocrine sys-
tems in the stress response was emphasized by the pioneering work 
of Hans Selye and others [7] who described the need for multiple, 
integrated systems responding in a coordinated fashion following 
stressor exposure. It was noted that exposure to noxious stimuli 

caused non- specific activation of the hypothalamic– pituitary– 
adrenal (HPA) and sympathoadrenomedullary (SAM) axes. 
Continued exposure resulted in lasting and damaging effects on 
various endocrine, immune, and other systems although recovery 
was possible provided the stress was terminated [8]. Other poten-
tial stressors exist including exertion, physical extremes, trauma, 
injury, and psychological stress. Psychological stressors are some of 
the most potent stimuli of the endocrine stress response particularly 
when they involve elements of novelty, uncertainty, and unpredict-
ability. The anticipation of a potentially stressful event may be as 
potent an activator of the stress response as the event itself [8].

Anatomy and Physiology of the Endocrine 
Response to Stress

The HPA and SAM axes are the principal endocrine effector arms 
of the stress response (Figure 12.1.1.1). However, several other hor-
mone axes and neurotransmitter systems are either directly stress- 
responsive themselves, or act to modulate these systems.

The HPA Axis

Corticotropin- releasing hormone (CRH) promotes synthesis and 
release of anterior pituitary adrenocorticotropin (ACTH) [9] . 
Hypophysiotropic CRH neurons project from the paraventricular 
hypothalamic nucleus (PVN) to the median eminence. CRH is also 
widely distributed throughout the central nervous system (CNS) 
where it has important effects on behaviour and cognitive pro-
cessing. Within the brainstem, interactions with sympathetic and 
parasympathetic centres influence autonomic functioning while 
within limbic and para- limbic regions, such as the amygdala, CRH 
influences the expression of mood and anxiety- type behaviours [10]. 
Arginine vasopressin (AVP), synthesized in parvocellular cells of 
the PVN, acts synergistically with CRH to stimulate the release of 
ACTH [10].

ACTH acts directly on the adrenal cortex to promote release of 
glucocorticoids into the circulation [1, 3, 10]. Glucocorticoids, in 
general, have two fundamental roles in the stress response. First, 
during stress free periods, basal levels prepare the organism for fu-
ture stress exposure. The circadian rise occurs prior to the onset 
of daily activity and thus in humans starts around 3:00 a.m. This 
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anticipatory activity results in energy storage and conservation by 
promoting glucose and fat uptake, opposing energy utilization, and 
thus prepares the organism for the activities of the next waking day. 
Glucocorticoids also prime the immune system for future activation 
and promote memory formation of previous stressors so that repeat 
exposure to the same or similar stressor results in a rapid and effi-
cient response [11].

The second role of the HPA response is to modulate events at 
the time of stress exposure itself. Initially glucocorticoids enhance 
the cardiovascular effects of catecholamines and AVP, promote en-
ergy provision and utilization, influence and enhance appropriate 
stress- related behaviours, and stimulate certain aspects of the im-
mune response [11]. However, and very importantly, once the 
stress response has been initiated some of the principal actions of 
glucocorticoids are to suppress and restrain the activity of these sys-
tems, in particular the SAM and immune responses. In doing so, 
glucocorticoids help regulate a stress response that is appropriate 
in terms of intensity and duration, ensuring responses are ‘switched 
off ’ when the stress has been successfully dealt with [2, 11].

Glucocorticoid secretion is controlled by a complex feedback 
system that involves direct inhibitory action on the hypothalamus 

and anterior pituitary, reducing releasing hormone (CRH and 
ACTH) production and consequently limiting glucocorticoid re-
lease into the circulation. A further level of feedback occurs at the 
hippocampus, a site that is also important in memory formation. 
A  subset of hippocampal neurons project to the hypothalamus 
where they release the neurotransmitter γ- aminobenzoic acid 
(GABA), inhibiting CRH release, thus contributing to negative 
feedback effect on cortisol secretion [1] .

In the brain, the glucocorticoid receptor (GR) and the mineralo-
corticoid receptor (MR) are both involved in the feedback system. 
GRs are found throughout the brain but are most abundant in 
hypothalamic CRH neurons and pituitary corticotrophs, while MR 
expression is highest in the hippocampus. GR is occupied during 
periods of intermediate to high glucocorticoid secretion (e.g. during 
the circadian peak and following stress) while the high affinity MR 
is extensively bound even during periods of basal secretion [12]. 
Therefore, MR is thought to regulate tonic neurocognitive HPA ac-
tivity while GR (in coordination with MR) mediates the response 
to stress.

Three time domains of corticosteroid feedback have been de-
scribed [13]. Fast, rate sensitive feedback occurs within seconds 
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to minutes, during the period of increasing plasma corticosteroid 
concentrations, and probably controls the rate and magnitude of 
ACTH and corticosteroid response to stimuli. This is likely me-
diated by membrane associated MRs via rapid, non- genomic 
mechanisms [14]. Disruption of fast feedback has been demon-
strated in ageing humans and in depressed patients, and thus may 
have a role in the maintenance of homeostasis [14]. Intermediate 
feedback (2– 10 hr) limits the response of the system to repeated 
stimulation within a relatively short period of time, while slow 
feedback (over hours to days) may have the same role during pro-
longed stress [13].

circadian and Ultradian Rhythms of HPA Activity

ACTH and cortisol fluctuate in their secretory activity. The classic 
circadian (24- h) rhythm describes the pattern of HPA activity 
with plasma hormone concentrations falling to nadir around mid-
night, before rising in the early hours of the morning, reaching 
a peak soon after waking. Concentrations gradually fall again 
throughout the day toward the nadir. However, the circadian 
rhythm is subserved by an underlying ultradian (less than 24- h) 
rhythm of secretory pulses which can only be detected by frequent 
blood sampling.

Mathematical modelling shows the episodic secretion of ACTH 
and cortisol is an inherent feature of the pituitary– adrenal axis [15]. 
Modulation of the amplitude of both ACTH and cortisol secretory 
pulses gives rise to their respective nyctohemeral rhythms [16]. 
Under physiological conditions ACTH secretion is characterized by 
episodic pulses of activity separated by intervals of low basal (non- 
pulsatile) secretion.

Cortisol is synthesized and secreted from zona fasciculata cells 
of the adrenal cortex in response to ACTH stimulation. There is a 
high temporal concordance between ACTH and cortisol secretion 
peaks, with the latter lagging those of ACTH by 10 min [16– 18] 
(Figure 12.1.1.2). Secretory bursts of both hormones are episodic 
in that they are independent events produced randomly over time 
[16,  19]. Sexual diergism in ACTH pulsatility has been demon-
strated with males showing greater pulse frequency (18 vs. 10 per 
24- h), mean peak amplitude and area under the 24- h profile [20]. 
Cortisol secretory bursts occur more frequently in the early hours 
of the morning (shortly before waking) and least frequently during 
late afternoon [19].

The pulsatile, ultradian rhythms of the HPA axis arise as a 
consequence of dynamic feedback and feedforward loops and 
the interactions of glucocorticoids at the molecular level [21]. 
Corticosteroid pulsatility is important in that it provides an op-
timally sensitive HPA axis equilibrium with scope for digital, in 
addition to analogue, signal for tissue GRs [22]. Hippocampal 
GR and MR receptors translocate rapidly from the cytoplasm to 
the nucleus and bind DNA in response to a corticosteroid pulse 
[23]. Within a 1- hour interpulse interval, GR dissociates rapidly 
from DNA and disappears from the nucleus, in contrast MR re-
mains bound to DNA. Therefore, changes in pulse frequency 
will have differential effects on MR and GR binding to DNA. 
Given the variety of cellular transcription factors and molecular 
chaperones there is scope for multiple cell specific responses to 
different digital signals [21].

The Sympathoneural and Sympathoadreno
medullary Axis

The hallmark sympathetic ‘fight or flight’ response is characterized 
by global activation of the SAM system. Typical features include ac-
celerated heart rate, increased blood pressure, and rapid breathing. 
Fear, vigilance, sensory arousal, and motor activation often occur 
with trembling, goose bumps, and piloerection.

The sympathetic nervous system originates from nuclei in the 
lower brainstem that use noradrenaline as their principal neuro-
transmitter (Figure 12.1.1.1). Noradrenergic nuclei, centred on the 
locus coeruleus (LC), project downward to the intermediolateral 
columns of the spinal cord. Cell bodies send preganglionic fibres 
to the paraspinal ganglia chain from where postganglionic fibres 
give rise to sympathetic nerves that supply the heart, blood ves-
sels, lungs, gut, kidneys, and other organs. These nerves princi-
pally release noradrenaline from terminals close to their site of 
action. Other preganglionic fibres innervate the adrenal medulla, 
regulating release of adrenaline into the general circulation.

Catecholamines, the effector hormones of the system, act through 
specific cell surface receptors whose wide distribution account 
for their rapid effect on multiple physiological processes [1,  3]. 
Catecholamine surges promote glucose release, immune activation, 
and increased blood flow to essential organs while inhibiting non- 
essential activities like digestion. Together this produces a ‘state of 
emergency’ which can rapidly attend to sudden changes in physio-
logical balance [3] . The SAM response has the ability to trigger 
purely in anticipation of a stressful event and interact with other 
stress- responsive systems [3]. Interaction may occur either through 
neural connections or as a consequence of increased blood flow that 
allows rapid transport of other messengers (such as hormones and 
cytokines) to their respective sites of action [3].

Acute Stress

The stress response system has evolved as both an early warning 
system capable of recognizing potential or existing threats, and as 
a response system that can initiate and drive the necessary pro-
cesses required to escape or confront the threat. The response is 
dynamic, beginning rapidly with brain and behavioural activation, 
followed quickly by physiological activation. Positive- feedback and 
feedforward loops enhance and reinforce these processes as well as 
recruiting other effector arms of the stress response. Slower acting 
hormone systems moderate the response by effectively providing a 
brake and ensuring the stress response is appropriate in both inten-
sity and duration [11, 24].

Changes in the environment that represent either real or poten-
tial threats are recognized by parts of the brain responsible for re-
ceiving, integrating, interpreting, and then relaying information on 
to areas responsible for coordinating the necessary response. Brain 
activation occurs within milliseconds and proceeds over seconds to 
minutes as the response continues to unfold. Stereotypical orienting 
behaviour gradually gives way to more goal- directed behaviour that 
is specific to the stressor being faced and the environment in which 
it is occurring [24].



SEcTIon 12 Endocrine Responses to Systemic Diseases or Substance Misuse1690

Activation of the autonomic nervous system occurs within sec-
onds and is enhanced by withdrawal of parasympathetic activity. 
Within minutes of the onset of this cascade of events, the appear-
ance of ACTH signals recruitment of the HPA axis into the process 
[1, 10]. Cortisol levels begin to rise within 2– 5 min [25], and levels 
peak about 15– 20 minutes after the onset of the stress [26] (Figure 
12.1.1.3). Early actions of the HPA system provide additional en-
ergy resources, while slower gene- related effects over minutes to 
hours restrain ongoing actions of the stress response which, if left 
unchecked, may prove to be unsustainable [27].

chronic Stress and the Brain

There is a marked change in the hypothalamic response to chronic 
stress with a greater role for AVP [28]. In addition to colocalization 
of AVP and CRH in neurosecretory axon terminals [29] there 
are increases in hypothalamic AVP synthesis, proportion of 
CRH neurons coexpressing AVP, and in the ratio of AVP to CRH 
immunoreactivity in neurosecretory vesicles. AVP stimulated 
ACTH secretion is less sensitive to glucocorticoid feedback than is 
CRH [30]. Pituitary changes with chronic stress paradigms include 
a reduction in CRH receptor numbers and sustained elevations in 
V1b (AVP) receptor mRNA [29]. It appears in some chronic stress 
paradigms that CRH has a permissive role whereas AVP is the dy-
namic mediator of ACTH secretion.

It is important for survival that the HPA axis responds ad-
equately during chronic stress. Rodent stress models reveal three 
basic patterns of response, depending on the type of stress [31]: (1) 
desensitization of ACTH responses to sustained stimulus, but 
hyper- responsiveness to a novel stress despite elevated plasma 
glucocorticoid levels; (2)  corticotroph hyper- responsiveness to a 
novel stimulus, with no desensitization to the primary repeated 
stress; (3) small and transient increases in basal ACTH, followed by 
marked hyporesponsiveness to novel stimuli. The level of response 
is determined by the differential regulation of CRH and AVP. The 
increase in AVP during chronic stress (where glucocorticoid nega-
tive feedback downregulates CRH and ACTH responses) appears 
to be an important mediator of ACTH release upon new demand.

In the presence of increased plasma glucocorticoid levels during 
chronic stress, decreased sensitivity of glucocorticoid feedback is 
critical for the maintenance of ACTH responses. It appears that the 
increase in number of pituitary V1b receptors is the main deter-
mining factor for the responsiveness of the corticotroph during 
adaptation to chronic stress [31].

Involvement of the limbic system in HPA axis regulation is com-
plex (Figure 12.1.1.1). The role of limbic structures is both region-  
and stimulus- specific; they all express both GR and MR and they 
all exert their effects via subcortical intermediaries [32]. Typically, 
the hippocampus and anterior cingulate/ prelimbic cortex inhibit 
stress- induced HPA axis activation, whereas the amygdala and pos-
sibly the infralimbic cortex may enhance glucocorticoid secretion 
[32]. Furthermore, the HPA axis is also subject to glucocorticoid- 
independent inhibition from neuronal sources. For example, the 
PVN is richly innervated by GABAergic neurons from the bed 
nucleus of the stria terminalis, medial preoptic area, dorsomedial 
hypothalamus, and lateral hypothalamic area. However, the degree 

to which these GABAergic inhibitory circuits respond to neural vs. 
glucocorticoid inhibition has not been fully elucidated [32].

The concept of a central stress response network [25] re-
cruited by glucocorticoids in chronic stress defines a critical role 
for extrahypothalamic CRH neuronal cell groups, in particular the 
amygdala. Elevated glucocorticoid concentrations acting in a feed-
forward manner at the amygdala increase CRH expression and 
secretion, which is tightly coupled to hypersensitivity of the HPA 
axis to stressors. CRH acts on receptors in structures throughout 
the brain, especially monoaminergic cell groups that widely in-
nervate the forebrain, resulting in behavioural changes (e.g. more 
cautious, more ready to be diverted from tasks at hand, adopt al-
ternative strategies, enjoy rewards and remember fearful situations) 
that make the organism chronically exposed to stress more capable 
of adapting to the stressful conditions (Figure 12.1.1.1).

Reciprocal neural connections exist between CRH and the LC/ 
noradrenergic neurons of the central stress system, with each one 
stimulating the other [4]  (Figure 12.1.1.1). Chronic stress increases 
CRH content in the LC. Thus, CRH may induce mechanisms that 
result in HPA axis facilitation via increased catecholaminergic input 
to CRH cells, increasing the capacity for CRH response to acute 
stress during periods of chronic stress when the corticosteroid feed-
back signal is high [30].

clinical Manifestations of chronic Stress

Throughout the history of medicine, reference has been made to the 
influence of stress, particularly in the form of negative emotions and 
psychological distress, on physical health [6] . Relevant examples in-
clude psychiatric conditions (depression and post- traumatic stress 
disorder) [1], coronary heart disease (CHD), immune- mediated 
conditions including asthma, chronic diseases such as osteoporosis, 
diabetes, and dementia, as well as premature death [1, 6]. Why some 
individuals manifest stress as psychiatric illness when others are ei-
ther more prone to physical disease or even resistant to the effects of 
stress exposure is not well understood.

There is a protective role for the stress response in the short term 
[2] . The associated learning and adaptation (a process that requires 
plasticity of brain responses) that follows stress exposure is critical 
to the longer- term health and survival of the individual. However, 
when these responses occur in excess of the body’s requirements 
or continue for longer than necessary, damaging effects occur [2].

Psychosocial Stress

There is an association between socioeconomic status (SES) and 
health at every level of the SES hierarchy [33]. The Whitehall study 
of CHD mortality [34] found employment grade was a stronger 
predictor of subsequent risk of CHD death than any other major 
coronary risk factor. Depression and depressive symptoms are both 
inversely related to SES status and depression is linked to health 
outcomes, particularly CHD [33]. There are two mechanisms by 
which higher placement in the SES hierarchy can reduce stress and 
its somatic consequences: (1) by diminishing the likelihood that in-
dividuals will experience negative events; (2) through greater social 
and psychological resources to cope with stressful life events, there-
fore being less susceptible to the subjective experience of stress [33].
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Mood Disorders

Melancholic depression has been described as the prototypic ex-
ample of chronic activation of the stress system (both HPA axis 
and SAM) [4] . Cortisol secretion is increased, plasma ACTH re-
sponse to exogenous CRH decreased and autopsy studies show 
marked increase in the number of PVN CRH and AVP neurons 
[1]. Depression is also associated with increased pituitary 
vasopressinergic responsivity and the LC of depressed patients con-
tains elevated CRH concentrations [35]. Repeated stress that causes 
frequent surges in blood pressure and catecholamine release is as-
sociated with accelerated atherosclerosis and an increased risk of 
myocardial infarction. Patients with melancholic depression de-
velop varying degrees of atherosclerosis and cardiovascular dis-
ease [1] and depressed people with chronic HPA hyperactivity may 
have reduced life expectancy predominantly as a result of increased 
cardiovascular mortality [1, 6,  36]. Patients with melancholic de-
pression may develop metabolic syndrome, osteoporosis and Th1 
immunosuppression [1] consistent with chronic hyperactivation 
of the stress system. Hypercortisolism is also associated with other 
mood and affective disorders including anorexia nervosa, chronic 
anxiety, obsessive- compulsive disorder, chronic alcoholism, and 
other situations such as childhood sexual abuse [1]. Hyperactivity 
of the LC and other central noradrenergic centres have been shown 
to influence anxiety and behavioural arousal, with dysregulation of 
this system postulated as contributing to the pathogenesis of mood 
disorders, particularly depression, and with noradrenaline levels 
being an important predictor of outcome in major depression [1].

Animal experiments of chronic stress provide evidence that 
glucocorticoid overexposure affects the hippocampus with respect 
to neuronal viability and function— decreased neurogenesis, degen-
erative loss in pyramidal neurons, reduced dendritic branching and 
atrophy [35,  37]. This led to the so- called glucocorticoid cascade 
hypothesis [35] where stress- induced HPA activation and elevated 
glucocorticoid levels were purported to act in a feedforward manner 
causing hippocampal damage, resulting in disinhibition of gluco-
corticoid negative feedback, further rise in glucocorticoid levels 
and accumulating damage to the hippocampus. This has been sup-
ported in principle by the fact that patients with Cushing’s disease 
exhibit both hippocampal atrophy and depression, both of which 
are reversed with treatment. In addition, depressed patients experi-
ence cognitive dysfunction consistent with hippocampal damage 
and antidepressant treatment may enhance neurogenesis [38, 39]. 
However, although reduced hippocampal volumes have been seen 
on MRI scans of depressed patients, significant histologic damage 
has not been found on post- mortem studies [35]. Thus, despite 
compelling animal data linking stress- induced hypercortisolism 
with modulation of neurogenesis in the pathogenesis of depression, 
evidence for translation to human depression is inconclusive, and 
is an active area of ongoing research. HPA dysregulation appears 
well before clinical symptomatology and is a predictor of treatment 
resistance in depression. Failure to normalize HPA axis responses 
with treatment is a strong predictor of relapse [40].

obesity and the Metabolic Syndrome

Chronic stress has been linked to obesity and the metabolic syn-
drome (characterized by the combination of central obesity, insulin 
resistance, dyslipidaemia, and hypertension [41]). Glucocorticoids 
regulate adipocyte differentiation and stress- induced excess cortisol 

is associated with increased abdominal fat accumulation [41]. In hu-
mans, chronic stress- induced increases in cortisol, catecholamines, 
and the inflammatory cytokine IL- 6 in combination with associated 
suppression of the growth hormone- , gonadal-  and thyroid- axes, 
produces a hormonal milieu conducive to the development of vis-
ceral obesity, hypertension, atherosclerosis, osteoporosis and im-
mune dysfunction [41]. Corticosteroids stimulate behaviours that 
are mediated by dopaminergic mesolimbic ‘reward’ pathways and 
the central stress response network [25]. Glucocorticoids stimu-
late caloric intake and consumption of ‘comfort foods’ which may 
result in metabolic feedback signals that dampen brain stress re-
sponses [25]. In the current era of chronic social stress, together 
with the availability of high calorie palatable foods (acquired with 
ever decreasing physical effort), this adaptive mechanism proposed 
to enable many species to survive may be occurring at a significant 
(maladaptive) metabolic cost to contemporary humans.

Sleep Disorders

In animal models with varying degrees of sleep deprivation there 
is a consistent pattern of cognitive impairment, namely in learning 
and retention [42]. This is associated with increased brain levels of 
pro- inflammatory cytokines (IL- 1β mRNA), hippocampal oxida-
tive stress, and structural changes. Clinical studies have confirmed 
elevated evening cortisol and day time growth hormone levels with 
increased sympathetic nervous activity in both total and partial 
sleep deprivation [43]. Resultant increased insulin resistance and 
reduced glucose tolerance increases diabetes risk. This is further 
compounded by dysregulation of the neuroendocrine control of ap-
petite, promoting obesity.

Obstructive sleep apnoea (OSA) represents a chronically stressed 
state. OSA is characterized by intermittent upper airway obstruc-
tion and subsequent hypoxia during sleep. A cyclical sequence of 
events consisting of upper airway obstruction, progressive hypox-
aemia, autonomic, and electroencephalogram (EEG) arousal oc-
curs. This will prompt the individual to open and clear the airway to 
reverse the asphyxia, followed by successive relaxation of the airway 
and subsequent constriction, resulting in fragmented sleep [44]. 
Morbidity and mortality from OSA are primarily due to cardiovas-
cular disease. OSA is also associated with insulin resistance and the 
metabolic syndrome.

HPA axis dysfunction in OSA that is altered with continuous 
positive airways pressure (CPAP) therapy [18]. Obese male subjects 
with moderately severe or severe OSA had ACTH and cortisol levels 
measured every 10 minutes over 24 hours both pre-  and 3 months 
post- CPAP under basal conditions [18]. Hormone secretory char-
acteristics estimated from multiparameter deconvolution analysis 
found no change in the number of predicted secretory episodes, se-
cretion pulse height, or frequency. However, there was an increased 
mean pulse mass pretreatment due to a longer duration of the in-
dividual secretory episodes, and a significant reduction in pulsa-
tile and total ACTH and cortisol production post- CPAP [45]. This 
is consistent with impaired fast feedback affecting pulse duration 
[14] and may be due to metabolic/ hypoxic insults on the hippo-
campus, alterations in hippocampal MR expression due to SAM 
hyperactivity or result from an AVP effect on ACTH pulse duration. 
Following the single breath 35% CO2 stress test [26], there was a 
markedly exaggerated cortisol response to CO2 pre- CPAP which 
was reduced to normal levels after treatment supporting HPA axis 



SEcTIon 12 Endocrine Responses to Systemic Diseases or Substance Misuse1692

hyper- responsiveness in untreated OSA [45]. It is therefore likely 
that the activation of the stress system in OSA contributes to the 
metabolic complications of this condition.

other Effects

CRH hypersecretion and HPA axis activation influences the ac-
tivity of many organ systems. CRH hyperactivity is associated with 
gastro- intestinal symptoms such as pain, increased gut motility, 
and diarrhoea— typical features of the irritable bowel syndrome, 
a condition commonly associated with stress [1] . Similarly, gluco-
corticoids inhibit the growth axis and it has been postulated that 
the severe growth retardation associated with psychosocial abuse 
or deprivation during childhood is, in part, related to chronic HPA 
axis activation [1].

By contrast, chronic hypoactivation of the HPA axis may also 
result in disease states. Post- traumatic stress disorder, chronic fa-
tigue syndrome and atypical depression [1, 36] are associated with 
CRH hypoactivity and reduced cortisol production. Similarly, im-
mune dysregulation is an important consequence of altered HPA 
axis activity. Differential levels of hypothalamic CRH in the high 
CRH- producing Fischer and lower CRH- producing Lewis rats are 
associated with enhanced immune response and resistance to in-
fections and tumours in the Lewis rats, but also an increased sus-
ceptibility to some autoimmune conditions [6] . In human studies, 
rheumatoid arthritis appears to be associated with HPA axis 
hypoactivation [46] with blunted cortisol diurnal rhythms and re-
duced ACTH and cortisol levels.

HPA Response in critical Illness and 
Major Surgery

Critical illness and major surgical procedures are examples of ex-
treme stressors that result in marked elevation of circulating gluco-
corticoid concentrations. In spite of this, high concentrations of 
ACTH in these patients appears only to be transient [47]. High fre-
quency plasma sampling reveals ongoing coordinated and pulsatile 
ACTH/ cortisol interactions remain [48], albeit with lower ACTH 
pulse amplitude [49]. The altered dynamics of the HPA axis in these 
situations are likely explained by combinations of increased sensi-
tivity of the adrenal to ACTH [50], altered corticosteroid- binding 
globulin function [51], and reduced cortisol metabolism [52].

Adjuvant glucocorticoid supplementation to improve mortality 
in patients with septic shock has been controversial for decades. 
Two large clinical trials [53,  54] attempting to answer this ques-
tion provide conflicting evidence with regard to mortality but some 
suggestion of short- term benefit in terms of improved shock reso-
lution and shorter duration of mechanical ventilation. Clearly there 
remains much that is unknown about the dynamics of the stress 
response in critical illness.

Summary

Stress may be considered as a real or perceived threat to homeo-
stasis. The two primary arms of the stress response are the HPA 

axis and the SAM systems. These two systems are interlinked and 
regulated by complex feedback and feedforward processes. The 
acute stress response is protective and promotes survival in the 
short term. However, prolonged activation of the stress response is 
implicated in the pathogenesis of illness, in particular mood and 
affective disorders, but also obesity, metabolic syndrome, and ob-
structive sleep apnoea.
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Introduction

Critical illness is any condition requiring support of failing vital or-
gans without which death would ensue. It is characterized by striking 
alterations in the hypothalamic- anterior- pituitary axes that follow 
a bi- phasic neuroendocrine response to critical illness. Acutely, an 
actively secreting pituitary together with the development of target- 
organ resistance results in low concentrations of peripheral effector 
hormones. These endocrine alterations may reduce energy and sub-
strate expenditure, likely beneficial for short- term survival [1] . About 
30% of critically ill patients do not recover within a few days, and enter 
a chronic phase of critical illness during which they remain dependent 
on vital- organ support. The high mortality observed during this pro-
longed phase is usually attributed to non- resolving failure of multiple 
organ systems and vulnerability to infectious complications, rather 
than to the type or severity of the initial disease for which patients 
were originally admitted to the intensive care unit (ICU). During the 
prolonged phase of illness, low serum levels of peripheral effector 
hormones are caused by uniform suppression of the neuroendocrine 
axes, primarily of hypothalamic origin. The prolonged phase of critical 
illness is further characterized by persistent hypercatabolism, despite 
feeding, which leads to a substantial loss of lean body mass in the pres-
ence of relative preservation of adipose tissue. This ‘wasting syndrome’ 
is likely to compromise vital functions and delay recovery, and as such 
contribute to the increased morbidity and mortality.

The different patterns of the neuroendocrine responses between 
the acute and prolonged phase of critical illness indicate the im-
portance of a thorough understanding of the pathophysiology 
underlying these neuroendocrine changes. Indeed, erroneous ex-
trapolation of the changes observed in the acute- disease state to the 
prolonged phase of critical illness has misled investigators to apply 
certain endocrine treatments that unexpectedly increased rather 
than decreased mortality [2, 3].

The Somatotropic Axis

Growth hormone (GH) is essential for growth during childhood, 
and for several mainly anabolic functions throughout life. The re-
lease of GH is stimulated by the hypothalamic GH- releasing hor-
mone (GHRH), and is inhibited by somatostatin. Ghrelin, produced 

both in peripheral tissues and in the hypothalamic arcuate nu-
cleus, is the third key factor in the complex physiological control 
of pulsatile GH release. The pulsatile nature of GH release, with 
peak serum levels alternating virtually undetectable troughs, is im-
portant for its metabolic effects. Apart from its direct actions, GH 
also exerts indirect effects that are mediated mainly through stimu-
lation of insulin- like growth factor 1 (IGF- 1) production, of which 
the bioactivity in turn is regulated by several IGF- binding proteins 
(IGFBPs).

The Somatotropic Axis in Acute critical Illness

The first hours to days after an acute insult, such as surgery, trauma, 
or infection, are hallmarked by a dramatically changed GH profile. 
The GH pulse frequency is increased, and peak levels and interpulse 
concentrations are high. Concomitantly, a state of peripheral GH 
resistance develops, believed to be triggered by cytokines. Serum 
concentrations of IGF- 1, GH- dependent IGFBP- 3, and the acid- 
labile subunit (ALS) of the ternary complex are low during the acute 
phase of critical illness, in spite of the clearly enhanced GH secre-
tion. An enhanced clearance of IGF- 1, in part related to elevated 
circulating levels of small IGFBPs such as IGFBP- 1, IGFBP- 2, and 
IGFBP- 6, also contributes to its low serum levels. These events are 
preceded by a decrease in serum growth hormone- binding protein 
(GHBP), reflecting reduced level of GH receptor expression in per-
ipheral tissues [1, 4].

It remains unclear which factor ultimately controls the stimula-
tion of GH release in response to acute stress. Nevertheless, it can 
be inferred that reduced negative feedback inhibition, caused by 
reduced expression of the GH receptor and subsequent low levels 
of circulating IGF- 1, is the primary event inducing the abundant 
release of GH in the acute phase of illness. The high GH levels may 
then exert direct lipolytic, insulin- antagonizing, and immune- 
stimulating actions, resulting in increased fatty acid and glucose 
levels in the circulation, whereas the indirect, IGF- 1- mediated ef-
fects of GH are attenuated. This would prioritize essential substrates 
such as glucose, free fatty acids, and amino acids toward survival 
rather than costly anabolism, which is mainly mediated by IGF- 1 
and considered less vital at this time. Therefore, from a teleological 
point of view, the response within the GH axis to acute illness seems 
highly appropriate in the struggle for survival.

The Somatotropic Axis in Prolonged critical Illness

When recovery is not achieved within a few days and patients enter 
a prolonged phase of critical illness, the non- pulsatile GH fraction 
remains somewhat elevated, but although the number of pulses 
is still high, the pulsatile release of GH is strongly suppressed [1] . 
Nocturnal GH serum concentrations are scarcely elevated com-
pared with the healthy, non- stressed condition, and substantially 
lower than in the acute phase of stress. Furthermore, although 
GH resistance may be partially reversed in the chronic phase, as 
indicated by increased serum levels of GHBP, the levels of IGF- 1, 
IGFBP- 3, and ALS are even lower in prolonged critically ill patients 
[1]. Furthermore, the pulsatile fraction of GH secretion correlates 
strongly with circulating levels of IGF- 1, IGFBP- 3, and ALS in this 
phase, meaning that the smaller the GH pulses, the lower the circu-
lating levels of GH- dependent IGF- 1 and ternary- complex- binding 
proteins. This clearly no longer represents a state of GH resistance, 
but rather suggests that loss of pulsatile GH release contributes to 
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the low levels of IGF- 1 and binding proteins. Since the robust release 
of GH in response to GH secretagogues (GHSs) (Figure 12.1.2.1) 
excludes a possible inability of the somatotropes to synthesize GH, 
the origin of the relative hyposomatotropism is likely located within 
the hypothalamus. Furthermore, the release of GH in response to 
GHRH injection appears to be less pronounced than to GHRP- 2 
injection in prolonged critical illness, suggesting that hypothalamic 
deficiency or inactivity of endogenous GHRP- like GHSs is a more 
plausible cause of the hyposomatotropism than is GHRH deficiency 
[1]. However, both elevated and decreased concentrations of plasma 
ghrelin have been reported in critically ill patients [5, 6]. Of note, 
both studies only quantified total ghrelin, whereas the active— 
acetylated was clearly decreased [7].

The chronic relative GH deficiency is believed to contribute to 
the pathogenesis of the ‘wasting syndrome’ that characterizes pro-
longed critical illness. This is suggested by the observation that low 
serum levels of IGF- 1 and ternary- complex- binding proteins are 
closely correlated to biochemical markers of impaired anabolism, 
such as low serum osteocalcin and leptin concentrations during 
prolonged critical illness [1] .

Therapeutic Interventions: Treatment with   
GH During critical Illness

Based on the assumption of sustained GH resistance in the pres-
ence of normal pituitary function during the catabolic condition 
of prolonged critical illness, pharmacological doses of GH were 
administered in an attempt to restore anabolism in ICU patients. 
However, a large multicentre study found that, instead of improving 

outcome, this intervention increased both morbidity and mortality 
[3] . Since it is clear now that the GH resistance of acute illness is at 
least partially resolved in the prolonged phase, it is likely that ad-
ministration of such high doses may have evoked toxic side effects, 
exceeding any possible beneficial effect of this therapy. Indeed, high 
doses of GH can induce supranormal IGF- 1 levels, excessive fluid 
retention, hypercalcaemia, and pronounced insulin resistance with 
hyperglycaemia.

Another treatment option might be the combined administra-
tion of GH and IGF- 1, which are additive in their anabolic actions 
and neutralize each other’s side effects [8] . Also, treatment with 
hypothalamic- releasing factors may be more effective and safer. 
Indeed, infusions of GHSs not only restored the pulsatile GH se-
cretion, but also evoked an increase of IGF- 1, IGFBP- 3, and ALS, 
which is indicative of a restored peripheral responsiveness [1]. 
Evidence supporting a beneficial role of GHS comes from animal 
studies reporting that ghrelin supplementation reduces catabolic 
loss in critical illness. [9].

The Thyroid Axis

Thyroid hormones (TH) play a key role in the regulation of en-
ergy and substrate metabolism, and are essential for the stimu-
lation of normal growth and development. The hypothalamic 
thyrotropin- releasing hormone (TRH) stimulates the pituitary to 
produce thyroid- stimulating hormone (TSH). TSH in turn drives 
the thyroid gland to synthesize and secrete TH. Deiodinases (D) are 
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responsible for the peripheral activation of thyroxine (T4) to either 
the biological active tri- iodothyronine (T3) (D1 and D2) or to the 
inactive reverse T3 (rT3) (D3). TRH and TSH secretion are con-
trolled by negative feedback from the TH.

The Thyroid Axis in Acute critical Illness

Early after the onset of severe physical stress, there is a rapid de-
crease in serum levels of T3 and an increase of rT3 levels, predomin-
antly because of altered peripheral conversion of T4 due to reduced 
D1 activity and increased D3 activity (Figure 12.1.2.2). TSH and 
T4 levels are elevated briefly and subsequently return to normal, 
though in the more severely ill patients T4 levels may also decrease 
(Figure 12.1.2.2). Although mean serum levels of TSH are normal, 
the normal nocturnal TSH surge is absent. Low T3 levels persist be-
yond TSH normalization, a constellation referred to as ‘the low T3 
syndrome’. The magnitude of the T3 reduction within 24 hours re-
flects the severity of illness and correlates with mortality. Cytokines 
might play a role in the pathogenesis of the low T3 syndrome. 
Other factors include low concentrations of TH binding proteins 

and inhibition of TH binding by compounds such as fatty acids 
and bilirubin, and low selenium levels which reduce deiodinase 
activity [10].

The thyroidal alterations observed during acute critical illness are 
strikingly similar to those seen with fasting. As critically ill patients 
suffer from poor nutritional intake, part of the observed thyroidal 
alterations could be evoked by this illness- induced fasting.

A large randomized controlled trial (RCT) reported that late ini-
tiation of parenteral nutrition, thereby generating a large caloric 
deficit, was associated with faster recovery and fewer complications, 
as compared with early full feeding [11]. Circulating levels of TSH, 
total T4, T3 and the T3 to rT3 ratio were all further reduced by late 
parenteral nutrition support [12]. Statistically, the further reduc-
tion in circulating T4 with late feeding reduced part of the outcome 
benefit of nutrient restriction, whereas the further reduction of T3/ 
rT3 ratio statistically explained part of the outcome benefit. The 
authors concluded that peripheral inactivation of T3 with nutrient 
restriction during critical illness could be a beneficial adaptation, 
whereas the central lowering of T4 could be deleterious. The benefit 

(a)

(b)

Health
7

0
21h

changes in peripheral
metabolism and binding

TRH TRH ↓

TSH (↑

↑

) =

(   ) =
D2,D1 D2,D1

D3,D1 D3,D1

 ↓ T3  ↓ ↓T3

T4 T4  ↓

T2 T2
D3,D1 D3,D1D1,D2

rT3 ↑ rT3  (↑) =

D1,D2

TSH ↓

+ neuroendocrine component

06h 21h 06h 21h 06h

TS
H

 (m
IU

/I
)

Acute phase

Acute phase

Chronic phase

Chronic phase

Figure 12.1.2.2 The thyroid axis in critical illness. (a) Nocturnal serum concentration profiles of thyrotropin (TSH) in critical illness are abnormal and 
differ between the acute and prolonged phase. (b) Overview of the major changes within the thyroid axis during the acute and prolonged phase of 
critical illness (black: normal regulation, grey: alterations induced by critical illness).
Panel A modified with permission from Van den Berghe G, de Zegher F, Bouillon R. Clinical review 95: Acute and prolonged critical illness as different neuroendocrine 
paradigms. J Clin Endocrinol Metab 1998; 83:1827– 34 Copyright © 1998, Oxford University Press (Ref 1). Panel B reproduced with permission from Van den Berghe G. Novel 
insights into the neuroendocrinology of critical illness. Eur J Endocrinol 2000; 143:1– 13 [45].



12.1.2 Endocrinology in the Critically Ill 1697

of the fasting- induced reduction in T3 could, besides less energy ex-
penditure, also optimize bacterial killing capacity via a direct im-
pact of high D3 activity locally within granulocytes [13, 14].

The Thyroid Axis in Prolonged critical Illness

Patients who remain in the ICU and enter a prolonged phase of 
critical illness, now receiving full enteral and/ or parenteral nu-
trition, show a different set of changes within the thyroid axis. In 
addition to the absent nocturnal TSH surge, the pulsatility in the 
TSH secretion pattern is dramatically reduced (Figure 12.1.2.2), 
with even lower serum levels of both T3 and T4. In human and an 
animal model of critical illness, reduced TRH expression in the 
hypothalamus occur, indicating a predominantly central origin 
of the suppressed thyroid axis [15,  16] that can be reactivated 
by TRH administration [17] (Figure 12.1.2.3). Furthermore, 
reduced GH secretagogue action may also be involved, as the 
pulsatility of the TSH secretion pattern is only improved when 
TRH is infused together with GHRP. Interestingly, simultaneous 

infusion of TRH and GHRP- 2 not only increased TSH, T4, and 
T3 levels, but also prevented the rise in rT3 seen with TRH 
alone (Figure 12.1.2.3). These results suggest that peripheral 
deiodinase activity is under joint control of the somatotropic 
and thyroid axes [1, 18].

The regulation of TH action at the level of the thyroid hormone 
receptor (TR) is also changed during prolonged critical illness. 
Alternative splicing gives rise to two TR isoforms, with TR- 1 being 
a bona fide T3 receptor, and TR- 2 acting as a dominant negative 
isoform. An inverse correlation was observed between the T3/ rT3 
ratio and the TR- 1/ TR- 2 ratio in liver biopsies of prolonged critic-
ally ill patients. Furthermore, sicker and older patients presented 
with higher TR- 1/ TR- 2 ratios compared to less sick and younger 
ones [19]. Furthermore, in peripheral tissues such as muscle, lung, 
and liver- residing macrophages, D2 expression is upregulated [20– 
22]. These findings indicate that during prolonged critical illness, 
peripheral tissues seems to adapt to the low T3 levels by increasing 
cellular sensitivity and local tissue levels.

7(a)

(b)

6

TS
H

 (m
IU

/I
)

5
4
3
2
1
0

21

80
* * * * *

* * *

*

* *

0

0

0

–20

–80

–20

70

140

%
 T

4/
24

h
%

 T
4/

24
h

%
 r

T3
/2

4h

06h 21 06h 21 06h

Placebo TRH TRH+GHRP-2

Placebo TRH TRH
+

GHRP-2

GHRP-2

Figure 12.1.2.3 Effects of TRH and GHRP- 2 on the thyroid axis in prolonged critical illness. (a) Nocturnal serum TSH profiles with continuous 
infusion of placebo, TRH, or TRH + GHRP- 2. (b) Continuous administration of TRH, alone or together with GHRP- 2, induces a significant rise in serum 
T4 and T3 within 24h. Reverse T3 is increased after infusion of TRH alone, but not after co- infusion with GHRP- 2.
Modified with permission from Van den Berghe G, de Zegher F, Bouillon R. Clinical review 95: Acute and prolonged critical illness as different neuroendocrine paradigms. J 
Clin Endocrinol Metab 1998; 83:1827-1834. Copyright © 1998, Oxford University Press (Ref 1). As adapted from Greet Van den Bergheet al. Neuroendocrinology of Prolonged 
Critical Illness: Effects of Exogenous Thyrotropin-Releasing Hormone and Its Combination with Growth Hormone Secretagogues. The Journal of Clinical Endocrinology & 
Metabolism (1998) 83 (2): 309–319, doi:10.1210/jcem.83.2.4575



SEcTIon 12 Endocrine Responses to Systemic Diseases or Substance Misuse1698

Therapeutic Interventions: Treatment with Thyroid 
Hormone or Releasing Factors During Prolonged 
critical Illness

The acute changes within the thyroid axis, uniformly present in all 
types of acute illnesses, and concomitant fasting, is considered a 
beneficial and adaptive response that does not warrant intervention. 
Nevertheless, it remains controversial whether and when correction 
of the low serum and tissue concentrations of T3 in critically ill pa-
tients is beneficial. Pioneering studies using T4 administration have 
so far failed to demonstrate clinical benefit within the ICU [23], 
although this is likely due to the impaired conversion of T4 to T3 
caused by reduced D1 activity. Short- term intravenous T3 admin-
istration to patients during elective coronary bypass grafting has 
been shown to improve postoperative cardiac function [24], but the 
used doses resulted in supranormal serum levels. Administration of 
replacement T3 doses during paediatric cardiac surgery improved 
postoperative cardiac function [25]. However, a benefit of T3 treat-
ment in iatrogenic, dopamine- induced hypothyroidism does not 
provide evidence of clinical benefit for low T3 levels that are charac-
teristic of prolonged critical illness.

Rather than administration of TH, a safer method for treat-
ment of illness- associated hypothyroidism may be the infusion of 
hypothalamic- releasing factors, since this preserves the normal 
feedback systems. Indeed, by continuous infusion of TRH in com-
bination with a GH secretagogue, not only TH levels were restored 
to normal physiological levels, but also markers of hypercatabolism 
were reduced [1] .

The Gonadal and Lactotropic Axis

Hypothalamic gonadotropin- releasing hormone (GnRH) is se-
creted in pulses and stimulates the release of luteinizing hormone 
(LH) and follicle- stimulating hormone (FSH) from the pituitary. 
In women, LH mediates ovarian androgen production, whereas 
FSH drives the aromatization of androgens to oestrogens in the 
ovary. In men, LH stimulates the testicular production of an-
drogens, whereas the combined action of FSH and testosterone 
supports spermatogenesis. In turn, sex steroids exert negative feed-
back control on GnRH and gonadotropin secretion. Several other 
hormones and cytokines are involved in the complex regulation 
of the gonadal axis [26]. Prolactin is produced and secreted by the 
pituitary in a pulsatile and diurnal pattern. The main function of 
prolactin is to stimulate lactation, but it is also presumed to have 
immune- enhancing properties. Physiological regulation of pro-
lactin secretion is largely under the control of dopamine, although 
it can be modulated by several other prolactin inhibiting and re-
leasing factors [27].

The Gonadal and Lactotropic Axis in Acute 
critical Illness

As most female patients in the ICU are in the menopausal stage, clin-
ical data on the changes within the female gonadal axis are scarce. 
Acute physical stress in men causes an immediate fall in serum 
testosterone, even though LH levels are elevated. This observation 
suggests an immediate suppression of anabolic androgen produc-
tion in Leydig cells, as an attempt to reduce energy consumption 

and conserve substrates for more vital functions. The exact cause 
remains unclear, but again, inflammatory cytokines might play a 
role [1] . Acute physical stress causes prolactin levels to rise, which 
may contribute to altered immune function during critical illness. 
This increase is possibly mediated by vasoactive intestinal peptide, 
oxytocin, and dopaminergic pathways, but also cytokines or as- yet 
uncharacterized factors may be involved [1].

The Gonadal and Lactotropic Axis in Prolonged 
critical Illness

When critical illness prolongs, more dramatic changes develop 
within the male gonadal axis. Circulating levels of testosterone be-
come extremely low, while mean LH concentrations and pulsatile 
LH release are suppressed. Exogenous GnRH is only partially and 
transiently effective in correcting these abnormalities, suggesting 
also peripheral alterations within the male gonadal axis. Indeed, an 
increased aromatization of adrenal androgens to oestrogens in crit-
ically ill patients has been observed [28].

In the prolonged phase of critical illness, the pulsatile fraction 
of prolactin release becomes suppressed and mean serum prolactin 
levels are reduced compared to the acute phase. Exogenous dopa-
mine further suppresses prolactin secretion and concomitantly 
aggravates T- lymphocyte dysfunction and impaired neutrophil 
chemotaxis [1, 2]. This suggests that the blunted prolactin secretion 
contributes to the immune suppression or increased susceptibility 
to infections associated with prolonged critical illness.

Therapeutic Interventions: Sex Steroid Substitution 
Therapy During critical Illness?

It remains unclear whether the profound hypoandrogenism seen 
in male critically ill patients reflects adaptation or pathology. 
Pioneering studies evaluating the use of androgens in prolonged 
critical illness failed to demonstrate any conclusive clinical benefit 
[29, 30]. Exogenous pulsatile GnRH administration in prolonged 
critically ill men partially overcomes the hypogonadotropic hypo-
gonadism. Moreover, when GnRH pulses were given together with 
GHRP2 and TRH infusion, target- organ responses, and anabolic 
effects followed. Despite its immune- enhancing properties, pro-
lactin is currently not available for therapy. Further studies are 
required to evaluate the therapeutic potential of TRH- induced pro-
lactin release for optimizing immune function during prolonged 
critical illness.

The Adrenal Axis

Diurnal cortisol release from the adrenal cortex is induced by 
adrenocorticotropic hormone (ACTH or corticotropin) which is 
produced by the pituitary under the control of the hypothalamic 
corticotropin releasing hormone (CRH). In turn, cortisol exerts 
negative feedback control on both CRH and ACTH. Although only 
free cortisol is biologically active, more than 90% of circulating cor-
tisol is bound to binding proteins such as corticosteroid- binding 
globulin (CBG) and, to a lesser extent, albumin.

The Adrenal Axis in Acute critical Illness

In the early phase of critical illness, the diurnal variation in cor-
tisol secretion is lost and cortisol levels rise in response to the 
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severity of illness, although plasma ACTH concentrations are al-
ready low when admitted into the ICU [31]. In addition to the 
hypercortisolism, CBG levels are substantially decreased, resulting 
in proportionally much higher increases in free cortisol. The stress- 
induced hypercortisolism suppresses anabolism and promotes ca-
tabolism, to ensure acute provision of energy to vital organs such 
as the brain. In addition, it offers hemodynamic advantages in the 
fight- and- flight reflex by induction of fluid retention and sensitiza-
tion of the vasopressor response to catecholamine, and it protects 
against excessive inflammation by suppression of the inflammatory 
response.

An appropriate activation of the hypothalamic– pituitary– adrenal 
axis and cortisol response to critical illness appears to be essential 
for survival, since both very high and very low cortisol levels have 
been associated with increased mortality.

The Adrenal Axis in Prolonged critical Illness

In the prolonged phase of critical illness, hypercortisolism is 
usually sustained, but serum ACTH levels remain low (Figure 
12.1.2.4). The dissociation of ACTH and cortisol release suggests 

a change in adrenal sensitivity to ACTH or the emergence of 
ACTH- independent pathways such as cytokines, neuropep-
tides, or vasoactive factors [32]. However, it was recently dem-
onstrated that daytime cortisol production was only mildly 
elevated, whereas nocturnal production was even suppressed 
[31, 33]. Moreover, cortisol breakdown was substantially reduced 
attributable to suppressed expression and activity of A- ring re-
ductases in the liver 11β- hydroxysteroid dehydrogenase type 2 
in kidney [31].

Whether the persisting elevation in cortisol is exclusively beneficial 
remains uncertain. In theory, it could increase the susceptibility to in-
fectious complications, impair wound healing and myopathy, compli-
cations that are frequently observed during prolonged critical illness. 
Teleological, sustaining elevated cortisol levels could be an energy- 
sparing mechanism during sustained stress. However, this may re-
duce ACTH levels through negative feedback which in turn might 
induce adrenal atrophy, which predisposes to adverse outcome. In 
severely ill critically ill patients, plasma cortisol levels are no longer 
high beyond 4 weeks in the ICU, at a time when ACTH levels are also 
low [34]. Post- mortem examination of adrenal glands harvested from 
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Figure 12.1.2.4 Overview of the hypothalamic– pituitary axis regulation in health and during critical illness. Solid lines represent proven regulation. 
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Reproduced with permission from Boonen E, Bornstein SR, Van den Berghe G. New insights into the controversy of adrenal function during critical illness. Lancet Diabetes 
Endocrinol 2015; 3:805– 15 (Ref 46). Copyright © 2015 Elsevier Ltd.
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prolonged critically ill patients reveal distorted architecture, lipid 
droplet depletion, and suppressed ACTH- regulated gene expression 
suggesting that sustained lack of ACTH may contribute to the risk of 
adrenal insufficiency in long- stay ICU patients [35].

Therapeutic Interventions: Treatment with  
Thyroid Hormone or Releasing Factors During 
Prolonged critical Illness

In patients with previously diagnosed primary or central adrenal 
insufficiency, or previously treated with systemic glucocorticoids, 
glucocorticoid treatment should be started or continued during 
critical illness. A condition labelled ‘relative’ adrenal failure also 
has been suggested by experts, indicating a ‘relative exhaustion’ or 
‘insufficiently activated’ adrenal cortex, insufficient to cope with 
the level of stress of septic shock. However, the results of clinical 
trials of high doses of glucocorticoids in critically ill patients are 
conflicting with some reporting beneficial [36,  37], ineffective 
[38,  39], or harmful outcomes [2] . Glucocorticoid treatment 
downregulates expression of the glucocorticoid receptor, and 
thus glucocorticoid sensitivity, in the liver but not in muscle [40]. 
Therefore, steroid- induced side effects such as insulin resistance 
and catabolism, may develop in muscle, whereas suppression of 
the hepatic glucocorticoid receptor may be harmful as observed 
in an animal model [41]. Another controversial issue regarding 
‘relative’ adrenal failure in acute sepsis is the dose and duration of 
treatment once it has been initiated. Indeed, high dose long- term 
glucocorticoid administration will conceivably worsen the loss of 
lean tissue, increase the risk of polyneuropathy and myopathy, ex-
tend the ICU dependence, and increase the susceptibility to po-
tentially lethal complications.

The term ‘relative’ adrenal insufficiency therefor became quite 
controversial. In the recently published guidelines on the diagnosis 
and management of critical illness- related corticosteroid insuffi-
ciency, the task force was unable to reach agreement on how to reli-
ably diagnose such insufficiency [42]. The ACTH stimulation test is 
unreliable because of a 40% increased cortisol distribution volume 
in critical illness [31, 34].

Implications for clinical Practice

The anterior pituitary responds biphasic to severe stress of illness 
and trauma (Figure 12.1.2.5). In the acute phase it is actively se-
creting, but target organs become resistant and concentrations 
of most peripheral effector hormones are low. In contrast, pro-
longed critical illness is characterized by a uniform suppression, 
predominantly of hypothalamic origin, of the neuroendocrine 
axes. These alterations contribute to low serum levels of the re-
spective target- organ hormones. Although the differentiation 
between beneficial and harmful neuroendocrine responses to 
critical illness is difficult, it is important before considering any 
therapeutic intervention. The hypercatabolic reaction during 
acute critical illness is probably beneficial and, as such, provides 
no evidence that supports intervention. In prolonged critical 
illness, however, sustained hypercatabolism may compromise 
vital functions, cause weakness, and delay or hamper recovery. 
Theoretically, during this phase, a strategy of therapeutic inter-
vention to correct these abnormalities could improve survival. 
In view of the adverse outcome of single hormone treatment 
strategies, high doses of either GH or glucocorticoids appeared 
to aggravate insulin resistance and hyperglycaemia that usually 
develop during critical illness. Importantly, although it had long 
been widely accepted that stress- induced hyperglycaemia might 
be beneficial to organs that largely rely on glucose for energy 
supply but do not require insulin for glucose uptake, strict blood 
glucose control with intensive insulin therapy has shown other-
wise when maintained for at least a few days and avoiding excess 
hypoglycaemia [43, 44].

Although co- infusion of GHRP, TRH, and GnRH at least par-
tially restores the three pituitary axes and reinitiates anabolism, 
the effect on survival remains unknown. However, the interaction 
among the different endocrine axes underlines the importance of 
jointly correcting all hypothalamic– pituitary defects rather than ap-
plying a single hormone treatment. However, evidence from appro-
priately designed and powered clinical trials is still lacking, making 
these and other interventions in the critically ill still experimental.
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Figure 12.1.2.5 Simplified concept of the pituitary- dependent changes during the course of critical illness. In the acute phase, the secretory activity 
of the anterior pituitary is maintained or amplified, whereas anabolic target- organ hormones are inactivated. Cortisol levels are elevated. In the 
prolonged phase, impaired hormone secretion from the anterior pituitary allows the respective target- organ hormones to decrease proportionally 
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feedback control.
Reproduced with permission from Van den Berghe G, de Zegher F, Bouillon R. Clinical review 95: Acute and prolonged critical illness as different neuroendocrine paradigms. J 
Clin Endocrinol Metab 1998; 83:1827-1834. Copyright © 1998, Oxford University Press (Ref 1). As adapted from Greet Van den Bergheet al. Neuroendocrinology of Prolonged 
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Introduction

Chronic kidney disease (CKD) is a major, growing, global public 
health problem that affects approximately 10– 15% of the world’s 
population [1] . Since the kidneys play a critical role in the synthesis, 
elimination, and actions of a variety of hormones (Table 12.1.3.1), 
endocrine abnormalities are common in CKD. This chapter will 
review the common endocrine systems affected in kidney disease.

Renin– Angiotensin– Aldosterone System

The renin– angiotensin system (RAS) plays a vital role in the 
maintenance of blood pressure homeostasis. Within the kidney, 
the juxtaglomerular apparatus synthesizes renin, which converts 
angiotensinogen to angiotensin I [2] . Angiotensin I is in turn con-
verted by angiotensin converting enzyme (ACE) to angiotensin 
II, which binds to angiotensin II type 1 (AT1R) and type 2 recep-
tors (AT2R) to promote vasoconstriction, renal sodium reten-
tion, and secretion of aldosterone, vasopressin, and endothelin 
[2]. Inappropriate intrarenal RAS activation, usually without ele-
vated plasma renin activity or plasma angiotensin II levels, has 
been observed in a variety of animal models of kidney disease [2]. 
Consequently, it has been hypothesized that the beneficial effects 
of RAS- modifying medications, such as ACE inhibitors and angio-
tensin receptor blockers (ARB), on CKD progression and protein-
uria may occur largely at a local intrarenal level [2].

CKD patients, especially those with advanced renal disease, may 
experience worsening of their renal function and/ or hyperkalaemia 
following commencement of an ACE inhibitor or ARB, especially 
if they are poorly hydrated, unwell, known to have bilateral renal 
artery stenosis, or taking certain medications (e.g. diuretics or non- 
steroidal anti- inflammatory drugs [NSAIDs]). Current guidelines 
permit a reduction in estimated glomerular filtration rate (eGFR) of 
up to 25% within the first month or an increase in serum potassium 
of up to 6 mmol/ L before consideration should be given to reducing 
or ceasing RAS blockers [3] .

Aldosterone, a mineralocorticoid produced by the adrenal 
glands, activates the apical epithelial sodium channel (ENaC) in 
the distal nephron to facilitate sodium reabsorption by the prin-
cipal cells and reduced potassium reabsorption and increased H+ 
excretion by the α- intercalated cells [4] . It has also been shown to 
contribute to kidney damage in CKD, including tubulointerstitial 
fibrosis and inflammation, glomerulosclerosis, podocyte injury 
and mesangial cell proliferation [4]. These effects occur independ-
ently of angiotensin II and are accentuated in the presence of salt 
loading [4]. ‘Aldosterone breakthrough’, with elevated levels of al-
dosterone, can be observed in patients receiving ACE inhibitor 
or ARB therapy, and the addition of mineralocorticoid receptor 
blockers can successfully reduce proteinuria and blood pressure, 
although these effects are counterbalanced by increased risks of 
hyperkalaemia and gynaecomastia [5]. Consequently, the role of 
mineralocorticoid receptor blockers in preventing CKD progres-
sion currently remains uncertain [5].
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Erythropoietin and Anaemia of Renal Disease

Anaemia is present in approximately 50% of patients with CKD and 
the vast majority of patients with end- stage kidney disease (ESKD). 
It is usually normocytic and normochromic and is associated with 
left ventricular hypertrophy, cardiovascular events, excess hospital-
izations, reduced quality of life, and mortality. The main cause is 
deficiency of erythropoietin (EPO), a 34 kDa glycoprotein hormone 
that is produced by type 1 cortical fibroblasts within the kidney [6] . 
This hemopoietic growth factor regulates the proliferation and 
differentiation of erythroid progenitor cells through binding with 
EPO receptors on endothelial cell surfaces and induces stimula-
tion of Jak2 tyrosine kinase and subsequent activation of multiple 
cellular pathways leading to inhibition of apoptosis [6]. Prior to 
its availability in the late 1980s, up to 25% of dialysis patients were 
transfusion- dependent [7].

In addition to EPO deficiency, a number of other factors may 
contribute to anaemia in patients with CKD, including absolute 
or functional iron deficiency, gastrointestinal bleeding, uraemia, 
hyperparathyroidism, inflammation, nutrient deficiencies (vitamin 
B12, folate, vitamin C, and carnitine), ACE inhibitors, ARBs, alu-
minium overload, and erythropoiesis- stimulating agent (ESA)- 
induced antibody- mediated pure red cell aplasia [7] . Elevated serum 
hepcidin levels, perhaps due to increased expression by inflamma-
tory cytokines and reduced renal clearance, may also contribute to 
anaemia of CKD by binding to ferroportin (FPN1), a cellular iron 
exporter expressed in reticuloendothelial system macrophages and 
duodenal enterocytes, resulting in internalization, loss of function, 
reticuloendothelial cell iron blockade, impaired dietary iron ab-
sorption, and ultimately functional iron deficiency [7].

The use of ESAs has become commonplace in the treatment of 
anaemia associated with CKD and can be administered either sub-
cutaneously or intravenously (if the patient is if receiving haemodi-
alysis). Human recombinant EPO (alpha, beta, omega, and delta) 
may be synthesized in human or animal cells and differ based on 
their carbohydrate moieties, though all have a similar half- life of 
6 to 8 hours intravenously and 19– 24 hours subcutaneously [8] . 
More recently, long acting ESAs have been developed, including 
darbepoetin alpha (half- life 25 hours if intravenous and 48 hours 
if subcutaneous) and continuous erythropoiesis receptor activator 
(CERA— half- life approximately 130 hours), which allow less fre-
quent dosing [8]. While cost and ease of administration may influ-
ence the choice of ESA used, there is low certainty evidence that the 

use of different ESAs may make little or no difference to anaemia 
correction or adverse events [9].

The haemoglobin target to aim for with ESA treatment of anaemia 
of CKD has been the subject of considerable debate. The accumulated 
trial evidence to date suggests that targeting normal or high haemo-
globin levels reduces the need for blood transfusion, does not have 
any other clear benefits on patient- level outcomes, and increases the 
risks of stroke, hypertension and vascular access thrombosis [10]. It 
remains uncertain whether the increased risk of adverse outcomes at 
normal or near- normal haemoglobin levels following ESA therapy is 
related to haemoglobin level, ESA dose- related toxicity, or other fac-
tors (e.g. greater iron requirements, inflammatory state, or concur-
rent illness). Consequently, the current Kidney Disease Improving 
Global Outcomes (KDIGO) Guideline recommendations state, ‘in 
initiating and maintaining ESA therapy, we recommend balancing 
the potential benefits of reducing blood transfusions and anaemia- 
related symptoms against the risks of harm in individual patients 
(e.g. stroke, vascular access loss, hypertension) [11]. Specifically, 
the guidelines recommend initiating ESA therapy when the haemo-
globin concentration is less than 100 g/ L where correctable causes of 
anaemia have been addressed, that the haemoglobin target concen-
tration with ESA use should not be greater than 130 g/ L and, in gen-
eral, the target should not be greater than 115 g/ L [11]. As a result, 
most nephrologists will now use alternative treatments for anaemia 
(such as iron supplementation) first and thereafter resort to ESA ad-
ministration with the primary goal of avoiding blood transfusion 
without raising haemoglobin levels too high.

Emerging novel therapies, such as orally active hypoxia inducible 
factor (HIF) stabilizers, EPO mimetic peptides and activin receptor 
ligand traps (e.g. sotatercept), may offer new treatment approaches 
for anaemia of CKD in the future [8] .

Sexual Dysfunction

Sexual dysfunction is a highly prevalent, but under- recognized, 
complication of CKD [12]. The cause of sexual dysfunction in these 
patients is likely multifactorial in nature, due to not only their CKD, 
but also to comorbid illnesses and complications of CKD, such as 
diabetes, hyperprolactinemia, hyperparathyroidism, sex hormone 
imbalances, autonomic neuropathy, cardiovascular and periph-
eral vascular disease, veno- occlusive dysfunction, depression, and 
medication side effects [12, 13].

Table 12.1.3.1 Commonly affected hormones in kidney disease

Hormones synthesized by the kidney Hormones catabolized by the 
kidney

Hormones that act on the kidney

 • Erythropoietin
 • Fibroblast growth factor 23 (FGF- 23)
 • IGF- binding proteins (IGFBP)
 • Insulin- like growth factor- 1 (IGF- 1)
 • Renin

 • Atrial natriuretic peptide (ANP)
 • Catecholamines
 • Corticosteroids
 • Glucagon
 • Growth hormone
 • Insulin
 • Prolactin
 • Sex hormones
 • Thyroid hormone
 • Vasopressin

 • 1,25 dihydroxycholecalciferol (1,25(OH)2D3)
 • Aldosterone
 • Angiotensin II
 • ANP
 • Calcitonin
 • Catecholamines
 • Growth hormone
 • IGF- 1
 • Insulin
 • Parathyroid hormone (PTH)
 • Thyroid hormone
 • Vasopressin
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Male Sexual Dysfunction

Sexual dysfunction in CKD is likely due to a combination of struc-
tural and functional hypogonadism. Men with CKD exhibit detect-
able abnormalities in the pituitary– gonadal axis, even when GFR 
is only mildly reduced (see Box 12.1.3.1) [12]. Reduced free and 
total testosterone levels are observed in early CKD, and worsen with 
progressive falls in GFR [12]. These low testosterone levels also con-
tribute to osteoporosis, anaemia, and reduced muscle mass [12]. 
Men with CKD have a blunted Leydig cell response to testosterone 
stimulation by human chorionic gonadotrophin (HCG) [12], and 
there is evidence for an inhibitory factor in uremic serum that is 
able to block the luteinizing hormone (LH) receptor at the level 
of the Leydig cells [12]. This blunted Leydig cell response usually 
resolves following kidney transplantation, although institution of 
dialysis treatment generally fails to normalize pituitary– gonadal 
disturbances and these abnormalities usually progress [12].

Men with CKD also experience impaired spermatogenesis, with 
decreased ejaculate volume, oligo-  or azoospermia, impaired sperm 
maturation, and low sperm motility [12]. In addition, there may 
be interstitial fibrosis and calcification within the testes and sem-
iniferous tubules and a failure of Leydig and Sertoli cells to show 
compensatory hypertrophy and hyperplasia [12]. Though oestrogen 
is usually elevated in ESKD, oestradiol levels are usually within the 
normal range despite elevated LH, suggesting functional gonado-
trophin deficiency or resistance [12]. Follicle- stimulating hormone 
(FSH) elevation in men with ESKD is more variable compared to 
LH elevation. Increased elevation of FSH likely reflects a greater de-
gree of damage to the seminiferous tubules and, thus, lower levels 
of inhibin production by Sertoli cells to feedback on FSH [12], and 
is associated with a lower recovery of spermatogenic function post- 
renal transplantation [12].

Erectile dysfunction in men with CKD is often related to vas-
cular disease (including disease of cavernosal, proximal iliac and 
pudendal arteries causing effective ‘steal’ syndrome), autonomic 
neuropathy and multiple commonly used medications (see Box 
12.1.3.2).

Clinical management of sexual dysfunction in CKD involves a 
thorough assessment for possible causes and contributors, and a 
multipronged treatment approach. Potentially reversible factors, 
such as medication effect, must be excluded, and non- organic aeti-
ology (such as depression) should be considered and addressed. 
Anaemia should be corrected, hyperparathyroidism treated, and 

nutritional state optimized [12]. ESAs may enhance sexual func-
tion and normalize the pituitary– gonadal axis in CKD, with some 
studies demonstrating reduced serum LH and FSH concentrations, 
reduced prolactin levels, and increased plasma testosterone levels 
[12]. In addition, zinc supplementation has been shown in increase 
testosterone levels in haemodialysis patients [12].

Testosterone replacement in uremic men does not usually pro-
duce a significant improvement in libido, sexual potency, or erectile 
function [12], although it is successful in increasing testosterone 
levels and reducing LH and FSH [14]. Potential benefits must be 
weighed up against risks, including adverse effects on lipid profile, 
hepatotoxicity, polycythemia, prostatic enlargement, and risk of 
prostate cancer.

Phosphodiesterase- 5 inhibitors (PDE5i), such as sildenafil, are fre-
quently used as first line therapy for erectile dysfunction with normal 
libido [15]. Although PDE5is increase testosterone and reduce LH 
and FSH release, they are generally not effective in restoring libido 
and potency [15, 16]. Its use is contraindicated in patients using ni-
trates, and should be used with caution in patients with coronary 
artery disease, and haemodialysis patients prone to hypotension.

Alprostadil treatment, vacuum devices, and penile prostheses 
may be useful in those patients with neurogenic or vascular causes 
of impotence [12].

Renal transplantation likely provides the best treatment for male 
sexual dysfunction through restoration of the normal hypothalamic- 
pituitary axis, normalization of levels of gonadotrophin releasing 
hormone (GnRH), LH release, testosterone, and prolactin, and 
improvements in sperm density and motility (though not morph-
ology) [12]. Improvements in libido and global sexual dysfunction 
are variable post- kidney transplantation in both male and female 
recipients [12].

Female Sexual Dysfunction

Women with CKD also display disturbances in the pituitary– 
gonadal axis at an early stage (see Box 12.1.3.3), and sexual dys-
function becomes increasingly common as CKD progresses.

Box 12.1.3.1 Sex hormone abnormalities in men with CKD

 • Reduced free and total testosterone
 • Reduced Leydig cell response to HCG
 • Normal sex hormone- binding globulin
 • Elevated total plasma oestrogen
 • Normal oestradiol
 • Elevated LH
 • Reduced LH per secretory burst
 • Elevated follicle stimulating hormone (FSH) (lesser degree than LH, 

so LH/ FSH increased)
 • Reduced inhibin
 • Appropriate increase in LH and FSH to clomiphene (competitive 

oestrogen/ testosterone receptor blocker → prevents negative feed-
back to hypothalamus)

Box 12.1.3.2 Common medications used in CKD that are 
implicated in male erectile dysfunction

 • Alpha blockers
 • Beta blockers
 • Methyldopa
 • Clonidine
 • Antidepressants
 • Metoclopramide

Box 12.1.3.3 Sex hormone abnormalities in women with CKD

 • Failure to increase basal body temperature at expected time of 
ovulation

 • Absence of preovulatory LH and oestradiol surge
 • Elevated LH and FSH
 • Appropriate increase in LH and FSH to clomiphene (competitive 

oestrogen/ testosterone receptor blocker → prevents negative  
feedback to hypothalamus)

 • Reduced oestradiol
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The most common disturbance of reproductive function seen 
in women with CKD is menstrual disturbance and amenorrhea. 
Although the preovulatory LH and oestradiol surges are often ab-
sent, administration of clomiphene increases LH and FSH secre-
tion, suggesting an intact negative oestradiol feedback pathway 
[12]. Anovulation and infertility are common in patients with CKD 
and ESKD [17] and frequent anovulation leads to failure of pro-
gesterone secretion by the corpus luteum. Thus, for women who 
wish to resume menses, a progestogen agent can be administered 
towards the end of the menstrual cycle, and for women with menor-
rhagia, administration of a progestogen throughout the menstrual 
cycle can terminate flow [12]. Over time, chronic proliferation of 
the endometrium due to frequent anovulation and lack of cyclical 
progestational endometrial changes may predispose to endometrial 
hyperplasia and malignancy [17]. Intermittent use of a prostagen 
may be implemented to avoid this and these patients should be fol-
lowed by a gynaecologist.

Women also report decreased libido and reduced ability to 
achieve an orgasm [12]. Oestrogen- deficient patients may experi-
ence improved sexual desire and restoration of normal menses, as is 
the case in patients without CKD, although concerns remain about 
adverse cardiovascular, cerebrovascular, and malignancy- related 
side effects. Sildenafil, while possibly useful for women with iso-
lated sexual arousal disorder, does not appear to be useful in those 
women with decreased libido [18]. Vaginal atrophy and dyspar-
eunia can occur due to chronically low oestradiol levels, and local 
oestrogen treatments and lubricant use may be useful for symptom 
management [19].

As is the case for men, clinical management of sexual dysfunction 
in women with CKD should include optimization of dialysis, treat-
ment of anaemia and hyperparathyroidism, review of medications, 
and exclusion of non- organic causes. Renal transplantation reverses 
most hormonal abnormalities in premenopausal women, and can 
restore regular menstrual cycles [12].

Successful pregnancy while receiving dialysis treatment is un-
common, with low conception rates (2%) and increased risks of 
miscarriage, intrauterine death, low birth weight and premature de-
livery [20]. Frequent, long dialysis sessions, such as in nocturnal 
dialysis, aiming for >36 hours per week increases the likelihood of 
a successful pregnancy [20]. Kidney transplantation is the most ef-
fective means of restoring both sexual desire and fertility in women 
with CKD [12].

Prolactin

Hyperprolactinemia is common in patients with ESKD, and is 
primarily due to increased production, with some reduced renal 
clearance and secondary hyperparathyroidism [12]. The clinical 
significance of hyperprolactinemia in men with CKD is poorly 
understood, and the effects of this on libido and sexual potency are 
inconsistent [21]. In women with CKD, hyperprolactinemia may 
contribute to sexual dysfunction and galactorrhoea [12].

Prolactin secretion in patients with CKD is resistant to suppres-
sion by dopamine infusion or oral L- dopa, and is similarly resistant 
to stimulation by arginine infusion, thyrotropin- releasing hormone 
infusion, and insulin- induced hypoglycaemia [12]. Bromocriptine, 
though effective in reducing prolactin levels, rarely results in 

restoration of normal menses in women with CKD, and is poorly 
tolerated due to its side effect profile [12]. Suppression of parathy-
roid hormone (PTH) with calcitriol has been shown to reduce pro-
lactin and increase testosterone levels [22], although the reported 
effects on sexual function are mixed [12].

Growth Hormone and Insulin Like Growth Factor

In the setting of CKD and kidney function impairment, growth 
hormone (GH) levels are elevated due to increased pituitary release 
as well as reduced renal metabolic clearance [23]. The elevated GH 
levels do not translate to a greater GH effect. There is GH resist-
ance which arises from reduced tissue expression of GH receptors 
and from impairment in the signalling of the GH receptor [23]. The 
levels of insulin- like growth factor (IGF), as quantified by immuno-
assays, are generally normal in CKD. However, the biological ac-
tivity of IGF- 1 is reduced. The bioactivity of IGF is influenced by a 
family of IGF- binding proteins (IGFBPs), the production of which 
is increased and the clearance of which is reduced in CKD [23, 24].

Growth restriction is a common complication of paediatric CKD 
and is associated with altered GH/ IGF- 1 function, altered renin– 
angiotensin system programming, and renal structural abnormal-
ities, such as low nephron count [25]. The pubertal height gain in 
children with CKD is approximately 65% that of healthy children 
[25]. Recombinant human GH (rhGH) is a commonly used treat-
ment in affected patients, with increase in height being positively 
associated with older age, higher GFR and higher pretreatment 
growth rate [25]. Following kidney transplantation, rhGH has been 
used to effectively increase ‘catch up’ growth with no reported in-
creases in allograft failure rate or adverse events, although routine 
use is not recommended [26]. The use of rhGH should be avoided 
in critically ill patients, where it has been associated with significant 
increases in mortality through an unclear mechanism [27]. Other 
risks of rhGH use include increased risks of idiopathic intracranial 
hypertension and type 2 diabetes, for which patients with CKD are 
already at increased risk.

Low serum IGF- 1 concentration has been associated with body 
composition changes, muscle wasting, low bone mineral density, 
and increased mortality risk in patients with CKD, although re-
placing IGF- 1 has not been shown to attenuate this risk [28]. While 
rhIGF- 1 treatment has been demonstrated to produce an increase 
in growth velocity in children with GH- receptor deficiency or anti-
bodies, its usefulness in patients with CKD is less clear given their 
state of IGF- 1 resistance. Combination therapy of rhGH and rhIGF- 
1 is effective for growth promotion in uremic animal studies, but 
has not yet been evaluated in human studies [28].

Thyroid

Thyroid abnormalities, including hypothyroidism, goitre, thyroid 
nodules, and thyroid malignancies, are more common patients with 
CKD or kidney transplants compared to the general population 
[29, 30].

Patients with CKD appear to be at particularly increased risk 
of developing subclinical hypothyroidism and manifest a var-
iety of thyroid axis abnormalities, including blunted response to 
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thyrotropin- releasing hormone (TRH), and disturbed diurnal vari-
ation of thyroid- stimulating hormone (TSH) with reduced or ab-
sent evening peaks and shorter and smaller pulsatile releases [30]. 
Reduced GFR also leads to impaired iodide excretion, total body 
iodide accumulation and reduced thyroid hormone production 
[31]. Despite reduced total thyroxine (T4) levels, free T4 is usu-
ally normal in patients with ESKD, likely due to reduced binding 
to serum carrier proteins as a result of elevated inflammatory 
cytokines (e.g. IL- 1β and TNF- α), uremic toxins (e.g. indoxyl sul-
phate and hippuric acid) and concomitant medications (e.g. fur-
osemide, NSAIDs, and heparin) [31]. Dialysis does not produce 
any significant effect on thyroid hormone metabolism [32]. Total 
and free triiodothyronine (T3) are also often reduced despite pre-
served clearance of T3 due to decreased conversion of T4 to T3 [30]. 
This may represent a metabolic adaptation to conserve energy and 
minimize protein- nitrogen catabolism, such that thyroid hormone 
therapy should not be used except in patients with diagnosed hypo-
thyroidism [33]. Hypothyroidism may in turn increase the risk of 
CKD through effects on cardiac output, peripheral vascular resist-
ance, and intrarenal vasoconstriction, resulting in reduced renal 
plasma flow and GFR [30]. In those patients with true hypothy-
roidism, thyroid hormone replacement may play a role in slowing 
the decline of kidney function in patients with CKD [30] and may 
even result in an increase in GFR over time [30]. Treating hypothy-
roidism may also mitigate some of the excess cardiovascular risk 
associated with CKD [30]. When using thyroid hormone replace-
ment in patients with CKD, it is important to note that T3 and T4 
may be bound in the gastrointestinal tract by commonly used CKD 
medications, such as kayexalate [34] and aluminium- based phos-
phate binders [35].

Hyperthyroidism occurs in patients with CKD with a similar fre-
quency to that observed in the general population. However, bio-
chemical features of hyperthyroidism may be masked due to reduced 
T4 binding to carrier proteins and reduced T4 conversion to T3, such 
that a normal or low T3 may not exclude hyperthyroidism [36].

CKD may also coexist with thyroid disease in the case of auto-
immune disease, such as Hashimoto’s thyroiditis and Grave’s dis-
ease, which may be associated with glomerulonephritis [30]. In 
addition, some thyroid disease treatments have been associated 
kidney disease. Propylthiouracil has been linked to the develop-
ment of antineutrophil cytoplasmic antibody (ANCA)- positive 
glomerulonephritis, while radioiodine may induce membranous 
nephropathy [30].

In patients with thyroid malignancies or hyperthyroidism where 
treatment with radioactive iodine is warranted, it is important to 
note that renal impairment interferes with body excretion of radio-
active iodine Na131 and a prolonged half- life is seen in both dialysis- 
dependent and non- dialysis- dependent patients with ESKD due 
to reduced clearance [31]. Thus, patients receiving maintenance 
haemodialysis and peritoneal dialysis require significant reductions 
in dosage to avoid complications of excessive radiation [30].

Insulin Resistance

Insulin resistance increases the risk of developing kidney disease, 
while the kidney plays an important role in glucose homeostasis. 
Renal gluconeogenesis accounts for approximately 40% of all 

gluconeogenesis and 20% of overall endogenous glucose release in 
the body [37]. Like hepatic gluconeogenesis, renal gluconeogenesis 
is not appropriately suppressed by insulin in patients with 
diabetes [38].

Kidney disease also predisposes to insulin resistance and dia-
betes, and insulin resistance exists even in the early stages of kidney 
disease [39]. This is mainly due to reduced peripheral target tissue 
sensitivity to insulin, and patients with CKD often exhibit ele-
vated glucose levels during fasting despite hyperinsulinemia [39]. 
Glycogen synthase activity is preserved, despite an attenuated in-
crease in insulin- stimulated glucose transport from muscles [40]. In 
vitro studies of skeletal muscle from uremic patients have indicated 
that skeletal muscle receptor number, insulin binding, β- subunit re-
ceptor autophosphorylation, and tyrosine kinase activity are pre-
served, suggesting that the observed peripheral insulin resistance 
is likely due to a post- receptor defect in the insulin pathway [39]. 
There are many other factors commonly present in patients with 
CKD that interfere with the action of insulin, and may be amenable 
to treatment with synbiotics, medications, or dialysis, resulting in 
improved glucose tolerance [39]. Some of these include: (1) meta-
bolic acidosis (reduces post- receptor signalling in insulin- signalling 
pathway); (2)  vitamin D deficiency (involved in stimulating ex-
pression of insulin receptors); (3) secondary hyperparathyroidism 
(may result in suppressed insulin- stimulated glucose uptake via 
the cAMP pathway); (4)  hyperuricaemia (reduces glucose uptake 
by peripheral tissues via reduced insulin- mediated nitric oxide re-
lease); and (5) gut dysbiosis (leads to bacterial production of uremic 
toxins, including indoxyl sulphate and p- cresyl sulphate, which alter 
insulin signalling) [39].

Insulin resistance is a major risk factor for cardiovascular mor-
bidity and mortality in patients with CKD, especially when com-
bined with other risk factors, such as smoking and physical inactivity 
[39]. As a result, early and intensive management of diabetes and 
impaired glucose tolerance should be performed in appropriate in-
dividuals, together with risk factor modification.

cKD Mineral and Bone Disorder, 
Hyperparathyroidism, and Vitamin D

CKD mineral and bone disorder (CKD- MBD) has been defined by 
the KDIGO Guidelines group as any one or a combination of the fol-
lowing: (1) Laboratory abnormalities of calcium, phosphorus, PTH 
or vitamin D metabolism; (2) Bone abnormalities in turnover, min-
eralization, volume, linear growth or strength; and (3) Calcification 
of the vasculature or other soft tissues [41]. The condition occurs 
early in the course of CKD, affects the vast majority of patients as 
kidney disease progresses and is a strong, independent predictor 
of bone fracture, CKD progression, cardiovascular disease, and 
death [42].

Secondary hyperparathyroidism is common in patients with 
CKD and is characterized by elevated serum FGF- 23, PTH and 
phosphate levels, normal or low serum calcium levels, and low 
serum 1,25(OH)2D3 concentrations, with increased bone resorption 
[43, 44]. FGF- 23, a phosphaturic hormone produced by osteoblasts 
and osteocytes, precedes other laboratory biomarkers of CKD- 
MBD and rises exponentially as eGFR declines [44]. FGF- 23 binds 
and forms a complex with its receptor, FGFR1, in the presence of 
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Klotho, a transmembrane protein, to promote decreased proximal 
tubule expression of sodium- phosphate cotransporters (leading to 
increased phosphate reabsorption and hyperphosphataemia), de-
creased kidney 1,25(OH)2D3 synthesis and decreased PTH gene ex-
pression and parathyroid cell proliferation [43,  44]. Uncontrolled 
hyperparathyroidism can lead to osteodystrophy, vascular calcifica-
tion and calciphylaxis (uremic calcific arteriolopathy), and is asso-
ciated with increased morbidity and mortality [43, 44].

Treatment of secondary hyperparathyroidism in patients with 
CKD consists of efforts to lower PTH and control serum calcium 
and phosphate levels using dietary modification, medications, and 
dialysis. While using a variety of medications to correct serum 
PTH, phosphorus, and calcium levels is currently considered 
standard medical care, a recent systematic review and meta- analysis 
of randomized trials found that such drug effects on these bio-
chemical markers were imprecisely correlated with cardiovascular 
and all- cause mortality and were consistent with the possibility of 
no association [45]. Thus, it remains uncertain as to whether any 
of the currently recommended interventions are of net clinical 
benefit [46].

Calcium- based phosphate binders have traditionally been used 
as first line treatment to reduce serum phosphate concentrations 
due to their low cost and availability. Unfortunately, their use has 
been associated with hypercalcaemia, vascular calcification, and 
calciphylaxis [47]. Aluminium- based binders have been associated 
with significant side effects, including aluminium- induced bone 
disease, microcytic anaemia, and dementia, although some investi-
gators have argued that aluminium binders have only played a sec-
ondary role to aluminium– contaminated dialysis water and that no 
cases of aluminium binder- associated toxicity have been reported 
in the era of ultrapure dialysis water quality [48]. Nevertheless, 
some guidelines recommend that aluminium- based binders should 
be used only for short periods of time with close monitoring [49]. 
Non- calcium phosphate binders, including lanthanum carbonate, 
sevelamer hydrochloride, and sucroferric oxyhydride, are effective 
at lowering phosphate, although their use is often restricted by 
higher cost and difficult access in many healthcare systems [47]. 
A recently published network meta- analysis of randomized trials of 
phosphate binders in adults with CKD reported that there was no 
evidence that phosphate binder treatment reduced mortality com-
pared with placebo [50]. However, patients treated with sevelamer 
had a lower mortality than those treated with calcium binders, al-
though it remained uncertain whether this reflected a benefit of 
sevelamer, a harm of calcium or both [50].

Active vitamin D compounds (calcitriol and its prodrugs) in-
crease gut absorption of calcium and phosphorus and reduce PTH 
synthesis by activating the parathyroid vitamin D receptor. These 
drugs can cause hypercalcaemia and hyperphosphataemia and so 
serum calcium and phosphate levels must be monitored. There is 
however no evidence that these agents alter patient- level outcomes 
[42, 51].

Calcimimetics, such as cinacalcet, modulate the calcium sensing 
receptor (CaSR) resulting in reduced PTH levels by increasing sen-
sitivity to calcium [52]. A cumulative meta- analysis of randomized 
controlled trials demonstrated that cinacalcet reduced the need for 
parathyroidectomy by approximately 50%, but did not improve 
cardiovascular or all- cause mortality [52]. Cinacalcet is there-
fore especially useful for patients who are awaiting parathyroid 

surgery, or those who are not medically stable enough to receive 
a parathyroidectomy. Hypocalcaemia is a common side effect and 
should be monitored.

Prescription of bisphosphonates for the purpose of managing 
CKD- MBD and reducing bone resorption should be avoided, ex-
cept as a bridge to definitive management of secondary hyperpara-
thyroidism, as they may cause low- turnover bone disease and have 
also been reported to be nephrotoxic [53]. Moreover, the benefits 
and harms of bisphosphonates in patients with CKD have not been 
clearly established [53].

Parathyroidectomy, usually with preservation of remnant gland or 
autotransplantation of parathyroid tissue, is indicated in severe sec-
ondary hyperparathyroidism, typically with PTH levels >100pmol/ 
L, or tertiary hyperparathyroidism when medical management has 
failed. It remains the most effective treatment for secondary or ter-
tiary hyperparathyroidism and, in appropriate candidates, may re-
duce morbidity and mortality [54].
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Introduction

The liver plays a fundamental role in metabolic regulation and energy 
homeostasis. Thus, it is also an inevitable target of endocrine diseases 
with intimate reciprocal feedback mechanisms. Liver and endocrine 
diseases are both common in the general population and hence it is to 
be expected that diseases of both frequently coexist and modulate the 
phenotypic manifestations or progression of the other. Of particular 
interest, the common liver diseases, non- alcoholic fatty liver disease, 
viral hepatitis and haemochromatosis have unique extrahepatic endo-
crine manifestations while the liver is frequently a target of a variety 
of endocrinopathies, including hypothyroidism, hypercortisolaemia, 
polycystic ovarian syndrome (PCOS), hypopituitarism, growth hor-
mone deficiency, and hypogonadism. In the following chapter, we 
summarize this bidirectional relationship (Table 12.1.4.1).

Endocrine Associations of common 
Hepatic Diseases

Metabolic associated fatty liver disease Associated 
Endocrine Disorders

Metabolic associated fatty liver disease (MAFLD) afflicts more than 
20– 30% of the world population, paralleling the dramatic escalation 
in global obesity prevalence [1] . Thus, MAFLD is a leading cause for 
end- stage liver disease, cancer, and liver transplantation in Western 
countries [1]. The association between MAFLD and the endocrine 
system is bidirectional. MAFLD is seen in association with a variety 

of endocrinopathies, while conversely MAFLD increases the risk 
for multiple endocrine disorders.

Diabetes

The close association between MAFLD and diabetes is robust, so 
much so that which is the chicken and which is the egg cannot be 
easily discerned. A recent large prospective study including around 
133  000 Taiwanese non- diabetic subjects who had two or more 
health examinations during 1996– 2014 concluded that MAFLD 
diagnosed by ultrasonography was significantly and independent of 
other common risk factors such as age, sex, family history of dia-
betes (T2DM) or obesity, associated with a twofold increase in inci-
dent T2DM [2] . This result was confirmed in a recent meta- analysis 
of 20 observational studies comprising around 117 000 non- diabetic 
individuals diagnosed with MAFLD by either ultrasonography or 
abnormal serum liver enzymes, indicating an almost twofold in-
crease in incident T2DM over a median follow- up of five years [3].

Consistently, data demonstrating a reduced incidence of T2DM 
after improvement or resolution of MAFLD provide strong evi-
dence for a causal relationship between MAFLD and glucose ab-
normalities [4, 5]. The first study of large cohort of South Korean 
individuals (n = 13 000) demonstrated a significant reduction in the 
risk of incident T2DM in individuals in whom fatty liver resolved 
over time. The association was independent of other potential con-
founding factors. A  second study included ~4000 non- diabetic 
Japanese subjects followed for 10 years. Improvement of MAFLD 
based on ultrasonography was again independently associated with 
a nearly 70% risk reduction of incident T2DM [5] . Notably, the se-
verity of MAFLD was associated with an increased risk of T2DM. 
Finally, in a recent study of 396 non- diabetic patients with biopsy- 
proven MAFLD, subjects with advanced liver fibrosis stages 3– 4 
were at higher risk of T2DM, compared to those with fibrosis stages 
0– 2 (51% vs. 31%), over a mean follow- up of 18.4 years. Among 
subjects with fibrosis stages 0– 2, fat score was an independent and 
principal predictor of T2DM risk. Notably, histological features of 
steatohepatitis were not associated with T2DM risk.

The converse association of T2DM with MAFLD has also 
been convincingly demonstrated. For example, the prevalence of 
MAFLD is high among patients with T2DM ranging from 45% to 
75% in hospital- based and 30% to 70% in population- based series. 
Furthermore, patients with T2DM have higher risk of steatohepatitis  
and for the development of serious liver- related complications (cir-
rhosis, liver failure, and hepatocellular cancer (HCC)) [6] .

Pathophysiological mechanisms linking MAFLD and T2DM is the 
shared abnormal metabolic milieu seen that is the substrate for both 
diseases. This includes overnutrition and certain dietary factors such 
as consumption of an energy dense Western- type diet low in fibre 
and high in processed foods that can lead to insulin resistance (IR) 
and low grade systemic chronic inflammation. Peripheral IR leads 
to ectopic intramuscular lipid accumulation and reduced muscle 
glucose uptake while hepatic IR promotes hepatic lipid deposition; 
both coordinately linked to the development of T2DM and MAFLD. 
Furthermore, a Western- type diet leads to disturbed intestinal per-
meability with leakage of microbial and other content into the portal 
circulation leading to the activation of multiple pro- inflammatory 
innate immune receptors such as toll- like receptor (TLR)2 and TLR4 
and inflammasomes, that triggers the development of T2DM, and as 
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well hepatic IR and lipid deposition. Alterations in gut microbiota 
and changes to the activation of cytokine/ adipocytokine cascades are 
another potential player in the pathogenesis.

Based on the aforementioned details, ideally, any therapeutic 
target for MAFLD, should not only improve liver injury, but also 
ameliorate the associated systemic metabolic milieu to reduce the 
risk of MAFLD- related extrahepatic disorders, such as diabetes and 
cardiovascular disease. Further randomized controlled studies will 
be required to determine if we need to change current clinical prac-
tice guidelines and incorporate screening for MAFLD in T2DM pa-
tients and vice versa.

Thyroid Disease

Hypothyroidism, a condition characterized by the failure of the 
thyroid to produce enough thyroid hormones (THs), has been 
strongly associated with MAFLD. A  recent retrospective, case- 
control study found that the prevalence of hypothyroidism was 
higher in biopsy- proven MAFLD compared to controls (21% vs. 
9.5%; P <0.01). Notably, the prevalence was even higher in patients 
with steatohepatitis than those with simple steatosis (25% vs. 12.8%, 
P = 0.03) [7] . This finding was confirmed in a larger study of pa-
tients with hypothyroidism (n = 2000) that suggested that overt and 
subclinical hypothyroidism are both associated with an increased 
risk of MAFLD, independent of other potential confounding by 
known metabolic risk factors [8].

On the other hand, clinical hypothyroidism may be an in-
dependent risk factor for the development of MAFLD. A  re-
cent cross- sectional study of 425 subjects with biopsy- proven 
MAFLD suggested that the presence of low- normal thyroid func-
tion and subclinical  hypothyroidism are independent predictors 
of steatohepatitis and advanced fibrosis [9] . Another prospective 
study from the Rotterdam cohort based on 9419 individuals with a 
median follow- up of around 10 years assessed for the presence of 
MAFLD by ultrasonography. This work concluded that increased 
levels of free T4 were associated with a decreased risk of MAFLD, 
independent of other possible confounding factors. Subjects in the 
lowest free T4 tertile had a 1.31- times greater risk of developing 
MAFLD, compared to those in the highest tertile. Consistently, 
those individuals with increased thyroid- stimulating hormone 
(TSH) levels were at a greater risk of developing MAFLD [8]. 
Hence, screening of patients with MAFLD with annual TSH and 
vice versa, screening patients with hypothyroidism for MAFLD 
should be considered.

Mechanistically, a recent study has suggested that hypothy-
roidism induces MAFLD through hepatic and extrahepatic mech-
anisms [10]. A mild reduction in THs leads to impaired insulin 
secretion, suppression of lipolysis, and increased shuttling of 
fatty acids to the liver, where they induce MAFLD. Surprisingly 
this study also suggested that a severe reduction in serum TH 
levels could protects against the development of MAFLD via a 

Table 12.1.4.1 Summary of the main interactions between liver and endocrine disorders

Endocrine disease Hepatic manifestations Liver disease Endocrine manifestations

Thyroid dysfunction MAFLD

Hyperthyroidism Elevation of liver enzymes
Jaundice: uncommon
Few case reports of fulminant hepatitis

Diabetes mellitus Hypothyroidism
Polycystic ovarian syndrome
Osteoporosis

Hypothyroidism Hepatic steatosis
Gallbladder stones
Elevated AST
Myxoedema ascites

Antithyroid drugs Elevation of liver enzymes
Idiosyncratic reaction can lead to fulminant 
hepatitis

Adrenal dysfunction Hepatitis C

Addison’s disease  
(adrenal insufficiency)

Mildly elevated aminotransferases Insulin resistance and diabetes mellitus
Thyroid disorders including 
autoimmune thyroiditis, 
hypothyroidism, and thyroid cancer
Osteoporosis
Gonadal dysfunction

Cushing’s syndrome  
(adrenal excess)

Features of metabolic syndrome including hepatic 
steatosis

Sex hormones Hereditary hemochromatosis

Oestrogens Cholestasis.
Hepatic peliosis
Hepatic adenomas
Focal nodular hyperplasia, Haemangiomas.
Budd– Chiari syndrome

Diabetes
Hypopituitarism
Hypogonadism
Thyroid dysfunction
Adrenal dysfunction
Parathyroid defects
OsteoporosisAndrogens Elevated aminotransferase levels

cholestasis
Adenomas
Rarely hepatocellular carcinoma
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constitutive suppression of lipolysis [10]. Further, mechanistic 
studies will be required.

Polycystic Ovarian Syndrome (PCOS)

Numerous studies have suggested that patients with PCOS are at 
increased risk of MAFLD. A recent retrospective longitudinal co-
hort study assessed NAFLD rates in 63 120 women with PCOS and 
121  064 age-  and BMI- matched patients utilizing a primary care 
database in the United Kingdom. This study concluded that pa-
tients with PCOS have a 2.23- fold increased risk of MAFLD [11]. 
Consistently, a recent meta- analysis that incorporated 7 studies 
from 6 different countries demonstrated that patients with PCOS 
had a 3.93- fold increased risk of MAFLD, independent of BMI 
[12]. Notably, most of the current evidence suggests that IR, ra-
ther than androgen excess mediates the association. The prevalence 
of MAFLD among women with PCOS has been shown to vary in 
different countries ranging from 32.9%, 71%, and 73.3% among 
Chinese, Australian, and Brazilian women with PCOS, respect-
ively [11]. Though, it is less clear, the converse also seems to be true. 
Again, these data suggest that screening for the presence of MAFLD 
among women with PCOS should be considered.

Osteoporosis

Osteoporosis is a prevalent complication in patients with chronic 
liver disease, especially in end- stage disease, where a prevalence 
rate of up to 55% has been reported. Osteoporosis in liver disease 
has been particularly linked to chronic cholestasis, MAFLD, alco-
holism, and haemochromatosis.

Several cross- sectional and case- control studies involving both 
male and female adults and adolescents have found an association 
between MAFLD and low bone mineral density or osteoporosis 
[13]. A recent retrospective study involving 7797 Chinese men aged 
40 years or older demonstrated that the presence of MAFLD diag-
nosed by ultrasonography was associated with a 2.5- fold increased 
risk of osteoporotic fractures [14]. Alarmingly, this risk association 
has also been reported in the paediatric MAFLD population [15]. 
Notably, in that study, the degree of bone mineral density loss cor-
related with increasing severity of MAFLD, being higher in pa-
tients with steatohepatitis compared to those with simple steatosis. 
However, these data should be interpreted with caution, due to the 
limited sample size (n = 38).

The pathophysiological links between MAFLD and low bone 
mineral density are not completely understood. However, both 
disorders share common risk factors such as low levels of phys-
ical activity, obesity, IR, T2DM, vitamin D3 deficiency, and chronic 
systemic inflammation. Many of these common risk factors are 
also present in patients with chronic cholestasis, alcoholism, and 
haemochromatosis.

Elucidation of the core molecular pathways and mechanisms be-
tween liver and bone disorders would help to identify novel thera-
peutic targets to ameliorate both conditions. Further prospective 
studies and on other ethnicities (as most current reports are from 
Asia) are required before any recommendation to change current 
guidelines on screening can be recommend. However, collectively, 
the findings argue for increased awareness of osteopenia/ osteo-
porosis and the importance of monitoring and evaluation for this 
among patients with MAFLD.

Hepatitis c Associated Endocrine Disorders

Hepatitis C (HCV) infects ~3% (170 million) of the world’s popu-
lation [16]. Of these, 70– 80% develop chronic disease with a risk 
of developing liver complications including cirrhosis and cancer, 
with an estimated liver- related mortality of 350 000 people per year 
[17]. HCV can be considered not only as a hepatotropic virus, but 
also a systemic disease with diverse extrahepatic manifestations, 
including endocrine disorders— mainly IR and type 2 diabetes mel-
litus, but also thyroid disease and gonadal dysfunction [18].

IR and Type 2 Diabetes Mellitus

Multiple levels of evidences suggest a strong link between HCV and 
IR/ T2DM [19]. T2DM is more prevalent in those with HCV- related 
cirrhosis than those with cirrhosis resulting from conditions other 
than chronic hepatitis C (CHC). Consistently, a large study in-
cluded 9841 subjects from the third National Health and Nutrition 
Examination Survey (USA) showed that patients with HCV have a 
threefold higher risk of developing T2DM. Similarly, a longitudinal 
study demonstrated that patients with HCV were 11 times more 
likely to develop T2DM than those without HCV infection. Even, 
in the context of organ transplantation, T2DM is more frequent in 
liver and kidney transplantation among HCV- infected compared 
with HCV non- infected patients. Conversely, the prevalence of 
HCV infection in patients with T2DM ranges from 5% to 12% and 
is higher than in the general population [19].

CHC patients are also at increased risk of IR and impaired glu-
cose tolerance, the key pathophysiological underpinning T2DM, 
first demonstrated by Hui and colleagues [20]. Insulin resistance is 
present in 30– 70% of individuals with CHC and is interestingly as-
sociated with peripheral (muscle and adipose tissue), rather than 
hepatic IR [21]. HCV- related IR correlates with an increased risk 
of liver fibrosis, liver cirrhosis- related complications, such as portal 
hypertension and variceal bleeding, HCC, high serum HCV RNA 
levels, and an impaired response to interferon- based therapy before 
the current era of direct- acting antivirals (DAA) for HCV cure [22– 
24]. Notably, cure of HCV infection with either Peg- IFN/ RBV or 
with DAAs is associated with an amelioration of IR [25].

Several molecular pathways have been implicated in mediating 
HCV- induced IR and T2DM. This includes enhanced intrahepatic 
and systemic expression of pro- inflammatory cytokines, changes in 
adipocytokines and generation of reactive oxygen species that pos-
sibly influence insulin signalling and increase both hepatic and per-
ipheral (muscle and adipose tissue) IR. Furthermore, HCV- induced 
hepatic steatosis can promote an increase in lipid oxidation and en-
dogenous glucose production, and hinder glucose disposal by skel-
etal muscles by decreasing glucose oxidation [19].

Thyroid Disorders

Thyroid disorders are among the most frequent endocrine 
extrahepatic manifestation of HCV; this prevalence is further 
increased in patients with HCV- induced cryoglobulinemia. 
Circulating thyroid autoantibodies such as antithyroglobulin anti-
body (AbTG), antithyroid peroxidase antibody (AbTPO), and 
antithyroid microsomal antibody (ATMA) are detected in 80– 85% 
of cases and are higher than their prevalence in the general popula-
tion. Autoimmune thyroid disease is the most frequent HCV- related 
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endocrine disorder, with hypothyroidism present in about 30% 
of HCV- infected patients. The mechanisms of HCV- related auto-
immune thyroid disease is not fully understood, but is suggested to 
be a consequence of T- cell- mediated autoimmunity.

Of historical interest, before the era of DAA’s, interferon therapy 
for HCV was associated with an increased risk of thyroid dysfunc-
tion; up to 25– 30% of HCV patients developed autoimmune thy-
roid diseases (both hypo-  and hyperthyroidism) during Peg- IFN/ 
RBV treatment, and about half of these patients need thyroid hor-
mone replacement therapy. Data are limited on whether DAAs have 
any effect on thyroid function.

A higher prevalence of papillary thyroid cancer has also been re-
ported in CHC patients, especially in those with autoimmune thy-
roid disorders. A recent meta- analysis suggests that HCV increases 
the risk of thyroid cancer 2.86- fold after adjusting for the hetero-
geneity of the included studies. Longitudinal follow- up studies are 
however required to determine outcomes [26]. Assessment of TSH 
and thyroid autoantibodies, thyroid ultrasonography, and cytology 
are part of the diagnostic work- up of HCV- related thyroid disease.

Osteoporosis

Several studies have suggested that HCV- infected patients have an 
increased risk of osteoporosis compared to uninfected patients. 
A  recent report of around 2500 HCV- positive patients from the 
Swiss cohort suggest that HCV was associated with a 1.43- fold in-
creased risk of osteoporosis/ fracture [27]. Notably, this association 
does not seem to be dependent on persistent HCV RNA and was 
not ameliorated by viral eradication. Consistently, a meta- analysis 
that included 362 285 participants suggested that HCV infection is 
associated with a pooled relative risk for osteoporosis of 1.53 [26]. 
This risk is exacerbated in HIV/ HCV coinfected patients who ex-
hibit a threefold increased risk of fracture incidence compared with 
uninfected controls, and a 1.2– 2.4- fold increased fracture risk com-
pared with HIV mono- infected individuals.

Sex Hormones

Though information is scanty, there are reports that suggest an asso-
ciation between CHC and sexual dysfunction; this was more preva-
lent in males compared to females. Consistent with this observation 
serum sex hormones were reported to be altered in HCV- infected 
patients and a high- prevalence of sexual dysfunction (28– 74%) 
has been reported in multiple studies. The mechanisms of this as-
sociation are unclear, but several hypotheses have been postulated. 
These include altered hypothalamic- pituitary function that might 
play a role in sex hormone regulation and, consequently, the im-
pairment of sexual function. Psychological factors also might play a 
role; given the well know association of HCV infection with socio- 
economic disadvantage [28]. In the past, the use Peg- IFN/ RBV 
treatment was associated with an increased risk of sexual dysfunc-
tion, but this does not seem to be replicated in the era of interferon 
free DAA- based therapy.

On the other hand, there are several lines of evidence that indi-
cate that women of reproductive age (premenopausal) have a more 
favourable HCV natural history, with slower fibrosis progression 
and a higher response rate to Peg- IFN/ RBV- based antiviral therapy. 
This is consistent with human and experimental evidence indicating 
a protective role for oestrogens against the development of liver fi-
brosis and cancer [29] that is opposite to the effect of testosterone.

Hereditary Haemochromatosis

Haemochromatosis (HH) is a genetic disorder of iron overload that 
results, if untreated, in end- organ damage including of the liver and 
many endocrine organs. The latter includes diabetes, hypopituit-
arism, hypogonadism, thyroid dysfunction, adrenal dysfunction, 
parathyroid defects, and osteoporosis.
The reported prevalence of diabetes among patients with HH 
varies according to the method of HH diagnosis. It was originally 
reported to be present in 40– 63%, but with the improvement of 
earlier diagnosis and treatment, the prevalence of T2DM is ap-
proximately 13– 23%. The pathophysiology of diabetes associated 
with HH is not clear, but seems to be multifactorial. Iron over-
load can induce hepatic dysfunction leading to hepatic IR; excess 
iron can also lead to pancreatic β- cell oxidative stress and apop-
tosis, with insulin- deficiency. Notably, phlebotomy, which is the 
gold standard treatment for HH, has a variable impact on diabetes 
control. In early HH, patients who have not developed complica-
tions/ organ damage, normalization of glucose tolerance leads to 
an improvement of insulin secretory capacity. In contrast, no sig-
nificant improvement is noticed in HH patients with cirrhosis or 
diabetes [30].

Hypogonadism is the most frequent non- diabetic- endocrinopathy 
in HH patients with prevalence ranging from 10 to 100%. The vast 
majority of individuals present clinically with features of androgen 
deficiency, including loss of libido and impotence, reduced body 
hair, rarely testicular atrophy, and gynaecomastia with or without al-
tered fat distribution. The main laboratory characteristics reported 
in male hypogonadic HH patients are subnormal testosterone levels 
with low or inappropriately normal basal gonadotropin concentra-
tions and a blunted or no response of follicle- stimulating hormone 
(FSH) and luteinizing hormone (LH) to luteinizing hormone- 
releasing hormone (LHRH) administration, indicating primary pi-
tuitary dysfunction. Similar studies in females are limited by sample 
size. When the diagnosis is confirmed, the recommended treatment 
is testosterone replacement in males and cyclical oestrogen and pro-
gesterone therapy in fertile females. Mechanistically, the original 
defect seems to be principally at pituitary level, with iron deposition 
leading to abnormal hormonal secretion. Iron deposition induced 
defects in hypothalamic or gonadal dysfunction with and without 
pituitary defects have also been reported.

Though panhypopituitarism, as well as a single tropin defects, has 
been reported in HH, it is relatively uncommon and a recovery of 
the pituitary– thyroid and adrenal axes following therapeutic phle-
botomy has been reported. Similarly, it was suggested from autopsy 
studies that iron tends to deposit in the thyroid gland in HH pa-
tients. However, cases of thyroid dysfunction occur rarely and are 
usually observed at an end- stage of the disease where subjects al-
ready have cirrhosis and/ or other endocrine disorders. Excess iron 
can also deposit in the adrenal glands, but data on adrenal dysfunc-
tion in HH patients is limited; they seem to have preserved gluco-
corticoid function [30].

Decreased bone mineral density and osteoporosis are relatively 
common in HH patients, with osteoporosis prevalence in approxi-
mately 25– 34% and osteopenia in 40– 79%. While parathyroid dys-
function has been suggested as a potential causative factor, it is 
more likely that the effect is multifactorial. Notably, improvements 
in bone mineral density have been reported with decreases in serum 
of ferritin [30].
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Hepatic Manifestations of Endocrine Disorders

Thyroid Function

The association between liver and thyroid function is bidirectional. 
Several liver diseases have varying effects on thyroid hormone me-
tabolism. Conversely, alterations in thyroid function can lead to 
liver dysfunction. The THs thyroxine and triiodothyronine regu-
late hepatocyte metabolic rate, development, and function. On the 
other hand, the liver is the main site for thyroid hormone metab-
olism and hence plays a key role in regulating their systemic effects. 
Consequently, thyroid or liver dysfunction may alter the functions 
of the other. Furthermore, some diseases such as infiltrative dis-
orders and autoimmune affect both organs concomitantly [31].

Hyperthyroidism

Thyrotoxicosis is commonly associated with some degree of liver 
injury, which can be classified as hepatocellular or cholestatic. 
Clinically, it manifested by elevations in aminotransferase levels and 
occurs in about a third of patients. Similarly, elevations of alkaline 
phosphatase are reported in two third of cases while elevations in 
γ- glutamyl transpeptidase are observed in less than 20% of patients; 
progression of liver damage is infrequent. Jaundice is an uncommon 
presentation and if present, is usually secondary to the systemic ef-
fects of thyrotoxicosis, such as heart failure or septic shock. A few 
case reports have described fulminant liver failure as the initial 
manifestation of thyrotoxicosis. Histologically, mild liver injury with 
centrilobular cholestasis is observed and abnormalities return to 
normal with the treatment of thyroid disease. Mechanistically, the 
effects are likely due to hypoxia, oxidative stress, and increases in bile 
acid production.

Hypothyroidism

Hypothyroidism can cause hepatic steatosis, gallbladder stones, and 
elevated aspartate aminotransferase levels of muscular origin. It can 
also cause myxoedema ascites, a high protein concentration ascites; 
severe ascites is a very rare complication. Liver histology is usually 
normal, and only rarely has fibrosis been described; cholestasis has 
been reported. Nevertheless, liver manifestations usually regress to 
normal with thyroid hormone replacement therapy.

Antithyroid Drugs and Liver Abnormalities

Alterations of liver function have also been observed with antithyroid 
drugs. Hepatotoxicity and increased aspartate aminotransferase 
and alanine aminotransferase is observed more frequently with 
propylthiouracil, and is dose dependent. This idiosyncratic reaction 
that can develop at any time and the course is usually benign, des-
pite cases of fulminant hepatic failure have been reported. In the 
United States, propylthiouracil is the second leading cause of non- 
acetaminophen– associated drug- induced liver injury requiring 
liver transplantation.

Adrenal Dysfunction and the Liver

Addison’s disease (adrenal insufficiency) is associated with mildly 
elevated aminotransferases, which generally return to normal after 
appropriate glucocorticoid replacement therapy. The mechanisms 
for this elevation are unclear, but might be related to changes in body 
weight. Cushing’s syndrome (adrenal excess) is linked with features 

of metabolic syndrome, including hepatic steatosis, MAFLD, IR, 
and hypertension. This can also be caused by up- regulation of the 
renin– angiotensin system.

Sex Hormones and the Liver

Oestrogens

The use of oral contraceptives is associated with hepatic disorders. 
Oestrogens increase the risk of developing cholestasis, hepatic 
peliosis, hepatic adenomas, focal nodular hyperplasia, and haem-
angiomas. Oral contraceptives can also be a risk factor for the devel-
opment of Budd– Chiari syndrome by contributing to the underlying 
pro- thrombotic state and reasoning the risk of venous thrombosis 
(of the hepatic veins). Notably, the incidence of these complications 
has decreased with the use of currently available contraceptives that 
have lower doses of oestrogen and progesterone.

Androgens

The risk of liver dysfunction following the use of androgenic hor-
mones is well described and includes elevated aminotransferase or 
cholestasis that can on occasions be severe. Hepatic adenomas and 
even hepatocellular carcinoma in association with androgen use has 
been described.

conclusion

Liver and endocrine disorders are both common and intimately 
associated, often with shared pathogenic mechanisms (Figure 
12.1.4.1). Hence, it is incumbent on both gastroenterologists and 
endocrinologists to consider these reciprocal interrelationships in 
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Figure 12.1.4.1 Intimate reciprocal associations and feedback 
mechanisms between the liver and endocrine organs. Common 
liver diseases such as non- alcoholic fatty liver disease, viral hepatitis, 
and haemochromatosis have extrahepatic endocrine manifestations 
including diabetes, thyroid, gonadal and adrenal dysfunction, and 
osteoporosis. Likewise, the liver is commonly involved in a variety of 
endocrinopathies.
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daily medical practice, in order to provide better clinical care. It is 
particularly important to be aware of, and to deal with the hepatic 
adverse effects of some endocrine therapies, particularly the use of 
oral contraceptive formulations. Understanding the mechanistic 
basis of the interrelationships is an avenue for ongoing research 
that is pivotal for developing novel therapeutic targets, particularly 
for fatty liver disease. Importantly, prospective studies are required 
to reveal if we need to change current guidelines on screening for 
endocrine disease in patients with liver dysfunction and vice versa, 
at least in high risk groups.
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Introduction

Approximately 37 million people worldwide are living with human 
immunodeficiency virus (HIV) infection [1] . As access to anti-
retroviral therapy has improved, the endocrine manifestations of 
HIV have evolved (Table 12.1.5.1). Whereas untreated individuals 
may develop undernutrition, wasting, and end- organ effects of op-
portunistic infections (OIs) such as primary adrenal insufficiency 
secondary to adrenal destruction, individuals treated with com-
bination antiretroviral therapy (cART) may develop generalized or 
abdominal obesity, peripheral fat loss, insulin resistance, hyperlip-
idaemia, and non- alcoholic fatty liver disease (NAFLD). Individuals 
with treated HIV also have increased risk of cardiovascular disease 

(CVD) compared to the general population. Some individuals 
with HIV infection may experience gonadal dysfunction and bone 
mineral loss. The purpose of this chapter is to review the endo-
crine manifestations of HIV infection, including pathogenesis and 
treatment.

Anthropometric Effects of HIV Infection

Depending on the severity of infection and the use of antiretroviral 
therapy, HIV may have significant effects on body weight, fat distri-
bution, and, in children, growth. These changes often accompany 
and may contribute to the HIV- associated metabolic and endocrine 
abnormalities described next.

Wasting and Undernutrition

HIV was originally termed ‘slim disease’ due to the cachexia that 
accompanies untreated infection. Before the advent of cART, ‘AIDS 
wasting syndrome’, now called HIV- related wasting, was common. 
Wasting is an AIDS- defining condition, characterized by involun-
tary weight loss of more than 10% of usual body weight, accom-
panied by diarrhoea or weakness and fever lasting 30 days in the 
absence of other illness. The aetiology of wasting is multifactorial 
and includes immune dysregulation, inflammatory response to 
HIV and OIs, increased energy expenditure, and protein catab-
olism [2] . In practice, wasting is less common today but may still be 
found in individuals with untreated HIV. Additionally, because HIV 
is prevalent in many areas where malnutrition is also common, HIV 
infection and malnutrition often coexist in a phenotype similar to 
wasting but with distinct aetiology [2]. Unsurprisingly, malnutri-
tion predicts poorer outcomes even in treated HIV infection [2].

changes in Fat Distribution Associated with 
combination Antiretroviral Therapy (cART)

With the advent of cART, individuals with HIV infection began 
to demonstrate changes in body fat distribution, including in-
creased abdominal fat accumulation, dorsocervical fat accumu-
lation (‘buffalo hump’), lipoatrophy of the face and limbs, and, 

Table 12.1.5.1 Major endocrine abnormalities in HIV infection

Untreated HIV and/ or advanced disease cART- treated HIV

Body composition Wasting and/ or malnutrition Generalized obesity and/ or visceral fat accumulation, 
dorsocervical fat accumulation, facial and peripheral 
lipoatrophy

Adrenal function Possible primary or secondary adrenal insufficiency Typically normal

GH/ IGF- 1 axis GH resistance Relative GH deficiency

Gonadal function Hypogonadism and menstrual irregularities, greater prevalence in untreated or advanced disease. Increased 
SHBG

Thyroid function Subclinical hypothyroidism (non- auto- immune); increased TBG

Bone density and calcium homeostasis Reduced BMD and increased fracture risk. High prevalence of vitamin D deficiency. Risk of osteomalacia with 
TDF, efavirenz, or severe vitamin D deficiency. Increased risk of osteonecrosis

Glucose metabolism May be altered due to pancreatic process Increased risk of glucose intolerance and diabetes

Lipid metabolism Increased triglyceride, decreased LDL, increased de novo 
lipogenesis

Same as untreated, plus increased LDL

Cardiovascular disease Unknown Increased

Other Increased prevalence of non- alcoholic fatty liver disease
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less commonly, multiple discrete lipomas. These changes, often 
termed ‘HIV lipodystrophy’, do not represent a single syndrome 
but rather are characterized by differing degrees of lipoatrophy 
and lipohypertrophy in individual patients. For example, patients 
may experience peripheral fat atrophy, abdominal fat accumula-
tion with visceral fat gain and central subcutaneous fat loss, or 
a combination of both (Figure 12.1.5.1). Additionally, studies 
of cART initiation consistently show increases in weight and fat 
mass with treatment. Although weight gain with cART is asso-
ciated with lower mortality for those who are initially of normal 
weight or less [3] , generalized obesity is increasingly common in 
cART- treated patients [4].

The aetiology of altered fat accumulation in HIV is multifac-
torial. Older agents in the protease inhibitor (PI) and nucleoside 
reverse transcriptase inhibitors (NRTI) classes exert direct effects 
on adipocyte differentiation, glucose metabolism, and mitochon-
drial function. With newer antiretroviral agents, extreme pheno-
types of lipodystrophy are less common, but generalized obesity is of 
increasing concern [4] . Randomized studies generally have not dem-
onstrated substantial benefits of one antiretroviral regimen over an-
other with respect to preventing ongoing fat gain, although  weight 
gain appears to be more significant with integrase inhibitors [4].

Ectopic fat accumulation in other areas, including the liver, 
muscle, and epicardium, is also common in HIV and may con-
tribute to adverse metabolic profile. NAFLD appears to be common 
in HIV and may be related in part to use of antiretrovirals with 
mitochondrial toxicity [5, 6].

Chronic inflammation and immune activation in HIV may con-
tribute to abnormal fat deposition and altered adipocyte function. 
Additionally, HIV viral proteins alter adipocyte function and may 
contribute to lipohypertrophy [4] . The increased dorsocervical fat 
and visceral fat accumulation seen among many cART- treated pa-
tients are similar to the phenotype of Cushing syndrome, but nei-
ther facial atrophy nor laboratory evaluation of these patients is 
consistent with true Cushing syndrome.

As described next, visceral fat accumulation is associated with 
reduced GH levels, dyslipidaemia, insulin resistance, and impaired 
glucose metabolism. In addition, patients with HIV and associ-
ated changes in fat distribution demonstrate elevated C- reactive 
protein (CRP) and decreased adiponectin compared to patients 
without such changes [7] , as well as increased intramyocellular lipid 
and hepatic steatosis, all of which may also contribute to increased 
cardiometabolic risk. The medical and surgical interventions used 
for obesity in the general population may also be appropriate and 
effective in HIV but require further study [4].

Effects of HIV on Growth and Body composition 
in children

Children and adolescents with HIV often have decreased height- 
for- age and weight- for- age, and growth failure in children with 
HIV is associated with disease progression and mortality [8,  9]. 
Combined antiretroviral therapy (ART) improves but may not nor-
malize growth in children with HIV, particularly in the context 
of coexisting malnutrition [9] . Abdominal fat accumulation and/ 
or peripheral fat atrophy are also described in children receiving 
antiretroviral therapy. As in adults, the severity of these changes 
depends on the antiretroviral agents used as well as the appropriate-
ness of paediatric dosing.

Growth Hormone/ IGF 1 Axis

Physiology of the GH/ IGF 1 Axis in HIV Infection

GH secretion is commonly altered in individuals with HIV, often re-
lated to changes in body composition. Patients with HIV- associated 
weight loss often demonstrate elevated GH levels and reduced 
IGF- 1, consistent with GH resistance. Endogenous overnight GH 
secretion in this population is inversely associated with fat mass, 
and IGF- 1 levels are directly associated with caloric intake. In con-
trast, patients with HIV and abdominal fat accumulation may have 

Figure 12.1.5.1 Facial fat atrophy (a), abdominal and breast lipohypertrophy with gluteal fat atrophy (b), and dorsocervical fat accumulation (c) in 
individuals with HIV infection.
Modified with permission from Grinspoon S, Carr A. Cardiovascular risk and body- fat abnormalities in HIV- infected adults. N Engl J Med. 2005;352(1):48– 62. (38), Copyright © 
2005 Massachusetts Medical Society. All rights reserved.
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decreased GH production. Men with HIV and abdominal fat ac-
cumulation demonstrate reductions in both mean overnight en-
dogenous GH secretion and peak GH levels following GH- releasing 
hormone (GHRH)/ arginine stimulation testing as compared to 
both healthy volunteers and men with HIV and normal body com-
position. As a result, a large percentage of men with HIV infection 
and visceral fat accumulation demonstrate relative GH deficiency. 
Although fewer studies describe GH secretion in women with 
HIV, increased abdominal adiposity is a negative predictor of peak 
stimulated GH in women as well. The aetiology of relative GH de-
ficiency in individuals with HIV infection and abdominal fat accu-
mulation is multifactorial and includes increased somatostatin tone, 
increased free fatty acids, and decreased ghrelin.

Growth Hormone Therapy for AIDS Wasting

In patients with AIDS, lean body mass may decline significantly and 
disproportionately to weight. Moreover, lean body mass correlates 
with survival. High- dose GH has been used as an anabolic therapy to 
increase lean mass in patients with wasting. Numerous studies of re-
combinant human GH (rhGH) at supraphysiologic doses of 0.1 mg/ 
kg, or at a fixed dose of 6 mg, demonstrate increases in lean mass 
along with corresponding improvement in muscle function and/ or 
exercise capacity. The relatively high doses of GH in these studies are 
thought to be necessary to overcome the GH resistance found in indi-
viduals with wasting. However, these supraphysiologic doses may also 
result in numerous side effects, including hyperglycaemia, arthralgia, 
and fluid retention, limiting long- term use of GH in this population.

Augmenting GH for Abdominal Fat Accumulation 
in HIV Infection

Though not currently approved by regulatory agencies in Europe 
or the United States for this indication, GH has been shown to re-
duce visceral fat in patients with HIV- associated abdominal fat ac-
cumulation. However, use of rhGH exacerbates insulin resistance, 
limiting its use in HIV- associated visceral adiposity.

An alternative strategy to increase GH levels in individuals with 
HIV- associated visceral adiposity is through use of GHRH analogue. 
In theory, GHRH may have two advantages over the use of rhGH: it 
maintains GH pulsatility, thus more closely mimicking physiologic 
secretion, and it preserves the negative feedback of IGF- 1 on pitu-
itary GH release. A  large study of synthetic GHRH (tesamorelin) 
daily for six months demonstrated a 15% reduction in visceral fat, 
decreased triglyceride and total cholesterol, and increased high 
density lipoprotein (HDL), without changes in fasting or 2- hour 
glucose or insulin measured by oral glucose tolerance test [4] . A 6- 
month extension demonstrated that beneficial effects on visceral 
fat and lipids were maintained over 12 total months of treatment, 
without effect on insulin sensitivity, but that patients who discon-
tinued treatment had rapid reaccumulation of visceral adipose tissue. 
In some countries, tesamorelin has received regulatory approved for 
use to reduce visceral adiposity in HIV- infected adults [4]. Although 
supraphysiologic levels of IGF- 1 are uncommon with tesamorelin 
use, monitoring of IGF- 1 is useful before and 6– 12 months after ini-
tiation of therapy to confirm physiologic dosing [4].

GH/ IGF I Axis in HIV Infected children

Untreated children with HIV tend to exhibit GH resistance, some-
times accompanied by reductions in IGF- 1 [10]. With cART, GH 

resistance improves, and both IGF- 1 and IGFBP- 3 generally in-
crease; improvements in IGF- 1 are associated with increases in 
lean body mass [10]. As in adults, adolescents with HIV- associated 
visceral adiposity demonstrate decreased GH response to GHRH- 
arginine testing [11]. Therapies targeting the GH axis have not been 
studied widely in children.

Gonadal Function

Pubertal Progression in children with HIV

In conjunction with poor growth, children with HIV may have delay 
in pubertal progression [8] . Immune activation and chronic inflam-
mation likely contribute to pubertal delay, whereas inadequate or 
delayed cART, OIs, and concomitant malnutrition are exacerbating 
factors [8]. Later age at cART initiation, lower CD4+ T- cell count, 
and higher viral load are associated with greater delays [8]. Pubertal 
delay may contribute to the reductions in bone mineral density seen 
in children and adults with HIV.

Gonadal Function in Men

Hypogonadism is common in men with untreated HIV, particu-
larly in the advanced stages of disease and among patients with 
HIV- associated weight loss. In an early study, 6% of asymptomatic 
HIV- infected men demonstrated hypogonadism compared to 50% 
of men with CDC- defined AIDS [12]. The prevalence of hypo-
gonadism in men with HIV who are receiving effective cART is 
much lower than in untreated men but still higher than the general 
population [13]. On average, men with HIV have lower morning 
free testosterone levels, and the slope of decrease in free testosterone 
with age is similar among men with and without HIV [13]. Of note, 
sex hormone binding globulin (SHBG) is elevated by 40– 50% in 
individuals with HIV. Screening for hypogonadism in HIV should 
occur in the morning, using either a reliable free testosterone assay 
or calculation of bioavailable testosterone through assessment of 
total testosterone and SHBG. Hypogonadism should be confirmed 
with a second assessment.

The mechanisms underlying hypogonadism in men with HIV are 
shown in Box 12.1.5.1. Hypogonadism is most commonly pituitary 

Box 12.1.5.1 Mechanisms of gonadal dysfunction in HIV

Primary hypogonadism
Infiltrative disorders of the testes
Cytomegalovirus
Toxoplasmosis
Kaposi’s sarcoma
Germ cell neoplasm
Lymphoma
Idiopathic

Secondary hypogonadism
Severe illness
Malnutrition
Infiltrative disorders of the pituitary/ hypothalamus
Cytomegalovirus
Toxoplasmosis
Lymphoma
Adenohypophyseal necrosis
Medications (megestrol acetate, glucocorticoids)
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or hypothalamic in origin, related to an effect of severe acute illness 
or undernutrition on gonadotropin production. Less commonly, 
men with HIV may develop primary hypogonadism due to ana-
tomic destruction of testicular tissue by opportunistic infection. 
Hypothalamic and/ or pituitary destruction from opportunistic 
infection (e.g. cytomegalovirus (CMV)) severe enough to cause 
panhypopituitarism and gonadal failure have also been reported 
in a small number of patients. Medications may also suppress 
the pituitary gonadal axis. Megestrol acetate suppresses gonado-
tropin secretion because of its glucocorticoid- like properties, and 
ketoconazole may cause primary hypogonadism by inhibiting en-
zymes in testicular steroidogenesis.

Androgen Therapy in Men with HIV Infection

Hypogonadism in men with HIV is associated with decreased lean 
body mass and diminished exercise capacity as well as increased in-
dices of depression. Physiologic testosterone replacement increases 
lean mass and improves patient report of overall quality of life, ap-
pearance, and well- being. In men with HIV- associated abdominal 
fat accumulation, testosterone levels may also be decreased, but tes-
tosterone therapy in this population has no effect on visceral adi-
posity in spite of reductions in total and subcutaneous abdominal 
fat mass [14].

In addition to monitoring testosterone levels, laboratory moni-
toring during testosterone administration should include prostate 
specific androgen (PSA) measurement, HDL, which may decrease 
during therapy, and haematocrit, which may increase. Among 
patients who achieve stable weight and/ or experience improved 
virologic control, discontinuation of testosterone, and reassessment 
of gonadal function by morning measurement of bioavailable tes-
tosterone level may be appropriate, as androgen concentrations may 
improve with nutritional and immunologic recovery.

Gonadal Function in Women with HIV Infection

Amenorrhea is common among women with advanced HIV dis-
ease, with the prevalence approaching 40% in women with severe 
HIV- related wasting. In women without an AIDS- defining illness, 
oligomenorrhea may be up to ten times more prevalent and amen-
orrhea up to seven times more prevalent than in HIV- negative con-
trols [15]. Compared to the HIV- negative population, women with 
HIV have lower oestrogen levels and higher SHBG levels [16] and 
may have earlier menopause.

In addition, androgen deficiency is highly prevalent among 
women with HIV, particularly among those with wasting. In a 
cohort of women studied prior to the cART era, over 50% of 
women with wasting and more than one- third of normal weight 
patients demonstrated serum free testosterone concentrations 
below the lower limit of normal for healthy age- matched women. 
A  more recent cohort also demonstrates lower testosterone and 
dehydroepiandrosterone sulphate (DHEA- S) concentrations in 
women with HIV compared to controls. Importantly, androgen 
deficiency in women with HIV is associated with decreased bone 
mineral density and may also be associated with increased car-
diovascular risk [16]. The aetiology of the androgen deficiency is 
unknown but may relate to intra- adrenal shunting away from an-
drogen production toward cortisol synthesis; in women with HIV- 
related wasting, DHEA- S levels are low compared to controls and 
correlate with decreased androgen levels.

Multiple studies have investigated physiologic transdermal tes-
tosterone replacement (150– 300  mcg daily) in women with HIV, 
with some studies showing improvements in lean body mass, bone 
mineral density at the hip, sexual function, and depression indices. 
Transdermal testosterone has not received regulatory approval for 
the treatment of androgen deficiency in women with HIV. DHEA 
supplementation has also been investigated as a means of increasing 
testosterone and dihydrotestosterone as well as improving mood, 
but the safety profile and effects of DHEA on body composition are 
not known [17].

Adrenal Function

Adrenal function is typically normal in individuals with effectively 
treated HIV, but the adrenal axis may be affected in advanced HIV 
disease. In these cases, subclinical impairment of adrenal function 
is more common than frank adrenal insufficiency. Adrenal impair-
ment is most often associated with anatomic destruction of the 
adrenal glands or anterior pituitary due to OIs, or to use of medica-
tions that suppress adrenal function. In contrast, increased cortisol 
concentrations may also be seen in HIV- infected patients, typically 
due to stress activation of the hypothalamic– pituitary– adrenal axis 
or intra- adrenal shunting toward cortisol synthesis.

Adrenal Insufficiency

Although adrenal insufficiency is rare in individuals with virologic 
control from cART, adrenal impairment is relatively common in pa-
tients with progressive HIV infection or AIDS. Impaired adrenal 
reserve may precede clinical adrenal insufficiency, as asymptomatic 
men with HIV demonstrate progressively increased plasma cortico-
tropin (ACTH) concentrations over time in spite of normal cortisol 
responses to synthetic ACTH [18]. Individuals with advanced HIV 
disease are at higher risk for frank adrenal insufficiency. In a rela-
tively large study of 93 patients with AIDS or AIDS- related com-
plex (ARC), 4% of patients exhibited clinical adrenal insufficiency, 
whereas 54% had subnormal cortisol responses to synthetic ACTH 
indicating marginal adrenal reserve [19]. Adrenal insufficiency in 
individuals with HIV is most often related to tissue destruction of 
the adrenal glands by OIs (Box 12.1.5.2). Cytomegalovirus (CMV), 
mycobacterium avium intracellulare (MAI), and cryptococcus may 
damage adrenal tissue. Glandular destruction does not typically 
exceed more than 50% of adrenal tissue, however, and is there-
fore unlikely to result in frank adrenal insufficiency in most cases. 
Kaposi sarcoma, lymphoma, and haemorrhage may also cause ad-
renal damage in advanced HIV. Secondary adrenal insufficiency 
related to pituitary infiltration from disseminated toxoplasma 
gondii, cryptococcus, and CMV has also been reported in patients 
with AIDS.

Assessment and Treatment of Adrenal Insufficiency

Routine assessment of adrenal function is not indicated in asymp-
tomatic individuals with HIV but should be performed in patients 
with advanced disease who have significant fatigue, inanition, 
hypotension, or hyponatraemia. Patients with known disseminated 
CMV or MAI are at increased risk. Testing should proceed with ei-
ther a morning cortisol concentration or with cosyntropin adminis-
tration (0.25 mg of ACTH 1– 24). The cosyntropin test is misleading, 
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however, if secondary adrenal insufficiency is of relatively acute 
onset, in which case testing with metyrapone or insulin tolerance 
testing is indicated. Of note, the insulin tolerance test should not 
be performed in certain circumstances, for example if patients are 
older, or have known heart disease or seizures. Long- term therapy 
includes mineralocorticoid and glucocorticoid replacement in pri-
mary adrenal insufficiency and glucocorticoid administration alone 
in secondary adrenal insufficiency.

Medication Effects

Medications such as megestrol acetate, ketoconazole, rifampin, and 
opiates are known to affect adrenal function. Ketoconazole inhibits 
multiple cytochrome- P450 dependent steroidogenic enzymes, 
including the side chain cleavage and 11- hydroxylase enzymes, 
and decreases cortisol synthesis in a dose dependent manner. 
Fluconazole and itraconazole are much less likely to cause adrenal 
insufficiency. Rifampin, an antituberculous agent, increases the me-
tabolism of cortisol and may precipitate adrenal insufficiency in 
the setting of known hypoadrenalism or decreased adrenal reserve. 
In addition, megestrol acetate, a synthetic progestational agent ap-
proved for use as an appetite stimulant in patients with HIV- related 
wasting, decreases adrenal function through a glucocorticoid- like 
effect on the hypothalamic– pituitary– adrenal (HPA) axis. Chronic 
use of megestrol acetate may result in Cushingoid symptoms, and 
rapid withdrawal of megestrol acetate may cause adrenal insuffi-
ciency. Furthermore, megestrol acetate use can aggravate under-
lying glucose intolerance and diabetes mellitus in patients with HIV.

Hypercortisolism, HPA Activation, and 
Glucocorticoid Resistance

Individuals with HIV may demonstrate increased cortisol levels. 
Although this is most often due to a stress response to illness, 
studies have also demonstrated intra- adrenal shunting toward cor-
tisol synthesis, potentially due to 17,20 lyase dysfunction. Cytokine 
modulation of the HPA axis is another potential mechanism for 

hypercortisolism in patients with HIV. Anomalous cases of clinical 
adrenal insufficiency with normal or elevated cortisol concentra-
tions have also been reported in individuals with HIV in associ-
ation with glucocorticoid resistance due to abnormal glucocorticoid 
receptors [20]. Finally, Cushing’s syndrome has been described in 
individuals with HIV concurrently taking fluticasone and ritonavir, 
secondary to ritonavir’s inhibition of CYP3A4, which prevents me-
tabolism of fluticasone. Discontinuation of fluticasone in this set-
ting can lead to severe adrenal insufficiency. Interactions between 
ritonavir and other steroids have also been reported.

Thyroid Function

Abnormal thyroid function may accompany HIV, although subtle 
laboratory abnormalities are more common that overt hyper-  or 
hypothyroidism. Thyroid binding globulin (TBG) levels increase 
in both adults and children with HIV, correlating positively with 
severity of illness. Several studies indicate that subclinical hypothy-
roidism, indicated by elevated thyroid- stimulating hormone (TSH) 
with normal T3 and T4 levels, is also relatively common in indi-
viduals with HIV, with prevalence ranging from 3% to 12% [21]. 
Antithyroid peroxidase antibodies are commonly negative in these 
patients [21], arguing against an autoimmune aetiology. In addition 
to subclinical hypothyroidism, the prevalence of isolated low free 
thyroxine levels (without increased TSH) may also be increased 
in HIV infection [21]. Paediatric data demonstrate a high preva-
lence (approximately 20%) of isolated low free T4 in children with 
HIV, with free T4 levels directly associated with CD4+ count [22]. 
Development of hyperthyroidism due to Graves’ disease has also 
been reported in individuals with HIV several months following 
initiation of cART, potentially as a late manifestation of immune 
reconstitution [21].

In patients with advanced HIV disease, overt hypothyroidism 
may result from infiltration of the pituitary or thyroid by OIs. 
Pneumocystis jirovecii may cause a pneumocystis thyroiditis char-
acterized by painful gland enlargement; depending on the extent 
of necrosis, thyroid function may remain normal, or patients may 
develop hypothyroidism, sometimes preceded by a brief period of 
hyperthyroidism [21]. In addition, the severity of HIV disease, as 
well as undernutrition and weight loss, may lead to thyroid func-
tion test abnormalities similar to those in non- thyroidal illness (i.e. 
‘euthyroid sick syndrome’). In advanced HIV, however, both T3 and 
reverse T3 (rT3) tend to be reduced in direct association to serum 
albumin and surrogate measures of muscle mass, in contrast to the 
rT3 elevations typically found in non- thyroidal illness.

Bone Health, calcium, and Vitamin D

calcium and Vitamin D

Vitamin D insufficiency is relatively common in individuals with 
HIV, as in the general population, and vitamin D deficiency may 
be associated with more rapid disease progression [23]. People 
with HIV share many risk factors for vitamin D deficiency with 
the general population, and, additionally, some types of cART 
reduce vitamin D.  Use of efavirenz, a non- nucleoside reverse 

Box 12.1.5.2 Mechanisms of adrenal dysfunction in HIV

Primary adrenal insufficiency
Cytomegalovirus
Mycobacterium tuberculosis
Mycobacterium avium intracellulare
Cryptococcus neoformans
Kaposi’s sarcoma
Haemorrhage
Lymphoma

Secondary adrenal insufficiency
Adenohypophyseal necrosis
Cytomegalovirus
Toxoplasmosis gondii
Lymphoma
 Medications (megestrol acetate, ketoconazole, rifampin, opiates,  
 ritonavir, glucocorticoids)

Hypercortisolism
Stress response to illness
Intra- adrenal shunting toward cortisol synthesis
Cytokine modulation
Glucocorticoid resistance
Medications (concurrent use of ritonavir and fluticasone)
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transcriptase inhibitor (NNRTI), is associated with vitamin D de-
ficiency [24]. In addition, in vitro studies demonstrate that PIs in-
hibit both 25- hydroxylation and 1- alpha hydroxylation, while also 
mildly inhibiting 24- hydroxylation, with a net effect of decreasing 
1,25 dihydroxyvitamin D production [25]. Guidelines recom-
mend checking 25- hydroxyvitamin D levels in individuals with 
HIV and risk factors for deficiency, including dark skin, malnutri-
tion, or malabsorption, obesity, efavirenz use, and chronic kidney 
disease [26].

Severe HIV infection may be associated with hypocalcaemia, 
with mechanisms including malabsorption, vitamin D deficiency, 
abnormal protein binding, medication effects, hypomagnesaemia, 
and altered parathyroid function. The intestinal tract of patients 
with advanced HIV is often the target of OIs, which may result in 
malabsorption of calcium and vitamin D.  Hypocalcaemia associ-
ated with severe illness most often results from hypoalbuminemia 
and abnormal protein binding.

Bone Density and Fracture Risk in HIV Infection

Bone mineral density (BMD) is decreased in both children and 
adults with HIV [27,  28]. In children, lower BMD appears to be 
related to increasing severity of disease as well as decreased height- 
for- age, weight- for- age, and IGF- 1 levels [27]. In adults, decreased 
bone density has been associated with decreased gonadal steroids, 
decreased vitamin D levels, lower IGF- 1, lower body mass index 
(BMI) and/ or weight loss, visceral fat accumulation, duration of 
HIV, and increasing severity of disease. In a large longitudinal ana-
lysis, decreased BMD over time was predicted by low body weight, 
albumin, corticosteroid use, and menopause, whereas strength 
training was protective [29]. With regard to the effect of antiretro-
virals on bone density, one NRTI, tenofovir disoproxil fumarate 
(TDF), has a clear effect to reduce bone density. Additionally, PIs 
‘boosted’ with ritonavir appear to decrease BMD to a greater degree 
than other regimens [26].

Reduced BMD in individuals with HIV translates into increased 
fracture risk. In an epidemiologic study in a large healthcare system, 
women with HIV were more likely to sustain vertebral and wrist 
fractures than non- HIV- infected patients, and men with HIV were 
more likely to sustain any fracture compared to non- HIV- infected 
patients. The overall fracture prevalence in the combined cohort was 
2.87 fractures per 100 persons in the HIV- infected group vs. 1.77 
fractures per 100 persons in the uninfected controls [30]. A study 
of Canadian women demonstrated a similar increase in risk, with 
women with HIV 1.7 times more likely to sustain low- impact frac-
tures than uninfected women [31].

Screening and Treatment of osteopenia and 
osteoporosis in HIV

Strategies for screening and management of osteopenia and osteo-
porosis are shown in Box 12.1.5.3 [26]. For individuals with HIV 
and osteopenia or osteoporosis, contributing endocrine con-
ditions or medications should be considered. Hypogonadism 
may contribute to reduced bone density, and physiologic testos-
terone replacement in women with HIV and reduced androgen 
levels significantly increased bone density over 18  months. For 
individuals receiving TDF, switching to tenofovir alafenamide 
(TAF) significantly improves BMD by 2– 3% after 144 weeks [32]. 
The bisphosphonates alendronate and zoledronic acid have also 

proven safe and effective to increase BMD in patients with HIV 
[26]. There have not yet been studies assessing the effects of ex-
ercise, androgen, or bisphosphonate on fracture risk in the HIV- 
infected population.

osteomalacia and osteonecrosis

Osteomalacia may occur in individuals using efavirenz or TDF or 
in those with severe vitamin D deficiency [26]. Additionally, indi-
viduals with HIV are at risk for osteonecrosis, typically occurring 
at the femoral head [33]. Though the mechanisms are unknown, 
case- control studies demonstrate a significantly increased risk 
with exposure to antiretroviral medications [33]. Other identified 
risk factors include alcohol consumption, use of corticosteroids, a 
prior AIDS- defining illness, and low CD4+ count. Although the 
absolute incidence of osteonecrosis remains relatively low, esti-
mated at approximately 0.2 to 0.6 cases per 100 person- years, in-
dividuals with HIV appear to have increased risk over the general 
population [34].

Box 12.1.5.3 Summary of recommended management of bone 
health in HIV [26]

Screening
25- hydroxyvitamin D deficiency
Indications: low BMD, history of fracture, or major risk factor(s) for 
vitamin D deficiency, including efavirenz use, dark skin, malnutrition or 
malabsorption, obesity, or chronic kidney disease
Frequency: per clinical judgement

Fracture risk assessment by FRAX score
Indications: men 40– 49 yo and premenopausal women ≥40 yo without 
major risk for fragility fracture
Frequency: every 2– 3  years, or with development of a new clinical 
risk factor

Bone density assessment with DXA
Indications: (1) men 40– 49 yo and premenopausal women ≥40 yo with 
intermediate-  or high- risk stratification by FRAX; (2) all postmenopausal 
women; (3) all men ≥50 y; (4) all adults with major fragility fracture risk 
factors regardless of age
Frequency: Consider repeat every 1– 2  years if advanced osteopenia, 
every 5 years if moderate osteopenia, or up to every 15 years if normal 
bone density

Management
Lifestyle optimization
Interventions: Increased weight bearing exercise, smoking cessation, 
avoidance of excessive alcohol use, fall prevention
Indications: All patients with HIV

Calcium and vitamin D optimization
Interventions: (1)  Calcium:  ensure 1000  mg daily for men 50– 70  yo, 
or 1200 daily for women ≥51 yo and men ≥71 yo; (2) Vitamin D: en-
sure 1000 IU daily if 25- hydroxyvitamin D levels normal; if insufficient 
or deficient, treat with higher doses until serum 25- hydroxyvitamin D 
>75 nmol/ L (30 ng/ ml)
Indications: All patients with HIV

Treatment of osteoporosis
Intervention: (1)  If possible, discontinue or prescribe alternatives for 
medications that cause bone loss, including glucocorticoids and TDF. 
(2) Alendronate or zoledronic acid
Indications: Bisphosphonates should be prescribed according to 
country-  or region- specific guidelines for treatment of osteoporosis in 
the general population
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Salt and Water Balance

In general, patients on effective cART are not expected to have 
abnormalities in fluid balance or electrolytes, although these may 
occur in advanced illness. Recent evidence suggests more subtle 
perturbations of the renin angiotensin aldosterone system (RAAS), 
however, with increased aldosterone in individuals with HIV com-
pared to non- infected individuals [35]. RAAS activation appears to 
be associated with visceral adiposity and insulin resistance in HIV, 
although more study is needed to determine if therapeutic targeting 
of RAAS improves body composition or metabolic health.

Sodium

Sodium and water balance may be disturbed in advanced HIV dis-
ease, most commonly manifesting as hyponatraemia secondary 
to syndrome of inappropriate antidiuretic hormone secretion 
(SIADH). Certain medications such as vidarabine, miconazole, and 
pentamidine are associated with hyponatraemia of unknown aeti-
ology. Hypernatraemia and nephrogenic diabetes insipidus have 
been reported with foscarnet therapy and also in association with 
CMV infection of the hypothalamus.

Potassium

Diarrheal OIs may lead to hypokalaemia in patients with advanced 
HIV disease. In addition, TDF has been associated with develop-
ment of renal Fanconi’s syndrome, with accompanying hypokal-
aemia, hypophosphatemia, and acidosis. Foscarnet therapy for 
CMV has also been associated with hypokalaemia, hypomagnes-
aemia, and hypophosphatemia.

Lipid Metabolism

HIV is associated with abnormalities in lipid metabolism, with 
decreased HDL and decreased low- density lipoprotein (LDL) 
occurring early in the disease [36]. Triglyceride levels also increase 
in HIV infection in conjunction with increased de novo hepatic 
lipogenesis [36]. These lipid abnormalities are seen in children as 
well as adults. In patients receiving cART, hypertriglyceridemia may 
be more pronounced, particularly in patients with altered fat dis-
tribution (Figure 12.1.5.2) [37]. Moreover, in contrast to patients 
with untreated HIV, in whom LDL is often low, patients receiving 
cART may demonstrate an increase in LDL to pre- HIV levels or 
beyond [36, 38]. The lipid profile often depends on the specific com-
ponents of the antiretroviral regimen, with some PIs demonstrating 
particularly adverse effects. In one large cohort comparing anti-
retroviral naïve patients to those on different cART regimens, use 
of PI and NRTI was associated with 27% prevalence of hyperchol-
esterolemia (total cholesterol ≥ 6.2  mmol/ L) and 40% prevalence 
of hypertriglyceridemia (triglyceride ≥ 2.3 mmol/ L), compared to 
8% and 15% prevalence, respectively, in antiviral naïve patients 
[39]. A significant effect of PIs on lipids is also seen in paediatric 
cohorts. Newer classes of cART, such as integrase inhibitors and fu-
sion inhibitors, as well as newer agents in the NRTI, PI, and NNRTI 
classes, may have fewer adverse effects on lipid profile.

Individuals with HIV should have lipid panels obtained at the 
initiation of care and routinely thereafter [40]. As in the general 

population, lifestyle changes and exercise are an important ini-
tial treatment strategy for dyslipidaemia, and formal exercise pro-
grammes effectively reduce triglyceride and total cholesterol in 
individuals with HIV [41]. If an individual is receiving a cART 
regimen with particularly adverse effects on lipid, such as a regimen 
with ‘boosted’ PI, switching to another regimen with more favour-
able lipid effects can be considered if feasible. If pharmacotherapy 
is needed, medical treatment of dyslipidaemia in HIV- infected pa-
tients currently follows the same principles as treatment of lipid 
abnormalities in the general population, although the known in-
crease in cardiovascular risk in HIV may argue for more aggres-
sive treatment. Interactions between lipid- lowering agents and 
antiretrovirals may alter therapeutic options [41, 42]. For instance, 
many PIs are metabolized by CYP3A4, affecting HMG- CoA reduc-
tase concentrations. Lovastatin and simvastatin are contraindicated 
with many PIs. Rosuvastatin may also interact with specific PIs and 
may require dose adjustment. Pravastatin and pitavastatin are not 
metabolized by CYP3A4 and may be given safely [43]. A study com-
paring treatment in HIV- infected vs. uninfected individuals showed 
similar LDL- lowering benefit in both groups [43]. In addition, 
studies suggest that statins improve endothelial function in HIV- 
infected patients [42] and reduce non- calcified plaque volume and 
high- risk plaque features. A  multinational study investigating the 
benefit of statins on primary CVD prevention in the HIV- infected 
population is ongoing.

Many patients with HIV demonstrate significant hypertri-
glyceridemia (>500– 900  mg/ dl or >5.65– 10  mmol/ L), which can 
be treated with gemfibrozil or fenofibrate [41]. Omega- 3 fatty acids 
may also be effective.

Glucose Homeostasis

In HIV- infected individuals naïve to antiretrovirals, glucose ab-
normalities are rare and caused most often by pancreatic damage 
and reduced insulin secretion from pentamidine administration or 
hyperglycaemia from megestrol acetate. For individuals treated with 
cART, however, impaired glucose tolerance is relatively common, 
particularly in patients with HIV- associated fat redistribution. In 
one cohort, 35% of patients with HIV lipodystrophy had impaired 
glucose tolerance (IGT), and 7% had frank type 2 diabetes that had 
been previously undiagnosed (see Figure 12.1.5.2) [37]. A  more 
recent study demonstrated a 14% prevalence of diabetes in a large 
group of HIV- infected individuals receiving cART (with or without 
lipodystrophy) compared to a 5% prevalence in uninfected con-
trols [44]. With the development of newer antiretroviral agents, the 
incidence of diabetes appears to be decreasing in HIV, suggesting 
that much of the dysglycaemia in HIV is due to specific medication 
effects.

With the high prevalence of IGT and diabetes in HIV- infected 
individuals, evaluation of glucose homeostasis is important in this 
population, particularly in patients with changes in fat distribution. 
Notably, haemoglobin A1c values may underestimate glycaemia in 
HIV- infected individuals, particularly those receiving NRTIs, such 
that fasting glucose may be a more accurate method for diagnosing 
diabetes in this population [45]. As in the general population, life-
style modification is first line for individuals with glucose intoler-
ance and early diabetes. Additionally, if an individual is receiving 
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lopinavir/ ritonavir, zidovudine, or stavudine, all of which have par-
ticularly adverse effects on glucose homeostasis, a switch in cART 
could be considered if feasible. For treatment of insulin resistance 
and diabetes in HIV, metformin is first line and may also modestly 
improve body composition and cardiovascular risk. Metformin 
may interact with dolutegravir, requiring reduced metformin dose. 
In patients with peripheral lipoatrophy, thiazolidinediones (TZDs) 
are an alternative potential strategy to both improve insulin resist-
ance and increase limb fat, but use of TZDs is limited due to adverse 
cardiovascular effects as well as weight gain. The other antidiabetic 
agents available for general use (sulfonylureas, glucagon- like pep-
tide 1 (GLP- 1) analogues, gliflozins, dipeptidyl peptidase 4 (DPP- 
IV) inhibitors, and meglitinides) can also be used [45], although 
currently none of these is extensively studied in the HIV popula-
tion. For all of these agents, drug monographs should be consulted 
to assess for cytochrome P450 interactions that would affect anti-
retroviral concentrations. Insulin therapy is the preferred second- 
line medication, following metformin, if HbA1c is over 8.5% [45].

cardiovascular Risk

Numerous studies have demonstrated increased rates of coronary 
heart disease and approximately twice the rate of myocardial infarc-
tion in HIV- infected individuals compared to the general popula-
tion (Figure 12.1.5.3). Although increased CVD risk relates in part 
to traditional risk factors such as dyslipidaemia, dysglycaemia, and 
smoking, HIV- related mechanisms such as immune activation, 
increased microbial translocation, and virus- mediated changes 
in cholesterol metabolism also seem to play a large role [46]. In a 
large veterans’ cohort in the United States, the hazard ratio of myo-
cardial infarction was 1.48 (95% confidence interval 1.27– 1.72) in 
individuals with HIV after adjusting for comorbidities, substance 

use, and traditional risk factors as measured by Framingham Risk 
Score [47]. Multiple markers of immune activation, including sol-
uble CD163 and soluble CD14, are elevated in HIV and strongly 
associated with increased CVD risk [46]. These markers decrease 
with cART but remain elevated above levels found in non- infected 
controls. Additionally, serum markers of microbial translocation 
are elevated in HIV and are associated with measures of subclinical 
atherosclerosis, suggesting that impaired gut integrity in HIV may 
contribute to chronic inflammation and CVD risk [46]. Trials to re-
duce immune activation and inflammation in hopes of decreasing 
CVD risk are an active area of investigation in HIV. Some evidence 
has suggested that certain antiretroviral agents may increase the risk 
of CVD, but there is not clear evidence that newer cART regimens 
increase risk. A study of continuous cART versus an intermittent 
regimen based on CD4+ count demonstrated higher cardiovascular 
risk in the intermittent regimen [48], in association with higher sys-
temic inflammatory markers [49]. These results suggest that sus-
tained cART, by achieving viral suppression and reducing systemic 
inflammation, may actually lower CVD risk, but further research 
is needed.

Given the adverse cardiometabolic effects of HIV just described, 
effective treatment of risk factors for cardiovascular disease is cru-
cial for HIV- infected patients. As in the general population, preven-
tion strategies include smoking cessation as well as screening and 
treatment for dyslipidaemia, hypertension, and disordered glucose 
metabolism [42].

Summary

HIV is associated with a number of endocrine abnormalities, 
largely dependent on the stage of disease and the medications 
used for therapy. In individuals with advanced HIV disease or 
AIDS, OIs and the medications used to treat them often play a role 
by damaging endocrine organs and altering hormone synthesis. 
Weight loss is a predictor of mortality in this group, and clinicians 
should be aware of strategies to increase lean body mass, including 
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physiologic androgen replacement and potentially GH. In contrast, 
HIV- infected individuals treated with cART may present quite 
differently, with visceral adiposity, relative GH deficiency, hyper-
lipidaemia, and altered glucose homeostasis. In these patients, 
management of hyperlipidaemia, impaired glucose metabolism, 
and CVD risk is of primary concern. HIV- infected patients gen-
erally demonstrate decreased bone density, increased prevalence 
of subclinical thyroid disease, and increased cardiovascular risk 
as evidenced by increased myocardial infarction rate as well as in-
creased carotid intima- media thickness. Children with HIV also 
demonstrate many of these abnormalities and may also present with 
growth failure, particularly in severe disease.
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Introduction

Sir William Gull, a personal physician to Queen Victoria, coined 
the term ‘anorexia nervosa’ in the 1860s to describe a syndrome of 
wasting in young female patients, for which he could discern no 
organic cause, such as tuberculosis, which was a common cause of 
such signs and symptoms at the time [1] . He surmised that anorexia 
nervosa was of primary psychiatric origin— a construct that persists 
today. The most recent psychiatric diagnostic criteria (published 
in 2013) are delineated in the Diagnostic and Statistical Manual of 
Mental Disorders, fifth edition (DSM- 5), which defines anorexia 
nervosa as a disorder characterized by food restriction leading to 
low weight, an intense fear of gaining weight or becoming fat (or 
persistent behaviours designed to prevent weight gain), and al-
tered body image (such that the patient is convinced that she is 
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overweight when she is not). With the recognition that there are a 
wide range of physical manifestations of this psychiatric syndrome, 
these revised diagnostic criteria relaxed the weight criteria and re-
moved the amenorrhoea requirement that had been included in the 
prior diagnostic criteria [2]. Moreover, DSM- V added a number of 
additional diagnostic criteria, including ‘atypical anorexia nervosa’, 
in which patients share the psychiatric characteristics of anorexia 
nervosa, but without low weight [2].

Anorexia nervosa is a common disorder, particularly in adoles-
cent girls and young women. It has a prevalence of 0.3 to 3% in 
women [3]  and it ranks third in prevalence among chronic disorders 
in adolescent girls [4]. However, it should be noted that the disorder 
also affects older women and men, though much less frequently. 
Therefore, very little is known about the endocrine complications 
of the disorder in these groups, and this chapter will focus on endo-
crine dysregulation in girls and women with anorexia nervosa.

Anorexia nervosa is biologically a disorder in which chronic 
starvation affects multiple endocrine systems, including classic 
hypothalamic– pituitary, adipokine, and satiety pathways. Much of 
this dysregulation is adaptive to the starved state and reverses with 
nutritional recovery. However, it remains relevant because the psy-
chiatric disorder is chronic in approximately 50% of women [5] , 
and because endocrine dysregulation can have long lasting conse-
quences on skeletal, and other aspects of, health.

Hypothalamic– Pituitary Axis Dysregulation

Electrolyte disturbances, particularly hyponatraemia and hypo-
kalaemia, occur in 20% of women with anorexia nervosa [6] . 
Hyponatraemia can be caused by syndrome of inappropriate 
antidiuresis (SIAD) and/ or primary polydipsia and rarely results 
in seizures. Diabetes insipidus has also rarely been reported. 
Hypokalaemia is associated with purging behaviours (self- 
induced vomiting, laxative overuse, and/ or diuretic use). See Table 
12.1.6.1 [7].

Non- thyroidal illness is a common complication of this dis-
order [8] — and is adaptive to the starved state. For this reason and 
because of the potential for levothyroxine abuse to induce weight 
loss, levothyroxine therapy should only be prescribed for frank 
hypothyroidism.

Hypothalamic amenorrhoea is a common— but not universal— 
complication of anorexia nervosa and results in relative oestrogen, 
androgen, and progesterone deficiency. Our understanding of the 
interplay of starvation, the hypothalamic– pituitary– gonadal axis 
and fat stores has advanced since the 1970s, when Drs Frisch and 
McArthur published their seminal work describing a ‘minimum 
weight for height’ required for menarche [9] . In the same decade, 
Boyar et al., published important work demonstrating luteinizing 
hormone (LH) apulsatility in women with anorexia nervosa, which 
recovered to normal with weight gain [10]. However, Dr Boyar’s 
group also noted that this seemingly clear construct, in which star-
vation results in near total cessation of gonadotropin- releasing 
hormone (GnRH) secretion by the hypothalamus, does not cap-
ture the complexity of the hypothalamic– pituitary– gonadal (HPG) 
axis in women with anorexia nervosa. In addition to the absence 
of GnRH— and therefore LH— pulsations, they described a number 
of other patterns, including LH pulsatility only at night, as seen in 
normal late puberty [10]. They also demonstrated that the severity 
of derangement of LH pulsatility is not directly related to the length 
of time the patient has been suffering from the disease or the degree 
of low weight. Moreover, they demonstrated that weight gain did 
not reliably result in return of menses [11]. In fact, approximately 
15% of women with anorexia nervosa remain amenorrhoeic despite 
weight gain to a ‘healthy’ level [12]. Whether the lack of recovery 
of reproductive function in such women reflects hypothalamic or 
pituitary atrophy due to prolonged suppression, a resetting of the 
HPG axis, continued psychologic stress, lack of sufficient fat mass 
despite weight gain and/or other factors, is unknown.

The importance of adequate fat mass to initiate and sustain normal 
reproductive function has mostly focused on the adipokine leptin, a 
16 kDa peptide secreted by adipocytes which is permissive (neces-
sary) for normal reproductive function. Leptin is an anorexigenic 
hormone. However, its primary function appears to be as a signal 
of inadequate energy stores to the reproductive, and other,  systems. 
Evidence in humans of leptin’s key role in regulating reproduc-
tion include that congenital leptin deficiency is complicated by 
hypogonadotropic hypogonadism [13]. Rodent data demonstrate 
that leptin deficiency is a critical link between starvation and hypo-
thalamic amenorrhoea. In an elegant study, Ahima et al. showed that 
whereas acute starvation delayed the rodent equivalent of ovulation 
(oestrous), simultaneous administration of leptin to ‘normal’ blood 
levels (levels characteristic of non- starved mice) resulted in normal 
reproductive function [14]. Although, mean serum leptin levels are 
lower in women with anorexia nervosa who experience amenor-
rhoea than in those without amenorrhoea [15], there is considerable 
overlap in individual levels between these two groups. This dem-
onstrates the considerable complexity and variable intraindividual 
vulnerability of the female reproductive system to stress and also 
highlights the lack of utility of leptin levels in clinical practice when, 
for example, setting weight goals for recovery in women with hypo-
thalamic amenorrhoea due to anorexia nervosa [15]. In a study of 
eight healthy- weight women with hypothalamic amenorrhoea (BMI 
18.8– 24.4 kg/ m2), leptin administration resulted in ovulatory cycles 

Table 12.1.6.1 Endocrine dysfunction in women and adolescent 
girls with anorexia nervosa

Women and 
adolescent girls 
with anorexia 
nervosa

Implicated in 
bone loss

Hypothalamic amenorrhoea ✓ ✓

GH resistance ✓

↑GH ✓

↓GF- 1 ✓ ✓

Hypercortisolaemia ✓ ✓

Appetite hormone dysregulation ✓

↑PYY ✓ ✓

↓Leptin ✓

↑Ghrelin ✓

Abbreviations: IGF- 1, insulin- like growth factor I; PYY, peptide YY.
Reproduced with permission from Miller KK. Endocrine effects of anorexia nervosa. 
Endocrinol Metab Clin North Am. 2013;42(3):515– 28. Copyright © 2013 Elsevier Inc. [7] .
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in three. However, because of the resultant weight loss (to be ex-
pected because leptin is an anorexigenic hormone) [16], it cannot be 
used in women with anorexia nervosa in whom nutritional repletion 
must be the primary goal. Other putative mediators of reproductive 
function have been studied. Although the role of kisspeptin, the en-
dogenous ligand for the hypothalamic kisspeptin receptor, has not 
been studied in women with anorexia nervosa, acute administra-
tion of kisspeptin increases gonadotropin release in healthy- weight 
women with hypothalamic amenorrhoea [17].

In addition to hypo- oestrogenaemia, the effects of hypogonadism 
in women with anorexia nervosa also include androgen and proges-
terone deficiency. Both testosterone and free testosterone levels are 
reduced in women with anorexia nervosa, with a further reduction 
in free testosterone in women with the syndrome who also take oral 
contraceptives [18]. Low androgen levels result from a reduction 
of ovarian, not adrenal, precursors [19], consistent with the diag-
nosis of hypothalamic amenorrhoea, though there are conflicting 
data as to whether adrenal pre- androgen levels are normal or low 
in girls and women with anorexia nervosa [18, 20]. When consid-
ering the end organ effects of hypothalamic amenorrhoea in girls 
and women with anorexia nervosa, the effects of oestrogen, proges-
terone, and androgen deficiencies should all be considered. If one 
extrapolates from men with regard to the effects of testosterone de-
ficiency, one could surmise that women with relative androgen de-
ficiency might experience decreased muscle mass and bone mineral 
density (BMD), and depressed mood. However, testosterone levels 
are ten to 20 times lower in healthy women than men and therefore 
direct extrapolation is not possible. A  small randomized study of 
low- dose transdermal testosterone (300 mcg daily) administration 
demonstrated increases in lean body mass but not BMD [21], and a 
cross- sectional study demonstrated an inverse association between 
severity of depression and anxiety symptoms and free and total tes-
tosterone levels [22, 23]. However, a small, randomized, placebo-
controlled trial of low-dose transdermal testosterone showed no 
improvement in weight, eating disorder cognition or depression 
symptom severity. Therefore, there is no evidence that testosterone 
administration ameliorates such symptoms. Moreover,  there are no 
FDA- approved testosterone preparations that deliver appropriate 
female doses, and the long- term effects of testosterone replacement 
therapy in women are unknown.

GH resistance is another endocrinopathy observed in girls and 
women with anorexia nervosa. That GH levels are relatively high 
in association with acute and chronic fasting was first reported in a 
classic paper by Roth et al. in 1963 in Science— the same publication 
in which the insulin tolerance test was described [24]. Later it was 
shown that despite the relatively high GH concentrations in women 
with anorexia nervosa (basal levels four times higher and pulsatile 
release 20- times greater than in healthy controls) [25], insulin- like 
growth factor 1 (IGF- 1) levels (total and bioactive) are relative low, 
consistent with a state of resistance at the level of the liver to the ef-
fects of GH [26]. This is because nutrition and insulin are required 
for IGF- 1 production by GH in the liver [27].

Hypercortisolaemia is present in approximately one- third of girls 
and women with anorexia nervosa, as originally shown by Boyar 
and colleagues [8] . Some studies have shown that hypercortisolism 
may not be dexamethasone- suppressible and can, but does not al-
ways, reverse with restoration of weight. Despite low weight, the 
consequences of hypercortisolaemia in girls and women with an-
orexia nervosa share some similarities with those with Cushing’s 

syndrome, with disproportionate accumulation of trunk fat during 
recovery [28] and bone loss [29], the latter remained significant 
after controlling for months of amenorrhoea, age, and IGF- 1 levels 
(though low body weight, a determinant of both high cortisol and 
low BMD was not included in the statistical models). A  positive 
result of hypercortisolaemia— perhaps mediated by the relative in-
crease in trunk fat observed— is that girls with anorexia nervosa 
and relatively higher cortisol levels are more likely to regain menses 
during the following year [30].

Satiety Pathway Dysregulation

Some appetite- regulating hormone pathways are also dysregulated 
in girls and women with anorexia nervosa (Table 12.1.6.1). One 
would expect low levels of anorexigenic hormones and high levels 
of orexigenic hormones in individuals with low weight, and in some 
cases, this is what is seen in girls and women with anorexia nervosa. 
For example, serum leptin levels are relatively suppressed, as would 
be predicted from low fat mass and anorexigenic effects of leptin 
[31, 32]. Moreover, as one would expect in a low- weight population, 
mean systemic levels of ghrelin, an orexigenic hormone, are ele-
vated in girls and women with anorexia nervosa [33– 35]. However, 
there are some contradictory studies, including one which demon-
strated low mean ghrelin levels in women with binge- purge- type 
anorexia nervosa [36] and another which reported a greater reduc-
tion in ghrelin levels during a euglycemic hyperinsulinaemic clamp 
than controls [37]. The authors hypothesized that this exaggerated 
response contributes to a feeling of satiety in such women and as 
such could be contributing to the maintenance of the disorder.

Moreover, contrary to what would be predicted in a low- weight, 
low- caloric- intake state, mean systemic levels of peptide YY (PYY), 
an anorexigenic gut hormone, is high both in girls and women with 
anorexia nervosa compared with controls [38, 39]. The cause and 
result of this elevation are unknown and raise the possibility that 
NPY- PYY appetite system dysregulation may contribute to the 
pathophysiology of anorexia nervosa. In support of this unproven 
hypothesis, PYY levels correlate with the degree of eating disorder 
thinking and behaviour [40], suggesting a possible relationship be-
tween the psychologic features of anorexia nervosa and PYY levels.

Bone Loss

The global endocrine dysregulation delineated earlier contributes 
to severe bone loss in women with anorexia nervosa— both those 
with classic low- weight anorexia nervosa and those with normal- 
weight atypical anorexia nervosa (Table 12.1.6.2). The vast majority 
of women with low- weight anorexia nervosa have Z- scores and or 
T- scores of less than or equal to – 1.0, and 40% have osteoporosis 
[41]. In addition, BMD in such women declines by a mean 2.5% 
annually [42]. Bone loss occurs disproportionally at primarily tra-
becular sites (e.g. lateral and posteroanterior (PA) spine), and only 
15% of women with anorexia nervosa have normal BMD at all skel-
etal sites [6] . This results in a non- spinal fracture rate seven times 
expected [43], and 30% of such women report a history of at least 
one fracture [6]. Healthy adolescence is characterized by a substan-
tial increase in BMD and an increase in markers of bone metab-
olism, which is not experienced by girls with anorexia nervosa [44], 
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resulting in low BMD compared to healthy girls [45] and an ele-
vated fracture risk [46]. In one study 70% of amenorrhoeic, 67% of 
eumenorrheic, and 65% of women on oral contraceptive pills with 
atypical anorexia nervosa (psychiatric symptoms characteristic of 
anorexia nervosa in the absence of low weight) had a BMD Z score 
<– 1 at least one skeletal site [46]. Prior low weight and/ or amenor-
rhoea conferred a high risk for low BMD, whereas having a history 
of neither appeared to be relatively protective [47].

Bone microarchitecture and strength (as modelled by finite 
element analysis) are also adversely affected in adolescent girls 
and women with anorexia nervosa [48– 52], before dual energy 
X- ray absorptiometry (DXA) shows evidence of low BMD [51]. 
Recovery of bone mass does occur with weight recovery, particu-
larly in adolescents in whom intervention is early and adults who 
recover menses with their weight gain [42]. However, nutritional 
restoration is not easy to achieve for many girls and women suf-
fering from this psychiatric disorder, and even when it does occur, 
persistent low BMD is common [53]. In addition, weight recovery 
may take years to achieve. These factors provide a rationale for early 
intervention— to restore weight and normal neuroendocrine func-
tion, as well as to develop therapeutic strategies to prevent and treat 
skeletal compromise.

Bone metabolism in women with anorexia nervosa is character-
ized by an uncoupling of bone formation (which is low) and bone 
resorption (which is high) [31], which provides clues to the patho-
physiology of the disease and a rationale for putative treatment 

strategies. In adolescent girls with anorexia nervosa, the character-
istic increase in bone turnover (bone formation and resorption) ob-
served in adolescence— and leading to rapid bone accrual toward 
peak BMD— is not present [54]. These differences in bone turnover 
in girls versus adults with anorexia nervosa highlight very real dif-
ferences in skeletal physiology in these groups that inform preventa-
tive and therapeutic choices (i.e. findings in one age group cannot 
be generalized to the other).

Given the well- known link between oestrogen- deficiency and 
bone loss during menopause, hypogonadism in anorexia nervosa is 
an excellent candidate for an important contributing factor to bone 
loss in girls and women with anorexia nervosa— and an obvious 
therapeutic target. In fact, in amenorrhoeic low- weight women with 
anorexia nervosa, the mean spine T- score in amenorrhoea group 
was – 1.9 compared to – 0.9 in women with comparable low weight 
but without amenorrhoea [15]. This suggests that gonadal ster-
oids are important for skeletal integrity in the setting of low weight 
and that nutritional deprivation plus gonadal steroid deficiency is 
particularly detrimental to bone. Whether there is a component 
of relative androgen and/ or progesterone deficiency or whether 
it is simply oestrogen- deficiency that contributes to bone loss is 
unknown. In adolescent girls and women with anorexia nervosa, 
oral replacement strategies that involve oestrogens and progestins 
(both postmenopausal hormone therapy [55] and oral contracep-
tives) [56– 58] have demonstrated unimpressive results. The former 
appears to be entirely ineffective [55], whereas the latter may stem 

Table 12.1.6.2 Therapies for low bone mineral density in adolescent girls and women with anorexia nervosa

Therapy Age n Change in BMD Treatment length 
(months)

Refs

Oral oestrogen/ progestin 16– 42 48 No change versus placebo 19 (mean) [55]

12– 21 50 No change versus placebo 12 [56]

18– 38 60 No change versus placebo 9 [57]

11– 17 112 No change versus placebo 12 [58]

Physiologic oestrogen replacement 12– 18 110 Increase in spine BMD versus placebo (2.6% versus 0.3%).  
Stable hip BMD versus decline in placebo (0.004% versus – 1.2%)

18 [59]

Recombinant human IGF-1 18– 38 60 Increase in spine BMD versus placebo (1.1% versus – 0.6%) 9 [57]

Recombinant human IGF-1 plus oral 
contraceptive

18– 38 60 Increase in spine BMD versus placebo (1.8% versus – 1.0%) 9 [57]

Testosterone 19– 49 77 No change versus placebo 12 [21]

DHEA 14– 28 61 No change in lumbar BMD in either DHEA or oral oestrogen/ 
progestin group. Similar increase in hip BMD (1.7%) in both  
DHEA and oral oestrogen/ progestin group, but change was not 
significant after controlling for weight gain

12 [20]

DHEA plus oral contraceptive 13– 27 94 Maintenance of spine and hip BMD versus decrease in placebo 
group

18 [61]

Oral bisphosphonates 12– 21 32 No change versus placebo, although both groups gained weight 
and increased spine and hip BMD

12 [69]

19– 49 77 3– 4% increase in spine BMD and 2% increase in hip BMD versus 
placebo

12 [21]

Teriparatide 32– 58 32 Increase in spine BMD versus placebo (6% versus 0.6%).  
No change in hip BMD versus placebo

6 [70]

Weight gain and resumption of 
menses

18– 40 75 1.8% increase in hip BMD, 3.1% increase in spine BMD  
compared with baseline

12 [43]

DHEA, Dehydroepiandrosterone; hIGF1, human insulin- like growth factor 1.
Adapted with permission from Schorr M, and Miller KK. The endocrine manifestations of anorexia nervosa: mechanisms and management. Nat Rev Endocrinol. 2017;13(3):174– 86. 
Copyright © 2016, Springer Nature [47].
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bone loss but does not increase BMD [57]. This is contrast to the 
effects of transdermal oestrogen and progestin at replacement doses 
(100 µg of 17β- oestradiol with cyclic progesterone transdermally in 
older adolescents (with a bone age ≥15 years), which was shown in 
a randomized, placebo- controlled study to result in significant in-
creases in BMD, though it did not result in normalization of BMD 
[59]. Low- dose testosterone administration stimulates bone forma-
tion in women with anorexia nervosa [21, 60], but does not increase 
BMD [21]. Dehydroepiandrosterone (DHEA) administration to 
adolescent girls with anorexia nervosa resulted in increases in BMD 
that were explained by increases in weight [20], but a subsequent 
study of DHEA plus ethinyl oestradiol plus a progestin demon-
strated spine and total body BMD stability compared to placebo, 
which was associated with bone loss [61].

As might be expected, duration of illness (time since onset of an-
orexia nervosa) and body mass index are inversely associated with 
BMD. Muscle mass (as measured in most studies as lean body mass 
by DXA) is the body composition parameter that most strongly cor-
relates with BMD [44]. Weaker associations are seen with total fat 
mass, but bone marrow fat, which is high in anorexia nervosa, is 
strongly inversely associated with BMD [62]. Whether this provides 
a clue to the mechanisms underlying bone loss in anorexia nervosa 
is unknown. It is possible that the increase in bone marrow fat is 
mechanistically related with endocrine dysregulation resulting in 
mesenchymal stem cell precursor differentiation toward the adi-
pocyte, rather than osteoblast pathway. Alternatively, impaired 
osteoblastogenesis may be the cause, not result, of accumulation of 
bone marrow fat.

Although components of nutritional intake have not been impli-
cated in bone loss in anorexia nervosa, there is controversy about 
the impact of vitamin D deficiency. In studies in both girls and 
women with anorexia nervosa, mean vitamin D and calcium in-
take have been shown to comparable to healthy controls of com-
parable age (in part due to the ingestion of supplements) and low 
vitamin D levels have even been shown to be more common in 
healthy controls. The conclusions drawn from these studies are that 
vitamin D deficiency is unlikely to be an adequate explanation for 
the lower BMD observed in anorexia nervosa [63,  64]. However, 
when vitamin D deficiency is present, it may contribute to bone 
loss. In one study, a majority of females with anorexia nervosa had 
25- hydroxy- vitamin D levels, and very low levels (<12 ng/ ml) were 
associated with lower hip BMD than those with vitamin D levels ≥ 
20 ng/ ml [65]. Moreover, in another study, improvements in spine 
BMD with weight restoration occurred only in individuals who had 
vitamin D levels ≥ 30  ng/ ml This suggests that it is important to 
ensure normal vitamin D levels to optimize improvements in bone 
health with weight gain or pharmacologic therapies [66].

GH is well- known to be anabolic to bone, primarily respon-
sible for linear growth and important for maintenance of bone 
mass in adults. However much of GH’s bone- anabolic actions are 
mediated through IGF- 1, systemic levels of which are reduced in 
anorexia nervosa due to the state of GH resistance. Evidence of a 
detrimental effect of relative IGF- 1 deficiency on BMD in anor-
exia nervosa include an association of IGF- 1 levels with markers 
of bone formation [44] and bone microarchitectural parameters 
[49]. Recombinant human IGF- 1 (rhIGF- 1) replacement therapy is 
effective at increasing BMD in women with anorexia nervosa but 
not to normal (1.4% at the spine— 2.8% when combined with oral 

contraceptives) over 9 months [57]. Of note, rhIGF- 1 is not FDA- 
approved to treat low BMD in women with anorexia nervosa, and 
studies in adolescents with anorexia nervosa are lacking.

Bone loss is a well- known complication of hypercortisolaemia 
in women and men with Cushing’s syndrome. Whether 
hypercortisolaemia is driven in part by relatively higher ghrelin levels 
is unknown. Moreover, whether the functional hypercortisolaemia 
observed in anorexia nervosa contributes to the bone loss observed 
in this syndrome has not been fully determined. However, there is 
evidence of such an effect from studies. For example, overnight fre-
quent samples for cortisol negatively correlate with BMD in both 
women and girls with anorexia nervosa [29, 67]. It is unknown how 
to translate these observations into a therapeutic strategy other than 
to work toward nutritional and psychiatric recovery, which result in 
normalization of cortisol levels.

There is also a complex interplay between bone loss and appe-
tite hormone dysregulation. Most studies suggest indirect effects. 
For example, although there is little evidence that hypoleptinaemia 
directly causes bone loss, normalization of leptin may improve 
BMD through normalization of reproductive function. In contrast, 
PYY levels are elevated in women and girls with anorexia nervosa 
and strongly inversely associated with BMD, even after control-
ling for weight [68], raising the question of whether there may be 
direct effects. However, no studies establishing causality have been 
published.

Other traditional pharmacologic and non- pharmacologic 
interventions developed to treat postmenopausal osteoporosis 
have also been tested in girls and women with anorexia nervosa. 
Antiresorptive and anabolic agents have been studied in small, ran-
domized, placebo- controlled studies. Risedronate increases BMD in 
women with anorexia nervosa, but one year of therapy does not nor-
malize BMD [21]. In contrast, alendronate was not found to be ef-
fective at increasing BMD in adolescent girls with anorexia nervosa 
after controlling for weight gain [69]. This is yet another example 
of the non- generalizability of results in adults and adolescents. It 
is important to note that bisphosphonates are not FDA- approved 
for use in girls or women with anorexia nervosa, and although 
the limited data available are reassuring about teratogenicity of 
bisphosphonates, they should be avoided in individuals at risk of 
becoming pregnant in the near future. Anabolic therapies have par-
ticular appeal in anorexia nervosa because of the decrement in bone 
formation observed. A pilot study demonstrated increases in BMD 
at the spine 6– 10% with 6 months of teriparatide as compared with 
placebo [70]. Although these data are very promising, teriparatide 
is not FDA- approved for the treatment of low BMD in anorexia 
nervosa, and an FDA warning states that teriparatide should not 
be used in patients at risk for the development of osteosarcoma, 
including adolescents. Finally, although weight- bearing exercise 
appears to improve BMD in women who are have recovered from 
anorexia nervosa [71], exercise is deleterious for skeletal health in 
low- weight women with anorexia nervosa [72], likely because it ex-
acerbates the negative energy balance.

conclusions

Endocrine complications of chronic starvation, as seen in girls 
and women with anorexia nervosa, are myriad and include SIAD, 
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hypothalamic amenorrhoea (resulting in relative oestrogen, an-
drogen, and progesterone deficiency), GH resistance (with resultant 
relative IGF- 1 deficiency) and hypercortisolaemia, as well as alter-
ations in anorexigenic and orexigenic hormone levels and pathways. 
These endocrine consequences of starvation contribute to bone loss, 
which is nearly universal in girls and women with anorexia ner-
vosa. A  multidisciplinary approach to psychiatric and nutritional 
rehabilitation, with a physician, therapist, and nutritionist, is the 
key to recovery from this psychiatric disease. The combination of 
weight restoration and psychiatric recovery results in normaliza-
tion of endocrine axis dysregulation in many, but not all, patients. 
Recovery of skeletal health often accompanies weight recovery, es-
pecially if it is accompanied by recovery of reproductive function. 
However, some degree of BMD impairment may persist after re-
covery from anorexia nervosa, and the disorder is chronic in many 
patients. Therefore, further research into preventative and treat-
ment strategies for bone loss in girls and women with anorexia ner-
vosa is warranted.
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Introduction

Alcohol has widespread effects on the endocrine system, poten-
tially impairing endocrine function. Endocrine impairment is 
more obvious and frequent in those who have developed alcoholic 
liver disease. Endocrine dysfunction not only results from hepatic 
failure or chronic malnutrition, but also from direct, toxic actions 
of alcohol on the endocrine organs as well as impairing regulation 
at the hypothalamic– pituitary level. In the absence of liver disease, 
the adverse effects of alcohol on the endocrine organs are mostly 
reversible upon reduction or cessation of alcohol consumption. 
There is increasing evidence that the endocrine system itself may 
play a crucial role in the pathogenesis of addictive behaviour.

Studies on alcohol– endocrine interactions in humans are difficult 
and often report inconclusive or controversial results. Difficulties 
arise from the highly heterogenic groups of alcohol- dependent 
persons differing in amount and duration of alcohol consumption, 
periods of abstinence, confounding variables (e.g. age, gender, nutri-
tional status, smoking, concomitant drugs) and comorbidities (e.g. 
liver disease), respectively. The mechanisms of alcohol– endocrine 
interactions are poorly understood, due to multifactorial causes 
of disease and the complexity of endocrine regulation. However, 
a better understanding of the impact of alcohol on the endocrine 
system is required to guide public health recommendations on al-
cohol consumption.

Hypothalamic– Pituitary– Adrenal (HPA) Axis and 
Alcohol Induced Hypercortisolism

Excessive alcohol intake increases cortisol secretion acutely and 
chronically and is primarily mediated through the activation of 
hypothalamic corticotropin- releasing hormone (CRH). In add-
ition, hepatic dysfunction may result in an impaired peripheral 
clearance of cortisol and thus contribute to the hypercortisolaemic 
state in chronic alcoholism. As a consequence, some patients 
with chronic alcohol consumption may develop a physiologic, 
non- neoplastic hypercortisolism (formerly pseudo- Cushing’s 
syndrome) with clinical and endocrine features that may be in-
distinguishable from true Cushing’s disease (pathologic, neo-
plastic hypercortisolism), which is usually caused by either an 
adrenocorticotrophic hormone (ACTH)- secreting neoplasm or 
adrenal neoplastic disease.

Due to the similar clinical and endocrine features, differenti-
ation of alcohol- induced hypercortisolism from true Cushing’s 
syndrome may be difficult; therefore, a thorough history and clin-
ical examination are often considered best. Possible endocrine 
findings in alcohol- induced hypercortisolism are described in 
Box 12.2.1.1. Importantly, both the physical and the endocrine 
abnormalities improve after discontinuation of alcohol use. Thus, 
abstinence from alcohol not only is curative but also an important 
diagnostic tool [1] .
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Hypothalamic– Pituitary– Gonadal (HPG) Axis 
and Alcohol

HPG Axis and Alcohol in Men

Chronic alcohol abuse may affect all levels of the hypothalamic– 
pituitary– gonadal (HPG) axis resulting in hypogonadism. The full 
spectrum of hypogonadism (testicular atrophy, loss of libido, impo-
tence, infertility), osteoporosis, decreased muscle, anaemia, altered 
immune function, depressed mood, and decreased vitality, may 
occur [2, 3].

Alcohol- induced (AI) hypogonadism arises from direct (toxic) 
and indirect effects on the gonads and on the hypothalamic– 
pituitary unit [3] . AI hypogonadism is more frequently observed 
in advanced alcoholic liver disease [4]. The prevalence of sexual 
disorders ranges from 8 to 58%. Abnormal sperm parameters 
(morphology, semen volume), and altered sex hormones are fre-
quent findings [4,  5] (Box 12.2.1.2). In a recent study of young 
Danish men, reduced semen quality occurred with only 5 drinks/ 
week, and was most pronounced in heavy drinkers (>25 drinks/ 
week) [6].

Sex hormones levels are variable [4, 7– 11] (Box 12.2.1.2). Blood 
testosterone levels are mostly normal in the absence of liver dis-
ease. By contrast, levels of luteinizing hormone (LH) are fre-
quently inappropriately high or low indicating disturbance of 
adenohypophyseal feedback [7] . In the absence of significant hep-
atic or gonadal injury, abstinence may improve gonadal dysfunction 
[5, 12].

Feminization, as distinct from hypogonadism is manifested by gy-
naecomastia, female body habitus changes, spider angioma, palmar 
erythema, and changes in body hair patterns. Feminization is seen 
rarely in the absence of chronic alcoholic liver disease. Feminization 
results from the combined effects of altered enterohepatic circula-
tion of biliary excreted steroids from portal hypertension, and in-
creased conversion of testosterone to androstenedione, oestradiol, 
and oestrone [13].

A clinical evaluation of hypogonadism should always include a 
thorough history of alcohol consumption, information on the nega-
tive effects on the male reproductive system and the potential re-
versibility from abstinence.

HPG Axis and Alcohol in Women

In premenopausal women, chronic heavy alcohol use may con-
tribute to a multitude of reproductive disorders, such as menstrual 
cycle irregularities, amenorrhoea, anovulation, loss of libido, early 
menopause, and increased risk of spontaneous abortions [14]. 
During early adolescence, alcohol consumption may delay puberty 
and adversely affect the maturation of the female reproductive 
system [15]. Binge drinking may be most detrimental at certain 
times, namely puberty. It can impair the cyclical selection of follicles 
for maturation, ovulation, implantation, and subsequent survival of 
the blastocyst [16].

Studies investigating effects on sex hormones are challen-
ging because of the variation in hormone levels throughout the 
menstrual cycle. A  recent large study observed higher luteal 
oestrogen and sex hormone- binding globulin (SHBG) concen-
trations and lower levels of free testosterone among women who 
consumed alcohol compared with non- drinkers. In this study, 
there were no significant associations between alcohol con-
sumption and plasma androgen, oestrone, or oestradiol levels 
in the follicular phase [17]. However, the role of AI alterations 
of sex hormones on the female reproductive system is still un-
clear. Further studies are needed to clarify the relationships and 
underlying mechanisms.

In postmenopausal women, plasma oestradiol levels are elevated 
in alcoholic liver disease as well as in ‘moderate’ drinkers (1 to 28 
drinks/ week) in the absence of liver disease. However, so far, a firm 
relationship between ‘moderate’ alcohol consumption (no more than 
1 drink/ day) and oestrogen levels has not been established. By con-
trast, single dose alcohol administration to postmenopausal women 
on oestrogen replacement therapy (ERT) increases serum oestra-
diol levels markedly, which may increase the risk of breast cancer. 
Following a single oral dose of ethanol (0.75  g/ kg bodyweight), 
serum oestradiol levels increased by 22% when oestradiol was ad-
ministered by transdermal patch (0.15 mg), and by 300% by oral 
administration (1  mg/ day), respectively [18]. Notably, ERT has 
been implicated in breast cancer and the risk of breast cancer is in-
creased in postmenopausal women with concomitant alcohol use 
[19]. Therefore, postmenopausal women on ERT with concomitant 

Box 12.2.1.1 Alcohol- induced hypercortisolism (formerly 
pseudo- Cushing’s syndrome)

May be indistinguishable from true Cushing’s syndrome
History and physical examination best way to differentiate from true 
Cushing’s syndrome
Endocrine abnormalities resolve with discontinuation of alcohol use

Endocrine findings
 • ↑ late- night salivary cortisol and urinary corticosteroids
 • Mostly normal or ↑ plasma ACTH
 • Rarely adrenal nodular disease and subnormal plasma ACTH
 • Often abnormal overnight dexamethasone suppression test
 • Abnormal dexamethasone- CRH test during active alcohol 

consumption
 • Likelihood of no ACTH response to DDAVP (in contrast to true 

Cushing’s syndrome)

↑: increased.
DDAVP, desmopressin acetate; ACTH, adrenocorticotropic hormone; CRH, 
corticotropin- releasing hormone.

Box 12.2.1.2 Alcohol- induced gonadal dysfunction in men

Sexual disorders
Altered sperm parameters
Feminization in advanced liver disease

Endocrine findings
 • Acute alcohol exposure

 — LH, testosterone, and oestradiol ↓
 • Chronic alcohol exposure

 — Testosterone*, free testosterone, and FAI → or ↓
 — LH, SHBG, oestradiol, and androstenedione → or ↑

 • Abstinence
 — Testosterone and free testosterone → or ↑, LH ↑

↑: increased; →: normal; ↓: decreased
*: ↓ testosterone mostly seen in alcoholic liver disease
LH, luteinizing hormone; SHBG, sex hormone- binding globulin; FAI, free androgen 
index (testosterone/ SHBG ×100).
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alcohol use should be informed about the increased risk for breast 
cancer and motivated to reduce alcohol intake.

Alcohol and Breast cancer

Alcohol consumption is a risk factor for breast cancer in women. 
However, the underlying pathophysiological mechanisms are un-
clear. Recent hypotheses include perturbation of oestrogen me-
tabolism and response, induction of mutagenesis by carcinogenic 
products of alcohol metabolism (i.e. acetaldehyde), and stimulation 
of oxidative damage through ethanol metabolism [20].

A causal association has been established between alcohol con-
sumption and cancers of the oral cavity, pharynx, larynx, oesophagus, 
liver, colon, rectum, and breast. This association is highest for breast 
cancer than for any other type of cancer [21]. There is a 7– 10% risk 
increase for each 10  g alcohol consumed per day (premenopausal 
and postmenopausal women). It has been suggested that breast tissue 
is more vulnerable to the carcinogenic effects of alcohol compared 
to other organs [20]. A  recent meta- analysis has reported an odds 
ratio for breast cancer of 1.085 (95% confidence interval [CI] 1.015– 
1.160) for low- level (<21 g/ d) drinkers, 1.374 (95% CI 1.319– 1.431) 
for hazardous- level drinkers, and 1.336 (95% CI 1.228– 1.454) for 
harmful- level (>40 g/ d) drinkers [22]. There is evidence that early- 
life exposure to alcohol may contribute to the lifetime risk of breast 
cancer, implying a need for increased awareness and counselling re-
garding alcohol use among adolescent girls and young women [20].

Hypothalamic– Pituitary– Thyroid (HPT) Axis 
and Alcohol

Thyroid dysfunction is a frequent finding in alcohol- dependent pa-
tients. The mechanisms include direct toxic effects of alcohol and 
its metabolism on the thyroid gland, as well as central effects on the 
hypothalamus and/ or pituitary gland [23]. AI thyroid dysfunction 
usually normalizes during abstinence.

The most consistent clinical and endocrine findings are described 
in Box 12.2.1.3 [14, 24]. In individuals where thyroid dysfunction 
persists into abstinence, other non- alcohol- related thyroid diseases 
should be excluded (e.g. autoimmune thyroid disease). In patients 
with pre- existing hyperthyroidism, acute alcohol intoxication may 
mimic a thyrotoxic crisis warranting immediate analysis of thyroid 
hormones and adequate medical treatment.

Water and Electrolyte Balance and Alcohol

Water and electrolyte balance can be substantially disturbed by al-
cohol consumption. While regulation of fluid balance and electro-
lyte homeostasis is highly complex, this section will focus on the 
effects of alcohol on arginine vasopressin (AVP), the main regulator 
of blood and urine osmolality.

AVP levels are profoundly altered by alcohol during acute and 
chronic alcohol ingestion as well as during alcohol withdrawal 
and abstinence. Acute alcohol ingestion results in a biphasic AVP 
response. During ascending plasma alcohol concentrations, AVP 
levels decrease leading to increased diuresis of free water. During 
descending plasma alcohol concentrations, AVP levels increase, 
resulting in decreased diuresis [25]. The effects of chronic alcohol 
consumption on AVP levels are unclear. Overhydration from in-
creased AVP levels occur during withdrawal. Despite increased 
AVP levels, plasma, and urine osmolalities may be normal, con-
trary to what would be expected in AVP- induced overhydration. 
Higher AVP levels relative to serum sodium levels may result 
from a lowering of the threshold for osmotic stimuli. Increased 
AVP levels return to normal within 4 to 10  days. By contrast, 
plasma AVP levels are reduced in long- term abstinent alcoholics 
in whom the free water clearance is increased, indicating there is 
persistent alterations in hormonal regulation of electrolyte and 
water balance [25, 26].

Since alcohol withdrawal may be associated with overhydration, 
fluid management, particularly during withdrawal should be under-
taken with caution. In addition, alcohol withdrawal may cause 
substantial disturbances in electrolyte homeostasis, thus, blood 
electrolytes should be monitored closely [25].

Beer Potomania

‘Beer potomania’ is a specific hypo- osmolality syndrome re-
lated to massive consumption of beer. It carries a high risk of 
an osmotic demyelination syndrome (ODS) resulting from 
rapid correction of hyponatraemia [27]. Because beer has very 
little sodium (<2  mmol/ L), the low osmole intake results in 
an excess of electrolyte- free water but no solute for diuresis. If 
AVP levels at admission are not decreased, patients are likely to 
quickly convert to a state of low antidiuretic hormone (ADH) 
secretion. Exogenous solute intake may then lead to a brisk di-
uresis resulting in a rapid increase of serum sodium which in 
turn may lead to ODS. To prevent ODS, fluid management within 
the first 48 hrs is crucial. Common findings and recommenda-
tions for management of beer potomania are described in Box 
12.2.1.4. ODS may manifest clinically 2 to 3 days after the ini-
tial insult, therefore, the patient’s management must be defined 
at admission [27].

Hypertension and Alcohol

Alcohol consumption and hypertension (HT)— HT defined 
as systolic blood pressure (BP) >140  mmHg or diastolic BP 
<90 mmHg— is among the top five risk factors responsible for the 
growing global non- communicable diseases (NCD) burden [28]. 
Notably, chronic heavy drinking is among the most common re-
versible causes of HT and heavy drinking causes approximately 

Box 12.2.1.3 Alcohol- induced thyroid dysfunction

Usually absence of overt clinical signs of hypothyroidism
Thyroid volume ↓, thyroid fibrosis ↑
Endocrine findings
 • Usually normal basal TSH
 • T4 → or ↓, T3 and fT3 ↓
 • Deiodination of T4 to T3 ↓
 • Normalization of peripheral thyroid hormones during abstinence
 • Frequently blunted TRH test, may persist into abstinence

T4, total thyroxine; T3, total triiodothyronine; fT3, free triiodothyronine; TSH, thyroid- 
stimulating hormone; TRH, thyrotropin- releasing hormone.
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16% of HT cases worldwide [29]. The underlying mechanisms are 
not well understood [30].

Whereas 1– 2 drinks/ day may have a neutral effect on long- term 
BP, regular alcohol intake at doses greater than 2 drinks/ day in-
creases BP in a linear dose- response relationship. More than 2 
drinks/ per day, each additional alcoholic drink will raise BP by 
1.5 mm Hg and the relative risk (RR) for HT being 1.7 for 50 g 
alcohol/ day and 2.5 for 100 g alcohol/ day [29]. By contrast, acute 
alcohol intake causes peripheral vasodilatation causing a fall of 
BP. Hypotension may also develop in those with AI autonomic 
neuropathy and/ or late- stage cardiomyopathy [30]. Reduction of 
alcohol intake lowers BP in a dose- dependent manner with an ap-
parent threshold effect at two 2 drinks/ day. The strongest effect 
was found in people who drank more than 6 drinks per day and 
reduced their intake by about 50% [28]. Upon cessation or signifi-
cant reduction of alcohol intake, BP falls within 2– 4 weeks. The ef-
fects on BP reduction are similar to that of other health behaviour 
changes such as physical activity, weight loss, and diets. Therefore, 
implementation of effective alcohol interventions in people who 
drink more than 2 drinks/ day would be an effective means to 
reduce the disease burden from both alcohol and hypertension, 
particularly in countries with a substantial alcohol– attributable 
risk [28].

Growth Hormone/ Insulin like Growth Factor 1 
Axis and Alcohol

Growth hormone (GH), is essential for the growth of all tissues in 
the body and acute and chronic alcohol exposure has various effects 
on the GH/ IGF- 1 axis.

Alcohol interferes with the normal, pulsatile release pattern of 
GH with the major secretory episode occurring during the first 
period of slow- wave sleep (SWS), inducing a significant and dose- 
dependent decrease of the nocturnal GH surge. While studies show 
a robust relationship between sleep disturbances and decreased GH 
secretion, alcohol- dependent individuals release less GH during 
SWS compared to normal control subjects [31]. GH responses to 
various challenges, e.g. apomorphine (dopamine receptor agonist), 
diazepam (allosteric modulator of GABAA receptor), sumatriptan 
(serotonin receptor agonist) are reduced not only in early, but also 
in long- term abstinence (1– 2 years), indicating persistent impair-
ment [14, 31].

The liver is the major source of IGF- 1 which mediates the 
anabolic actions of GH. The regulation of IGF- 1 in the liver 
by GH is inhibited by glucocorticoids. IGF- 1 synthesis is re-
duced in long- term alcohol users with and without evidence of 
significant liver disease leading to progressive loss of muscle 
protein [32].

Parathyroid Hormone and Alcohol

Parathyroid hormone (PTH) regulates serum calcium levels 
through its effects on bone, kidney, and intestine. The activation of 
vitamin D by PTH increases calcium absorption by the intestine. 
PTH is stimulated by decreased serum calcium, and mild decreases 
in serum magnesium, whereas severe decreases in serum magne-
sium concentrations result in an inhibition of PTH.

Vitamin D deficiency is a common finding in alcohol- 
dep endent patients, indicating a necessity for substitution. PTH 
levels are usually within the normal range but show a negative 
correlation with vitamin D levels. Calcium levels in general are 
also within the normal range. A  recent study shows a negative 
correlation between calcium levels and alcohol craving, implying 
calcium supplementation as a potentially useful intervention to 
reduce craving and relapse in alcohol dependence. However, the 
role of calcium in addictive behaviour as well as the pros and cons 
of vitamin D and calcium supplementation in alcohol- dependent 
patients are still under debate and future studies are needed for 
clarification [33].

Chronic alcohol ingestion is often associated with a disturb-
ance of electrolyte homeostasis (calcium, magnesium, phos-
phorus, and potassium), which is mainly due to poor intake, 
vomiting, diarrhoea, and increased urinary loss. Severe hypo-
magnesaemia results both in reduced secretion of PTH and 
end- organ (in bone and kidney) resistance to PTH, leading to 
hypocalcaemia und hyperphosphatemia. Transient hypopara-
thyroidism secondary to magnesium deficiency can be reversed 
by magnesium supplementation alone which corrects the cal-
cium abnormalities [34].

Bone Disease and Alcohol

Alcohol is one of the leading risk factors for male osteoporosis, 
whereas in women it is an infrequent risk factor.

Box 12.2.1.4 Clinical findings and management 
of beer potomania

Typical history and clinical findings
 • Excess beer drinking, recent binge drinking or illness
 • Severe hyponatraemia (100– 120 mmol/ L), hypokalaemia
 • Blood urea nitrogen ↓, urine Na+ ↓
 • Brisk diuresis in response to solute intake
 • Mild neurologic symptoms (confusion)

High risk upon rapid serum sodium correction
 • Osmotic demyelination syndrome (ODS)
 • Symptoms range from mild confusion to coma and death

Management*
 • Intensive care status
 • Restrictive and careful fluid management
 • Serum Na+ every 2 hrs
 • Serum Na+ ↑ in first 24 hrs <10 mmol/ L
 • Serum Na+ ↑ in first 48 hrs <18 mmol/ L
 • If necessary relower Na+ levels

↓: decreased; ↑: increased; Na+: sodium level
*:  for more detail see:  Sanghvi SR, et  al. Beer potomania:  an unusual cause of 
hyponatraemia at high risk of complications from rapid correction. American 
journal of kidney diseases:  the official journal of the National Kidney Foundation. 
2007;50(4):673– 80.
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The alcohol- associated decrease in bone mass and strength 
is mainly due to an imbalance in bone remodelling with a pre-
dominant decrease in bone formation. The pathophysiology 
of alcohol’s effects on bone is not fully understood, multi-
factorial in nature, includes direct and indirect mechanisms 
and is influenced by many confounders and comorbidities 
[35, 36].

Current evidence suggests that the doses (U- shaped relation-
ship), duration of alcohol use, and the type of alcoholic bev-
erage consumed influence bone loss. Whereas light alcohol 
consumption (8– 10  g alcohol/ day) is without effect, that of 
moderate alcohol consumption (2– 3 drinks/ day) may be posi-
tive or negative depending on sex, age, and hormonal status, 
and the type of beverage consumed. By contrast, chronic heavy 
drinking (100– 200  g of alcohol/ day) unequivocally reduces 
bone mass and bone mineral density. Alcohol consumption 
greater than 4 drinks/ day in men and 2 drinks/ day in women 
may increase fracture and trauma risk. Alcohol may delay the 
healing of fractures and associated complications. There is evi-
dence from animal studies that binge drinking may influence 
bone remodelling. Thus, teenagers with binge drinking may 
decrease their peak bone mass and be at risk for later skeletal 
pathophysiology [36].

Furthermore, chronic alcohol abuse can rarely lead to aseptic 
osteonecrosis (ON), mainly of the femoral head, but also of 
other locations such as the knee. ON appears to be a late bone 
complication mainly seen in patients with late- stage liver dis-
ease. Therapy of choice for ON of the femoral heads is total hip 
arthroplasty [35]. For bone health, the European Foundation 
for Osteoporosis, and the National Osteoporosis Foundation 
of the United States has recommended that alcohol consump-
tion be limited to 1 drink/ day for women and 2 drinks/ day for 
men [36].

Diabetes Mellitus and Alcohol

Since T1D usually manifests in childhood and adolescence, alcohol 
is more likely to affect the development and course of T2D although 
patients with T1D may benefit from limiting alcohol intake [37].

Current evidence suggests a J- shaped relationship between al-
cohol intake and the risk of developing T2D. Accordingly, max-
imum daily alcohol doses of 22 g in men and 24 g in women lowers 
the risk, whereas higher alcohol doses increased the risk for T2D 
both in women and men [37]. Potential mechanisms include de-
creased fasting insulin and HBA1 concentrations among non- 
diabetic subjects and improved insulin sensitivity among women.

There is also strong evidence that alcohol may increase diabetes- 
induced complications (‘double trouble’ [37]) (See Table 12.2.1.1 
online only) [37].

The American Diabetes Association recommends not more than 
2 drinks/ day for diabetic men and not more than 1 drink/ day for 
diabetic women [29]. When pharmacologic treatment includes 
metformin, patients are to avoid consuming excessive amounts of 
alcohol because of the increased risk of a potentially life- threatening 
lactic acidosis.

Role of the HPA Axis in the Development and 
Maintenance of Alcohol Use Disorders

Changes in the activity of certain brain hormones have long been 
suggested to play an important role in the development and main-
tenance of addictive behaviour although proof of causality is still 
outstanding [38]. Whereas many neuroendocrine hormones have 
been implicated in addictive behaviour, the following section fo-
cuses on the HPA axis.

The HPA axis is one of the main stress response pathways and 
extensive research has shown that problematic alcohol use and 
dependence result in serious perturbations of the HPA axis. The 
effects of alcohol on the HPA axis are modulated by vulnerability 
factors (genetic factors, early- life environment, current stress, 
gene- environment interactions) and alcohol use- associated 
factors (dose, recent drinking history, expectancies) [39]. The 
dynamic interactions between alcohol and HPA axis function 
vary with respect to the stages of progression towards alcohol 
dependence, withdrawal, and recovery [39– 42]. Table 12.2.1.2 
(online only) shows the alcohol- associated changes on HPA axis 
regulation and their potential impact on development and main-
tenance of addictive behaviour. Altogether, there is ample evi-
dence that the HPA axis— with particular emphasis on the CRH 
system— plays a key role in facilitating and maintaining sub-
stance use disorders and may therefore qualify as a major target 
for treatment.

Summary

Alcohol can impair endocrine function by affecting regulation at 
all levels of the endocrine system. Since endocrine regulation is 
particularly important during puberty and adolescence, binge 
drinking behaviour places this group at risk for later diseases. The 
dysregulation of the endocrine system particularly of the HPA axis 
may play a role in the development and maintenance of addictive 
disorders. Endocrine dysfunction is potentially reversible by abstin-
ence in the absence of liver disease. The level of evidence supporting 
claims that low to moderate alcohol consumption may have posi-
tive effects on certain diseases, is not high due to methodological 
concerns [43].

Current recommendations are aimed at limiting regular alcohol 
intake to not more than one drink/ day for women and not more 
than two drinks/ day for men. Non- drinkers should not be ad-
vised to begin drinking (paucity of outcome data, abuse risk) and 
problem drinkers should be advised to abstain permanently or sig-
nificantly reduce their alcohol intake and seek professional help 
therefore [29].
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Introduction

Anecdotes suggest that attempts to improve athletic performance 
in both man and animals date from the times of ancient Greece 
and Rome and probably before. The status of an athletic winner has 
always been sufficient to encourage people to cheat and in recent 
times winners have been rewarded with generous sponsorships and 
can accumulate great wealth.

Fair play and ethical behaviour are among the fundamental prin-
ciples of ‘Olympians’ laid out in the Olympic Charter [1]  which aims 
to achieve a hypothetical ‘level playing field’ where winning reflects 
true ability, dedication, and training rather than mastering the sci-
ence for using performance- enhancing substances to cheat— the 
process known as ‘doping’. Doping not only damages the integrity 
of sport but may cause significant harm to athletes. The origin of the 
term ‘doping’ is uncertain; some sources suggest that it was origin-
ally derived from the African Kaffirs word ‘dop’, an alcoholic drink 
made from grape skins that was used as a stimulant in battle, while 
others believe it came from the slang term for opium.

The true prevalence of doping is unknown and reports vary 
widely from 1% to 90% because of the secrecy surrounding 
it. The huge financial rewards for professional sportsmen and 
women and the need for corporate sponsors and TV broadcast 
act as a great temptation to cheat. When coupled with the ever- 
increasing pharmacopoeia of performance- enhancing substances, 
the athlete’s drive to win may create an overwhelming urge to use 
prohibited substances.

The International olympic committee (Ioc) 
Medical commission

It was the deaths of the Danish cyclist Knud Jensen at the Rome 
Olympiad in 1960 and the British cyclist Tommy Simpson before 
the cameras in the 1967 Tour de France that made people sit up 
and realize that something had to be done to control the misuse 
of substances in the quest of winning. The IOC, aware of the 
growing problem, first placed the responsibility for dealing with 
this on the Sports Federations but when it was clear that this 
was ineffective, formed a ’Medical Commission’ in 1967. The 
remit was to oversee the introduction of an effective antidoping 
system. The IOC Medical Commission established a list of 
banned substances that was regularly updated as ‘The Prohibited 
List’. The Medical Commission also developed procedures as 
well as methods for detecting drugs and certifying the process. It 
was not until 1982, however, that the first dedicated IOC labora-
tory was created in Los Angeles with a grant from the organizing 
committee for the 1984 Olympic Games.

This laboratory was accredited by the IOC in November 1983 
and detected one adverse analytical finding of an anabolic steroid 
(methandienone) at the Winter Olympic Games at Sarajevo in February 
1984 and 12 positives at the Los Angeles Summer Games of 1984.
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The Ioc Laboratories and the ‘Prohibited List’

Subsequently the IOC established and accredited a network 
of antidoping laboratories around the world. Each laboratory 
had to participate annually in a ‘Quality Assurance’ programme 
where they had to analyse a set of ‘blind’ samples and come 
up with the right answers. Failure to do so resulted in imme-
diate suspension and the need for re- accreditation. This labora-
tory network was effective and the sports federations had to 
use these laboratories while running and paying for their own 
testing programmes.

The creation of the World Anti Doping 
Agency (WADA) and the court of Arbitration 
for Sport (cAS)

The IOC system was not without critics, the main issue being the 
potential conflict of interest between the organizers of the Olympic 
Games and the system run to prevent doping. This led to the cre-
ation of WADA in 1999, composed and funded equally by the 
sport’s movement and national governments. WADA took over re-
sponsibility for managing the network of IOC laboratories as well 
as producing the annually updated list of banned substances and 
methods.

To resolve legal disputes in elite sport, the CAS came into being in 
June 1984. Initially created and funded by the IOC and reformed in 
1994 to make it independent of the IOC, CAS was verified in 2003 
by a Swiss Federal Tribunal. It is the ‘high court’ for all sporting dis-
putes, including doping violations.

The World Anti Doping Agency List 
of Prohibited Substances

Initially when WADA was created and took over the official list of 
prohibited substances, they said that they would only include sub-
stances (and methods) that had been proven to be performance 
enhancing but it was not long before they adopted a more pragmatic 
approach, previously used by the IOC.

The decision to include a substance or method in the prohibited 
list depends on the substance meeting two of three criteria:

 • The substance or method enhances sporting performance or has 
the potential to do so

 • The substance or method may cause harm to the athlete or has the 
potential to do so

 • The substance or method violates the spirit of sport

The discovery of new performance- enhancing drugs often arises 
after athletes have discovered desirable properties often using 
a version of the ‘trial of one’ methodology [2] . Once others have 
started using them and confirmed their efficacy, their use spreads by 
word- of- mouth and clandestine publications. Others are detected 
by laboratories through routine analysis of urine samples by mass 
spectrometry as a part of dope testing and their ergogenic proper-
ties are assumed by their spreading popularity.

A good recent example of this is meldonium. Developed in 
Latvia, it was initially used by Russian troops in Afghanistan to 

improve endurance and subsequently adopted by athletes. In 2015, 
when meldonium started appearing in athlete’s urine samples, it 
was not known to be performance enhancing but was added to 
the list of substances monitored by WADA. Its use by athletes be-
came extensive, largely in the Eastern European bloc countries 
[3] . At the 2015 Baku European Games, 13 medallists or compe-
tition winners were taking meldonium and most of the athletes 
taking meldonium did not declare it. It was subsequently added to 
the WADA list of banned substances operational from 1 January 
2016. On 7 March 2016, the former number one tennis player 
Maria Sharapova announced that she had failed a drug test due to 
the detection of meldonium; she received a 2- year ban from the 
International Tennis Federation [4].

Some drugs are banned always, while others are only banned in 
competition while others are only banned in certain sports. A sum-
mary of the 2018 section dealing with endocrine- related substances 
is reproduced in Box 12.2.2.1.

Box 12.2.2.1 Summary of hormones and drugs appearing 
on the 2018 WADA list of prohibited substances

Substances and methods prohibited at all times

S1 anabolic agents:
 1 Anabolic androgenic steroids (AAS)
 a Exogenous AAS
 b Endogenous AAS when administered exogenously

 2 Other anabolic agents: including but not limited to: clenbuterol, 
SARMs

S2 peptide hormones, growth factors, related substances, and 
mimetics:
 1 Erythropoietins (EPO)

1.1 EPO receptor agonists
1.2 Hypoxia- inducing factor (HIF) activating agents
1.3 GATA inhibitors
1.4 TGF- beta (TGF- β) inhibitors
1.5 Innate repair receptor agonists

 2 Peptide hormones and hormone modulators
2.1 Chorionic gonadotrophin (CG) and luteinizing hormone (LH) 

and their releasing factors
2.2 Corticotrophins and their releasing factors
2.3 Growth hormone (GH), its fragments and releasing factors

 3 Growth factors and growth factor modulators

S3 β- 2 agonists:
Except:
• Inhaled salbutamol— restricted amount
• Inhaled formoterol— restricted amount
• Inhaled salmeterol— restricted amount

S4 hormone and metabolic modulators:
 1 Aromatase inhibitors
 2 Selective oestrogen receptor modulators (SERMS)
 3 Other antioestrogen substances
 4 Agents modifying myostatin function
 5 Metabolic modulators

5.1 Activators of the AMP- activated protein kinase (AMPK)
5.2 Insulins and insulin- mimetics
5.3 Meldonium
5.4 Trimetazidine

Modified with permission from The World Anti- Doping Agency (WADA). Code 
International Standard: Prohibited List. 1 Jan 2018. Available at: https:// www.wada- 
ama.org/ sites/ default/ files/ prohibited_ list_ 2018_ en.pdf [Accessed 2 July  2019]. 
Copyright © WADA 2018.
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Endocrinology and Doping

Testosterone and Anabolic Androgenic Steroids

Testosterone and anabolic androgenic steroids (AAS) are among 
the most commonly misused performance- enhancing drugs 
representing 43% of Adverse Analytical Findings in WADA- 
accredited laboratories in 2016, although this may be just 
because they have been easier to detect. AAS misuse is not con-
fined to elite athletes and indeed use by amateur bodybuilders 
and weightlifters for appearance purposes outnumbers elite ath-
letes. It is estimated that 6.4% of men and 1.6% of women have 
taken AAS.

The effects of testosterone in animal husbandry has been long 
known but it was Charles Édouard Brown- Séquard who is usually 
credited with the preparation and use of a watery testicular extract 
that he found to improve strength and well- being in himself and 
other older men [5] .

The next important event was the isolation and synthesis of tes-
tosterone independently in 1935 by the German Adolf Butendant 
and the Croatian Leopold Ruzicka, for which they were awarded 
The Nobel Prize in Chemistry in 1939 [6] . There were rumours that 
testosterone was used for performance- enhancement and aggres-
sion in the German Army but there are no facts to support this. 
Likewise, there is no evidence that testosterone was used in the 1936 
Olympic Games in Germany. The first well- documented use of tes-
tosterone as a performance- enhancing drug was with the German 
rowing team in 1952 [7].

Testosterone use in athletics was also suspected in 1952 at the 
Summer Olympics in Helsinki. The Soviet Union competing for 
the first time at the Olympics dominated weightlifting and hearsay 
attributed this to testosterone. This suspicion was later confirmed 
when a Soviet doctor told a US colleague that they were experi-
menting with testosterone [8] .

Because of unwanted virilizing side effects, there was a drive 
by the pharmaceutical industry to alter the molecule to im-
prove its therapeutic profile— altering the pharmacokinetics 
and increasing the anabolic effects while reducing the andro-
genic effects. This resulted in many new anabolic steroids, 
methandrostenolone (Dianabol) developed by CIBA being one of 
the first. Within 2 years ‘almost every world- class athlete knows 
of its performance- enhancing possibilities’ [8] . Synthetic andro-
gens predominantly have one of two substitutions on the D ring 
of native testosterone, either esterification at the 17- β- hydroxy 
group or alkylation at the 17- α position (Figure 12.2.2.1). Many 
variations on the structure of testosterone has led to a long list of 
so- called designer steroids.

In the late 1990s, topical preparations of testosterone became 
available. Many further manipulations of the basic steroid struc-
ture have been undertaken to alter the anabolic and androgenic 
actions as well as to avoid detection by increasingly sophisticated 
antidoping technology. The extent of this can be judged by the 
list of known variants in the latest WADA Prohibited Substances 
list [9] .

State- Sponsored Doping

State- sponsored doping in the former German Democratic 
Republic (GDR) has been well documented by Franke and 

Berendonk, including secret files recovered from the Stasi fol-
lowing the unification of Germany [10]. In the 1960s the GDR 
was a relatively obscure country with a ‘Cold War’ image and 
dominated by the ‘Iron Curtain’. GDR politicians decided that 
they could enhance their international prestige through athletic 
success. They instituted a system of early selection of poten-
tial athletes and systematic doping. They used mainly a chlor- 
substituted version of methandrostenolone (Oral- Turinabol). In 
1968 they started administering Oral- Turinabol to women ath-
letes as well as to men. In the 1972 Olympic Games this small 
country with only 17  million people were placed third in the 
medal tables (66 medals) behind the United States (99 medals) 
and the Soviet Union (94 medals); next was West Germany 
(62 million people) with 40 medals. In swimming at the Olympic 
Games in Montreal in 1976 GDR athletes won Gold in 11 of the 
13 events.

Monitoring the performance of their athletes closely and 
adjusting doping protocols allowed trainers to study not only how 
performance improved with dosage but also how long the improved 
performance lasted after the anabolic steroid was discontinued. 
They were then skilled at maximizing performance while ensuring 
that their athletes did not test positive when competing in major 
events outside GDR. After one GDR athlete tested positive in 1977 
a rule was introduced that all athletes needed to provide a urine 
sample that would be tested and need to be found ‘clean’ in a central 
laboratory (actually accredited by the IOC) before being allowed to 
compete abroad [10].

Interestingly, while this was occurring in the GDR, there was 
considerable debate about whether anabolic steroids were perform-
ance enhancing. The science was hampered because undertaking 
double- blind placebo- controlled trials in elite athletes is considered 
unethical.

Other methods were therefore needed to determine ‘efficacy’ 
of potential performance- enhancing drugs. In the GDR, trials 
of one and carefully executed case– control studies were the most 
frequently used methodologies and provided the most persuasive 
evidence. Despite the scepticism shown by Western scientists, the 
benefits were realized by athletes whose performance improved 
dramatically. For example, between 1956 and 1980, the winning dis-
tance in the Olympic women’s shot put increased from 15.28 m to 
22.41 m (Figure 12.2.2.2). Since the introduction of effective testing 
in the early 1980s, the winning distance in the women’s shot put has 
fallen progressively to the point where the winner in Rio de Janeiro 
in 2012 would not have made the final in Moscow in 1980 and has 
plateaued since then.

A further episode of state- sponsored doping occurred more 
recently at the Winter Olympic Games in Sochi and as a result 
111 of 389 Russian athletes were banned from the 2016 Summer 
Olympic Games in Rio de Janeiro and all their Paralympic ath-
letes from the Paralympic Games:  in addition because the IOC 
were not satisfied with the corrective measures required, Russia 
was banned from the 2018 Winter Olympic Games in South 
Korea [11].

Why Do Athletes Misuse Anabolic Androgenic Steroids?

AAS increase muscle mass and strength [12] through several mech-
anisms including the stimulation of protein synthesis, recruitment 
of satellite cells, production of cytokines, and increase in androgen 
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receptor number. Clinical trials have shown that AAS improve both 
muscle mass and strength in a dose- dependent manner and these 
effects are additive to resistance training alone. The full potential of 
AAS, however, has almost certainly not been realized in these trials 
because of the limited doses used because of medical and ethical 
concerns about potential side effects. By contrast, doping athletes 
are reported to take combinations of AAS in doses that are up to 
30 times higher than the physiological replacement dose. Although 
there is little hard evidence that AAS are performance enhancing, 
since performance in many athletic sports is dependent on lean body 
mass and strength, it is likely that they do have ergogenic effects.

There are many websites and printed manuals giving details about 
the use and supply of AAS. Steroid use usually involves techniques 
such as ‘cycling’ and ‘stacking’. AAS appear to lose effectiveness 
with time through adaptation of the androgen receptor and athletes 
have learned to obtain greater benefit through using the steroids 

intermittently in a cycle over 5– 10 weeks. Stacking involves the use 
of two or more steroids concomitantly to obtain a synergistic effect.

Adverse Effects of Androgenic Anabolic Steroids

The most marked side effect of AAS use is virilization. In both men 
and women these manifests as acne, an increase in body hair and 
male pattern baldness. In men, prostate enlargement may occur 
leading to urinary hesitancy and poor flow and there are concerns 
about long- term risk of prostate cancer. Gynaecomastia may de-
velop as excessive testosterone is converted to oestradiol under the 
action of the aromatase enzyme. In women the virilizing effects 
are more marked including hirsutism, a decrease in breast size, 
clitoromegaly, and enlargement of the larynx causing deepening of 
the voice; these changes can be permanent.

Administration of AAS may reduce fertility through suppres-
sion of luteinizing hormone (LH) and follicle- stimulating hormone 
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(FSH) secretion. In men sperm count falls and testicular atrophy 
may occur. In women there is reduced endogenous oestrogen 
production, ovulation is impaired, and irregular or absent men-
strual cycles may ensue. These effects on reproduction function 
are prolonged taking many months to return to normal after AAS 
discontinuation.

Hepatotoxicity can occur with orally administered AAS due 
to a ‘first pass’ effect on the liver and cholestasis can progress to 
hepatocellular necrosis. The incidence of myocardial infarction is 
increased in young men taking AAS as is the risk of developing 
hypertrophic cardiomyopathy in genetically predisposed indi-
viduals. AAS misuse is also associated with the development of 
dyslipidaemia. The concentration of high- density lipoprotein (HDL) 
cholesterol is reduced while the concentration of low- density lipo-
protein (LDL) cholesterol increases. The use of AAS may be asso-
ciated with increased irritability, aggressiveness, and rarely mania. 
Dependency may develop in long- term users and depression may 
occur after AAS withdrawal.

Detection of AAS Misuse

Detecting AAS and many other drugs in urine is relatively simple 
and effective for two reasons:  first, they are ‘foreign’ substances 
and should not be there at all and secondly, their metabolism and 
pharmacokinetics often mean that they can be traced for some time 
in urine.

Clenbuterol

Clenbuterol, a long- acting β2 agonist, is used as a partitioning agent 
in cattle where it promotes dietary intake towards muscle growth at 
the expense of fat [13]. It is an anabolic agent and a drug of abuse 
in sport. Eating contaminated meat can lead to the accumulation 
of levels in the human body that will provoke an adverse analytical 
finding [14]. It is also a bronchodilator and used to treat asthma 
in many countries (but not in the United Kingdom). Β2 agon-
ists are favourites of cross- country skiers where often they race at 
low environmental temperatures and may develop cold- induced 
bronchoconstriction. Clenbuterol is on the WADA list of prohibited 
substances and has a very long half- life in the body. In 1992 Katrin 
Krabbe of the GDR, along with two teammates, tested positive for 
clenbuterol and this effectively ended her career [15].

Growth Hormone

Growth hormone (GH) was initially promoted as a performance- 
enhancing drug in the first edition of The Underground Steroid 
Handbook authored by Dan Duchesne in 1982. It described GH as 
the newest and most potent anabolic substance of interest to ath-
letes. This was seven years before the results of the first two double- 
blind controlled trials of GH administration to people with GH 
deficiency were published in the peer- reviewed scientific literature. 
These showed (among other things) the dramatic effects of GH on 
body composition [16, 17]. By then, however, it had become widely 
known in elite sport as a ‘doping agent’ often used in combination 
with testosterone. This was dramatically demonstrated to the world 
by the sprinter Ben Johnson in the Seoul Olympic Games of 1988 
when he beat his arch rival Carl Lewis to win Gold in the 100 metres 
only to lose the medal a few days later when his urine tested posi-
tive for the anabolic steroid stanozolol; he later admitted in court to 
have taken GH as well [18].

In addition to the confession of Ben Johnson, other events 
pointed to its widespread misuse. For example, athletes have been 
caught smuggling vials of GH into countries where games are held 
[19] and pharmacy burglaries and hijacking of supply trucks have 
often seen specific targeting of GH.

Why Do Athletes Abuse Growth Hormone?

GH is best considered, like clenbuterol, as a ‘partitioning agent’ 
(‘something which when included in an animal’s nutrition increases 
the proportion of food energy that goes into the production of 
meat rather than fat’) and results in changes in body composition 
with increases in lean tissue and matching reduction in fat mass. 
This is achieved through stimulation of protein synthesis at the 
expense of increased lipolysis [13]. Most of normal linear growth 
is determined by GH and IGF- I while androgens, oestrogens and 
other steroid hormones contribute little before puberty [13]. Post- 
puberty, GH, IGF- I, testosterone, and oestrogens are responsible for 
building and maintaining body composition. Excess GH and/ or tes-
tosterone results in increased lean body mass in a dose- dependent 
manner. As strength is closely related to lean body mass it is easy to 
see why both testosterone and GH are misused by elite athletes to 
enhance performance although properly controlled trials to dem-
onstrate this in athletes are very scarce since they are limited by eth-
ical constraints.

In addition to regulating body composition, GH together with in-
sulin are critical for the storage and timely release of metabolic fuel 
from depots and used in sport [13, 20– 23].

The side effects of GH use are uncommon and occur only after 
prolonged use. These include a myopathy and development of 
diabetes.

Detection of Growth Hormone Misuse

GH misuse has been and still is difficult to detect. By 1989 the 
IOC recognized the need for a GH test and somewhat reluctantly 
for the first time put money into research for a method to detect 
GH misuse. There are now two methods available and approved by 
WADA, but both lack sensitivity and are probably only catching a 
small minority of those doping with GH.

The first method works by demonstrating an abnormally high ratio of 
the 22 kD isoform of GH to total GH. Recombinant GH (rhGH) contains 
only the 22 kD isoform and when injected leads to the suppression of all 
other isoforms that are normally present [21]. The second approach is 
based on two GH- sensitive ‘markers’ (IGF- I and P- III- NP), which when 
included in a discriminant function, are able to detect the prior use of 
GH for up to 14 days [22]. The tests are complimentary; the isoform test, 
introduced at the Athens Olympic Games of 2004, has a short ‘window 
of opportunity (24 hours)’ and is most potent when used for ‘out of com-
petition testing’ while the marker method, introduced at the London 
Olympic Games of 2012, can detect prior GH use for longer. At the 2012 
London Paralympic Games, two athletes tested positive by the ‘marker’ 
method who were not detected by the ‘isoform’ test. The athletes subse-
quently admitted that they took GH and were disqualified. This finding 
indicates that either they took rhGH more than 24 hours before they 
were tested, or they had taken ‘pituitary- derived’ GH which is not picked 
up by the isoform test since it still contains several isoforms. Pituitary- 
derived GH is believed to be available on the black market but although 
those misusing it may avoid testing positive by the isoform test, they will 
be at risk of contracting Jacob– Creutzfeldt disease.
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Insulin Like Growth Factor I (IGF I)

Although IGF- I is synthesized by most cells in the body, the ma-
jority of circulating IGF- I is produced by the liver under the control 
of GH and insulin. It has profound effects on cell proliferation and 
differentiation in many tissues as well as metabolic effects broadly 
like insulin. Unlike insulin, however, IGF- I stimulates protein 
synthesis whereas insulin’s protein anabolic actions are mediated 
through inhibition of protein breakdown [24].

No doubt supplies are available on the black market and it may 
well be used as a performance- enhancing peptide and is on the 
WADA list of prohibited substances. In a double- blind random-
ized controlled study in 30 male and 26 female recreational athletes, 
recombinant human IGF- I (rhIGF- I) combined with IGF Binding 
Protein- 3 (rhIGFBP- 3) improved aerobic performance, as assessed 
by maximal oxygen consumption (VO2 max), by 7%. In contrast to 
GH, there was no significant change in body composition [25].

Insulin

Insulin’s major function is to control glucose, fat, and protein me-
tabolism and in its absence type 1 diabetes develops with uncon-
trolled breakdown of body protein and fat to fuel gluconeogenesis 
and ketogenesis. Insulin normally regulates glucose metab-
olism primarily by inhibiting hepatic glucose production from 
glycogenolysis and gluconeogenesis (the ‘Chalonic’ action of insulin 
[26]). Contrary to common assumptions glucose entry into cells 
is primarily dependent on the glucose concentration in the blood 
stream and extracellular fluid and is only influenced by insulin at 
very high concentrations of insulin. Glycogen content of muscles is 
an important component of athletic performance in many sports. 
Infusions of insulin at rates sufficient to raise insulin concentra-
tions to the high physiological levels and concomitant infusions of 
glucose to maintain normoglycaemia results in increases in muscle 
glycogen proportional to the rates of glucose infusion required to 
maintain normoglycaemia [27] (Figure 12.2.2.3). The use of insulin 

in such a way in people without diabetes was banned by the IOC in 
Nagano at the Winter Games in 1998.

Erythropoietin

Receptor Gene Mutation and Blood Transfusion

Erythropoietin (EPO) is a hormone produced by the 
peritubular cells in the proximal tubules of the kidney and 
stimulates erythrocyte production by the bone marrow. Of 
interest to sport and doping is a family with a mutation in the 
EPO receptor who have erythrocytosis with asymptomatic 
polycythaemia due to continued bone marrow stimulation. The 
original phenotype (Eero Antero Mäntyranta) was a successful 
Finnish cross- country skier winning seven Olympic Medals 
[28, 29].

Prevalence of Erythropoietin Administration

Blood doping was first prohibited by the IOC in 1985. Before the 
ban was introduced, it was openly and commonly used by middle 
and long- distance runners as well as cyclists. Since its prohib-
ition, there have been several high- profile cases involving athletes 
who have used either EPO or blood transfusion. These include 
Niklas Axelsson who tested positive for EPO in 2000 and Tyler 
Hamilton who used a homologous blood transfusion in 2004. 
The Spanish Operación Puerto in 2006 investigated allegations 
of blood doping in hundreds of athletes while several members 
of the Astana Team in the 2007 Tour de France tested positive 
for homologous blood transfusion leading to the withdrawal of 
the team. The German speed skater and fivefold Olympic Gold 
medallist Claudia Pechstein was banned for two years in 2009 for 
alleged blood doping.

Why do Athletes Abuse Erythropoietin?

Exogenous EPO, which is available as a recombinant protein 
or as an analogue, is abused by endurance athletes as the in-
crease in red blood cells improves oxygen transport to muscles. 
Its administration results in a slow and sustained increase in 
erythrocyte volume, which is associated with improved per-
formance. Endogenous EPO production can be induced by 
training at high altitude and this leads to a similar increase 
in erythrocyte volume and performance. However, only about 
50% of competitive athletes respond to altitude training and 
it is notable that non- responders do not improve the aerobic 
capacity.

An alternative method used by athletes to expand erythrocyte 
volume is autologous or homologous blood transfusion. Blood 
is removed and erythrocytes are harvested, stored, and then 
reinfused later. In contrast to EPO administration, following a 
blood transfusion, the erythrocyte volume is only increased for 
a few weeks

Adverse Effects of Erythropoietin and Blood Transfusion

The main adverse effect of an increased erythrocyte volume 
is an increased risk of thrombotic events. However, there are 
also additional risks of infection associated with blood transfu-
sion, particularly when this occurs in an unregulated fashion. 
Mismatched blood transfusions have occurred with serious 
consequences.

Figure 12.2.2.3 Relationship between glucose uptake in muscle 
glycogen and glucose infusion rate and the effects of insulin.
Reproduced with permission from Marin P, Hijgh- Kristiansen I, Jansson S, Krotkiewski 
M, Holm G. Uptake of glucose carbon in muscle glycogen and adipose tissue 
triglycerides in vivo in humans. Am J Physiol. 1992;263 Endocrinol. Metab 26:E473– 80. 
Copyright © 1992 the American Physiological Society. 
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Detection of Erythropoietin Misuse

EPO testing (like that for GH) is difficult. The earliest test of 
EPO misuse was based on detecting immuno- specific bands in 
urine subjected to isoelectric focussing. This method separates 
natural EPO from synthetic varieties based on charge carried 
by the molecules. This method was first trialled in the Sydney 
Olympic Games in 2000 and has since been further refined and 
validated. It remains the mainstay of EPO misuse detection. 
This is used together with a blood test that examines the pro-
file of red cells looking specifically at the proportion of young 
reticulocytes.

The Athlete’s Biological Passport

Introduced by WADA in 2013, the athlete’s biological passport in-
volves individual athlete’s ‘profiling’ of several biological variables in 
blood samples and the building of a statistical model representing 
each athlete. If a given sample produces a concentration of one or 
more key variables that are outside the ‘normal limits’ of their in-
dividual statistical model then that is considered a positive or can 
be used to monitor a suspicious athlete more closely. There are still 
concerns about the sensitivity and the reliability of the method [30]. 
There are plans to add an ‘endocrine module’ covering GH and 
other growth factors.

Synergistic Performance Enhancing Properties 
of Testosterone, Growth Hormone, and Insulin

Although generally considered the most important, testosterone is 
not the only hormone regulating body composition and strength. 
GH plays an equal if not a more important role [13]. In fact, tes-
tosterone, GH and insulin work together in determining and 
regulating body composition while GH and insulin are the key sub-
stances regulating the flow of nutrients needed before, during and 
after an athletic event [20, 31].

Because of the ethical difficulties in giving GH or testos-
terone to athletes for research purposes and despite strong evi-
dence of their anabolic effects, very little good evidence exists 
of their performance- enhancing properties. The one excellent 
randomized and well- controlled study in 96 recreational ath-
letes carried out by Meinhardt et al. in Australia showed a 3.9% 
increase in sprint capacity with GH alone and an 8.3% increase 
when GH was coadministered with testosterone in men [32]. 
One short- term randomized and controlled study (6  days) 
in abstinent anabolic steroid- dependent men of average age 
32  years showed a significant effect of GH on strength, peak 
power output, fat- free mass index and VO2 peak [33]. In eld-
erly unathletic men, Giannoulis et al. used a double- blind ran-
domized placebo- controlled trial that looked at placebo versus 
GH alone, testosterone alone or testosterone and GH combined 
and found positive effects of GH alone on a number of exercise- 
related end points but more marked effects when GH was com-
bined with testosterone [34].

Weissberger et al. using a randomized double- blind placebo- 
controlled design examined the effects of three months 

subcutaneous GH alone versus placebo on body composition 
and some strength and functional measures in elderly patients 
awaiting and undergoing total hip replacement. Preoperative 
GH treatment resulted in improvements in lean body mass and 
skeletal muscle mass that were sufficient to offset postoperative 
losses seen in the placebo group. The data showed also that 
GH preserved or improved muscle strength and walking 
ability [35].
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History of opioids

Derived from the ancient Greek word ὀπός, which can be translated 
as vegetable juice, opium refers to the dry latex derived from the 
Opium Poppy (Papaver somniferum). References to the use of the 
Opium Poppy because of its medicinal properties can be found in 
ancient Greek, Egyptian, early Roman as well as Indian and Chinese 
texts [1, 2]. Widely available nowadays, opioids represent a class of 
drugs consisting of opiates (opioids derived from P. somniferum) like 
opium, morphine, diamorphine, codeine and pethidine, and syn-
thetic/ semi- synthetic opioids like methadone, fentanyl, tramadol, 
buprenorphine, and oxycodone [3] .

Endogenous opioids

Endogenous opioids are neuropeptides produced in the brain which 
interact with opioid receptors. Opioid receptors can be classified as 
follows.

 • μ- receptors (mu):  These are localized in the brainstem and 
medial thalamus. They are further divided into μ1- receptors, 
which regulate analgesia, and μ2- receptors, which regulate eu-
phoria, pruritus, sedation, vomiting, respiratory depression, an-
orexia, and physical dependence.

 • κ- receptors (kappa):  These are localized in the limbic and 
other diencephalic areas, brain stem, and spinal cord. They are 
largely involved in the regulation of pain in women as well as 
the regulation of POMC secretion in the arcuate nucleus [4]  
and the gonadotropin- releasing hormone (GnRH) pulsatility 
clock [5].

 • δ- receptors (delta): These receptors are found in highest dens-
ities in the olfactory bulb, neocortex, nucleus accumbens, and the 
caudate putamen in the brain, as well as spinal sites where they 
are associated with the regulation of spinal analgesia.
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 • Nociceptin/ orphanin FQ receptor (N/ OFQ receptor): This is a 
receptor which shares 60% homology with the classical opioid re-
ceptors and is the most recently discovered member of the opioid 
receptor family. It is widely distributed in the central nervous 
system (CNS), especially in the amygdala, subthalamic nucleus, 
hypothalamus, substantia nigra, and thalamus. The N/ OFQ re-
ceptor appears to have a pro- nociceptive effect and also regulates 
immune function [6] .

The main subtypes of endogenous opioids are endorphins, en-
kephalins, and dynorphins, endomorphins, and nociceptin/ 
orphanin FQ. Endorphins are derived from the prohormone 
pro- opiomelanocortin (POMC), as shown in Figure 12.2.3.1:  β- 
endorphin is involved in pain control via µ- receptors and to a lesser 
extent via δ- receptors. Other products of POMC processing include 
adrenocorticotrophic hormone (ACTH) which acts on the adrenal 
cortex inducing steroidogenesis and cortisol release; α- melanocyte- 
stimulating hormone (MSH) exerts its effect on melanocytes indu-
cing pigmentation, on immune/ inflammatory cells resulting in 
anti- inflammatory and antipyretic effects as well as on the central 
nervous system regulating food intake, energy homeostasis, and 
erectile activity. γ- MSH exerts an anti- inflammatory response on 
macrophages and regulates the autonomic nervous system.

Enkephalin- related peptides are derived from proenkephalin 
(PENK), which produces one copy of leu- enkephalin, six copies of 
met- enkephalin, an octapeptide and a heptapeptide [7, 8]. The PENK 
gene is expressed mainly in the posterior pituitary, in neuronal axon 
terminals as well as in neuronal and non- neuronal system tissues 

such as the gastrointestinal, the visual systems, and the placenta [7] . 
Enkephalins bind and activate µ- receptors and δ- receptors.

Dynorphin peptides are potent endogenous ligands, for ex-
ample β- neoendorphin, dynorphin, leu- enkephalin, rimorphin, 
and leumorphin, which are derived from the prodynorphin peptide 
(PDYN). Dynorphins are highly selective for the κ- receptor, indu-
cing analgesia, psychomimesis, dysphoria, and diuresis as well as 
psychostimulant effects [9] .

The pronociceptin peptide (PNOC) is processed into N/ OFQ is 
the endogenous ligand for the N/ OFQ receptor. N/ OFQ has a pro- 
nociceptive/ antiopioid effect and regulates immune function. N/ 
OFQ also stimulates ACTH and cortisol release, and enhances the 
effects of stress on these hormones [6, 10].

Endomorphin- 1 and - 2 are endogenous opioid peptides derived 
from a recently discovered propeptide, proMexneurin [11]. The 
endomorphins have a potent antinociceptive effect on acute and 
neuropathic pain in vivo via µ- receptors.

Exogenous opioids

As noted earlier, opioids have been used for thousands of years 
as first- line drugs to manage pain of various severity. Commonly 
prescribed opioids include codeine, fentanyl, hydrocodone, 
hydromorphone, methadone, morphine, oxycodone, oxymorphone, 
and tapentadol. These opioids can be classified according to 
their duration of action, as follows:  (a) rapid onset, like fentanyl; 
(b)  short- acting, like codeine, buprenorphine, oxymorphone, 
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oxycodone, hydrocodone and morphine; (c) long- acting, including 
transdermal fentanyl, methadone, extended- release oxycodone, 
extended- release oxymorphone or extended- release morphine 
[12, 13]. Their effects are exerted through activation of the opioid 
receptors either as agonists or partial agonists. Current efforts are 
underway to develop analogues with selective actions that have 
enhanced analgesic activity and reduced effects on the respiratory 
system. Strategies currently being used include exploiting biased 
signalling, targeting multiple or heterodimerized opioid receptors, 
modifying drug availability to receptors according to pH, and allo-
steric enhancement of endogenous opioid activity [14]. At present 
it is unclear how much the desirable effects of opioids can be dis-
entangled from their potential for addiction using these strategies.

The possibility of substance abuse and dependency should always 
be considered during opioid treatment. Prior to initiation of opioid 
treatment, clinicians should carefully estimate the lowest effective 
dose and uptitrate the dose gradually. Appropriate justification re-
garding possible benefits and risks is necessary when administering 
doses equal or higher than 50 mg of morphine equivalents per day. 
Doses higher than 90 mg of morphine equivalents per day should be 
avoided. Immediate- release rather than long- acting opioids should 
be preferred when initiating opioid therapy for chronic pain [15].

The overreliance on the use of prescription opioids for the man-
agement of acute and chronic pain has reached epidemic pro-
portions. Where patients are unable to obtain legal supplies of 
prescription opioids such as oxycodone there is substitution with 
illegally obtained opioids, such as fentanyl, which leads to increased 
risks of overdose and continued addiction [16]. The risk of addic-
tion is dose- dependent and associated with chronic therapy (more 
than 3  months). This risk has been estimated as 5.5% in patients 
treated with a very low dose of non- prescribed opioid (<20 mor-
phine equivalents daily) [17]. In addition, chronic treatment with 
methadone and buprenorphine is licensed for opiate use disorder; 
these are effective at reducing mortality and facilitating recovery, but 
entail the continuing side effects of opioid therapy [18]. Endocrine 
side effects of opioids are therefore increasingly encountered by 
physicians. The following summarizes the effects of opioids on two 
clinically important endocrine systems. For more information re-
garding the effects of opioids on other endocrine systems, see [19].

Effects of opioids on the Hypothalamo– Pituitary– 
Adrenal (HPA) Axis

The HPA axis is a key pathway for the regulation of the body’s re-
sponse to stress. Endogenous opioids represent another such stress 
response pathway with a role in modulating pain [20], and also act 
to modulate the HPA axis. It is therefore not surprising that ex-
ogenous opioid treatment modulates the HPA axis. As noted earlier, 
POMC is processed to ACTH and β- endorphin, which inhibits 
POMC/ ACTH release. The endogenous opioids β- endorphin and 
dynorphin are thought to regulate the POMC neurons via post- 
synaptic µ- receptors and presynaptic µ- , κ- , and δ- receptors [21]. 
Similarly, activation of opioid receptors by exogenously adminis-
tered opioids inhibits POMC neurons postsynaptically and decreases 
the biosynthesis of POMC [22]. Consequently, there is a suboptimal 
ACTH and cortisol response to a corticotrophin- releasing hormone 
(CRH) stimulus in volunteers given morphine [23], but they may 

also suppress the hypothalamic release of the other ACTH- releasing 
factor vasopressin. Opioids also directly act on the adrenal gland as 
judged by inhibition of dehydroepiandrosterone sulphate (DHEAS) 
production [24, 25].

Acute administration of opioids suppresses ACTH,  β- 
endorphin, and cortisol levels at baseline and secretion in response 
to CRH [23]. Patients under chronic treatment with both oral or 
transdermal opioid analgesics present with various degrees of 
cortisol deficiency [26– 28]. The prevalence of secondary adrenal 
insufficiency in patients treated with opioids has not been system-
atically evaluated. A  small cross- sectional analysis evaluated the 
potential association between long- term opioid analgesia and the 
HPA axis, confirming low cortisol levels and suboptimal response 
to synthetic ACTH(1– 24) (Synacthen) in up to 6.25% of treated 
cases [29]. Similarly, adrenal insufficiency is estimated to occur 
in approximately 15% of patients treated with chronic intrathecal 
opioid administration [30].

In addition to the inhibitory effect on cortisol production, ex-
ogenous opioid treatment alters the circadian rhythm of the HPA 
axis, and appears to have a ‘flattening’ effect with more marked 
inhibition of morning cortisol levels relative to afternoon cortisol 
levels [31], However, while opioid peptides significantly inhibit the 
HPA axis [32], the endogenous ‘tone’ is not responsible for the cir-
cadian rhythmicity of ACTH and cortisol. The high doses of na-
loxone required to demonstrate endogenous opioid tone suggest the 
presence of non- μ receptors [33]. Prenatal exposure to opioids re-
sults in altered regulation of the HPA axis in offspring, according to 
animal studies, and more specifically: (a) changes in the baseline se-
cretion of ACTH; (b) altered ACTH secretion by the hypothalamus 
following physiological and psychological stressors; (c) alterations 
to the activation of the glucocorticoid receptor [34]. The long- term 
impact of any alterations to HPA axis function in children born to 
opiate users is unknown.

The impact of opioids on the HPA axis seems to be reversible, 
with small studies describing increases in cortisol levels following 
successful withdrawal from opioid treatment. However, further 
longitudinal studies are required to determine the time course 
response of the HPA axis following the withdrawal of opioid 
administration [35].

No agreed clinical guidelines for the assessment and treatment of 
hypoadrenalism in opioid users exist. The following recommenda-
tions are therefore based on the authors’ clinical experience and al-
lied guidance on hypoadrenalism.

 1.  The clinical manifestations of hypoadrenalism can be non- 
specific (e.g. tiredness, weight loss, nausea, anorexia, hypoten-
sion). Therefore, adrenal function should be routinely evaluated 
in patients chronically treated with opioids, using 9 am cortisol 
levels, with repeated blood tests every 3– 4 months.

 2.  9:00 a.m. serum cortisol levels less than 100 nmol/ L are strongly 
suggestive of adrenal insufficiency and in this case, replace-
ment should be initiated. A 9:00 a.m. cortisol level higher than 
380  nmol/ L generally indicates normal adrenal function and 
does not require further investigation, but note that thresholds 
may be assay- dependent [36].

 3.  The cortisol response to Synacthen, according to locally es-
tablished cut- offs, can be used to establish the diagnosis of 
hypoadrenalism in cases where the 9:00  a.m. cortisol level is 
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between 100 and 380  nmol/ L. Insulin tolerance or glucagon 
stimulation tests are rarely required.

 4.  The specific characteristics of local cortisol assays [36], con-
comitant use of exogenous glucocorticoids (e.g. those used in 
management of chronic back pain), or presence of conditions af-
fecting cortisol binding globulin such as oral oestrogen therapy 
or pregnancy, should be considered when interpreting the 
results.

 5.  Glucocorticoid replacement can be provided as short- acting cor-
ticosteroids (e.g. immediate- release hydrocortisone in 2– 3 div-
ided doses) or as longer acting agents (e.g. prednisolone given 
once a day) [37].

 6.  If the patient presents with clinical signs of acute hypoadrenalism, 
parenteral hydrocortisone should be administered in accordance 
with guidance on the acute management of hypoadrenalism [38].

 7.  The response of the HPA axis to withdrawal of opiates can 
be monitored by regular 9 am serum cortisol levels or short 
Synacthen tests as needed, with withdrawal of glucocorticoid 
support when euadrenalism is established.

Influence of opioids on the Function of the 
Hypothalamo– Pituitary– Gonadal (HPG) and 
Prolactin Axes

The adverse impact of opiates on gonadal function has long been 
known. Referring to opium, Charles Alexander Bruce, a British ex-
plorer, described the effects on people in India as follows in 1843: 
‘This vile drug has kept, and does now keep down the population: 
the women have fewer children than those of other countries . . . the 
enfeebled opium- eaters of Assam, who are more effeminate than 
women’ [39]. Hypogonadism is present in 21% of female and 75% 
of male patients on long- term treatment with opioids [40].

The endogenous opioid system influences the function of the 
HPG axis through interactions with hypothalamic and pituitary 
hormones, as well as directly on the gonads. One key mechanism 
involves suppression of pulsatile GnRH secretion during times of 
physiological stress, specifically via POMC processing, β- endorphin 
release, and activation of µ- opioid receptors. A  second mech-
anism involves the termination of GnRH pulses via dynorphin, 
κ- receptors, and the so- called KNDy neurons in the arcuate nu-
cleus which secrete kisspeptin [5] . A  third, more indirect, mech-
anism involves inhibition of dopaminergic pathways, leading to 
de- repression of prolactin secretion [41] which in turn leads to a 
suppression of gonadotropin secretion [42].

With respect to male patients, acute administration of opioids 
leads to suppression of luteinizing hormone (LH) secretion, dem-
onstrating their tonic inhibitory effect on GnRH pulsatility [43]. 
Naloxone antagonism leads to stimulation of LH and testosterone 
secretion [44]. The opiate effect on pituitary hormone secretion is 
reversible following administration of opioid antagonists. Opioid- 
induced androgen deficiency is diagnosed as low levels of testos-
terone in patients on treatment with opioids. Long- term opioid 
treatment reduces testosterone [45], a dose- dependent effect that 
is not influenced by the type of administered opioids (i.e. com-
monly prescribed opioids, heroin, or methadone) [46]. The im-
pact of the dose was particularly pronounced in men treated with 

short- acting opioids. A longer duration of opioid action increases 
the risk of androgen deficiency more than 3- fold when compared 
with administration of short- acting agents [47]. With respect to 
erectile function, there are direct inhibitory effects, as the occur-
rence of erectile dysfunction is independent of serum testosterone 
levels in people taking opioids [48]. It is thought that central 
μ- receptors inhibit the oxytocinergic neurons in the paraven-
tricular nucleus of the hypothalamus, directly inhibiting penile 
erection [49].

Endogenous opioid tone varies during the menstrual cycle, due 
to phase- dependent β- endorphin tone, opioid receptor expression/ 
binding affinities, and the key influences of oestrogen and pro-
gesterone on endogenous opioid tone itself. Indeed, endogenous 
opioid tone plays a key role in the transition between stages of 
the menstrual cycle. In the early follicular phase, the endogenous 
opioid tone is low, enabling high- frequency pulsatile GnRH secre-
tion. As oestradiol levels rise in the mid- follicular phase, leading 
to increased endogenous opioid tone and less frequent GnRH 
pulsatility, in turn leading to increased LH pulse amplitude which 
prepares the way for the ovulatory LH ‘spike’. Luteal secretion of 
progesterone induces a high endogenous opioid tone, consequently 
reducing the frequency of GnRH and LH pulses (once every 5– 6 
hours instead of once an hour during the follicular phase). With 
menses, progesterone and oestradiol levels fall, endogenous opioid 
activity declines, leading to a restart of high- frequency pulsatile 
GnRH secretion in the follicular phase [50]. The effect of opioids 
(and opioid antagonists) on HPG axis function in animal models 
is blunted in prepubertal animals, suggesting that the effect of opi-
oids on the HPG axis may differ according to the stage of sexual 
development [19].

Stress conditions (e.g. excessive exercise, weight loss, anorexia 
nervosa) have been speculated to increase endogenous opioid tone 
which in turn suppresses GnRH pulsatility, gonadotrophin, and 
oestradiol secretion. One hypothesis is that this drives the ‘func-
tional hypothalamic amenorrhoea’ that is observed in such pa-
tients. However, the success of opioid antagonism as a therapy 
for this condition is variable: in one study, naloxone blockade was 
not successful in restoring cycles in patients with weight- related 
amenorrhoea [51], but in other hands naltrexone restored cycles 
in approximately 50% of patients [52]. It seems that weight- related 
amenorrhoea, and presumably the related exercise- induced amen-
orrhoea, are not opioid- dependent as they are naloxone insensitive, 
at least in short- term studies, although hyperprolactinaemic amen-
orrhoea may be opioid- mediated [51].

Interestingly, dysregulation of the endogenous opioid system ap-
pears to have a key role in polycystic ovarian syndrome (PCOS). 
Increased endogenous opioid activity has been linked with a reduc-
tion in GnRH pulsatility and elevated LH/ follicle- stimulating hor-
mone (FSH) ratios. Moreover, enhanced opioid activity stimulates 
pancreatic insulin secretion, inhibits insulin clearance by the liver 
and decreases peripheral insulin sensitivity, hence contributing to 
the hyperinsulinaemia observed in PCOS. This hyperinsulinaemia 
in turn synergizes with LH to induce hyperandrogenism, and also 
reduces hepatic sex- hormone- binding globulin (SHBG) produc-
tion leading to elevated free androgens and the hyperandrogenic 
manifestations of PCOS. Elevated endogenous opioid tone is also 
conjectured to drive other issues seen in PCOS such as depression 
and poor sleep quality. Administration of opioid antagonists, like 



SEcTIon 12 Endocrine Responses to Systemic Diseases or Substance Misuse1750

naloxone and naltrexone, may help reverse the hormonal imbal-
ances observed in PCOS cases [42, 53].

As a result of this complexity of regulation, the effects of opioid 
treatment in women can vary largely throughout the reproductive 
life of the woman as well as within the menstrual cycle. Exogenous 
opioid peptides suppress LH and FSH secretion when given acutely 
to normal and postmenopausal women [54]. Exogenous opioids 
have been shown to be associated with a reduced FSH/ LH ratio, and 
with a lower age threshold of FSH/ LH ratio inversion (a marker of 
menopause) indicating a shorter duration of fertility [55]. Naloxone 
increases LH pulse frequency in women; unlike the regulation of the 
HPA axis, as this is naloxone- sensitive it is presumably μ- receptors 
that mediate the effect [56]. Administration of the opioid antagonist 
naltrexone has positive effects on both the HPG and HPA axes, by 
inducing elevation of LH levels as well as levels of ACTH and cor-
tisol, respectively [42].

Endogenous opioids are also known to directly influence oocyte 
maturation, preimplantation embryo development, endometrial, 
and myometrial function. β- endorphin and met- enkephalin are 
present within ovarian follicular fluid and influence oocyte matur-
ation in a paracrine fashion by binding to δ- , κ- , and μ- receptors. 
Granulosa cells also express µ- receptors which is thought to stimu-
late angiogenesis. Endometrial fluid contains β- endorphin and 
met- enkephalin produced presumably by endometrial tissues. 
µ- receptors in the endometrial tissues are known to regulate oes-
tradiol receptor expression. At least in animal models, morphine 
can inhibit the development of preimplantation embryos and re-
duce uterine receptivity to implantation. Opioids also inhibit/ relax 
myometrial contraction, which is important for sperm transport in 
the uterus and Fallopian tubes [42]. However, the exact impact of 
exogenous opioids on oocyte maturation, fertilization, embryonic 
development, and implantation in humans is as yet unknown.

Finally, animal studies report adverse effects on the reproductive 
system of newborns following intrauterine exposure to opioids. 
Prenatal exposure to an opioid environment induces pre-  and post-
natal alterations of the hormonal milieu, and potentially changes of 
sexually dimorphic brain regions regulating reproductive and play 
behaviour [34].

No agreed clinical guidelines for the assessment and treatment of 
hypogonadism in opioid users exist. The following recommenda-
tions are therefore based on the authors’ clinical experience and al-
lied guidance on hypogonadism.

 1. Physicians treating patients who are using opioids chronically 
should routinely enquire after symptoms and signs of potential 
hypogonadism during clinical reviews. For male patients, di-
minished libido, decreased frequency of morning erections and 
erectile dysfunction are the most specific symptoms [57]. For fe-
male patients, oligo-  or amenorrhoea together with symptoms 
of hypo- oestrogenization (hot flushes, sleep disturbance, dyspar-
eunia) are the most specific symptoms [58].

 2.  If hypogonadism in a male patient is suspected, evaluate with 
two separate fasting measurements of 9am testosterone with 
LH/ FSH and prolactin levels. Determination of free testosterone 
by equilibrium dialysis where available or by Vermeulen calcu-
lation utilizing simultaneous measurements of SHBG and al-
bumin may be helpful in the assessment of cases where patients 
have extremes of SHBG concentration, such as in obesity (which 

lowers SHBG), or with liver disease (which tends to increase 
SHBG) [57].

 3.  If hypogonadism in a female patient is suspected, evaluate 
with oestradiol, LH/ FSH and prolactin levels. Human chori-
onic gonadotropin (HCG) testing is mandatory to exclude  
pregnancy.

 4.  Consider pituitary imaging with MRI to exclude a substantial 
hypothalamic/ pituitary lesion if the blood tests indicate a sec-
ondary hypogonadism or hyperprolactinaemia [59].

 5.  If opioid- induced hypogonadism is confirmed, hormone re-
placement with testosterone [57] or oestrogen ± progestogen 
[59] should be considered.

 6.  Patients with long- standing hypogonadism should be assessed 
for osteopenia/ osteoporosis with dual- energy X- ray absorpti-
ometry (DEXA) and treated accordingly [59].

 7.  We recommend that physicians collaborate with pain control 
and addiction specialists to withdraw, if possible, patients from 
chronic opioid use prior to attempts at conception and/ or fer-
tility treatment to mitigate their effects on fertility, conception, 
and prenatal development, as well as on the HPA axis.

Effects of opioids on the Posterior Pituitary and 
Sympathoadrenal System

Exogenous opioid peptides, contrary to earlier expectation, inhibit 
the release of vasopressin in the human [60], in agreement with 
animal studies showing a direct inhibitory effect on release from 
the hypothalamus. The significance of this induced free water di-
uresis in chronic opiate users remains unclear but seems unlikely 
to have a major impact. Similarly, opioids inhibit the release of 
adrenaline and noradrenaline from the sympathoadrenomedullary 
system, probably at κ-  or δ- receptors. There appears to be an en-
dogenous opioid tone which chronically inhibits these systems and 
which is more active during any form of physical or mental stress- 
induced activation [61– 63]. Again, the significance of this in terms 
of chronic opioid use is undetermined.

conclusions

Endogenous opioid pathways are fundamental to the regula-
tion of many endocrine axes, the most clinically important of 
which are the HPA and HPG axes. Chronic opioid users are at 
high risk of developing hypoadrenalism and hypogonadism, but 
even short- term use may lead to suppression of the HPA and 
HPG axes and cause diagnostic confusion [64,  65]; therefore, 
physicians and other health workers involved in their treatment 
should ensure that a robust screening and treatment protocol is 
in place.
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Introduction

Endocrine organs are classified into primary and secondary based 
on whether a hormone- secreting organ synthesizes the relevant 
hormone(s) as a primary function or not. This chapter will focus on 
metastatic disease in major endocrine organs, including adrenals, 
pituitary, thyroid and parathyroid glands, from malignancies other 
than haemato- lymphoid neoplasms. Their presence is best regarded 
as generalized involvement rather than metastatic spread. Herein, 
we discuss the prevalence and importance of recognition of metas-
tases in endocrine organs and highlight various aspects of endo-
crine organ- specific metastatic disease.

Prevalence of Metastatic Disease in Major 
Endocrine Organs

The prevalence of metastatic malignancy varies in the clinical set-
ting (see Table 13.1.1.1):

 • common in the adrenals in patients with lung carcinoma
 • uncommon in the pituitary gland in patients with breast and 

lung carcinomas
 • rare in the thyroid gland in patients with renal cell and lung 

carcinomas
 • very rare in the parathyroid glands in patients with breast 

carcinoma

Importance of Recognition of Metastatic Deposits 
in Endocrine Organs

Recognition of metastatic disease in endocrine organs is important 
for various reasons (see Figure 13.1.1.1).

Metastases might:

 • be discovered as an incidentaloma in an unconfined anatomical 
space without any pressure effects (e.g. adrenal metastases)

 • occur as a mass in an unconfined, or relatively unconfined, space 
producing pressure effects, e.g. on the optic chiasm causing hom-
onymous hemianopia (e.g. pituitary metastasis)

 • present as a space- occupying lesion in a relatively confined ana-
tomical space, such as the superior mediastinum (e.g. thyroid 
metastases)

 • present with endocrine gland insufficiency, which is usually de-
tected at an advanced stage given the large reserve of function of 
endocrine organs (e.g. pituitary and adrenal metastases)

 • be functional secreting a hormone or other substance relevant to 
the primary neoplasm (e.g. small cell carcinoma of lung origin or 
pancreatic neuroendocrine tumour metastases)

 • cause the host tissue to secrete excessive amounts of hormone be-
cause of their presence (e.g. transient hyperthyroidism due to thy-
roid parenchyma destruction and hormone release)

 • be mistaken clinically for a primary neoplasm of the gland in 
which they are found causing diagnostic and management diffi-
culties (e.g. metastatic origin from an occult primary)

 • be discovered on histopathological examination within a primary 
endocrine tumour (i.e. tumour- to- tumour metastasis)
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the Adrenal Gland

The adrenal gland is the fourth commonest anatomic site for meta-
static deposits after lung, liver, and bone, whereas per unit weight is 
the most frequently involved site [1, 2].

The most common primary tumour metastatic to the adrenals 
arises from the lung [3– 5]. Based on a 30- year period retrospective 
systematic review of 464 patients with adrenal metastasis at Queen 
Mary Hospital in Hong Kong [3] , lung cancer (35.4%) was the most 
frequent followed by malignancies originating from upper gastro-
intestinal (GI) tract (26.4%), hepatobiliary (10.7%) and pancreas 
(6.9%), lower GI tract (5.4%), kidney (4.3%) and breast (2.9%). 
Data emerging from a multicentric European study including 317 
patients indicated the leading sources of adrenal metastasis, as fol-
lows: lung (46.7%), lower GI tract (13.6%), kidney (11.7%), breast 
(3.5%) and skin (melanoma; 3.5%) [4]. The difference in the rela-
tive prevalence of primary tumours has been attributed to the geo-
graphic origin and/ or source of data [4, 5].

In contrast to autopsy- based data [6] , metastatic melanoma to the 
adrenal gland is a rare ante- mortem diagnosis [3, 4, 7]. This is usu-
ally associated with evidence of systemic disease and overall poor 

prognosis with almost one- fifth of cases being of unknown primary 
origin [7, 8].

Primary adrenal tumours can rarely receive metastatic deposits 
with lung cancer being the most frequent donor neoplasm in 
tumour- to- tumour metastatic setting [9– 12].

Most adrenal metastases are identified at staging or follow- up of 
patients, who are either oligo- metastatic or suffering from wide-
spread metastatic disease [1, 3, 5]. Isolated metastasis after surgical 
removal of a primary tumour is a rather infrequent event [3, 13]. 
Less than 2% of renal cancer patients who develop a metachronous 
metastasis will present with a solitary adrenal metastasis [14] being 
consistent with data deriving from the Japanese Society of Renal 
Cancer [15]. Albeit, cases of isolated metastasis have been increas-
ingly reported in the medical literature, highlighting the unpredict-
able behaviour of diverse tumour types with a variable propensity 
for metastatic spread. When bilateral and extensively effacing the 
adrenal parenchyma, latent or overt adrenocortical insufficiency 
can be detected. Concomitant involvement of pituitary gland and 
unilateral adrenal destruction can also result in secondary insuf-
ficiency, while abdominal pain is another rare presentation due to 
intra- abdominal haemorrhage and haemoperitoneum [3] .

Figure 13.1.1.1 Transverse sections of adrenals either extensively replaced by confluent pale- white metastatic deposits of lung adenocarcinoma 
(a) or moderately expanded by two metastases of renal cell carcinoma, having a variegated appearance (b). Renal cell carcinoma metastatic to 
the adrenal gland simulating a primary adrenal tumour (c) and medullary thyroid carcinoma metastatic to the adrenal (d). Metastatic melanoma 
extensively effacing the thyroid gland parenchyma (e), which was confirmed on immunohistochemical grounds, i.e. S100, MELAN- A and HMB- 45 (e; 
inset).

table 13.1.1.1 Prevalence of metastases in major endocrine organs

Relatively common primary sites Relatively rare primary sites

Adrenal glands Lung, gastrointestinal tract Kidney, breast, skin (melanoma)

Pituitary gland Breast, lung Kidney, prostate, gastrointestinal tract, skin 
(melanoma), thyroid

Thyroid gland Kidney, lung Breast, gastrointestinal tract

Parathyroid glands Breast Skin (melanoma), lung, kidney, thyroid
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the Pituitary Gland

Pituitary tumours are intrasellar neoplasms with pituitary ad-
enomas being the most common constituting up to 15% of all 
intracranial tumours, while tumours metastatic to the pituitary 
gland being rather rare [1] . Per data stemming from the German 
Pituitary Tumour Registry, the former account for 84.6% and the 
latter for 0.6% of 4122 surgical cases [16]. Only 0.4% of intracranial 
metastatic tumours are confined to the pituitary gland according to 
the Brain Tumour Registry of Japan [17], being consistent with 
previously published data supporting rare involvement of the pitu-
itary gland by intracranial metastatic disease [18].

Based on a systematic review with pooled individual patient data 
analysis, He et  al. [19] calculated the incidence of pituitary me-
tastasis based on stratified patient populations, as follows:  0.87% 
among all intracranial metastases; 1.9% among all autopsied 
cancer cases; 11.56% among all breast cancer patients who had 
hypophysectomies and 12.83% among all autopsied breast cancer 
patients. This study confirmed breast and lung cancer as the most 
common primary malignancies accounting for two- thirds of the 
cases, while highlighted cancer of unknown primary (CUP) in ap-
proximately 3% of cases. To extend, it was shown that the odds ratio 
of a breast cancer patient having pituitary metastasis is ~7 times 
greater than a patient suffering from a different primary cancer.

Βreast and lung are the commonest primary sites of metastatic 
origin in the rare tumour- to- tumour metastatic context [20].

Pituitary metastasis occurs mostly in patients suffering from sys-
temic dissemination and less frequently being the only site of me-
tastasis or the first manifestation of a latent primary tumour, as 
documented in 10% up to 40% of cases [17, 19, 21]. Although these 
tumours are clinically silent, a subset of patients is having pituitary- 
related symptoms [19,  21]. Diabetes insipidus remains the most 
frequent symptom at presentation, reflecting higher prevalence 
of metastatic deposits in the posterior lobe possibly due to lack of 
direct arterial blood supply to the anterior counterpart. Anterior 
hypopituitarism, pan- hypopituitarism, cranial nerve palsies, visual 
disturbance, and headaches can also occur. Extraordinary presen-
tation of acromegaly due to somatotroph hyperplasia elicited by a 
metastatic GHRH- producing pancreatic neuroendocrine tumour 
has been documented [22].

the thyroid Gland

Intrathyroidal metastasis is a relatively uncommon event in clin-
ical practice, i.e. <0.2% of thyroid malignancies [23, 24]. Based on 
a systematic review and meta- analysis involving a total of 514 pa-
tients, Straccia et  al. [23] evaluated the type of metastatic spread 
and the localization of the primary tumour. The overall rate of 
metachronous metastases was estimated at 69%, while the overall 
metastatic rate from organs located in the infradiaphragmatic re-
gion was 53%. Renal cell carcinoma was the most frequent malig-
nancy followed by lung carcinoma, breast carcinoma, and colorectal 
adenocarcinoma. The International Head and Neck Scientific 
Group [24] confirmed the order of frequency in the clinical series 
and highlighted lung cancer as the most common primary tumour 
in the autopsy series. Both studies documented CUP in 2% of cases. 

Along these lines, Hegerova et al. [25] identified 97 patients over a 
30- year period at the Mayo Clinic (Rochester, USA) with kidney 
(22%) and lung (22%) constituting the most frequent primary sites.

In accordance with a predilection of spread to endocrine tu-
mours [26], metastatic disease can rarely involve primary thyroid 
tumours with follicular adenoma and papillary thyroid carcinoma 
being the commonest benign and malignant recipient respectively 
[27]. Renal cell carcinoma is the most common donor neoplasm 
followed by malignancies originating from lung, breast, and lower 
GI tract [27, 28].

Although most patients with a diagnosis of intrathyroidal metas-
tasis have a prior history of malignancy, occult primary accounts 
for approximately 30% of cases [23]. Metastatic deposits can be 
asymptomatic or present with unspecific symptoms at an advanced 
stage, such as dysphagia, hoarseness, pain, and airway compromise. 
Extensive destruction of thyroid parenchyma can cause changes in 
thyroid function and regarded as symptom of advanced stage dis-
ease [23, 24].

the Parathyroid Glands

Metastatic disease to the parathyroid glands is rare, and poorly 
documented. Given evidence emerging from thyroidectomies per-
formed for cancer and autopsy data, Shifrin et al. [26] suggested that 
metastatic involvement might be probably underreported [29,  30]. 
Approximately 4% of the former cases as well as ~12% of patients with 
various disseminated malignancies harboured metastatic infiltrates 
when multiple parathyroid glands were sampled [1, 30]. In a series of 
392 consecutive parathyroidectomies performed for primary hyper-
parathyroidism, only one metastatic cancer was detected [26].

Per the 2017 WHO classification of endocrine neoplasia and 
based predominantly on post- mortem data, the most common pri-
mary site is breast followed by skin (melanoma), lung and kidney [1, 
26, 30]. Regarding cancer arising from the thyroid gland, the incidence 
rate of parathyroid involvement is ranging from 0.4% to 3.9% and with 
only a small subset corresponding to true metastasis [31, 32].

Metastatic disease can involve normal parathyroid tissue, 
hyperplastic parathyroid glands, and parathyroid adenomas. The 
patients might be asymptomatic or present with a mass in the neck, 
clinical signs of parathyroid disease and/ or disseminated systemic 
metastasis. To exemplify, Torregrossa et al. [33] reported a metastatic 
renal cell carcinoma without clinical signs of parathyroid disease and/ 
or disseminated metastasis. In the hyperplastic setting, Venkatraman 
et al. [34] described an incidental discovery of metastatic lung adeno-
carcinoma within a parathyroid gland resected for surgical man-
agement of primary hyperparathyroidism, while Shifrin et al. [35] a 
metachronous metastasis of neuroendocrine thymic carcinoma to a 
hyperplastic parathyroid gland in a patient with multiple endocrine 
neoplasia type 1 syndrome and widespread metastatic disease.
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Introduction

Production of hormones usually occurs in specialized endo-
crine glands. Such hormone production is typically under con-
trol from higher centres, ultimately the brain, and also subject 
to complex negative feedback. This results in tight regulation of 
circulating hormone levels, and affords a mechanism for influen-
cing diverse tissue function throughout the body. Inappropriate 
hormone production by non- endocrine tissue causes a spectrum 
of rare syndromes which are important as they are not only a 
management challenge, but also because they shed light on the 
regulation of tissue- specific gene expression with widespread 
ramifications for understanding human physiology. In addition, 
inappropriate expression of a peptide may be useful as a tumour 
marker, as for example human chorionic gonadotrophin (hCG) 
or α- fetoprotein. This chapter will address the basic mechanisms 
of ectopic hormone production and will further discuss specific 
clinical syndromes.

the Origin of Ectopic Hormones

The use of sophisticated techniques has revealed that hormones may 
be expressed ‘ectopically’ in a variety of normal tissues other than 
in specialized glands [1] . It is, therefore, less than surprising that 
tumours arising from these tissues can give rise to ectopic hormone 
producing syndromes. If the hormone production in the tumour 
remained under physiological control ectopic hormone production 
would not pose a clinical problem. Sometimes aberrant control has 
an obvious mechanism, for example, lack of specific neural connec-
tion, physical distance from a portal system or absence of receptors 
for hormonal modulators of gene expression.

Dysdifferentiation theory

This proposes that neoplastic change occurs in progenitor cells, ra-
ther than terminally differentiated ones [2] . The transformed pro-
genitor cell subsequently undergoes differentiation but at each stage 
experiences a partial block. If this theory holds it would predict a 

tumour with a mixed population of cells at different stages in de-
velopment. Depending on how the blocks to normal differentiation 
were arranged a majority of cells may develop into an endocrine cell 
type, and give rise to a typically endocrine- type tumour. This model 
may explain why certain hormones tend to be produced by certain 
tissues, since the tumour would retain some features of its parent 
tissue and would tend to transcribe the same genes as its parent 
tissue though may express these aberrantly (Figure 13.1.2.1).

Extrapituitary expression of the adrenocorticotrophic hormone 
(ACTH) gene (POMC) is described in detail next as a model for ec-
topic hormone syndromes. Ectopic ACTH syndrome shares many 
features with other ectopic hormone syndromes, and as many of 
the underlying mechanisms of expression are common they have a 
wider application.

Ectopic ActH Syndrome

The human POMC gene is encoded in three exons on chromosome 
2. The first exon is non- coding, the second contains the signal pep-
tide which targets the protein product to the regulated secretion 
pathway and the third exon encodes the majority of the mature pro-
tein, including ACTH. In pituitary corticotroph cells, the only cells 
in health that express the gene at high level, the mature mRNA from 
the POMC gene is of 1200 nucleotides. A third POMC transcript has 
also been described which is longer than the pituitary form (about 
1500 nucleotides). This arises from a site, or multiple sites, within 
the 5’ flanking region of the human POMC promoter. This mRNA 
species therefore includes the entire coding region of the peptide, 
and it does appear to give rise to a secreted peptide product. This 
‘long’ form of the POMC mRNA is found in extrapituitary tissues 
and tumours.

Dysdifferentiation hypothesis for ectopic hormone production

Neuroendocrine precursor cell

Parenchymal cell

Malignant transformation

Figure 13.1.2.1 Dysdifferentiation results in aberrant gene expression. 
The malignant transformation of a progenitor cell results in a clonal 
population of cells that have undergone atypical differentiation. These 
cells share some features with their progenitor cells and may continue 
to express genes associated with these immature, incompletely 
differentiated cells. Malignant transformation of a cell can lead to 
persistent, or enhanced, hormone gene expression in the clone of 
proliferating cells.
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Regulation of POMC Gene Expression

Expression of the POMC gene appears to be predominantly con-
trolled at the level of gene transcription [3] . Expression of the 
POMC gene in the anterior pituitary corticotroph cell requires the 
action of a tightly restricted transcription factor, a member of the T- 
box family, termed Tpit [4]. This factor acts with the homeodomain 
protein PitX1 and promotes recruitment of SRC family coactivators 
to the POMC promoter, leading to enhanced gene transcription [5].

Corticotropin- releasing hormone (CRH) acts on pituitary 
corticotroph cells to increase cyclic adenosine monophosphate 
(cAMP) accumulation and activates mitogen- activated protein kin-
ases. There is also evidence of activation of the orphan nuclear re-
ceptor nerve growth factor– induced clone B (or Nur 77) [6]  leading 
to enhanced POMC transcription through the recruitment of SRC 
coactivators to nerve growth factor– induced clone B [5, 7]. As nerve 
growth factor- induced clone B and Tpit act synergistically, this sug-
gests the formation of a regulatory complex on the POMC promoter 
with Tpit, NGFI- B and SRC coactivators [5]. It is important that ex-
pression of Tpit promotes corticotroph cell differentiation and that 
its expression is more limited than that of POMC. Therefore, there 
is no Tpit expression in hypothalamic POMC- expressing neurons, 
suggesting that Tpit is specific for corticotroph- specific expression 
of POMC; other mechanisms are responsible for expression else-
where. Tpit expression has been found specifically in human pitu-
itary corticotroph adenomas [4].

Glucocorticoids repress transcription of the POMC gene by 
binding to two DNA elements in the 5′ flanking region of the pro-
moter. The more proximal element, an imperfect palindrome 63 nu-
cleotides upstream from the transcription start site, is thought to 
bind three glucocorticoid receptor molecules in an unusual trimer 
formation [8– 10]. This conformation of receptors on DNA directs 
repression of transcription rather than enhancement. Further up-
stream, between −480 and −320, there is another glucocorticoid- 
regulated element, suggesting that these two DNA elements interact 
to achieve the full effect of glucocorticoid repression [11]. It is 
interesting that Tpit expression, essential to the corticotroph cell 
type and to POMC expression, is not affected by glucocorticoids, in 
contrast to POMC, which is repressed [12]. Because Tpit is not part 
of the mechanism allowing glucocorticoid repression of POMC, the 
lack of Tpit in ectopic ACTH syndrome causing tumours cannot 
explain the failure of glucocorticoid repression characteristic of the 
disorder. However, the mechanism underlying POMC induction 
by CRH in some well- differentiated carcinoid tumours causing ec-
topic ACTH syndrome is not yet defined. Although the expression 
of nerve growth factor– induced gene B and Tpit in such tumours 
is not definitively addressed, other pathways, such as mitogen- 
activated protein kinase activation, cAMP activation, and induction 
of c- fos may be important.

A number of other hypothalamic factors act on the pituitary 
corticotroph to influence POMC expression. However, their modes 
of action are not well defined. In particular, arginine vasopressin 
stimulates POMC expression rather weakly but augments CRH ac-
tion. The intracellular pathways activated by arginine vasopressin 
appear to be protein kinase C dependent, but arginine vasopressin 
also potentiates the action of CRH on cAMP generation [13].

Evidence points to intrapituitary factors as important modulators 
of corticotroph function. One such factor is the proinflammatory 

cytokine leukaemia inhibitory factor, which signals through the 
Janus kinase/ signal transducers and activators of transcription 
pathway [14]. Leukaemia inhibitory factor has been shown to act 
on the POMC gene through a specific response element that over-
laps with the  – 166 CRH response element. In addition to stimu-
lating POMC, transcription leukaemia inhibitory factor also 
appears to trigger a ‘switch’ in cell phenotype from proliferative to 
synthetic [15].

However, many other peptide growth factors and cytokines are 
capable of activating cAMP, mitogen- activated protein kinase and 
Janus kinase/ signal transducers and activators of transcription 
signalling cascades and thus are potentially capable of regulating 
POMC expression in non- pituitary tissue. Although extrapituitary 
tissues lack expression of corticotroph- specific transcription factors, 
activation of common signalling cascades might be expected to re-
sult in POMC gene expression. In extrapituitary tissues, the POMC 
gene may be modified to render it transcriptionally silent. One such 
irreversible modification is DNA methylation. The loss of methy-
lation in tumour tissue may allow transcription of the gene to be 
activated by the common signalling pathways described previously. 
There is some evidence that such changes in DNA methylation do 
occur in cell line models of ectopic ACTH syndrome [16]. It seems 
likely that POMC expression per cell is less in most extrapituitary 
tumours compared with the pituitary corticotroph, but this relative 
inefficiency of expression is compensated for by the greater number 
of cells expressing the gene in extrapituitary tumours.

Pathophysiology

ACTH immunoreactivity has been recognized to show size hetero-
geneity for many years, with the presence of high- molecular- weight 
forms being detected in human plasma. The ectopic ACTH syn-
drome was the first recognized of the ectopic hormone syndromes. 
In its most florid form it is rare, affecting 4.5% of patients with small 
cell lung cancer in one study, but there is evidence of derangement 
in the hypothalamic– pituitary– adrenal axis in most patients with 
small cell lung cancer. Analysis of tumour tissue surprisingly sug-
gested the presence of immunoreactive ACTH, even in the absence 
of clinical features of hormone excess [17]. The ACTH was present 
predominantly in a high- molecular- weight form, of approximately 
20 kDa, but this purified material could be cleaved to mature ACTH 
(4.5 kDa) by the action of trypsin. Further work identified the pres-
ence of immunoreactive ACTH- like peptide in a variety of normal 
tissues, suggesting that extrapituitary ACTH expression was less ‘ec-
topic’ than inappropriately regulated. The ACTH immunoreactivity 
was found to have no biological activity, and was assumed to be ‘big’ 
ACTH. However, identification of predominantly high- molecular- 
weight forms of ACTH in the circulation of patients with clinically 
apparent Cushing’s syndrome does suggest that the precursors of 
ACTH may have some activity at the ACTH receptor.

POMC Processing

The POMC gene leads to the generation of a pre- pro- hormone, 
POMC. This protein undergoes a series of proteolytic cleavages at 
dibasic amino acid residues to give rise to a series of small mol-
ecules including ACTH, melanocyte- stimulating hormone (MSH) 
and β- endorphin. In the anterior pituitary ACTH is cleaved by 
the action of a specific protease termed PC1 (for pro- hormone 
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convertase type 1). In the rodent intermediate lobe melanotroph 
the POMC molecule undergoes more comprehensive digestion to 
give smaller fragments, MSH, β- endorphin and corticotrophin- like 
intermediate lobe peptide (CLIP) as a result of cleavage by pro- 
hormone convertase type 2 (PC2).

In the majority of extrapituitary tumours causing the ectopic 
ACTH syndrome processing of the pre- pro- hormone is incomplete. 
Therefore, the ectopic ACTH syndrome is characterized by the 
presence of high- molecular- weight forms of ACTH in the circula-
tion [18]. It is likely that the extent of processing correlates with the 
degree of neuroendocrine differentiation of the tumour, and hor-
monal manifestations are probably only seen in tumours with sig-
nificant hormone processing capacity. This lack of processing could 
result from a lack of the specific cleavage enzymes, PC1 and PC2, 
which are expressed only in specialized endocrine tissue, or with 
a switch from a regulated secretory pathway to a constitutive one. 
A  number of small, highly differentiated, slow- growing tumours, 
typically bronchial carcinoid, have been characterized to process 
POMC in the neurointermediate lobe manner, giving rise to small 
fragments in the circulation, such as CLIP, and β−MSH. These have 
been used to aid diagnosis in some cases of Cushing’s syndrome, 
although the series are too small to confidently extrapolate from.

Dysregulation of POMC Expression 
in Extrapituitary tumours

In contrast to expression of the POMC gene in pituitary corticotroph 
cells, which is repressed by glucocorticoid as just discussed, ex-
pression in extrapituitary tumours is characteristically resistant to 
glucocorticoid [19]. This is the basis of the high- dose glucocorticoid 
suppression test used to distinguish eutopic from ectopic sources 
of ACTH in Cushing’s syndrome. As the test has approximately 
10% false- positive and 10% false- negative it has largely been super-
seded by sophisticated imaging and inferior petrosal sinus sam-
pling for differential diagnosis. With the availability of recombinant 
corticotrophin- releasing hormone responses of extrapituitary 
tumours to this peptide have been measured. In general, only pi-
tuitary corticotrophs stimulate POMC expression in response to 
corticotrophin- releasing hormone, but exceptions are increasingly 
being identified.

clinical Manifestation

The diagnosis of Cushing’s syndrome and differential diagnosis 
of ACTH- dependent Cushing’s syndrome are described else-
where. Briefly, dynamic endocrine testing is required to diagnose 
Cushing’s syndrome, and detection of ACTH using a sensitive 
two- site immunoradiometric assay (IRMA) makes the diagnosis 
of ACTH- dependent Cushing’s syndrome. A  variety of dynamic 
endocrine and imaging protocols are used to identify a pituitary or 
extrapituitary source of the ACTH excess. These all have variable 
sensitivity and specificity. The most reliable test is bilateral inferior 
petrosal sinus sampling, which, if performed when the patient is 
hypercortisolaemic, has an accuracy approaching 100%.

Most occult tumours are carcinoid, phaeochromocytoma, or me-
dullary thyroid carcinoma and originate in the neck, chest, or ab-
domen (Box 13.1.2.1). Computed tomography (CT) or magnetic 
resonance (MR) scanning can be used to detect chest tumours in 
those patients with a normal chest radiograph. There have been 
some reports of success in using radioactive In- labelled octreotide 

scanning to identify occult neuroendocrine tumours, although 
experience is still limited. The development of new imaging tech-
niques may identify previously occult primary tumours, with 11C- 
methionine PET- CT imaging being used in a limited number of 
patients to good effect [20]. However, this requires highly specialized 
facilities for the synthesis of the labelled aminoacid, and its use. This 
should be regarded as a research tool until larger series of ectopic 
ACTH patients have been reported.

Management

Treatment is focused on two objectives. The first is control of the 
endocrine manifestation and the second is management of the 
underlying tumour. Individual patients will present with different 
priorities. The ideal treatment is curative resection of the pri-
mary tumour, which achieves both objectives. If this is not pos-
sible, due to a small, elusive primary tumour, patients with small, 
occult primary tumours may be managed by chemical or surgical 
adrenalectomy, and in many cases the primary tumour will not be 
life threatening. Patients with extensive carcinoma, for example, 
small cell carcinoma, in whom ACTH excess coexists, are best man-
aged by chemotherapy, which indirectly reduces ACTH expression. 
The presence of clinical hypercortisolaemia in small cell lung car-
cinoma is linked to poor prognosis but chemotherapy should be 
tailored for the cell type and tumour stage regardless of the pres-
ence of hormone excess. The exception to this is those cases with 
florid Cushing’s syndrome in whom a tissue diagnosis has yet to be 
obtained. In these individuals, it is prudent to start adrenolytic treat-
ment with metyrapone while concluding investigation. In patients 
with aggressive Cushing’s syndrome adrenalectomy is lifesaving.

Syndrome of Inappropriate Antidiuretic 
Hormone (ADH) Secretion (Schwartz– Bartter 
Syndrome)

Pathophysiology

The syndrome of inappropriate antidiuresis (SIADH) is the most 
common cause of hyponatraemia. It may be caused by a wide range 
of underlying disorders, but in three broad groups. These comprise 
malignancies, neurological disorders, and lung diseases. The latter 
two conditions cause hyponatraemia as a result of hypothalamic 
vasopressin, whose secretion comes under aberrant control from ei-
ther neuronal inputs or circulating humoral factors. The first results 
from vasopressin expression in non- hypothalamic- pituitary tissue. 
The result of either source of overproduction is hyponatraemia with 
apparently inappropriate renal sodium excretion.

Box 13.1.2.1 Types of tumours causing ectopic 
adrenocorticotropic hormone secretion

 • Small cell lung carcinoma
 • Carcinoid tumours (bronchus, thymus, small intestine)
 • Pancreatic islet cell tumour
 • Pheochromocytoma
 • Medullary carcinoma of the thyroid
 • Carcinomas (breast, gastrointestinal tract [oesophageal, gastric,  

 colorectal], ovarian, cervical, prostate)
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The vasopressin gene is expressed in a number of separate neur-
onal nuclei, and also in peripheral tissues in health. Regulation 
of vasopressin expression is dependent on site. For example, 
hyperosmolality increases vasopressin expression in the supra-
optic nucleus and the magnocellular division of the paraven-
tricular nucleus, but vasopressin mRNA in other sites, including 
the suprachiasmatic nucleus, is unaltered. Vasopressin expres-
sion in the suprachiasmatic nucleus, in contrast, is under diurnal 
regulation. Androgens upregulate expression of vasopressin in the 
striae terminalis, and glucocorticoids suppress expression in the 
parvocellular division of the paraventricular nucleus. Differential 
regulation, even within such anatomically closely related sites 
likely results from differential expression of hormone receptors in 
the cells, and different neuronal afferents. Vasopressin gene tran-
scription is under positive regulation by cAMP and protein kinase 
C pathways. Much less is known about regulation of vasopressin 
outside the central nervous system (CNS), but glucocorticoids were 
shown to suppress its expression in a small cell lung carcinoma 
cell line.

Ectopic secretion of vasopressin occurs in squamous cell car-
cinoma, small cell carcinoma, neuroblastoma, and in undiffer-
entiated carcinoma. A wide variety of non- tumour causes for the 
SIADH has also been defined (Box 13.1.2.2). In one series 16% of 
patients with small cell lung carcinoma had hyponatraemia (less 
than 130 mmol/ L) at diagnosis, compared to 0% of patients with 
non- small cell carcinoma. Hyponatraemia was found to be an in-
dependent predictor of poor prognosis in extensive stage disease. 
In vitro studies found 7 of 11 tumours in culture produced vaso-
pressin, 9 of 11 atrial natriuretic factor and 5 of 11 both hormones. 
All the cells studied from patients with hyponatraemia produced 
either one of the two hormones [21].

clinical Manifestation

Hyponatraemia presents with features of neuropsychiatric dysfunc-
tion in most cases (Box 13.1.2.3). The elderly and the young are 
more likely to be symptomatic than others. The absolute sodium 
concentration is less reliable as a predictor of symptoms than the 
rate of fall of sodium concentration, although almost all symptom-
atic patients will have a plasma sodium less than 120 mmol/ L, and 
plasma sodium concentration greater than 125 mmol/ L rarely have 
symptoms related to hyponatraemia specifically. Clinical features 
include lethargy, fatigue, impaired conscious level, coma, seizures, 
and psychosis. Hyponatraemia may cause death as a result of cere-
bral oedema, uncontrolled seizures, and the consequences of coma. 
Although in most cases mild hyponatraemia (over 125 mmol/ L) is 
regarded as a straightforward condition which may not require spe-
cific treatment, hyponatraemia should not be regarded as benign.

A set of diagnostic criteria must be fulfilled before a secure diag-
nosis may be reached (Box 13.1.2.4). In practice it is useful to per-
form a bedside evaluation of the patient’s extracellular fluid volume. 
This measure is tightly related to the total body sodium. Patients who 
have hyponatraemia in the absence of oedema or hypovolaemia are 
a select group who, in the absence of other endocrine, psychiatric, 
or pharmacological cause, are defined as having SIADH. Plasma 
atrial natriuretic factor (ANF) is usually decreased in this group. 
The underlying cause is then sought. Neurological, lung, drug- 
related, and miscellaneous causes result in dysregulation of vaso-
pressin regulation in the hypothalamus, and should not, therefore, 
be regarded as true ectopic hormone secretion states. In contrast, a 
variety of tumours have been shown to be aberrantly secreting vaso-
pressin, and considerably more to be expressing the vasopressin 
gene inappropriately. There is evidence from T1- weighted MR scans 
of the pituitary that such ectopic vasopressin secretion results in 
central suppression of vasopressin synthesis.

On the basis of salt and/ or water loading tests four subgroups 
of SIADH have been defined, but as these subgroups do not parti-
tion with underlying cause this classification is not useful in routine 
practice.

Management

The management of this disorder falls into two parts. The first is 
diagnosis and treatment of the underlying cause, and the second is 
removal of excess, free body water. Discussion of specific therapy 
of the variety of underlying tumours is beyond the scope of this 
account, but surgical cure or debulking, chemotherapy, and radio-
therapy have all been applied. In general, the circulating vaso-
pressin concentration bears a direct relationship to tumour bulk 
within a patient, but little relationship across a patient cohort, pre-
sumably reflecting intertumour differences in cellular differenti-
ation. Decisions about the acute correction of hyponatraemia are 
complicated by the occurrence of both pontine and extrapontine 
myelinolysis as consequences of therapy. The risk of myelinolysis is 
linked to the rate of change in sodium concentration. Therefore, a 
prudent approach is always justified. In symptomatic patients, treat 
with frusemide and hypertonic saline until convulsions cease and 
conscious level improves. This is usually achieved by a rapid in-
crease in sodium concentration of 10% (approximately 10 mmol/ 
L). After such initial emergency treatment patients are best man-
aged by water restriction. In asymptomatic patients, the condition 

Box 13.1.2.2 Tumours associated with syndrome 
of inappropriate antidiuretic hormone secretion

Tumour
 • Small cell lung carcinoma
 • Pancreas
 • Duodenum
 • Urethra
 • Prostate
 • Bladder
•	 Lymphoma and other

Box 13.1.2.3 Clinical features of hyponatraemia

 • Headache
 • Lethargy
 • Weakness
 • Nausea/ vomiting
 • Mood swings
 • Confusion
 • Drowsiness
 • Hyporeflexia
 • Positive Babinski’s sign
 • Convulsions
 • Coma
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is almost always chronic. These patients should be treated by water 
deprivation in the first instance regardless of the sodium concen-
tration as treatment is likely to hold greater dangers than persisting 
hyponatraemia. Water restriction results in a decrease in urinary 
sodium excretion, often to less than 10 mmol/ L, indicating that 
these patients do have intact mechanisms for sodium conservation.

A number of pharmacological approaches will antagonize the 
action of ADH on the renal tubule. The most commonly used is 
demeclocycline, in divided doses up to 1200 mg daily. In addition, 
lithium carbonate is effective but is harder to use and a more toxic 
alternative. These agents induce a state of nephrogenic diabetes 
insipidus, and so encourage loss of water. Alternatively, oral so-
dium supplementation, up to 3 g daily, with frusemide, 40– 80 mg 
daily, results in net loss of free water. The entry of specific V2 re-
ceptor antagonists to the clinic offers a new approach to manage-
ment. This especially relevant to patients with tumoural synthesis 
of ADH, in particular small cell bronchogenic carcinoma, in whom 
curative therapy is not possible. The vasopressin receptor antagon-
ists (Vaptans) increase free eater clearance by blocking the action of 
ADH at the renal tubule. Conivaptan is available in the United States, 
and is used as an intravenous agent, while in Europe Tolvaptan used 
orally. Initial studies focused on short- term use, and demonstrated 
efficacy, but now longer- term follow up is available, showing thera-
peutic response out to 4 years [22]. A number of specific cautions 
have been raised including the need to exclude patients who are 
hypovolaemic, and not to use with other interventions targeting 
hyponatraemia, including fluid restriction. Monitoring of serum 
sodium is required, to avoid over- rapid correction, and there are 
drug interaction liabilities through CYP3A4, including grapefruit 
juice. The issues around long- term use of vaptans relate to drug 
cost, and the risk of overcorrection, requiring careful monitoring 
of serum sodium.

Humoral Hypercalcaemia of Malignancy (HHM)

Hypercalcaemia is a common complication of malignancy. It may 
result from the lytic effect of bony metastases, or the effect of 
tumour- derived humoral factors.

Pathophysiology

The humoral syndrome has been explained by the isolation and char-
acterization of a peptide hormone, parathyroid hormone- related 
protein (PTHrP). This hormone is closely related in amino acid 
sequence to parathyroid hormone (PTH) in its N- terminal region 
(amino acids 1– 34), but after residue 34 the two peptides have 
unique sequences. The discovery of PTHrP as the circulating me-
diator of hypercalcaemia in malignancy allowed the discarding 

of earlier theories about ectopic production of PTH as the cause. 
There are isolated reports of ectopic PTH production by tumours, 
but these are excessively rare.

PTHrP is seldom detectable in the circulation of normal subjects, 
but its expression has been shown in a number of normal tissues. 
PTHrP may be regarded as the product of the diffuse paracrine 
system, and may have evolved to perform quite different physio-
logical roles compared to the structurally related PTH. Under these 
circumstances it is hard to call production of PTHrP from a tumour 
arising from any tissue truly ectopic, as no definite eutopic source 
for the peptide has been defined. However, humoral hypercalcaemia 
of malignancy (HHM) is most conveniently considered with the 
group of ectopic hormone secretion syndromes.

PTH and PTHrP share a common receptor, which they recog-
nize through their homologous N terminals. The PTH/ PTHrP re-
ceptor mediates the action of both peptides in bone and kidney, 
and is a member of the G- protein- coupled seven transmembrane 
receptor family. The common receptor explains how PTHrP is able 
to generate cAMP in membrane preparations of PTH- sensitive 
renal tubule, and further why the humoral hypercalcaemia of 
malignancy (HHM) syndrome resulted in hypercalcaemia with 
hypophosphataemia. In the past there was controversy about 1,25- 
dihydroxyvitamin D levels in primary hyperparathyroidism versus 
HHM. PTHrP and 1,25- dihydroxyvitamin D appear to be loosely 
correlated in HHM, suggesting that PTHrP shares with PTH the 
capacity to induce 1α- hydroxylase. Occasional reported discrepan-
cies stem from the action of other tumour- derived, circulating fac-
tors, or from the metabolic consequences of malignancy.

PTHrP may also play a role in hypercalcaemia related to os-
seous metastases, in that even the hypercalcaemia associated with 
bony metastases has a significant humoral component. Further, 
expression of PTHrP by primary tumours is a predictor of devel-
opment of bony, metastatic disease. Thus, the local production of 
PTHrP by bone micrometastases may facilitate bony invasion and 
destruction [23].

Hypercalcaemia in Haematological Malignancy

Hypercalcaemia occur in up to 30% of patients with multiple mye-
loma. Skeletal involvement causes extensive bone destruction 
with pain, and risk of pathological fracture. Histological evidence 
suggests that the bone disease is caused by increased osteoclastic 
activity, in the absence of significant osteoblastic activity. Loss of 
osteoblastic activity is also supported by the characteristically 
negative bone scan and suppressed circulating osteocalcin con-
centration. A number of cytokines, produced by activated immune 
cells, have been shown to have direct effects promoting bone re-
sorption. Such cytokines include tumour necrosis factor- α, tumour 
necrosis factor- β, interleukin- 1 and leukaemia inhibitory factor 
(LIF). A superseded generic term for these factors was ‘osteoclast 
activating factor’. However, in three of nine patients with multiple 
myeloma complicated by hypercalcaemia there was an elevation in 
circulating PTHrP, suggesting that a mechanism similar to HHM 
may be operating in at least some patients with haematological ma-
lignancy associated hypercalcaemia [24].

Generally hypercalcaemia is rare in lymphoma, with the excep-
tion of adult T- cell leukaemia/ lymphoma [25]. This disease occurs in 
Japan and the West Indies and is caused by infection with the human 
T- cell lymphotropic virus type I (HTLV- I). At least one- quarter of 

Box 13.1.2.4 Diagnostic criteria for the syndrome 
of inappropriate antidiuretic hormone secretion

 • Hyponatraemia
 • Inappropriately increased urine osmolality (>100 mOsm/ kg)
 • Persistent sodium excretion in urine (>20 mmol/ L)
 • Normal renal, thyroid, and adrenal function
 • No hypovolemia, oedema, or diuretic use
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patients will develop hypercalcaemia, which is associated with sup-
pressed 1,25- dihydroxyvitamin D.  Hypercalcaemia predicts out-
come, and is implicated in causing patient mortality. There is strong 
evidence that the hypercalcaemia is mediated by PTHrP, and also by 
local cytokine production, particularly interleukin- 1α.

clinical Manifestation

Hypercalcaemia is the most common metabolic complication of malig-
nant disease, and is the cause of much morbidity (Box 13.1.2.5). Most 
cases are due to humoral mechanisms, principally PTHrP, rather than 
direct damage of bone by malignant cells. This is clear from the obser-
vation that even patients who have bone metastases and hypercalcaemia 
have a poor correlation between extent of skeletal involvement and cal-
cium concentration in the circulation. In clinical practice, the underlying 
tumour will usually be obvious by the time hypercalcaemia is noted, and 
the patient is usually obviously ill. Less commonly hypercalcaemia may 
be due to an occult malignancy, here the diagnosis is made by checking 
serum intact PTH which is invariably suppressed in true HHM. The 
presence of a non- parathyroid tumour associated with hypercalcaemia 
and elevated PTH suggests either concomitant hyperparathyroidism, or 
true ectopic PTH secretion— a very rare event.

The presentation of hypercalcaemia may be confusing, and may 
be attributed to the underlying disease process itself. In general, the 
clinical manifestations of hypercalcaemia correlate with the calcium 
concentration and the rapidity of its rise. Most people show clinical 
features when the total calcium concentration exceeds 3.0 mmol/ L, 
and features are almost invariable at concentrations above 3.5 mmol/ 
L. Patients may be non- specifically unwell, they may complain of 
constipation, nausea, vomiting, confusion, or dehydration. Relatives 
may be the first to notice a change in concentration, or increased 
sleeping. Hypercalcaemia often affects the gut with constipation, 
anorexia, nausea, and vomiting. Hypercalcaemia induces a diuresis, 
and so may cause profound dehydration, particularly in association 
with vomiting or drowsiness. The absence of clinical features in a 
patient with severe hypercalcaemia should prompt measurement of 
ionized calcium to ensure that the hypercalcaemia is not due to ex-
cessive binding of calcium to plasma proteins.

Management

The decision to start treatment depends on the calcium concen-
tration and the presence of symptoms. In general, patients with 
calcium concentrations below 3.0 mmol/ L do not require therapy, 
and those with concentrations above 3.5 mmol/ L do. Those with 
calcium concentrations between 3.0 and 3.5 mmol/ L should be 
treated if there are symptoms, otherwise a conservative approach is 
preferred with monitoring of calcium concentrations and checking 

for development of clinical features. An important further consid-
eration is the underlying malignancy and its prognosis, for example, 
in a terminally ill patient for whom there is no further specific 
antitumour therapy possible it may be better to resist attempting 
to reduce serum calcium concentration but rather make the patient 
comfortable.

There is little evidence that hypercalcaemia is a significant cause 
of premature mortality in cancer, but it is a significant cause of mor-
bidity. Even if the underlying malignancy is beyond cure, effective 
relief of hypercalcaemia can be a most useful palliative intervention.

The initial management consists of general measures designed 
to increase calcium clearance. Dehydration is very common with 
significant hypercalcaemia and should be corrected. This is best 
achieved using an intravenous infusion of 3– 4 L of 0.9% sodium 
chloride given over 24 h. This will typically reduce calcium concen-
tration by about 0.5 mmol/ L. Clearly, this form of therapy should be 
used with caution in older people, and those with impaired cardiac 
or renal function. Following hydration, intravenous loop diuretics 
will enhance calcium excretion by inhibiting calcium resorption by 
the thick ascending loop of Henle. Frusemide 40– 80 mg may be 
used by bolus intravenous injection to supplement saline infusion, 
but there is little to be gained from higher doses or continuous in-
fusions of diuretic. Diuretics should not be used in the presence of 
persisting dehydration.

Thiazide diuretics should be withdrawn as they tend to reduce 
renal calcium clearance, and the patient, where possible, encour-
aged to keep mobile in order to reduce immobility associated cal-
cium mobilization.

Dialysis, either peritoneal or haemodialysis, against a low cal-
cium dialysate is effective at rapidly reducing serum calcium, and 
may be particularly useful in renal impairment.

Bisphosphonates are analogues of pyrophosphate which are re-
sistant to phosphatase degradation. Gastrointestinal absorption of 
bisphosphonates is very poor and so usually they are given by intra-
venous infusion. The bisphosphonates are rapidly cleared from the 
circulation and concentrated in bone. They appear to inhibit osteo-
clast activity, and may induce osteoclast apoptosis. Their duration 
of action is greatly longer than predicted by their plasma half- life, 
reflecting their distribution and mode of action.

Usually a single infusion of 30– 60 mg of pamidronate is sufficient 
as initial treatment, pamidronate is more effective than the first- 
generation bisphosphonate, etidronate, which it has superseded 
for this indication. Pamidronate often causes myalgia and a tran-
sient fever, which can be helped by pretreatment with paracetamol. 
At a dose of 90 mg pamidronate often causes infusion reactions. 
Clodronate (300 mg intravenously) is another bisphosphonate 
which is effective for acute management of hypercalcaemia, and 
newer bisphosphonates including alendronate, risedronate, and 
aminobutane bisphosphonate are becoming available. These 
newer drugs appear to have similar efficacy to pamidronate. The 
bisphosphonates are usually given by slow intravenous infusion in 
large volumes (above 500 ml) to prevent nephrotoxicity due to pre-
cipitation of calcium bisphosphonate. The calcium response is typ-
ically rapid with a steady decline over the first 24 hours and may last 
from days up to one month. The response to treatment should be 
monitored by checking serum calcium daily until its concentration 
reaches a plateau; thereafter, monitoring can be performed weekly, 
or on recurrence of symptoms.

Box 13.1.2.5 Symptoms and signs of hypercalcaemia

 • Polyuria
 • Thirst
 • Nausea
 • Anorexia
 • Constipation
 • Confusion
 • Drowsiness
 • Headache
 • Coma
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Bisphosphonates may be used to maintain normocalcaemia, 
but treatment must be adjusted individually. It is possible to give 
bisphosphonates by subcutaneous infusion, or orally, in the domi-
ciliary setting as intermittent intravenous infusions require hospital 
admission. Either clodronate or alendronate are effective in this 
role. Oral etidronate appears ineffective in maintenance therapy and 
may cause osteomalacia when used chronically.

In the past calcitonin and/ or mithramycin (now called 
plicamycin) were used, but these have been largely superseded by 
the bisphosphonate drugs. Calcitonin inhibits osteoclastic bone re-
sorption and is a very safe drug. Further, it causes a rapid fall in 
serum calcium, within 6 h of administration. Calcitonin (4– 8 U/ kg) 
is given by intramuscular or subcutaneous injection every 6 hours. 
Unfortunately, the effect of calcitonin is transient, and rarely suffi-
cient to normalize serum calcium. It is occasionally useful in severe 
hypercalcaemia when a rapid response is needed while awaiting the 
more sustained bisphosphonate effect.

Gallium nitrate has been used to treat hypercalcaemia; however, 
it is cumbersome to administer and is nephrotoxic. It is used as a 
continuous 5- day infusion at a dose of 200 mg/ m2/ day. The max-
imal hypocalcaemic effect may not be seen until 3 days after the end 
of the infusion.

Glucocorticoid treatment, usually intravenous 200– 300 mg 
hydrocortisone per day for 3– 5 days, has been used to treat ma-
lignancy associated hypercalcaemia, but is usually effective only in 
lymphoma, multiple myeloma, or granulomatous disease.

non- Islet cell tumour Hypoglycaemia

Pathophysiology

Fasting hypoglycaemia may arise as a consequence of non- islet cell 
tumour formation. Such tumours do not express insulin, a hormone 
which appears to be very tightly regulated in its tissue distribu-
tion, but the insulin- related molecule IGF- II. The two insulin- like 
growth factors (IGFs) I and II are members of the insulin family of 
peptide hormones along with relaxin, and are capable of signalling 
both through the type 1 IGF receptor or the insulin receptor. IGF- I 
is the liver- derived circulating mediator of growth hormone (GH) 
action, and IGF- II may have a more important role in development. 
In normal subjects IGF- I and IGF- II circulate at much higher con-
centrations than insulin, and would, if unopposed, cause profound 
hypoglycaemia due to their actions through the insulin receptor. 
That this does not occur is due to the presence of high- affinity, high- 
capacity, circulating IGF- binding proteins, the most important of 
which is IGF- binding protein- 3. The IGFs form a ternary complex 
with IGF- binding protein- 3 and with another liver produced pro-
tein, the acid labile subunit (ALS). Formation of this ternary com-
plex between the IGFs and their binding proteins results in very low 
concentrations of free IGFs and so limits their bioavailability.

A number of tumours, typically of mesenchymal origin, have 
been identified as the cause of non- islet cell hypoglycaemia (Table 
13.1.2.1). The apparent mechanism is overproduction of IGF- II. 
The circulating IGF- II would be expected to cause few problems 
if it were effectively sequestered by IGF- binding proteins, but this 
does not occur [26]. The tumour- derived IGF- II has a higher mo-
lecular mass compared with mature IGF- II, as a result of impaired 

proteolytic processing of pro- IGF- II, and is also often abnormally 
glycosylated [27]. The high concentrations of IGF- II suppress pi-
tuitary GH secretion and so result in reduced hepatic production 
of the ALS and IGF- binding protein 3 [27]. The high- molecular- 
weight form of IGF- II derived from the tumour (‘Big’ IGF- II) 
binds to IGF protein- 3 in a 50 kDa binary complex in contrast to 
the 150 kDa ternary complex that is usually formed between IGF- I 
or IGF- II, IGF- binding protein- 3, and the ALS. The IGF- II in the 
50 kDa complex has increased insulin- like activity compared to 
the IGF- II containing ternary complex, and because of its smaller 
size appears to have greater capillary permeability, which results 
in greater bioavailability of the IGF- II. In addition to the changes 
caused by suppression of GH secretion (which result in reduced 
hepatic production of IGF- binding protein- 3), the IGF- binding 
protein- 3 produced has a lower affinity for forming the ternary 
complex with the ALS and IGF- II. This altered affinity also tends to 
promote IGF- II– IGF- binding protein- 3 binary complex formation. 
Further secondary events also stem from these changes, including 
increased circulating concentrations of other IGF- binding protein 
including IGF- binding protein- 2 and IGF- binding protein- 6.

As pro- IGF- II is complexed just to IGF- binding protein- 3 in the 
50- kDa binary complex rather than the 150- kDa ternary complex, 
it has a 30- fold shorter plasma half- life. Therefore, measurement of 
total IGF- II may not be significantly elevated despite the presence of 
hypoglycaemia. Serum levels of free IGF- II and pro- IGF- II are both 
consistently elevated.

Glucocorticoids result in a series of metabolic effects in non- islet 
cell tumour hypoglycaemia. Prednisolone directly suppresses tumour 
production of IGF- II, enhances formation of the ternary complex and 
so relieves hypoglycaemia. Resulting from these changes there is an 
increase in IGF- I, IGF- binding protein- 3, and ALS concentrations. 
As glucose is normalized, a fall in IGF- binding protein- 2 follows. 
Recombinant human GH also reverses hypoglycaemia and promotes 
formation of the ternary complex. GH directly increases concentra-
tions of IGF- I, IGF- binding protein- 3, and ALS; however, only pred-
nisolone improved the ability of IGF- binding protein- 3 to bind to the 
ALS to form the IGF- I containing ternary complex. Therefore, pred-
nisolone and GH are both effective treatments for non- islet cell hypo-
glycaemia, but they work in different ways [28].

clinical Manifestation

The diagnosis is based on the recognition that the patient’s symp-
toms are due to hypoglycaemia, which involves a detailed history, 

table 13.1.2.1 Tumours associated with non- islet cell tumour 
hypoglycaemia

Carcinoma Mesenchymal

Hepatocellular, hepatoma Fibroma, fibrosarcoma

Adrenocortical Mesothelioma

Pancreatic Rhabdomyosarcoma

Gastric Neurofibroma, neurofibrosarcoma

Colon Leiomyosarcoma

Lung (small cell, squamous) Others

Kidney Haemangiopericytoma

Prostate Haematologic, lymphoma
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and confirmation of either hypoglycaemia occurring during a symp-
tomatic episode, or fasting hypoglycaemia. Clinical features in-
clude hunger, attacks of sweating, pallor, and dizziness relieved by 
eating and weight gain. The typical biochemical accompaniment to 
hypoglycaemia is suppressed insulin, suppressed ketone bodies (β- 
hydroxybutyrate) and suppressed GH. Total IGF- II may be elevated 
or normal, while free IGF- II and pro- IGF- II are usually elevated. IGF- 
binding protein- 3 and ALS are both suppressed, as a consequence of 
low GH, and two other IGF- binding proteins IGF- binding protein- 2 
and IGF- binding protein- 6 are both elevated (Table 13.1.2.2).

The majority of tumours are large by the time hypoglycaemia has 
occurred, and are often easily diagnosed clinically. It may be that 
the tumour is recognized before the episodes are ascribed as hypo-
glycaemia. The tumours are typically imaged with a combination 
of chest radiography, abdominal ultrasound, and CT. Histological 
confirmation of the diagnosis is by specific immunostaining of a 
biopsy for IGF- II, or identification of pro- IGF- II in tumour extract.

Management

Effective management requires either surgical excision or debulking 
of the tumour. This is best achieved by close consultation between 
surgeon, interventional radiologist, who may have much to con-
tribute by, for example, tumour embolization and oncologist. These 
tumours tend not to be radiosensitive, although there are isolated 
case reports of therapeutic response. As these tumours are rare, 
management is tailored to the individual patient, and is usually 
based on pragmatic grounds.

As a first course of action, curative resection of the primary tu-
mour should be the aim. This depends on the site of tumour and 
the physical condition of the patient. Resection of pleural tumours 
has been reported, but curative resection of hepatoma is difficult 
unless orthotopic liver transplantation is feasible. Even in cases 
where curative resection is not possible, debulking accompanied by 
tumour embolization by an experienced interventional radiologist 
can result in resolution of hypoglycaemia in the absence of further 
drug therapy. Even inoperable tumours, such as a limb fibrosarcoma 
in an elderly patient, can be rendered hormonally inactive by tu-
mour embolization, which offers a rapid and simple resolution of 
hypoglycaemia.

In patients whose tumours cannot be physically reduced re-
lief of hypoglycaemia can be achieved by using glucocorticoid, 

usually dexamethasone, either alone or with recombinant human 
GH [29]. Glucocorticoids reduce tumour production of IGF- II, 
enhance formation of the ternary complex and increase produc-
tion of IGF- binding protein- 3 and the ALS. GH has no direct 
effect on the tumour but increases hepatic production of IGF- 
binding protein- 3 and the ALS and enhances sequestration of 
IGF- II within the ternary complex. Pragmatically glucocorticoids 
are best used in the initial stages as their effect is of rapid onset, 
they are easy to administer and are inexpensive. The wide spec-
trum of glucocorticoid side- effects will make longer- term use of 
glucocorticoids less desirable. In the medium- term recombinant 
human GH will provide effective relief of hypoglycaemia, with a 
better side- effect profile. Disadvantages of GH include the need 
for daily injections and cost.

Other Ectopic Hormones

The two pituitary hormones prolactin and GH are of interest in that 
they have a wide extrapituitary expression, and yet are very seldom 
the cause of clinically significant ectopic hormone syndromes. 
Prolactin is expressed in decidualized endometrium, T lympho-
cytes, mammary epithelial cells, skin, sweat glands, and in the brain. 
It is the same gene that is transcribed in all these cases, rather than 
the related placental lactogen type gene, but the regulation of the 
gene appears completely different [30]. Whereas in the pituitary 
lactotroph cell prolactin is under the transcriptional control of the 
pituitary specific factor Pit1, in extrapituitary tissues Pit1 is not ex-
pressed, and the pituitary promoter of the prolactin gene is in conse-
quence silent. The gene is transcribed from an upstream promoter, 
which gives rise to a slightly longer mRNA, with a unique 5’ end, 
but after processing results in a protein with the same amino acid 
sequence. Because the gene is transcribed from a different promoter, 
the control of gene transcription, its basal rate, and regulation by ex-
ternal signals is different. For example, in T lymphocytes prolactin 
gene transcription is responsive to the immunophilins including 
cyclosporin A. The function of this extrapituitary prolactin is sub-
ject to debate, and it is not clear why such widespread expression 
in health is accompanied by such rarity of overexpression in ma-
lignant disease, in contrast to ACTH or vasopressin expression. As 
prolactin receptors are found in such a variety of tissues that cannot 
be reconciled with an exclusive action on mammary milk produc-
tion prolactin may well have a more diverse pattern of action than 
that so far determined.

GH is also found in extrapituitary tissues in health, again in cells 
of haemopoietic lineage. This expression has been suggested to re-
sult in paracrine signalling, although hard data are lacking.

Extrapituitary GH expression causing acromegaly has been 
described in tumours of the pancreas, lung, and ovary. Ectopic 
GH- releasing hormone causing acromegaly through somatotroph 
hyperplasia rather than adenoma formation (occurs in less than 
1% of acromegaly cases) may arise from carcinoid tumours of the 
pancreas or lung, or from phaeochromocytomas (Box 13.1.2.6). 
Acromegaly due to ectopic production of growth hormone- 
releasing hormone (GHRH) can be successfully treated using 
long- acting somatostatin analogues (octreotide or lanreotide).

table 13.1.2.2 Non- islet cell tumour hypoglycaemia versus 
insulinoma

Non- islet cell Insulinoma

IGF- 1 × ×

IGF- 2 ×

IGFBP- 3 ¬ ×

Insulin ¬

Glucose ¬ ¬

Growth hormone ¬ × or

β- Hydroxybutyrate ¬ ¬

IGF, insulin- like growth factor; IGFBP, insulin- like growth factor– binding protein., 
increased; ¬, decreased; ×, equivocal.
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Box 13.1.2.6 Tumours associated with growth hormone- 
releasing hormone secretion

 • Carcinoid tumours (e.g. bronchial)
 • Pheochromocytomas
 • Pancreatic islet tumours
 • Adrenal adenomas
 • Hypothalamic gangliocytomas
 • Small cell lung carcinoma
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Introduction

The worldwide incidence of cancer is increasing, and it is predicted 
that around 20 million people will have a cancer diagnosis by 2025 
[1] . In contrast, mortality from cancer is on the decline, dropping 
by 26% in the United States between 1991 and 2015 [2]. Thus, there 
are an increasing number of patients living with and beyond cancer 
(LWBC) who are susceptible to both short-  and long- term cancer 
therapy related side effects.

Long- term endocrine sequelae of cancer therapies occur in up to 
50% of childhood cancer survivors and may occur decades after the 
treatment has been delivered [3] . With over 30 000 patients regis-
tered in the United Kingdom as long- term survivors of childhood 
cancer [4], the importance of developing appropriate models of sur-
veillance, follow- up, and management are clear.

The majority of research into the long- term sequelae of cancer 
therapies has been performed in childhood survivors, and is dom-
inated by observational studies. Data are now emerging with regards 
to survivorship in patients treated as adults, where susceptibility to 
endocrinopathies is thought less prevalent, but still significant

This chapter will focus on describing the long- term endocrine 
sequelae in children and adults treated for cancer, the under-
lying pathophysiology, diagnostic, management, and surveillance 
strategies.

Endocrine late effects include disturbances of growth and pu-
berty, hypothalamo- pituitary (HP) dysfunction, hypogonadism, 
thyroid dysfunction, benign and malignant thyroid nodules, hyper-
parathyroidism, and bone effects.

Growth and Puberty

Diagnosis and treatment of cancer during childhood is associ-
ated with reduced height velocity and final height. There are sev-
eral contributors to this including the impact of acute illness, poor 
nutritional status, and ongoing cancer therapy. In addition, per-
turbations of the endocrine system, including radiation- induced 

hypothyroidism, precocious puberty, and growth hormone defi-
ciency (GHD) impact adversely on growth.

Survivors of childhood malignancies who received cranial ir-
radiation achieve final heights significantly below those predicted 
from parental heights even with irradiation doses as low as 18 Gy. 
Although radiation- induced GHD is an obvious cause for the ab-
rogated growth it is not universally present in all children with 
impaired growth velocity, implicating additional mechanisms. 
A subanalysis of the Childhood Cancer Survivor Study (CCSS) sur-
vivors with brain tumours revealed 40% of patients to have a final 
height below the tenth percentile [5] .

Spinal irradiation has a negative impact on growth above that of 
cranial irradiation alone, and relating directly to a reduction in ver-
tebral height [6] . Greater impairment of spinal growth compared 
with the limbs results in an increase in leg length to sitting height 
ratio. This disproportion may be further amplified by growth hor-
mone (GH) replacement therapy as GH impacts favourably on 
growth of the long bones, whereas the irradiated spine remains rela-
tively resistant [7].

Precocious puberty is common in childhood brain tumour sur-
vivors, occurring in up to 12%. This depends on tumour location, 
presence of hydrocephalus, and low- dose cranial radiotherapy. If 
the diagnosis is delayed and puberty allowed to progress unabated, 
this can have significant decrement to final height, particularly 
when concomitant GHD is present.

Time allowing, catch- up growth is frequently observed once ac-
tive treatment has been completed and remission achieved.

Pituitary

Deficiency of one or more pituitary hormones is commonly seen 
following treatment for central nervous system (CNS) tumours 
and cranial irradiation [8, 9]. It remains unclear whether standard 
chemotherapy contributes to pituitary dysfunction, with no de-
finitive agent or class of agent implicated. Novel immunotherapy 
agents, in particular checkpoint inhibitor therapies (anti- CTLA- 4, 
anti- PD1) are associated with hypophysitis and subsequent per-
sistent pituitary hormonal deficiencies [10].

In children and adolescents, tumours such as medulloblastoma, 
ependymoma, choroid plexus tumour, astrocytoma, low- grade 
glioma, and primitive neuroectodermal tumour (PNET) may result 
in HP dysfunction dependent on tumour localization and treatment 
[11]. The spectrum of brain tumours in the adult population is dif-
ferent (a higher percentage of high- grade glioma and meningioma) 
and overall survival significantly lower, although those with low- 
grade gliomas have a more than 70% 5- year survival. Up to 90% 
develop a variable degree of hypopituitarism post- treatment [12]. In 
addition, both children and adults treated with irradiation for head 
and neck carcinomas or CNS tumours distant to the HP region (e.g. 
retinoblastoma) are at risk if the HP axis is included within the radi-
ation field [11]. Low dose cranial irradiation in children with acute 
lymphoblastic leukaemia (ALL) or as part of total body irradiation 
(TBI) in stem cell transplantation is also a risk, although appears 
less of a concern in adults [13].

Greater than 50% of childhood cancer survivors exposed to cra-
nial radiotherapy will develop at least one pituitary hormone defi-
ciency by 25 years post- exposure. Doses of radiation lees than 30 Gy 
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are commonly associated with isolated GHD. Higher radiation 
doses can result in further damage, commonly causing gonado-
trophin deficiency with thyroid- stimulating hormone (TSH) and 
adrenocorticotrophic hormone (ACTH) deficiency less frequent. 
Diabetes insipidus has not been described as a consequence of HP 
radiotherapy [14, 15].

Time since irradiation, age at time of radiotherapy, fraction size 
and radiation schedule are important determinants of subsequent 
HP function [14, 15].

Growth Hormone Deficiency (GHD)

The somatotropic axis is the most vulnerable to radiation damage. 
Symptoms and signs of GHD in the LWBC population do not differ 
from those described in non- cancer populations. In prepubertal 
children poor growth and development predominates (see Section 
7, ‘Disorders of Growth and Development and Transition’), whereas 
weight gain, fatigue, reduced muscle mass, and poor quality of life 
are indicators in adults. Diagnosis is complex in these individuals 
as symptomatology may overlap with other cancer related compli-
cations [15, 16].

Dynamic testing of the GH axis is generally required in children, 
adolescents, and adults to confirm the diagnosis; testing should 
not differ from that in the non- cancer population, with an insulin 
tolerance test (ITT) being the gold standard. There should be the 
recognition that if only hypothalamic damage is present post- 
radiotherapy, then the GHRH- arginine testing may be falsely re-
assuring [16]. Dynamic testing is not required in patients with two 
or more additional pituitary hormone deficits.

In those with isolated GHD in childhood after cranial radio-
therapy, re- testing of the GH axis is recommended following 
achievement of final height as partial recovery of the axis is possible 
and lower thresholds for GH treatment are used in the paediatric 
population [15– 17]. Low IGF- I or IGF- BP3 does not reliably pre-
dict GHD post- cancer therapy but may be a surrogate marker for 
severity [15– 17].

GH replacement in prepubertal children with poor growth and 
documented GHD following cancer therapy is well accepted and 
generally started 1– 2 years following completion of cancer therapy. 
Adequate treatment improves final adult height, although full 
height potential may not be achieved as a result of other endocrine 
dysfunction, chronic illness, and spinal or direct bone irradiation 
effects. Data concerning the safety of GH in childhood cancer 
survivors are reassuring with regards to recurrence of primary, or 
emergence of secondary tumours, although caution and careful 
monitoring is advised [15– 17].

GH replacement therapy in GH- deficient survivors of cancers 
arising in adulthood remains controversial and there are minimal 
safety data available. The data that are available are reassuring. The 
positive impact of GH replacement on quality of life is well de-
scribed [18, 19].

Cranial irradiation doses of less than 50 Gy can result in preco-
cious or early puberty in children. Both genders are affected with 
irradiation doses employed in the treatment of brain tumours (25– 
50Gy), whereas lower doses used for prophylaxis in treatment of 
ALL results in a predominance of girls developing precocious pu-
berty. The mechanism responsible for early puberty is thought to be 
a disinhibition of cortical influences on the hypothalamus allowing 
gonadotropin- releasing hormone (GnRH) pulse frequency and 

amplitude to increase prematurely. The impact of early puberty in a 
child with radiation- induced GHD is to foreshorten the time avail-
able for GH therapy and thereby restrict the therapeutic efficacy of 
this intervention. These latter children may therefore require a com-
bination of GnRH analogues alongside GH replacement to optimize 
their height potential.

Gonadotropin Deficiency

Gonadotropins are the second most frequently affected anterior pi-
tuitary hormones following cranial irradiation, although deficiency 
is uncommon with radiation doses less than 40 Gy. In children and 
adolescents, deficiency may present with pubertal delay, arrested 
puberty, or primary amenorrhoea. Adults experience secondary 
amenorrhea, impairment of libido, and/ or erectile dysfunction.

Diagnosis relies on baseline blood sampling of LH, FSH, oestra-
diol (females) or testosterone (males). These reveal low or inappro-
priately normal gonadotropins in association with low peripheral 
total and/ or bioactive sex hormones [20].

Treatment with sex hormones in gonadotropin deficient patients 
is recommended to induce puberty if required, to prevent cardio-
vascular complications, and reduce loss of bone mass in premeno-
pausal women and men, in line with current guidance [21, 22].

ActH Deficiency

The ACTH axis is more resilient to irradiation- induced damage 
than either the GH or gonadotropin axes. There are only occasional 
reports of ACTH deficiency following TBI (9.0– 15.0  Gy) used as 
preconditioning before bone marrow transplant (BMT) or prophy-
lactic cranial irradiation during treatment of ALL (18– 24 Gy) [21]. 
Even with cranial radiation doses up to 50 Gy only around 3% of 
children develop ACTH deficiency, though the incidence increases 
dramatically with doses more than 50 Gy. ACTH deficiency tends to 
occur late necessitating continued awareness and screening beyond 
10 years after treatment of the primary disease [23].

ACTH deficiency leads to non- specific symptoms including fa-
tigue, weight loss, gastrointestinal symptoms (epigastric pain, 
nausea, and vomiting), and lack of resistance to infection. Symptoms 
are commonly mistaken as sequelae of the tumour/ treatment or as 
psychological problems. Life- threatening adrenal crisis may de-
velop in stressful situations such as infections or surgery. Morning 
plasma cortisol measurements within the reference range are re-
assuring (generally >200 nmol/ L, although this is local assay, and 
reference range, dependent), but only dynamic stimulation testing 
allows definitive diagnosis of the condition when there is clinical 
suspicion [8] .

Treatment of ACTH deficiency does not differ from standard re-
commendations for replacement therapy. ACTH deficiency should 
be diagnosed and treated prior to instigating treatment with thy-
roxine or GH to prevent triggering an adrenal crisis (reviewed in 
[8, 15]).

tSH Deficiency

Damage to the TSH axis can develop over time post- treatment, al-
though it is considered the least vulnerable of the anterior pituitary 
axes to radiation- induced damage. Overt secondary hypothyroidism 
is uncommon with irradiation doses below 50 Gy [22]. Central hypo-
thyroidism is suspected if there is a low free thyroxine (fT4) in associ-
ation with low or inappropriately normal TSH. TSH cannot therefore 
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be used for screening in central hypothyroidism and a high index of 
clinical suspicion is required along with consideration of both fT4 and 
TSH levels. Slightly elevated TSH levels can occur in central hypothy-
roidism as a consequence of an alteration in the predominant form 
of TSH secreted, resulting in an alteration in the ratio of bioactive/ 
immunoreactive TSH. There is no evidence to support routine use of 
the thyrotropin- releasing hormone (TRH) test or assessment of TSH 
surge to improve diagnostic sensitivity and specificity [24].

Treatment of central hypothyroidism with l- thyroxine substi-
tution should be according to published guideline. Titration of 
dose relies on measurement of fT4 levels rather than TSH. Patients 
should be screened for adrenal insufficiency before the initiation of 
l- thyroxine to avoid adrenal crisis [8, 15, 25].

Prolactin

Hyperprolactinemia can occur after cranial irradiation; it is usually 
mild, transient, and rarely symptomatic, although should be con-
sidered as a factor in impaired gonadotropin secretion, if present. 
It most frequently occurs in adult female cancer survivors treated 
with high cranial radiation dose. Increasing or very high levels of 
prolactin are unusual and should prompt pituitary imaging [15].

thyroid

Thyroid pathology following cancer therapy can relate to abnor-
malities of TSH secretion (hypopituitarism), a direct effect on 
the thyroid gland, or a combination of both (for example patients 
with radiation exposure to the head and neck region as well as the 
supraclavicular or chest are at risk for both primary and secondary 
thyroid dysfunction). Thyroid anomalies occur following cancer 
treatment in childhood and adulthood. Primary thyroid abnormal-
ities are very common, and may present as primary hypothyroidism 
secondary to thyroid atrophy, autoimmune thyroid disease (hypo-
thyroidism, Graves’ disease, Graves’ ophthalmopathy), thyroiditis, 
or thyroid nodules (benign and malignant).

Disorders of thyroid Function

Direct irradiation of the thyroid gland causes both acute and chronic 
functional changes. Thyroid volume reduction has been observed 
during the first 6 months post- treatment and depends on received 
thyroid dose, with higher doses of radiation more likely to cause 
primary hypothyroidism (PH). The percentage of thyroid volume 
receiving more than 30– 40 Gy is predictive of PH after radiotherapy 
and dose- volume constraints might reduce the risk [26].

In contrast, low dose radiotherapy increases the risk for auto-
immune thyroid disorders which can manifest as either hypothy-
roidism (Hashimoto’s disease) or hyperthyroidism (Graves’ disease). 
The underlying pathophysiology for this is not well understood 
[27]. Gender (F > M) race (Caucasian survivors are 2.5× more likely 
to develop PH) and age at exposure (children and adolescents) are 
all determinants of developing thyroid dysfunction [28]. Following 
radiotherapy of more than 20 Gy to the thyroid, it is recommended 
that thyroid function tests (TFTs) are performed annually, or earlier 
if symptoms occur [15].

Conventional chemotherapeutic agents may play a role in thyroid 
dysfunction but this is less clearly defined; being described after the 
use of high- dose chemotherapy in stem cell transplantation, with 

alkylating agents, or after combined vincristine- cisplatin usage. 
Chemotherapy additionally may increase the risk of irradiation- 
induced hypothyroidism [29].

Newer chemotherapeutic agents such as the multitargeted re-
ceptor tyrosine kinase (RTK) inhibitors (e.g. sunitinib and 
sorafenib), and checkpoint inhibitors (e.g. PD1, PDL- 1, and CTLA4 
inhibitors) frequently result in thyroid dysfunction, which may re-
quire long- term thyroid hormone replacement [10,  30]. Regular 
monitoring of thyroid function is required during treatment with 
RTK and checkpoint inhibitor therapies.

Thyroid Nodules and Secondary Thyroid Malignancy

Thyroid nodules are common in the general population. 
Radiotherapy to the thyroid increases the prevalence of nodules, and 
the likelihood of thyroid nodules becoming malignant. The interval 
post- radiotherapy until the development of thyroid nodules and/ or 
thyroid carcinoma is long (15– 30  years) with a minimum latency 
period of 5 to 10 years. The risk is greater with young age at exposure, 
time since exposure, and dose of radiation received; with peak risk 
following a radiation dose between 10 and 30 Gy. Risk increases lin-
early with doses up to 20 Gy and decreases at higher doses of ra-
diation, but remains significantly elevated even above 50 Gy. Most 
thyroid cancers histologically are papillary, with occasional cases of 
follicular, carcinoma. Prognosis is generally good, although there 
may be a significantly inferior survival in younger patients [31].

The appropriate screening for thyroid nodules following 
radiotherapy remains controversial. Routine ultrasound risks 
overdiagnosis of benign nodules and associated anxiety in a vul-
nerable group, whereas thyroid palpation risks missing smaller and 
more diffuse lesions. The Late Effects of Childhood Cancer Guideline 
Harmonization Group in collaboration with the PanCareSurFup 
Consortium argue for an individualized surveillance strategy using 
a decision aid [32].

Parathyroid

Irradiation involving the neck increases the risk of primary hyper-
parathyroidism (PHPT). Higher radiation doses result in an in-
creased probability of developing PHPT. PHPT tends to emerge 
decades after radiation exposure, and later than intrinsic thyroid 
disease, although the latency between radiotherapy and PHPT 
might be shorter in patients receiving high- dose radiotherapy for 
malignancies. Younger age at irradiation and female gender are 
additional risk factors.

The pathophysiology of primary hyperparathyroidism in this 
setting is unclear, but diagnosis and management follow standard 
guidance for primary hyperparathyroidism. A  single parathyroid 
adenoma is often the underlying cause. It is suggested that annual 
calcium and parathyroid hormone (PTH) measurements are per-
formed in at risk patients [15, 33].

Ovary

Premature ovarian failure (POF) can result from surgical interven-
tion, chemotherapy regimens, and radiotherapy where the field in-
cludes ovarian tissue. Combinations of treatment with radiotherapy 
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and chemotherapy, particularly alkylating agents, imparts a greater 
risk of POF than either modality alone.

POF occurs in up to 83% of teenage and young adult cancer sur-
vivors following chemotherapy, although normal ovarian function 
may persist for a variable period. Important risk factors are alkyl-
ating agents, older age at chemotherapy, and cumulative dose. For 
example, in 620 young adult women receiving chemotherapy alone; 
8%, 10%, 9%, and 5% of patients with Hodgkin’s, non- Hodgkin’s 
disease, breast and gastrointestinal cancer respectively developed 
POF [34].

POF results from direct therapeutic radiation to the ovary, or 
where the ovary is unavoidably within the radiation field, for ex-
ample: spinal, abdominal, pelvic, vaginal, bladder, iliac lymph node 
irradiation, total lymphoid system, whole spine, or TBI. Relative 
risk of POF depends on radiation dose and age at initial therapy. 
In prepubertal girls, doses as low as 5 Gy may affect later ovarian 
function. The average doses required to induce sterility decline with 
age, being 20.3 Gy in infants, 18.4 Gy at age 10 years, and 16.5 Gy 
at age 20 years.

Radiotherapy related uterine damage is a further consideration. 
Radiotherapy can reduce uterine volume or impair growth, cause 
altered vasculature, and a reduced endometrium, dependent on age 
at irradiation and dosage received. A  dose of 14– 30  Gy has been 
shown to alter uterine vascularization and muscular elasticity, how-
ever, lower doses given during TBI can also be detrimental to the 
uterus. Radiation exposure of the uterus is associated with a mark-
edly increased risk for miscarriage, preterm birth, and low birth 
weight [35].

Untreated POF leads to symptoms of oestrogen deficiency and 
prematurely reduced bone mineral density. Standard practice is to 
replace females with oestrogen plus progesterone (if there is poten-
tial for an endometrial lining). Replacement therapy is generally not 
recommended in those with hormone sensitive tumours, although 
the evidence to support this remains elusive. Optimal hormone 
replacement strategies have not been well studied. Regimes range 
from high doses of ethinyl oestradiol in the oral contraceptive pill 
to low doses of transdermal oestradiol, and will depend on patient 
preference and individual risk profile (reviewed in [14]).

testes

The vast majority of primary gonadal late toxicity is due to chemo-
therapy and/ or radiation, and occurs as a result of toxicity to Leydig 
cells, germ cells, or both.

Germ cells are extremely sensitive to toxicity from chemotherapy 
and radiotherapy. Chemotherapeutic agents include alkylating 
agents such as cyclophosphamide and procarbazine. Impaired 
fertility and reduced sperm count can occur with cyclophospha-
mide doses of 200– 300 mg/ m2 in prepubertal boys and 100 mg/ m2 
in adults. Doses exceeding 6 g in prepubertal boys are associated 
with the highest risk of azoospermia. It is noteworthy that recovery 
from azoospermia can occur many years after therapy [36]. Doses 
of testicular radiotherapy as low as 0.1  Gy have been associated 
with inhibition of spermatogenesis, which may recover; but doses 
exceeding 2  Gy most commonly lead to permanent impairment. 
Patients at risk therefore include those receiving direct testicular ra-
diation, but potentially also those having TBI or pelvic radiotherapy.

Leydig cells are less sensitive to damage from chemotherapy or 
radiotherapy, with irradiation doses of up to 24  Gy tolerated by 
prepubertal testes and up to 30  Gy during puberty. Combination 
chemotherapy and radiotherapy regimens are more likely to lead 
to testosterone deficiency (e.g. cumulative cyclophosphamide doses 
of more than 20  mg/ m2 and 14  Gy of testicular radiotherapy). 
Subclinical testosterone deficiency is relatively common, and 
under- recognized.

As a consequence of the differential sensitivities of the Leydig 
and germ cells of the testis; puberty generally progresses normally 
in children and secondary sexual characteristics are maintained in 
most adults who received irradiation. Oligo-  or azoospermia fre-
quently accompany normal androgenization. Testicular volumes 
are small reflecting damage to the germinal epithelium, and cannot 
be relied upon for pubertal staging.

Available guidance suggests at risk patients should be screened 
using Tanner staging of pubertal development every 6  months 
until sexual maturity. Adults should be monitored annually for 
symptoms of androgen deficiency; decreased libido, reduction in 
spontaneous erections, gynaecomastia, loss of body hair, reduced 
muscle bulk, hot flushes/ sweating, and reduced testicular volume. 
Diagnosis involves measurement of morning total testosterone and 
LH/ FSH. Borderline results require further investigation with sex 
hormone- binding globulin (SHBG) and calculations of free testos-
terone levels.

Adolescents and adult cancer survivors with confirmed hypo-
gonadism should be replaced with testosterone using standard 
treatment regimes. Monitoring follows standard guidelines [37]. 
Fertility in both males and females should be considered and early 
referral to fertility services for assessment is recommended.

Bone

Low bone mineral density (BMD) is well described as a conse-
quence of treatment for childhood, adolescent, and adult cancers. 
Whether this low BMD contributes to an increased risk of fragility 
fracture in cancer survivors is less well defined.

Poor bone health in cancer survivors can relate to the original 
cancer, treatment modalities received, and hormonal deficiencies. 
Cachexia, anorexia, reduced weight- bearing exercise, and immo-
bility also potentially contribute to low BMD and increased frac-
ture risk. In addition, risk factors for some cancers (e.g. smoking, 
alcohol excess, type 2 diabetes) are well- recognized lifestyle risk fac-
tors for low BMD and fragility fracture. Cancer and the treatment 
for cancer during childhood and adolescence can halt bone accrual 
and prevent or delay the attainment of peak bone mass. This has the 
potential to be associated with increased fracture risk in later life.

Glucocorticoid (GC) use is common to a number of oncology 
regimens and supportive treatments. Glucocorticoid- induced bone 
loss and increased fracture risk is well described although under-
standing of the pathophysiology still remains incomplete [38]. GCs 
cause rapid onset bone loss, within 30 days as shown in ALL patients, 
and effects are dose dependent. In general terms, glucocorticoid- 
induced bone loss is, at least partially, reversible. Risk of fracture 
in children with ALL treated with GC therapy related to higher 
GC dose, recent average increase in GC dose and increase in GC 
dose intensity. Type of GC treatment might also be important, with 
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dexamethasone causing more bone morbidity than prednisolone 
([39, 40] reviewed in [15]).

High- dose methotrexate (doses above 40 000 mg/ m2) in children 
is associated with osteopathy, bone pain, and increased fracture risk. 
Animal studies demonstrate reduced osteoblast proliferation, in-
creased osteoclast formation and increased marrow adiposity with 
methotrexate [15,  41]. Other chemotherapy agents; doxorubicin, 
etoposide, vincristine, asparaginase, cyclosporin, tacrolimus, 6- 
mercaptopurine, and cyclophosphamide, have been postulated to 
cause direct bone toxicity, however, it is difficult to isolate direct 
effects of chemotherapy from other contributory factors such as 
glucocorticoids, radiotherapy, and chemotherapy- induced hypo-
gonadism [15, 42].

Cranial radiotherapy in children with ALL is associated with 
low BMD, initially described as the presence of reduced lumbar 
volumetric BMD in patients receiving more than 18 Gy of cranial 
radiotherapy. Subsequent studies demonstrated BMD inversely cor-
related to the dose of irradiation received. This bone toxicity has 
been in part attributed to radiation- induced GHD. Furthermore, 
low total body and lumbar spine BMD was found in children with 
posterior fossa tumours treated with craniospinal radiotherapy or 
posterior fossa radiotherapy independent of the presence of GHD 
or treatment with chemotherapy [15, 43].

Focal radiotherapy in children and adults is associated with in-
creased fracture risk within the radiation field, usually when doses 
exceed 40 Gy. Rib fractures are common following radiotherapy to 
the chest for hepatocellular carcinoma, breast, and lung cancers. 
Pelvic insufficiency fractures have been described in between 1.7% 
and 89% of patients receiving pelvic radiotherapy [44].

A full understanding of the pathophysiology underlying the 
direct effects of radiation on bone is still elusive. In vitro studies 
demonstrate radiation- induced reduction in osteoblast number, 
osteoblast cell cycle progression, and increased apoptosis. Data for 
osteoclasts are less clear. Both a reduction and increase in osteoclast 
number and activity have been described [44].

Patients undergoing haematopoietic stem cell transplant are at 
high risk of reduced BMD and fracture. This risk is multifactorial; 
use of pretransplantation chemotherapy, glucocorticoids, TBI, 
endocrine dysfunction, immobilization, and low body mass index 
(BMI). Bone loss occurs rapidly and mainly within the first year 
following haematopoietic stem cell transplantation (HSCT). There 
is some recovery of bone health with time but most patients do not 
fully normalize BMD and remain at increased risk of fracture [45].

Patients at risk of poor bone health should have an assessment of 
bone density and fracture risk assessment. Gold standard technique 
for measurement of BMD is a DEXA scan, although in children and 
those with small bone volume, QCT may be more appropriate, pro-
viding a volumetric rather than areal density. The impact of child-
hood cancer on ability to attain peak bone mass should be taken 
into account.

There is little evidence to guide the management of bone health in 
cancer survivors. Systematic review did not provide overall convin-
cing evidence for the use of physical exercise training in improving 
BMD in childhood cancer patients [46].

Similarly, in adults, a meta- analysis of exercise programmes in 
breast and prostate cancer survivors; including over 800 patients, 
showed no overall benefit demonstrated on lumbar spine, total hip, 

or femoral neck BMD. There was a trend for a beneficial effect in 
those undertaking resistance/ impact exercise [47].

Vitamin D insufficiency and deficiency have been reported in 
both childhood/ adolescent and adult cancer survivors, although 
whether this exceeds that of the general background population 
is controversial. There are no data in cancer populations that re-
placement with vitamin D improves BMD or reduces fracture risk 
although standard practice to maximize bone health would be ad-
equate calcium intake (700– 1000 mg per day) and cholecalciferol 
400– 800 IU per day.

Low BMD and bone turnover can be improved in children with 
ALL and Non- Hodgkin lymphoma using bisphosphonate therapy 
during or following chemotherapy treatment. However, there are no 
data with regards to fracture and there are general concerns about 
using antiresorptive therapy in growing bones and in fertile young 
women— more long- term studies are required before these ther-
apies can be recommended routinely [48].

Bisphosphonate and denosumab therapy have been shown to 
improve BMD and in the case of denosumab, reduce fracture risk, 
in post- menopausal breast cancer patients taking aromatase in-
hibitors and prostate cancer patients taking androgen deprivation 
therapy [49]. It is well demonstrated that bisphosphonate therapy 
improves hip and spine BMD and prevents vertebral fracture in 
glucocorticoid- induced osteoporosis, although there are no specific 
studies in patients LWBC.

For HSCT patients, improvements in BMD following 12 months 
of bisphosphonate therapy have been demonstrated, although again 
these studies were not sufficiently powered or of sufficient duration 
to comment on fracture prevention. There are no clinical data cur-
rently to support the use of antiresorptive therapy for insufficiency 
fractures secondary to focal radiotherapy [50].

conclusion

The number of patients diagnosed and surviving cancer is 
increasing. Each patient with cancer has a unique phenotype 
and will receive an individualized treatment regimen, leading to 
specific risks of acute and long- term effects of cancer therapies, 
including the endocrine dysfunction described in this chapter. 
Metabolic disturbance, including diabetes, lipid abnormalities, 
and increased cardiovascular and cerebrovascular risk are also 
common sequelae to be considered. Future studies are required 
to determine contributory factors and biomarkers to identify pa-
tients at risk of endocrine and metabolic dysfunction in order 
to determine appropriate long- term surveillance strategies. 
Furthermore, randomized controlled trials of preventative and 
therapeutic interventions in this group are needed to maximize 
quality of life and minimize the current increased morbidity and 
mortality in this group.
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Introduction

Improved understanding of cancer biology over the past decade has 
led to a revolution in the immunotherapy field, with development of 
drugs targeted towards molecules mediating ‘immune- silencing’ in the 
tumour environment [1] . These treatments, collectively termed im-
mune checkpoint inhibitors, are antibodies directed against cytotoxic 
T- lymphocyte antigen 4 (CTLA- 4), programmed cell death protein 1 
(PD- 1) or its ligand (PD- L1), which work by regulating the natural 
checkpoints of the immune system. They boost immune antitumour 
activity, resulting in higher treatment responses and better survival 
rates in a number of metastatic malignancies, than seen hitherto.

Immunotherapeutic agents can have varying on-  and off- target 
toxicities related to their affinity and specificity, respectively. 
Toxicities common to all checkpoint inhibitors include fevers, chills, 
diarrhoea, colitis, skin rash, hepatitis, pneumonitis, eye, and endo-
crine disorders. Although endocrinopathies are common, they are 
difficult to detect but, unlike other immune- related adverse events 
(IrAEs), are rarely life- threatening.

ctLA- 4 Inhibitors

Ipilimumab, a fully human monoclonal IgG1 antibody against 
CTLA- 4 potentiates T- cell activation by blocking the interaction 
between CTLA- 4 and the costimulatory ligand B7 expressed on 
antigen- presenting cells, thus enhancing the T- cell response to tu-
mour (see Figure 13.1.4.1) [1] . It was the first checkpoint inhibitor 
to obtain approval for the treatment of advanced melanoma, but is 
associated with severe and life- threatening IrAEs in 10– 15% of pa-
tients [2]. Endocrine adverse events are reported at a relatively low 
frequency (see Table 13.1.4.1), but these side effects last longer than 
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other IrAEs; moreover, although there may be an initial response to 
steroids, endocrine function does not usually recover.

Tremelimumab is another human monoclonal antibody (IgG2) 
against CTLA- 4 currently being investigated for several types of 
malignancies. With a similar mechanism of action to ipilimumab, 
tremelimumab appears to have a similar toxicity profile, with one 
difference being that the latter has also been associated with Graves’ 
disease (GD) [3] .

ctLA- 4 Inhibitors and Hypophysitis

Hypophysitis is the most common endocrinopathy associated with 
CTLA- 4 antibody therapy, reported in 2– 16% of treated individuals 

[2, 4– 7]. A drug dose response relationship for this side effect has 
been reported in some [8] , but not all, studies [9]. Time of onset is 
very variable, with hypophysitis reported as early as 3 weeks [5] and 
as late as 19  months [9], but typically occurring between 6 to 12 
weeks (average 8.4 weeks) post- treatment [7]. Older age and male 
gender may be risk factors [7, 9].

clinical Presentation, Investigations, and Initial 
Management of Hypophysitis

Algorithms for surveillance and management of hypophysitis fol-
lowing ipilimumab therapy have been proposed [10, 11]. Given the 
frequency of hypophysitis following CTLA- 4 inhibitor therapy, base-
line tests of pituitary function (LH, FSH, testosterone or oestradiol, 
thyroid- stimulating hormone (TSH), free T4, adrenocorticotrophic 
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Figure 13.1.4.1 Mechanism of action of immune checkpoint inhibitors. On presentation of tumour antigen to T cells by the MHC complex on 
antigen- presenting or tumour cells, interaction of costimulatory molecules (CD28 and B7) results in T- cell activation. This process is halted by the 
interaction of PD- 1 with its ligand, PD- L1, and CTLA- 4 with B7. The presence of antibodies directed against either PD- (L)1 or CTLA- 4 blocks their 
interaction with their partners on the APC or tumour cell and T- cell activation is therefore perpetuated. Abbreviations: TCR, T- cell receptor; CTLA- 4, 
cytotoxic T- lymphocyte antigen- 4; PD- (L)1, programmed cell death 1 (Ligand); CD28, cluster of differentiation 28; APC, antigen- presenting cell; MHC, 
major histocompatibility complex.

table 13.1.4.1 Frequency of endocrine immune- related adverse events in patients treated with immune checkpoint inhibitors

Hypophysitis Adrenal insufficiency Hyperthyroidism Primary 
hypothyroidism

Thyroiditis

Anti- PD- 1 therapy 0– 1.9% <1% 1– 7.8%* 2– 13%** <1– 9%

Anti- PD- L1 therapy <1% <1% <5% 9– 12% 1%

Anti CTLA- 4 therapy 0– 18% <2% <10% 0– 7% <5%

Combination therapy 0– 12% 0– 6% 4– 12%# 13– 22%## 0– 16%

* subclinical hyperthyroidism occurs in an additional 13%.
** subclinical hypothyroidism occurs in an additional 13%.
# subclinical hyperthyroidism occurs in an additional 22%.
## subclinical hypothyroidism occurs in an additional 5.6%.
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hormone (ACTH), cortisol at 9:00 a.m.) would be helpful, both to 
document normal pituitary reserve and for comparison with later 
hormone measurements should development of hypophysitis be 
suspected. Thereafter, pituitary function should be evaluated if 
there are any clinical symptoms or signs suggestive of hypophysitis. 
However, since specific symptoms are often difficult to elicit, it is 
reasonable to undertake pituitary function testing prior to each 
cycle of ipilimumab administration and up to 16 weeks after ini-
tial treatment. If hypophysitis is suspected on clinical criteria out-
side these time points additional hormone measurements should 
be undertaken.

Most patients (80%) present with non- specific symptoms such as 
fatigue, muscle weakness, and headaches [5, 9]. Less common pre-
senting symptoms include postural dizziness, weight loss, nausea, 
anorexia, vomiting, and generalized arthralgia. Hyponatraemia is 
the commonest reported biochemical abnormality (47– 56%) at 
presentation [9] .

TSH and gonadotrophin (luteinizing hormone and follicle- 
stimulating hormone) deficiency are very common (approximately 
80%), as is ACTH deficiency (50– 85%). Lack of ascertainment may 
explain the lower prevalence of growth hormone (GH) (25%) and 
prolactin deficiency [5, 7, 9]. Diabetes insipidus is very rare.

Visual fields should be tested by confrontation in all patients with 
suspected hypophysitis, and urgent formal visual field perimetry 
undertaken if an abnormality is suspected. Imaging of the pituitary 
gland, ideally by MRI with contrast, should be undertaken in order 
to determine if the typical appearance of hypophysitis (mild to 
moderate diffuse enlargement of the pituitary gland and homo-  or 
heterogeneous gland enhancement following contrast administra-
tion) is present and also to exclude pituitary metastasis, or other, 
coincidental pituitary pathology (e.g. adenoma). Compression of 
the optic chiasm due to an enlarged pituitary gland has not been 
reported in anti- CTLA- 4 induced hypophysitis. The pituitary 
gland typically decreases in size within 4 to 12 weeks from onset of 
hypophysitis with such change occurring irrespective of high- dose 
steroid administration [6, 7]. Most experts do not recommend rou-
tine administration of high- dose steroids in immune checkpoint 
inhibitor induced hypophysitis, however steroid treatment can be 
considered in selected circumstances, such as severe headache, pi-
tuitary enlargement that encroaches on the optic chiasm or associ-
ated with visual field defects.

As in conventional hypopituitarism, hormone replacement should 
be instituted, with particular care taken to exclude concomitant ad-
renal insufficiency prior to commencing thyroxine. Guidance on 
management of acute endocrine complications has been published 
[11]. Rates of recovery of hormone deficiencies are poorly defined; 
however, recovery of pituitary adrenal axis function is very rare (7, 
9) and recovery of TSH and gonadotrophin deficiency is reported in 
approximately 50% of patients in some series [5, 7, 12].

ctLA4- Inhibitors and Other Endocrinopathies

Thyroid dysfunction was reported relatively infrequently (<10%) 
but possibly due to regular surveillance and improved detection of 
subclinical disease, recent studies have recorded thyroid dysfunc-
tion in 23% of cases [13]. Overt thyrotoxicosis is rare and is almost 

always due to thyroiditis, although GD has been reported. Primary 
adrenal insufficiency is very rare (<2%).

Pathogenesis

The CTLA- 4 gene is also an important susceptibility locus for auto-
immune endocrinopathies [14] and probably plays an important 
role in self- tolerance. CTLA- 4 is expressed in murine and human 
pituitary glands, especially cells producing prolactin and TSH. 
Lymphocytic infiltration of the pituitary gland and development 
of pituitary antibodies is seen in mice injected with anti- CTLA- 4 
antibodies [15]. Although the pathogenesis of ipilimumab- induced 
hypophysitis is unknown, it is possible that administration of anti 
CTLA- 4 antibody to susceptible individuals evokes an autoimmune 
process targeting the pituitary gland.

PD- 1 Antibody therapy

Programmed cell death- 1 (PD- 1) is an inhibitory receptor located 
on immune cells, which, by engaging its ligands (PD- L1 and PD- L2, 
located on antigen- presenting cells), acts as a negative regulator of 
immunity, downregulating the T- cell- mediated immune response 
[16, 17]. Pembrolizumab and nivolumab (humanized monoclonal 
antibodies targeting PD- 1) exploit this mechanism by inhibiting the 
interaction between PD- 1 and PD- L1/ PD- L2, thereby perpetuating 
T- cell activation. In comparison to ipilimumab, they have been 
shown to exhibit greater clinical efficacy and a more favourable tox-
icity profile for some metastatic cancers [18– 20].

thyroid Dysfunction Following 
Anti- PD- 1 therapy

Thyroid dysfunction is common after treatment with PD- 1 anti-
bodies (3– 39%) and tends to occur early (typically 3– 8 weeks) (see 
Table 13.1.4.1) [21]. Although any form of thyroid dysfunction can 
occur, overt hypothyroidism (2– 13%) seems more common than 
thyrotoxicosis (0– 7.8%) (see Table 13.1.4.1) [13, 21– 23].

Thyroiditis is likely to be the dominant cause of thyrotoxicosis; in 
one retrospective study, thyroiditis was the cause of dysfunction in 
all hyperthyroid patients and was also the suspected aetiology in the 
remainder of cases who were hypothyroid at presentation but may 
have had a preceding hyperthyroid phase [24].

High rates of subclinical thyroid dysfunction were reported by a 
single UK centre following treatment with either pembrolizumab 
or nivolumab; subclinical hypo-  and hyperthyroidism occurred in 
13% of cases, with the overall rate of thyroid dysfunction following 
anti- PD1 therapy being 39% [13].

clinical Presentation, Investigations, Initial 
Management of thyroid Dysfunction

As for CTLA- 4 antibody- mediated endocrinopathies, recom-
mendations for surveillance and management of thyroid dysfunc-
tion following administration of anti PD- (L)1 agents have been 
proposed [10, 11]. At a minimum, baseline assessment of thyroid 
function (TSH and fT4) and periodic measurement of TSH and fT4 
(perhaps coinciding with cycles of treatment) is advised, with add-
itional testing at intermediate timepoints if symptomatic.
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If thyroid dysfunction develops, thyroid autoantibody status 
should be checked; in hypothyroidism, positive anti- TPO antibody 
levels can signify an autoimmune basis; in hyperthyroidism, posi-
tive anti- TSH receptor antibody status indicates GD (>95% spe-
cificity) rather than thyroiditis. At present, there is no evidence to 
suggest that thyroiditis or GD should be managed differently to that 
occurring in the conventional (non- immune checkpoint inhibitor) 
context.

Hyperglycaemia Following Anti- PD- 1 therapy

Development of diabetes mellitus, including diabetic ketoacidosis, 
has been described following anti- PD- 1 therapy. In some cases 
biochemical measurements were strongly suggestive of immune- 
mediated insulin deficiency [25].

PD- L1/ PD- L2 Inhibitors

Antibodies targeted against PD- L1 (such as atezolizumab, 
durvalumab, and avelumab) have shown efficacy against ad-
vanced non- small cell lung cancer and urothelial carcinoma [26]. 
Although their relative efficacy and toxicity has not been com-
pared directly, indirect comparisons suggest endocrine IrAEs 
associated with atezolizumab are similar to those observed with 
anti- PD- 1 antibody therapy (hypothyroidism 9%, thyrotoxi-
cosis 3.6%, adrenal insufficiency and hypophysitis <1%) [27– 30]. 
Durvalumab causes thyroid dysfunction in 5.5 to 12%, with the 
higher frequency possibly attributable to concomitant treatment 
with tremelimumab [31,  32]. Avelumab may have a lower fre-
quency of endocrine IrAEs (adrenal insufficiency 0.5% [33, 34]; 
diabetes <0.1% [35]).

Pathogenesis

The interaction between PD1 and PDL1 evokes quiescence of 
autoreactive T cells, thereby maintaining peripheral tolerance and 
preventing autoimmunity. PD- 1 deficient mice of differing genetic 
backgrounds develop different types of autoimmunity, presumably 
linked to varying target organ susceptibilities in different strains 
[34, 35].

Baseline positive thyroid autoantibody status may confer greater 
risk of anti- PD- 1- mediated thyroid dysfunction [36], suggesting 
that this immunotherapy unmasks a latent autoimmune process in 
susceptible individuals.

combination ctLA4 and PD- 1 Blockade

The improved overall survival seen in metastatic melanoma after 
combination therapy with ipilimumab and nivolumab occurs at a 
cost of more frequent IrAEs [19, 20], and endocrinopathy is no ex-
ception. Rates of hypophysitis (4– 12%) are higher than those ob-
served following ipilimumab treatment alone, as is the incidence of 
thyroid dysfunction (30– 50%) (see Table 13.1.4.1) [13, 37]. Adrenal 
insufficiency may also be more common (6.4% vs. 4.3%) (see Table 
13.1.4.1).

Summary

It is now clear that immune checkpoint inhibitor agents are highly 
effective treatments for many advanced cancers. These agents fre-
quently cause IrAEs, with thyroid dysfunction (following PD- (L)1 
inhibitor- treatment) and hypophysitis (following CTLA- 4 inhibitor 
therapy) being common. Although these side effects are not gener-
ally life- threatening, they can result in significant morbidity if not 
detected and treated promptly. These therapies provide remarkable 
insights into susceptibility and development of endocrine dysfunc-
tion, but further studies are needed to elucidate pathogenetic mech-
anisms for different endocrinopathies.
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normal Breast Development

The normal human breast is made up of two main tissue 
compartments— the stroma and the epithelium. The stroma consists 
of adipocytes, fibroblasts, blood vessels, inflammatory cells, and the 
extracellular matrix. Embedded within this stroma, the epithelium 
consists of several branching ductal- lobular systems forming tree- 
like structures from single major ducts of which there are estimated 
to be 12– 16 that channel milk to their openings on the nipple [1] . 
This structure reflects the breast’s specialist function to produce milk 
during lactation in order to feed and sustain offspring. Epithelial cells 
form terminal ductal lobuloalveolar units (TDLU), where milk is 
made, and connect to the nipple via a network of ducts. Both ducts 
and lobules are lined by a single layer of luminal epithelial cells which 
comprises hormone- sensing and milk- producing cells and their pro-
liferative progenitors. The luminal cells are surrounded by a basal cell 
layer, consisting mostly of myoepithelial cells with contractile proper-
ties, as well as progenitor and multipotent stem cells, which are cap-
able of giving rise to all epithelial cell types.

Human breast development is controlled by the endocrine 
system, specifically by the ovarian steroid hormones, oestrogen 
(E) and progesterone (Pg), and by the pituitary hormones prolactin 
(PRL) and growth hormone. There is evidence that other local and 

systemic proteins such as growth factors and cytokines play a role in 
tissue development at various stages.

Regulation of Adult Human Breast Development

Adult development of the human breast is regulated largely by 
ovarian steroid hormones which are first secreted at puberty. 
However, there is evidence of a requirement for other endocrine 
hormones such as growth hormone and PRL secreted by the pitu-
itary gland, and placental lactogen secreted by the placenta during 
pregnancy. It has also become increasingly apparent that the effects 
of these systemic hormones are mediated locally by growth factors 
and cytokines synthesized and secreted by breast cells. In contrast 
to the endometrium, epithelial proliferation is maximal during the 
latter half of the menstrual cycle when both oestrogen and proges-
terone are secreted by the ovarian corpus luteum.

Ovarian Steroids: Oestrogen and Progesterone

E and Pg exert their effects following binding to receptors in the 
nucleus of the cell. The E receptor (ER) and the P receptor (PR) are 
nuclear receptors that act as ligand- activated transcription factors 
regulating cellular gene expression by both activation and repres-
sion of transcription. The hormone- sensing cells that express the 
classical ER and the PR are found within the luminal epithelial, but 
not the myoepithelial or stromal, cells of the human breast.

There are two isoforms of ER:  ERα and ERβ, which are en-
coded by two different genes. ERα has historically been con-
sidered to be the most important in the development of the 
breast due to its expression pattern in the epithelium, its pro-
liferative role, and the total lack of mammary epithelial devel-
opment when it is knocked out in the mouse. In contrast, ERβ 
has a more subtle role in differentiation and the regulation of 
apoptosis, as the mammary gland of ERβ knockout mice de-
velop normally. Unless indicated, ER refers to ERα in this re-
view. There are two closely related isoforms of PR:  PR-A and 
PR-B, both are transcribed from the same gene but with two dif-
ferent promoters. PR- B has an additional sequence of 164 amino 
acids at the amino terminus compared to PR- A. Both isoforms 
are equally expressed in breast epithelial cells and can be present 
as both hetero and homodimers.
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E and P Effects on Mammary Development

In experimental studies utilizing ER and PR knockout animals it has 
been shown that, E regulates ductal elongation [2]  and P regulates 
side branching and lobular development [3]. Other animal studies 
have demonstrated E to be a mitogenic stimulus during puberty 
promoting the elongation of the mammary ducts and expansion 
of the epithelium throughout the fat pad [4]. Mammary epithe-
lial transplantation experiments in mice have also indicated that 
the growth factor amphiregulin, which is a ligand of the epidermal 
growth factor receptor, to be an essential mediator of E- induced 
proliferation during puberty [5].

Following puberty in the mouse, the effect of E on proliferation 
is weakened, although it is responsible for driving the strong mito-
genic effects of P through its regulation of PR expression during 
this stage of development [6] . P is secreted in the human during the 
luteal phase of the menstrual cycle when proliferation is highest and 
therefore is regarded as the main proliferative hormone in both the 
mouse mammary gland and the normal human breast. P is also re-
quired for promoting much of the increase in breast epithelial pro-
liferation during early to mid- pregnancy.

normal Breast Development

Normal breast development can be grouped into three well- defined 
stages: embryonic, pubertal, and reproductive.

Embryonic Development

The rudiments of the gland are developed during embryogenesis 
when a mammary disc forms from the epidermal milk line and 
the parenchyma begins to invade the underlying mesenchyme. The 

invading epithelial cells become indented at the epithelial- stromal 
border, sprouting, and separating into 10– 15 branches of epithelial 
ducts that each open separately onto the epidermal surface at the 
nipple. As these ducts grow into the mesenchyme they may bifur-
cate several times and may even form end- vesicles, a primitive form 
of the lobuloalveolar structures observed in the adult gland. Late in 
gestation, the skin above this area specializes to form the areolus 
and nipple from which secretions may be observed at parturition, 
presumably in response to maternal hormones.

Pubertal Development

In contrast to embryogenesis, all developmental stages of post- 
embryonic breast development are hormone dependent. Mammary 
gland development during childhood does little more than keep up 
with the overall growth of the child until the approach of puberty. 
Puberty triggers breast growth driven by ovulation and the forma-
tion of regular menstrual cycles. The mature gland undergoes cycles 
of proliferation and apoptosis over the course of each subsequent 
menstrual cycle. This results in a network of ducts leading from the 
nipple growing and dividing into bundles of primary and secondary 
ducts, lined with epithelial cells and ending with morphologically 
club- like structures called terminal end buds (TEBs). Equally, the 
mainly collagenous connective tissue of the breast expands and 
grows to accommodate the branching network of epithelium. It is 
from the TEBs that the TDLU, also called lobules, form and which 
comprise the principal, functional milk- producing glandular units 
of the breast (see Figure 13.2.1.1).

These lobules exist initially as alveolar buds that mature following 
menarche into a variable number of blind- ending, grape- like, secre-
tory sacs known as acini, alveoli, or ductules which open into the 
intralobular terminal duct. At maturity, the lobular structure can be 

Ductal elongation & bifurcation

CHILDHOOD
EARLY PUBERTY

Side branching

Progesterone

Prolactin

EARLY PREGNANCY
LATE PREGNANCY

Lactogenic differentiation

Action during

PubertyPregnancy

Alveologenesis

LATE PUBERTY

Oestrogen

Figure 13.2.1.1 Diagrammatic representation of the lobular structures of the human breast throughout all stages of development.
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imagined as resembling a bunch of grapes (see Figure 13.2.1.1). It 
is during the development of the TDLU that epithelial hyperplasias 
and carcinomas of the breast are thought to be initiated since this is 
the site at which they are most often observed histopathologically.

Reproductive Development

Epithelial development continues throughout adolescence and into 
adulthood. Despite many rounds of mammary remodelling events 
taking place during puberty and through adulthood, it is not until preg-
nancy that full mammary epithelial maturation occurs, as the breast 
progressively transforms into a fully mature functional organ. During 
pregnancy, mammary stem cells (MaSCs) and progenitor cells prolif-
erate resulting in the formation of new ducts, elongation of the existing 
ducts, further epithelial branching, and formation and expansion of 
round hollow structures, which are individually called alveoli [7, 8].

In parallel with this growth and development of the epithelial 
component, the stromal elements also develop to accommodate this 
increase in volume and cell number.

The progressive maturation of the breast is regulated by the in-
creased levels of the circulating lactogenic hormones, E, P, and PRL 
during pregnancy. Other hormones and growth factors are also 
involved in regulating mammary development during pregnancy. 
Placental lactogen, amphiregulin, Wnt, RANKL, CXCL12, IGF2, 
and stromal paracrine factors directly regulate mammary devel-
opment. Contrastingly insulin, growth hormone, glucocorticoids, 
and fibroblast growth factors play a more indirect role [9] . Blood 
placental lactogen has been shown to be strongly correlated with 
breast growth, with a proposed mechanism of inducing the stem/ 
progenitor cells to proliferate [10].

There are two main phases of human mammary development cor-
responding to the early and late stages of pregnancy. The early stage 
is characterized by increased side branching of the ductal tree corres-
ponding to elevated P levels, resulting in the formation of ductules 
termed acini. P levels rise during the luteal phase of the menstrual 
cycle but particularly during pregnancy. During the second trimester, 
the lobules become further enlarged and increase in number. P works 
cooperatively with PRL to stimulate cellular differentiation at the al-
veolar sites (during alveologenesis) that are responsible for milk se-
cretion during lactation. P is necessary in the mammary epithelium 
for side branching and alveologenesis [9] , whereas the PRL is required 
for alveologenesis and milk secretion. The cooperation between P and 
PRL signalling becomes evident after side branches have been estab-
lished during mid- pregnancy, when further alveologenesis requires 
epithelial PRL signalling [10]. This sequential action ensures that the 
discrete morphological steps occur in an ordered fashion; therefore, 
allowing all of the ducts to form before the alveoli bud, ensuring they 
have enough space to unfold and to be drained effectively [6].

The secretory alveoli formed during pregnancy signify the end 
of mammary gland differentiation. Each alveolus is surrounded by 
stroma and separated from it via the basement membrane. Secretion 
of milk by the epithelium during lactation also distends the alveoli and 
upon infant suckling, there is an increase in bound oxytocin causing 
the myoepithelial cells to contract releasing milk from the alveolus.

Following weaning, secretion of milk by the epithelial cells 
ceases and the lobules involute to resemble those present in the 
non- pregnant gland, although they may retain a larger number of 
individual alveoli per lobule than before. This intriguing process 
of expansion and regression, known as involution, can take place 

across multiple pregnancies during the reproductive lifespan, signi-
fying that the epithelial cells of the mammary gland have substantial 
regenerative abilities.

A Mammary Stem cell niche

There is increasing evidence that mouse and human mammary epi-
thelium is hierarchically arranged; from the multipotent stem cells 
to the lineage restricted, hormone- sensing, milk- producing, and 
myoepithelial cells [11– 14].

The mammary gland is a dynamic structure, throughout a life-
time many changes in both structure and function occur, including 
recurring expansions relating to the hormonal changes prompted 
by the menstrual cycle. In addition, dramatic changes occur during 
pregnancy, lactation, and involution. MaSC are proposed to be 
the drivers of the constant mammary tissue remodelling events 
occurring through cycles of pregnancy, lactation, and involution. 
This quiescent, self- renewing, population of cells give rise to the dif-
ferentiated ductal, alveolar, and myoepithelial cells [15].

A MaSC niche theory has been proposed encompassing both 
cellular and acellular supportive elements surrounding the stem 
cells. These supporting elements could, for example, include differ-
entiated stem cell progeny their surrounding stromal cells which 
display cell surface molecules and can deliver soluble factors to 
regulate stem cell actions.

As previously discussed, the mammary gland is constantly re-
modelled in response to the female reproductive hormones. A self- 
renewing population of MaSCs is needed during these cycles of 
growth to differentiate into new epithelia. Consequently, MaSCs 
must respond to these hormonal signals; however, oestrogen re-
ceptor (ER) and progesterone receptor (PR) are only detected in a 
subset of luminal epithelial cells and have not yet been identified in 
the mouse or human MaSC- enriched basal cell population [16, 17]. 
Three epithelial subsets including basal stem/ progenitor, luminal 
progenitor and mature luminal cells have been characterized so far 
with ER and PR being found to be enriched in mature luminal cells.

Therefore (ER+PR+) luminal cells can be described as essential 
niche cells that detect circulating hormone levels and signal, via 
paracrine mechanisms, to other niche populations, and to uni-
potent or multipotent MaSCs.

Hormones and Breast cancer

There is a causal relationship between breast cancer and the ovarian 
steroid hormones. Early menarche, late first- term pregnancy, and 
late menopause are associated with a heightened breast cancer risk, 
this is coupled with research showing removing a woman’s ovaries 
significantly reduces the risk of breast cancer. In addition, both hor-
mone replacement therapy (HRT) and oral contraceptives can in-
crease the risk of breast cancer, thus linking steroid hormones with 
breast carcinogenesis [18]. However, on the other hand, ER/ PR+ 
tumours are associated with a more favourable breast cancer prog-
nosis with receptor expression being most significant predictive 
marker for endocrine responsiveness [19].

The mammary stem cell theory that steroid receptor- positive 
cells signal via paracrine mechanisms to adjacent receptor- negative 
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cells, is supported by the inverse relationship between steroid re-
ceptor expression and proliferation in the normal breast [9,  20]. 
Contrastingly, in breast cancer the number of proliferating cells ex-
pressing steroid hormone receptors is increased [21], implying that 
steroid receptor- positive cells experience an early ‘switch’ to auto-
crine signalling mechanisms, or that these cells somehow gain the 
ability to divide [22]. However, the mechanisms that drive this mo-
lecular switch from paracrine to autocrine signalling are as yet un-
known making this an interesting area for current research [23, 24].

conclusions

This is a very interesting time for mammary gland scientists. New 
signalling pathways are being uncovered that dictate the lineage 
commitment, coupled with the development of improved human-
ized mouse models and three- dimensional culture models, the 
future of mammary gland biology is an exciting one. As new dis-
coveries are made, the cellular targets of breast cancer will become 
better understood, thus providing oncologists with better tools to 
predict, prevent, and treat breast cancer.
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Introduction

Endocrine manipulation has been recognized as a treatment mo-
dality for breast cancer for over 100 years. Oestrogen is an important 
promoter in the pathogenesis of breast cancer and endocrine re-
sponse, is predominantly dependent on the presence of oestrogen 
receptor (ER), a protein which can be detected in about 70% of pri-
mary breast cancers.

A better understanding of the mechanisms that result in oestro-
genic deprivation of breast cancer cells has enabled medical thera-
peutics to be developed which have largely replaced surgical ablative 
procedures (Box 13.2.2.1). These include hormone manipulation 
at the cellular level, via competition for ER in the breast tumour, 
using antioestrogens, such as tamoxifen or more recently selective 
oestrogen receptor modulators (SERMs), and ‘pure’ antioestrogens 
such as fulvestrant.

An alternative approach is to lower systemic oestrogen levels in 
premenopausal women by the use of luteinizing hormone releasing 
hormone (LHRH) agonists and in postmenopausal women by the 
use of aromatase inhibitors. Endocrine agents with more ill- defined 
mechanisms, such as progestogens, androgens, and corticosteroids 
can induce endocrine responses.

In patients with ER- positive advanced breast cancer, endocrine 
treatments generally achieve a response rate of between 20% and 
40%. The median response duration to endocrine therapy in ad-
vanced disease is about 8– 14 months but can last several years.

In patients with early stage ER- positive breast cancer adjuvant 
tamoxifen therapy given for 10 years delays local and distal relapse 
and prolongs survival. It also substantially reduces the incidence 
of contralateral breast cancer. The use of endocrine therapy in a 
chemopreventive role has been evaluated [1– 4].

Antioestrogens

tamoxifen

Approximately 80% of human breast carcinomas express ER. 
Tamoxifen is a non- steroidal oestrogen receptor antagonist which 
inhibits breast cancer growth by competitive antagonism of oes-
trogen at the receptor site. Its actions are complex due to partial 
oestrogenic agonist and antagonist effects depending on the spe-
cific end organ. It has been in use since its approval in 1978 and, 
although effective, the partial agonist effects may account for the 
development of tamoxifen resistance and disease progression after 
prolonged administration, in addition to specific adverse side ef-
fects on the gynaecological tract.

Adjuvant tamoxifen

In early breast cancer, tamoxifen has been the gold standard 
of adjuvant endocrine therapy for both premenopausal and 
postmenopausal breast cancer for over two decades. In an overview 

of the effects of chemotherapy and hormonal therapy for early 
breast cancer by the Early Breast Cancer Trialist’s Collaborative 
Group (EBCTG) [5] , a 31% reduction in the annual breast cancer 
death rate with 5  years of adjuvant tamoxifen was reported at 
15 years of follow- up. Breast cancer is relatively unusual in that the 
risk of recurrence remains substantial during the second decade 
and indeed may continue indefinitely. It is therefore highly signifi-
cant that trials comparing allocation to a control arm or 5 years of 
tamoxifen have shown persistent benefits with a reduction in the 
15- year probability of death from breast cancer about three times 
as great as the 5- year probability [1]. The benefit from tamoxifen 
treatment was confined to those patients with oestrogen receptor- 
positive cancers. Overall, this gave an 8% reduction in the 5- year 
mortality for patients with primary operable breast cancer. There 
was also a 47% reduction in the incidence of contralateral breast 
cancer at 5 years.

Adjuvant tamoxifen was traditionally administered for 5 years fol-
lowing data from the EBCTG. While earlier data in node- negative 
patients did not find any advantage in continuing tamoxifen beyond 
5 years [6]  newer data from two key trials suggests that 10 years of 
adjuvant treatment is beneficial. The Adjuvant Tamoxifen, Longer 
Against Shorter (ATLAS) study [7] randomized 12 894 women to 
10 or 5 years of tamoxifen. In this study, there was a significant re-
duction in risk of breast cancer recurrence (P = 0.02), breast cancer 
mortality (P  =  0.01) and overall mortality (P  =  0.01) in women 
with ER- positive disease. Similar results were noted in the aTTom 
study [8].

Tamoxifen 20 mg/ day for 10 years alone or in addition to chemo-
therapy is now the standard endocrine therapy of choice for early 
breast cancer in premenopausal women [9] .

Side Effects/ Toxicity of Tamoxifen

The side effects of tamoxifen are well documented. Short- term ef-
fects are usually mild and include hot flushes and altered menses. 
Tamoxifen acts as an oestrogen agonist on bone, increasing min-
eral density and thereby potentially reducing the risk of osteopor-
otic fractures in postmenopausal women. Similarly, it lowers serum 
cholesterol, potentially decreasing the risk of heart disease. The risk 
of developing deep vein thrombosis and pulmonary emboli is in-
creased in women taking tamoxifen and caution must be used in 
patients with prothrombotic risk factors. The ATLAS study built on 
previous data showing an increased risk of endometrial cancer, due 
to the oestrogenic stimulation of the endometrium, with a longer 
duration of tamoxifen. The increased risk was predominantly con-
fined to postmenopausal women who had not undergone hysterec-
tomy and the risk was outweighed by the reduction in breast cancer 
mortality and recurrence. There were no deaths from endometrial 
cancer in this study.

Aromatase Inhibitors: Pharmacology

In contrast to tamoxifen, which antagonizes oestrogen at the re-
ceptor site, the oral aromatase inhibitors (AI) such as anastrozole), 
letrozole, and exemestane all reduce serum oestrogen levels in 
postmenopausal women by preventing the conversion of adrenal 
androgens into oestradiol and oestrone by the cytochrome P450 en-
zyme aromatase (Figure 13.2.2.1) [10].
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While oestrogens are primarily synthesized in the ovary in pre-
menopausal women, following the menopause mean plasma oes-
tradiol levels fall from about 400– 600pmol/ L to around 25– 50 
pmol/ L. These residual oestrogens come solely from peripheral 
aromatase conversion, particularly in the subcutaneous fat. Of note, 
AI are contraindicated in premenopausal women without add-
itional ovarian suppression because the suppression of peripheral 
aromatase results in a reduced feedback to the hypothalamus and 
an increase in ovarian stimulation [10].

The currently approved ‘third- generation’ AI all powerfully in-
hibit oestrogen synthesis [10]. They are highly specific with almost 
no effect on cortisol or aldosterone levels. All are administered on 
a once daily basis.

clinical Efficacy of AI in Advanced Breast cancer

A number of clinical trials have now consistently shown improved 
efficacy of AI over tamoxifen [11– 17]. See Table 13.2.2.1.

The largest of these, a randomized double- blind phase III trial 
in over 900 postmenopausal women with locally advanced or 
metastatic breast cancer, compared letrozole 2.5  mg with tam-
oxifen 20  mg daily [15,  16]. Patients treated with letrozole had a 
significantly higher objective tumour response rate (30% vs. 20%, 
P <0.001), clinical benefit rate (49% vs. 38%, P <0.001), and pro-
longed time to disease progression (median time to progression of 
9.4 months vs. 6.0 months, hazard ratio 0.72, P <0.0001). Of par-
ticular note in this trial, nearly 20% of the patients had received prior 
tamoxifen in the adjuvant setting; in this subgroup, retreatment 
with tamoxifen had a low response rate of 8% compared with a 32% 
response rate with letrozole. The improvements in clinical efficacy 
for letrozole resulted in an early improvement in survival during 
the first 2 years [18], although with longer follow- up this difference 
was lost. This could be explained by the high number (>50%) of pa-
tients who prospectively crossed over to the alternate treatment at 
the time of progression. Significantly more patients benefited from 
second- line letrozole after progression on tamoxifen than the re-
verse. There were no significant differences in toxicity between the 
two treatments [16].

As a result of this data the third- generation AIs have now be-
come the standard of care for first- line endocrine therapy in 
postmenopausal women with ER- positive advanced breast cancer.

Use of AI in Early Breast cancer

The establishment of the efficacy and tolerability of AI in advanced 
breast cancer encouraged the development of a number of trials 
examining their use in the adjuvant setting.

trials comparing Adjuvant tamoxifen Versus AI

A large meta- analysis undertaken by the (EBCTCG) [19] in 2015 
compared the efficacy of tamoxifen versus AI in postmenopausal 
women with ER- positive early breast cancer. The analysis compared 
results from nine individual trials and reports on 31 920 women. 
A  significant reduction in breast cancer mortality (RR 0.85) and 
recurrence, at both distal (RR 0.86) and local (RR 0.74) sites, in 
women receiving 5 years of AI versus 5 years of tamoxifen therapy 
(P <0.00001). Ten- year recurrence was 19.1% in the AI group and 
22.7% in the tamoxifen group, suggesting a 3.6% 10- year gain of AI 
over tamoxifen. In terms of side- effect profile, there was a greater 
incidence of bone fracture in the AI group (8.2% vs. 5.5%; RR 1.30) 
and this risk was maintained throughout a 10- year follow- up period. 
There was a lower rate of endometrial cancer in the aromatase in-
hibitor group (0.4% vs. 1.2%).

Upfront AI Versus Switching Strategies

Earlier studies of tamoxifen versus tamoxifen followed by a switch 
to an AI demonstrated a survival benefit. However, this was not 
shown to be superior to commencing on upfront AI. The BIG- 198 
also looked at commencing on AI upfront followed by a switch to 
tamoxifen at year 2– 3 and this was not inferior to 5 years of AI in 
this study. This therefore provides some evidence that patients who 
tolerate an AI poorly can be switched to tamoxifen safely if needed.

Extended Adjuvant Endocrine therapy with AI After 5 
Years of tamoxifen

Hormone receptor- positive breast cancers have a chronic re-
lapsing nature with risk of recurrence continuing indefinitely and 

Box 13.2.2.1 Endocrine treatment for breast cancer

 • Antioestrogens
—  Tamoxifen
—  Other selective oestrogen modulators: raloxifene, lasofoxifene
—  Steroidal ‘pure’ antioestrogens: fulvestrant

 • Oestrogen deprivation therapies
—  Luteinizing hormone releasing hormone analogues: goserelin
—  Aromatase inhibitors: letrozole, anastrozole, exemestane

 • Other agents
—  Progestogens
—  Androgens: medroxyprogesterone acetate. Megestrol acetate
—  Corticosteroids
—  Oestrogens: diethylstilboestrol

Androstenedione

Oestradiol

Breast-cancer cell

Oestrogen receptor

Testosterone

Tamoxifen

Oestrone

Peripheral tissues (subcutaneous 
fat, liver, muscle, or brain)

Aromatase Aromatase
Aromatase 
inhibitors

Figure 13.2.2.1 Mechanism of action of aromatase inhibitor and 
tamoxifen.
Reproduced with permission from Smith IE, Dowsett M. Aromatase inhibitors in 
breast cancer. N Engl J Med, 2003; 348:2431– 42.
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approximately half of all recurrences occurring between 5 and 
15 years after surgery despite 5 years of adjuvant tamoxifen treat-
ment. There is, therefore, a rationale for considering extended ad-
juvant endocrine therapy beyond 5  years. The MA.17 study [20], 
a double- blind, placebo- controlled trial evaluated whether 5 years 
of letrozole therapy after completion of 5  years of tamoxifen in 
postmenopausal women could lead to an improvement in disease- 
free survival (DFS). The positive results were most marked in 
patients with lymph node positive disease and those who were pre-
menopausal at presentation.

Duration of AI therapy

Treatment with an AI for 5  years either as monotherapy or after 
tamoxifen became the standard of care for postmenopausal women 
with early, receptor- positive breast cancer.

The MA.17R study, a double- blind, placebo- controlled trial, as-
sessed the efficacy of extending AI therapy to 10  years [21]. The 
study enrolled 1918 women who had remained disease- free on 
adjuvant endocrine therapy with any AI. They were randomly as-
signed to receive placebo or continue receiving letrozole for a fur-
ther 5  years. Most patients in this study had received 5  years of 
tamoxifen prior to starting AI so the study effectively compares 10 
versus 15 years of adjuvant endocrine therapy. There was a signifi-
cant improvement in the DFS and a reduction in the incidence of 
contralateral breast cancer as well as a 1% benefit in distant recur-
rence. Interestingly there was no difference in overall survival (OS). 
The extended therapy arm had an increased risk of osteoporotic 
fractures and this would need to be considered when deciding on 
the appropriate duration of treatment.

Two other studies, DATA and IDEAL [22, 23] have also looked at 
extended AI therapy in this group of patients. While the DATA study 
did show a reduction in DFS in the 6- year group they also noted a 
higher rate of side effects in the extended therapy arm. The IDEAL 
study, comparing 2.5 or 5 years of additional AI therapy did not show 
any significant difference between groups in relation to DFS or OS and

There is therefore a lack of clarity regarding which, if any, sub-
groups of patients will benefit from extended AI therapy. Decisions 
about extending therapy to 10 years will be influenced by the rela-
tive risk versus the potential toxicities in individual patients and is 
an area of ongoing research.

toxicity/ Side Effects of AI

In general, the third- generation AIs are well tolerated although 
symptoms of oestrogen withdrawal are common. The commonest 

side effects include hot flashes, musculoskeletal stiffness, and vaginal 
dryness. However, in the clinical trial setting the different side- effect 
profiles of tamoxifen and AI do not appear to impact on patient’s 
quality of life [24]. Interestingly, the appearance of vasomotor or joint 
symptoms within the first 3 months of treatment has been associated 
with a greater decrease in breast cancer recurrence in the Arimidex, 
Tamoxifen, Alone or in Combination (ATAC) trial [25].

In trials comparing the third- generation AIs with tamoxifen, 
the adverse events associated with tamoxifen’s oestrogenic prop-
erties, such as venous thromboembolism and endometrial cancer, 
were significantly less common in the AI groups [26]. However, 
an increased risk of osteoporosis and fractures has been observed 
with the AIs compared with tamoxifen [26,  27]. The American 
Society of Clinical Oncology (ASCO) guidelines recommend that 
postmenopausal women who receive an aromatase inhibitor should 
have their bone mineral density evaluated [28]. It is likely that 
the introduction of adjuvant bisphosphonates in postmenopausal 
women will also modify this risk in the future. Increases in cardio-
vascular events [29] and hypercholesterolaemia [26] have been ob-
served with AIs.

The relatively short follow- up time and overall small numbers 
of cardiovascular events in these studies make it difficult to draw 
concrete conclusions about the causality of AIs and cardiovascular 
events. Given that most women presenting with early breast cancer 
can now expect long- term survival long- term vigilance of cardio-
vascular morbidity and mortality in these studies is warranted.

current Role of AI

Cumulatively, the results of these adjuvant AI trials have led to a 
substantial increase in the use of AIs in early breast cancer, but also 
to some uncertainty as to optimal duration of the correct role of AI 
therapy.

At present the gold standard of care for postmenopausal women 
is to commence upfront AI as per the ASCO guidelines [30].

Ultimately risks of recurrence and relative toxicities must be con-
sidered when considering extended therapy. Who requires a longer 
duration of therapy is an area of active research.

Oestrogen Deprivation therapies: Ovarian 
Ablation/ Suppression

In 1896, Beatson published the first report of surgical oophor-
ectomy as a treatment modality for advanced breast cancer in 

table 13.2.2.1 Comparative of first- line trials of aromatase inhibitors versus tamoxifen in advanced breast cancer

Authors (reference) Comparators N Response (%) Clinical benefit (%) Median time 
to progression 
(months)

Nabholtz et al. [12] Anastrozole
Tamoxifen

171
182

21
17

59
46

11.1
5.6

Bonneterre et al. [13, 14] Anastrozole
Tamoxifen

340
328

33
33

56
56

8.2
8.3

Mouridsen et al. [15, 16] Letrozole
Tamoxifen

453
454

30
20

49
38

9.4
6.0

Paridaens et al. [17] Exemestane
Tamoxifen

182
189

46
31

66
49

9.9
5.8
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premenopausal women. This was followed, in the 1920s, by 
radiotherapy- induced ovarian ablation. Since then ovarian ablation 
by either means has been used as a therapy for premenopausal pa-
tients with advanced breast cancer.

LHRH agonists, are currently used as an alternative to ovarian 
ablation for the treatment of advanced breast cancer in premeno-
pausal women. The initial stimulation of luteinizing hormone can 
cause a short ‘flare’ in disease- related symptoms, followed by a 
complete inhibition of luteinizing hormone secretion, decreasing 
oestradiol levels to near castration levels. This effect is reversible 
on withdrawal of the LHRH agonist. The LHRH agonist goserelin 
3.6 mg administered by deep subcutaneous injection every 4 weeks 
is licensed in the United Kingdom for the treatment of breast cancer.

The EBCTG [5]  reviewed several trials involving women with ER- 
positive or ER- unknown early breast cancer randomized to ovarian 
ablation or ovarian suppression with an LHRH agonist. There was 
a definite effect of both ovarian ablation and suppression on recur-
rence and breast cancer mortality [1]. A more recent meta- analysis 
[31] focused on trials where oestrogen receptor status was known 
and used only LHRH agonists as the method of ovarian suppression. 
A particular benefit was observed when LHRH agonists were used 
after chemotherapy, either alone or with tamoxifen in women aged 
40 years or younger in whom chemotherapy is less likely to induce 
permanent amenorrhea. Optimum duration of use is unknown.

Ovarian Suppression in Addition to Endocrine therapy 
in Premenopausal Patients

A landmark study, the Suppression of Ovarian Function Trial 
(SOFT) [32] has examined the use of ovarian suppression in women 
with hormone- receptor- positive early breast cancer. In the SOFT 
study 3066 premenopausal women were randomized to tamoxifen 
alone, tamoxifen with ovarian suppression, or exemestane with 
ovarian suppression. There was no benefit of ovarian suppression 
across the whole study population however importantly a subgroup 
analysis did demonstrate benefit in women under 35  years and 
those who had been deemed high risk of recurrence and under-
gone chemotherapy. Of the 94% of women under 35 who had 
chemotherapy 67.1% remained breast cancer free at 5 years in the 
tamoxifen alone arm versus 75.9% in those who received ovarian 
suppression with tamoxifen and 83.2% in the exemestane and 
ovarian suppression group. Ovarian suppression is now recom-
mended in premenopausal patients at high enough risk to receive 
adjuvant chemotherapy [30].

the Role of AIs in Premenopausal Women

In TEXT [33] premenopausal women were randomly allocated to 
receive ovarian suppression with either tamoxifen or exemestane. 
Data from the SOFT and TEXT have been combined to provide a 
larger study population for further analysis. The combined data dem-
onstrated a relative reduction in risk of disease recurrence, second 
cancer, or death of 28% and a 34% with exemestane plus ovarian 
suppression versus tamoxifen with ovarian suppression. These 
figures compare favourably with results seen in postmenopausal 
women. Long- term follow- up to determine OS advantage is still 
pending.

Despite a relatively low adverse event rate and discontinuation 
level in the study population ovarian suppression is a difficult treat-
ment to tolerate and the percentage of those intolerant to therapy 
is likely to be much greater in the real- world setting. More data is 
needed on the tolerance of ovarian suppression in this population. 
In younger patients receiving adjuvant ovarian suppression this 
may be given either with tamoxifen or an AI.

Other Agents

Steroidal Pure Antioestrogens: Fulvestrant 
Pharmacology

Fulvestrant is a novel type of oestrogen receptor antagonist which, 
unlike tamoxifen, has no known agonist effects. It is administered 
intramuscularly and does not appear to cause endometrial prolifer-
ation and is less likely than tamoxifen to cause thromboembolism. 
Fulvestrant binds to the oestrogen receptor, but, induces a different 
conformational shape with the receptor to that achieved by tam-
oxifen. Due to its unique mechanism of action, fulvestrant delays 
the emergence of acquired resistance compared with tamoxifen in 
an MCF- 7 hormone- sensitive xenograft model [34].

clinical Efficacy of Fulvestrant in Advanced 
Breast cancer

In a small phase II study in advanced disease, fulvestrant was shown 
to produce remissions of 2 years in tamoxifen- resistant tumours in 
postmenopausal women [18]. Clinical data with fulvestrant in ad-
vanced breast cancer following resistance to AIs is limited but phase 
II trials in this setting have reported clinical benefit rates of between 
19 and 52%.

The Evaluation of Faslodex versus Exemestane Clinical Trial 
(EFECT) [35] assessed the efficacy of fulvestrant versus exemestane 
in patients who had progressed on treatment with AIs and found 
no significant difference in the effectiveness or tolerability between 
treatments with a clinical benefit rate of 32.2% and 31.5%, respect-
ively. Both treatments were well tolerated.

A second study (SoFEA) compared progression- free survival 
in patients who had progressed on an AI, treated with either 
fulvestrant plus continued anastrozole, or with fulvestrant alone 
[36]. No benefit was noted of fulvestrant either in combination or 
alone in this trial population.

An analysis of the SoFEA paper showed a clinical advantage with 
fulvestrant over exemestane in patients with an ESR1 mutation [37]. This 
is the subject of ongoing research but provides a potential biomarker to 
select patients who may benefit from specific treatment options.

The results of these trials will help define optimal sequencing of 
endocrine therapies, and in particular the effectiveness of fulvestrant 
alone or in combination with AIs [38].

Progestogens

Synthetic progestogens/ androgens, such as medroxyprogesterone 
and megestrol acetate, have been used in the treatment of advanced 
breast cancer, although their main benefit is relief of metastatic bone 
pain. Their mechanism of action is unclear but they are known to 
cause steroidogenic side effects such as weight gain, and cardiovas-
cular and thromboembolic complications. The new generation of 
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AIs have clearly been shown to be more effective and less toxic than 
progestogens and these agents have largely been replaced as breast 
cancer treatment options.

Androgens and corticosteroids

Androgens are rarely used for the treatment of advanced breast 
cancer due to side effects. Less than 10% patients with advanced 
breast cancer respond to treatment with corticosteroids. However, 
corticosteroids are often effective at controlling symptoms, such as 
local oedema, and pain.

Oestrogens

High- dose oestrogen therapy was used in the treatment of ad-
vanced breast cancer until the introduction of tamoxifen in the 
1970s. A phase II trial has explored the use of high- dose oestrogen 
therapy in highly refractory, advanced breast cancer [39]. The clin-
ical benefit rate was 40% with a median duration of response of 
9  months. Another trial compared low- dose oestradiol 6 mg/ day 
with high- dose 30  mg/ day [40] in women with AI- resistant ad-
vanced breast cancer. The lower dose was found to be equally as 
effective as the higher dose but with fewer side effects.

Abiraterone

Abiraterone acetate, an inhibitor of cytochrome P 17 is a key enzyme in 
androgen and oestrogen biosynthesis. Around 60– 70% of breast can-
cers are thought to be androgen receptor- positive; however, the role of 
the androgen receptor in breast cancer remains incompletely under-
stood and to date no role for abiraterone has been identified in treating 
hormone- receptor- positive breast cancer. A  large, phase II trial did 
not demonstrate any difference between single agent exemestane or 
exemestane, abiraterone, and prednisolone. More work is needed to 
identify potential roles, if any, for abiraterone in breast cancer.

Endocrine Resistance

Despite adjuvant chemotherapy and endocrine therapy, a proportion 
of patients with ER- positive breast cancer will still relapse and ul-
timately die of the disease. Further developments depend on finding 
methods to prevent and overcome resistance to endocrine therapy.

Endocrine resistance may occur either initially (de novo) or sub-
sequently (acquired). Exposure to long- term oestrogen deprivation 
and subsequent development of acquired resistance may be accom-
panied by adaptive increases in oestrogen receptor gene expression 
and intercellular signalling, resulting in hypersensitivity to low oes-
tradiol levels.

HER2

HER2 has been implicated in the development of endocrine resist-
ance. Combining endocrine therapy with agents targeted against 
HER2 such as trastuzumab or lapatinib has shown advantages in 
progression- free survival (PFS) and clinical benefit rates, although 
these are relatively modest [41, 42].

mtOR

The phosphoinositide 3 kinase (PI3K)/ AKT/ mammalian target 
of rapamycin (mTOR) pathway has also been investigated in nu-
merous preclinical models.

In advanced breast cancer in postmenopausal women a phase 
III randomized trial, BOLERO- 2 showed improved PFS (15.2 vs. 
4.2 months) in patients receiving everolimus plus exemestane com-
pared with exemestane alone [43]. This confirms the preclinical ra-
tionale for cotargeting these pathways.

This study led to the approval of everolimus plus exemestane in 
patients with ER+ve, HER2– ve breast cancer who had progressive 
disease with non- steroidal AIs.

Everolimus is currently also being evaluated in the adjuvant set-
ting for early breast cancer (NCT01805271).

cDK4/ 6

Another pathway involving cyclin- dependent kinases 4 and 6 
(CDK4 and CDK6) which promote tumour growth has also been 
implicated in the development of endocrine resistance. In the 
PALOMA- 3 phase 3 study women were randomized to receive ei-
ther palbociclib, an oral CDK4 and CDK6 inhibitor with fulvestrant 
or fulvestrant alone [44]. The combination arm showed significantly 
longer PFS (9.2 months vs. 3.8 months) and was well tolerated in the 
trial population.

The sister PALOMA- 2 study investigated the addition of 
palbociclib to letrozole in the first- line setting for metastatic or ad-
vanced breast cancer and demonstrated improved PFS from 14.5 to 
24.8 months [45]. This was the longest PFS ever reported in the first- 
line setting and has led to the adoption of letrozole + palbociclib 
as first- line treatment in metastatic breast cancer. Premenopausal 
women are given Zoladex alongside this combination.

Ribociclib, a CDK 4/ 6 inhibitor has recently been approved by the 
US Food and Drug Administration (FDA) for the use in combin-
ation with AI in postmenopausal women with hormone- receptor- 
positive, HER2 negative advanced breast cancer following results 
from the MONALEESA- 2 study. In this study patients received 
either ribociclib + letrozole or placebo + letrozole. Improvements 
were seen in PFS and ORR [46].

Further progress will depend on understanding the mechanisms 
behind the development of endocrine resistance and the compensa-
tory pathways that emerge in individual patients. The identification 
of biomarkers predictive of response will allow better selection of 
patients for treatment with specific combinations of targeted and 
endocrine therapies.

conclusions

Adjuvant endocrine therapy for early breast cancer has led to sig-
nificant improvements in both DFS and OS and is generally a well- 
tolerated treatment. The EBCTG [1]  confirmed that 10  years of 
tamoxifen reduces both the annual recurrence rate and the breast 
cancer mortality rate.

In postmenopausal patients, AIs either upfront or in sequence 
offer further incremental benefits over tamoxifen. Ovarian suppres-
sion has shown clinical benefit in women aged under 35 and those 
at high risk of developing recurrent disease. Alongside this AIs 
have also demonstrated benefits in preventing disease recurrence 
in younger, premenopausal women in terms when used alongside 
ovarian suppression. AIs have had a major impact on the treatment 
of breast cancer and further progress depends on understanding the 
mechanisms that underlie the development of endocrine resistance. 
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Clinical trials examining the use of targeted agents as a means to 
overcome resistance are challenging given that compensatory path-
ways probably vary over time and from patient to patient. The 
identification of biomarkers will help to define which tumours are 
most likely to respond to particular treatments. Key aspects to be 
addressed in future will be the best trial design with appropriate 
target selection and patient selection with activation of the relevant 
target. Ultimately, this should help identify which patients benefit 
most from specific drug combinations and over the next few years 
we should learn whether this combination approach, of endocrine 
therapy with the new generation targeted agents, leads to significant 
improvements in the treatment and survival of hormone- positive 
breast cancer.
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Introduction

Despite tremendous advances in diagnosis and treatment, resulting 
in 51% decline in death rates from 1993 to 2016 [1] , prostate cancer 
(PCa) remains the second leading cause of cancer- related death in 
American men. The American Cancer Society estimates 174  650 
new cases and 31 620 deaths from the disease in 2019. Around 10% 
of men will be diagnosed with PCa during their lifetime, and for 
approximately 1 man in 40 this disease will be fatal [1]. As is the 
case for many cancers, ageing is one of the most significant risk fac-
tors for PCa. PCa develops mainly in older men, with a significantly 
higher frequency in African- American men. Diagnosis rarely oc-
curs in men younger than 40 years old, with the majority of new 
cases diagnosed between the ages of 65 and 79. Current data suggest 
that only up to 10% of PCa cases are hereditary especially in early 
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onset disease [2], while other risk factors proposed in some studies, 
such as smoking and excess body weight, have not been universally 
accepted [1– 3].

Androgens are indispensable for prostate development and 
normal function, including normal turnover of prostatic cells 
[4] . With age, the homeostatic balance between proliferation 
and cell death can become perturbed, giving rise to several ab-
normalities. For example, benign prostatic hyperplasia (BHP), 
occurring mostly in the transition zone of the prostate, is char-
acterized by accelerated proliferation of stromal components 
and not considered to be a precursor of PCa [5]. Other disorders 
include proliferative inflammatory atrophy (PIA) and prostatic 
intraepithelial neoplasia (PIN). These selectively develop in the 
peripheral zone of the prostate and manifest through prolifer-
ation of luminal and basal epithelia (PIA) or hyperproliferation 
of luminal cells (PIN) [6]. High- grade PIN, in particular, ex-
hibits some biochemical, genetic, and phenotypical character-
istics of prostate cancer, and generally is accepted as the main 
premalignancy of the prostate [7].

The central feature of prostate cancer is a profound dependency 
on androgens. It was reported in 1941 by Huggins and Hodges that 
surgical castration, or orchiectomy, lead to significant decrease 
in primary tumour size and alleviation of symptoms in patients 
with metastatic prostate cancer. In the following years, feasibility 
of medical castration using inhibitors of steroid synthesis, which 
drastically reduce the levels of serum androgens, was established. 
Treatments leading to depletion of testosterone were appropriately 
termed androgen deprivation therapy (ADT). With the discovery 
and characterization of the androgen receptor (AR) as the crucial 
cellular mediator of androgen function during prostate tumorigen-
esis and disease progression, another promising avenue to combat 
PCa by directly targeting AR became the focus of vigorous research. 
As a result, a new class of therapeutics, androgen receptor antagon-
ists, or antiandrogens, was developed and introduced into clinical 
usage [8] .

Improvements in diagnostic capability, including development 
of the widely used test for prostate- specific antigen (PSA) in patient 
sera, contributed to earlier detection of PCa with the majority of 
new cases reported at the stage of local, organ- confined disease [1] . 
While localized tumours are successfully treated by either surgery 
or radiation (5- year survival rate of nearly 100%), patients diag-
nosed with locally advanced or metastatic disease harbour a less fa-
vourable prognosis (30% 5- year survival rate) [1]. As a first line of 
therapeutic intervention, patients with disseminated PCa undergo 
ADT alone or in combination with fist- generation antiandrogens 
(NCCN 2018 [9]). This approach is effective and results in substan-
tial disease regression in the majority of patients. Unfortunately, 
these treatment strategies are not curative; recurrence is typically 
observed after 2– 3 years and the disease progresses to a lethal stage 
termed castration- resistant prostate cancer (CRPC). CRPC retains 
dependency on AR, which is reactivated through multiple mechan-
isms and is able to sustain PCa growth despite low to undetectable 
levels of serum androgens [10]. Consequently, treatment of non- 
metastatic CPRC continues to include ADT, to maintain castrate 
levels of testosterone, with addition of second- generation AR ant-
agonists (e.g. enzalutamide, apalutamide) or inhibitors of steroid 
metabolism (abiraterone), whereas combinatorial strategies for 
metastatic CRPC (mCRPC) include secondary hormonal therapy 

along with chemotherapy (docetaxel), immunotherapy (sipuleucel- 
T) or Radium- 223 (NCCN 2018 [11]). Importantly, resistance to 
secondary hormonal therapy develops in mCRPC patients and 
results in a particularly aggressive disease course. Identifying the 
mechanisms that result in antiandrogen resistance continues to be 
an active area of research. Another detrimental result of persistent 
inhibition of AR signalling is emergence of tumours bearing some 
neuroendocrine characteristics, neuroendocrine PCa (NEPC), 
which may account for up to 15% of mCRPC tumours, while the de 
novo NEPC is extremely rare [12]. Tumours that no longer respond 
to hormonal therapy are treated with radiation, chemotherapy 
(platinum compounds in addition to docetaxel), and immuno-
therapy (NCCN 2018).

Essentially, PCa presents as a spectrum of diseases. The latest 
World Health Organization classification of PCa recognizes several 
types and subtypes of this malignancy which exhibit varying mo-
lecular, histopathological, and clinical characteristics [13]. Despite 
this heterogeneity, ADT and AR targeting remains the cornerstone 
of treatment for the locally advanced PCa, metastatic PCa, and 
CRPC, and more recently was utilized at the early stages of the dis-
ease [8, 14] (NCCN 2018). The subject matter of hormonal therapy 
in PCa has been extensively reviewed. Here, we are presenting an 
overview of the topic and latest data, with numerous excellent re-
views cited throughout the chapter.

Androgen Receptor

AR Structure and Function

AR (NR3C4, nuclear receptor subfamily 3, group C, gene 4)  is a 
ligand- dependent transcription factor belonging to a family of 
steroid hormone nuclear receptors that also includes oestrogen 
(ER) and glucocorticoid (GR) receptors, among others [15]. The 
AR gene is located within the X chromosome at Xq11- Xq12 and 
consists of 8 exons, spanning 2757 nucleotides, and 7 introns of 
varying length. The gene encodes for a 110 KDa protein comprised 
of 919 amino acid residues. Three major functional domains are 
recognized in AR (Figure 13.2.3.1a): the N- terminal transcriptional 
regulation domain (NTD), the DNA- binding domain (DBD) and 
the C- terminal ligand- binding domain (LBD). DBD and LBD are 
connected by short hinge region [15, 16].

The NTD is the largest and most variable domain of AR (amino 
acid residues 1– 555). The NTD is a transactivation domain which 
binds to coactivators of the p160 family and basal transcription 
factors, TATA- box- binding protein (TBP), and TFIIF [15,  16]. 
The NTD also interacts with LBD, and this N- to- C- terminal 
interaction is requisite for maximal AR transcriptional activation 
function. The AR interacts with chromatin remodelling factors, 
such as components of the SWI/ SNF complex, splicing factors, 
histone modifying enzymes involved with acetylation and methy-
lation, DNA repair proteins, chaperones, cytoskeletal proteins, 
signal transduction proteins, as well as the ubiquitin/ proteasome 
pathway [17]. Within the NTD, the region including amino acid 
residues from 142 to 485, termed activation function 1 (AF- 1) 
is responsible for ligand- independent transcriptional activity of 
AR and is crucial for maximal AR activation. The NTD is char-
acterized by the presence of variable polyglutamine (CAG) and 



13.2.3 Hormonal Therapy for Prostate Cancer 1791

polyglycine (GGC) repeats, the lengths of which affect the con-
formation of the NTD and its interaction with protein partners, 
consequently impacting transcriptional activity of AR: shorter re-
peats are associated with higher AR activation, and longer repeats 
with reduced AR activation [15].

The DBD is a highly conserved cysteine- rich region (residues 
556– 623), which binds to AR- responsive elements (ARE) in the 
promoters and enhancers of target genes. Canonical ARE con-
sists of two identical inverted half- sites 5’- AGAACA- 3’, separ-
ated by three nucleotides, and can be bound by AR and other 
nuclear receptors. The advent of next- generation sequencing and 
its application to ChIP (ChIP- Seq) greatly expanded the know-
ledge of the AR cistrome, identifying not only classic and AR- 
specific selective AREs (5’- GGTTCT- 3’ or canonical hexamer in 
direct orientation), but a variety of binding sites with nucleotide 
changes, half- sites and agonist-  and antagonist- liganded AREs 
[15, 16], revealing the underlying basis of the capacity of AR to 
initiate diverse specific transcriptional programmes alone or in 
cooperation.

The LBD (residues 666– 919) has the conformation of a three-
fold sandwich comprised of eleven α- helices and four β- strands, 
forming a ligand- binding pocket. This domain also contains the 
ligand- dependent second activation function (AF2), part of which 
serves as a ‘lid’ closing after ligand binding [16].

In the inactive state, AR is sequestered in the cytoplasm in com-
plex with inhibitory heat shock proteins (Hsp90, Hsp70, and p23). 
Ligand binding elicits conformational changes in AR and dissoci-
ation from chaperones, leading in turn to exposure of the nuclear lo-
calization signal situated between DBD and the hinge region of the 
protein. AR is then transported to the nucleus where it undergoes 
posttranscriptional modifications and dimerization, followed by 
binding to androgen receptor- responsive elements and coregulators 
through the zinc- finger of the DBD and AF1/ AF2 regions, respect-
ively (Figure 13.2.3.2a). The sum of these events leads to AR ini-
tiating a transcriptional programme that mediates a number of 

biological processes, including cell growth and proliferation, cell 
cycle progression, protein synthesis, and cell survival. AR- regulated 
target genes include KLK3 (encoding PSA), and serum PSA is used 
in PCa diagnosis and monitoring PCa progression. Dissociation of 
ligand from the LBD results in the export of AR from the nucleus. 
In the healthy, non- transformed prostate, AR controls secretion of 
prostate- specific proteins, regulates lipid metabolism, and normal 
growth of prostatic epithelium in response to hormone [15, 16].

Androgen Receptor in Progression to cRPc

The molecular underpinnings of prostate tumorigenesis have 
been better defined in the last decade, as a result of rigorous 
scientific research and emergence of next- generation sequen-
cing. Detailed analyses of genomic alterations in primary PCa 
revealed the most frequent genomic aberration— fusion of the 
AR- regulated TMPRSS2 gene promoter with the coding regions 
of ETS (E26 transcription specific) oncogene family members, 
mostly with ERG, which is present in nearly 60% of primary 
tumours, and also were detected in high- grade PIN cases [18]. 
These fusions amplify AR signal leading to accelerated growth of 
prostate epithelium. The ETS- fusion- negative tumours harbour 
mutually exclusive mutations of SPOP, FOXA1, and IDH1 [18], 
and form a distinct group of PCa. ETS fusions and SPOP muta-
tion occur early in PCa oncogenesis, followed by alterations of 
CDKN1B, MED12, TP53, and PTEN. Additional clinically rele-
vant genes that are mutated in primary PCa, although at lower 
frequency, include:  ATM, CTNNB1, BRAF, HRAS, and AKT1 
[18]. Together these genetic aberrations contribute to prostate 
tumorigenesis through deregulation of cell cycle, DNA repair, cell 
proliferation, and cell death.

The majority of hormone- sensitive PCa tumours respond well 
to ADT, but inevitably develop castration resistance, while still 
remaining AR- dependent [10]. Androgen withdrawal serves as a 
selective pressure that forces the initiation of numerous adaptive 
molecular alterations that allow PCa to survive in castrate condi-
tions and to resume growth under control of reactivated AR. The 
molecular mechanisms of CRPC development include AR gene 
amplification and AR overexpression, altered expression and func-
tion of AR coactivators/ corepressors, ligand- independent AR ac-
tivation, gain- of- function mutations, constitutively active splice 
variants that lack the LBD, and intratumoral androgen synthesis 
[19] (Figure 13.2.3.2b). Gain- of- function mutations of the AR gene 
predominantly occur in the LBD (Figure 13.2.3.1c), and result in 
AR activation by alternative ligands, such as:  progesterone, oes-
trogen, and antiandrogens (T878A, H875Y, W742C, F877L), or by 
glucocorticoids (H875Y, L702H). As such, AR gene mutations pre-
sent a major clinical challenge [20]. The best described AR splice 
variant, constitutively, but weakly active AR- V7 (Figure 13.2.3.1b), 
confers resistance to ADT and is associated with short time to re-
lapse after surgery, faster progression to CRPC and poor prognosis 
[20], and was recently shown to repress the expression of tumour 
suppressor genes [21]. AR splice variants AR- V567es, AR- V3, 
AR- V9, and AR- V12 are also clinically relevant: they are enriched 
in mCRPC and have been shown to contribute to a resistance to 
ADT [20]. In addition to AR axis dysregulation, other fundamental 
pathways are perturbed in CRPC. The most significant abnormal-
ities enriched in CRPC include:  hyperactivation of PI3K- AKT- 
mTOR pathway due to PTEN deletion/ inactivation and genomic 
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Figure 13.2.3.1 Androgen receptor structure (a), AR splice variants 
(b), and gain- of- function mutations (C). NTD, N- terminal transcription 
regulation domain; DBD, DNA- binding domain; H, hinge domain; LDB, 
C- terminal ligand- binding domain; AF1, activation function 1; AF2, 
activation function 2; NLS, nuclear localization signal; NES, nuclear 
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aberrations of kinases themselves, mutations of several DNA repair 
genes (BRCA1, BRCA2), deletions (RB1, CDKN1) or amplifications 
(CDK4) of cell cycle regulators, and changes in histone modifiers 
[22]. Collectively, these genomic aberrations constitute the distinct 
genetic makeup of CRPC, and may provide markers of progression 
as well as uncover novel nodes of therapeutic intervention.

Deregulated cell proliferation is a hallmark of cancer, and one 
mechanism of unchecked cell growth is loss of RB1. In PCa, de-
regulation of RB results in unique consequences. Knockdown of 
RB1 results in an elevation of AR mRNA expression driven by the 
oncogenic transcription factor E2F1. This elevation of AR mRNA 
corresponds to aberrant heightened AR protein expression, which 
in turn results in castration- resistant AR function and CRPC in vivo 
[23]. While canonically, it is thought that RB loss results in uncon-
trolled cell proliferation, in the context of clinical PCa, there is no 
correlation between RB loss and a hyperproliferative phenotype 
[24]. Importantly, genomic aberrations (copy number alterations 
and structural variants) of RB1 that render the RB protein inactive 
occur frequently in metastatic CRPC [25]. RB protein expression is 
heterogenous in PCa, RB1 deletions are common in aggressive hor-
mone therapy- sensitive PCa and more frequent in CRPC [25]. As 
such, deregulation of RB is frequent in PCa and results in deranged 
AR function and CRPC phenotypes.

Hormonal therapy of Prostate cancer

Androgen Deprivation

Regulation of steroid hormones:  Testosterone (T)  plays a cen-
tral role in normal development of the male reproductive system, 
including the prostate, secondary sexual characteristics, and sexual 
behaviour. Levels of circulating T in healthy adult males can range 
from 2.6 to 9.6 ng/ ml. Systemically levels of T are tightly regulated 
in a pulsatile manner and T biosynthesis is induced when the serum 
concentration falls below normal levels. T biosynthesis is a multi-
stage process initiated in the hypothalamus, with the production 
of luteinizing hormone- releasing hormone (LHRH), also known 
as gonadotropin- releasing hormone (GnRH). GnRH induces the 
pituitary gland to release luteinizing hormone (LH) and follicle- 
stimulating hormone (FSH), which in turn activate synthesis of T by 
Leydig cells in the testes [26]. Increased levels of testosterone lead 
to inhibition of LH and FSH release through a negative feedback 
loop mechanism, thus concluding the cycle of androgen regulation 
(Figure 13.2.3.3a). More than 95% of T is synthesized in the testes, 
with remaining T produced in the adrenal glands. Consequently, 
orchiectomy leads to dramatic decrease in circulating testosterone, 
with concentrations as low as 0.2  ng/ ml [27]. In the prostate, 

Figure 13.2.3.2 (a) Androgen receptor signalling in prostate cancer cells: testosterone (T) enters prostate cancer cells and is converted to the 
more potent androgen receptor (AR) ligand dihydrotestosterone (DHT) by 5α reductase. DHT then binds to the ligand- binding domain (LBD) of AR, 
eliciting conformation changes that release AR from inhibitory heat shock proteins (HSPs), thus permitting nuclear translocation. Once in the nucleus, 
AR binds to androgen- response elements (AREs) and recruits coregulators (including coactivators; CoAs) to elicit a transcriptional programme that 
includes genes that encode for secreted proteins, proliferation/ cell survival genes, and DNA repair genes. (b) Mechanisms of androgen receptor 
reactivation in CRPC (castration- resistant prostate cancer). Cartoons indicate the six non- mutually exclusive mechanisms that have been reported to 
lead to androgen receptor (AR) reactivation in CRPC. Coactivators, CoAs; Corepressors, CoRs; Me, methylation; acetyl, acetylation; sumo, sumoylation; 
Ub, ubiquitylation; PO4, phosphorylation; T, testosterone.
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testosterone is converted by 5α- reductase (SRD5A) to more potent 
metabolite, 5α- dihydrotestosterone (DHT), followed by activation 
of downstream signalling through AR.

Inhibitors of testosterone Synthesis through LHRH

Means of systemic testosterone depletion include both agonists and 
antagonists of GnRH. Agonists bind to and activate pituitary GnRH 
receptors, initially increasing LH and FSH release resulting in ele-
vated testosterone levels. However, as a result of persisting activa-
tion, GnRH receptors become desensitized to the stimulus, which 
leads to a drop in LH and FSH secretion, effectively reducing an-
drogen synthesis [26]. GnRH agonists are structurally similar to 
endogenous decapeptide hormone with slight modifications, such 
as amino acid substitution or alkylation. GnRH agonists currently 
used in clinic are leuprorelin, goserelin, triptorelin, and buserelin. 
Although all of the commercially available GnRH agonists were 
shown to achieve comparable castration levels of plasma testos-
terone, defined generally as less than 0.5  ng/ ml [27], leuprorelin 
(also known as leuprolide) is the GnRH agonist most often pre-
scribed in the clinic. Leuprolide was approved by the US Food and 
Drug Administration (FDA) in 1985, and serves as the primary 
ADT agent for both locally advanced and metastatic PCa (NCCN 
2018). When delivered as subcutaneous implant, leuprolide causes 
a decrease of T to castrate level in 2– 4 weeks, which can be main-
tained for up to 8 months, depending on formulation and treatment 
needs [28]. Adverse effects of GnRH agonists are due to low an-
drogen levels, and include hot flashes, fatigue, anaemia, and de-
creased libido. Other detrimental effects, such as bone density loss, 

metabolic, cognitive, and cardiovascular events, including higher 
incidence of pulmonary embolism and stroke, were also observed 
upon treatment with GnRH agonists alone or in combination with 
antiandrogens. Initial elevation of T levels, so called testosterone 
flare, was considered a potential risk of driving disease progression, 
both at early stages and in advanced PCa. However, this view has 
evolved, as there is no definitive evidence that demonstrate direct 
consequences of testosterone flare on disease progression [29]. 
Nevertheless, to alleviate adverse effects of testosterone flare, pre-
treatment with or concomitant administration of first- generation 
antiandrogens are approved (NCCN 2018).

GnRH antagonists act as direct GnRH receptor blockers, effect-
ively inhibiting the downstream signalling of the pituitary gland, 
leading to decreased T release by the testes without the negative 
effects of testosterone flare. The first GnRH antagonist, abarelix, 
was approved by FDA in 2004, but despite some beneficial features, 
was later withdrawn from the clinic in the United States. Currently, 
degarelix acetate is the only GnRH antagonist approved by FDA 
for a treatment of advanced PCa. Degarelix is a decapeptide ana-
logue of endogenous GnRH, which was shown to suppress T pro-
duction with an equal efficacy but more rapidly than leuprorelin, 
reaching castrate levels of the androgen within as few as 72 hours 
and maintaining them for up to a year when delivered monthly [30]. 
The main side effect of degarelix is injection site reaction. Multiple 
studies to interrogate efficacy and safety of degarelix versus GnRH 
agonists showed longer progression- free and overall survival in pa-
tients treated with the antagonist [30]. There is an ongoing contro-
versy regarding the use of GnRH antagonists versus agonists, and 
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degarelix is yet to equal leuprorelin for use in the clinic, but the 
results of clinical trials, completed and ongoing, indicate its future 
wider use in all stages of the PCa [31]. The main limiting factor for 
use of the peptide GnRH antagonists is low solubility and short half- 
life, mandating frequent injections. To address the disadvantage of 
peptide- based therapies, development of non- peptide GnRH ant-
agonists is a field of current research effort. One of the non- peptide 
GnRH antagonists potentially effective in the treatment of PCa, is 
the oral thienopyridine compound relugolix, TAK- 385 [32] (Figure 
13.2.3.4). In phase I  and II clinical trials, when given as a tablet 
once daily, relugolix demonstrated an adequate safety profile and 
achieved castrate T levels as quickly as degarelix, and much faster 
than leuprorelin (NCT02141659, NCT02135445, NCT02083185). 
Relugolix is currently in phase III clinical trial in men with ad-
vanced PCa, to evaluate retaining of castration in comparison to 
leuprorelin (NCT03085095). Both GnRH agonists and antagonists 
curtail gonadal T synthesis without impacting T production by ad-
renal glands.

testosterone Biosynthesis

T is synthesized from cholesterol, the common precursor of steroid 
hormones, in a cascade of reactions mediated by several enzymes 
[33] (Figure 13.2.3.3b). Mitochondrial CYP11A1, a cholesterol side 
chain cleavage enzyme, converts cholesterol into pregnenolone 
in three sequential steps. The remainder of T biosynthesis occurs 
in the endoplasmic reticulum. 3β- hydroxysteroid dehydrogenase 
(HSD3B) catalyses the processing of pregnenolone into proges-
terone, which is crucial for the biosynthesis of all steroid hor-
mones. Cytochrome P450 17α- hydroxylase/ 17,20- lyase (CYP17A1) 
possesses dual enzymatic activity, first acting as 17α- hydroxylase 

and then as 17,20- lyase to mediate conversion of pregnenolone 
to 17αOH- pregnenolone, and of 17αOH- pregnenolone to 
dehydroepiandrosterone (DHEA), respectively. 17β- hydroxysteroid 
dehydrogenase 3 (HSD17B3) mediates final step from androstene-
dione to testosterone. Once synthesized, T is metabolized into DHT 
by 5α- reductases [33]. Several small molecules, mostly inhibitors of 
CYP17A1, were developed and introduced to the clinic to further 
suppress gonadal T synthesis, which are also capable of inhibiting 
adrenal and intratumoral androgen synthesis. The problem arising 
from full inhibition of CYP17A1 is that its 17α- hydroxylase activity 
is necessary for biosynthesis of corticosteroids, namely cortisol, 
from 17αOH- progesterone, but not for mineralocorticoids pro-
duced downstream of progesterone (Figure  13.2.3.3b). Inhibition 
of 17α- hydroxylase leads to suppression of cortisol and abrogation 
of negative feedback loop to regulate pituitary adrenocorticotropic 
hormone (ACTH), in turn resulting in abnormal activation of 
steroidogenic pathway and excess of mineralocorticoids. Thus, there 
is a need for clinically active CYP17A1 inhibitors with strong speci-
ficity towards its 17,20- lyase function, which so far was not fulfilled 
despite several promising candidates briefly described next [34].

Inhibitors of testosterone Synthesis

Ketoconazole, a synthetic imidazole compound (Figure 13.2.3.4), is 
a non- specific cytochrome P450 inhibitor approved for a treatment 
of multiple fungal infections. The inhibitory effects of ketoconazole 
on steroidogenesis were reported in 1982, leading to off- label use in 
CRPC patients. Ketoconazole potently inhibits CYP17A1, resulting 
in a substantial decrease of T levels within 2 to 8 hours, but the 
effect is short- lived [34, 35]. However, by also inhibiting CYP3A, 
CYP11A, and CYP24A, ketoconazole impinges on multiple 

Figure 13.2.3.4 Chemical structure of GnRH antagonist relugolix, CYP17A1 inhibitors, and second- generation AR antagonists.
Taken from original publications and https:// pubchem.ncbi.nlm.nih.gov.
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oxidative reactions catalysed by cytochromes, including poten-
tially adversely modulating drug- drug interactions, although that 
remains controversial. Ketoconazole was also linked to a significant 
hepatic toxicity, which caused FDA to issue a safety announcement 
regarding the use of ketoconazole as an antifungal agent in 2013. 
In PCa, several studies of ketoconazole as monotherapy showed 
that, while not prolonging overall survival (OS), ketoconazole dem-
onstrated acceptable toxicity and moderate efficacy in decreasing 
PSA levels and extending time to PSA progression. It also demon-
strated clinical activity in combination with docetaxel [35]. While 
the newer and more effective agent, abiraterone acetate, has become 
the leading therapeutic for inhibition of T biosynthesis in mCRPC, 
ketoconazole is still considered a low- cost option for treatment of 
patients with non- metastatic CRPC or in cases of mCRPC when 
standard therapies are not available (NCCN 2018) [35].

Based on the earlier studies with ketoconazole, inhibition of 
CYP17A1 was identified as a valid approach to inhibit T biosyn-
thesis in PCa treatment. Search for a less toxic alternative led to the 
development of abiraterone acetate in the mid- 1990s. Abiraterone 
acetate (Figure 13.2.3.4), an oral pregnenolone derivative and ir-
reversible inhibitor of CYP17A1, showed potent downregulation 
of both 17α- hydroxylase and 17,20- lyase activities in preclinical 
studies [36]. Treatment with abiraterone acetate suppresses cor-
tisol synthesis and can result in mineralocorticoid excess syndrome 
(MES), which is minimized by concomitant administration of pred-
nisone. The mechanism of abiraterone acetate function has been 
well studied. Clinical development of abiraterone acetate progressed 
rapidly from initial phase I trials in 2008 through phase II studies 
to a ground- breaking phase III trial, COU- AA- 301 (NCT00638690) 
which demonstrated prolonged OS (4.6 months) with abiraterone 
acetate versus placebo in post- docetaxel mCRPC patients [37]. The 
following phase III trial in chemotherapy- naïve mCRPC patients 
showed similar effects of abiraterone acetate on OS (NCT00887198) 
[37]. After approval by FDA in 2011, abiraterone acetate was evalu-
ated in combination with ADT in patients with hormone- sensitive 
metastatic PCa in two large randomized trials, LATITUDE 
(NCT01715285) and STAMPEDE (NCT00268476), both con-
firming significant improvement in progression- free survival (PFS) 
and OS in the ADT/ abiraterone arm as compared to ADT alone 
[38, 39]. Subsequently, hundreds of clinical studies were completed 
worldwide, with over 100 active and recruiting trials just in the 
United States currently involving abiraterone, alone or as a com-
plement to a standard ADT, in combination with chemotherapy, ra-
diation, and second- generation antiandrogens at various stages of 
the disease. In addition to abiraterone- induced mineralocorticoid 
excess characterized by hypertension, fluid retention, and hypo-
kalaemia [37,  38], and the undesirable side effects of continuous 
use of corticosteroids, a major limiting factor for abiraterone 
therapy is primary or acquired resistance. Molecular mechanisms 
of abiraterone resistance includes upregulation of intratumoral an-
drogen synthesis, AR mutations, AR splice variants (AR- V7 and 
AR- V3, in particular), and glucocorticoid receptor overexpression, 
among others [40].

Galeterone (TOK- 001) is an oral 17- heteroazole steroid ana-
logue (Figure 13.2.3.4) which was developed as a potent inhibitor 
of CYP17A1 with a 3- fold selectivity towards 17,20- lyase activity. 
Subsequently, galeterone was confirmed as an antiproliferative agent 
for PCa in vitro and in vivo, and as an antagonist of both wild- type 

and mutant (T878A) AR [41]. In addition, galeterone prevents nu-
clear translocation and induces effective degradation of both FL- AR 
(full- length AR) and AR- V7 splice variant [34, 41]. These preclin-
ical data demonstrating the ability of galeterone to disrupt androgen 
signalling on multiple levels, without significantly reducing cor-
tisol, were highly encouraging. As a compound structurally similar 
to DHEA, galeterone was shown to be metabolized by HSD3B to 
Δ4- galeterone, which is as effective against steroidogenesis and 
AR signalling as galeterone in vitro and in vivo. However, fur-
ther conversion by SRD5A abrogates AR inhibitory activity of re-
sulting metabolites, which potentially can compromise clinical 
efficacy of the drug [42]. The FDA granted Investigational New 
Drug status to galeterone in 2009, leading to clinical phase I and II 
trials, the ARMOR1 and two- part ARMOR2 trials (NCT00959959, 
NCT01709734) to assess safety and efficacy of oral galeterone in 
CRPC patients. Treatment was well tolerated and lead to a more 
than 50% PSA decline (PSA50) in 70% of patients (combined 
ARMOR1 and ARMOR2 Part 1) [43]. Data from ARMOR2 Part 2 
were presented at the twenty- third EACR Congress: galeterone not 
only lead to PSA50 levels in 75% of M0 and M1 treatment- naïve 
CRPC patients, but also resulted in measurable PSA decreases in 
the abiraterone- refractory cohort. More importantly, in 83% of 
the AR splice variant positive patients, as measured in circulating 
tumour cells, PSA50 levels were achieved, confirming preclinical 
data on efficacy of galeterone towards truncated AR variants [43]. 
However, ARMOR3- SV (NCT02438007), a phase III trial initiated 
in 2015 to compare galeterone with enzalutamide in mCRPC pa-
tients expressing AR- V7, was terminated due to a low probability 
of achieving the primary outcome of radiographic progression- free 
survival (rPFS) of more than 8 months.

Orteronel (TAK- 700) is a non- steroidal imidazole derivative 
(Figure 13.2.3.4) with 5- fold increased selectivity towards CYP17 
17,20- lyase. It has shown potent downregulation of DHEA and 
TT levels in in vitro and in vivo preclinical studies without cortisol 
suppression [34, 44]. Subsequently, in several phase I and phase II 
clinical trials in metastatic and non- metastatic CRPC, orteronel was 
well tolerated and demonstrated an effective decrease in TT, DHEA, 
and PSA levels as monotherapy and in combination with prednisone 
or docetaxel/ prednisone [34,  45]. Orteronel then quickly moved 
into phase III trials. In the phase III ELM- PC 4 randomized trial 
(NCT01193244) orteronel was compared to a placebo, both given 
with prednisone, in chemotherapy- naïve patients [34, 37]. Primary 
endpoints for this trial were rPFS and OS. The phase III randomized 
ELM- PC 5 trial (NCT01193257) assessed the same combinations in 
mCRPC patients progressed after docetaxel, with OS as a primary 
endpoint [34, 37]. In both trials, orteronel demonstrated acceptable 
tolerance, significant PSA responses, and improved rPFS as com-
pared to placebo. However, there was no improvement in OS, which 
led to a decision to unblind phase III studies and terminate further 
development of orteronel by the manufacturer, causing termin-
ation or withdrawal of several trials (clinicaltrials.gov). Despite not 
meeting the endpoint of OS in the aforementioned studies, orteronel 
has shown significant improvement in event- free and rPFS (8.5 vs. 
2.9 months as compared to placebo) in patients with mCRPC who 
had stable disease after docetaxel therapy [46]. Currently, two phase 
III randomized clinical trials are still ongoing: one comparing LHRH 
agonist/ orteronel and LHRH agonist/ bicalutamide combinations in 
patients with newly diagnosed metastatic PCa (NCT01809691) and 
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another to assess addition of orteronel to dose- escalated radiation 
therapy in combination with standard ADT (GnRH agonists and 
antiandrogens prior to RT) in men with high- risk prostate cancer 
(NCT01546987). The primary outcome measure for both trials is 
OS. The results of these trials will indicate the feasibility of orteronel 
for use in both early and advanced PCa.

VT- 464 (also marketed as seviteronel) is another novel non- 
steroidal oral triazole- based (Figure 13.2.3.4) small molecule in-
hibitor of CYP17A1 17,20- lyase activity. In preclinical studies, 
VT- 464 showed an effective decrease of T concentrations in vivo 
without significant increases in progesterone and ensuing mineralo-
corticoid overproduction. VT- 464 has demonstrated greater inhib-
ition of androgen synthesis in CRPC and enzalutamide- resistant cell 
models as compared to abiraterone acetate. In addition, more potent 
inhibition of AR transactivation and decrease of AR- regulated pro-
teins, including PSA, were observed, indicating that VT- 464 acts 
as AR antagonist in vitro [34, 47]. Maity et al. [48] reported signifi-
cant reduction of serum DHEA and PSA in mCRPC patient, and, 
using patient- derived xenograft (PDX) mouse models, demonstrated 
decreased tumour volume, downregulation of androgens, and in-
hibition of AR signalling equal or superior to abiraterone acetate. 
Notably, AR antagonism by VT- 464 in vitro was demonstrated for 
full- length T878A AR mutant but not AR- V7, indicating efficacy 
against ligand- dependent AR functions. VT- 464 has been evaluated 
in several recently completed open label phase I/ II clinical trials for 
safety, tolerability, and efficacy in chemotherapy- naïve CRPC patients 
(NCT02361086) or previously treated with abiraterone, enzalutamide 
or chemotherapy (NCT02361086, NCT02012920, NCT02445976). In 
all studies, VT- 464 was given orally once daily in 28- day cycles without 
steroid coadministration. Primary outcome measures included toler-
ability or proportion of patients reaching PSA50 levels (6 months) and 
median time to radiographic disease progression (10 months). The 
results of two latter trials have not yet been published.

ODM- 204, novel non- steroidal compound, was synthesized with 
the purpose of incorporating a cytochrome binding moiety within 
an antiandrogen (Figure 13.2.3.4), thus enabling dual action against 
both CYP17A1 and AR. ODM- 204 was shown to inhibit CYP17A1 
and reduce testosterone in vitro with lower efficacy than abiraterone 
acetate, but as affectively as galeterone. When assessed for AR bin-
ging and antagonism, ODM- 204 was superior to enzalutamide, the 
leading second- generation antiandrogen. The antiproliferative ef-
fects of ODM- 204 were also demonstrated in vitro and confirmed in 
vivo: in VCaP xenografts, ODM- 204 treatment led to reduction in 
tumour volume in intact and castrated mice with higher efficiency 
than abiraterone acetate [49]. On the basis of these promising pre-
clinical studies, a phase I/ II multicentre trial was initiated in 2015 
to evaluate safety, tolerability, and pharmacokinetics of ODM- 204 
given in combination with prednisone to patients with metastatic 
CRPC (NCT02344017). Early results of this study have reported 
an acceptable safety profile and efficacy in decreasing serum tes-
tosterone and PSA levels, but the unsatisfactory pharmacokinetic 
features of ODM- 204 led to a decision to cease further development 
of this compound [49].

While it is clear that targeting the AR signalling axis has clinical 
benefit in the management of PCa, the main limitation of ADT is 
the development of castration resistance. As such, a greater under-
standing of the mechanisms that lead to therapeutic bypass and 
means to thwart recurrent PCa are urgently needed.

AR Antagonists

Principle of Action

AR antagonists, or antiandrogens, are small molecules that com-
pete with T and DHT for binding to the androgen receptor. 
Antiandrogens differ in chemical structure and efficacy, can exert 
varying side effects, and generally are divided into steroidal and 
non- steroidal compounds [8] . Steroidal antiandrogens, cyproterone 
acetate among others, were shown to effectively block binding of 
endogenous androgens to AR, but with partial agonistic activity 
paired with significant adverse effects prevented their approval by 
the FDA. Development of non- steroidal antiandrogens started in 
the 1960s, and since then efforts have been directed towards de-
velopment of new non- steroidal antiandrogen therapeutics exhib-
iting higher affinity/ specificity for AR, longer half- life, and fewer 
side effects [8].

First- Generation Antiandrogens

The first generation of non- steroidal AR antagonists (flutamide, 
nilutamide, and bicalutamide) bind to the LBD of AR, and thus 
compete for androgen binding to and activation of AR. Compared 
to T and DHT, these compounds have low relative affinity for the re-
ceptor, but based on preclinical studies and clinical trials, each of the 
aforementioned first- generation antiandrogens were FDA approved 
for use in PCa (flutamide, 1989; bicalutamide, 1995; nilutamide, 
1996). However, these compounds also demonstrate partial AR 
agonism, evidenced by the clinical phenomenon of antiandrogen 
withdrawal response, in which upon discontinuation of use of these 
antiandrogens, serum PSA levels rise. As will be described next, 
second- generation antiandrogens have been rigorously developed 
to better target AR directly [8] .

Second- Generation Antiandrogens

Enzalutamide (MDV- 3100) is an oral non- steroidal antiandrogen 
which inhibits AR signalling by blocking the receptor and reducing 
AR nuclear transport, DNA binding, and recruitment of coactivators 
(Figure 13.2.3.4). In preclinical studies enzalutamide demonstrated 
up to 8- fold higher affinity to AR than bicalutamide, and induced 
tumour regression in mouse models of CRPC [50]. In a phase I/ 
II clinical trial in patients that had received prior chemotherapy 
or were chem- naïve, enzalutamide was well tolerated, and demon-
strated inhibition of DHT binding to AR, significant PSA response 
(41 weeks), and prolonged time to PSA progression (21 weeks) [51]. 
These Phase I/ II studies were followed by two large, randomized 
phase III trials: AFFIRM (NCT00974311) [8, 37, 38], in mCRPC pa-
tients treated with prior docetaxel, and PREVAIL (NCT01212991) 
[8, 37,  38], in chemotherapy- naïve mCRPC patients. In both 
trials, enzalutamide demonstrated improved OS, increased time 
to PSA progression and rPFS [37, 52]. Based on the outcomes of 
these trials, enzalutamide was approved by FDA for a treatment 
of mCRPC patients. Subsequently, two more phase II randomized 
studies, STRIVE (NCT01664923) and TERRAIN (NCT01288911) 
in patients with or without metastatic disease showed superiority 
of enzalutamide over bicalutamide, with an average PFS advantage 
of 10 months [8, 37]. More recently enzalutamide was also tested 
as a monotherapy in phase III double- blind, randomized trial in 
non- metastatic CRPC (nmCRPC) patients, where enzalutamide 
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demonstrated significant improvements in metastasis- free survival 
(MFS), PSA progression and time to subsequent therapy (PROSPER, 
NCT02002924) [53]. In 2018, enzalutamide was approved by the 
FDA as a treatment for nmCRPC patients. In addition, two active 
trials are set to evaluate the safety and efficacy of enzalutamide in 
metastatic hormone- sensitive PCa (mHSPC): in the ARCHES trial, 
long- term enzalutamide + ADT will be compared to placebo + 
ADT (NCT02677896), with rPFS as primary outcome at 24 weeks; 
ENZAMET will measure OS with enzalutamide (with LHRH 
agonist) as first- line therapy in comparison to conventional non- 
steroidal antiandrogens (NCT02446405). Preliminary data from the 
ARCHES study show that enzalutamide + ADT significantly im-
proves rPFS (NR versus 19.4 months on placebo), and PSA response 
(undetectable in 68.1% patients vs. 17.6% with placebo), although 
OS data have not been reported to date [54]. Main adverse side ef-
fects of enzalutamide treatment are cardiovascular events and seiz-
ures. Another major limiting factor for enzalutamide efficacy is the 
development of resistance, which is based on both AR- dependent 
and AR- independent molecular mechanisms. AR- dependent mech-
anisms include AR amplification and overexpression, AR splice 
variants (AR- V7), activating mutations (T878A, H875Y, F877L), 
and altered steroidogenesis. Main AR- independent mechanisms are 
overactivation of the glucocorticoid receptor and the PIK3- AKT 
pathway, induction of autophagy, EMT and gain of neuroendocrine 
characteristics [51]. Selected recruiting trials are indicated in Table 
13.2.3.1.

Apalutamide (ARN- 509) is a potent antiandrogen, similar in 
structure and with similar mechanisms of action to enzalutamide 
(Figure 13.2.3.4), which in preclinical studies showed maximal 
suppression of tumour growth at lower doses than enzalutamide. 
Apalutamide also has reduced blood– brain barrier penetrance, 
which may lead to alleviation of the adverse effects of enzalutamide 
on central nervous system [55]. In a phase I  trial in mCRPC pa-
tients, apalutamide was well tolerated and a daily dose of 240 mg 
was recommended for future studies [8] . A Phase II trial expanded 
to three cohorts: patients with nmCRPC, and patients with mCRPC 
with or without prior abiraterone treatment. The primary endpoint 
in the nmCRPC cohort was a change in PSA levels at 12 weeks, and 
the secondary endpoint was median time to PSA progression. At 
12 weeks, 89% of participants reached PSA50, with median time to 
PSA progression of 24 months [8]. For the abiraterone- naïve and 
prior abiraterone mCRPC cohorts, PSA50 was achieved in 88% and 
22% patients, with median time to PSA progression of 18.2 and 
3.7 months, respectively [8].

Results of these studies have become the basis of a pivotal ran-
domized, double- blind, placebo- controlled multicentre phase III 
trial, SPARTAN (NCT01946204) [56], in nmCRPC patients with 
continuing ADT. Primary outcome was MFS, while PFS, time 
to consequent chemotherapy, and OS were among secondary 
endpoints. Apalutamide showed significant improvement over 
placebo, with MFS of 40.5 versus 16.2 months. Time to PSA pro-
gression was not reached in apalutamide arm and was 3.7 months 
in the placebo arm. Adverse effects were slightly higher in the 
apalutamide arm, with the most prevalent being fatigue, rash, and 
hypertension. There were no grade 3/ 4 seizures recorded, since the 
patients with a history or predisposition to seizures were excluded 
from this study. After one year of additional follow- up, PFS2 (PFS 
on subsequent treatment from trial randomization) was evaluated 

and showed that apalutamide continued to be safe and superior 
to placebo:  PFS2 of N/ R versus 39.2  months, respectively [57]. 
Following the outcomes of the SPARTAN trial, apalutamide was ap-
proved by the FDA for a treatment on nmCRPC. A phase III ran-
domized, placebo- controlled, double- blind study to determine if 
the addition of apalutamide to ADT (GnRH agonist or antagonist) 
improves rPFS or OS for participants with mHSPC (TITAN) is 
ongoing (NCT02489318). In another active phase III randomized, 
placebo- controlled, double- blind trial the apalutamide- abiraterone 
combination will be evaluated in chemotherapy- naïve mCRPC pa-
tients (NCT02257736). Selected recruiting trials are indicated in 
Table 13.2.3.1.

Darolutamide (OMD- 201) is a non- steroidal antiandrogen 
structurally distinct from other AR antagonists (Figure 13.2.3.4). 
It was discovered during a compound library screen in AR- 
HEK293 cells using AR transactivation assay as a readout. In 
preclinical studies, darolutamide and its active metabolite, keto- 
darolutamide, demonstrated higher binding affinity to AR as com-
pared to enzalutamide and apalutamide, greater inhibition of AR 
nuclear translocation, and stronger suppression of cell growth in 
vitro and in vivo. In addition, darolutamide blocked the activity 
of AR mutants, including F877L, which has been implicated in 
the resistance to enzalutamide and apalutamide. Darolutamide 
did not increase serum T levels and displayed negligible ability 
to cross blood– brain barrier [58]. All these features made 
darolutamide a very promising, more effective, and less toxic, 
novel AR antagonist for a treatment of PCa. In phase I  studies, 
ARADES (NCT01429064) evaluated safety and bioavailability of 
darolutamide in mCRPC patients, including chemotherapy-  and 
CYP17i- naïve patients; and ARAFOR (NCT01784757) assessed 
the efficacy of darolutamide in tablet form in chemotherapy- naïve 
men with progressive mCRPC [8, 59]. Phase II open label trial to 
compare darolutamide (1200 mg daily) to ADT (24 weeks of LHRH 
agonist or antagonist, including leuprolide, goserelin, triptorelin 
and degarelix) is currently recruiting hormone- naïve PCa pa-
tients (NCT02972060). Primary outcome will be PSA response at 
24 weeks, defined as ≥80% reduction from the baseline, to dem-
onstrate equal efficacy of darolutamide to standard ADT. A ran-
domized, double- blind phase III trial, ARAMIS (NCT02200614), 
assessed the efficacy and safety of darolutamide versus placebo in 
men with high- risk nmCRPC, with MSF as the primary endpoint 
(up to 72 months), and OS and time to first chemotherapy included 
as secondary outcomes. Results from the ARAMIS trial showed 
median MSF of 40.4 in the darolutamide arm versus 18.4 months 
in the placebo arm; for all secondary endpoints darolutamide also 
demonstrated significant benefits, with adverse events similar in 
both cohorts [8, 60]. Another ongoing randomized, double- blind, 
placebo- controlled Phase III study, ARASENS (NCT02799602), is 
set to evaluate darolutamide in combination with standard ADT 
and docetaxel in mHSPC patients. Primary outcome measure is 
OS (up to 70  months), secondary endpoints are time to CRPC, 
time to subsequent therapy, and symptomatic skeletal event- free 
survival, among others. Selected recruiting trials are indicated in 
Table 13.2.3.1.

Proxalutamide (TG0918) is an oral non- steroidal antiandrogen 
which has shown higher affinity for AR than bicalutamide and 
enzalutamide, and more potency in blocking AR nuclear trans-
location and transcriptional activity (Figure 13.2.3.4). TG0918 
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also induces downregulation of AR and inhibits proliferation 
of hormone therapy- sensitive and CRPC cell models in vitro 
and in vivo [61]. In an open label phase I/ II dose- escalation trial 
(NCT02826772), GT0918 was given daily at multiple doses for 
28 days (up to six cycles planned) to mCRPC patients who pro-
gressed after both hormonal and chemotherapy. The drug was well 
tolerated (at 500 mg dose- limiting toxicity was not achieved) and 
resulted in stable disease. The phase II/ dose extension stage will 

further evaluate safety, efficacy, and antitumour activity of GT0918 
in mCRPC patients [62].

Alternative Approaches

While the clinical data demonstrate that second- generation 
antiandrogens are likely to improve outcomes for PCa patients, re-
sistance to enzalutamide has been well documented. The same AR 
activating mutations which result in enzalutamide resistance were 

table 13.2.3.1 Selected recruiting clinical trials of second- generation antiandrogens

Phase Disease stage Experimental intervention(s) Comparator 
intervention

Primary endpoint Trial number

Enzalutamide

Phase II/ III Oligometastatic CRPC ADT + SBRT + enzalutamide ADT + 
enzalutamide

rPFS NCT02685397

Phase II/ III mCRPC previously treated with 
docetaxel and features of poor 
prognosis

ADT + abiraterone OR ADT + 
enzalutamide

ADT + cabazitaxel CBR NCT03295565

Phase III Bone- metastatic CRPC Radium- 223 + enzalutamide enzalutamide rPFS NCT02194842

Phase III Homologous recombination- 
deficient CRPC

ADT + rucaparib ADT+abiraterone
OR enzalutamide 
OR docetaxel

rPFS NCT02975934

Phase III mCRPC ADT + talazoparib) + 
enzalutamide

ADT + 
enzalutamide

rPFS NCT03395197

Apalutamide

Phase II Hormone- naïve locally advanced 
or metastatic PCa

apalutamide OR apalutamide + 
abiraterone

ADT + abiraterone PSA ≤ 0.2 ng/ ml at 25 
weeks

NCT02867020

Phase II Localized high- risk PCa neoadjuvant ADT + abiraterone 
OR neoadjuvant ADT + 
abiraterone + apalutamide

None pCR or pnCR at 
prostatectomy

NCT02789878

Phase II Hormone- naïve primary PCa neoadjuvant ADT + abiraterone 
+ apalutamide OR neoadjuvant 
ADT + abiraterone
OR adjuvant ADT + abiraterone 
+ apalutamide

No neoadjuvant or 
adjuvant therapy

Minimal residual 
disease and
pCR at 2 years

NCT02903368

Phase II Low risk primary PCa active surveillance during and 
after 6 months apalutamide

Active surveillance Time to definitive local 
treatment

NCT03088124

Phase II Very high- risk primary PCa OR 
Hormone- naïve locally advanced 
or low volume metastatis
OR Biochemical recurrence after 
prostatectomy with extrapelvic 
metastases

ADT + apalutamide OR ADT + 
abiraterone + apalutamide

None Minimal residual 
disease and pCR at 
2 years

NCT03436654

Phase II Rising PSA after radical 
prostatectomy

ADT + bicalutamide followed by 
salvage RT OR
ADT + abiraterone + apalutamide 
followed by salvage RT

None PSA PFS NCT03141671

Phase III High- risk biochemically relapsed 
PCa

ADT + apalutamide OR ADT + 
abiraterone + apalutamide

ADT PSA PFS NCT03009981

Darolutamide

Phase II Hormone- naïve PCa (any stage) Darolutamide ADT PSA reduction of ≥ 80% 
at 24 weeks

NCT02972060

Phase II mCRPC after prior novel hormonal 
agent and non- progressive after 
taxane

Darolutamide Placebo rPFS at 12 weeks NCT02933801

CRPC, castration- resistant prostate cancer; ADT, androgen deprivation therapy; SBRT, stereotactic body radiation therapy; rPFS, radiographic progression- free survival; mCRPC, 
metastatic castration- resistant prostate cancer; CBR, clinical benefit rate; PCa, prostate cancer; PSA, prostate- specific antigen; pCR, pathologic complete response; pnCR, pathologic 
near complete response; RT, radiation therapy; PFS, progression- free survival.
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also shown to confer resistance to apalutamide, and AR splice vari-
ants diminish efficacy of all LBD- directed drugs in CRPC [20]. 
With the ultimate goal to maximally inhibit AR signalling axis by 
targeting wild- type, gain- of- function mutants, and splice variants 
of AR, multiple alternative approaches are being tested in preclin-
ical and clinical settings.

Considerable efforts have been directed at targeting the NTD do-
main of AR [63]. One of the most developed compounds is EPI- 001, 
a bisphenol A- derived small molecule antagonist of AR NTD that 
was identified in a screening of a library of marine sponge extracts 
for inhibition of both ligand- dependent and ligand- independent 
AR activation [63]. EPI- 001 and its analogues (also called anitens) 
inhibit protein- protein interactions necessary for AR transcrip-
tional activity by covalently binding to AF1 region of the NTD and 
blocking transcriptional activity of AR, its splice variants and gain- 
of- function mutants, and reduce the growth of CRPC xenografts 
[63]. EPI- 001 was also shown to abrogate transcriptional activity of 
Tau1 and Tau5 domains in reporter- based assays, downregulate en-
dogenous AR expression at the mRNA level and inhibit proliferation 
in multiple PCa cell lines [63]. Recently it was reported that EPI- 
001 can induce autophagy along with apoptosis in PCa cell lines, 
and that addition of autophagy inhibitors enhances antitumour 
effects of the drug in enzalutamide- resistant LNCaP cells [64]. 
Despite encouraging preclinical studies, a phase I dose- escalation 
trial of EPI- 506 (prodrug of ralaniten, a.k.a. EPI- 002) in mCRPC 
patients previously treated with abiraterone and/ or enzalutamide 
(NCT02606123) was terminated due to excessive pill burden. EPI- 
506 was well tolerated but required high doses, which still resulted 
in minor and short- lived PSA declines. EPI- 506 was also readily 
metabolized into inactive derivatives. Based on data obtained in this 
study, new aniten molecules EPI- 7170 and EPI- 7245, with 10– 20- 
fold higher potency and improved metabolic stability were gener-
ated. EPI- 7170 has shown antiproliferative activity in LNCaP and 
AR- V7 expressing LNCaP95 cells in vitro, and in LNCaP- derived 
xenografts in castrated mice [65]. IND- selection preclinical studies 
on the next generation anitens are underway. If successful, the NTD 
inhibitors might serve as valuable therapeutic agents with the poten-
tial to overcome antiandrogen resistance conferred by splice vari-
ants, activating mutations, or ligand- independent activation of AR.

Another actively pursued approach to abrogate AR signalling is 
the development of compounds that induce AR degradation and 
would be effective against all forms of AR. One example of these, 
ARV- 110, an oral small molecule AR PROTAC (PROteolysis 
TArgeting Chimera) degrader, which recruits an E3 ubiquitin ligase 
to AR, followed by AR ubiquitination and proteasomal degradation. 
Treatment with ARV- 110 has demonstrated robust reduction in AR 
protein levels in a high androgen environment, irrespective of AR 
mutation status and binding partners, and inhibited proliferation 
and AR- dependent gene expression in VCaP cells in vitro and in 
vivo [66]. The initial results were also confirmed in LNCaP cell line 
and patient- derived xenografts. In addition, ARV- 110 effectively re-
duced AR- target gene expression in a long- term, castration- resistant 
and enzalutamide- resistant VCaP tumour model [66]. ARV- 110 
has completed IND- enabling studies, and a first- in- human phase 
I clinical trial has been approved by the FDA, and will investigate 
the safety and tolerability of ARV- 110 in mCRPC patients that 
have progressed after at least two standard therapies (as reported at 
ASCO GU Symposium, 2019).

To achieve AR degradation, inhibition of AR chaperone pro-
teins is also considered of significant interest. Numerous pre-
clinical studies have demonstrated antitumour activity of heat 
shock protein (HSP) inhibitors in various cancers, including 
PCa. For example, HSP90 inhibitors (17- DMAG, onalespib, 
and ganetespib) have demonstrated potent downregulation of 
AR signalling and inhibition of tumour growth in multiple AR- 
dependent and AR- independent PCa models in vitro, in vivo, and 
ex- vivo [67]. However, this approach is not specific to AR, and 
the consequences of degradation of multiple HSP90 client pro-
teins could cause additional toxicity. Furthermore, AR variants 
are resistant to HSP90 inhibitors, undermining their efficacy in 
the treatment of CRPC. Two trials (phase 1/ 2 NCT01685268 and 
phase II NCT01270880) were carried out to evaluate the efficacy of 
onalespib (AT13387) and ganetespib (STA- 9090) in CRPC patients 
who were no longer responding to treatment with abiraterone and 
steroids, or in mCRPC patients previously treated with docetaxel, 
respectively. Results of the former trial were not reported, and in 
the latter, ganetespib showed only minimal clinical activity. Four 
active trials using onalespib and two with ganetespib are currently 
ongoing, but none is evaluating these drugs in the context of PCa. 
Unlike HSP90 inhibitors, drugs targeting HSP70, quercetin and 
VER155008, have demonstrated inhibitory effects on AR- V7 ex-
pression and proliferation in the LNCaP95 CRPC model [68]. 
More recently, development of HSP40/ HSP70 inhibitors has iden-
tified a small chalcone molecule, C86, active against FL- AR, AR- 
V7, and GR in vitro and in vivo [69]. Notably, it was also active 
against H874Y AR mutant in 22Rv1 cells, suggesting that this drug 
could abrogate activity of other gain- of- function AR mutants in 
CRPC. Further research investigating HSP70 and HSP40 inhibi-
tors could yield novel therapeutic agents to help manage progres-
sive disease more effectively.

A novel approach to interfere with aberrant AR signalling was 
reported by Aboukameel, et al. [70]. They used selective inhibitors 
of nuclear export (SINE compounds) in preclinical studies. The 
central target was exportin- 1 (XPO1), protein controlling nuclear 
localization of multiple clients, including tumour suppressor pro-
teins, such as p53, RB, BRCA1, and p21, among others. Inhibitors 
of XPO1 covalently bind to XPO1 cargo- binding pocket, effectively 
interfering with normal nuclear export of proteins to the cyto-
plasm. This study revealed that increased expression of XPO1 cor-
related with higher AR- V7 levels. The silencing of XPO1 by RNAi 
or with the SINE agents selinexor and eltanexor (KTP- 8602) re-
sulted in downregulation of not only AR, AR- V7, and AR- V567es at 
mRNA and protein level, but also in inhibition of AR coregulators, 
including FOXA1, Src, and MED1, followed by abrogation of AR 
transcriptional activity. Eltanexor also suppressed PCa growth 
and induced apoptosis in AR- V7- expressing 22Rv1 and VCaP cell 
lines in vitro and in vivo, and enhanced the efficacy of abiraterone 
and enzalutamide. Application of SINE compounds to the clinic is 
underway. A recent phase II trial (NCT02215161) of first- generation 
drug, selinexor, in mCRPC patients following failure of abiraterone 
and/ or enzalutamide was terminated due to high toxicity of the 
compound [71]. The second- generation agent, KTP- 8602, is in clin-
ical development. An active phase 1/ 2 trial will assess safety, toler-
ability, and efficacy of KPT- 8602 in patients with several cancers, 
including mCRPC (NCT02649790). Preliminary results presented 
at the ASCO GU Symposium [72] showed that the combination of 
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eltanexor and abiraterone is well tolerated and demonstrates pre-
liminary antitumour activity in patients with mCRPC:  out of 21 
evaluable patients, 2 exhibited partial response and 15 had stable 
disease. These data are encouraging, and further investigation of 
SINE agents is warranted.

combinatorial Strategies

Based on the fact that the major mechanisms that lead to bypass 
of both first- line and subsequent AR- directed therapies result in 
reengagement of the AR signalling axis, it may be worthwhile to 
develop combinatorial means to either work in concert with ADT/ 
antiandrogens or more fully and durably suppress AR function.

Targeting DNA Repair

The prevalence of DNA repair gene alterations has been deter-
mined to be elevated in advanced PCa as compared to primary 
PCa, and germline DNA repair aberrations have been reported to 
correspond with poor responses to hormone therapy, but there are 
conflicting data [73, 74]. Preclinical studies suggested that pharma-
cologically targeting PARP- 1 (poly(ADP)- ribose polymerase- 1) 
has the capacity to delay the onset of CRPC in a xenograft model, 
and potentially render CRPC tumours responsive to ADT in vivo 
[75]. This was reported as being associated with a decrease in 
AR residency on chromatin, and subsequently reduced AR tran-
scriptional activity. Multiple PARP inhibitors (PARPi) (olaparib, 
rucaparib, niraparib, and talazoparib) are in clinical develop-
ment [76] for PCa management and have been clinically tested 
in concert with AR- directed therapies. In the TOPARP [77] 
trial, patients continued an ADT regimen and received olaparib. 
Responses were enriched for either germline or somatic alterations 
that may impinge upon DNA repair competency. The ongoing 

PROFOUND trial (NCT02987543) is comparing olaparib to ei-
ther abiraterone or enzalutamide in the context of continued ADT, 
in men with homologous recombination- deficient PCa, with a pri-
mary endpoint of PFS, and has the potential yield interesting re-
sults. Finally, a trial (NCT01972217) recently presented the 2018 
ASCO Annual Meeting demonstrated that in mCRPC patients 
post- docetaxel therapy that received either olaparib or placebo in 
combination with abiraterone demonstrated that the combination 
resulted in an rPFS benefit, irrespective of homologous recombin-
ation status.

Immune Checkpoint Inhibitors

The concept of targeting immune checkpoints to activate the im-
mune system to attack tumour cells is also currently under de-
velopment in combination with AR- directed strategies. A  phase 
II trial combining the anti- PD1 antibody pembrolizumab with 
enzalutamide demonstrated partial responses or stable disease 
[78]. The PD- L1 inhibitor atezolizumab is currently undergoing 
phase III investigation (IMbassador250, NCT03016312) in com-
bination with enzalutamide versus enzalutamide alone in mCRPC 
patients. While the use of immune checkpoint inhibitors may 
currently elicit limited responses, it is anticipated that combin-
ations with AR- directed strategies may be clinically useful in the 
short term.

Cell Cycle- Targeted Therapy

As stated earlier, part of the pro- tumorigenic function of AR is 
drive tumour cell proliferation. As such, targeting the cell cycle 
machinery in PCa is a rational approach. Preclinical evidence [79] 
suggests that combining CDK4/ 6 inhibition with AR- directed 
therapy may be a therapeutic strategy that may prove beneficial in 
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PCa. This postulate is currently under investigation in a phase Ib/ 
II trial combining the CDK4/ 6 inhibitor ribociclib with docetaxel 
in the context of continued ADT, with the primary endpoints of 
maximally tolerated dose and PFS (NCT02494921). Furthermore, 
in a single arm phase II trial, the CDK4/ 6 inhibitor palbociclib is 
being investigated in the management of mCRPC patients con-
tinuing ADT, with the primary outcome being clinical benefit 
(NCT02905318).

BET Inhibition

As just discussed, AR signalling is aberrantly re- engaged in the tran-
sition to CRPC, and developing novel means to thwart castration- 
associated AR activity is an active category of research in the field 
of PCa. Bromodomain and extraterminal (BET) protein inhibitors 
(BETi) have been preclinically demonstrated to impact AR func-
tion, including AR- V7 activity [80], and is under clinical investiga-
tion (NCT02705469), including in combination with enzalutamide 
(NCT02711956).

Summary

While AR- directed therapies certainly prolong the lives of men 
with metastatic PCa, these strategies are not curative. ADT merely 
stalls disease progression, and serves as an advantageous adjuvant 
therapy throughout all stages of PCa (Figure 13.2.3.5). Due to tu-
mour heterogeneity, it will be critically important to develop means 
to identify predictive markers of sensitivity/ resistance to hormonal 
therapy to inform patient selection for the best life- prolonging 
agents. Furthermore, development of complementary strategies of 
targeting AR, or identifying therapeutic targets that may synergize 
with hormonal therapy for PCa remains a critical need.
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Introduction

Understanding of the processes that govern body weight is highly 
relevant to clinical practice as disorders of energy homeostasis 
cause significant morbidity and mortality. Obesity, defined as exces-
sive storage of energy as fat, is a serious medical and socioeconomic 
problem, with obese individuals at increased risk of developing a 
range of cardiovascular, metabolic, musculoskeletal, and malig-
nant disorders [1] . At the other extreme, cachexia is a syndrome 
of negative energy balance where muscle and fat mass are progres-
sively lost. It affects over a third of all cancer patients and is strongly 
associated with both reduced tolerance to anticancer therapy and 
reduced survival times [2].

Mammalian body weight has long been recognized and recorded 
to be determined by the net result of a number of highly regulated 
processes. Such regulatory systems have evolved though prehistory, 
in environments likely to favour highly adaptive systems with the 
capacity to maintain homeostasis and enable survival through times 
of food scarcity and extreme physical exertion.

The seeds of our current understanding were sown through 
the 20th century by many pioneering clinician scientists who 
noted that a steady body weight is often maintained in the face of 

marked variation in daily food intake and physical activity. This 
laid the crucial framework for the more mechanistic detail that 
was to come. A comprehensive account of this work lies beyond 
the scope of this chapter (see review by Bray [3] ) but several mile-
stone studies are worth highlighting. For example, in what has 
since become known as ‘the Minnesota experiment’, Keys et al. [4] 
limited food intake to deplete fat mass in a group of healthy, lean 
young men and demonstrated a reduction in metabolic rate and 
physical activity coupled with a marked increase in measures of 
hunger (Figure 14.1.1.1). Conversely, overfeeding of both lean and 
obese humans resulting in significant weight gain [5, 6] also leads 
to reduced appetite and increased energy expenditure, thereby 
opposing the maintenance of the new, heavier body weight and 
favouring a return to baseline weight.

Compelling evidence for significant heritability of human body 
weight came from Stunkard’s landmark study of identical twins 
separated after birth and brought up in different families [7] . Adult 
body mass index, used as a surrogate for fat mass, did not match 
that of the adoptive family, but had a strong correlation with the 
identical twin, indicating that genetic influences on body mass 
index are substantial.

In parallel with these human studies, a series of key observations 
in rodent models gave additive insights. Kennedy’s observed that 
rats, whether made obese through overfeeding or lean through 
underfeeding, tended to return to the growth trajectory of ad lib-
itum fed controls after removal of the nutritional stress. This helped 
in formulating the hypothesis that there is a signal generated in pro-
portion to fat mass which regulates body weight [8] .

Animal data also highlighted the primacy of certain regions of 
the central nervous system in body weight homeostasis. For ex-
ample, dramatic body weight changes evident after ablation of 
discrete hypothalamic regions, in particular the ventromedial hypo-
thalamus, placed these anatomical sites as crucial ‘control nodes’, 
and laid the groundwork for a basic anatomical- behavioural map. 
Parabiosis experiments surgically connecting the circulations of 
such a lesioned animal with an intact, lean animal showed that the 
latter showed reduced food intake and weight gave direct evidence 
for circulating factor(s) present in the obese animal that influenced 
appetite and weight (reviewed in [9] ).

A further, seminal series of parabiosis experiments by Doug 
Coleman using severely obese (ob/ ob) mice and obese diabetic 
(db/ db) mice determined that ob/ ob mice lacked a then- unknown 
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circulating factor, whereas db/ db mice produced the factor in excess 
but were unable to respond to it [10, 11]. Advances in molecular 
biology and biotechnology over the last 25 years [12] have led to 
identification of critical mechanisms underpinning many of these 
physiological observations and have indicated a biological basis for 
much interindividual difference in body weight.

control of Long- Term Adipose Mass

Leptin

The discovery in 1994 that the protein product of the obese (ob) gene 
is the adipocyte- derived hormone leptin (the name derives from 
the Greek leptos, or ‘thin’) transformed study of the endocrinology 
of body weight regulation [13]. Not only did it herald a change in 
the view of the adipocyte from being a passive storage receptacle to 
being a bona fide endocrine cell, it also spearheaded re- exploration 
of how peripheral signals from metabolically relevant tissues com-
municate with the central nervous system. The identification of the 
leptin receptor [14] and the description of a mutant leptin receptor 
in the db/ db mouse [15] soon followed, thereby defining key com-
ponents of a regulatory circuit.

Leptin is a 167 amino acid peptide with a molecular weight of 
16kD and is structurally related to the family of long- chain helical 
cytokines. It is produced by adipose tissue and secreted in propor-
tion to total fat mass (Figure 14.1.1.2). Plasma levels show marked 
sexual dimorphism even allowing for differing fat masses, with 
leptin concentrations higher in females than in males for any given 
fat content. Leptin levels fall in response to fasting and reduced 
body fat stores but the mechanisms behind fasting- induced reduc-
tion in leptin, or indeed how the mass of the fat store is signalled to 
the adipose tissue mass and reflected in appropriate leptin produc-
tion, remain to be determined. The primary role of the leptin– leptin 
receptor axis is to communicate a state of severe peripheral energy 

deficiency to the brain, thereby initiating a counter response. In 
rodents, falling leptin levels increase appetite, reduce sympathetic 
tone, suppress the thyroid and reproductive axes, and reduce energy 
expenditure [16].

Leptin acts via the long form of the leptin receptor (LepRb) al-
though other forms of the receptor exist [17]. LepRb is a type I cyto-
kine receptor of the IL- 6 receptor family expressed predominantly 
in subpopulations of neurons in the hypothalamus, midbrain, and 
brainstem. Hypothalamic LepRb signalling in the lateral hypo-
thalamic area, ventromedial, dorsomedial, and arcuate nuclei are 
particularly relevant for energy balance. Leptin binding to LepRb ac-
tivates the associated JAK2 tyrosine kinase and subsequent tyrosine 
phosphorylation recruits and activates multiple downstream signal-
ling pathways. Each of these pathways appears to subserve specific 
aspects of leptin’s physiological actions with, for example, phosphor-
ylation of LepRb Tyr1138 and then activation of STAT3 signalling 
particularly important in the regulation of body weight [18].

The Leptin- Melanocortin Pathway

A model that has held sway for some years holds that leptin’s actions 
on two anatomically distinct subsets of arcuate neurons (POMC 
neurons and Agouti- related peptide (AgRP)/ NPY neuron) play the 
dominant role in neural control of energy balance [19]. Neurons 
expressing proopiomelanocortin (POMC) are stimulated by leptin. 
The POMC pro- peptide is processed post- translationally to pro-
duce the melanocortin peptides such as α— and β- MSH, both po-
tent suppressors of food intake (anorexigenic). The second neuronal 
population is suppressed by leptin and expresses AgRP and NPY. 
Both peptides stimulate food intake (orexigenic). From the arcuate 
nucleus, these two populations of neurons project to other brain 
areas that contain second order neurons expressing neuropeptides 
involved in energy homeostasis. One site of particular relevance is 
the paraventricular nucleus which is enriched with melanocortin 
4 receptors (MC4R), the cognate receptor for both melanocortin 

Figure 14.1.1.1 Photograph of conscientious objectors during starvation experiment.
Reproduced with permission from the Hennepin County Library Special Collections.
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peptides (agonist) and AgRP (antagonist). As a consequence of this 
circuitry, when there are suppressed levels of leptin, as in negative 
energy balance, an increase in orexigenic signals coupled with a de-
crease in anorexigenic signals strongly favours an increase in appe-
tite and food intake to replenish diminished stores.

The central tenets of this model have held true over several dec-
ades of intense scrutiny; leptin’s actions on energy balance are pri-
marily, if not wholly, driven by its action within the central nervous 
system (CNS), and both POMC neurons and central MC4R con-
tinue to be active targets for pharmacological manipulation to treat 
obesity. However, ever more complexity is being revealed within 
these neural circuits and emerging data indicate that it may be 
AgRP neurons, rather than POMC neurons, that are the primary 
site of action for leptin’s effects on energy balance [20].

Leptin and Melanocortin Deficiency in Humans

In the 1990s, molecular medicine and the study of patients with se-
vere obesity yielded powerful insights into the fundamental physio-
logical processes that regulate body weight. The first reports of a 
single gene disorder causing obesity came from detailed biochem-
ical and genetic analysis of a woman with a complex polyendocrine 
syndrome and severe obesity from childhood, who was discovered 
to have mutations in both alleles encoding prohormone convertase 
1(PC1), rendering her unable to process peptide prohormones such 
as pro- insulin and POMC [21]. Soon after, two children with se-
vere, early- onset obesity and marked hyperphagia were found to 
have homozygous mutations in the leptin gene that rendered them 
totally leptin deficient [22]. Studies using the classic endocrine 
paradigm of phenotypic analysis first in the absence of hormone 
and then after replacement therapy defined the clinical phenotype 

of leptin deficiency and thereby generated key insights into leptin 
biology in humans. Treatment of congenital leptin deficiency with 
recombinant leptin significantly reduced hyperphagia, lead to a sus-
tained reduction in fat mass while preserving lean mass weight and 
had a permissive role in the onset of puberty [23].

Leptin receptor deficiency has also been characterized in humans. 
Although the clinical phenotype was less severe than in congenital 
leptin deficiency, affected subjects were hyperphagic, had severe 
obesity, and also had delayed puberty due to hypogonadotropic 
hypogonadism. Interestingly, serum leptin levels were within the 
range predicted by the elevated fat mass and were similar to those 
seen in equally obese subjects with a normal leptin- receptor gene 
[24]. However, just as in rodents, the message was clear; reduced 
activity through the leptin– leptin receptor axis is a powerful signal 
to the brain to enact responses to reverse what is perceived to be a 
substantive diminution of energy stores.

Many more reports of humans with obesity due to defects in the 
neuronal pathways that lie downstream of leptin signalling have 
since followed [25], including POMC deficiency [26] and MC4R 
mutations [27, 28] (see Chapter 14.1.6, ‘Assessment of Obesity in 
Children’). These monogenic obesity syndromes have largely valid-
ated the central paradigm of a neural control of appetite.

Leptin Therapeutics

Leptin has been successfully used as a therapy in a number of clin-
ical scenarios. The profound effects in congenital leptin deficiency 
have been well documented [25]. As discussed in Chapter 15.10.2, 
‘Lipodystrophies and Severe Insulin Resistance’, leptin therapy 
in patients with generalized lipodystrophy who lack leptin due 
to their deficiency of adipose tissue can also have dramatic 
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effects on the metabolic sequelae seen in this condition such as 
hypertriglyceridaemia and poorly controlled diabetes [29]. There 
have also been promising results for leptin treatment in weight re-
lated reproductive disorders such as hypothalamic amenorrhoea. 
Young women with low leptin levels and low adiposity can have 
their reproductive function restored with leptin therapy [30].

Leptin is also likely to be a useful adjunctive therapy in preventing 
weight gain after weight loss. As weight loss is characterized by a 
relatively leptin deficient state with a range of neurohormonal 
processes activated to restore the weight that has been lost, leptin 
supplementation is likely to be helpful in maintaining the weight 
reduced state [31].

control of Short- Term Feeding and Satiety

enteroendocrine cells

The enteroendocrine cells (EECs) of the gastrointestinal tract play 
an important role in balancing food intake and energy balance in the 
short term [32]. Spread throughout the length of the intestine, EECs 
form a large and interconnected network of functional endocrine 
tissue that enable direct sensing of ingested nutrients to be coupled 
with hormonal release and communication with surrounding en-
teric neurons. Originally classified into distinct ‘alphabetical’ types 

based on location, morphology and assumed hormonal production 
(e.g. cholecystokinin (CCK) from I- cells) the ability to isolate and 
analyse single cells has revealed a much higher degree of complexity 
and overlap with many cells type able to produce and cosecrete a 
range of different peptide hormones.

More than 30 peptide hormones have been identified in the 
gastrointestinal tract and a full review of all their actions lies beyond 
the scope of this chapter (see further reading [33, 34]). However, a 
brief review of the physiology of L cells and the peptides they pro-
duce exemplifies how signals from EECs can both have important 
roles on local gut function and impact upon whole- body physiology 
[35] (Figure 14.1.1.3).

L cells are found throughout the gut but are particularly lo-
cated in the distal small intestine and the colon. The primary 
peptides produced are those derived from post- translational pro-
cessing of the proglucagon precursor molecule (GLP1, GLP2, and 
oxyntomodulin) and PYY, although most L cells seemingly have 
plurihormonal capacity [35].

GLP1 (30 amino acids) is a metabolically active gut hormone 
that has been extensively characterized [33, 34]. It has long been 
recognized to be a potent incretin hormone, augmenting glucose- 
stimulated insulin secretion after a meal. This effect on insulin secre-
tion is maintained in many patients with type 2 diabetes mellitus and 
has led to widespread clinical use of GLP- 1 analogues. GLP1 receptors 
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Figure 14.1.1.3 The sensory and secretory function of the L cell. Release of glucagon- like peptide 1 (GLP- 1) from L cells is regulated by nutritional, 
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Nephrology volume 13, pages 605– 628 (2017). Copyright © 2017, Springer Nature.
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are found in many regions that regulate feeding and, in addition to its 
incretin effect, administration of GLP1 can reduce food intake in a 
dose dependent manner. Intriguingly, GLP1 is also expressed within 
the nucleus tractus solitarii (NTS) of the brainstem, a relay centre for 
gut derived signals controlling food intake, and it is likely centrally 
produced GLP1 also plays a role in energy balance [36].

Glucagon- like peptide- 2 (GLP2) is another small (33 amino acid) 
proglucagon- derived peptide whose plasma levels rise rapidly after 
eating [35]. It has an important facilitatory role in maintaining gut 
integrity and performance, being able not only to induce prolif-
erative and pathways in the bowel but also to increase mesenteric 
blood flow and activate proabsorptive pathways. Recombinant ana-
logues of GLP2 have been successfully used in patients with intes-
tinal failure [37].

Oxyntomodulin, a third peptide product of the proglucagon gene, 
is composed of the 29 amino acids of glucagon with an 8 amino acid 
carboxy terminal extension [34]. It is also released from the small 
intestine after a meal, and is active on GLP1R and glucagon recep-
tors. It reduces gastric motility and improves glucose- dependent 
insulin secretion. Pharmacological administration reduces energy 
intake and weight, actions thought to be mediated both indirectly 
via the vagus nerve and directly in the CNS.

Peptide tyrosine tyrosine (PYY) levels in humans are lowest in 
the fasting state and rise after food ingestion. PYY 3– 36, produced 
by DPP4- mediated cleavage of the larger peptide PYY 1– 36, is the 
main circulating form and has an anorectic effect via central Y2 re-
ceptors within the hypothalamus and brainstem [43].

Therapeutic interest in gut hormones has been further stimu-
lated by the remarkable effects on severe obesity of bariatric surgery 
[38], discussed in detail in Chapter 14.1.5, ‘Metabolic Surgery’. This 
term encompasses a range of surgical procedures whose purpose 
is to manipulate the stomach and small intestine to induce weight 
loss. Common procedures include removal of a portion of the 
stomach (e.g. sleeve gastrectomy) or the creation of a small stomach 
pouch with the jejunum pulled up onto this pouch, thereby leaving 
the stomach and duodenum bypassed (Roux- en- Y procedure). 
Although there is little doubt that such surgery significantly reduces 
calorific intake and places the patient in negative energy balance, 
previous explanations that this was due wholly to restriction of 
stomach size and/ or malabsorption from the modified intestine 
have more recently undergone a more nuanced review, with effects 
of these surgeries thought, at least in part, to be mediated through 
postoperative changes in gut hormones. Clinical trials recapitu-
lating this state through parenteral administration of combinations 
of peptides to patients with obesity are underway [39].

Gut Microbiota and Body composition

The human gut contains trillions of microbes existing in symbiosis 
with their human host [40]. The composition of the gut microbiome 
varies significantly between and within individuals and can be 
changed markedly by diet and medication. There are a large number 
of primary animal studies that suggest the microbiome can produce 
many bioactive substances potentially affecting energy balance [40]. 
The significance and true therapeutic potential in humans remain 
to be fully determined. Many studies to date have been descriptive, 
lacking the ability to determine if associated changes in microbiota 
and weight reflect causality. For example, one recent study inves-
tigating changes in gut microbiota in obese men after 7  days of 

amoxicillin or vancomycin found that despite considerably altered 
microbial composition there was no clinically relevant impact on 
metabolic health in the subject studies [41].

Methodologies are currently rapidly evolving to permit more 
rigorous assessment of causality in studies of the relationship be-
tween human microbiota and body weight, and it may well be that 
more focused manipulation of gut flora function will be of thera-
peutic benefit. One plausible mechanism for such an effect relates 
to enteroendocrine cells. A  number of metabolites generated by 
colonic gut microbiota through their action on luminal foodstuffs 
have been implicated as ligands to activate L cells. These include 
short- chain fatty acids and indole, a product of tryptophan me-
tabolism and a study in humans has shown that an increase in the 
short- chain fatty acid (SCFA) propionate in the colon can increase 
PYY and GLP- 1 and reduce energy intake [42].

BAT, Thermogenesis, and energy expenditure

Mammals have an absolute requirement to maintain their core 
body temperature. Part of the response to a cold challenge that 
threatens body temperature is increased sympathetic drive to 
stimulate brown adipose tissue (BAT) in a process called non- 
shivering thermogenesis. BAT is composed of specialized adi-
pocytes that break down energy substrate to generate heat in a 
futile metabolic cycle without generation of adenosine triphos-
phate (ATP) [34]. This involves expression of uncoupling protein 
1 (UCP1), a mitochondrial protein that short- circuits the process 
of mitochondrial ATP generation. Brown fat has been studied for 
decades in rodents but its relevance to human metabolism had long 
been contested and debated [43].

The concept of a highly reactive energy sink through which energy 
in excess of current requirement (that would otherwise be laid down 
in fat stores) could be disposed of is not new. At the turn of the twen-
tieth century, Neuman used the word ‘luxuskonsumption’ to describe 
the self- observed phenomenon that his weight remained unchanged 
over a period in which he had noted significant change in dietary in-
take, including what he considered excess consumption [44].

Work by Rothwell and Stock reporting that rats fed a ‘cafeteria 
diet’ appeared to gain less weight than expected due to burning of 
unaccounted calories in BAT refocused attention on the signifi-
cance of ‘diet- induced thermogenesis’ (DIT) [45]. Nevertheless, 
BAT in humans was considered to be irrelevant outside the neo-
natal period, and the potential biological purpose of DIT continues 
to be debated [45].

More recent identification in healthy children and adults of func-
tional BAT in the supraclavicular, neck, perirenal and intercostal 
regions (Figure 14.1.1.4) has sparked renewed interest in the ex-
penditure side of the energy equation. In particular the notion that 
targeting pathways innervating and controlling BAT could be an 
effective and safe way to increase energy expenditure and combat 
obesity has garnered much attention.

One concept under intense preclinical scrutiny is that adipo-
cytes found in classical white depots that have the ability to express 
UCP1 to become heat— generating, energy consuming cells may be 
upregulated as an energy sink [46]. These cells have been viewed as 
a potential third class of adipocyte sitting between brown and white, 
thus being named ‘beige’ or ‘brite’ (‘brown- in- white’). Directing 
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such cells into a more energy- consuming role, primarily through 
augmented sympathetic and adrenergic stimulation, is given the 
moniker of ‘browning’.

Thyroid hormones regulate basal metabolic rate and dysregulation 
of the thyroid axis leads to marked alterations in energy balance 
[47]. Increased appetite is also common in hyperthyroidism but the 
majority of patients with hyperthyroidism exhibit weight loss, indi-
cating that increased caloric intake fails to match the increased en-
ergy expenditure. Hypothyroidism, by contrast, is associated with 
decreased metabolic rate, often causing weight gain despite reduced 
food intake. Many of these effects have been attributed to direct ac-
tions of thyroid hormone on metabolically active tissues such as the 
liver, fat and muscle but it is now clear that thyroid hormones regu-
late energy balance and metabolism by acting at the central level, 
with distinct hypothalamic pathways modulating food intake and 
regulating thermogenesis in BAT [47].

Outside of thyroid hormone disorders, there are few data to sup-
port the concept of a reduced basal metabolic rate (the apocryphal 
‘slow metabolism’) as a cause of severe obesity. However rare vari-
ants in kinase suppressor of Ras 2 (KSR2), an intracellular scaf-
folding protein involved in multiple signalling pathways, seen in 
individuals with severe, early- onset obesity have been reported to 

be associated not only with hyperphagia but also with a lower basal 
metabolic rate compared with subjects with other genetic forms of 
obesity [48].

control of Skeletal Muscle Mass

Skeletal muscle is a highly plastic tissue which, throughout life, 
adapts to external stimuli and internal endocrine signals [46]. 
Muscle mass and strength peak in early adulthood in both males 
and females but begin to decline in midlife and fall away more rap-
idly from the fifth decade onwards [52]. The phenomena of hyper-
trophy in response to mechanical loading and atrophy on inactivity 
are well recognized. Muscle mass is also lost directly as a result of a 
many systemic inflammatory, malignant, and infectious disorders.

A key regulator of muscle mass is myostatin, a member of 
the TGFβ superfamily [50]. Myostatin strongly inhibits muscle 
mass development and loss of functional myostatin leads to 
hypermuscularity in genetically engineered mice or in humans [51] 
or in cattle such Belgian Blue that are reared for their ‘double musc-
ling’ [52] (Figure 14.1.1.5).

Myostatin is secreted as an inactive peptide that undergoes post- 
secretion cleavage, forms a C- terminal dimer that then binds to 
activating type IIB receptor (ActRIIB), which in turn phosphor-
ylates and activates Smad to affect changes in gene transcription. 
Active myostatin is also negatively regulated by follistatin, which 
binds directly with the mature dimer and inhibits its ability to bind 
to receptors. Data from transgenic mouse models indicate that high 
levels of follistatin can lead to a significant increase in muscle mass, 
comparable to those seen in myostatin knockout mice [53], and 
molecules that block signalling through this ActRIIB pathway are 
currently under active development as agents to treat muscular dys-
trophies and other disorders involving the loss of functional muscle 
mass [54].

Fat cells— How Much and Where?

Adipose tissue is exquisitely adapted to store large amount of en-
ergy; however, it is also highly heterogeneous, with fat cells in dis-
tinct depots of the body having site- specific roles [55]. Evidence to 
date, however, indicate that genetically normal, functional fat cells 
do not harbour a mechanism which is a primary driver of whole- 
body obesity. What is increasingly clear from human data is that 
body fat content is primarily determined by neuronal pathways af-
fecting appetitive drive and energy consumption [56, 57]. However, 
the related but distinct questions of where the fat stored and of how 
much can be safely accommodated there are more likely driven by 
processes autonomous to the peripheral tissues. Indeed, in a recent 
large genome- wide association study of the genetic architecture of 
fat distribution, genetic loci implicated were enriched for genes ex-
pressed in adipose tissue and for putative regulatory elements in 
adipocytes [58]. What determines an individual’s ‘fat mass storage 
capacity’ remains to be fully defined. This has great clinical rele-
vance in societies where overnutrition is commonplace, as excess 
energy that can no longer be safely stored in adipose depots leads to 
ectopic deposition of lipids in other tissues such as liver and muscle 
and the development of adverse metabolic sequelae. The processes 

Figure 14.1.1.4 A 13- year- old boy with BAT FDG uptake in the 
neck, supraclavicular- axillary, paravertebral- intercostal, and mediastinal 
regions. Arrows indicate uptake around the lateral edge of the kidneys.
Reproduced with permission from Hong, T.S., Shammas, A., Charron, M. et al. Pediatr 
Radiol (2011) 41: 759. https:// doi.org/ 10.1007/ s00247- 010- 1925- y. Copyright © 
2010, Springer- Verlag.
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underpinning these adverse consequences have elegantly been ex-
plored by O’Rahilly [59].

cachexia

Cachexia is characterized by involuntary loss of body weight 
and muscle mass. It is distinct from starvation in that it is not 
readily reversible by nutritional support alone. It is a major fea-
ture of a range of malignant diseases and chronic, non- malignant 
disorders, with the depletion of skeletal muscle contributing sig-
nificantly to functional impairment, therapy- related toxicity, and 
increased mortality [2] . Detailed metabolic studies of cachexia in 
humans are challenging due to the heavy disease burden borne 
by many of these patients and much of our current mechanistic 
understanding of this condition has derived from analysis of 
animal model systems.

Although the various contributors to the negative energy balance 
of cachexia likely varies among diseases and individuals, reduction 
in food intake is an important and often primary driver. A  host 
of different pro- cachectic factors have been implicated including 
interleukin— 6 (IL- 6), tumour necrosis factor (TNF) and interferon 
gamma (IFNg). Working through the CNS these factors are thought 
to driver further neurohormonal changes, such as activation of the 
adrenal axis and the sympathetic nervous system, to favour cata-
bolic changes that, in the face of coexisting poor food intake, can 
be considered aberrant and highly deleterious [60]. However, it is a 
reflection of the limited understanding of the key mechanisms in-
volved that no effective therapeutic options based on these mechan-
isms are currently available.

One circulating peptide that has long been associated with a 
diverse range of cachexia- associated conditions is growth and 

differentiation factor 15 (GDF15). In humans, serum levels 
of GDF 15 are a robust biomarker of all- cause mortality and 
overexpression of GDF15 in animal models robustly suppresses 
food intake. Recent identification of the receptor for this peptide, 
expressed in brainstem loci well known to play important roles 
in energy balance, has reignited interest in this pathway as being 
potentially amenable to tractable therapies for both cachexia and 
obesity [61].

Further Reading— Integrating Physiology 
and environment

In the face of ever rising obesity, there has been much thoughtful 
reflection as to why physiological systems that have served us well 
for millennia now appear to be overwhelmed, leading to a huge 
increase in obesity. The physiology of the overfed state and the evi-
dence to date for the existence of a regulatory system that could 
defend against excessive fat mass expansion is expertly review by 
Ravussin and colleagues [62]. At the population level Speakman’s 
article on the evolutionary genetics of human obesity makes a 
compelling case against the ‘thrifty genotype’ hypothesis (the evo-
lutionary advantage of ingesting excess calories in times of plenty 
to enable survival in times of famine). He argues that genes pre-
disposing to obesity are neutral and have been drifting over evo-
lutionary time, with the more recent food abundance and release 
from predation combining to explain current trends in body 
weight [63]. Finally, readers concerned to understand why health- 
harming behaviours such as continued overeating in the presence 
of metabolic disease are so hard to change are directed to an excel-
lent article by Marteau and colleagues on the automatic processing 
associated with human disease [64].

Figure 14.1.1.5 Left panels: Increased skeletal muscle mass in myostatin null upper arm (bottom) compared to wild type littermate (top). Right: A 
Belgian Blue bull showing the double muscling phenotype.
Left panels reproduced with permission from McPherron AC, Lawler AM, Lee SJ. Regulation of skeletal muscle mass in mice by a new TGF- p superfamily member. Nature. 1997 
May 1;387(6628):83– 90. Copyright © 1997, Springer Nature. Right panel reproduced with permission from McPherron AC, Lee SJ. Double muscling in cattle due to mutations 
in the myostatin gene. Proc Natl Acad Sci USA. 1997 Nov 11; 94(23): 12457– 61.Copyright (1997) National Academy of Sciences, U.S.A.
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Public Health Approaches to obesity

Obesity has been recognized as a disease by the American Heart 
Association, posing both challenges and opportunities [1] . This for-
malizes a definition (e.g. body mass index (BMI) ≥30), empowers 
health services to plan approaches to obesity management, and allows 
clinical therapy to be institutionalized. However, it is also a ‘public 
health’ or population- wide problem. The public health problem is 
illustrated by the rapidity of the increase in the prevalence of obesity, 
such that it is described as an epidemic, or more accurately as a pan-
demic (because it is globally pervasive). A public health approach 
posits that obesity has resulted from changes to human culture and 
technology that have led in turn to decreased total physical activity 
(energy expended) and increased food consumed (energy intake) es-
pecially in industrialized and rapidly developing nations.

Figure 14.1.2.1 depicts a public health approach to obesity, 
showing the stages in its classification as a ‘population or public 
health problem’ (left hand box), and the need for parallel clinical 
and population strategies to address the problem. Public health 
(primary prevention) aims to avoid the long- term morbidity, mor-
tality, and healthcare costs attributable to obesity.

A Brief History of Public Health Thinking 
About obesity

Bray (1995) [2]  reviewed obesity- related medical writings from 
antiquity to the present, especially over the past three centuries; 
he noted clinical tomes with titles such as the 1727 ‘Discourse 
Concerning the Causes and Effects of Corpulency Together with the 
Method for its Prevention and Cure’ but concluded that the upswing 
in obesity writings occurred around 1940, when it became more fre-
quent in the medical literature.

The earliest papers that described obesity as a public health 
problem date to the 1950s, well before the oft- reported increases in 
adult obesity since the 1980s. For example, Life Magazine (1954) 
featured a special issue on obesity, describing it as a ‘health crisis’ 
affecting 20– 30% of adult Americans over ‘the desirable weight’, and 
a 50% increased risk of mortality [3,  4]; these were curiously ac-
curate estimates, considering the lack of any public health surveil-
lance or epidemiological studies available at that time. The solutions 
proposed included reduced calorie intake, and prophetically, fewer 
meals consumed outside of the home [3] . By 1968, Huenemann 
reported that obesity was a problem among adolescents too, with 
obesity rates between 10% and 15% (although variously defined). 
She also described childhood obesity as persisting into adult life, 
and being associated with cardio- metabolic risk [5].

Obesity continued to be described as a public health issue 
during the 1970s and as ‘the second greatest public health problem 
after tobacco’ [6] , antedating the subsequent ‘obesity epidemic’. 
Epidemiological risks were characterized in the 1980s, also pre-
dating the recognition by public health agencies that obesity was 
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a problem [7]. This illustrates the delays commonly observed be-
tween problem definition and public health policy response.

Prevalence and Trends in obesity

Epidemiological studies of overweight and obesity can be character-
ized as (i) studies of trends in the prevalence of obesity; (ii) studies 
of the correlates and causes of obesity in populations; and (iii) aetio-
logical studies of the health consequences of obesity.

The rapidly increasing rates of obesity, especially in high-  and 
middle- income countries, have occurred since around 1980. For epi-
demiological and surveillance purposes, studies standardize assess-
ment through the unitless metric, BMI, derived as weight (kg) divided 
by height in metres squared. Levels of BMI over 25 are classified as 
overweight and BMI values over 30 as obese. Obesity increases have 
mesmerized policymakers, the mass media, and the general public, 
although solutions are challenging and complex to implement.

In high- income countries, overweight and obesity may affect 
half to two- thirds of the adult population, and a quarter of adoles-
cents [8] . Globally, objectively measured obesity among adults has 
increased between 1975 and 2016, with the highest current rates 
in Polynesian/ Melanesian Pacific Island countries, in some middle 
Eastern nations, and in the USA [8]. Self- reported data on obesity 
trends adapted and updated from an OECD report are shown in 
Figure 14.1.2.2. For high- income countries such as the USA, the 
UK, and Australia, increases started in the 1980s, with obesity rates 
reaching between 20– 30% of adults within two decades. Overall 
obesity rates have started to plateau in European countries, but 
seem to be still increasing in the USA [8]. Several countries in 

Europe (such as the Netherlands and France) and high- income 
countries in Asia (Japan, South Korea) showed a delayed pattern, 
with obesity increases not occurring until the mid- 1990s or later. 
Other global patterns [8] show later onset in middle- income and 
rapidly developing countries in the twenty- first century, notably 
countries with large populations that are showing rapid industrial-
ization and urbanization, such as China and India, who now report 
huge absolute numbers of overweight and obese adults.

Global childhood and adolescent obesity rates have increased 
from <1% in 1975 to around 6% of in 2016 [8] . There has been a 
concomitant global decline in underweight children. For children 
in Western Europe and the UK, a clear flattening off in prevalence 
has occurred, assessed through objectively measured weight in 
population surveillance systems. Nonetheless, as with adults, even 
if a plateau in obesity occurs, it still poses a long- term public health 
challenge in the form of future non- communicable disease risk. By 
contrast, in many middle- income countries, obesity rates are con-
tinuing to increase, and prevention efforts are urgently needed.

Obesity rates vary between and within countries. In high- income 
countries, the risk of obesity was originally higher among affluent 
adults and children, but is now 2– 3 times more likely in the most 
socially disadvantaged groups; by contrast, in rapidly industrial-
izing countries, such as China and India, the reverse pattern may 
still occur, obesity being more prevalent among the economically 
booming and wealthier middle classes [9] . Obesity in high- income 
countries varies by other demographic characteristics, with rates 
higher in rural than urban adults, and higher rates in specific popu-
lation subgroups, such as indigenous populations in Australia, New 
Zealand, and North America. These demographic patterns, and the 
delineation of at- risk subgroups may be quite different in low-  and 
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Figure 14.1.2.1 Stages in clinical and public health approaches to the problem of obesity.
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middle- income countries. In some countries, obesity rates are 
higher among women (such as in Africa), but this pattern is not 
universal.

Other correlates that are relevant to policy relate to the social and 
physical environments in which people live. Those who have ready 
access to inexpensive unhealthy foods are more likely to be obese 
than those with access to healthier food and physical activity choices 
in their local environments [10]. Social and cultural groups where 
obesity was or has become normative also show an increased like-
lihood of being overweight or obese. These environmental factors 
are mutable, but may interact with individual genetic propensity for 
obesity, through increasing focus on epigenetic mechanisms.

Health Risks and costs of obesity

The health risks of overweight and obesity are based on a com-
bination of basic science (mechanistic evidence), clinical observa-
tions and trials, and long- term prospective epidemiological studies. 
These risks are reviewed in Chapter 14.1.3, ‘Medical Complications 
of Obesity’, but selected elements of the evidence base are of public 
health significance and will be discussed further.

The proportion of chronic disease attributable to obesity varies 
among countries and across epidemiological studies. This variation 
is contributed to by different methods for estimating attributable 
risk. Reported estimates for all- cause mortality ranged from 5% 
to 15%, up to 8% for all- cancer incidence, 7% to 44% for cardio-
vascular disease (CVD) incidence, and 3% to 83% for incident 
diabetes.

Some epidemiological studies noted the lack of increased cardio-
vascular risk for overweight adults, and sometimes even for grade 1 
obesity. This has become known as the ‘obesity paradox’. In a meta- 
analysis, Flegal (2013) observed that there was a slight decrease 
in all cause and cardiovascular deaths among the overweight and 
grade 1 obese [11, 12]. More recent large studies have challenged 

this view. A meta- analysis of 239 cohorts (10.6 million adults, from 
across the world, followed for ~13.7 years) has provided contrary 
evidence and has suggested that there is a continuous increased risk 
across all levels of overweight and obesity, with risk increasing at the 
usual established overweight level (BMI≥ 25) [13]. A similar fine- 
grained analysis of CVD incidence and mortality reached a similar 
conclusion, namely that all levels of overweight and obesity con-
ferred increased risk [14].

An area of consistent evidence is the relationship between obesity 
and type 2 diabetes. Meta- analytic evidence from epidemiological 
cohorts suggests a 7– 8- fold increase in risk of diabetes incidence 
among obese adults, and a threefold increase in risk among those 
who are overweight. The distribution of obesity appears to influence 
risk, with abdominal (central) obesity being a marker of greater risk, 
even among people with apparently healthy BMI levels. The popu-
lation attributable fraction or obesity and diabetes is large, with up 
to 40– 50% of diabetes potentially preventable if obesity were elim-
inated from the population [11]. In the large Swedish SOS trial, im-
provements in diabetes control occurred with weight loss when it 
occurred at any initial level of BMI, indicating the metabolic bene-
fits occur across the spectrum of obesity [15].

Obesity is associated consistently with diabetes risk, but not all 
obese people develop diabetes. An expert consensus statement con-
cluded that some of the risk is mediated through inflammatory 
biomarkers, and other metabolic factors that regulate glycaemic 
control and insulin resistance [16]. Further, being ‘metabolically 
healthy’ despite being obese does lower non- communicable disease 
(NCD) and mortality risk, irrespective of which definition of meta-
bolic health is used. This may be further attenuated if the person is 
physically active, which may offset diabetes risk [17].

Another area of concern is the risk of maternal obesity or ex-
cessive weight gain in pregnancy, which may lead to adverse 
pregnancy- related and postnatal outcomes, as well as influencing 
the NCD risk in their offspring [18]. This is a public health problem, 
since effective interventions are seldom generalized and delivered to 
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Figure 14.1.2.2 Trends in adult obesity rates selected countries.
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the whole target population. This requires strategies beyond enrol-
ling volunteer overweight pregnant women into lifestyle trials.

Although recent evidence suggests that increases in health risk 
occur across all levels of increased BMI or adiposity, the risks increase 
markedly for grade 2 and 3 obesity (BMI levels > 35 and >40 respect-
ively). At these higher ends of the obesity spectrum, clinical therapy 
is essential, including pharmacological and surgical approaches. For 
the much large proportion who are overweight, upstream prevention 
approaches are essential to prevent incident obesity, prevent add-
itional weight gain in those already overweight, and the challenge of 
weight loss, where possible, at the population level.

Furthermore, since obesity tracks across the lifespan, high BMI 
levels in adolescence may lead to chronic disease risk decades later. 
However, the media- fuelled alarmist concept that children may 
have shorter life expectancies than their parents [19] is probably an 
overstatement, as management continues to improve. Obese people 
are kept alive for longer, and the once- anticipated ever- increasing 
linear projections in obesity are unlikely in high- income coun-
tries. Nonetheless, this is not cause for public health complacency, 
especially in middle- income countries, where obesity prevalence 
is rapidly escalating, and globally, as the absolute numbers at risk 
of chronic disease still pose dire challenges for future healthcare 
spending.

Many studies have examined the direct costs (healthcare) of over-
weight and obesity, and the indirect costs (IC) (lost productivity, 
absenteeism, premature morbidity, and mortality) or both. The 
parameters vary substantially across studies, but are always im-
pressively high as a total dollar value, or as a proportion of health 
costs or national GDP [20] and consistent increases in most coun-
tries are seen. Typically, studies report that between 3% and 10% of 
healthcare costs, or between 0.7 and 2.8% of total GDP is attribut-
able to obesity [21]. Another method involves estimation of the pro-
portion of costs attributable to obesity- related non- communicable 
disease and musculoskeletal disease. Around 15– 30% of such dis-
ease costs may be due to obesity and overweight [22].

Population Level causes of obesity

It is unlikely that the rapid increases in obesity are wholly attribut-
able to individual- level biological changes or genetic factors alone, 
and equally improbable that very similar patterns of increase co-
incided with the subsequent economic development in low-  to 
middle- income countries. Furthermore, the reverse trend, seen 
when a country rapidly becomes less affluent and obesity decreases 
in a short time period, as was demonstrated in Cuba in the 1990s 
[23]. This does not preclude epigenetic contributions to obesity, but 
does point to a more complex web of metabolic, behavioural, envir-
onmental, cultural, and socioeconomic influences. These were sum-
marized in the Foresight model prepared for the UK Department 
of Health [24]. This report identified groups of interrelated areas in 
the food system and the physical activity system that contributed 
directly or indirectly to the ‘obesogenic environment’ and to obesity. 
This systems map identified thematic groupings of likely causal fac-
tors [24]. These included:

 • Individual- level factors can contribute, including individual 
physiology, responses to thermogenesis, response to early life 

exposures, and individual potential for epigenetic phenomena to 
upregulate obesity- related metabolism

 • Dietary behaviours that exist within a food system. These are 
composed of food production choices and food distribution sys-
tems that influence patterns of food consumption; additionally, 
geographic and cultural factors related to food availability and 
choices; societal and individual norms related to food prefer-
ences, convenience, and choice; food marketing and distribution 
of low- cost energy- dense and nutrient- poor foods to the majority 
of the population

 • Physical activity- related behaviours within a ‘physical activity 
system’, influencing active recreation, exercise, and sport; urban 
environments and transport systems that influence active travel 
and active commuting; influences on activity at workplaces and 
in domestic settings.

While genetic factors, individual- level choices, and metabolic fac-
tors may be amenable to clinical and individual- level interventions, 
the broader social, environmental, and societal level contributors 
to ‘obesogenesis’ provide a mandate for population- wide preventive 
interventions. Even if genetic factors are only expressed in adverse 
‘obesogenic’ environments, then programmes, policies, and strat-
egies to address these macro- level determinants are needed to ad-
dress obesity in the immediate future.

Public Health Solutions

There is broad awareness of the extent and seriousness of the 
obesity problem, but it is very challenging to develop and imple-
ment feasible public health solutions at the population scale. The 
principles of public health solutions to obesity can be drawn from 
previous public health ‘success areas’, such as tobacco control and 
HIV prevention in many high- income countries. These have been 
distilled into the ‘lessons for obesity’ shown Box 14.1.2.1. They 
epitomize the components of a likely effective community- wide 
approach to obesity prevention. Note that some solutions lie out-
side the health sector, and that ‘evidence- based action’ requires 
public health actions across the inter- related obesogenic ‘system’ 
in society.

Fox (2013) suggested key obesity- relevant policy actions for the 
USA, namely increasing the availability of healthy foods (and redu-
cing ‘food deserts’); taxing unhealthy foods or subsidizing healthy 
foods (especially for disadvantaged groups) [25]. One target is 
sugar- sweetened beverages (SSBs), which include carbonated and 
other high- sugar, mass- produced and heavily marketed beverages, 
it is widely accepted that taxation of SSBs appear effective in redu-
cing population SSB consumption, but may be politicised and not 
implemented through subtle food industry lobbying and influences 
on governmental views. Physical activity- relevant policies include 
improving public transport systems and the provision of places to 
be active, including sports fields, walking paths (sidewalks), and 
low- cost exercise facilities. The evidence base is mixed, but this 
public health approach describes ‘best bets’ in a comprehensive 
suite of obesity prevention policies [26].

For children and adolescents, obesity prevention strategies have 
been described by World Health Organization (WHO), starting 
with prenatal influences and preventing excess maternal weight 
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gain in pregnancy. Subsequently, breastfeeding should be encour-
aged at least to 6  months of age [27]. Strategies for childhood 
obesity include restricting marketing of unhealthy foods and bev-
erages, ideally through legislated action. Taxes on SSBs are recom-
mended as an evidence- based approach to reducing consumption at 
the population level [27]. Front of pack food labelling is also recom-
mended. School environments should prioritize healthier canteen 
food, restrict vending machines, and encourage physical activity 
within and outside of the school.

Integrating clinical and Population  
Approaches

In summary, there is a clear place for clinical treatment of obesity, 
but given its population prevalence, upstream preventive efforts 
are also required. The latter are expensive, require formulation 
in a policy environment, and may pose challenges to implement. 
Ongoing advocacy for obesity prevention efforts, for the implemen-
tation of existing national obesity plans, and for ongoing surveil-
lance to document success are essential ingredients. The biggest task 
for public health is to integrate efforts across Government and non- 
Government agencies, beyond the health sector alone.

ReFeRenceS
 1. Kyle TK, Dhurandhar EJ, Allison DB. Regarding obesity as a dis-

ease: evolving policies and their implications. Endocrinol Metab 
Clin, 2016; 45: 511– 20.

 2. Bray GA. The tide shifts again: the ebb and flow of history. Obes 
Res, 1995; 3: 605– 8.

 3. Jolliffe N. Some basic considerations of obesity as a public health 
problem. Am J Public Health Nations Health, 1953; 43: 989– 92.

 4. Life Magazine. The plague of overweight, 8th March 1954: 120– 4
 5. Huenemann RL. Consideration of adolescent obesity as a public 

health problem. Public Health Rep, 1968; 83: 491– 95.
 6. Garrow J. Obesity— Public health enemy No 2? Health Educ J, 

1986; 45: 57– 8.
 7. World Health Organization. Obesity: Preventing and Managing 

the Global Epidemic (No. 894). Geneva: World Health 
Organization, 2000.

 8. Lancet, NCD risk factor Collaboration. Worldwide trends in 
body- mass index, underweight, overweight, and obesity from 
1975 to 2016: a pooled analysis of 2416 population- based meas-
urement studies in 128·9 million children, adolescents, and 
adults. Lancet, 2017; 390: 2627– 42.

 9. Dinsa GD, Goryakin Y, Fumagalli E, Suhrcke M. Obesity and 
socioeconomic status in developing countries: a systematic re-
view. Obes Rev, ; 13: 1067– 79.

 10. Gordon- Larsen P, Nelson MC, Page P, Popkin BM. Inequality in 
the built environment underlies key health disparities in physical 
activity and obesity. Pediatrics, 2006; 117: 417– 24.

 11. Flegal K, Panagiotou OA, Graubard BI. Estimating population 
attributable fractions to quantify the health burden of obesity. 
Ann Epidemiol, 2015; 25: 201– 207.

 12. Flegal KM, Kit BK, Orpana H, Graubard BI. Association of 
all- cause mortality with overweight and obesity using standard 
body mass index categories a systematic review and meta- 
analysis. JAMA, 2013; 309: 71– 82.

 13. Di Angelantonio E, Bhupathiraju SN, Wormser D, et al. Body- 
mass index and all- cause mortality: individual- participant- data 
meta- analysis of 239 prospective studies in four continents. 
Lancet, 2016; 388: 776– 86.

 14. Khan SS, Ning H, Wilkins JT, et al. Association of body mass 
index with lifetime risk of cardiovascular disease and compres-
sion of morbidity. JAMA Cardiol, 2018; 3: 280– 7.

 15. Sjöholm K, Pajunen P, Jacobson P, et al. Incidence and remission 
of type 2 diabetes in relation to degree of obesity at baseline and 
2 year weight change: the Swedish Obese Subjects (SOS) study. 
Diabetologia, 2015; 58: 1448– 53.

 16. Eckel RH, Kahn SE, Ferrannini E, et al. Obesity and type 2 dia-
betes: what can be unified and what needs to be individualized?. 
J Clin Endocrinol Metab, 2011; 96: 1654– 63.

 17. Colberg SR, Sigal RJ, Yardley JE, et al. Physical activity/ exercise 
and diabetes: a position statement of the American Diabetes 
Association. Diabetes Care, 2016; 39: 2065– 79.

 18. Godfrey KM, Reynolds RM, Prescott SL, et al. Influence of 
maternal obesity on the long- term health of offspring. Lancet 
Diabetes Endocrinol, 2017; 5: 53– 64.

 19. Olshansky SJ, Passaro DJ, Hershow RC, et al. A potential decline 
in life expectancy in the United States in the 21st century. N Engl 
J Med, 2005; 352: 1138– 45.

 20. Specchia ML, Veneziano MA, Cadeddu C, et al. Economic im-
pact of adult obesity on health systems: a systematic review. Eur 
J Public Health, 2015; 25: 255– 62.

 21. Withrow D, Alter DA. The economic burden of obesity world-
wide: A systematic review of the direct costs of obesity. Obes 
Rev, 2011; 12: 131– 41.

 22. Lette M, Bemelmans WJE, Breda J, Slobbe LCJ, Dias J, 
Boshuizen HC. Health care costs attributable to overweight cal-
culated in a standardized way for three European countries. Eur 
J Health Econ, 2016; 17: 61– 9.

Box 14.1.2.1 Six lessons from tobacco: elements of successful 
public health relevant to obesity

 1 Need to consider the social and environmental determinants [of 
obesity], which includes working outside the health sector, with a 
range of Government departments, non- Government agencies, and 
the private sector

 2 Need sustained public education, and consistently disseminated 
obesity mass media and social media campaigns, and coordinated 
advocacy (especially against unhealthy food marketing)

 3 Have a clear cross- agency (cross- sectoral) mandate, clearly identi-
fied leadership, sustained policy support and resources, and an im-
plemented multiyear (national) obesity prevention plan

 4 Implementing regulatory policies and taxation as appropriate (for 
SSBs or across a broader range of unhealthy foods) and policies that 
change the (food and physical activity related) environments and the 
social environment (social norms) that support obesity

 5 Have the flexibility to implement actions, based on best available 
public health evidence (not waiting for controlled trial and meta- 
analytic evidence syntheses to precede public health actions)

 6 Integrate health sector and health professional advice into the 
overall obesity prevention strategy

Data derived from Bonfiglioli, C.M.F., Allman- Farinelli, M.A., King, L., Bauman, A.E., 
2008. Mapping solutions to obesity:  Lessons from the Human Genome Project. 
Australian and New Zealand Journal of Public Health 32, 546– 8; Capewell, S., Lloyd- 
Williams, F., 2018. The role of the food industry in health: Lessons from tobacco? 
British Medical Bulletin 125, 131– 43; Heymann, E.P., Goldsmith, D., 2011. The battle 
against obesity: Lessons from tobacco. The Lancet 378, 2069.



SecTIon 14 Obesity, Dyslipidaemia and Other Metabolic Disorders1820

 23. Franco M, Bilal U, Orduñez P, Benet M, et al. Population- wide weight 
loss and regain in relation to diabetes burden and cardiovascular 
mortality in Cuba 1980– 2010: repeated cross sectional surveys and 
ecological comparison of secular trends. BMJ, 2013; 346: f1515.

 24. Foresight— tackling obesities: future choices— project report, 
2nd edn. Government Office for Science, UK, 2007. Available 
at: https:// www.gov.uk/ government/ collections/ tackling- 
obesities- future- choices (accessed: 15 April 2020).

 25. Fox AM, Horowitz CR. Best practices in policy approaches 
to obesity prevention. J Health Care Poor Underserved, 2013; 
24: 168.

 26. Swinburn B, Gill T, Kumanyika S. Obesity prevention: a pro-
posed framework for translating evidence into action. Obes Rev, 
2005; 6: 23– 33.

 27. World Health Organization. Taking action on childhood obesity. 
Geneva: World Health Organization, 2018. Available at: http:// 
www.who.int/ iris/ handle/ 10665/ 274792 (accessed: 15 April 2020).

14.1.3 Medical complications 
of obesity
Friedrich C. Jassil and Rachel L. Batterham

Introduction 1820

Candidate Mechanisms Linking Obesity and its Medical 

Complications 1820

Health Complications of Obesity 1820

Conclusion 1824

Funding Sources 1824

References 1824

Introduction

Obesity is a chronic progressive condition associated with multiple dis-
eases and reduced life expectancy (Figure 14.1.3.1). Countries such 
as the United States and Canada, as well as several professional health 
bodies including the World Health Organization and the World Obesity 
Federation, have recognized obesity as a disease, on the basis that the 
pathogenesis of obesity fits the epidemiological model of a disease 
process. In this chapter, the latest epidemiological and clinical studies 
describing the associations and suggested links between obesity and its 
medical complications are summarized, and current understanding of 
potential underlying mechanisms are briefly described.

candidate Mechanisms Linking obesity and its 
Medical complications

A large number of mechanisms have been proposed to account for 
the link between obesity and metabolic sequelae, but how these 
interact in humans, and which mechanisms play the dominant role, 

remains uncertain. Important themes in current understanding in-
clude inflammatory consequences of adipose tissue overload, and 
differences among different adipose depots.

Adipocytes play a crucial role metabolically, storing excess caloric 
intake in the form of highly energy- dense triglycerides. They also 
produce a panoply of factors that act in a paracrine, autocrine, and 
endocrine manner, impacting upon a multitude of physiological 
functions including energy and glucose homeostasis, reproduc-
tion, and immune responses [1] . Following periods of energy sur-
plus, adipocytes expand in size and number to accommodate excess 
lipid storage. Hypertrophic adipocytes resulting from unhealthy in-
crease in size produce pro- inflammatory adipokines and cytokines 
such as tumour necrosis factor- alpha (TNF- α) and interleukin- 6 
(IL- 6), with concomitant downregulation of the anti- inflammatory 
protein adiponectin. Ultimately, these changes lead to chronic sys-
temic low- grade inflammation which is associated with adverse 
clinical manifestations such as atherosclerosis, insulin resistance 
and hyperinsulinaemia [2]. It has been shown that individuals with 
obesity, particularly abdominal (central) obesity, exhibit greater 
levels of pro- inflammatory biomarkers compared to normal- weight 
counterparts [3]. Conversely, achieving at least 10% weight loss is 
beneficial in improving the obesity- associated unfavourable inflam-
matory markers.

Differences among different adipose depots are also believed to 
play an important role in obesity- related disease. In the face of con-
tinued positive energy balance, it is postulated that when subcuta-
neous adipose tissue reaches its maximal capacity to expand, excess 
substrate is redirected and accumulates as lipid in visceral depots, 
leading to abdominal obesity, and is also accumulated ectopically, 
in extra- adipose sites in organs such as the liver, muscles, pan-
creas, and heart [4] . Excess ectopic lipid leads to cell lipotoxicity 
and lipoapoptosis and impairment of the respective organ func-
tion. For instance, excess lipid accumulation in the liver results 
in non- alcoholic fatty liver disease (NAFLD) and non- alcoholic 
steatohepatitis (NASH), in muscle leads to insulin resistance, in the 
pancreas is associated with β- cell failure, and in the heart is linked 
to cardiomyopathy [5].

Health complications of obesity

Type 2 Diabetes Mellitus

Being obese is associated with a sevenfold increase in the relative 
risk (RR) of developing T2D [6] . More worryingly, over the last few 
decades, the rise in prevalence of childhood obesity has been ac-
companied by a growing trend of incident T2D in youth, dispelling 
the notion of T2D as an adult- onset disease. For every ten years of 
living with obesity, there is a 7% higher chance of developing T2D 
for both men and women [7]. Importantly, adiposity gained during 
young adulthood has been linked to a greater RR of T2D incidence 
than if the same level of adiposity was gained during middle age [8].

The ability of weight loss interventions to ameliorate T2D 
provides further evidence for a causal role of obesity in medi-
ating T2D. In the Diabetes Remission Clinical Trial (DiRECT), 
weight loss induced by lifestyle measures was associated with re-
versal to a non- diabetic state in a weight dependent manner. Of 
those achieving ≥15 kg weight loss at 12 months’ follow- up, 86% 
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were able to achieve a glycated haemoglobin (HbA1c) <6.5% and 
stop all of their T2D medication compared to only 7% in those 
who were able to maintain 0– 5 kg weight loss [9] . Similarly, fol-
lowing bariatric surgery, T2D remission has been shown to be de-
pendent upon the magnitude of weight loss achieved post- surgery. 
Indeed, mechanistic studies undertaken in animals and humans 
have demonstrated that weight loss induced via lifestyle inter-
ventions or surgical means leads to restoration of the first- phase 
insulin response, possibly owing to reversal of intrapancreatic fat 
accumulation, which is suggested to drive β- cell dysfunction and 
de- differentiation [10].

Hypertension

Obesity also plays a key role in the pathogenesis of hypertension. 
According to data from the Third National Health and Nutrition 
Examination Survey (NHANES III), the prevalence of hyperten-
sion in men and women with Body Mass Index (BMI) ≥30 kgm- 2 
was 41.9% and 37.8%, respectively, compared to 14.9% and 15.2% 
in people with BMI ≤25  kgm- 2 [11]. Also, data from the Johns 
Hopkins Precursors Study further revealed that obesity in early 
adulthood conferred a threefold risk of developing hypertension 
later in life even after adjustment for potential confounders [12]. 
It is known that blood pressure control is more difficult to achieve 
in hypertensive patients with obesity while weight loss resulting 
in better control. Furthermore, obesity is also a common cause of 
treatment- resistant hypertension. These highlight the importance 
of weight loss as an adjunct therapeutic approach in managing 
hypertension.

Dyslipidaemia

As discussed in more detail in Chapters  15.13.4, ‘Diabetic 
Dyslipidaemia’ and 14.2  ‘Lipoprotein Metabolism and 
Dyslipidaemia’, many individuals with obesity have deranged lipid 
metabolism that manifests clinically as fasting and postprandial 
lipemia with elevated triglyceride, reduced high- density lipopro-
tein (HDL) cholesterol and slightly increased or normal level of 
low- density lipoprotein (LDL) cholesterol. Data from the NHANES 
III revealed a direct relationship between increased BMI and 
dyslipidaemia in adult (11). Similarly, in youth aged 12– 19 years, 

42.9% of those with BMI exceeding the 95th percentile were re-
ported to have at least one abnormal lipid level [13]. In obesity, en-
hanced free fatty acid influx to the liver, brought about by insulin 
resistance, leads to continuous hepatic hypersecretion of very low- 
density lipoprotein (VLDL) particles. Once this triglyceride- rich 
lipoprotein is released into the circulation, it undergoes a sequence 
of lipoprotein changes through enzymatic actions leading to a re-
duction in circulating levels of antisclerotic HDL cholesterol and 
production of the atherogenic remnant of small dense LDL with 
consequent hypertriglyceridemia. Increased circulating small dense 
LDL can trigger the pro- inflammatory response that eventually 
promotes the development of atherosclerosis. Conversely, reduced 
HDL cholesterol levels impair the reverse cholesterol transport, a 
mechanism that serves as a protection against atherosclerosis [14].

Metabolic Syndrome

Metabolic syndrome (MetS) is a clinical condition diagnosed 
based on the simultaneous clustering of at least three of the fol-
lowing risk factors:  abdominal obesity, raised triglycerides, re-
duced HDL cholesterol, elevated blood pressure, and raised 
fasting plasma glucose. This constellation of metabolic abnor-
malities are primarily mediated by insulin resistance. In the long- 
term, MetS increases the risk of T2D and cardiovascular disease 
(CVD) [15].

In a Multi- Ethnic Study of Atherosclerosis (MESA) involving 
2748 adult men and women, of 1362 subjects with obesity 
without MetS at baseline, 44% developed MetS within 2  years. 
Further analyses have shown that greater obesity severity and 
duration were both associated with higher odds of incident MetS 
[16]. Indeed, growing evidence from prospective studies suggests 
that metabolically healthy obesity is a transient state before tran-
sitioning to a metabolically unhealthy phenotype, mainly driven 
by an increase in general and abdominal adiposity. Medical 
weight loss that leads to reduction in waist circumference has 
been shown to improve all components of metabolic abnormal-
ities of MetS. Importantly, a recent systematic review and meta- 
analysis has concluded that children with overweight or obesity 
from birth to 6 years of age have a higher risk of developing MetS 
later in life [17].
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Figure 14.1.3.1 Health complications of obesity.
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cardiovascular Disease

Obesity is a well- known independent risk factor for CVD. 
Obesity also increases CVD risk secondarily through worsening 
of other weight- related comorbidities including T2D, hyperten-
sion, dyslipidaemia, MetS, and NAFLD. Together, obesity and its 
comorbidities adversely affect the cardiovascular system, impacting 
upon cardiac structure, function and haemodynamics [18]. The 
higher incidence of coronary artery disease in people with obesity 
has been reported to be strongly associated with endothelial dys-
function and systemic inflammation [19]. Worryingly, robust evi-
dence from epidemiological and post- mortem studies in children 
with obesity has shown that the atherogenic process begins in early 
childhood [20]. A  meta- analysis of prospective studies including 
more than two million adults from Western and Eastern popula-
tions has demonstrated that relative to normal- weight individuals, 
the RR for ischaemic stroke and haemorrhagic stroke were 1.64 
and 1.24, respectively, in individuals with obesity [21]. Also, data 
from the Framingham Heart Study showed that after adjustment 
for other established risk factors, obesity was associated with 5% 
and 7% increased risk of heart failure in men and women, respect-
ively [22]. Moreover, in another report from the same study cohort, 
every one unit of increment in BMI was independently associated 
with 4% increased risk of atrial fibrillation observed in both genders 
[23]. Also, obesity doubled the risk of developing venous thrombo-
embolism due to its hypercoagulability and pro- inflammatory state, 
and impaired fibrinolysis [24].

cancer

Another major adverse health consequence of obesity is cancer. 
Recent reports from both the United States and United Kingdom 
populations revealed that overweight and obesity is now one of the 
leading causes of cancer, second only to tobacco smoking. Obesity 
is linked to many cancer types with strong evidence observed for 
oesophageal, colorectal, pancreatic, and hepatobiliary, endometrial 
(in premenopausal women), breast (in postmenopausal women) and 
renal cancers, in addition to multiple myeloma [25]. Many mechan-
isms and mediators have been proposed to underlie increased obesity- 
related risk of cancer development and progression, including insulin 
resistance with compensatory hyperinsulinaemia; pro- inflammatory 
changes in adipose secretome including upregulation of leptin and 
cytokines and downregulation of adiponectin; changes in sex hor-
mones; increased circulating plasminogen activator inhibitor- 1 and 
vascular endothelial growth factor; and changes in gut microbiota 
[26]. Importantly, obesity may impact upon cancer survival as well 
as quality of life, cancer progression, and recurrence, metastasis, 
treatment efficacy, and adverse treatment effects.

non- Alcoholic Fatty Liver Disease

Excess adiposity is the major risk factor for NAFLD, characterized by 
intrahepatic triglyceride (IHTG) content of more than 5%. A subset 
of patients with obesity- induced NAFLD progress to NASH, a more 
aggressive form of fatty liver characterized by steatosis, inflamma-
tion and/ or fibrosis which may further progress to cirrhosis and 
hepatocellular carcinoma (HCC). Worryingly, accumulating evi-
dence has shown that HCC can develop in patients with NAFLD in 
the absence of cirrhosis [27]. In a pathophysiological study under-
taken in subjects with obesity, 5% weight gain was associated with 

20% increase in de novo intrahepatic of fatty acid synthesis from 
carbohydrates, hence increasing the IHTG content. In contrast, the 
rate of β- oxidation, a mechanism for removing IHTG, decreased 
substantially [28]. Both of these processes were mediated by impair-
ment in insulin sensitivity as a result of weight gain. Although the 
export of IHTG from the liver was upregulated through higher pro-
duction of triglyceride- rich VLDL particles following weight gain, 
this process was unable to adequately compensate for the increased 
IHTG production rate [28].

Gallbladder Disease

Obesity is one of the predisposing non- genetic risk factors for 
gallbladder disease, particularly gallstones. Analysis of data from 
published prospective studies revealed that for every five unit increase 
in BMI, the RR for gallbladder disease was 1.63 [29]. Hypersecretion 
of hepatic cholesterol is known to be one of the metabolic abnor-
malities occurring in obesity. Increased biliary cholesterol secretion 
leads to supersaturation of bile, resulting in formation of cholesterol 
gallstones [30]. Due to the increased prevalence of gallstones among 
people with obesity, the incidence of developing acute pancreatitis is 
thus higher. Unfortunately, if people with obesity do develop acute 
pancreatitis, its severity tends to be greater.

chronic Kidney Disease

There is an association between obesity and renal impairment, 
even in the absence of the predisposing comorbidities such as T2D 
and hypertension. An analysis undertaken in more than 600 000 
adults with normal renal function found that after a mean follow- 
up period of 6.8 years, participants with obesity exhibited 28% in-
creased risk for new- onset reduced estimated glomerular filtration 
rate and 51% increased risk for albuminuria [31]. Obesity causes 
upregulation of the renal tubular sodium reabsorption, and this 
leads to renal vasodilation and glomerular hyperfiltration that act 
as feedback mechanisms to maintain sodium balance. Together, 
these haemodynamic changes result in glomerular hypertension, 
glomerulomegaly and glomerulosclerosis that eventually lead to a 
progressive loss of kidney function [32]. Weight loss intervention, 
especially bariatric surgery, have been shown to prevent further 
decline in renal function through normalization of glomerular 
filtration rate and reduction in albuminuria and proteinuria.

Reproductive Health and Pregnancy outcomes

Obesity affects a significant number of women of childbearing age 
and has a substantial negative impact on overall reproductive health. 
It is well documented that obesity contributes to primary and sec-
ondary infertility and exacerbates many aspects of the polycystic 
ovarian syndrome phenotype [33]. Women with obesity are more 
likely to experience anovulation brought about by dysregulation of 
the hypothalamic– pituitary– ovarian axis and high circulating leptin 
levels. Furthermore, obesity also appears to affect oocyte develop-
ment and quality, embryo implantation and endometrial receptive-
ness [33, 34]. As compared to pregnancy in normal weight, the risk of 
adverse maternal and fetal outcomes such as miscarriage, gestational 
diabetes, pregnancy- induced hypertension, prematurity, abnormal 
fetal growth and congenital anomalies are increased in obesity 
[33, 35]. Obesity also negatively impacts upon the male reproductive 
potential, primarily due to impaired spermatogenesis and sexual 
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dysfunction. Data from a meta- analysis provide clear evidence that 
men with obesity are more likely to exhibit poor semen quality such 
as oligospermia or azoospermia and increased proportion of sperm 
with DNA damage, abnormal morphology, and low mitochon-
drial membrane potential, compared to normal- weight men [36]. 
Furthermore, it has become evident that both maternal and paternal 
obesity are associated with adverse health consequences of the off-
spring such as increased risk of obesity, T2D, and CVD in later life, 
mediated by epigenetic alterations in sperm and in utero [35, 37].

Weight reduction increases the chances of pregnancy from nat-
ural conception and improves ovulation, menstrual cycles regu-
lation, and an overall improvement in pregnancy outcomes with 
higher live birth rates. Similarly, in men with obesity, weight loss 
has been shown to be effective in reversing infertility by improving 
semen parameters and reproductive hormonal profile.

osteoarthritis

Obesity is a recognized modifiable risk factor for osteoarthritis 
(OA). Every five unit increase in BMI is associated with 35% and 
11% increased risk for knee and hip OA, respectively [38, 39]. In a 
large population- based cohort study of 1 764 061 subjects followed- 
up for a median of 4 years, the incidence rate of OA was reported to 
be higher in subjects with obesity compared to subjects with normal 
weight with the knee joint being greatly affected followed by the 
hand and hip [40]. OA in obesity was initially thought to be solely 
caused by biomechanical overload of the weight- bearing joints due 
to excessive body mass but new evidence is emerging that suggests 
increased expression of pro- inflammatory cytokines and adipokines 
(particularly leptin) and obesity- related dyslipidaemia may play a 
pivotal role. This explains why OA of non- weight- bearing joints 
such as those in the hand is also common among individuals with 
obesity [41]. The relationship between obesity and OA also appears 
to be bidirectional. OA leads to reduced mobility often contrib-
uting to further weight gain and a vicious cycle of increasing weight 
and worsening OA. Weight loss is a mainstay of treatment for OA, 
even a 5% weight reduction will promote improvement in physical 
disability. Importantly, patients with obesity who underwent joint 
replacement surgery for the treatment of severe or end- stage OA 
reported experiencing poorer post- surgery outcomes compared to 
patients without obesity.

Gout

Obesity increases the burden of gout. Data from the NHANES has 
shown the relationship between body weight and prevalence of 
gout appears to be dose- dependent and continues to persist even 
after adjustment for comorbidities and serum uric acid level [42]. 
It is postulated that obesity- associated insulin resistance and high 
leptin production promote hyperuricemia by inhibiting the renal 
excretion of uric acid. Furthermore, associated comorbidities such 
as elevated triglycerides and blood pressure increase plasma uric 
acid concentration [43]. In contrast, weight loss among patients 
with overweight and obesity diagnosed with gout has been shown 
to provide a beneficial effect in lowering uric acid level.

obstructive Sleep Apnoea

Obesity is widely acknowledged as a major risk factor for obstructive 
sleep apnoea (OSA). Indeed, the incidence of OSA in adults, 

children, and adolescents parallels obesity prevalence. Individuals 
with obesity, particularly those with regional obesity, have a 
greater neck circumference due to parapharyngeal fat deposition 
resulting in greater collapsibility of the pharyngeal airway during 
sleep. Furthermore, intra- abdominal fat accumulation in obesity 
decreases lung volumes which further exacerbates OSA. Elevated 
circulating leptin levels and pro- inflammatory cytokines may also 
play a role in the pathogenesis of obesity- related OSA given their 
influence upon respiratory drive and neuromuscular control of the 
upper airways [44]. Interestingly, OSA also contributes to further 
weight gain as sleep disruption leads to altered energy expenditure, 
appetite hormones, and eating pattern.

Asthma

Obesity is recognized as an important risk factor for asthma in 
both children and adults. In fact, the prevalence and incidence 
of asthma are highly correlated with the magnitude of obesity. 
Obesity is associated with poor asthma control, frequent hospi-
talization, and decreased response to treatment. The mechanism 
by which obesity causes asthma is still not well understood, but 
genetic susceptibility, changes in lungs mechanics, airway inflam-
mation, cardiometabolic abnormalities and diet and lifestyle have 
been suggested to be key contenders [45]. Indeed, weight loss via 
both non- surgical and surgical means lead to overall improvement 
in asthma control.

cognitive Impairment and Dementia

Growing evidence supports the link between obesity and cog-
nitive dysfunction encompassing poor executive function and 
short- term memory and increased risk of dementia, particularly 
Alzheimer’s disease. The recent finding based on data from over 
1.3 million adults from different regions indicates that high mid- 
life BMI was directly associated with greater risk of dementia in 
later life [46]. Chronic inflammation, neurodegeneration, vascular 
disease, and metabolic alteration are among the potential mechan-
isms proposed to explain the link between obesity and cognitive 
decline [47].

Intracranial Hypertension

Intracranial hypertension is characterized by raised intracranial 
pressure that typically seen in women with obesity and of repro-
ductive age [48]. Headaches, visual loss, pulsatile tinnitus, dizzi-
ness, and back and neck pain are among the common reported 
symptoms. The mechanism by which obesity causes intracranial 
hypertension is still unknown [48]. However, preliminary find-
ings have suggested the beneficial effect of weight loss surgery in 
improving the associated symptoms and a reduction in intracranial 
pressure.

Psychological comorbidities

From a psychological point of view, children and adolescent with 
obesity are more likely to develop depression, anxiety, lower self- 
esteem, and poor health- related quality of life compared with peers 
of healthy- weight. This is in part, due to weight- related stigma, 
teasing and bullying which can have a serious impact upon their 
mental health [49]. Adults with obesity report perceived discrim-
ination in various settings such as work- related, healthcare- related, 
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and day- to- day interpersonal settings. Such weight- related stig-
matization may negatively affect psychological well- being. It is 
therefore not surprising that people with obesity were 32% more 
likely to develop depression compared to their normal- weight 
counterparts [50].

conclusion

Excess accumulation of adipose tissue leads to an adverse metabolic 
and inflammatory state that drives several disease processes, which, 
coupled with biomechanical effects of excess weight and obesity- 
associated stigma, lead to a multitude of comorbidities and prema-
ture death. A deeper understanding of how obesity contributes to 
such a myriad of health complications is therefore imperative and 
will pave the way for development of evidence- based therapeutic 
interventions. Importantly, the growing body of evidence that 
obesity- related health complications are present in young people 
with obesity highlights the need for more effective and robust pre-
vention and therapeutic strategies that should be implemented as 
early as feasible.
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Introduction

Overweight and obese individuals have excess adiposity due to 
complex interactions among genetic, developmental, physiological, 
environmental, and psychological factors. Fat distribution, espe-
cially increased intraabdominal (visceral fat) may be as important 
as overall obesity in increasing risk of coronary artery disease, type 
2 diabetes, and certain reproductive and gastrointestinal cancers. 
While scientists debate exactly how much visceral fat is too much, 
cross sectional data shows that weight gain and visceral fat incre-
ment of over twofold in men and over threefold in women be-
tween the ages of 25 and 65 years contributes to the increased risk 
of metabolic complications [1] . Mechanical complications include 
joint pain and arthritis, sleep apnoea, and higher obstetric risk. The 
psychosocial effects of obesity include an increased risk of mood 
disorders and the effects of stigmatization. The impact on health 
is so significant that several worldwide organizations including the 
American Medical Association and the World Obesity Federation 
have identified obesity as a disease [2, 3]. We discuss the evidence 
behind successful weight management strategies including dietary 
approaches, the role of physical activity and effective use of behav-
iour modification, and show how they can be supported by the use 
of pharmacotherapy.
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energy Balance and energy Requirements

Imbalance between energy derived from intake of food and expend-
iture of energy to maintain body physiology and perform physical 
work account for changes in the body’s energy stores, primarily 
composed of fat tissue. Factors contributing to energy imbalance 
include genetic predisposition, maternal obesity, environmental, 
and cultural influences. Weight gain is associated with an increase 
in energy expenditure, due to an associated increase in the metabol-
ically active component of the body (i.e. fat- free mass). Conversely, 
weight loss leads to a decrease in energy expenditure, which may 
partly explain why weight loss tends to plateau in the context of 
ongoing dietary restriction. Manipulation of dietary quantity or 
composition may alter overall energy intake and/ or energy expend-
iture with a corresponding change in fat- free mass and subsequently 
alter the energy stores of the body [4] .

Up to 60– 70% of an individual’s total daily energy expenditure 
is accounted for by the resting energy expenditure (REE) required 
to maintain normal body physiology. REE varies according to age, 
sex, pubertal growth, ethnicity, pregnancy, lactation, and phys-
ical activity. The British Nutrition Foundation has established the 
average estimated dietary reference values according to age groups, 
based on the average healthy population in the United Kingdom [5]  
(Table 14.1.4.1).

Estimated Energy Requirement  =  REE × Physical Activity 
Level (PAL)

The Physical Activity Level (PAL) is estimated using a list of the 
physical activities undertaken within a 24- hour period. PAL is de-
termined based upon the impact of basal activity on energy expend-
iture (a factor of 1.1) and the sum of all activities (sum of Δ PAL). 
A third of obese individuals (BMI > 30 kg/ m2) would fit into a de-
scription of an inactive person, defined as overall PAL of less than 
1.4. Estimated values of PAL are listed in Table 14.1.4.2.

Overall, physical activity levels in the United Kingdom are low; 
the amount of time spent on any physical activity is on average 6.5 

hours for men and 5.5 hours for women per week [6] . One in five 
individuals in UK spend less than 30 minutes undertaking mod-
erate physical activity per week. Thirteen per cent (13%) of all UK 
men and women report being sedentary for longer than eight and 
a half hours per day [6]. The American College of Sports Medicine 
(ACSM) and the World Obesity Federation recommended that 
150– 250 min/ week of moderate to vigorous physical activity with 
an energy equivalent of 1200– 2000 kcal/ week prevents a weight 
gain of greater than 3% [7, 8].

Dietary Interventions

Reducing energy intake below the requirement for weight main-
tenance leads, by definition, to weight loss. The most commonly 
recommended diets advise reduction of energy intake by about 
500– 600 kcal from estimated daily requirements and tend to rec-
ommend reduction in dietary fat [9] . There is controversy as to 
whether low- fat or low- carbohydrate diets are superior for weight 
loss. The positive energy balance due to increased intake of refined 
carbohydrate [10] is hypothesized to be a consequence of insulin- 
driven shift in fat partitioning towards storage and away from oxi-
dation by metabolically active tissues such as heart, muscle, and 
liver. The POUNDS Lost trial [11] included over 800 obese parti-
cipants who were placed on similar recommended energy restric-
tion with either a low- carbohydrate or low- fat diet over 8  years. 
Prescribing very low carbohydrate diets appears to offer short- 
term benefit for weight loss [12], although the mechanisms are 
uncertain. Such diets may suppress appetite by promoting a rise 
in circulating ketones and may also be higher in protein which in-
creases satiety, decreases overall energy intake, and increases en-
ergy expenditure [13].

Very- low- calorie diets (VLCD) restrict energy to 800 kcal/ day 
or less. Low- calorie diets (LCD) have a deficit of between 800 and 
1200 kcal/ day. Anderson and colleagues [14] analysed 29 long- 
term observational studies using VLCDs compared to hypocaloric 
balanced diet. Negative deficit in energy was observed to produce 
rapid weight loss of between 15% and 25% of initial body weight 
within 3 to 6  months of treatment with VLCD or LCD diet and 
may maintain 8– 9% one year after treatment [14]. Greater weight 
loss of up to 10– 16% initial body weight was observed with VLCD, 
although it was not sustainable and gradual weight regain occurred 
within 2 years [15]. Additionally, during the weight loss mainten-
ance phase, dietary adherence with meal replacements and pro-
longed refeeding phase improved overall weight loss maintenance 
by 3– 5% at 12 months [16]. The recommendation for close med-
ical supervision in VLCD and LCD arises from health concerns 
over theoretical loss of lean tissue mass, and higher incidence of 
gallstones [17].

Intermittent energy restriction entails a combination of regular 
food consumption alternating with days of caloric restriction, such 
as seen in the 5:2 diet. There is a suggestion that this could be as ef-
fective as continuous energy restriction, but data is limited by low 
sample size and lack of long- term follow- up [18]. Reducing calorie 
intake across different diets often is a result of secondary behav-
iour change with imposed dietary restrictions, which alter habitual 
eating habits. Over time weight regain mainly occurs due to dietary 
non- adherence, but also in part, explained by the individual finding 

Table 14.1.4.1 UK Energy requirements based on the average 
energy required for people with a healthy weight who are 
moderately active. British Nutrition Foundation (2016)

Males Females

Age (years) MJ/ d Kcal MJ/ d kcal

19– 24 11.6 2772 9.1 2175

25– 34 11.5 2749 9.1 2175

35– 44 11.0 2629 8.8 2103

45– 54 10.8 2581 8.8 2103

55– 64 10.8 2581 8.7 2079

65– 74 9.8 2342 7.7 1912

75+ 9.6 2294 8.7 1840

Reproduced with permission from the British Nutrition Foundation (2017). Available 
from: https:// www.nutrition.org.uk/ attachments/ article/ 907/ Nutrition%20Requirements_ 
Revised%20Oct%202017.pdf [Accessed on 3 July 2019]. Copyright 2017 © British 
Nutrition Foundation. Data obtained from Scientific Advisory Committee on Nutrition. 
Dietary Reference Values for Energy (2011). Available at: https:// assets.publishing.
service.gov.uk/ government/ uploads/ system/ uploads/ attachment_ data/ file/ 339317/ 
SACN_ Dietary_ Reference_ Values_ for_ Energy.pdf [Accessed 5 July 2019].
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alternative ways to satisfy their food cravings within the context of 
diet restriction.

Lean et al. [19] conducted a cluster- randomized trial in Scottish 
and North East England primary care centres in people with type 
2 diabetes using total meal replacement (825– 853 kcal/ d) for 3– 
5 months, stepped food re- introduction (2– 8 weeks) and structured 
dietary support and compared this to best practice care guidelines. 
After 12 months, 36 participants (24%) in the intervention group 
achieved >15% weight loss compared to none in the control group, 
and the importance of this was substantiated by the 68 participants 
(46%) who showed remission from type 2 diabetes. The 2- year re-
sults showed sustained remissions at 24  months for more than a 
third of patients with type 2 diabetes [20].

The Role of Physical Activity

Evidence from randomized controlled trials (RCTs) has demon-
strated that structured exercise programmes ranging from 1000 to 
4000 kcal/ week energy expenditure without energy restriction is as-
sociated with reductions in visceral and abdominal adiposity [21]. 
A positive relationship between the amount of exercise (energy ex-
penditure) and reduction in the components of abdominal obesity 
(waist circumference, visceral adipose tissue, and abdominal sub-
cutaneous abdominal tissue) is observed across several studies 
varying in exercise- induced energy expenditure [22]. Overall 
there appears to be beneficial effects of aerobic exercise on blood 
glucose and insulin measures in obese individuals, which is more 
pronounced in those with impaired glucose tolerance and type 2 
diabetes [23].

Behavioural elements and Modification

Overweight and obese participants enrolled into intensive behav-
ioural programmes typically achieve weight losses of between 8% 
and 10% [24]. The Australian Bureau of Statistics projected that the 
daily intake of an ‘average person’ comprises of one- third discre-
tionary foods [25] deemed as nutrient poor and/ or with high levels 
of sugar sweetened beverages. Behaviour modification for weight 
management is the core intervention for the treatment of obesity. 
Commonly applied strategies include establishing baseline dietary 
patterns [26] to facilitate realistic weight loss goals and becoming 

educated about the nutrients required and reducing energy dense 
foods and/ or reducing portion sizes. Clinicians must be mindful 
of patients’ or parents’ attitude towards receiving information. 
Integrating motivational interview during the consultation encour-
ages positivity and promotes self- reflection which is particularly 
useful to challenge the stigma associated with being overweight. 
The element of success in behavioural therapy is associated with 
lower levels of depression and disinhibition [27].

Weight Maintenance

While it is difficult to lose weight, maintaining weight loss is even 
more challenging. The energy deficit triggers a decrease in energy 
expenditure, a rise in hunger signals and reduction of satiety hor-
mones, causing increased hunger and food intake. Formerly obese 
individuals are more likely to have low REE values after adjusting 
for fat- free mass, leading to the hypothesis that calorie restriction 
may only be sustained in a small proportion of overweight or obese 
individuals. Human studies on effects of hypocaloric diets on REE, 
demonstrated that REE could be significantly reduced by 10– 15%. 
Furthermore, altered REE was sustained up to 2  months after 
achieving the new energy balance [28]. We are yet to understand 
how these effects change in the long- term or whether or not they 
are sustained.

The National Weight Control Registry (NWCR) consists of over 
10  000 participants in the United States of people who have lost 
at least 30 lbs (13.6 kg) and maintained the weight loss for at least 
1 year [29]. Over the 10- year longitudinal follow- up key, predictors 
of success include food intake modification, increased physical ac-
tivity [30], regular portion meals including daily breakfast and de-
crease in leisure- time activity (watching less than 10 hours of TV 
per week). NWCR consists of 2886 participants, of which 78% 
women, reported mean weight loss of 23.8 kg (95% CI = 23.2, 24.4) 
at 5 years and 23.1 kg (95% CI = 22.3, 23.9) at 10 years [29]. However, 
it is important not to generalize these results to the overweight and 
obese population as this is not representative of a random sample. 
Maintainers of long- term weight loss were more likely to adhere 
with the recommended calorie restriction, reported lower fat con-
tent in diet and cultivated exercise strategies to maintain high levels 
of physical activity (~1 h/ d). Low mood, depression and disinhib-
ition influenced the likelihood of obese participants to comfort eat 
and significantly impacted upon their self- confidence [31].

Table 14.1.4.2 Examples of low to intense physical activity. MET (metabolic equivalent) is the ratio of activity metabolic rate to resting 
metabolic rate. One MET is expressed as 1 kcal/ kg/ hour

Low intensity physical activity (approx. 
1.4– 2.0 METs)
Light activity without exertion of pulse rate  
or breathing

Moderate intensity physical activity (approx. 
3– 6 METs)
Moderate effort with acceleration of pulse rate

Heavy intensity physical activity (approx. >6 METs)
Heavy intense effort accompanied by rapid pulse 
rate and breathing

• Sitting on couch
•	Hospital stay in bed
•	Office- based job at desk
•	Short- distance stroll

•	Domestic and household chores
•	Washing and drying clothes
•	Cleaning within the house
•	Gardening
•	Carrying light loads
•	Recreation sport (swimming, bicycling at 

regular pace)
•	Physical work in agriculture or construction

•	Continuous running
•	Climbing or hiking up a hill
•	Fast- paced cycling
•	Fast- paced swimming
•	Competitive athletic sports (e.g. tennis, badminton, 

hockey, basketball)
•	Carrying heaving loads (>30 kg)
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Lifestyle changes to Support Weight 
Management in Prediabetes and Type 2 Diabetes

The US Diabetes Prevention Programme studied the effects of inten-
sive lifestyle intervention in over 3200 participants with impaired 
glucose tolerance. Intensive lifestyle intervention included 150 min-
utes of moderately- intense physical activity per week with an energy 
restriction of 1200– 1500 kcals per day [32]. Furthermore, the life-
style group received up to 16 behavioural modification sessions over 
24 weeks. After an average of 2.8 years’ follow- up, participants in the 
lifestyle group lost significantly more weight than the metformin 
and placebo groups (lifestyle = – 5.6 kg; metformin = – 2.1 kg; pla-
cebo = – 0.01 kg). The incidence of diabetes was 58% lower in the 
lifestyle group, and 31% lower with metformin when compared to 
placebo. Similar intensive lifestyle intervention studies conducted 
in Finland, China, and India have largely supported these findings 
[33– 35], and many countries, including the United Kingdom, have 
implemented programmes to support lifestyle changes in people at 
high risk of developing diabetes.

The Look AHEAD (Action for Health in Diabetes) is the largest 
RCT focused on intensive lifestyle changes through energy restriction 
(1200– 1800 kcal/ d), behaviour modification and increased physical 
activity (energy consumption) in 5145 overweight and obese individ-
uals with type 2 diabetes [36] over a median follow- up of 9.6 years. 
Interestingly only 830 participants achieved ≥10% weight loss after 
one year, of those, 324 participants (39%) managed to maintain this 
weight loss after 8 years. Key predictors of successful maintenance of 
weight loss at 1, 4, and 8 years for participants include greater number 
of behavioural sessions attended, number of meal replacements used, 
and weekly minutes spent on physical activity [37].

Diet and lifestyle interventions are considered core components 
in management of obesity, however they may not effect meaningful 
long- term weight change [38]. As most patients may find it difficult 
to maintain lifestyle changes in the long- term, typically showing 
reduced rate of weight loss, weight plateau, and thereafter weight 
regain, it is worth considering the prospect of combining other 
strategies to support weight loss and weight maintenance, including 
the use of pharmacotherapy.

Pharmacotherapy for obesity

Despite the option of bariatric surgery, it is not an appropriate 
intervention for most people with obesity due to high costs, limited 
availability, and risk of perioperative and long- term complications. 
Antiobesity pharmacotherapy is licensed only for patients with 
BMI ≥30  kg/ m2 or BMI ≥27  kg/ m2 in the presence of metabolic 
risk factors like diabetes. Used as an adjunct to lifestyle interven-
tion, pharmacotherapy use as a treatment modality could serve a 
useful tool to help achieve greater weight loss and promote long- 
term weight maintenance.

There has been longstanding research interest in development 
of drugs to promote long- term weight loss. Theoretical approaches 
include inhibition of food intake centrally, either by inhibiting ap-
petite stimulatory pathways, or enhancing satiety signals (some 
of which may originate in the GI tract), inhibiting absorption of 

food, and/ or increasing energy expenditure. Despite recent ad-
vances, there remains concern of the long- term use of drugs to 
treat obesity, and many apparently good concepts were eventually 
found to be ineffective or to have significant adverse effects. Early 
attempts included use of amphetamine and its derivatives and mito-
chondrial uncoupling agents such as dinitrophenol, which is highly 
toxic. Fenfluramine/ dexfenfluramine broadly target 5HT receptors, 
leading to concerns over cardiac valvulopathy. Rimonabant, a can-
nabinoid receptor antagonist, was withdrawn in Europe and never 
marketed in the United States, due to risk of increased suicidal 
ideation and low mood. These examples of antiobesity pharmaco-
therapy serve to remind us of the need for robust, long- term data on 
safety of all antiobesity agents [39].

Currently only four drugs (phentermine/ topiramate, naltrexone/ 
bupropion, orlistat and liraglutide) are US FDA- approved for use 
in chronic weight management; only orlistat, naltrexone/ bupro-
pion and liraglutide are approved in Europe. Four other centrally 
acting agents are limited to short- term use. Further advances in 
our understanding of appetite regulatory hormones and complex 
neurobiology interactions have led to much interest but much pes-
simism remains on the use of long- term pharmacotherapy to treat 
obesity.

Pancreatic Lipase Inhibitors

orlistat

Orlistat is an intestinal lipase inhibitor chemically synthesized 
from lipstatin, a natural product isolated from the fungus 
Streptomyces toxytricini. It covalently binds to pancreatic lipase 
enzyme inhibiting absorption of approximately 30% of dietary 
fat. The prescribed dose is 120  mg three times daily with meals. 
In a multicentre randomized controlled trial, the orlistat group on 
average lost more than placebo group (10.2% [10.3  kg] vs. 6.1% 
[6.1 kg]); a weight loss difference of 3.9 kg at the end of 1 year [40]. 
Participants who continued with orlistat for a second year regained 
only half as much weight as compared to those crossed over to pla-
cebo arm. The XENDOS trial, a 4- year double- blind prospective 
study on orlistat use plus lifestyle changes found a reduced inci-
dence of diabetes (6.2%) for participants taking orlistat, compared 
to placebo (9%) at 4 years [41]. Mean weight loss after 4 years was 
also significantly greater with orlistat (5.8 vs. 3.0 kg). Steatorrhoea, 
abdominal cramps, and flatulence limit its acceptability to many 
patients. Reduced absorption of fat- soluble vitamins was observed 
in clinical trials, but participants were asymptomatic and severe 
deficiencies do not develop.

centrally Acting Antiobesity Drugs

Phentermine

Phentermine hydrochloride is an amphetamine- derived appetite 
suppressant, approved for short- term (up to 3 months) use by the 
FDA since 1977. It acts on the central nervous system to decrease 
hunger [42]. Phentermine monotherapy (30 mg daily) remains the 
most commonly prescribed therapy by US bariatric physicians. It 
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is a controlled drug available only on prescription for short- term 
(3  months) use in Europe. The attrition rates in controlled trials 
and presentation of data for study completers only led to scarcity 
of long- term data. Among the completers, commonest side effects 
were transient insomnia, irritability, and anxiety. Clinical use has 
not been associated with phentermine cravings, withdrawal, or 
abuse leading to psychological or physical impairment. Clinicians 
should not use phentermine in patients with coronary artery dis-
ease, stroke, arrhythmias, congestive cardiac failure, and uncon-
trolled hypertension [43].

Phentermine/ Topiramate

The combination of low dose, controlled- release phentermine and 
topiramate (7.5/ 46 mg or 15/ 92 mg) are FDA- approved as an ad-
junct to hypocaloric diet. The effects of weight loss observed from 
use of topiramate as an anticonvulsant promoted its potential as 
a weight- loss agent. Combined with phentermine, clinical data 
demonstrates impact on reduced appetite, proposed to stem from 
centrally driven neurotransmitter pathways causing appetite sup-
pression and improved satiety. Phentermine/ topiramate 15/ 92mg 
ER use was associated with mean weight loss of 9.3% from base-
line at 56 weeks [44]. Greater proportions of participants on the 
PHEN/ TPM CR achieved clinically significant weight loss of 5% 
(79% vs. 30% in placebo) and 10% (53.9% vs. 11.5%) and 15% 
(31.9% vs. 6.6%) [45]. Although lowering doses of both drugs 
helps minimize adverse effects compared to doses needed for 
weight loss as monotherapy, adverse effects of dizziness, paraes-
thesiae, and dry mouth are common. This combination was not 
approved in Europe due to concerns over teratogenicity with 
topiramate, and ongoing concerns over the cardiac and neuro-
psychiatric safety of phentermine.

Lorcaserin

Lorcaserin is a selective 5HT2C receptor agonist, promoting 
hypophagia and improved satiety. Activity at other serotonin recep-
tors, including the 2B heart valve receptors, is minimal. Lorcaserin 
10 mg twice daily is FDA- approved for chronic weight manage-
ment adult obesity (BMI ≥ 30 kg/ m2 or ≥ 27 kg/ m2 in the presence 
of ≥ 1 weight- related comorbidity). Its combination with lifestyle 
intervention for obese, non- diabetic patients, 47.5% achieved ≥ 
5% weight loss vs. 20.3% with placebo [46]. In a pooled- analysis of 
lorcaserin- treated obese participants, week 12 early responders from 
the BLOOM and BLOSSOM studies were observed to demonstrate 
better weight loss (10.8% weight loss of initial baseline weight at 
week 52) as compared to 2.7% for week 12 non- responders [46, 47]. 
Despite previous controversy around association of fenfluramine/ 
dexfenfluramine with cardiac valvulopathy [48], no reports of 
valvulopathy were demonstrated with lorcaserin use. The 5- year 
post- marketing cardiovascular outcome trial provided reassurance 
to clinicians that long- term use of lorcaserin was not associated 
with any major cardiovascular events [49].

naltrexone SR/ Bupropion SR

Bupropion is a weak inhibitor of dopamine and norepinephrine 
reuptake. Naltrexone, an opioid antagonist has minimum effect 
on weight loss on its own, but naltrexone is thought to block 
the inhibitory effects of opioid receptors at the hypothalamic 
proopiomelanocortin (POMC) neurons, stimulating α- melanocyte 

stimulating hormone (α- MSH) release. α- MSH initiates a cascade, 
leading to reduced food intake. Forty- nine percent of partici-
pants treated with naltrexone/ bupropion achieved 5% weight loss 
at 1 year, while 25% achieved 10% weight loss [50]. Mean reduc-
tion in body weight was  – 1.3% in placebo,  – 6.1% in naltrexone 
32 mg plus bupropion group, and – 5.0% in the naltrexone 16 mg 
plus bupropion group at 56 weeks [51, 52]. Despite the label con-
taining a warning of suicidal ideation, an FDA requirement for 
antidepressants, clinical use have not demonstrated any serious 
concerns of increased depression or suicidality as compared to 
placebo [51,  52]. Most common adverse effects include nausea, 
constipation, diarrhoea, and headache. Approximately 1 in 4 pa-
tients discontinued naltrexone/ bupropion as a result [52]. Its use 
is contraindicated in uncontrolled hypertension, opioid depend-
ence, and pregnancy.

Liraglutide

Glucagon- like peptide (GLP)- 1, released from intestinal L cells fol-
lowing a consumption of a meal, circulates naturally as GLP- 17- 36 

amide. Up to 50– 70% of insulin response to a meal is due to the incretin 
effect, which denotes the much greater insulin secretion noted on 
oral glucose challenge compared to a parenteral isoglycaemic glu-
cose administration. Among other therapeutic benefits, GLP- 1 in-
hibits glucagon secretion from alpha cells, reduces gastric emptying 
and improves satiety, all of which improve glycaemia.

GLP- 1 is also synthesized by neurones in the nucleus tractus 
solitarius (NTS) of the caudal brainstem. The NTS projects to hypo-
thalamic and hindbrain neurones expressing GLP- 1 receptors. In 
animal studies, intracerebroventricular GLP- 1 inhibits food intake, 
while peripheral administration leads to increased uptake and ac-
tivity within the mid and hindbrain areas involved in feeding regu-
lation [53]. GLP- 1 receptors are thus accessible both to GLP- 1 as 
gut hormone peripherally and GLP- 1 as neurotransmitter centrally, 
potentially explaining its appetite- suppressant satiety- inducing ef-
fects. Effects of GLP- 1 are shown in Figure 14.1.4.1.

Liraglutide is a GLP- 1 receptor agonist consisting of a polypep-
tide backbone structure derived from human GLP- 1, following 
modification of the sequence of amino acids and addition of fatty 
acid chain to protect against rapid degradation by native dipeptidyl 
peptidase- 4. The biochemical change renders liraglutide more ef-
fective as a GLP- 1 agonist with higher affinity for albumin binding 
compared to its native predecessor. From 2014, liraglutide has been 
approved for use in chronic weight management by the FDA and 
EMA at a dose of 3.0 mg [54].

In SCALE obesity and prediabetes [55], 3731 patients with BMI 
>30 kg/ m2 or BMI >27 kg/ m2 with comorbidities were randomized 
into liraglutide 3.0 mg or placebo with diet, exercise, and lifestyle 
modification (54, 55). Intervention group demonstrated a weight 
loss of 8.4 kg +/ –  7.3 kg; as compared to placebo (2.8 kg +/ –  6.5 kg; 
P <0.001). Lorcaserin was withdrawn in early 2020 after concerns 
about increased cancer risk. Up to two- thirds (63.2%) of patients re-
ported weight loss ≥5%, as compared to the 27.1% in placebo group; 
and 33.1% and 10.6%, respectively, reported weight loss ≥10% [55]. 
Liraglutide 3.0 mg used as an adjunct to diet and exercise, showed 
maintenance of the weight loss [54] (81.4% maintained the ≥5% 
run- in weight loss) as compared to participants on placebo (48.9%) 
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[54] over 56 weeks. Predominantly, participants report a mixture of 
gastrointestinal adverse effects of nausea, stomach cramps, flatus, 
diarrhoea, constipation, and fatigue. Despite these adverse effects, 
attrition rate associated with liraglutide 3.0 mg use is similar to that 
of phentermine/ topiramate and naltrexone/ bupropion, but slightly 
higher compared to lorcaserin and orlistat [56]. Reassuringly, post- 
hoc analysis did not demonstrate any firm association between 
liraglutide and pancreatitis [57].

Future Medical Therapies in chronic 
Weight Management

Semaglutide is another GLP- 1 receptor agonist for which phase II 
trial [58] results demonstrate that 83% of participants on the highest 
dose tested (0.4 mg once daily), attained ≥5% weight loss and 65% 
achieved ≥10% weight loss. The most common reported adverse 
event was dose- dependent nausea, similar to that of other GLP- 1 
agonists. Phase 3 trials using a weekly dosing regimen, including a 
large cardiovascular outcomes trial, are ongoing.

Another potential antiobesity agent in development is setmelano-
tide, a high potency melanocortin- 4 receptor (MCR4) agonist, that 
is effective in obese individuals with pro- opiomelanocortin (POMC) 
deficiency [59]. This rare genetic disorder usually results from hetero-
zygous defects within the MC4 receptor, which drives hyperphagia in 
infancy and lifelong severe obesity. Setmelanotide has also entered 
phase III trials for use in leptin receptor deficiency and Bardet- Biedl 
syndrome. Leptin replacement therapy (metreleptin, Myalept) is 

approved only for use in one extreme form of monogenic obesity, 
namely congenital leptin deficiency (CLD) [60].

conclusion

Cumulative epidemiological, observational, and randomized clin-
ical trial evidence has demonstrated that maintenance of moderate 
energy deficit of 500– 600 kcal/ d leads to 3– 5% sustainable weight 
loss. In principle, lifestyle interventions in the form of dieting and/ 
or exercise are the core tool in tipping energy balance towards a net 
deficit; use of meal replacements with a robust behavioural support 
package may result in greater weight loss, but longer- term main-
tenance remains difficult. Unsurprisingly, the key predictors of suc-
cess in weight loss and weight maintenance are dietary adherence, 
maintenance of an increased energy expenditure through physical 
activity, and frequent attendance and participation in individual or 
group behavioural sessions. Given that many people find it diffi-
cult to maintain these crucial lifestyle changes, due to physiological 
responses to weight loss, including increased hunger and lower 
energy expenditure, physicians now have the option to consider 
the benefits and risks of introducing adjunct pharmacotherapy to 
induce and further support maintenance of weight loss. As our 
understanding of the complex neurobiology and role of different 
neurohormonal or enteroendocrine classes of antiobesity medica-
tions evolve, shared decision making with patients leading to in-
dividualized and personalized care would help bridge the gap of 
managing obesity. Pharmacotherapy use requires further long- term 
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data to support efficacy and more importantly patient safety. Future 
therapies may include new drug combinations designed to maintain 
efficacy while considering tolerability and safety of potential long- 
term adverse effects.
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Introduction

Type 2 Diabetes currently affects more than 400  million people 
worldwide and this number is increasing rapidly. Despite con-
stantly evolving drugs many patients with type 2 diabetes develop 
micro and macrovascular complications that increase risk of further 
illness and mortality. In the USA, only about half of the patients 
with type 2 diabetes achieve recommended levels of HbA1c, and 
less than 20% achieved combined targets for HbA1c, low- density 
lipoprotein (LDL) cholesterol, and blood pressure [1] . Developing 
novel and more effective strategies to understand and treat diabetes 
is therefore an important priority for medical research.

Recently, 56 medical organizations worldwide have approved 
guidelines from the 2nd Diabetes Surgery Summit (DSS- II) that rec-
ommend consideration of bariatric/ metabolic surgery as a standard 
treatment option for patients with obese type II diabetes [2, 3]. This 
conclusion is based on both biological and clinical evidence. In 
fact, in addition to positive effects from weight reduction, studies 
in both animals and humans have shown that gastrointestinal op-
erations can induce weight- independent effects on glucoregulatory 
physiology [4,  5]. Furthermore, several randomized clinical trials 
have shown that surgery achieves better glycaemic control than life-
style and available pharmaceutical interventions [6] , even including 
long- lasting remission of hyperglycaemia.

Although the exact mechanisms of action of surgery remain un-
clear, the study of metabolic surgery provides the most compelling 
evidence so far in support of a critical role of the gastrointestinal 
system in glucose homeostasis. Further elucidation of the mechan-
isms of action of surgery and the role of the gut in metabolic regu-
lation may provide clues about the cause of the disease and help 
identify novel targets for prevention and therapy of diabetes and 
obesity. To capitalize on the opportunities provided by surgery, 
however, will require a shift in mindsets across the broad spec-
trum of care and research, and addressing of misperceptions and 
misconceptions that still impede appropriate use of this effective 
therapeutic strategy. This chapter reviews biological, clinical, and 
economic evidence supporting a surgical approach to type 2 dia-
betes and discusses current evidence- based indications.

Surgical Treatment of Diabetes: The 
History So Far

In 1925, a report in The Lancet [7]  described sudden normalization 
of glycaemia in a patient with diabetes undergoing a gastrointes-
tinal operation to treat a peptic ulcer. Similar clinical observations 
documenting dramatic improvement or resolution of diabetes after 
gastrectomies for ulcer or cancer were reported in ensuing dec-
ades and became more common after the advent of bariatric or 
weight- loss surgery in the mid- 1950s. During the 1980s and 1990s, 
resolution of diabetes was reported after various types of bariatric 
surgery procedures, including in a landmark report by Pories and 
coworkers documenting more than 80% resolution of hypergly-
caemia in a series of 120 patients undergoing Roux- en- Y Gastric 
bypass surgery [8].

Experiments in rats conducted in the early 2000s investigated 
whether a modified form of gastric bypass surgery could directly 

influence glucose homeostasis. These experiments documented that 
manipulation of the anatomy of the gastrointestinal tract, similar to 
those imposed by bariatric surgery procedures, can exert weight- 
independent effects on glucose homeostasis [5] .

Subsequent mechanistic studies in both animal models and hu-
mans corroborated these findings, implicating various mechanisms 
of gastrointestinal (GI) physiology, including changes in gut hor-
mones, bile acids, microbiota, and nutrient sensing signals. Surgical 
teams from around the world started to use standard bariatric 
procedures and novel operations in mildly obese and non- obese 
humans with type 2 diabetes, documenting efficacy of surgery in 
patients with body mass index (BMI) levels above and below the 
traditional BMI 35 threshold for indication to traditional bariatric 
surgery. On the back of these studies, a multidisciplinary group 
of leading clinicians and scientists convened at the first Diabetes 
Surgery Summit (DSS- 1) in 2007 recognized the biological and 
clinical rationale for repurposing conventional bariatric operations 
as a treatment for type 2 diabetes, a practice referred to as ‘metabolic 
surgery’, thereby establishing an agenda for research priorities. The 
DSS- 1 inspired further mechanistic studies and randomized clin-
ical trials that now provide the evidence supporting a role of sur-
gery in diabetes. In September 2015, the introduction of surgery 
into standard care for type 2 diabetes was formally recommended 
by the participants of the second Diabetes Surgery Summit— DSS- 2 
[2] . Clinical guidelines established through the DSS- 2 are now en-
dorsed by over 56 organizations from worldwide and are consistent 
with other clinical guidelines for diabetes including NICE guidance, 
ADA Standards of Care and a recent ADA- EASD consensus algo-
rithm for the treatment of hyperglycaemia [3].

Biological Rationale for Surgical Treatment 
of Type 2 Diabetes

Studies in humans and rodents show that various gastrointestinal 
(GI) procedures, and especially gastric bypass or sleeve gastrectomy 
cause dramatic changes in circulating levels of various gut hor-
mones, including suppression of ghrelin [9] , a hunger- inducing hor-
mone of hormones and elevation of glucagon- like peptide- 1 (GLP- 1) 
and peptide YY (PYY), which can explain at least in part increased 
insulin production and decreased appetite. See Figure 14.1.5.1.

Studies show that Roux- en- Y gastric bypass (RYGB) and sleeve 
gastrectomy can also increase total circulating levels of bile acids 
as well as change bile acids composition [10], an effect that may 
contribute to the insulin- sensitizing effects of these operations. In 
fact, in addition to their role in facilitating digestion, bile acids are 
re- absorbed into the bloodstream and act as metabolic regulators by 
signalling through receptors in the nucleus (FXR receptor) or mem-
brane (TGR- 5 receptor) of cells of various organs and tissues and 
participating in the regulation of gut hormones, lipid metabolism, 
inflammation, and insulin sensitivity [11].

Gastric bypass surgery and duodenal- jejunal bypass (DJB), a 
stomach- sparing experimental form of metabolic surgery have also 
been shown to influence intestinal glucose transport and intes-
tinal glucose metabolism in rodents and pigs, thus contributing to 
the systemic glucose- lowering effects of these procedures [12, 13]. 
Experiments in rodents also showed that DJB, an experimental, 
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stomach- sparing form of gastric bypass surgery, enhances nutrient 
sensing mechanism that signal via the vagus nerve to the brainstem 
and to the liver to suppress hepatic glucose output [14].

GI surgery alters intestinal nutrient exposure and the acidity 
of the gut, which in turn can influence the local microbe popula-
tion. In fact, experiments in humans and rodents have showed that 
bariatric/ metabolic surgery can cause significant changes in gut 
microbiota. In one experimental study, bacteria extracted from gas-
tric bypass- treated mice were transferred to non- operated, germ- 
free mice on a high fat diet, causing the recipients to gain less weight 
compared to matched animals that received similar transplants 
from sham- operated controls.

Other mechanisms have also been hypothesized. For example, it 
has been hypothesized that surgery may reduce putative nutrient- 
stimulated anti- incretin signals from the gut that are responsible for 
dysregulation of insulin sensitivity and/ or secretion [15]. In aggre-
gate, studies to date do not identify the exact mechanism respon-
sible for diabetes remission, however, they provide evidence of a 
complex and critical role of the gastrointestinal tract in metabolic 
regulation. On the back of this evidence, in 2016 the DSS- 2 recog-
nized the gastrointestinal tract as a legitimate target for antidiabetes 
interventions.

clinical Rationale for Surgical Treatment  
of Type 2 Diabetes

Various gastrointestinal operations originally developed as weight- 
loss intervention (‘bariatric surgery’), can cause dramatic im-
provement of Type 2 Diabetes and even complete remission of 
hyperglycaemia, without need for ongoing medical therapy [6] . 
Remission of diabetes is a durable phenomenon after surgery. While 
recidivism of diabetes is possible, studies show that the disease re-
curs in a small subset of patients who have undergone RYGB, after 
a median disease- free period of 8.3 years [16]. Taking into account 
the ‘legacy effect’ of intensive control of diabetes on cardiovas-
cular complications [17], even patients who experience diabetes 
recurrence after metabolic surgery are likely to attain long- lasting 
cardiovascular benefits. Although randomized studies with hard 
endpoints are needed, well matched case- controlled studies show 

that metabolic surgery diminishes cardiovascular (CV) risk as well 
as CV events such as myocardial infarction and stroke, cancer and 
overall mortality [6, 18– 21].

Several clinical observations in these studies support the notion 
that both diabetes and CV effects of surgery are not merely a con-
sequence of weight loss. In fact, diabetes remission appears soon 
after surgery, well before weight loss occurs. Furthermore, glucose 
homeostasis is better regulated after metabolic surgery compared to 
similar weight reduction obtained after changing lifestyle alone [6, 
18– 20]. Improvement of diabetes, but also amelioration of hard car-
diovascular outcomes is not proportional to the amount of weight 
lost after surgery. Moreover, experimental operations or devices 
that partially reproduce the anatomy of bariatric/ metabolic surgery 
induce diabetes remission with little or no weight reduction, un-
coupling the weight loss effects from effects on glucose regulation. 
Moreover, uncommon complications of bariatric surgery such as 
hyperinsulinemia and hypoglycaemia, which typically occur years 
after surgery, suggest long- lasting enhancement of beta cell func-
tion and/ or mass postoperatively. This is not an effect achievable 
by weight reduction alone. In addition, metabolic surgery achieves 
comparable diabetes remission rates in patients with BMI <30 kg/ 
m2 and BMI ≥ 35 kg/ m2 preoperatively [22]. Evidence of weight- 
independent effects on glucose homeostasis after gastrointestinal 
bypass operations and the role of the GI tract in glucose metab-
olism provide a rationale to considering a surgical approach to treat 
type 2 diabetes, even in patients who are only mildly obese [23]. 
Accordingly, the term ‘metabolic’ surgery has been coined in recent 
years to indicate a surgical approach intentionally aimed at treating 
type 2 diabetes and metabolic disease.

clinical outcomes of Metabolic Surgery

Over several decades, clinical practice and research have shown 
that bariatric/ metabolic surgery is an effective and safe procedure 
for treatment of severe obesity and related diseases. Surgery results 
in major and sustained weight reduction, as well as improvement 
of glycaemic and lipid control, cardiovascular risk, and reduced in-
cidence of microangiopathy complications, heart attacks, strokes, 
cancer, and death compared to patients of similar BMI who do not 
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Figure 14.1.5.1 Metabolic surgery changes various mechanisms of GI physiology involved in metabolic regulation. Given its role in metabolic 
regulation, the GI tract constitutes a clinically and biologically meaningful target for the management of type 2 diabetes.
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undergo surgery [6, 18– 21]. Nine long- term observational studies 
have shown major reduction in overall mortality among subjects 
with severe obesity undergoing bariatric/ metabolic surgery [6, 20, 
24,  25], with a remarkable 92% reduction of diabetes- specific re-
lated deaths [25].

Furthermore, 12 randomized clinical trials comparing surgical 
vs. non- surgical diabetes treatments have been recently reported. 
A DSS- II meta- analysis of such trials (level 1A evidence) revealed 
remarkable consistency in the results [2, 6] and showed that sur-
gery outperforms conventional diabetes therapies (lifestyle + 
medications) in important clinical outcomes. In fact, surgically 
treated patients achieve better glycaemic control and diabetes 
remission, increased high- density lipoprotein (HDL) and lower 
triacylglycerol levels, and better quality of life while also dramatic-
ally reducing overall drug utilization. Furthermore, these benefits 
were associated with a low rate of complications and non- surgical 
related deaths during a follow- up period of 5 years, representing 
unanimous level 1a evidence. Moreover, great improvements in 
LDL levels and hypertension were found, although these outcomes 
were not as profound or consistent as the results for diabetes and 
its comorbidities, even for the patients with a preoperative BMI 
<35 kg/ m2 [2, 6, 26].

Safety of Metabolic Surgery

The development of minimally invasive laparoscopic approaches 
as the gold standard for the surgical treatment of morbid obesity 
has dramatically improved safety of bariatric surgery, with a ten-
fold decrease in surgical mortality compared to equivalent open- 
surgery operations [27]. Furthermore, recent evidence has assessed 
bariatric/ metabolic perioperative mortality to be as far lower than 
other routinely performed operations in general surgery. Mortality 
rates peribariatric/ metabolic surgery are in fact similar to those of 
operations such as laparoscopic cholecystectomy or hysterectomy, 
and complication rates are even lower than those observed after 
other types of major general surgery procedures [28]. Although 
laparoscopic RYGB is a complex and technically challenging pro-
cedure, which requires adequate surgical skills and training, it has 
a perioperative 3.4% complication rate, which is less than that for 
laparoscopic operations such as hysterectomy, cholecystectomy, 
or appendectomy, as reported by a recent US National Registry 
[28]. Most common long- term complications of bariatric/ meta-
bolic surgery are summarized in Table 14.1.5.1. Among these, the 
most common is iron deficiency. Patients who undergo bariatric/ 
metabolic procedures are usually on lifelong oral iron supplemen-
tation and might require repeated iron infusion in cases of se-
verely lowered iron levels or related anaemia. There is also a risk 
for metabolic bone disease, osteoporosis, and fracture especially 
after malabsorption- inducing procedures. Moreover, some studies 
suggested that bariatric/ metabolic surgery is associated with 
an increased relative risk of some unpredictable long- term out-
comes, such as suicide, alcohol abuse and accidental injuries [6] , 
although definitive evidence of a causal link to bariatric surgery 
is not available. These potential adverse events must be carefully 
weighed against the numerous potential benefits in terms of weight 
loss, resolution of comorbidities, and reduction of medication in-
take. Despite risks of long- term complications, all nine existing 

published series of long- term overall mortality have reported that 
death rates are reduced in patients who have undergone bariatric/ 
metabolic procedures compared to non- surgical controls [6], [29, 
24, 25]. Additionally, the AHRQ (Agency for Healthcare Research 
and Quality) review considered most of the surgical complications 
after bariatric surgery minor and not requiring complex manage-
ment in most of the cases [30].

Standard and novel Procedures 
in Metabolic Surgery

Bariatric/ metabolic procedures most commonly performed world-
wide are RYGB, vertical sleeve gastrectomy (VSG), laparoscopic 
adjustable gastric banding (LAGB) and biliopancreatic diversion 
(BPD) (Figure 14.1.5.2). The efficacy on weight loss and diabetes 
remission is ordered as follows: BPD>RYGB>VSG>LAGB, whereas 
the inverse is true for safety. VSG has currently overtaken RYGB 
in many countries, due to a fairly simple learning curve, however, 
RYGB is considered to be the gold standard operation for resolution 
of metabolic diseases and diabetes by most surgeons. Nowadays 
several bariatric/ metabolic operations are under development, 
including:  (1) Proximal intestinal bypass procedures for type 2 

Table 14.1.5.1 Most common long- term complications 
of bariatric/ metabolic surgeries, including Roux- en- Y Gastric 
Bypass (RYGB), vertical sleeve gastrectomy (VSG), laparoscopic 
adjustable gastric banding (LAGB), and biliopancreatic diversion 
(BPD) [6, 31– 42]

Most common with:  
(type of procedure)

Surgical complications

Internal hernia/ small bowel occlusion RYGB and BPD

Stricture RYGB, VSG

Band slippage/ erosion LAGB

Marginal ulcers RYGB (rare report with BPD)

G- E Reflux/ Barret oesophagus VSG

Re- operation All

Nutritional/ metabolic complications

Iron deficiency All (++ RYGB, VSG)

Vitamin B12 deficiency RYGB, VSG, BPD

Vitamin D deficiency All

Vitamin A deficiency BPD, RYGB

Anaemia All (++ BPD, RYGB, VSG)

Post- prandial hypoglycaemia RYGB, VSG, (BPD?)

Hypocalcaemia ++RYGB, (VSG, BPD)

Osteoporosis and fracture risk All (++ BPD, RYGB)

Copper deficiency BPD, RYGB

Zinc deficiency All, (++ BPD, RYGB, LAGB)

Thiamine (B1) deficiency (rare development 
of Wernicke encephalopathy)

BPD, VSG, RYGB

Data derived from Schauer, P.R., et al., Clinical Outcomes of Metabolic Surgery: Efficacy 
of Glycemic Control, Weight Loss, and Remission of Diabetes. Diabetes Care, 2016. 
39(6): p. 902– 11.
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diabetes (e.g. DJB surgery, endoscopically implanted endoluminal 
sleeves and endoscopic duodenal mucosal resurfacing); (2)  Ileal 
interposition surgery to increase the secretion of L- cell peptide 
from the distal gut; (3) Endoscopic reduction of gastric volume for 
weight loss (e.g. new- generation gastric balloons, gastric plication, 
and gastric electrical stimulation). Most of these approaches are 
currently used primarily in clinical trials.

cost- effectiveness of Metabolic Surgery

All of the studies investigating economic aspects of bariatric/ 
metabolic surgery have reported surgery for obesity or diabetes to 
be cost- effective with a mean price of $5000– 10 000 per quality-  
 adjusted- life- year (QALY). This figure is far below the average 
threshold of $50 000/ QALY used to determine coverage by heal-
thcare insurance [43,  44]. Additionally, bariatric/ metabolic sur-
gery seems more cost- effective than medication for glycaemic and 
lipid control, that are reported to have $41 384/ QALY and $51 889/ 
QALY, respectively [45]. The time to achieve return- on- investment 
differs significantly among studies. However, the total cost after 
bariatric/ metabolic surgery seems to be compensated throughout 
time avoiding further expenditure for hospitalizations, medica-
tions, and complications related to the progression of the disease. 
Thus, insurance companies should be able to recoup the cost of 
surgery over time and, prospectively, the whole insurance coverage 
for bariatric/ metabolic surgery may decrease the entire cost of the 
private healthcare system. It is reasonable to contemplate that the 
public healthcare system, such as the UK National Health Service 
(NHS), would experience similar benefits.

current Indications for Surgical Treatment 
of Type 2 Diabetes

Historical international guidelines for bariatric surgery have 
limited indications to only patients with BMI ≥35 kg/ m2, based on 
a 1991 National Institutes of Health (NIH) consensus statement 
[30]. Such weight- centric criterion for surgery was not originally 
based on evidence of clinical or biological efficacy and is particu-
larly inadequate to identify patients with greatest potential bene-
fits from surgery when control of diabetes is the primary concern.

A recent meta- analysis has compared 94 579 surgical patients 
with type 2 diabetes, showing similar rates of disease remission 
(71% vs. 72% respectively) among patients with baseline BMI ei-
ther lower or greater than 35 kg/ m2 [46]. Similar outcomes have 
been reported by a meta- analysis of 11 randomized clinical trials, 
in which no differences were found in the remission rate of dia-
betes among the six randomized clinical trials with preoperative 
BMI ≥35 kg/ m2, when compared with the five randomized clin-
ical trials in which mean baseline BMI of the study cohorts was 
<35 kg/ m2 [22].

Randomized clinical trials to identify the correct indications for 
surgical treatment of diabetes was initially supported by the first 
Diabetes Surgery Summit in 2007 [47, 48]. In 2015 a multidiscip-
linary and international group of diabetes scholars, representing 
leading diabetes organizations reviewed available evidence for the 
2nd Diabetes Surgery Summit and developed new guidelines that 
recognize metabolic surgery as standard of care option for type 2 
diabetes. These guidelines recommend that metabolic surgery be 
considered for treating diabetes in patients with a BMI >30  kg/ 
m2 or BMI >27.5  kg/ m2 for Asian individuals. These guidelines 
(Figure 14.1.5.3) have been ratified by 56 organizations from 
around the world up to the present time including diabetes and 
surgical societies [2, 49].

(a) (b)

(c)

Roux-on-Y Gastric Bypass Vertical Sleeve Gastrectomy

Laparoscopic Adjustable
Gastric Banding

Biliopancreatic
Diversion

(d)

Figure 14.1.5.2 Bariatric/ Metabolic Procedures most commonly 
performed: Roux- en- Y gastric bypass (RYGB): the stomach is 
divided, and a small proximal pouch is created. (a) A gastro- jejunal 
anastomosis is created. The remnant stomach, duodenum, and 
proximal jejunum are excluded from the transit of nutrients. Bile 
and biliopancreatic juices are diverted; (b) laparoscopic adjustable 
gastric banding (LAGB): an inflatable band is placed around the upper 
part of the stomach. The band adjusted by injecting saline into a 
subcutaneous port.; (c) vertical sleeve gastrectomy (VSG): a vertical 
gastric resection is performed along the smaller curvature using 
staples, leaving behind a ‘sleeve- shaped’ stomach, without rerouting 
the intestine; biliopancreatic diversion (BPD): the stomach is resected 
horizontally— classic BPD, or vertically— ‘BPD- duodenal switch’. The 
duodenum, jejunum, and part of the ileum are bypassed. Nutrients 
and biliopancreatic juice mix only within the distal 50– 100 cm of the 
ileum— this segment is dubbed ‘common channel’.
Reproduced with permission from Rubino, F., et al., Metabolic Surgery in the 
Treatment Algorithm for Type 2 Diabetes: A Joint Statement by International 
Diabetes Organizations. Diabetes Care, 2016. 39(6): pp. 861– 77; and from 
Cummings, D.E. and R.V. Cohen, Bariatric/ Metabolic Surgery to Treat Type 2 
Diabetes in Patients with a BMI <35 kg/ m2. Diabetes Care, 2016. 39(6): pp. 924– 33.
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Introduction

Obesity is defined by excess body fat. In adults, internationally 
accepted criteria rely on body mass index (BMI; weight in kg/ 
height in metres2) to define overweight (BMI>25  kg/ m2), obesity 
(BMI>30  kg/ m2) and severe obesity (BMI>40  kg/ m2). However, 
in children, body composition changes with age, and differs by 
gender, and longitudinal data permitting prediction of the impact 
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of different weight trajectories in childhood and adolescence, is 
lacking. The US Centers for Disease Control (https:// www.cdc.gov/ ) 
recommend use of gender- specific charts accounting for the change 
in BMI with age: children are diagnosed as overweight if the BMI is 
>85th percentile but <95th percentile and obese if the BMI is >95th 
percentile for age and gender. BMI data for children under 2 years 
of age is lacking; in this age group, a child is considered obese if the 
weight for recumbent length is >97.7th percentile. Extreme obesity 
is defined as a BMI >120% of the 95th percentile or >35 kg/ m2.

Using these definitions, the prevalence of childhood obesity has 
been shown to be increasing worldwide driven by inexpensive, 
easily available, energy- rich, highly palatable foods which pro-
mote increased energy intake, and factors which contribute to a 
decrease in energy expenditure such as sedentary lifestyles (televi-
sion watching) and reduced physical activity at school and in leisure 
time. However, within a given environment, there is considerable 
variation in body weight and fat mass among individuals, with some 
children much more likely to gain weight than others [1, 2]. This 
variability is influenced by complex interactions between environ-
mental and biological (genetic, developmental, and behavioural) 
factors [3] . As well as an increase in the mean BMI in many popu-
lations, the proportion of children at the upper end of the distribu-
tion, those with severe obesity, has also increased. Physicians thus 
need a systematic approach to the assessment of severe childhood- 
onset obesity.

clinical Assessment

The assessment of severely obese children should include appro-
priate screening for potentially treatable endocrine and neurological 
conditions. Testing for underlying genetic conditions should also 
be considered, so that appropriate genetic counselling and, in some 
cases, specific treatment can be instituted. In most patients, specific 
endocrine and neurological (tumours) causes can be excluded by a 
careful clinical history, examination and investigations focusing on 
associated clinical features (Box 14.1.6.1). A short history of rapid 
weight gain may be a key clue in such cases. Obese children should 
also be assessed for the potential complications of severe obesity 
such as sleep apnoea, impaired glucose tolerance/ type 2 diabetes, 
fatty liver disease, and hypertension as well as valgus/ varus skeletal 
deformities and orthopaedic problems (see Chapter 14.1.3 ‘Medical 
Complications of Obesity’).

Medical History

A specific weight history should be taken to establish the age of onset 
of obesity (photographs can be helpful), as obesity that begins in 
early childhood is more likely to be driven by a strong genetic com-
ponent. Previous treatment for obesity and the amount of weight 
lost, regular diet inside and outside the home, and levels of phys-
ical activity should be noted. A careful history should be taken to 
identify hyperphagia, and associated food- seeking behaviours such 
as searching for/ stealing food, waking at night to find food, or eating 
food others leave behind. Such behaviours can be distressing for 
families and may not be volunteered to healthcare professionals, par-
ticularly if parents fear they will be blamed for causing their child’s 
obesity. A sensitive approach to history taking is an important aspect 
of the assessment of severe childhood- onset obesity. Hyperphagia 

and impaired satiety typically occur as a result of disruption of hypo-
thalamic pathways involved in the regulation of energy balance. Pica, 
the eating of non- food items, is rare but can be indicative of disrup-
tion of neural circuits in the hypothalamus and amygdala. Specific 
genetic causes of this have not been defined to date. A clear history of 
hyperphagia should prompt genetic investigation, and neurological 
causes should be excluded where the history is short.

Developmental history is also important as several obesity dis-
orders are associated with speech and language delay. Sometimes 
severely obese children are slow to walk for mechanical reasons; this 
seldom represents true motor delay, although muscle weakness in 
children with mutations in thyroid hormone receptor alpha (who 
are often overweight) is recognized [4] . Vision and hearing should 
be assessed as some genetic syndromes are associated with retinal 
dystrophy and hearing loss (as follows). A  behavioural history is 
important as autistic behaviour, hyperactivity, and/ or aggression 
are features of a subgroup of genetic disorders. Anxiety, mood dis-
orders, and self- harm are also common in obese adolescents and 
should be tactfully considered. A general history should seek fea-
tures suggestive of hypothalamic dysfunction (sleep disturbance, 
temperature dysregulation, abnormal thirst), delayed pubertal de-
velopment, and frequent infections. A family history to identify po-
tential consanguineous relationships, other family members with 
severe childhood obesity (some of whom may have had bariatric 
surgery) and the ethnic and geographical origin of family members 
should be noted.

Box 14.1.6.1 Features in the clinical history suggesting genetic 
and/ or other causes for severe obesity

Age of onset— use growth charts and family photographs. Early onset 
(<5 years of age) suggests a genetic cause and warrants investigation.
Duration of obesity— short history suggests endocrine or central cause.
Hyperphagia— often denied, but sympathetic approach needed. Ask 
specific questions, such as waking at night to eat, demanding food very 
soon after a meal suggest hyperphagia. If severe, especially in children, 
suggests a genetic cause for obesity and warrants investigation.
Past history of damage to the CNS (infection, trauma, haemorrhage, 
radiation therapy, seizures) suggests hypothalamic obesity with or 
without growth hormone deficiency or hypothyroidism. Morning head-
aches, vomiting, visual disturbance, and excessive urination or drinking 
also suggests that the obesity may be caused by a tumour or mass in 
the hypothalamus.
Dry skin, constipation, intolerance to cold, or fatigue can suggest 
hypothyroidism. Mood disturbance and central obesity may suggest 
Cushing’s syndrome. Frequent infections, cholestatic jaundice, hypogly-
caemia, and fatigue may suggest ACTH deficiency due to POMC/ PCSK1 
mutations.
Developmental delay— check milestones, educational history, be-
havioural disorders. Consider craniopharyngioma or structural causes 
(often relatively short history) and genetic causes.
Visual impairment and deafness can suggest genetic causes.
Onset and tempo of pubertal development— onset can be early or 
delayed in children and adolescents. Primary hypogonadotropic hypo-
gonadism or hypogenitalism associated with some genetic disorders.
Family history— consanguineous relationships, other children affected, 
family photographs useful. Severity may differ due to environmental ef-
fects and as yet unidentified genetic modifiers.
Treatment with certain drugs or medications e.g. glucocorticoids, 
oral contraceptives, antidepressants, and antipsychotics.
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Medical examination

Height should be measured using a stadiometer and weight 
measured in light clothing with shoes off. Waist circumference 
is taken as the mid- point between the lower rib margin and the 
iliac crest. Skinfold thickness has limited value and its measure-
ment is uncomfortable for patients. An examination of the skin 
is important, however: thin, atrophic skin is a feature of excess 
corticosteroids; acanthosis nigricans (pigmented ‘velvety’ skin 
creases, especially in the axillae) suggests insulin resistance. 
Assessment for hypogonadism and any dysmorphic features is 
important.

Clinicians should use laboratory testing to evaluate obese pa-
tients who may be at high risk for cardiovascular disease and 
type 2 diabetes. Investigations to consider are fasting plasma 
glucose or 2- h postprandial glucose levels and serum lipid 
levels. Thyroid- stimulating hormone (TSH) may be helpful in 
excluding hypothyroidism. Other tests to consider depend on 
clinical assessment and include liver imaging for hepatic stea-
tosis, polysomnography for patients with possible sleep apnoea; 
and head CT or MRI when pituitary or hypothalamic disorders 
are suspected. The use of these tests has recently been reviewed 
as part of US and European guidelines for the assessment of 
childhood obesity [5] . Genetic testing is now recognized as an 
important part of the assessment of severe childhood obesity 
[5]. The measurement of serum leptin is not recommended rou-
tinely, but should be undertaken in very young patients with 
severe obesity, as congenital leptin deficiency is a potentially 
treatable disorder.

Genetic obesity Syndromes— An overview

Genetic studies focusing on severe childhood obesity have led to 
the identification of several genes in which rare, highly penetrant 
variants cause obesity (Figure 14.1.6.1). While individually these 
disorders are rare, cumulatively at least 10% of children with severe 
obesity have rare chromosomal abnormalities and/ or highly pene-
trant genetic mutations that drive their obesity [6] . This figure is 
likely to increase with wider access to genetic testing in clinical prac-
tice and adherence to clinical guidelines recommending that chil-
dren with severe obesity before the age of 5 years and hyperphagia 
should be tested [5]. Some genetic obesity syndromes are associated 
with learning difficulties and developmental delay which mean they 
often come to medical attention at a young age. However, there is a 
large and increasing group of genetic disorders where severe obesity 
itself is the presenting feature [7, 8].

obesity With Developmental Delay

Prader– Willi Syndrome

Prader– Willi syndrome (PWS) is one of the most prevalent genetic 
obesity syndromes affecting approximately 1 in 25 000 people [9] . 
Classical clinical features include hypotonia and failure to thrive 
in infancy, learning difficulties, short stature, the development of 
hyperphagia and severe obesity in childhood and hypogonadotropic 
hypogonadism [10]. Children with PWS have reduced lean body 
mass and increased fat mass, abnormalities which resemble those 
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seen in growth hormone (GH) deficiency. GH treatment in chil-
dren, adolescents, and adults decreases body fat and increases linear 
growth, muscle mass, fat oxidation and energy expenditure and as a 
result is often now commenced at a young age [11].

PWS is caused by sporadic deletion of a critical segment on the 
paternally inherited copy of chromosome 15q11.2- q12 or loss of the 
entire paternal chromosome 15 with 2 maternal copies (uniparental 
maternal disomy). Chromosomal abnormalities can be identi-
fied by a karyotype analysis or by the detection of differences in 
DNA methylation of the parental alleles. Chromosomal deletions 
that cause PWS vary in size and so disrupt a number of genes and 
non- coding ribonucleic acids (RNAs). The minimal genetic lesion 
associated with severe hyperphagia and obesity in PWS contains 
a cluster of non- coding small nucleolar RNAs (snoRNAs)— the 
SNORD116 gene cluster [12, 13]. A recent transcriptomic study of 
post- mortem hypothalamic tissue from PWS patients versus age-  
and BMI- matched controls [14] found that genes downregulated in 
PWS were involved in neurogenesis, neurotransmitter release, and 
synaptic function. Expression of brain- derived neurotrophic factor 
(BDNF), a major regulator of neuronal development and matur-
ation, was found to be reduced in the hypothalamus of PWS pa-
tients. However, plasma BDNF levels were not reduced in people 
with PWS versus age- matched obese controls. In line with these 
findings, several imaging studies have identified structural abnor-
malities such as reduced cortical grey matter volume and abnormal 
gyrification in PWS patients [15]. This transcriptomic study con-
firmed findings from a previous histopathological study of the 
PWS hypothalamus which found a significantly reduced number of 
oxytocin neurons [16] in PWS patients. As low levels of oxytocin 
in the hypothalamus could contribute to some of the behavioural 
difficulties seen in patients as well as to the hyperphagia, clinical 
trials of intranasal oxytocin administration in PWS are being con-
ducted [17]. Plasma ghrelin levels are markedly elevated in children 
and adults with PWS although the physiological relevance of this 
finding is unknown [18].

BDnF and TrkB Deficiency

A small number of children with hyperphagia, obesity, impaired 
short- term memory, hyperactivity, moderate to severe learning dif-
ficulties and impaired nociception who have mutations or chromo-
somal deletions that disrupt BDNF or its tyrosine kinase receptor 
tropomyosin- related kinase B (TrkB) [19, 20] have been reported. 
Given the severe developmental phenotype of these patients, it is 
not surprising that mutations often arise de novo and as such should 
be considered where both parents are of normal weight and IQ.

Albright’s Hereditary osteodystrophy

Albright’s hereditary osteodystrophy (AHO) is characterized by 
short stature, obesity, skeletal defects, and impaired olfaction due 
to mutations in GNAS1, the gene encoding Gαs protein which me-
diates signalling by multiple G- protein coupled receptors (GPCRs). 
Imprinting at this locus results in a variable clinical phenotype in 
patients who carry loss- of- function mutations in GNAS1. GNAS1 
is imprinted in a tissue- specific manner, being expressed primarily 
from the maternal allele in some tissues and bi- allelically in other 
tissues; thus multihormone resistance occurs only when Gαs mu-
tations are inherited maternally [21]. As a result, maternal trans-
mission of GNAS1 mutations leads to the classical AHO phenotype 

with resistance to several hormones (e.g. parathyroid hormone) 
that activate Gαs in their target tissues (pseudohypoparathyroidism 
type IA), while paternal transmission leads only to AHO (pseudo
pseudohypoparathyroidism). To date, a diagnosis of AHO is gen-
erally only considered when the classical clinical features are pre-
sent. Clinical series of patients with features of AHO often include 
a large number of patients with deletions or frameshift mutations 
[22]. However, recent studies in large cohorts of children with se-
vere obesity have shown that some patients with GNAS1 mutations 
present with obesity without some of the classical features of AHO 
including short stature (although learning difficulties are present in 
over 60%) [23]. Molecular studies of these variants, which are often 
missense mutations that impair signalling by some but not all Gαs- 
coupled GPCRs, suggest that the spectrum of clinical phenotypes 
associated with GNAS1 mutations may in part be explained by the 
molecular consequences of specific mutations. In view of this het-
erogeneity, this genetic disorder should be considered in all patients 
with severe obesity and developmental delay even in the absence of 
the classical clinical features of AHO.

SIM1 Deficiency

Chromosomal deletions and heterozygous loss- of- function mu-
tations that disrupt single- minded 1 (SIM1) result in severe dom-
inantly inherited obesity [24]. SIM1 is a basic helix- loop- helix 
transcription factor involved in the development and function of 
the paraventricular nucleus (PVN) of the hypothalamus and may 
be involved in mediating melanocortin and oxytocin signalling. 
Prevalent features in SIM1 deficient patients are speech and lan-
guage delay and neurobehavioural abnormalities including aut-
istic type behaviours. Patients are hyperphagic with evidence of 
autonomic dysfunction (characterized by low systolic blood pres-
sure). As the hyperphagia of sim1 haplo- insufficient mice is partly 
ameliorated by the central administration of oxytocin [25,  26], a 
neurotransmitter involved in the modulation of emotion and social 
interaction, impaired oxytocinergic signalling is one possible mech-
anism implicated in the obesity and behavioural phenotype seen in 
SIM1 deficiency. A  small number of patients have been reported 
with heterozygous mutations in Orthopedia (Otp) [26], a gene that 
interacts with SIM1 to regulate the differentiation of neurons in the 
PVN. These patients also exhibit speech and language delay, autistic 
type behaviours, and anxiety.

ciliary Disorders

Bardet- Biedl syndrome (BBS) is a rare autosomal recessive disease 
characterized by obesity, learning disability, dysmorphic extremities 
(syndactyly, brachydactyly or polydactyly), retinal dystrophy or pig-
mentary retinopathy, hypogonadism, and structural abnormalities 
of the kidney or functional renal impairment [27]. BBS is a gen-
etically heterogeneous disorder caused by mutations in at least 16 
genes with mutations in more than one gene sometimes required 
for complete expression of the phenotype (tri- allelic inheritance). 
These genes all affect proteins localized to the basal body of the 
primary cilium. While hypothalamic neurons express cilia, their 
precise function is unknown. Other recessive disorders of ciliary 
function include Alström syndrome (retinal dystrophy, severe in-
sulin resistance, deafness) and TUB mutations [28]. The presence of 
cilia on leptin- responsive neurons involved in energy balance and 
animal data suggesting that their disruption causes obesity suggest 
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that there is a link between ciliary function, leptin signalling and 
energy homeostasis that remains to be explored [29]. Rare homozy-
gous/ compound heterozygous mutations in ADCY3 (encoding ad-
enylate cyclase 3) have also been identified in children with severe 
obesity [30] with some evidence that this gene is localized to the 
cilium [31].

obesity Without Developmental Delay

Neural circuits within the hypothalamus regulate energy balance 
in response to peripheral nutrient- related cues [32,  33]. Leptin- 
responsive Agouti- related protein (Agrp)- expressing neurons in the 
arcuate nucleus of the hypothalamus are activated during fasting/ 
caloric deficit to drive an increase in food intake, while in the nu-
tritionally replete/ fed state, Pro- opiomelanocortin (Pomc) neurons 
are activated to reduce food intake [34, 35]. Loss- of- function mu-
tations that disrupt the function of these neural circuits result in 
severe obesity, demonstrating their pivotal role in human energy 
homeostasis [2, 36].

Leptin and Leptin Receptor Deficiency

Homozygous mutations in the genes encoding leptin and the leptin 
receptor cause recessively inherited severe obesity [37]. Leptin re-
ceptor mutations have been found in some non- consanguineous 
families, where both parents are unrelated but carry rare heterozy-
gous variants [8] . Patients exhibit rapid weight gain in the first few 
months of life resulting in severe obesity by age 2 years (mean body 
mass index standard deviation score (BMI SDS): +5.8– 7.8). Early 
development is usually normal. The most notable feature is intense 
hyperphagia with food- seeking behaviour and aggressive behaviour 
when food is denied. Children with leptin deficiency have impaired 
T cell- mediated immunity [38] consistent with high rates of child-
hood infection and of mortality from infection [39]. In those that 
survive, obesity continues into adult life with hepatic steatosis [40], 
hyperinsulinemia and type 2 diabetes [41]. Leptin and leptin re-
ceptor deficiency are associated with hypothalamic hypothyroidism 
and hypogonadotropic hypogonadism but there is some evidence 
for the delayed but spontaneous onset of menses in some leptin and 
leptin receptor deficient adults. Leptin and leptin receptor deficient 
children have normal linear growth in childhood and normal IGF- 1 
concentrations but final adult height is usually reduced due to the 
absence of a pubertal growth spurt.

Although leptin deficiency is very rare, it is treatable with daily 
subcutaneous injections of recombinant leptin [38] which is cur-
rently available to patients on a named patient basis in a small 
number of centres around the world. The major effect of leptin 
treatment is on food intake, with normalization of hyperphagia and 
enhanced satiety [38, 42]. Importantly, leptin also has permissive ef-
fects on the development of puberty and if given in early childhood 
permits appropriate linear growth. A recent trial of Setmelanotide, 
a MC4R agonist, which would be predicted to improve signalling 
downstream of LEPR, suggests that patients with loss- of- function 
leptin receptor mutations may potentially be treated [43].

Serum leptin is a useful test in patients with severe early- onset 
obesity as an undetectable concentration is highly suggestive of 
congenital leptin deficiency. Very rare mutations in the LEP gene 
that result in a bio- inactive form of the hormone but appropriate 

leptin concentrations have also been reported, however [44]. Serum 
leptin concentrations are appropriate for the degree of obesity in 
leptin receptor deficient patients; elevated serum leptin is not neces-
sarily a predictor of leptin receptor deficiency [8] . However, a subset 
of LEPR mutations resulting in abnormal cleavage of the extracel-
lular domain of LEPR, which acts as a leptin binding protein, are 
associated with markedly elevated leptin concentrations [45].

Pro- opiomelanocortin (PoMc) Deficiency

Children who have homozygous or compound heterozygous muta-
tions in the POMC gene present in neonatal life with adrenal crisis 
due to adrenocorticotrophic hormone (ACTH) deficiency and re-
quire long- term corticosteroid replacement [46]. Such children 
have pale skin and white Caucasians often have red hair due to the 
lack of melanocortin signalling at melanocortin 1 receptors in the 
skin. Children from different ethnic backgrounds may present with 
a less obvious pigmentary phenotype. POMC deficiency results in 
hyperphagia and early- onset obesity due to loss of melanocortin 
signalling at the melanocortin 4 receptor, MC4R. In a clinical trial, 
Setmelanotide led to dramatic weight loss in patients with complete 
POMC deficiency [47]. Heterozygous mutations affecting POMC- 
derived peptides are more prevalent [48]; trials in these patient 
groups are currently taking place.

Pc1/ 3 (PcSK1) Deficiency

Proprotein Convertase Subtilisin/ Kexin type 1 2 (PCSK1) is ex-
pressed in neuroendocrine tissues and acts to cleave prohormones 
including pro- opiomelanocortin (POMC), pro- thyrotropin- 
releasing hormone (TRH), proinsulin, proglucagon, and pro- 
gonadotrophin- releasing hormone (GnRH) to release biologically 
active peptides. Compound heterozygous or homozygous muta-
tions in PCSK1, which encodes PC1/ 3, cause small bowel enterop-
athy and patients may present in neonatal life or early infancy with 
persistent diarrhoea requiring parenteral feeding. Other important 
clinical features include hypoglycaemia and neuroendocrine effects 
(including diabetes insipidus) due to a failure to process a number 
of prohormones. Hyperphagia and severe obesity tend to become 
apparent by 2– 3  years of age [49]. Measurement of the ratio of 
immature proinsulin to mature insulin is a useful diagnostic test 
for this disorder and potentially for homozygous mutations in 
Carboxypeptidase E, which have been reported in one adult female 
with overlapping clinical features [50].

Mc4R Deficiency

Heterozygous loss of function mutations in MC4R represent 
the most common genetic form of obesity and assessment of the 
sequence of the MC4R is increasingly seen as a necessary part of the 
clinical evaluation of the severely obese child [7] . The prevalence of 
pathogenic MC4R mutations ranges from 0.5% to 2.5% of people 
with a BMI >30 kg/ m2 in UK and European populations to 5% in pa-
tients with severe childhood obesity [7, 51]. Over 300 different het-
erozygous mutation in MC4R have been identified to date (https:// 
www.mc4r.org.uk). Codominance, with modulation of expressivity 
and penetrance of the phenotype, is the most appropriate descriptor 
for the mode of inheritance. Homozygous mutations in MC4R have 
been identified in children from consanguineous families.

The clinical features of MC4R deficiency include hyperphagia 
in early childhood and accelerated linear growth, which may be 
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a consequence of disproportionate early hyperinsulinemia [52]. 
Reduced sympathetic nervous system activity in MC4R- deficient 
patients is likely to explain the lower prevalence of hypertension 
and lower systolic and diastolic blood pressures seen in adults [53]. 
Thus, leptin- melanocortin signalling appears to play an important 
role in the regulation of blood pressure and its coupling to changes 
in weight. Several studies have shown that adolescents and adults 
with heterozygous MC4R mutations respond to Roux- en- Y- bypass 
surgery [54]. Moreover, the GLP- 1 agonist, Liraglutide, can also be 
effective at inducing weight loss in some patients with MC4R defi-
ciency [55]. As most patients are heterozygotes with one functional 
allele intact, it is possible that small molecule MC4R agonists [56] 
or pharmacological chaperones which improve receptor trafficking 
to the cell surface might be appropriate treatments for this disorder 
in the future.

SH2B1 Deficiency

Severe obesity without developmental delay is associated with a sig-
nificantly increased burden of rare, typically singleton copy number 
variants (deletions/ duplications) [57]. Deletion of a 220- kb seg-
ment of 16p11.2 is associated with highly penetrant familial severe 
early- onset obesity and severe insulin resistance [6] . This deletion 
includes a small number of genes, one of which is SH2B1, known to 
be involved in leptin, insulin, and BDNF signalling. These patients 
gain weight in the first years of life, with hyperphagia and fasting 
plasma insulin concentrations that are disproportionately elevated 
compared to age-  and obesity- matched controls. Loss- of- function 
mutations in the SH2B1 gene have been reported in association 
with early- onset obesity, severe insulin resistance, and behavioural 
abnormalities including aggressive behaviour [58, 59].

KSR2 Deficiency

To date, most of the genetic obesity syndromes are characterized 
by hyperphagia as a major driver of the obesity. Heterozygous mu-
tations in KSR2 (Kinase Suppressor of Ras2) are associated with 
increased food- seeking behaviour in childhood and low basal meta-
bolic rate (BMR) in the presence of normal thyroid function [60]. 
Clinical reports suggested that some carriers of KSR2 mutations 
experienced marked weight loss in childhood when prescribed 
the antidiabetic drug metformin (for severe insulin resistance) al-
though the cellular mechanisms underlying these effects have not 
been fully explored to date.

Rare Genetic Variants That contribute to Severe 
childhood obesity

There is increasing evidence that rare genetic variants that do 
not follow Mendelian patterns of inheritance may also con-
tribute to severe obesity in some patients. The class 3 semaphorins 
(SEMA3A- G) direct the development of gonadotropin- releasing 
hormone (GnRH) neurons into the hypothalamus [61,  62] and 
rare variants that disrupt SEMA3 signalling are associated with 
hypogonadotropic hypogonadism [62, 63]. In a recent study, rare 
loss- of- function variants in the genes encoding SEMA3 ligands, re-
ceptors and coreceptors were found to be enriched in severely obese 
cases compared to healthy controls [64]. These variants altered the 
function of these proteins through multiple molecular mechanisms 

which led to aberrant development of hypothalamic melanocortin 
circuits that modulate energy homeostasis. However, variants were 
not fully penetrant and did not segregate with severe obesity in fam-
ilies demonstrating non- Mendelian inheritance.

There are parallels in this emerging pattern of genetic associ-
ation with hypogonadotropic hypogonadism, where incomplete 
penetrance and variable expressivity within and across families 
has been observed [65]. As the number of genes implicated in 
hypogonadotropic hypogonadism has increased, it has become clear 
that oligogenic inheritance (i.e. more than one gene mutated in the 
same individual) can in part explain these observations. Indeed, 
some of the obese adolescents with rare variants in these genes had 
hypogonadotropic hypogonadism. Additionally, rare heterozygous 
loss- of- function variants in SEMA3C and SEMA3D have been as-
sociated with Hirschsprung’s disease [66], a disorder characterized 
by failure of development of parasympathetic ganglion cells in the 
large intestine. Several obese patients carrying these variants had 
severe medication- resistant constipation in childhood with mul-
tiple hospital admissions, suggesting that these variants contribute 
to the spectrum of phenotypes seen.

Another example of rare variants that do not follow Mendelian 
inheritance but seem to contribute to a distinct clinical pheno-
type which includes severe obesity, involves Steroid receptor 
coactivator (SRC)- 1, which belongs to a family of coactivators 
(SRC- 1, - 2, and - 3) that regulate gene expression downstream 
of nuclear hormone receptors and other transcription factors. 
SRC- 1 is abundantly expressed in neurons in the arcuate nucleus 
of the hypothalamus which respond to leptin. In a recent study, 
SRC- 1 was shown to modulate leptin’s ability to suppress appetite 
by stimulating POMC expression by interacting with phosphor-
ylated STAT3 [67]. Rare heterozygous variants in SRC- 1 identi-
fied in severe childhood- onset obesity impaired this signalling 
pathway in cells, where they had a dominant negative effect. In 
this study, a mouse model of a human loss- of- function variant 
developed obesity indicating the physiological relevance of this 
mechanism.

Another gene in which rare variants have been found in se-
verely obese patients and where strong biological data supports 
their physiological relevance is MRAP2 (Melanocortin Receptor 
Accessory Protein 2), a chaperone that alters expression of MC4R 
[68]. Collectively, these studies indicate some of the challenges as-
sociated with establishing the contribution of rare genetic variants 
to clinical phenotypes. However, such mechanistic studies can lead 
to new understanding and can pave the way for mechanism- based 
approaches to therapy for patients.

conclusions

The diagnosis of a genetic obesity syndrome can provide infor-
mation that has diagnostic value for the family to whom genetic 
counselling can be provided. There is particular value in a genetic 
diagnosis in severe obesity which, unlike other clinical disorders, 
may not be recognized as a medical condition by some healthcare 
professionals and educators. A genetic diagnosis can help children 
and their families deal with the social stigma that comes with severe 
obesity and where severe obesity has been considered a reason to in-
voke parental neglect, the making of a genetic diagnosis can prevent 
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children from being taken into care. A genetic diagnosis can inform 
management (many such patients are relatively refractory to weight 
loss through changes in diet and exercise) and can inform clinical 
decision making regarding the use of bariatric surgery. Importantly, 
some genetic obesity syndromes are now treatable.
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Introduction

The role of medical practitioners assessing children and young 
people (CYP) with obesity is not limited to managing endocrine 
causes, comorbidities, and complications of obesity. These are rela-
tively rare in childhood, whereas the wider medical, psychological, 
and social needs of those with obesity can be significant and often 
unmet. Medical professionals thus need to consider the holistic 
needs of those with obesity, including managing cardiovascular risk 
and the full range of obesity- related complications.

Body mass index (BMI, kg/ m2) is the best measure of adiposity 
for routine clinical use and should be calculated for all children and 
plotted on appropriate national or international (e.g. International 
Obesity Task Force) BMI growth charts. Country- specific BMI 
thresholds are based on normative population data, with 95th or 
98th centiles of data obtained prior to the recent obesity epidemic 
commonly used as thresholds. There is less consensus on definition 
of severe obesity, but 120% of the 95th centile and a standard devi-
ation score of 3.33 are two proposed BMI- based thresholds.

Obesity- related complications include type 2 diabetes, 
dyslipidaemia, hypertension, polycystic ovary syndrome, sleep ap-
noea, non- alcohol fatty liver disease and some cancers, including 
endometrial, liver, oesophageal adenocarcinoma, colorectal car-
cinoma, renal carcinoma and breast cancer. The metabolic syn-
drome, which is variably defined but encompasses central obesity, 
insulin resistance, dyslipidaemia, and hypertension, plays an im-
portant role in several of these, which are discussed in more detail 
in Chapter 14.1.3, ‘Medical Complications of Obesity’.

Assessing cardiometabolic Risk in obesity

Early identification and modification of cardiovascular risk fac-
tors can reduce later morbidity and mortality and should be a 
key component of obesity management. Ischaemic heart disease 
(IHD) is very rare in children whereas IHD risk- factors (hyper-
tension, dyslipidaemia, and type 2 diabetes) are common, par-
ticularly in those with severe obesity. In the Bogolusa Heart Study 
84%, 59%, and 18% had 1, 2, or 3 of dyslipidaemia, hypertension, 
and hyperinsulinaemia [1] . Unlike adults, there are no good risk- 
predictor tools available that predict overall cardiovascular risk 
based on BMI, blood pressure, glycaemia, and lipids (e.g. qrisk2 in 
adults). Obesity- related IHD risk is associated with, but not fully ex-
plained by, mass of excess adipose tissue. Distribution of fat should 
be noted, with central adiposity conferring greater IHD risk how-
ever measurement of waist circumference is not recommended in 
children due to limited normative data.

IHD risk- factors frequently cluster in families and history of IHD 
and IHD risk- factors should be ascertained from first-  and second- 
degree relatives. Early familial IHD and IHD risk- factors increase 
risk in the child, with doubling of risk where there is IHD affecting 
first- degree males under 55 years and females under 65.

There is no international consensus on screening for IHD 
risk- factors. The US 2011 Expert Panel on Integrated Guidelines 
for Cardiovascular Health and Risk Reduction in Children and 
Adolescents recommends the most proactive screening schedule [2]  
whereas the UK National Institute for Health and Care Excellence 

recommends ‘consideration’ of comorbidity screening but does not 
suggest which children should be screened nor how.

Hypertension

Hypertension in childhood increases risk of both hypertension and 
IHD in adult life. Those with severe obesity >99th centile are fourfold 
more likely than normal- weight children to have hypertension [3] . 
There are insufficient data to directly stratify cardiovascular disease 
(CVD) risk by absolute BP in childhood and statistical cut- offs based 
on normative data of 50 000 CYP are currently recommended [4]. 
The 95th centile for age and height, or adult hypertension threshold 
of 135/ 80 (whichever is lowest) on three separate occasions is used 
to define stage 1 hypertension, with readings 5 mm greater than the 
95th centile defined as stage 2 hypertension. Readings between the 
90th and 95th centiles are defined as high- normal.

US guidelines recommend blood pressure measurement at all 
clinical encounters [5] . Clinic blood pressure measurement is usu-
ally performed by the automated oscillometry method; this im-
putes systolic and diastolic blood pressure based on mean arterial 
pressure. It can be used to screen for, but not diagnose, hyperten-
sion. Oscillatory monitors read higher than manual auscultatory 
and cannot be used to compare to normative data which has been 
obtained by the auscultatory method. Therefore, BP measurement 
should be undertaken after 3– 5- minute rest using the correct cuff 
size (often not available in primary care) and ideally the ausculta-
tory method. It should be repeated three times and the average of 
last two measurements used. Both arms should be used at the first 
visit, with the higher value used as reference.

Ambulatory 24- hour blood pressure monitoring provides better 
real- life monitoring, higher reproducibility, and higher correlation 
with end- organ damage. American Academy of Pediatrics (AAP) 
but not European guidelines recommend ambulatory blood pres-
sure monitoring (ABPM) to confirm diagnosis of hypertension, 
screen for hypertension in high- risk groups who may be normoten-
sive in clinic (masked hypertension) or those with high blood pres-
sure in clinic who are likely normotensive (white coat hypertension) 
[6] . Home blood pressure monitoring is controversial for diagnosis, 
but can be used for ongoing monitoring.

Hypertension in those with obesity is more likely to be primary 
than secondary to another condition, especially in older children. 
Major guidelines thus recommend only limited screening for rare 
causes of hypertension. Differentiation between primary and sec-
ondary causes of hypertension can usually be achieved by history 
and examination. All CYP with hypertension should have renal 
ultrasound, urine microscopy, full blood count and U+E measure-
ment to rule out secondary renal causes, echocardiography (not 
electrocardiogram (ECG)) and quantification of albuminuria to 
screen for end- organ damage together with lipid and glucose meas-
urement for concurrent risk stratification.

Dyslipidaemia

Fasting determination provides the best assessment of the lipid pro-
file, particularly for triglyceride concentration, however non- fasting 
measurement is acceptable, pragmatic, and provides similar read-
ings to fasted levels for total cholesterol and subfractions. Fasting 
lipid concentrations should be checked at least once where raised 
non- fasting triglyceride is found, and twice prior to initiation of 
pharmacotherapy. Low- density lipoprotein (LDL) levels are usually 
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calculated from total and non- LDL cholesterol values rather than 
direct assay. Non- high- density lipoprotein (non-HDL) choles-
terol concentration is the best single predictor of atherosclerosis, 
with low levels protective against CVD. LDL above 4.9 mmol/ L, or 
4.1 mmol/ L where there is either family history of hypercholesterol-
aemia and/ or a strong early familial CVD risk, should prompt sus-
picion of familial hypercholesterolaemia.

Secondary causes of dyslipidaemia should also be considered 
including liver disease, nephrotic syndrome, pregnancy, drugs (e.g. 
isotretinoin) and hypothyroidism. Lipid management in CYP is con-
troversial given limited long- term safety data for statins and should 
be supervised by experts. The pathophysiology and management 
of dyslipidaemia is discussed in further detail in Chapter  14.2.1, 
‘Lipoprotein Metabolism’ and Chapter  14.2.2, ‘Genetic Forms of 
Dyslipidaemia’.

Insulin Resistance

Puberty and excess adiposity can both cause insulin resistance, 
which is intimately associated with type 2 diabetes, fatty liver dis-
ease, and polycystic ovarian syndrome. It is however practically hard 
to quantify, and normative data are insufficient [7] . Measures such 
as fasting insulin concentration and HOMA- IR should not be rou-
tinely measured to assess insulin resistance. Acanthosis nigricans 
is suggestive of insulin resistance but not pathognomonic, and its 
absence rules out neither insulin resistance nor diabetes.

Type 2 Diabetes

Type 2 diabetes risk is increased by maternal diabetes in preg-
nancy (gestational or type 2), high- risk ethnicity (e.g. Asian, Latino, 
African) and first/ second- degree family history [8] . Based on this, 
the American Diabetes Association recommends screening where a 
child is overweight (BMI >85th centile) with one of these risk fac-
tors or signs of insulin resistance [9]. The International Society for 
Paediatric and Adolescent Diabetes (ISPAD) recommends consid-
eration of type 2 diabetes in those with comorbidities associated 
with diabetes, particularly obesity, non- alcohol fatty liver disease, 
elevated triglycerides, and elevated blood pressure.

Type 2 diabetes is best screened for using the oral glucose toler-
ance test (OGTT) or HbA1c. While each of these methods measure 
different aspects of glucose control, HbA1c is most closely correl-
ated with diabetes- related complications, is pragmatic in that it can 
be performed at the time of seeing the patient, and is cheaper than 
OGTT. An HbA1c of 6– 6.4% (38.8– 46.4  mmol/ mol) is defined as 
‘pre- diabetes’ and >=6.5% as diabetes. The term ‘pre- diabetes’ is 
controversial but can be less confusing to patients than the terms 
impaired glucose tolerance or impaired fasting glucose. Effective 
diabetes control is considered imperative for minimizing cardiovas-
cular health and any young person diagnosed with type 2 diabetes 
should be managed by an expert.

optimizing Weight and cardiometabolic Health

Diet, physical activity, and physical inactivity influence adiposity 
and cardiometabolic health yet there is significant interindividual 
variation [10]. Changes in lifestyle may not correlate with changes 
in weight and health and weight alone should not be used as a 
marker of successful lifestyle change.

The conscious behaviour of any individual has a limited influence 
on bodyweight, with genes, environment, and social psychology 

all having a greater impact [11]. Weight loss success has often in-
appropriately been attributed to ‘will power’, motivation and educa-
tion but this oversimplifies a complex construct [10]. Homeostatic 
mechanisms antagonise weight loss through changes in appetite, 
muscle efficiency and basal metabolic rate [12].

Weight loss targets of 6– 8% in adults have been shown to im-
prove health; there are no similar data in children. Weight- loss 
targets in children vary between national guidelines ranging from 
no recommended weight loss (Australia) to stratified targets based 
on BMI centile (USA) and some guidelines avoiding targets al-
together. This variation reflects lack of evidence. Cessation of 
weight gain with ongoing vertical growth will cause reduction in 
adiposity.

Unrealistic weight- loss targets can put undue pressure on indi-
viduals and damage patient- provider relationships. Some are able to 
lose clinically significant amounts of weight though lifestyle change, 
yet it is not clear why these individuals are able to lose weight while 
many are not. An inability to achieve weight control does not neces-
sarily indicate lack of adherence to recommended lifestyle changes. 
A step- wise approach should be considered to optimise weight and 
cardiovascular health once comorbidities have been assessed and 
managed, featuring (1) lifestyle optimisation, (2) drug therapy, and 
(3) bariatric surgery.

Lifestyle

A. Physical activity:  Physical activity improves cardiometabolic 
fitness, reduces IHD risk, and should be promoted regardless of 
effect on weight. There is strong evidence that increased moderate- 
vigorous physical activity is associated with lower blood pressure, 
BMI, and increased fitness, as well as lowered total and LDL chol-
esterol, and triglyceride concentrations and insulin resistance, with 
increased HDL cholesterol. Conversely, there is no evidence for 
harm associated with increased physical activity. Daily physical ac-
tivity should be recommended for all, including walking as a prag-
matic form of exercise, with 60 minutes a day recommended by 
most major guidelines.

Back, hip, knee, and ankle pain can limit exercise; this is fre-
quently caused by deconditioning due to inactivity and should 
lead to assessment and rehabilitation by physiotherapists. Rarely, 
obesity can cause sciatica, slipped upper femoral epiphysis, or 
bowed legs (Blount disease). These need effective identification and 
management.

Breathlessness is common during exercise. This is caused largely 
by lack of fitness and a supervised fitness training with an exer-
cise professional may be needed to improve capacity to exercise. 
Exercise- induced asthma and inadequate asthma control can be 
difficult to differentiate with poor fitness and should be considered 
as a cause of exercise intolerance.

B. Diet:  In the controlled laboratory environment, total cal-
oric intake reduction has the greatest impact on weight. Different 
approaches exist to reduce overall caloric intake including por-
tion control, reduction of energy- dense foods and macronutrient 
balance but there is little clear evidence (including insufficient evi-
dence to guide the low- carbohydrate versus low- fat diet debate) [2] . 
The evidence that does exist is summarised in Box 14.1.7.1. The role 
of a diet history is unclear. Recall is often poor and the use of food 
diaries to monitor intake can promote behaviour change and aid 
discussions with health professionals.
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C. Lifestyle interventions: Evidence- based group lifestyle inter-
ventions can support behaviour change [13]. They are mostly 
community- based and have been trialled largely in children rather 
than adolescents and in academic centres. These studies are usu-
ally of short duration (<6 months) and the long- term evidence for 
these interventions is non- existent. Group lifestyle interventions are 
not widely available, with limited funding by either insurance or 
state- funded health systems. Some adult commercial programmes, 
such as Weight Watchers and Slimming World, allow adolescents to 
enrol with an accompanying adult and are more widely available. 
Some find the regular supervision and education that these pro-
grammes offer to be a helpful way of controlling weight, however, 
many families do not wish to take part in such interventions.

There is strong evidence for smoking avoidance (and cessation) 
in improving health. There is less evidence on how to effectively 
prevent smoking initiation or support cessation.

Pharmacotherapy

Use of weight- loss medications in CYP is rare [14]. Only the lipase- 
inhibitor orlistat is licenced for CYP in the EU. Within clinical trials 
it can result in modest BMI loss and is recommended in the UK 
for use in those over 12 years of age with severe obesity. Outside 
research trials, few tolerate the side- effects associated with fat inges-
tion (abdominal pain, urgency, nausea, incontinence) and the vast 
majority do not request a second prescription. It can be used as a 
feedback tool to identify fat intake in those willing to cut energy 
consumption by reducing fat intake.

Metformin is used off- licence, largely by endocrinologists and 
gynaecologists in those with insulin resistance and/ or polycystic 
ovarian syndrome [15]. A mean change of 1.42 kg/ m2 was detected 
in a meta- analysis of small studies. It is a first line drug for those 
with polycystic ovary syndrome (PCOS) and can improve men-
strual irregularity. Its role in diabetes prevention is less clear and it 
should not routinely be used for this indication.

The newest generation of weight control medications have all 
been licenced for other indications prior to being used for weight- 
reduction. Their weight beneficial effects have led to subsequent 
licencing for weight control, namely the GLP- 1 agonist liraglutide 

and the combinations of naltrexone/ bupropion and phentermine/ 
topiramate. They have not been licenced to date for CYP.

Bariatric Surgery

Bariatric surgery is the only current evidence- based intervention 
that results in large magnitudes of weight loss (mean weight loss 
13.5 kg/ m2 at 1 year) [16]. Furthermore, bariatric surgery appears 
to fundamentally change gut physiology to reduce appetite, increase 
satiety, and enable weight loss with concurrent control of comorbid-
ities such as type 2 diabetes, hypertension and obstructive sleep 
apnoea (OSA). Bariatric surgery improves many of these comorbid-
ities prior to significant weight loss suggesting that both the physio-
logical changes achieved by surgery and the acute calorie reduction 
that it allows ameliorate these comorbidities. Physiological changes 
include increased and faster incretin production after food inges-
tion (including GLP- 1) and changes in gut microbiota, vagal tone, 
and bile acid circulation.

Three main procedures have been used in adolescents: the adjust-
able gastric band (AGB), sleeve gastrectomy (SG) and gastric bypass 
(GB). All three result in a smaller functioning stomach. In the AGB, 
a silicon inflatable band is placed around the stomach and inflated 
via a subcutaneous port. In the SG, the greater curvature is removed 
to reduce stomach size by up to 80%. In the GB, the stomach is div-
ided to form a 30 ml functioning stomach which is connected dir-
ectly to the jejunum. The distal end of the ‘defunctioned’ proximal 
gut (known as the Roux limb) is anastomosed to the jejunum dis-
tally to the stomach- jejunum anastomosis to allow bile acids and 
stomach products to re- join the functioning gut.

These procedures have not been compared in head to head trials 
in this age group. Only the AGB has undergone a randomized con-
trol trial which showed greater weight loss and improved CV health 
compared to a group lifestyle intervention. Multiple cohort studies 
have published outcome data for the three procedures, with greatest 
weight loss at one year seen in those undergoing GB and least loss 
after AGB. Two high quality cohorts have published outcome data 
for the SG and GB at 3– 5 years with outcomes similar to those seen 
in adults and between the two procedures [17].

Weight loss is greatest in the first 6 months and plateaus after 1– 
2 years with a normal distribution of weight change after surgery 
which includes total weight gain. The evidence underpinning se-
lection of patients for surgery is very limited. Risk alleles including 
FTO appear to influence outcome but are not routinely used to 
select patients or match patients with procedure. There is minimal 
evidence for psycho- social predictors of BMI outcomes with higher 
levels of loss of control eating and family conflict conferring worse 
outcomes in one study [18]. Cessation of weight gain, appropriate 
attendance at appointments, prior engagement with a lifestyle inter-
vention, appropriate mental health support, and good social sup-
port are common selection criteria by clinical teams.

Most national guidelines limit surgery to those with near com-
pletion of growth due to theoretical concerns about bone density 
loss after surgery. BMI thresholds of 40  kg/ m2, or 35  kg/ m2 with 
obesity- related comorbidities are common with the largest cohorts 
routinely operating on young people from around 12 years of age.

The AGB is the easiest procedure to perform however long- term 
risk of spontaneous gastric perforation, need for ongoing adjust-
ment of band pressure and lesser weight loss compared to other 
procedures mean it is now rarely advocated. Choice of procedure 

Box 14.1.7.1 Dietary interventions for which some evidence 
of benefit exists

Strongest evidence
 • Limit fat to 30%, saturated fat to 7– 10% of total calories, and choles-

terol to 300 mg/ day (lowers total— and LDL— cholesterol, obesity, and 
insulin resistance)

 • Consume fat- free milk
 • Consume plant- based foods (low- calorie sources of nutrients 

including vitamins and fibre). Increasing access to fruit and veget-
ables has been shown to increase their intake

Moderate evidence
 • Reduce sugar- sweetened beverages (reduces obesity)
 • Increase dietary fibre (intake is inversely associated with energy 

density and increased body fat, and positively associated with nu-
trient density)

 • DASH (Dietary Approaches to Stop Hypertension; a promising ap-
proach to improve nutrition and decrease cardiovascular risk)

 • Reduce simple carbohydrates (associated with decreased weight and 
triglyceride concentration)
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between the SG and GB is controversial with the SG increasingly 
being seen as the procedure of choice in this age group, given it is 
a less invasive and quicker procedure than the GB and has lower 
risk of micronutrient deficiency and stenosis. Both the SG and GB 
are deemed safe, with no surgery- related mortality reported in ado-
lescents. Complications include strictures requiring endoscopic 
dilatation, symptomatic gallstones requiring cholecystectomy and 
vitamin deficiencies (particularly fat- soluble vitamins).

Weight loss after surgery can result in excess skin which can 
be both physically and emotionally distressing. Funding for re-
moval of excess skin (apronectomy) is usually more limited than 
bariatric surgery, both in insurance-  and state- funded health sys-
tems and plastic surgery itself can be associated with greater risk 
than bariatric surgery.

Mental health outcomes have been less widely reported than 
those of physical health with limited data beyond anxiety and de-
pressive disorders [18]. Both appear to follow a similar trajectory 
to weight with improvement in the first 6 months and subsequent 
plateauing and some deterioration thereafter. Many patients believe 
that weight loss will dramatically improve their lives:  weight loss 
can have significant improvement in quality of life, with greatest 
improvement in physical functioning domains. However, evidence 
for improvements in other domains is less clear and many need 
ongoing mental health support after surgery, particularly those 
whose weight loss is less than they wished.

optimizing other Aspects of Health Related 
to obesity

Health professionals often inappropriately focus on weight loss to 
control obesity- related poor health while avoiding effective treat-
ments. While weight loss can make many of these conditions better, 
it is often difficult to achieve, and poor health can further exacerbate 
this. Obesity- related poor health should be proactively medically 
managed concurrently with lifestyle change.

Polycystic ovarian Syndrome

Diagnosis of polycystic ovary syndrome relies on the combination 
of clinical hyperandrogenism (hirsutism, severe acne), menstrual 
irregularity, and polycystic ovaries. Use of these criteria in adoles-
cence is controversial as these features are frequently part of normal 
puberty [19]. Some recommend use of the adult Rotterdam criteria 
but this may lead to overdiagnosis and inappropriate worry related 
to future infertility. Other causes of androgen excess should be con-
sidered where there is severe hyperandrogenism or menstrual dys-
function, including congenital adrenal hyperplasia or steroid excess.

Treatment is largely symptomatic, focusing on control of clinical 
hyperandrogenism and menstrual dysfunction. Lifestyle change 
and weight loss can improve insulin resistance and menstrual ir-
regularity (see next). Hormonal contraceptives are recommended 
first line treatments for cutaneous symptoms (acne, hirsutism) 
with careful consideration of venous thrombotic risk (com-
bined oestrogen/ progestogen contraceptives and obesity cumula-
tively increase risk factors for venous thromboembolism (VTE)). 
Improvement is usually slow, with acne not improving for at least 
1 month and hirsutism for around 6 months. Metformin is addition-
ally recommended where there are signs of metabolic syndrome. 

Hirsutism control can be challenging and treatments include top-
ical ornithine decarboxylase inhibitors (Vaniqa), spironolactone, 
antiandrogens, and laser treatment.

non- Alcohol Fatty Liver Disease (nAFLD)

NAFLD is usually asymptomatic and classic clinical features of 
liver disease are rare. Accumulation of fat in the liver (steatosis) 
can in some result in the progressive spectrum of fibrosis, cirrhosis, 
and hepatocellular carcinoma, collectively known as non- alcohol 
steatohepatitis (NASH). This is not directly correlated to volume of 
steatosis and presence of fibrosis is the best predictor of liver- related 
morbidity and mortality. There are limited treatment options with 
the exception of liver transplant in those with end stage disease 
which is rare in childhood.

Screening in childhood is problematic given inadequately valid-
ated screening tools and very low prevalence of those who would 
benefit from liver transplant. Liver ultrasound and liver enzymes 
have both been advocated as first line screening tools, yet both 
have significant issues with sensitivity. Ultrasound does not detect 
fibrosis or inflammation but can identify steatosis and may iden-
tify signs of significant fat- related liver disease such as nodularity 
or splenomegaly and other causes of deranged liver function tests. 
Accepted tools in adult practice (elastography using fibroscan and 
MRI) have not yet been validated in CYP and fibrosis markers 
such as ELF (enhanced fibrosis score) again have limited evidence 
base. Only liver biopsy can reliably differentiate between steatosis, 
hepatosteatosis, and fibrosis.

NAFLD is highly correlated with insulin resistance and metabolic 
syndrome and European guidelines suggest screening only this 
group [20]. In the UK, NICE additionally recommends screening in 
those with type 2 diabetes [21]. Those from Hispanic backgrounds 
have the highest risk with black ethnicity being protective [22].

The discovery of either steatosis or raised liver enzymes, either in-
cidentally or by screening, should lead to comprehensive evaluation 
of secondary causes rather than assumed NAFLD, including hepa-
titis B and C, excess alcohol consumption, autoimmunity, Wilson, 
and a1- antitripysin [20].

Sleep

There is increasing evidence that inadequate or poor- quality sleep 
can both cause and complicate obesity, sometimes contributing 
to enuresis, learning problems, headaches, inattention, daytime 
somnolence, preference for high- calorie foods, exercise avoidance, 
ventricular dysfunction, and/ or hypertension [23]. Obesity and 
adeno- tonsillar hypertrophy are the major risk factors for OSA, 
particularly in adolescence and with increasing adiposity [24]. 
Snoring is increasingly considered to be a negative predictor of 
good health. Some patients with OSA have the typical features of 
snoring with difficulty breathing and apnoeas, but many do not, 
making diagnosis difficult. Severe OSA can exist without snoring 
and a high degree of clinical suspicion is needed including consid-
eration of both day and night symptoms, physical signs, and atten-
tion to comorbidities. Factors increasing the likelihood of OSA are 
shown in Box 14.1.7.2.

Inpatient polysomnography is the gold- standard investigation 
for the diagnosis of OSA. Overnight ambulatory saturation moni-
toring is poor at excluding OSA (low negative predictor value) 
[25]. Where OSA is suspected or diagnosed, treatments include 
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adeno- tonsillectomy, weight loss (including bariatric surgery), 
treatment of airway disease, and nocturnal ventilation. Secondary 
sequalae such as left ventricular hypertrophy should be excluded by 
echocardiogram where OSA is severe.

Mental Health

Effective mental health support can be critical in weight control, 
for example binge eating or affective disorders. Mood disturbances 
are more common in obesity and may be associated with obesity- 
related inflammation. Conversely, pharmacotherapy for mental 
health problems can cause weight gain, particularly if involving 
older generation antipsychotics.

Rapid weight gain is more likely to be caused by adverse mental 
health than by a medical cause, especially where normal growth 
is maintained. Symptoms suggestive of medical causes of obesity 
including nausea and headaches are also common in mental health 
and can render diagnosis difficult.

Obtaining a mental health history can be challenging. It should 
usually be undertaken in part with the young person alone. Obtaining 
effective mental health support can also be difficult, with families 
often not wanting to engage with mental health professionals, while 
mental health resources are often insufficient to support those who 
do wish to. Use of validated questionnaires can help bypass the often- 
stringent triage processes employed by many mental health services.

Binge eating disorders are relatively rare and hard to diagnose. 
Questionnaires such as the Eating Disorder Diagnostic Scale (EDDS) 
or the Eating Disorder Examination Questionnaire (EDE- Q) can help 
identify key features of a binge eating disorder, including eating large 
volumes of food with loss of control, associated guilt, and compensa-
tory behaviours such as purging, diuretic use, fasting, and excessive 
exercise. Depressive and anxiety disorders can also drive exces-
sive eating and can be screened using the Strengths and Difficulties 
Questionnaire (SDQ) and Revised Child Anxiety and Depression 
Scale (RCADS) questionnaire. Referral to specialist mental health ser-
vices should be initiated where any questionnaires suggest a disorder.

Low self- esteem and confidence and lack of motivation to engage in 
behaviour change are common. Support for this is more challenging 
and may not require weight- specific interventions. Generic interven-
tions such as the Duke of Edinburgh award, cadets, or dramatic arts 
can be effective at promoting confidence, socialisation, and behav-
iour change. Medical conditions reducing self- esteem should be pro-
actively addressed, such as acne and gynaecomastia. Apparent small 
penis can be distressing for boys practically and psychologically, and 
should be differentiated from true micropenis and hypogonadism.

Low self- esteem and mental health disorders can limit exercise, 
particularly if exercise involved changing clothes in public (such 
as school PE classes), reduced clothing (such as swimming) or 

mixing with very fit people (such as going to the gym). Strategies 
to minimise these barriers should be considered including private 
changing facilities, single sex swimming sessions, or encouraging 
exercises that require minimal adaptations, such as walking.

Drugs

Certain drugs are weight- promoting and avoidance of these drugs, 
their replacement with weight- neutral or even weight- sparing 
drugs, or other treatment options should be considered. Common 
weight- promoting drugs are shown in Box 14.1.7.3

Activities of Daily Living

The ability to undertake activities of daily living should be checked 
in those with severe obesity. This includes the ability to reach and 
tie shoelaces in those BMI over 40 kg/ m2. Many cannot adequately 
toilet or wash in standard facilities nor comfortably sit/ sleep in 
standard chairs and beds. This information will not usually be pro-
actively shared by families. Many will be sitting/ sleeping in broken 
chairs/ beds which will be exacerbating any existing musculoskeletal 
and sleep abnormalities and specialist beds and chairs can be ac-
cessed by occupational therapists. Home assessments and adapta-
tions by occupational therapists should be initiated.
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Introduction

The prevalence of obesity, its protean and relapsing nature, and 
the need for multidisciplinary involvement in effective care makes 
planning and organizing care pathways particularly challenging. 
Public health perspectives have tended to focus on prevention, or 
short- term interventions, rather than applying chronic care models 
to obesity which fall under the umbrella of disease management. 
Despite many authoritative national and international reports, sys-
tematic reviews, official recommendations, and guidelines [1– 5] 
the need for people with overweight and obesity to receive medical 
care remains largely unmet. This chapter considers, mainly from an 
English perspective, how clinical care pathways for the management 
of obesity have been developed, and how they could, and should, be 
implemented, as well as some of the barriers to success. The devel-
opment of pathways in the United Kingdom has differed from that 
in the USA [6] , being viewed as a way of achieving a continuum of 
care across care settings rather than as a framework for balancing 
costs and quality [7].

obesity as a chronic Disease

Obesity is a disease of multifactorial origin driven by innate bio-
logical factors (genetic predisposition, a physiology favouring en-
ergy accumulation and protecting against weight loss), societal 
influences on food supply (composition, cost, availability, hedonic 
power) and energy expenditure (declining physical activity at work 
and at home), psychological factors (beliefs, executive function) 
and their interactions. Societal changes over the past 40 years have 
driven the obesity pandemic, with human physiology now mal-
adapted to the environment. The mechanism of weight gain can be 
considered straightforward (sustained positive energy balance), but 
unless care pathways address the complex causal network manage-
ment is likely to be ineffective. Since obesity is a chronic disease, 
increasingly starting in childhood, a life- course approach is needed 
[8]  and long- term, even lifelong, weight management is likely re-
quired [9– 11]. Effective treatment of obesity should aim to improve 
health and wellbeing, rather than simply aiming for weight loss; 
Comprehensive care of people with obesity also needs to focus on 
ensuring that the many complications of obesity are diagnosed and 
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appropriately managed. The components of comprehensive care 
may include behavioural, nutritional, and physical activity advice 
and support, as well as pharmacological and surgical interventions. 
However little high- quality evidence exists on how to combine, ei-
ther simultaneously or sequentially, interventions or on how to per-
sonalize treatment to the individual patient.

obesity care Pathways

With this background there is both a clear rationale, and need, to 
establish obesity care pathways. An (integrated) clinical pathway is 
a multidisciplinary management tool based on evidence- based best 
practice for a specific group of patients to aid the coordination and 
delivery of high- quality care [12]. A pathway will embed guidelines, 
protocols, and locally agreed patient centred care into everyday 
use for the individual patient. The pathway will define the roles of 
professionals involved in patient care. For obesity this will include 
physicians, dietitians, nurse specialists, surgeons, physiotherapists, 
exercise specialists, psychologists, and even psychiatrists. Clinical 
pathways aim to standardize treatment regimens, but record vari-
ations from planned care aiming to improve outcomes and allow 
continual service improvement through evaluation and audit [13]. 
There is increasing high level evidence evaluating the efficacy (or 
otherwise) of care pathways [14], but much of this evidence comes 
from outcomes of trials of pathways focused on relatively predict-
able trajectories of care where efficacy in supporting proactive 
care management ensured that relevant clinical interventions and/ 
or assessments were deployed in a timely manner [15]. Clinical 
care pathways are thus not synonymous with guidelines, which 
are often more generalized and do not detail the individual pa-
tient journey. Since a comprehensive clinical care pathway for the 
patient with obesity is likely to span levels of care from primary 
to specialist and involve multiple specialities (from both medical 
and healthcare professionals), they are most likely to be developed 

within comprehensive healthcare systems (e.g. the UK National 
Health Service).

The 5As framework, originally developed as a model for smoking 
cessation [16] has been adapted by the Canadian Obesity Network 
to form a model of initiating discussion and behaviour change 
based upon the principles of motivational interviewing [17,  18]. 
This considers a process characterized as Ask, Assess, Advise, Agree 
and Assist (or Arrange) (Figure 14.1.8.1). The impact of using this 
approach was evaluated in primary care in a ‘before and after’ study 
and showed that implementing the 5As of Obesity Management re-
sulted in a twofold increase in the initiation of obesity management 
(from 19 to 39%), and a significant increase in perceived follow- up/ 
coordination efforts [19]. Thematic network analysis of a subse-
quent study involving 24 chronic disease teams in Alberta, Canada 
concluded that the 5As Team intervention had multiple impacts on 
providers and teams to improve obesity management, as well as pro-
vider confidence and capability, both preconditions for developing 
effective patient interventions [20].

care Pathway Development in england

In England, there are many examples of obesity care pathways, al-
though many are confined to bariatric surgery for severe obesity. 
The most overarching is that developed by the National Institute 
for Health and Care Excellence (NICE) [21]. An overarching de-
sign principle was developed for adults within the National Health 
Service in which pathways are organized under a 4- tiered model 
(Figure 14.1.8.2) [22, 23]. Tier 1 addresses whole population pre-
vention activity, focusing on primary prevention and includes health 
promotion, where primary prevention is preventing the onset of a 
disease. Tier 2 consists of community weight management services, 
that should include lifestyle advice on diet and physical activity and 
focus on secondary prevention of conditions associated with over-
weight and obesity through encouraging behaviour change, where 

Clinical setting and relationship between patient and clinician
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Figure 14.1.8.1 The five ‘A’s as a template for obesity care. In this modified schema, a sixth A— ‘Await’ reflects that not all patients will at the point of 
assessment wish to proceed down the care pathway.



14.1.8 Planning Obesity Care Pathways 1853

secondary prevention is preventing progression of early disease. The 
intention is that both these tiers are funded, organized, and provided 
by public health experts and from the public healthcare budget. 
Specialist, medicalized, services are represented by Tiers 3 and 4, 
commissioned and funded from the health service budget. Tier 3 
services are specialist multidisciplinary obesity and weight manage-
ment services. Access for patients would be through specialist re-
ferral routes and engagement, with Tier 3 services a requirement for 
consideration for surgical services. For people with obesity, this is an 
example of tertiary prevention, where activities prevent complica-
tions from established disease. Tier 4 services include bariatric sur-
gery, but also care for those with genetic or complex disorders.

A practical example of an overall adult weight management 
obesity pathway and service model is that given in a 2017 report 
from Public Health England to the East of England Clinical Senate 
Assembly (one of twelve similar bodies across England established 

to provide independent, strategic advice and guidance to commis-
sioners and other stakeholders to assist them in healthcare plan-
ning for the populations they represent) (Figure 14.1.8.3) [24]. This 
pathway diverges considerably from current guidelines, including 
those developed by NICE. This may reflect the economic tool used to 
estimate the return on investment for weight management services. 
This calculated that for Tier 2 interventions producing an average 
weight loss of 2.5 kg in 74% of patients completing a 12- month pro-
gramme, an upfront cost of £50 per patient enrolled would yield a 
healthcare saving of £36 per annum over 5 years [25, 26]. The re-
port also highlights the gap between public health perceptions of 
obesity and its reality as a chronic disease, with a conclusion stating 
that ‘The challenge (of obesity) is not to find new medicines or 
provide more surgery to patients. It is the population that requires 
treatment rather than individuals’ [24]. From this viewpoint it is 
not surprising that there are barriers in developing, funding, and 
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Figure 14.1.8.2 The UK tiered approach to defining the progression of obesity services. MDT, multidisciplinary team.
Adapted with permission from Blackshaw J, Montel S, King S, et al. Report of the working group into: Joined up clinical pathways for obesity, 2014.
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implementing care pathways which by their very definition address 
individual health needs. Further evidence for such a bias and for 
underinvestment in obesity care was reported by the recent UK 
All Party Parliamentary Group on Obesity, who found, following a 
freedom of information request, that only 52% of local authorities 
commission Tier 1 services and 82% Tier 2, while 57% of NHS clin-
ical commissioning groups commission Tier 3 services [27].

Recommendations for care pathways for those with severe 
obesity requiring Tier 3 and 4 services are better developed. Using a 
National Institute of Health Care Excellence (NICE)- accredited pro-
cess, a Guidance Development Group representing and endorsed by 
a wide range of professional stakeholders met to establish the evi-
dence base for best practice in Tier 2 or Tier 3 weight management 
services, including all interventions provided as a precursor to Tier 
4, bariatric surgery. It also issued guidance for the structure and 
working of weight assessment and management clinics (WAMC) to 
provide specialist support for primary care physicians in the man-
agement of complex patients, including a pathway into bariatric 
surgery for suitable patients [28].

The resulting report recognized that the guidance was aspir-
ational, and that although the final consensus was tailored to the 
English NHS, the basic principles should be applicable to every 
healthcare setting. A key element of the report was recognition that, 
since the facilities and resources for obesity treatment (especially 
specialist Tiers 3 and 4) were so poorly developed, capacity building 
would be required to develop such clinics. The potential overlap 
with diabetes clinics and sleep medicine clinics meant that some of 
the infrastructure necessary for WAMCs already existed and poten-
tially could be ‘re- labelled’. Depending on the availability of bariatric 
surgical units and the preference of commissioners, WAMCs could 
be located either in primary or secondary care and work as a hub 
and spoke arrangement with the surgery service. If colocated, the 
whole team would in effect work together as one clinic with local 

arrangements for patient flow through the system for non- surgical 
and surgical patients (Figure 14.1.8.4). A regional WAMC would 
also work as a hub and spoke with different referring practices. The 
report also highlighted the need for hospitals to have a designated 
‘obesity champion’ (along the lines, for example, of a lead clinician 
for malnutrition) as had first been proposed in a report from the 
Royal College of Physicians [29].

A subsequent paper updated the evidence base and expanded 
recommendations to include more detailed guidance on commis-
sioning care pathways for weight assessment and management in 
adults and children with severe obesity [30]. It represented the 
views of 22 organizations including nine royal colleges, with the 
intention of providing a template for developing obesity services 
within primary and secondary care, for staffing infrastructure, and 
for referral practices.

examples of obesity care Pathways

There are several examples in England of excellence in the devel-
opment and provision of obesity care pathways within primary 
care. These include the Aintree LOSS scheme [31], Rotherham 
Institute for Obesity (RIO) services [22] and obesity services in 
Fakenham [32].

Aintree LoSS

Aintree LOSS is a community- based, Tier 3, multidisciplinary 
weight management programme for patients living in Liverpool 
with severe and complex obesity (a body mass index >40 kg/ m2 or 
>35 kg/ m2 with one or more comorbidities), focusing on a flexible 
and individualized service with follow- up for up to 2  years. The 
team initially consisted of general practitioners, a physician with a 
special interest in obesity, dieticians, and physiotherapists but was 

WAMC and/or medical part of multidisciplinary surgical clinic
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Figure 14.1.8.4 The role of the multidisciplinary team in weight management assessment clinics. MDT, multidisciplinary team; WAMC, weight 
management assessment clinic.
Adapted with permission from Welbourn R, Dixon J, Barth JH, et al. NICE- Accredited Commissioning Guidance for Weight Assessment and Management Clinics: a Model for a 
Specialist Multidisciplinary Team Approach for People with Severe Obesity. Obes Surg 2016;26(3):649– 59. Copyright © 2016, Springer [28].
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later expanded to include psychologists and occupational therapists. 
Interventions are delivered at locations across Liverpool, including 
a hospital clinic, general practice surgeries, community centres, and 
a sports centre. Following referral, the patient is contacted by tele-
phone and booked to their preferred site. Initial assessment con-
ducted by a GP with a special interest in obesity includes full medical 
history, examination, and blood tests. A personalized management 
plan is agreed upon from a pick list of dietetics, physiotherapy, 
and occupational therapy as well as group sessions (joint physio-
therapy and dietetics and hydrotherapy). Individual reviews take 
place every 1– 3 months depending on the intensity of intervention 
required. Contact with leisure services via swimming and aquafit 
session referral is also included. In appropriate cases, bariatric edu-
cation is provided in a group setting, and there are monthly multi-
disciplinary team meetings to assess suitability for bariatric surgery 
onward referral. Evaluation of 2472 patients referred to the service 
between October 2009 and 2013 found a mean body mass index 
of 45.6 kg/ m2 at baseline with most patients coming from areas in 
the most deprived decile nationally. Of 2315 appropriate referrals, 
1249 (55.1%) attended >2 visits; mean final weight loss was 3.50 + 
8.55 kg, and 24.1% achieved ≥5% weight loss. Of patients attending, 
754 (33.3%) attended for over 6 months; mean final weight loss was 
4.94 + 10 kg, and 34% achieved 5% weight loss [31].

Rotherham Institute for obesity

In 2008 NHS Rotherham agreed to make £3.5m available to fund their 
NHS obesity strategy, based upon the four- tier model, for a 3- year 
pilot period. Reshape Rotherham provided Tier 2 service for adults 
between 2009 and 2014 overseen by the local dietetics department, 
while for children this was delivered by Places for People leisure. 
Patients could self- refer to these services or be referred by an ap-
propriate healthcare professional after an assessment of motivation. 

For those who did not meet their healthy weight targets, or for those 
considered to be more at risk of the cardiometabolic consequences 
associated with obesity, referral was into Tier 3 specialist services 
delivered by the Rotherham Institute for Obesity (RIO). After 2014 
the integrated framework of services was referred to as Weigh Up 
Rotherham, and it had a single point of access. Although there are 
no peer- reviewed published outcome data, RIO has been regarded as 
a model care pathway [33], reporting a full analysis of data for 2010 
and 2011 of 49% of 3325 referrals completing the 6- month interven-
tion. 72% achieved a ≥5% and 18.6% a ≥10% weight loss. Despite 
this, in 2017 funding for the service was withdrawn.

Fakenham

In Fakenham, a rural area in the east of England, a Tier 3 service 
aimed to deliver evidence- based interventions including medical 
assessment, motivational interviewing to support behaviour change, 
dietary and activity advice, psychological therapies, drug therapy 
with orlistat, medically supervised meal replacement diets and as-
sessment for suitability for bariatric surgery using the NHS East of 
England criteria (aged 18– 60 years, BMI ≥40 kg/ m2, with either dia-
betes or severe obstructive sleep apnoea, and having undergone a 
6- month intensive weight- loss programme). The service aimed to 
facilitate weight loss by implementing progressive and sustainable 
lifestyle changes, based on individually agreed goals over a 1- year 
programme. This was delivered by individual monthly appoint-
ments with obesity specialist nurses. Participants were considered 
for pharmacotherapy, low energy liquid diets, or bariatric surgery 
if clinically appropriate. Psychological therapies offered included 
cognitive behaviour therapy, neurolinguistic programming, emo-
tional freedom therapy, clinical hypnosis, solution focused therapy, 
transactional analysis, psychodynamic therapy, and cognitive ana-
lytical therapy (Figure 14.1.8.5) [32]. An evaluation of the service 
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Figure 14.1.8.5 The Fakenham Clinical Pathway. MDT, multidisciplinary team; OSN, obesity specialist nurse; CBT, cognitive behavioural therapy; 
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obesity and comorbidities, based in primary care. Clin Obes 2014;4(5):254– 66. © 2014 The Authors. [32]
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using the National Observatory Standard Evaluation Framework 
[34,  35] followed a cohort of 230 patients (out of 367 referrals) 
sequentially enrolled over a 1- year period from August 2011. Of 
these, 213 entered a 1- year programme, and 17 a more intensive 
6- month programme; two- thirds had a BMI above 40 kg/ m2. The 
service identified additional pathology in 48 patients:  hypothy-
roidism, hypercholesterolaemia, abnormal liver function, diabetes 
mellitus, obstructive sleep apnoea, and hypertension. More than 
half completed their programmes and attended at 1 year. In these 
117 ‘completers’, weight losses >5% were 34.2, 53.8, 65.8, and 72.6% 
at 3, 6, 9, and 12 months. The mean percentage weight loss at 1 year 
was – 6.4% (SD 6.1) in those with weights recorded, and – 8% (SD 
6.0) in ‘completers’. There were significant improvements in quality 
of life measures.

conclusions

The generic process for developing and managing care pathways 
is well established, but has been poorly developed for comprehen-
sive care of people with obesity. National guidelines and systematic 
literature reviews have been generated and, in some cases (par-
ticularly for more severe obesity) translated into advice for com-
missioning integrated pathways of care, but these have hardly been 
implemented. This may reflect prejudice of healthcare providers 
against obesity as a disease worth treating, underestimation of the 
clinical and economic benefits of effective obesity care, or the com-
plexities of designing pathways for its management.
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Introduction

Lipids are a heterogeneous group of substances with a myriad of 
structural and regulatory functions. Phospholipids and cholesterol 
are essential components of cell membranes, and cholesterol is also 
the precursor of steroid hormones, bile acids, and, in the skin, of 
vitamin D. Some fatty acids serve as precursors of bioactive com-
pounds such as prostaglandins, thromboxanes, and leukotrienes; 
several lipids may also serve as signalling molecules in their own 
right. Furthermore, lipid complexes are necessary for the transport 
of lipid- soluble vitamins, and may have a protective role in the de-
fence against toxins and infectious agents. From an overall perspec-
tive, however, the bulk function of plasma lipid metabolism relates 
to exchange of fats as energy substrates.

Plasma Lipids and energy Transport

Fat as triglyceride is the major form of energy storage in the body 
[1] :  about 12– 15  kg of triglycerides (corresponding to ~500 000 
kJ) are stored as an energy depot in the adipose tissue. Fat supplies 

60– 70% of cellular energy consumption, with a considerable por-
tion of that formed through de novo synthesis from carbohydrate 
(lipogenesis) in the liver. Plasma lipids such as triglycerides and 
non- esterified fatty acids (NEFA) are quantitatively the most im-
portant system of energy exchange among organs (Figure 14.2.1.1). 
Each day, 6000– 9000 kJ are transported in the circulation in trigly-
cerides, and almost the same amount in NEFA. The transport of 
lipids is regulated very efficiently, and integrated with carbohydrate 
metabolism. Through the hormonal and metabolic control of en-
zymes (lipases) catalysing the uptake of fat in various organs and the 
mobilization of fat from adipose depots, energy from fat can be dis-
tributed and channelled in response to rapidly fluctuating demands. 
Although many hormones influence the activity of these enzymes, 
the predominant regulation is through insulin and catecholamines.

The inflow of dietary lipids into the circulation as chylomicron 
triglycerides corresponds to about 100 g/ day. Another 20– 50 g is 
secreted in very low- density lipoprotein (VLDL) triglycerides by 
the liver. The plasma pool of triglycerides is small, but since the 
elimination process normally is far from saturated, large amounts 
of triglycerides can be assimilated without more than a twofold to 
threefold rise in plasma concentration after a fat- rich meal.

Triglycerides routed to metabolically active tissues, such as skel-
etal muscle and heart, are rapidly utilized for oxidation. In the 
adipose tissue, fatty acids and monoglycerides are re- esterified to 
triglycerides for storage, and later mobilized rapidly on demand by 
lipases including hormone- sensitive lipase. The fractional uptake of 
free fatty acids from the circulation is relatively constant, so that the 
distribution to different tissues mainly follows that of blood flow. 
Roughly, one- third of NEFA is taken up by the liver and one- third 
by muscular tissue. The energy reaching the liver in this way ex-
ceeds demand, and a major fraction of fatty acids is re- esterified, 
returning to the circulation in VLDL triglycerides. Thus, NEFA and 
VLDL contribute to an energy cycle mainly between adipose tissue 
and the liver (Figure 14.2.1.1).

After food intake, when plasma concentration of insulin is high 
and those of catecholamines low to normal, lipoprotein lipase ac-
tivity in adipose tissue is high at the same time as fatty acid mo-
bilization is reduced. Thus, lipids are channelled to adipose tissue 
storage. Any surplus of carbohydrate energy can be utilized in 
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hepatic de novo lipogenesis (DNL) which through VLDL transport 
can be redistributed to adipose tissue.

In response to starvation or stress, with low insulin and increased 
catecholamine levels, the lipid flux is redistributed to ensure appro-
priate energy delivery to metabolically active tissues, particularly 
heart and skeletal muscle. Lipoprotein lipase in adipose tissue is re-
duced, whereas it is increased in heart and muscle. Simultaneously, 
NEFA are mobilised from the adipose tissue, and the amount taken 
up by the liver can be recirculated in VLDL triglycerides. At a very 
high inflow of NEFA to the liver, as occurs after prolonged fasting, 
the surplus will be converted into ketone bodies that can be prefer-
entially utilized in cellular metabolism.

Plasma Lipoproteins and Apolipoproteins

The requirement for transport of lipids in plasma poses a basic bio-
physical challenge arising from the insolubility of most lipids in 
water: virtually all plasma lipids thus have to be solubilized by as-
sociation with specific proteins. NEFA are bound to albumin with 
a molar ration of 2:1, while more complex lipids are transported in 
hydrophilic lipoproteins [2] . These are spherical emulsion particles, 
in which unipolar lipids— mainly triglycerides and cholesteryl 
esters— are covered by a polar phospholipid membrane harbouring 

free cholesterol and proteins called apolipoproteins. These 
apolipoproteins maintain the structure of the lipoproteins, and may 
also serve as ligands for specific receptors or as enzyme activators. 
Triglycerides, cholesteryl esters, free cholesterol, and phospholipids 
are the main lipids present in lipoproteins, which also carries many 
other water- insoluble endogenous or exogenous substances.

Lipoproteins are generally classified on the basis of their hydrate 
density [3]  or electrophoretic mobility (Table 14.2.1.1). Such classi-
fications are obviously operational, and it is important to recognize 
that lipoproteins represent populations of constantly interchanging 
particles. Differences in density is commonly used to separate lipo-
proteins by ultracentrifugation. The density of lipoprotein particles 
is inversely related to their size, reflecting the relative amount of 
non- polar low- density core lipid and high- density surface protein. 
The two largest classes of lipoproteins thus contain mainly trigly-
cerides: the chylomicrons (containing apoB- 48) which are secreted 
from the intestine, and the VLDL (containing apoB- 100) which 
are secreted from the liver. The smaller lipoprotein classes, inter-
mediate density lipoproteins (IDL), low- density lipoproteins (LDL) 
and high- density lipoproteins (HDL2 and HDL3), mainly have 
cholesteryl esters in their cores, and represent products formed 
during the processing of the triglyceride- rich chylomicrons and 
VLDL. High- density lipoprotein (HDL) can also be produced 
by the liver and small intestine, and in their nascent form can be 

Liver 20–50 g/day 100–150 g/day

Gut

Muscle
NEFA

Adipose tissue

100 g/day

NEFA

Triglycerides

1–5 g

Figure 14.2.1.1 Schematic representation of the exchange of lipids between different organs.

Table 14.2.1.1 Normally occurring human plasma lipoproteins

Lipo- protein Density (g/ mL) Electro- phoretic 
mobility

Diameter 
(nm)

Particle composition (weight %) Major apolipo- proteins

Trigly- ceride Chole- sterol Phos- pholipid Protein

Chylo- micron 0.93 Origin 80– 1200 85– 95 2– 5 3– 8 1– 2 B- 48, A- I, A- II, A- IV, (C, E)

VLDL
IDL
LDL

0.93– 1.006
1.006– 1.019
1.019– 1.063

Pre- β
β
β

30– 80
23– 35
18– 25

50
20
11

22
38
47

19
23
22

8
19
21

B- 100, A- I, C, E
B- 100, C, E
B- 100

HDL2

HDL3

1.063– 1.125
1.125– 1.21

α
α

9– 12
5– 9

6
6

22
15

30
23

41
55

A- I, A- II, C, E
A- I, A- II, C, E
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seen as bilayered discs on electron microscopy. The hydrolysis of 
triglyceride- rich lipoproteins also contributes to the formation of 
mature HDL particles in circulation. Lipoprotein(a) [Lp(a)] is larger 
but denser than LDL and exhibits slow pre- β mobility on electro-
phoresis. Essentially, Lp(a) consists of an LDL particle with apo(a) 
bound to the apoB- 100 molecule.

A large number of apolipoproteins have been identified  
(Table 14.2.1.2). Several of the smaller ones (apoAs, apoCs, and 
apoE) belong to the same gene family [4] . They contain character-
istic α- helical structures, which give them detergent- like properties. 
Like free cholesterol, these molecules can readily exchange between 
lipoprotein particles and with other lipid surfaces, whereas phospho-
lipids and non- polar core lipids require specific transfer proteins for 
exchange. ApoB exists in two forms: apoB- 100 is found mainly in 
VLDLs and LDLs, whereas apoB- 48 is found only in chylomicrons 
[5]. Apo B- 48 represents the amino- terminal half (48%) of apo B- 
100, and the synthesis of both proteins emerges from one gene. In 
the intestine, but not in the liver, a stop codon is introduced into 
the mRNA after transcription of the apo B gene (posttranscriptional 
editing), resulting in the formation of the truncated apo B- 48 pro-
tein [6]. Thus, in humans— but not in rodents— triglyceride- rich 
lipoproteins containing apo B- 48 and apo B- 100 can be identified as 
being of intestinal and hepatic origin, respectively. Apo B- 100, but 
not apo B- 48, contains the ligand- binding site for the LDL receptor. 
Despite this the half- life in circulation of the apo B- 48 containing 
particles is much shorter than that of the apo B- 100 containing par-
ticles because the former can load a higher amount of apoE on their 
surface. Apo E is a strong ligand for the LDL receptor, which is also 
known as the apoB/ apo E receptor, and for other receptors.

The genes of all the common apolipoproteins have been 
cloned, and there is evidence of a considerable number of genetic 
polymorphisms, some of which may result in altered functional 
properties of the protein. One important example is genetic vari-
ation at the apoE locus, where the presence of three variant alleles 
results in six major phenotypes of the apoE protein (E2/ 2, E2/ 3, E2/ 
4, E3/ 3, E3/ 4, and E4/ 4). ApoE2 has lower binding affinity to the 
lipoprotein receptors, and individuals carrying this isoform have a 
slower clearance of chylomicron and VLDL remnants.

Apo (a)  differs from the other apolipoproteins:  it has a 
plasminogen- like structure, with a variable number of so- called 
kringle IV repeats [7] . Apo (a)  is linked to apo B- 100 by a disul-
phide bond, changing the properties of the LDL particle. There is 
a pronounced, genetically determined size variation based on the 
number of repeats, and there is an inverse correlation between 
plasma level and apo (a)  isoform size. How elevated Lp(a) levels 
contribute to an increased risk for cardiovascular disease is still not 
understood, but mechanisms related to decreased plasmin forma-
tion as well as increased endothelial cell permeability and inflam-
mation or oxidation have been discussed [7].

During their metabolism, lipoproteins may be modified by a 
number of mechanisms. Among those are oxidation, glycation, 
carbamoylation, and enzymatic degradation [8] . Such changes may 
occur in the circulation, but they are probably of particular import-
ance when lipoproteins become retained within the subintimal layer 
of the vessel wall [9, 10]. Such modifications, most notably mild oxi-
dation, stimulate the uptake of lipoproteins in tissue macrophages 
by so- called scavenger receptors leading to an uncontrolled expan-
sion of cellular cholesteryl ester content. The result is the formation 
of foam cells, initiating the development of early atherosclerotic 
plaques. Changes in the lipid composition, particularly triglyceride 
enrichment of LDL, make the lipoprotein particles more susceptible 
to oxidation which may explain the increased propensity of ath-
erosclerosis in conditions such as diabetes, insulin resistance, and 
obesity. Modified lipoproteins and crystals of cholesterol precipitated 
in the atherogenic plaque activates the inflammasome in macro-
phages and initiates inflammatory responses, which in turn accelerate 
atherogenesis [11].

Lipoprotein Receptors

The delivery of lipoprotein lipids to various tissues in the body 
is regulated by specific receptors and enzymes that interact with 
the individual apolipoproteins. The LDL receptor is a cell surface 
receptor present on all cells, capable of binding and internalizing 
lipoproteins containing apo B- 100 or apo E [12]. It belongs to a 
gene family containing ligand- binding 40- amino acid cysteine- 
rich repeats, growth factor repeats, and spacer sequences that 
show homology with the epidermal growth factor precursor. 
The LDL receptor is synthesized in the endoplasmic reticulum 
and transported to the Golgi apparatus for glycosylation. After 
transport to the cell surface, the receptors cluster in specific re-
gions rich in clathrin, the so- called coated pits. In these receptor- 
enriched regions, internalization of the LDL receptor (with or 
without bound LDL) takes place continuously through endo-
cytosis. Whereas LDL is degraded in the lysosomal compartment, 
the receptors are recycled to the cell surface several times. The 

Table 14.2.1.2 Human apolipoproteins

Apolipoprotein Molecular 
weight
(kDa)*

Function/ related to Chromosome
location

A- I 29 LCAT cofactor 11

A- II 9 1

A- IV 44 (LCAT activator) 11

A- V 39 VLDL synthesis and 
secretion

11

B- 100 512 VLDL synthesis,
LDL receptor ligand

2**

B- 48 241 Chylomicron synthesis 2**

C- I 7 19

C- II 9 Lipoprotein lipase 
activation

19

C- III 9 Lipase inactivation inhibits 
receptor binding

11

D 19 (Cholesterol transport) 3

E 34 Ligand for LDL receptor 
and chylomicron remnant 
binding
Hepatic lipase activation

19

M 25 HDL metabolism 6

Apo (a) 280– 800 6

* From amino acid composition.
** Same gene, posttranscriptional editing of mRNA.



SecTIon 14 Obesity, Dyslipidaemia and Other Metabolic Disorders1862

expression of the LDL receptor is closely entrained to cellular de-
mand for cholesterol.

Among other members of this gene family are the LDL receptor- 
related proteins (LRPs), the VLDL receptors, and megalin [13]. 
LRP- 1 is a large structure that is mainly expressed in the liver and 
seems to be involved in the binding and uptake of chylomicron rem-
nants through apoE, but it can also bind several non- lipoprotein 
ligands. A number of scavenger receptors with a wide spectrum of 
ligand- binding properties are expressed on macrophages, and some 
of these are probably involved in the uptake of atherogenic lipopro-
teins to form foam cells in the arterial wall. Scavenger receptor type B 
class 1 (SCARB1) is a receptor highly expressed in the liver and ad-
renal, and seems to be involved in reverse cholesterol transport [14].

enzymes and Transfer Proteins

Three enzymes have a major role in plasma lipoprotein lipid trans-
port:  lipoprotein lipase, hepatic lipase, and lecithin:cholesterol 
acyl transferase. The first two belong to a large gene family also 
including pancreatic lipase [15]. Cholesteryl ester transfer protein 
and phospholipid transfer protein are required to promote the ex-
change of core lipids between lipoprotein particles during their me-
tabolism in plasma [16].

Lipoprotein lipase (LPL) is synthesized in the endoplasmic re-
ticulum (ER) of adipocytes and muscle cells. In the ER of these cells 
a chaperone protein called lipase maturation factor 1 (LMF1) is 
responsible for LPL assembly and folding. Another protein called 
GPIHBP1 (GPI- anchored endothelial cell protein) binds LPL in the 
interstitial space and shuttles it across endothelial cells to its site of 
action in the capillary lumen [17] where it is tethered to the luminal 
surface of the capillary endothelium via heparan sulphate proteo-
glycans [15]. This enzyme, which is active as a dimer, hydrolyses 
triglyceride in the lipoprotein core, converting it into fatty acids and 
monoglycerides. APOC2 and APOA5 are cofactors for the enzym-
atic reaction [18]. The activity of LPL is regulated by nutritional de-
mand via hormonal control. Enzyme activity is increased in adipose 
tissue during carbohydrate feeding and reduced during fasting; the 
regulation is reverse in skeletal muscle and heart. Loss of function 
mutations of all these genes (LPL, LMF1, GPIHBP1, APOA5, and 
APOC2) cause a rare monogenic dyslipidaemia characterized by 
very high levels of circulating triglyceride (see Chapter 14.2.2).

Hepatic lipase is synthesized in hepatocytes, secreted and bound 
to proteoglycans on the capillary endothelium of the liver. It is also 
present on endothelial cells in the adrenals and gonads. This en-
zyme has a broad activity and is believed to be involved in the me-
tabolism of HDL and IDL [19]. Thus, by hydrolysing triglycerides 
and phospholipids in HDL2, hepatic lipase is thought to promote its 
conversion to HDL3. The enzyme activity is stimulated by thyroid 
hormone, insulin, and androgens, and decreased by oestrogen and 
glucocorticoids.

Lecithin:  cholesterol acyl transferase (LCAT) is synthesized 
in the liver [20]. It binds to HDL, and catalyses the conversion of 
lecithin and free cholesterol to lysolecithin and cholesteryl esters; 
apo A- I and also apo A- IV act as cofactors for the enzyme. Through 
the action of LCAT, free cholesterol on the surface of nascent HDL 
is converted to more lipophilic esters, leading to expansion of the 
HDL particle.

Cholesteryl ester transfer protein (CETP) is predominantly 
synthesized in the liver and intestine, but also in adipocytes and 
the spleen [16]. It mediates transfer of cholesteryl esters from HDL 
and LDL to VLDL and chylomicrons, and the reciprocal exchange 
of triglycerides.

Phospholipid transfer protein (PLTP) is a member of the same 
gene family as CETP [16]. It mediates the transfer of phospholipids 
from triglyceride- rich lipoproteins to nascent HDL during lipopro-
tein lipase- mediated lipolysis.

Lipoprotein Metabolism

Lipoproteins serve three main functions: (1) transport of exogenous 
dietary lipids from the gut to peripheral tissues and the liver, carried 
out by chylomicrons and their remnant particles; (2)  transport of 
endogenous lipids (triglyceride and cholesterol) from the liver to 
peripheral tissues, by the VLDL- IDL- LDL- pathway; and (3) reverse 
cholesterol transport from peripheral tissues to the liver, where HDL 
plays a central role (Figure 14.2.1.2). Apo B- 100 and apo B- 48 thus 

Figure 14.2.1.2 Simplified scheme of normal lipoprotein metabolism 
in humans. CM, chylomicrons; CMR, chylomicron remnants; VLDL, 
very low- density lipoprotein; IDL intermediate density lipoprotein; LDL, 
low- density lipoprotein; HDL, high- density lipoprotein; LPL, lipoprotein 
lipase; HL, hepatic lipase; CETP, cholesteryl ester transfer protein; PLTP, 
phospholipid transfer protein; LCAT, lecitin:cholesterol acyl transferase; 
ABC- 1, ATP- binding cassette transporter 1; LDLR, LDL receptor; LRP, LDL 
receptor- related protein; SR- B1; scavenger receptor class B type 1; SR- A, 
scavenger receptor class A.
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constitute the transport chains for chylomicron– chylomicron rem-
nants (exogenous) and VLDL- IDL- LDL (endogenous), respectively, 
whereas apo A- I is closely related to reverse cholesterol transport.

exogenous Lipid Transport

Ingested triglycerides (100– 150 g/ day) are hydrolysed by pancreatic 
lipase and almost completely absorbed in the upper small intestine 
[21, 22]. The solubilizing actions of biliary bile acids are vital in this 
process. Cholesterol of both biliary (600– 800 mg/ day) and dietary 
(300– 400 mg/ day) origin is absorbed to a much lesser degree (30– 
50%). Due to the presence of active influx via the Niemann- Pick 
C1- like 1 protein (NPC1L1) and active efflux promoted by the ATP- 
binding cassette transporters G5 and G8 (ABCG5/ G8), entero-
cytes absorb unesterified cholesterol at a faster net rate than plant 
sterols. Intracellular fatty acid binding proteins facilitate fatty acid 
uptake in the enterocytes. After re- esterification, triglycerides are 
incorporated into the very large chylomicrons together with esteri-
fied cholesterol produced by the enzyme acyl CoA: cholesterol acyl 
transferase- 2 (ACAT- 2), encoded by the sterol O- acyltransferase 2 
(SOAT2) gene; this core is surrounded by a monolayer of phospho-
lipids, free cholesterol, and APOB48. APOB48 is partially lipidated 
during its translocation across the membrane of the ER, where-
after it fuses with the bulk of lipids. The fully lipidated particles are 
transported to the Golgi apparatus, whence they are transported to 
the basolateral plasma membrane and secreted into the extracel-
lular space. Chylomicrons pass into the intestinal lacteals and enter 
the circulation via the thoracic duct. In addition to apo B- 48, nas-
cent chylomicrons contain apo A- I, A- II, and A- IV that have been 
synthesized in the enterocytes. Upon exchange with HDL in lymph 
and blood, chylomicrons rapidly acquire apo Cs and apo E.

In the circulation, chylomicrons are trapped on the capillary walls 
of adipose tissue and muscle, probably involving a complex inter-
action between the lipoprotein, lipoprotein lipase, and endothelial 
proteoglycans. Apo C- II is an obligate activator of lipoprotein lipase 
that attacks the triglyceride core of the chylomicron, resulting in 
intravascular hydrolysis of triglycerides liberating NEFA and gly-
cerol. Most of the NEFA are taken up by adipose or muscular tissue, 
but some are also transported with albumin to the liver and fuel-
ling the increased VLDL secretion that occurs in later phases of the 
postprandial period [23]. In the peripheral tissues, NEFA are either 
re- esterified to depot triglyceride or oxidized for energy produc-
tion. The whole process of lipolysis is very efficient and only takes 
about 10– 15 minutes in normal individuals.

The excess surface lipids and apolipoproteins resulting from 
lipase- induced reduction of the chylomicron core volume are trans-
ferred to HDL. APOB48, together with APOE, remains on a much 
smaller particle containing esterified cholesterol and small amounts 
of triglyceride in its core. The liver rapidly clears this chylomicron 
remnant via APOE- recognizing receptors on the surface of the 
hepatocytes [24]. Chylomicron remnants bind with high affinity 
to the LDL receptor in the liver, but there is ample evidence that 
other lipoprotein receptors including LRP- 1, and surface heparan 
sulphate proteoglycans are also involved in the hepatic uptake. 
Normally, remnants have a very short half- life, which is why such 
particles are normally absent in plasma from fasting individuals, 
except those carrying the APOE2 phenotype. After endocytosis, re-
leased fatty acids and cholesterol can be used in VLDL assembly, or 
can be stored as triglycerides and cholesteryl esters. Cholesterol can 

also be excreted into the bile as free cholesterol or after conversion 
to bile acids.

endogenous Lipoprotein Transport

VLDLs are similar to chylomicrons in structure and compos-
ition, but are much smaller and contain relatively less triglyceride  
(Table 14.2.1.1). The assembly of VLDL in the liver is essentially 
analogous to that of chylomicrons in the intestine. Each VLDL par-
ticle contains a single molecule of apo B- 100 which is synthesized 
on ribosomes attached to the ER and lipidated cotranslationally. 
Increases of triglyceride secretion in VLDL determines increases 
in particle volume. Hormones such as oestrogens and growth 
hormone, and nutrients such as alcohol and excess carbohydrate 
stimulate VLDL triglyceride synthesis, whereas insulin retards 
secretion of VLDL. Fully lipidated VLDL are transported to the 
Golgi, where glycosylation occurs before trafficking and release 
into the space of Disse. Nascent VLDLs contain some apo A- I, apo 
A- II, apo E and apo Cs, and their exchange with HDL probably 
occurs very rapidly when in plasma. While VLDLs of varying size 
are released from the liver, it is still not clear whether LDL- like par-
ticles may be secreted directly.

In the circulation, VLDLs are subject to lipolysis by lipoprotein 
lipase, and in the postprandial state there is competition between 
VLDLs and chylomicrons for the lipoprotein lipase. The estimated 
half- life of VLDLs is considerably longer than that of chylomicrons, 
1– 2 hours. A major difference from the exogenous pathway is that 
the resulting VLDL ‘remnants’, referred to as IDLs, can have alterna-
tive fates. More than half, presumably those enriched in APOE(24), 
undergo rapid endocytosis in the liver, whereas the remaining frac-
tion is metabolized further via hepatic lipase and transfer of lipids 
and apolipoproteins to HDL. The final products of this processing 
of circulating IDL are mature LDLs, only carrying the apo B- 100 
protein. The continued presence of apo C- III on IDL particles in-
hibits a rapid removal by the LDL receptor and leads to the for-
mation of denser LDL particles that are very poor in triglycerides, 
also known as small- dense LDL [25]. Recently, the composition of 
LDL in respect to their phospholipid content (phosphocholine vs. 
sphingomyelin) and in respect of their lipid core content (triglycer-
ides vs. esterified cholesterol) determines the susceptibility of these 
particles to aggregate to each other, a process that promote their 
atherogenic potential [26].

The half- life of LDL is 2– 3  days in normal humans, which ex-
plains why the number of LDL particles is much larger than that of 
VLDLs. Their prolonged residence in the circulation also explains 
why these particles may be the major site of modification (e.g. oxi-
dation, glycation, and carbamylation). Although passive uptake of 
LDL (proportional to plasma concentration) takes place in all tis-
sues, the predominant route for elimination of LDL is endocytosis 
by the LDL receptor in the liver [27].

While all cells contain the enzymatic machinery to synthesize 
cholesterol from acetate, receptor- mediated endocytosis of LDL ap-
pears to be the preferred pathway for acquiring the cholesterol ne-
cessary for maintaining cellular homeostasis in peripheral cells. By 
uptake of LDLs, the cells are also supplied with tocopherols, which 
are present in these lipoproteins. The number of LDL receptors is 
increased during cell division and under other circumstances when 
the demand for cholesterol is increased. High numbers of LDL 
receptors are expressed on steroidogenic cells, and also in some 
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tumour cells [27]. The absolute mass of LDL receptor is greatest in 
the liver, and at least 50% of LDL catabolism occurs in this organ 
[27]. The great importance of the expression of LDL receptors in 
normal lipoprotein metabolism is evident from the phenotype ob-
served in patients with familial hypercholesterolemia, where the 
LDL receptor is functionally deficient.

Each cell has the capacity to regulate its cholesterol balance by 
sensing its cellular membrane cholesterol level [28]. This influences 
the activity of transcription factors which are bind sterol respon-
sive elements (SREs) in the promoter regions of the LDL receptor 
gene. Such SREs are also present in the genes coding for two major 
enzymes regulating cellular cholesterol synthesis, 3- hydroxy- 3- 
methylglutaryl (HMG) CoA reductase and HMG Co A synthase, 
and of the posttranscriptional modulator of the LDL receptor, 
proprotein convertase subtilisin/ kexin type 9 (PCSK9). The tran-
scription factors, the so- called SRE- binding proteins (SREBPs), and 
are normally attached to the cellular membrane, but undergo con-
trolled proteolytic cleavage by specific enzymes which are activated 
when sterols are depleted from the membrane. The resulting SREBP 
fragment then migrates into the nucleus and activates gene tran-
scription of the LDL receptor, cholesterol- synthesizing enzymes, 
and PCSK9. In addition, the enzymatic activity of HMG- CoA re-
ductase is regulated by sterol- induced degradation of the enzyme. 
PCSK9 acts by increasing the degradation of the LDL receptor 
during its cell cycle (Figure 14.2.1.3), adding to the complexity 
of the regulation of cellular cholesterol uptake [29]. Of particular 
interest, genetic variation in PCSK9 expression is important for 
variation in LDL cholesterol levels and incidence of coronary heart 
disease [30]. Emerging evidence suggests moreover that several hor-
mones influence hepatic LDL receptor number through modulation 

of PCSK9. LDL receptor cycling is also influenced by cellular pro-
teins including LDLRAPs and IDOL, in which genetic variants may 
also be important.

HDL Metabolism and Reverse cholesterol Transport

HDL denotes a heterogeneous, metabolically active lipoprotein 
fraction, in which the particles are continuously remodelled, chan-
ging their composition accordingly [16]. The two major classes of 
HDL, HDL2, and HDL3, differ in their density and their protein 
content (Table 14.2.1.1). By serving as an apolipoprotein reservoir 
which provides enzyme cofactors and lipid transfer factors, HDL 
may stimulate both the exogenous and endogenous lipid transport 
pathways (Figure 14.2.1.2).

Apo A- I is the common structural element of HDL particles. 
There are HDL particles that contain both apo A- I and apo A- II, and 
particles with only apo A- I. Whereas apo A- I is synthesized both 
in the intestine and the liver, apo A- II is made exclusively in the 
liver. A major part of the apolipoproteins and phospholipids that 
eventually contribute to plasma HDL originates from chylomicrons 
and VLDL secreted into the circulation. The transmembrane trans-
porter ABCA1 secretes phospholipids and free cholesterol to poorly 
lipidated apo A- I to form a nascent HDL (pre β1- HDL) (Figure 
14.2.1.4). The liver seems to contribute more than the intestine to 
this process [31]. The various lipid and protein components of HDL 
have different pathways of metabolism, resulting in considerably 
differing turnover rates. The catabolic half- life of plasma apo A- I 
and apo A- II in normal humans averages 4– 5 days; cholesteryl es-
ters may turn over 10– 40 times more rapidly.

Overall, there is a cycle of enlargement of HDL from influx of 
lipids, apolipoproteins, and LCAT activity, followed by cholesterol 

Figure 14.2.1.3 Secretion of VLDL and interaction between PCSK9 and LDL receptor. PCSK9 is transported from endoplasmic reticulum to cell 
surface via COP II (coat protein complex II) vesicles. Circulating PCSK9 prevents the normal recirculation of LDL receptors to the cell surface reducing 
their numbers at cell.
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ester— triglyceride exchange and then shrinkage of HDL and loss 
of lipid and protein following hepatic lipase activity [16]. The 
cholesterol esters formed in HDLs following LCAT action can be 
transferred to triglyceride- rich lipoproteins by CETP, they may be 
transferred to cells by selective uptake without degradation of the 
HDL particle, and they may be catabolized with intact HDL.

HDL is currently believed to be active in the removal of choles-
terol from peripheral tissues, promoting transport of cholesterol to 
the liver, the only organ that excretes significant amounts of chol-
esterol from the body. Cellular cholesterol removal occurs by sev-
eral mechanisms, relying upon different HDL subclasses that play 
specific roles in distinct mechanisms, namely (a) aqueous diffusion 
(which involves unknown transporters) to mature HDL; (b) SR- BI- 
mediated efflux to mature HDL; (c) ABCG1- mediated efflux to ma-
ture HDL and preβ- HDL; and (d) ABCA1- mediated efflux to apoAI, 
preβ- HDL and small HDL particles [32– 35] (Figure 14.2.1.4).

In humans ABCA1 is of major importance, as evident from 
the lack of HDL in patients with homozygous ABCA1 deficiency 
(Tangier disease). HDL can transport cholesterol directly to the 
liver, probably by the interaction of apo A- I with SCARB1, the 

human homologue of SR- BI [25], but also via exchange of core tri-
glycerides in the triglyceride- rich lipoproteins for core cholesterol 
esters in HDL. By such mechanisms, cholesterol elimination from 
peripheral tissues may occur also utilizing the exogenous and en-
dogenous pathways (Figures 14.2.1.2 and 14.2.1.4).

cholesterol elimination

The liver has a central role in maintaining body cholesterol homeo-
stasis [36,  37]. Several pathways may deliver cholesterol to this 
organ, as discussed (Figure 14.2.1.5): chylomicron remnants, IDL 
and LDL, and via HDL. In addition, cholesterol can be synthesized 
de novo in the liver, a process under tight transcriptional and 
posttranscriptional feedback control. Hepatic cholesterol may be 
stored as cholesterol esters, incorporated in secreted VLDLs, or ex-
creted in the bile, either directly or after conversion to bile acids.

Cholesterol esterification is catalysed by the microsomal enzyme 
ACAT. In humans, two genes exist, SOAT1 and SOAT2, encoding 
two different enzymes:  ACAT1 and ACAT2, respectively. While 
ACAT1 is present in most tissues, ACAT2 appears to be specific 
to hepatocytes and enterocytes, and has been proposed to be the 
enzyme responsible for synthesizing cholesterol esters destined for 
VLDL secretion [38].

While minor amounts of cholesterol are converted into steroid 
hormones (50 mg/ day) or lost through skin exfoliation (80 mg/ day), 
faecal excretion is the major pathway for net excretion of cholesterol 
from the body. This process takes place either by direct secretion of 
free cholesterol in the bile, or by conversion of cholesterol to bile 
acids (Figure 14.2.1.5). Bile acids additionally promote hepatic se-
cretion of cholesterol by stimulation of bile flow. Simultaneously, 
bile acids also contribute to cholesterol input by facilitating choles-
terol absorption in the small intestine. A non- biliary route for chol-
esterol elimination from the body has also been described, named 
transintestinal cholesterol excretion (TICE) (Figure 14.2.1.4). TICE 
is responsible for direct transport of cholesterol from blood across 
the enterocytes into the intestinal lumen [39] and its relevance for 
humans is under debate [40].

Whereas only 30– 50% of the cholesterol present in the intestinal 
lumen is absorbed, bile acids are almost completely reabsorbed via 
passive diffusion along the small intestine and via active transport in 
the distal ileum. The latter process is critically reliant on a sodium- 
dependent ileal bile acid transporter (IBAT) [41]. After reabsorp-
tion, bile acids are returned to the liver via the portal vein, and 
subsequently resecreted into the bile. By this efficient recycling, the 
preponderance of bile acids is conserved within the enterohepatic 
region, and only about 300– 500 mg are lost in the faeces each day.

The capacity to synthesize bile acids from cholesterol is a unique 
property of the hepatocytes. In a normal adult human, about 300– 
500 mg of bile acids are produced daily, to compensate for faecal loss 
[36, 37]. In humans, the first and rate- limiting step in bile acid syn-
thesis is the conversion of cholesterol into 7α- hydroxycholesterol, 
a reaction catalysed by the microsomal enzyme cholesterol 7α- 
hydroxylase [42]. This enzyme is mainly regulated by the flux of bile 
acids in the enterohepatic circulation, sensed through the bile acid- 
binding nuclear receptor farnesoid X- receptor (FXR) [43] which is 
expressed both in the ileum and in the liver. Details of this regu-
lation are still under study, but it appears as if humans have a low 

Figure 14.2.1.4 Reverse cholesterol transport and transintestinal 
cholesterol efflux pathways. CE, cholesteryl esters; FC, free cholesterol; 
TG, triglycerides; VLDL, very low- density lipoprotein; LDL, low- density 
lipoprotein; preβ— HDL, discoidal nascent high- density lipoprotein: HDL, 
high- density lipoprotein; apoAI, apolipoprotein AI; apoB100, 
apolipoprotein B100; apoE, apolipoprotein E; CETP, cholesterol ester 
transfer protein; LCAT, lecithin cholesterol:acyltransferase; ABCA1, 
ATP- binding cassette transporter A1; ABCG1, ATP- binding cassette 
transporter G1; SRBI, scavenger receptor type BI; ACAT1, Acyl- conzyme 
A:cholesterol acyltransferase 1.
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basal capacity for bile acid synthesis compared to most other spe-
cies. Instead they show marked stimulation following interruption 
of the enterohepatic circuit (e.g. by ileal resection or treatment with 
bile acid binding resins), resulting in marked adaptive responses 
mediated via the SREBP- system:  both HMG- CoA reductase ac-
tivity and LDL receptor expression being stimulated [44]. This is 
the rationale for therapy with resins, and particularly explains the 
pronounced effects when such drugs are administered together 
with inhibitors of cholesterol synthesis. Inhibition of intestinal ab-
sorption and biliary reabsorption of cholesterol by ezetimibe, which 
block both NPC1L1 in the intestine and in the liver, does not affect 
the synthesis of bile acid in humans [45].

Stressors of Lipoprotein Metabolism Across 
the Lifespan

As discussed in Chapter 14.2.2, many severe monogenic disorders 
of lipoprotein metabolism are now known. Common genetic vari-
ants may also produce dyslipidaemia; however, this commonly only 
becomes overt in the presence of physiological or other stressors. 
Disturbances of lipoprotein metabolism thus represent excellent 
examples of interaction between genetic background and environ-
mental influence. Selected conditions and circumstances in which 
clinically significant perturbation of lipoprotein metabolism may 
occur across the lifespan are discussed next.

Insulin has an antilipolytic effect on adipose tissue, inhibits 
VLDL release from the liver, and is necessary for lipoprotein lipase 
function. Thus, in insulin deficiency, as in newly diagnosed or se-
verely undertreated type 1 diabetes, the absence of insulin increases 

NEFA and VLDL triglyceride levels, and fasting chylomicrons are 
frequently present, resulting in massive hypertriglyceridaemia 
[46]. HDL levels are reduced due to the inefficient triglyceride 
clearance. When type 1 diabetes is well controlled with insulin, in 
contrast, lipoprotein abnormalities are minimal, and if hyperlipid-
aemia remains it may reflect a coexisting (often primary) disorder 
of lipoprotein metabolism. In type 2 diabetes, insulin resistance is 
probably the main factor driving dyslipidaemia characterized by 
elevated VLDL, small- dense LDL, and low HDL [47]. Metabolic 
dyslipidaemia is discussed further in Chapter  15.13.4, ‘Diabetic 
Dyslipidaemia’.

Hypercaloric intake enhances production of VLDL trigly-
ceride [48], and, particularly together with insulin resistance, 
this may produce hypertriglyceridaemia. Increased VLDL trigly-
ceride production also appears to be a major mechanism for the 
hyperlipoproteinaemia sometimes caused by alcohol consumption 
[49]. If VLDL clearance mechanisms (such as lipoprotein lipase) 
are intact and able to compensate for this increased production, en-
hanced flux through the VLDL pathway may explain the increase in 
HDL concentration seen after moderate alcohol intake. Stimulation 
of VLDL catabolism may also explain the positive influence of phys-
ical exercise in elevating plasma HDL cholesterol.

Thyroid hormone stimulates expression of hepatic LDL re-
ceptors [50]. Whereas LDL levels are low in hyperthyroidism, 
increased lipolysis and triglyceride production may lead to 
hypertriglyceridaemia. Raised LDL cholesterol is a frequent finding 
in hypothyroidism, where hypertriglyceridaemia and increased 
Lp(a) are also common findings. Growth hormone seems to be es-
sential for the normal expression of hepatic LDL receptors [51], 
and also stimulates VLDL triglyceride flux. Replacement therapy 

Figure 14.2.1.5 Schematic representation of hepatic cholesterol metabolism and the enterohepatic circulation. CM, chylomicrons; CMR, 
chylomicron remnants; VLDL, very low- density lipoprotein; IDL intermediate density lipoprotein; LDL, low- density lipoprotein; HDL, high- density 
lipoprotein; LDLR, LDL receptor; LRP, LDL receptor- related protein; SR- B1; scavenger receptor class B type 1; ACAT, acyl CoA: cholesteryl acyl 
transferase; HMG- CoA reductase, 3- hydroxy- 3- methylglutaryl CoA reductase; IBAT, ileal bile acid transporter.
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in growth hormone deficient subjects normalizes the elevated LDL 
cholesterol levels and increases HDL cholesterol; interestingly Lp(a) 
is also increased by growth hormone treatment.

Plasma LDL cholesterol concentration typically increases with 
ageing [52], apparently due to a reduced capacity for LDL clear-
ance, reflecting diminished expression of hepatic LDL receptors. It 
has been suggested that these may at least partly relate to a relative 
deficiency of growth hormone with ageing.

Gender differences in plasma lipoproteins appear at puberty [53]. 
In comparison to males of similar age, females have lower VLDL 
and LDL levels and higher HDL2 levels. Although gender- related 
differences in plasma lipoproteins are contributed to by differences 
in diet, alcohol, and smoking habits, the direct action of sex hor-
mones on plasma lipoprotein metabolism is likely to be the dom-
inant explanation. By the sixth decade of age, the gender differences 
in plasma lipoproteins change:  women present increased LDL 
levels, associated with a decrease in LDL particle size. This relatively 
marked increase in LDL cholesterol levels, observed after meno-
pause, is probably related to loss of oestrogen stimulation of LDL re-
ceptors. A fall in HDL cholesterol, due to a reduction of both HDL2 
and HDL3 is also observed in menopausal women underlining the 
importance that oestrogen has for apo A- I metabolism [54]. Lp(a) 
levels are also influenced by oestrogen.

Understanding of the role of disturbances in lipoprotein metab-
olism in the development and progression of coronary heart dis-
ease is constantly becoming deeper. Because dyslipidaemias are 
the consequence of interactions between genetic background and 
environmental influences, therapeutic strategies should not only 
try to target contributory genetic defects, but should also consider 
hormonal and nutritional status. Therefore, a pharmacological ap-
proach needs to be individualized and associated with appropriate 
hormonal substitution, if relevant, and with changes in lifestyle by 
modification of diet, increased physical activity, and discontinu-
ation of smoking and overconsumption of alcohol.
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Introduction

Disturbances of blood lipids are frequent and may contribute to 
premature atherosclerosis and its complications, including cor-
onary heart disease, angina pectoris, stroke, and claudication 
[1] . Some forms of dyslipidaemia are also linked to pancrea-
titis, lipid deposition in skin and tendons, and corneal arcus. 
Dyslipidaemias may be ‘primary’ and genetic, in which severe 
dyslipidaemia is the inevitable result of an underlying genetic mu-
tation, and these will be the main focus of this chapter. For many  
dyslipidaemias, however, a genetic predisposition interacts with 
exacerbating nutritional, pharmacological, or disease factors, for 
example in conditions such as diabetes, insulin resistance, hypo-
thyroidism, hypopituitarism, hypo/ hypercortisolism, chronic 
kidney disease, and polycystic ovary syndrome. Suggested in-
vestigations helpful in screening for secondary dyslipidaemia are 
shown in Box 14.2.2.1.

Pathogenic Aspects of Genetic Dyslipidaemias

Highly penetrant genetic dyslipidaemias are often severe and rela-
tively easy to recognize. However, the most common heterozygous 
forms of genetic dyslipidaemias may go unrecognized for many 
years until experienced doctors identify them. If left untreated, gen-
etic dyslipidaemias may lead to reduced lifespan or poor quality of 
life, depending on the severity of the phenotype. Since the body is 
generally exposed to such negative effects from birth, it is important 
to recognize genetic dyslipidaemias early in life, in order to initiate 
preventive treatment.

The study of genetic dyslipidaemias has yielded critical in-
sights into the physiology and pathophysiology of human lipo-
protein metabolism, also allowing identification of metabolic 
networks and endo- phenotypes that are common with chronic 
non- communicable diseases. Considering the vast number of pro-
teins involved in lipid metabolism, it is not surprising that a rela-
tively large number of monogenic diseases have been identified 
(Box 14.2.2.2). With the development of modern sequencing tech-
nology, we are rapidly approaching a more detailed understanding 
of interindividual variation. Accurate molecular diagnoses and 

targeted therapies are becoming a reality in an increasing propor-
tion of patients with genetic dyslipidaemias.

Classification of lipoprotein disorders has historically been 
based on serum lipoprotein distribution, assessed by electrophor-
esis as originally outlined by Fredrickson in 1965 (Box 14.2.2.3) 
[2] . Currently, the classification of dyslipidaemias is based on the 
descriptions of more specific phenotypes (Box 14.2.2.4). These 
genetic forms of dyslipidaemias will be the focus of the rest of this 
chapter.

Familial Hypercholesterolaemia

Heterozygous Familial Hypercholesterolaemia (FH)

Familial hypercholesterolaemia (FH) is an autosomal codominant 
disease caused by mutations in the genes encoding the LDL- 
receptor (LDLR), apolipoprotein B (APOB) or proprotein 
convertase subtilisin/ kexin type 9 (PCSK9). While mutations in the 
LDLR or APOB causing loss- of- function determine FH, those in 
PCSK9 cause gain- of- function. Described as early as in the 1930s, 
FH is the most common monogenic disorder of lipid metabolism 
with a prevalence of ~1/ 250 in most populations [3] . Some regions 
are known to have clusters with a higher incidence of FH, due to 
population isolation permitting expansion of rare mutations— the 
so- called founder effect— as in the French Canadians and Boers in 
South Africa, for example. The most striking feature of individuals 
with FH is elevated levels of LDL- C (usually > 5 mmol/ L) resulting 
in 10– 15- fold increased risk in cardiovascular disease. If untreated, 
heterozygous FH carriers have an estimated 10– 15 years shorter ex-
pected lifespan.

Box 14.2.2.1 Suggested laboratory parameters to be screened 
for to exclude secondary dyslipidaemia

Total cholesterol
HDL- cholesterol
LDL- cholesterol
Triglycerides
Lp(a)
APOA1
APOB
TSH, fT4

Glucose, insulin
Full blood count
EVF
Creatinine, Na, K
ALT, AST, ALP
CK

Box 14.2.2.2 Terminology in genetics

Homozygous:  Harbouring the same mutation in both maternal and 
paternal gene copies.
Compound heterozygous: Harbouring two different mutations, one in 
the maternal and one in the paternal gene copy.
Double heterozygous: Harbouring two different heterozygous muta-
tions in two different genes (e.g. a mutation in the LDL- receptor and a 
mutation in the APOB gene)
(Autosomal) Recessive: Disease become manifest in the presence of 
mutations in both maternally and the paternally inherited copies of a 
gene. Affected individuals can be homozygous, compound heterozy-
gous, or double heterozygous.
(Autosomal) Dominant:  The disease become manifest in the pres-
ence of only one mutation, usually in either the maternal or paternal 
gene copy.

Box 14.2.2.3 Fredrickson’s classification of hyperlipidaemias

Type I fasting chylomicronaemia
Type II LDL elevation A isolated
B Combined with VLDL elevation
Type III Beta- VLDL (dysbetalipoproteinamia)
Type IV VLDL elevation
Type V Chylomicronaemia combined with VLDL elevation
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Diagnosis

Clinical diagnosis of FH is based on a dominant pattern of inherit-
ance in the family pedigree. Total cholesterol levels are ≥8 mmol/ L 
(≥6 mmol/ L in children), triglyceride, and HDL- cholesterol levels 
are generally unremarkable. Scores to evaluate the probability of 
FH based on clinical criteria have been developed, and although 
far from perfect may be useful for decisions about family screening. 
The most commonly used is the Dutch Lipid Clinic Network 
(DLCN) score (Box 14.2.2.5) [3] ; others are the Simon Broome and 
the Make Early Diagnosis to Prevent Early Deaths (MEDPED) diag-
nostic criteria. Among the clinical signs of cholesterol accumula-
tion, spheroidal xanthomata of the extensor tendons of the hands, 
elbows, knees, or the Achilles tendons are a strong support for the 
diagnosis of FH (Figure 14.2.2.1). Arcus senilis (a white circle of 
cholesterol deposit in the outer edge of the iris appearing before the 
age of 40) or xanthelasmata (a demarcated yellowish area of chol-
esterol under the skin around the eyelids) are also common but are 
not pathognomonic for FH (Figure 14.2.2.1).

Lifestyle Intervention and Assessing the Risk

It is recommended that FH patients adhere to a healthy lifestyle and 
diet [3] . It is imperative that smokers quit smoking, and are referred 
to a specialized tobacco unit/ programme when necessary. Advice to 
children and young adults not to start smoking is very important. 
Individuals with this condition generally do not achieve clinically 
relevant reduction of cholesterol in response to dietary intervention 
or weight loss alone. The absence of reduction of LDL- C after chan-
ging lifestyle indeed increases the suspicion of FH. The cardiovas-
cular risk in FH patients cannot be inferred by using the traditional 
scores (e.g. Framingham risk score); these individuals are at high 

risk for cardiovascular disease and should be treated to reduce LDL- 
C levels early in life.

Treatment

LDL- cholesterol is the primary target of therapy and the reduction 
in both cardiovascular and total mortality is proportional to the 
degree of LDL- cholesterol reduction [3] . Treatment in FH should 
be started during teenage years with a goal of 3.5 mmol/ L. In FH 
adults, the LDL- C to achieve should be 2.5 mmol/ L while in indi-
viduals with additional risk factors for cardiovascular disease (dia-
betes mellitus, hypertension, smoking, obesity, insulin resistance) 
or in secondary prevention LDL- C levels should be maintained 
below 1.8 mmol/ L. All untreated individuals with FH above age 40 
should be considered to be at very high cardiovascular risk, as they 
have been exposed to elevated LDL- cholesterol levels since birth.

Statins are the first line treatment because they reduce circu-
lating LDL- C by increasing removal of LDL particles through 
upregulation of hepatic LDLRs. Treatment with the maximal dose 
of a potent statin should ideally be used: either atorvastatin 80 mg 
or rosuvastatin 40 mg daily (or pitavastatin 4 mg/ daily). Alternative 
statins are simvastatin or pravastatin. Simvastatin 80 mg should not 
be used because it is associated with elevated risk of myositis and 

Box 14.2.2.4 Monogenic dyslipidaemias

High LDL- C (Xanthomata)
Autosomal dominant hypercholesterolaemia (familial 
hypercholesterolaemia)
Elevated lipoprotein (a)
Autosomal recessive hypercholesterolaemia (ARH)
Polygenic hypercholesterolaemia
Sitosterolaemia
Cerebrotendineous xanthomatosis (CTX)

High circulating triglycerides
Familial chylomicronaemia syndrome
Familial hypertriglyceridaemia

Combined hypercholesterolaemia and hypertriglyceridaemia
Familial combined hyperlipidaemia
Familial dysbetalipoproteinaemia (type III)

Low cholesterol
Abetalipoproteinaemia
Hypobetalipoproteinaemia
Chylomicron retention disease (Anderson’s disease)
Combined hypolipidaemia
PCSK9 loss- of- function mutations
APOE2/ 2

Disorders of HDL- C
Hypoalphalipoproteinaemia (low HDL)
Tangier disease (ABCA1); apo A- 1 deficiency; LCAT deficiency
Hyperalphalipoproteinaemia (high HDL)
CETP or SCARB1 deficiency

Box 14.2.2.5 Dutch Lipid Clinic Network Criteria for making a 
diagnosis of familial hypercholesterolaemia in adults

Family history score
First- degree relative with known premature coronary and/ or vascular 

disease (men aged <55 years and women aged <60 years) or
First- degree relative with known low- density lipoprotein- cholesterol 

(LDL- C) above the 95th percentile for age and sex 1
First- degree relative with tendinous xanthomata and/ or arcus 

cornealis or
Children aged <18 years with LDL- C above the 95th percentile for age 

and sex 2

Clinical history
Patient with premature coronary artery disease (ages as above) 2
Patient with premature cerebral or peripheral vascular disease  
(as above) 1

Physical examination
Tendinous xanthomata 6
Arcus cornealis prior to 45 years of age 4

LDL- C (mmol/ L)
LDL- C ≥8.5 8
LDL- C 6.5– 8.4 5
LDL- C 5.0– 6.4 3
LDL- C 4.0– 4.9 1

DNA analysis
Functional mutation in the low- density lipoprotein receptor (LDLR), 

apolipoprotein B
(APOB) or proprotein convertase subtilisin/ kexin type 9 (PCSK9) 

gene 8

Stratification Total score
Definite familial hypercholesterolaemia (FH) ≥8
Probable FH 6– 7
Possible FH 3– 5
Unlikely FH <3

Data derived from Mach F, Ray KK, Wiklund O, et  al. Adverse effects of statin 
therapy: perception vs. the evidence –  focus on glucose homeostasis, cognitive, renal 
and hepatic function, haemorrhagic stroke and cataract. European Heart Journal, 
2018; 39: 2526– 39.
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rhabdomyolysis. Statins are generally well tolerated [4, 5]. The most 
severe statin side effect is rhabdomyolysis occurring in approxi-
mately 1 of every 100  000 prescriptions. The major symptom of 
this is severe pain in large proximal muscles not explained by fever 
or severe physical exercise. The risk of rhabdomyolysis increases 
when a statin is combined with some drugs, including gemfibrozil, 
antifungals, macrolides, calcium channel blockers, protease inhibi-
tors, and cyclosporin. Transient increases in liver enzymes occur 
in 0.5– 2% of patients taking statins but are not clinically relevant. 
Routine monitoring of creatine kinase or transaminases is not re-
commended, and an increase of up to threefold the reference levels 
of these enzymes should not generally contraindicate continued 
treatment. Statin therapy is associated with a modest increase in the 
risk of new- onset diabetes mellitus (ca. 1/ 1000 patient- years). The 
risk is significantly higher in patients with metabolic syndrome or 
prediabetes. Statins do not adversely affect cognitive function.

Second- line treatment, in addition or alone, is with ezetimibe (10 
mg daily), which achieves an average further reduction of 20% by 
reducing uptake of cholesterol from the intestine. Bile acid binding 
resins such as colesevelam (up to 3750 mg a day) generally further 
effectively reduce LDL- C. Treatment with the recently available in-
hibitors of PCSK9, such as the subcutaneous injection of mono-
clonal antibodies alirocumab (75– 150 mg every two weeks) or 
evolocumab (140 mg every 2 weeks), can reduce LDL- C up to 70%, 

opening up the possibility to reach even the very stringent treat-
ment goals for LDL- C in heterozygous FH [6, 7].

cascade Screening in Families with FH

Considering the high risk for premature cardiovascular disease, 
the dominant pattern of inheritance and the well- established posi-
tive effects from lipid- lowering therapy, it is reasonable to offer 
first- degree relatives of patients with a diagnosis of heterozygous 
FH screening for this disorder [3] . This can be achieved through 
screening of lipid levels (Box 14.2.2.1), and/ or through DNA ana-
lysis. There is ample evidence for clinical benefit from such pro-
cedures, and a number of programmes have implemented them, 
with offspring of known carriers actively sought through their 
healthcare providers. Although this may be relatively straightfor-
ward in a family with established hypercholesterolaemia and a 
known disease- causing mutation in the LDLR, APOB, or PCSK9, 
there are some caveats that should be considered when engaging in 
such an approach [8, 9]. First of all, the spectrum of mutations in 
the LDLR is large, with thousands of different mutations described, 
complicating genetic screening in families where the primary defect 
has not yet been identified. Furthermore, a remaining fraction of 
patients with clinical FH may have mutations in additional genes 
yet to be implicated in FH. In addition, there are relatively frequent 
disease- modifying mutations in other genes (such as variants of 

(a)

(c)

(b)

Figure 14.2.2.1 Characteristic clinical signs in a 40- year- old male patient with heterozygous FH (left to right): Arcus senilis; xanthomas on flexor 
tendons; xanthoma on Achilles tendon.
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apolipoprotein E (APOE) or loss- of- function mutations in PCSK9) 
which prevent the hypercholesterolaemic phenotype being ex-
pressed in carriers of known FH- causing mutations, thus leading 
to underestimation of their potential to transmit the trait. Increased 
availability of next generation sequencing techniques will make 
diagnosis more exact but will also require a more profound under-
standing from managing physicians.

Homozygous FH

Individuals homozygous, or compound heterozygous, for mutations 
in FH- causing genes generally present with a much more severe 
phenotype [10]. The prevalence of this disorder is approximately 1 
in 500 000– 1 000 000 except for in isolated ethnic groups, particu-
larly when intermarriage between cousins is frequent. In the clas-
sical form, these individuals generally have LDL- C levels > 9 mmol/ 
L and may present with cardiovascular disease even before the age 
of 10. Xanthomata are present at an early age, and frequently are the 
reason for clinical presentation. Double heterozygous FH (i.e. FH 
caused by heterozygosity for disease- causing mutations in two dif-
ferent genes; Box 14.2.2.2) has an intermediate phenotype. In add-
ition to marked tendon xanthomas, planar cutaneous xanthomata 
are a distinct sign of these more severe forms (Figure 14.2.2.2). FH 
homozygotes with no residual LDLR expression are essentially re-
sistant to treatments aimed at increasing LDLR function, whereas 
some lipid- lowering can be achieved in those with some remaining 
function. The most efficient treatment available today is removal of 
plasma LDL by selective LDL- apheresis, generally at weekly inter-
vals [10]. Inhibition of hepatic very low- density lipoprotein (VLDL) 
secretion by oral treatment with lomitapide (10– 40 mg a day) or 
subcutaneous injection of mipomersen (200 mg/ ml per week) also 
has effect and may reduce the frequency of LDL- apheresis therapy. 

A side effect of such treatment is development of fatty liver disease, 
which needs to be monitored. For resistant cases of homozygous 
FH, more drastic treatments such as liver transplantation has been 
tried, and initial attempts at gene therapy have been undertaken, 
with modest success to date.

Autosomal Recessive Hypercholesterolaemia 
(ARH)

In rare cases, a phenotype similar to homozygous FH but with a 
recessive inheritance, with early extensive xanthomata but with 
normal parental LDL levels may be observed (Figure 14.2.2.3). 
This is likely to be due to homozygosity for mutations in the LDLR 
adapter protein- 1 (LDLRAP1) gene, which influences recycling of 
the LDLR, leading to marked LDL- C elevations and premature car-
diovascular disease [11, 12]. These patients generally respond well 
to treatment with statins in combination with ezetimibe, which may 
even produce evidence of regression of manifest atherosclerosis.

Sitosterolaemia

Another very rare form of recessive dyslipidaemia is sitosterolaemia, 
where large xanthomata accumulate due to the deposition of plant 
sterols such as sitosterol and campesterol. This is generally due to 
homozygous or compound heterozygous mutations in the ABCG5 
and ABCG8 genes, which code for an intestinal and hepatic trans-
membrane transporter complex responsible for the elimination 
of plant sterols and cholesterol [13]. The patients have very high 
levels of sitosterol and campesterol, while plasma LDL- C may or 

Boy born 1997

Girl born 1994

(a) (b)

(c)

Figure 14.2.2.2 Characteristic clinical signs in a 15yr- old male patient with homozygous FH (left to right): Xanthomas on flexor tendons; Xanthomas 
on Achilles tendons; planar xanthomas on elbows.
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may not be elevated. In these cases, plant sterols are a major compo-
nent of the xanthomata. Patients with sitosterolaemia show extreme 
phenotypic heterogeneity, ranging from almost asymptomatic indi-
viduals to those with severe hypercholesterolaemia leading to accel-
erated atherosclerosis and premature cardiac death. Haematologic 
manifestations include haemolytic anaemia with stomatocytosis, 
macrothrombocytopaenia, splenomegaly, and abnormal bleeding. 
The therapy includes dietary restriction of both cholesterol and 
plant sterols and the use of ezetimibe, an intestinal sterol absorption 
inhibitor. Vegetable oils, wheat germs, nuts, seeds, avocado, short-
ening, margarine, and chocolate should be restricted. If present, 
hypercholesterolaemia in these patients is extremely responsive to 
low cholesterol diet and bile acid sequestrants.

cerebrotendinous Xanthomatosis (cTX)

In this very rare recessive disease, the underlying molecular defect 
is in the sterol 27- hydroxylase (CYP27A1) gene, resulting in an in-
ability to synthesize normal bile acids from cholesterol [14]. Loss 
of feedback inhibition of bile acid synthesis results in a very high 
hepatic production of bile acids and cholestanol. The increased bile 
acid synthesis leads to increased LDLR expression. Hence, patients 
with CTX generally have low levels of LDL- C. Characteristic clinical 
manifestations of CTX include chronic diarrhoea, bilateral cataracts, 
tendon xanthomas, and neurologic dysfunction. CTX is associated 

with abnormally high levels of cholestanol in the blood and accumu-
lation of cholestanol and cholesterol in the brain, tendon xanthomas, 
and bile. There is marked variability in signs and symptoms, severity, 
and age of onset between patients. CTX is progressive and potentially 
debilitating or fatal, particularly with respect to neurologic presen-
tations that can include intellectual disability, autism, behavioural 
and psychiatric problems, and dementia. Chenodeoxycholic acid 
treatment helps to restore normal bile acid synthesis and reduces the 
levels of cholestanol. Since chenodeoxycholic acid also appears to be 
generally effective in preventing adverse clinical manifestations of 
CTX from occurring or progressing if administered early enough, an 
early diagnosis is of great importance.

elevated Lp(a)

Lipoprotein Lp(a) is an LDL- like particle where the plasminogen- 
like APO(a) is covalently linked to the structural APOB molecule. 
Studies using genetic variations whose primary effect is to increase 
circulating Lp(a) levels have shown that elevated Lp(a) increases 
the risk for cardiovascular disease independently of LDL- C or 
non- HDL- C levels and of the presence of other cardiovascular risk 
factors [15]. The level of Lp(a) is strongly influenced by a genet-
ically determined size variation, with an inverse relation between 
the plasma level and isoform size. Individuals with FH tend to have 
higher Lp(a) than predicted by their APO(a) genotype, and the 

Autosomal recessive hypercholesterolaemia: normalization of plasma LDL cholesterol by ezetimibe in
combination with statin treatment

(a) (b)

(c) (d)

Figure 14.2.2.3 Xanthomas in a patient with ARH before (a, b) and following treatment with ezetimibe and statin (c, d).
Reproduced with permission from Lind S, Olsson AG, Eriksson M, Rudling M, Eggertsen G, Angelin B. Autosomal recessive hypercholesterolaemia: normalization of plasma 
LDL- cholesterol by ezetimibe in combination with statin treatment. J Intern Med. 2004; 256: 406– 12. Copyright © 2004, John Wiley and Sons. (Ref 10)



SecTIon 14 Obesity, Dyslipidaemia and Other Metabolic Disorders1874

degree of Lp(a) increase predicts risk in this condition. Clinically, 
elevated levels of Lp(a) should also be suspected in the context of 
progressive and recurrent myocardial infarction despite effective 
statin therapy. The role of Lp(a) in the pathogenesis of cardiovas-
cular disease seems to be due to its atherogenic and prothrombotic 
properties and the European Atherosclerosis Society has suggested 
that the desirable level of Lp(a) is less than 125 nmol/ L (50 mg/ dl) 
[15]. There is no effective treatment to reduce Lp(a), although sex 
hormones and thyroid hormone are known to decrease its concen-
tration. Traditional lipid- lowering therapies (e.g. statins, fibrates, 
and ezetimibe) have no or very minor effects on Lp(a). Treatment 
with niacin, lipoprotein apheresis, or PCSK9- inhibitors can de-
crease Lp(a) levels. Niacin and PCSK9- inhibition decrease the Lp(a) 
levels approximately 30%, whereas lipoprotein apheresis decreases 
them by 25– 40% [16]. Since these treatments also have a positive 
effect on plasma lipid profiles; it has been difficult to discern the 
specific effects due to Lp(a) lowering.

Familial chylomicronaemia Syndrome (FcS)

FCS, previously referred to as type I  hyperlipoproteinemia ac-
cording to Fredrickson’s classification, is a recessive disorder char-
acterized by high circulating levels of triglycerides, typically above 
10 mmol/ L, in the absence of secondary causes [17, 18]. This dis-
ease results from reduced catabolism of chylomicrons. Clinically, 
patients may have abdominal pain and recurrent pancreatitis that 
may be associated with eruptive xanthomata, hepatomegaly, and 
lipemia retinalis. Moreover, the hypertriglyceridemia is usually re-
sistant to treatment with fibrates. The prevalence of this disease is 
low at ~1/ 1 000 000, except in isolated populations or in those in 
which consanguineous marriage is prevalent. The most common 
genetic defects responsible for FCS are loss- of- function mutations 
in lipoprotein lipase (LPL), APOC2, apolipoprotein A5 (APOA5), 
lipase maturating factor 1 (LMF1) and glycosylphosphatidylinositol 
anchored high- density lipoprotein binding protein 1 (GPIHBP1) 
genes [19]. Double heterozygotes for mutations in pairs of these 
genes generally have a milder phenotype and respond to fibrate 
treatment. There are no specific drugs to treat FCS, but prom-
ising therapies are currently under investigation, including inhib-
ition of APOC3 and of angiopoietin like- 3 (ANGPTL3). Also gene 
therapy for LPL deficiency has been tested but it is not currently 
available for a lack efficacy. FCS generally responds well to a diet 
with a fat content of 15– 20 g per day (10– 15% of total daily energy 
intake). The diet should meet recommendations for essential fatty 
acids: alpha- linolenic acid and linoleic acid. Complex carbohydrate 
foods should be preferred while limiting simple and refined carbo-
hydrates. Supplementation with fat- soluble vitamins, minerals, and 
medium- chain triglyceride oil, is given as needed. Recommended 
foods include vegetables, whole grains, legumes, lean protein foods, 
fruits in limited amounts, and fat- free milk products without added 
sugars. Foods to avoid include alcohol and products high in sugar.

Familial Hypertriglyceridaemia (FHTG)

Apparently autosomal dominant elevated triglyceride concentra-
tion due to increased VLDL (type IV hyperlipoproteinaemia), is 

relatively common and is probably mechanistically heterogeneous, 
being attributable to various underlying molecular defects [17, 20]. 
It may be associated with the presence of chylomicrons in the 
fasting state (type V hyperlipoproteinaemia). Although the risk of 
cardiovascular disease is probably increased, it is not as marked as 
for increased LDL levels [20, 21]. Eruptive xanthomas may occur, 
and at very high triglyceride levels there is an enhanced risk of pan-
creatitis. Overproduction of VLDL- triglycerides is frequent, and 
there are links to enhanced cholesterol and bile acid production in 
some cases [22]. Optimizing weight, low caloric intake, and exercise 
are important, and a family history of early cardiovascular disease 
strengthens the introduction of drug therapy, with statins or fibrate 
drugs as first choice.

Familial combined Hyperlipidaemia (FcHL)

This clustering of hyperlipidaemia of varying hyperlipidaemic 
phenotypes (elevated VLDL, LDL or their combination) with ap-
parent autosomal dominant inheritance was first described in 1973 
[23, 24], and still remains a pathogenic mystery, lacking solid diag-
nostic markers. The pattern is common (perhaps 1%), and it is 
clearly linked to an increased risk for early cardiovascular risk [14], 
being seen in at least 10% of individuals with myocardial infarc-
tion before the age of 60. The lipid phenotype appears to be more 
clearly expressed with increasing age, and there is a large overlap 
with abdominal obesity, insulin resistance, hypertension, and type 
2 diabetes. ‘FCHL’ is most probably due to a combination of sev-
eral genetic variants and aggravated by lifestyle influences [25]. In 
carefully selected patients, overproduction of APOB- containing 
lipoproteins and deficient lipolysis seem to be involved [26– 28]. 
Importantly, the presence of a combined lipid phenotype in a pa-
tient with a family history of mixed hyperlipidaemia and early vas-
cular disease, particularly in combination with high APOB levels, 
could motivate active screening in first- degree relatives. In addition 
to lifestyle adjustment, treatment with statins and/ or fibrates gener-
ally has very good effect.

Type III Dyslipoproteinaemia

This is a very rare form of highly atherogenic dyslipidaemia 
which is also important to identify in general practice, since its 
treatment frequently is very successful. It is generally caused 
by the combination of two abnormalities: homozygosity for the 
APOE2/ 2 genotype (which is present in ~1% of the population), 
and overproduction of lipoproteins such as seen in FCHL or type 
2 diabetes [29, 30]. Hypothyroidism in a subject with the APOE2/ 
2 genotype frequently results in a type III lipoprotein pattern. 
It should be recognized that subjects with the APOE2/ 2 geno-
type generally have low lipoprotein levels, but when subject to 
an increased lipoprotein flux they accumulate chylomicron and 
VLDL remnants due to the reduced interaction of these with hep-
atic LDLRs. This results in elevated cholesterol and triglyceride 
levels, generally in the range of 8– 10  mmol/ L; LDL- cholesterol 
(and APOB) is generally low. The remnant particles make the 
plasma opalescent, and the uptake of those so- called beta- VLDL 
in macrophages results in a very typical (almost pathognomic) 
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lipid deposition in the palmar creases as well as tuberous xantho-
mata, particularly of the elbows and knees. This is probably also 
the reason for the high propensity to develop atherosclerotic de-
posits, often most pronounced in peripheral arteries. Following 
treatment with drugs such as fibrates or statins, there is gener-
ally a very marked response, not only in plasma lipids but also 
both in xanthomas and arteriopathy. Clinically, it is also of note 
that type III hyperlipidaemia carries a high risk of atheroscler-
osis despite generally having a low APOB level and a low APOB/ 
APOA1 ratio.

Familial Hypobetalipoproteinaemia (FHBL) and 
Abetalipoproteinaemia (ABL)

These are disorders belonging to the same spectrum, characterized 
by low production of lipoproteins [13, 31]. HBL can occur in homo-
zygous or heterozygous form, and is caused by mutations in APOB, 
generally leading to truncation of the protein and deficient or de-
creased secretion of chylomicrons and VLDL, respectively. While 
the heterozygotes have low LDL, they generally have normal fat ab-
sorption and seem to have a normal or even increased life span. 
The homozygotes have fat malabsorption that results in failure to 
thrive and deficiency of fat- soluble vitamins. In ABL, there is gen-
erally a homozygote or compound heterozygote mutation in micro-
somal triglyceride transfer protein (MTTP) which gives essentially 
a similar phenotype. Both conditions also predispose to fatty liver 
disease due to the retention of VLDL, with progressive fibrosis and 
risk of developing hepatocellular carcinoma. Treatment is generally 
based on dietary treatment with vitamin substitution and medium 
chain length triglyceride/ MCT).

chylomicron Retention Disease (cMRD)

Also known as Anderson’s disease, CMRD is a very rare auto-
somal recessive disease characterized by lipid malabsorption due 
to mutations in the SAR1B gene, a protein involved in intracel-
lular trafficking and chylomicron assembly [13, 32]. This causes the 
chylomicrons and VLDL synthesized in the small intestine and liver 
to be retained in the respective cells of origin, resulting in fat mal-
absorption and failure to thrive. Following a fatty meal, there is no 
postprandial chylomicron secretion, and a ‘fatty gut’ can be seen in 
intestinal biopsies. Treatment is similar to that in FHBL and ABL, 
and the clinical course seems somewhat milder.

Low LDL Levels

Loss- of- function mutations in the PCSK9 gene are associated with 
low LDL- C levels and have been shown to protect against cardio-
vascular disease in several populations [33]. The APOE2/ 2 variant is 
also linked to lower LDL levels, and in both situations this probably 
reflects increased clearance of LDL from the circulation. Subjects 
with heterozygous FHBL, which may be as frequent as 0.1% in the 
population, generally have extreme low LDL levels, probably due 
to the combination of deficient production and increased clearance 
of APOB [13]. The risk for development of fatty liver is increased 

and carriers of these sequence variations have higher risk of 
hepatocellular carcinoma [34].

Familial combined Hypolipidaemia

This is a condition characterized by very low/ undetectable levels of 
all lipoprotein species, caused by mutations in the angiopoietin like 
protein 3 (ANGPTL3) gene [35]. This gene encodes a protein which 
inhibits the activity of LPL explaining the very low levels of circu-
lating triglycerides; the mechanisms resulting in the reductions in 
HDL- C and LDL- C are incompletely understood. Individuals with 
this condition have been shown to be more sensitive to insulin, and 
are probably protected from cardiovascular disease and type 2 dia-
betes. These findings have stimulated the development of treatment 
of hyperlipidaemic conditions by administration of antibodies or 
antisense oligonucleotides targeting ANGPTL3.

Hypoalphalipoproteinaemia (Low HDL)

Low HDL- cholesterol (<1 mmol/ L for males, <1.3 mmol/ L for fe-
males) is relatively common, and has been associated with an en-
hanced risk for cardiovascular disease. In most cases, this finding 
probably reflects inefficient lipid transport as seen in the ‘metabolic 
syndrome’, with slow VLDL- clearance, moderate triglyceride in-
crease, abdominal obesity, and insulin resistance [36]. This should 
serve as an indicator for interventions to promote metabolic health, 
including lifestyle changes. There is no clearly beneficial pharma-
cological treatment directed at HDL levels, although oestrogen 
substitution after menopause probably works at least partly via this 
pathway. There are some rare monogenic disorders that may cause 
substantial lowering of HDL- C.

Tangier Disease

This is a classical recessive dyslipidaemia which is caused by muta-
tions in the ABCA1 gene [37]. Clinically, there is relatively modest 
evidence for an increased risk of cardiovascular disease, despite 
substantial lipid deposition in macrophages, seen as hypersplenism 
and large, orange- coloured tonsils. The lack of functional ABCA1 
results in deficient uptake of cholesterol from peripheral cells, and 
APOA1 protein is rapidly lost from the circulation.

Lecithin– cholesterol Acyltransferase (LcAT) Deficiency

This is a recessive disorder in which esterification of cholesterol 
and its transfer from HDL to VLDL and chylomicrons are absent, 
leading to very low levels of esterified cholesterol in plasma, and 
accumulation of small discoid HDL3 particles [37]. Clinically, the 
most relevant finding is gradual deterioration of kidney function 
which frequently leads to end stage kidney disease which may re-
quire dialysis and kidney transplantation. There is also a high fre-
quency of early cataract formation, particularly seen in so- called 
fish- eye disease. The evidence for an increased risk of cardiovas-
cular disease is so far not fully convincing.

APoA1 Deficiency

Although there are structural variants in APOA1 that seem to result 
in deficient reverse cholesterol transport and early cardiovascular 
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disease, they are relatively rare [37]. Most of those described are in-
herited as a dominant trait.

Hyperalphalipoproteinaemia (High HDL)

Based on epidemiological evidence of an inverse correlation be-
tween HDL- C and cardiovascular risk, there was for a long time a 
conviction that genetic variants resulting in high HDL or APOA1 
levels would be beneficial, a concept supported by reports of a re-
duced frequency of atherosclerosis in Japanese families with choles-
terol ester transfer protein (CETP) deficiency. However, essentially 
negative results from trials of treatment with CETP inhibitors, 
together with accumulating genetic evidence of a more complex 
risk pattern, have led to a more balanced view. The mechanism re-
sponsible for the HDL- C elevation (e.g. through a reduced flux of 
cholesterol removal or by an increased production of APOA1) is 
probably more important for the development of atherosclerosis 
than changes in static HDL- C concentration, and explains observa-
tions of a U- shaped risk curve for HDL- C [38].

cholesterol ester Transfer Protein (ceTP) Deficiency

CETP transfers and exchanges cholesteryl esters and triglycerides 
between HDL and triglyceride- rich lipoproteins. Homozygous car-
riers, identified mainly in Japan, show 3 to 6- fold elevated HDL- C 
levels, with concomitant high levels of APOAI, APOAII, APOCIII 
and APOE [39]. The levels of LDL- C and APOB are usually slightly 
reduced. The HDL particles in CETP- deficient patients are very 
large, rich in cholesterol esters, and poor in triglycerides. The in-
crease in HDL- C is accounted for by a rise of HDL2, whereas HDL3- 
C is normal.

Scavenger Receptor class B Type I (ScARB1) Mutations

SCARB1 mediates delivery of HDL- C to the liver and steroidogenic 
organs. Families with a missense mutation (P297S) in this gene 
have been identified [40]. The carriers have increased HDL- C and 
a reduced capacity for efflux of cholesterol from macrophages, but 
the carotid artery intima- media thickness was similar in carriers 
and non- carriers. Platelets from carriers had an increased content 
of unesterified cholesterol and were functionally impaired. In car-
riers, adrenal steroidogenesis was attenuated, as evidenced by de-
creased urinary excretion of corticosteroids metabolites, decreased 
response to corticotropin stimulation, and in some cases symptoms 
of diminished adrenal function.

concluding Remarks

Atherosclerosis is a chronic process started by accumulation of 
cholesterol in the subintimal space of arteries. The inflammatory 
component is driven by cholesterol crystals and sustained by some 
fatty acids present in triglycerides and reduced by HDL particles. 
Hence, dyslipidaemia represents a highly important risk factor 
for cardiovascular disease by driving the atherosclerosis process. 
The phenotypes of the different dyslipidaemias are the conse-
quence of an interplay between genetic and environmental influ-
ences. Abnormalities of lipid metabolism are also commonly due 
to or precipitated by underlying endocrine diseases. The molecular 

understanding of how lipid metabolism is regulated has resulted in 
an explosive development of diagnostic tools for individual diag-
nosis and in the rapid emergence of effective and specific treatment 
options. The knowledge that the degree of lifetime exposure to chol-
esterol carried in LDL particles (and remnant particles) in circula-
tion determines the occurrence of clinical relevant cardiovascular 
disease dictates an early diagnosis and prevention in order to lead 
to large positive health effects. Hence, the continuous dissemination 
of new knowledge to practising physicians is a pillar of prevention 
strategies. Nevertheless, the recognition of characteristic physical 
signs in patient care, and the value of obtaining a relevant family 
history in patients with primary dyslipidaemia will continue to be 
of major importance also in the future.

ReFeRenceS
 1. Durrington P. Dyslipidaemia. Lancet, 2003; 362: 717– 31.
 2. Fredrickson DS, Levy RI, Lees RS . Fat transport in lipoproteins- 

- an integrated approach to mechanisms and disorders . N Engl J 
Med, 1967; 276: 34– 42, 94– 103, 148– 56, 215– 25, 273– 81.

 3. Nordestgaard BG, Chapman MJ, Humphries SE, et al. Familial 
hypercholesterolaemia is underdiagnosed and undertreated 
in the general population: guidance for clinicians to prevent 
coronary heart disease: consensus statement of the European 
Atherosclerosis Society. Eur Heart J, 2013; 34: 3478– 90.

 4. Mach F, Ray KK, Wiklund O, et al. Adverse effects of statin 
therapy: perception vs. the evidence— focus on glucose homeo-
stasis, cognitive, renal and hepatic function, haemorrhagic 
stroke and cataract. Eur Heart J, 2018; 39: 2526– 39.

 5. Stroes ES, Thompson PD, Corsini A, et al.; European 
Atherosclerosis Society Consensus Panel. Statin- associated 
muscle symptoms: impact on statin therapy- European 
Atherosclerosis Society Consensus Panel Statement on 
Assessment, Aetiology and Management. Eur Heart J, 2015; 
36: 1012– 22.

 6. Sharpiro MD, Tavori H, Fazio S. PCSK9: from basic science dis-
coveries to clinical trials. Circ Res, 2018; 122: 1420– 38.

 7. Larsen LE, Stoekenbroek RM, Kastelein JJP, Holleboom AG. 
Moving targets: recent advances in lipid- lowering therapies. 
Arterioscler Thromb Vasc Biol, 2019; 39: 349– 59.

 8. Sturm AC, Knowles JW, Gidding SS, et al. Clinical genetic 
testing for familial hypercholesterolemia: JACC Scientific Expert 
Panel. J Am Coll Cardiol, 2018; 72: 662– 80.

 9. Berberich AJ, Hegele RA. The complex molecular genetics of 
familial hypercholesterolemia. Nat Rev Cardiol, 2019; 16: 9– 20.

 10. Cuchel M, Bruckert E, Ginsberg HN, et al. Homozygous familial 
hypercholesterolaemia: new insights and guidance for clinicians 
to improve detection and clinical management. A position paper 
from the Consensus Panel on Familial Hypercholesterolaemia 
of the European Atherosclerosis Society. Eur Heart J, 2014; 
35: 2146– 57.

 11. Lind S, Olsson AG, Eriksson M, Rudling M, Eggertsen G, 
Angelin B . Autosomal recessive hypercholesterolaemia: normal-
ization of plasma LDL cholesterol by ezetimibe in combination 
with statin treatment . J Intern Med, 2004; 256: 406– 12.

 12. Wilund KR, Yi M, Campagna F, et al. Molecular mechanisms 
of autosomal recessive hypercholesterolemia. Hum Mol Genet, 
2002; 11: 3019– 30.

 13. Calandra S, Taruqi P, Speedy HE, Dean AF, Bertolini S, Shoulders 
CC. Mechanisms and genetic determinants regulating sterol 



14.2.2 Genetic Forms of Dyslipidaemia 1877

absorption, circulating LDL levels, and sterol elimination: im-
plications for classification and disease risk. J Lipid Res, 2011; 
52: 1885– 926.

 14. Salen G, Steiner RD . Epidemiology, diagnosis, and treatment 
of cerebrotendinous xanthomatosis (CTX). J Inherit Metab Dis, 
2017; 40: 771– 81.

 15. Nordestgaard BG, Chapman MJ, Ray K, et al. Lipoprotein(a) as 
a cardiovascular risk factor: current status. Eur Heart J, 2010; 
31: 2844– 53.

 16. Waldmann E, Parhofer KG. Lipoprotein apheresis to treat ele-
vated lipoprotein (a). J Lipid Res, 2016; 57: 1751– 7.

 17. Hegele RA, Ginsberg HN, Chapman MJ, et al. The polygenic 
nature of hypertriglyceridemia: implications for definition, 
diagnosis, and management. Lancet Diabetes Endocrinol, 2014; 
8: 655– 66.

 18. Brahm AJ, Hegele RA . Chylomicronaemia— current diagnosis 
and future therapies . Nat Rev Endocrinol, 2015; 11: 352– 62.

 19. Surendran RP, Visser ME, Heemelaar S, et al. Mutations in LPL, 
APOC2, APOA5, GPIHBP1 and LMF1 in patients with severe 
hypertriglyceridaemia. J Intern Med, 2012; 272: 185– 96.

 20. Berglund L, Brunzell JD, Goldberg AC, Godberg IJ, Sacks F, 
Murad MH, Stalenhoef AF, Endocrine Society . Evaluation and 
treatment of hypertriglyceridemia: an Endocrine Society prac-
tice guideline . J Clin Endocrinol Metab, 2012; 97: 2969– 89.

 21. Nordestgaard BG, Varbo A . Triglycerides and cardiovascular 
disease . Lancet, 2014; 384: 626– 35.

 22. Angelin B, Hershon K, Brunzell JD . Bile acid metabolism in her-
editary forms of hypertriglyceridemia: evidence for an increased 
synthesis rate in monogenic familial hypertriglyceridemia . Proc 
Natl Acad Sci U S A, 1987; 84: 5434– 8.

 23. Nikkilä EA, Aro A. Family study of serum lipids and lipopro-
teins in coronary heart- disease. Lancet, 1973; 1: 954– 9.

 24. Goldstein JL, Schrott HG, Hazzard WR, Bierman EL, Motulsky 
AG. Hyperlipidemia in coronary heart disease. II. Genetic ana-
lysis of lipid levels in 176 families and delineation of a new in-
herited disorder, combined hyperlipidemia. J Clin Invest, 1973; 
52: 1544– 68.

 25. Brahm AJ, Hegele RA . Combined hyperlipidemia: familial but 
not (usually) monogenic . Curr Opin Lipidol, 2016; 27: 131– 40.

 26. Castro Cabezas M, de Bruin TW, de Valk HW, Shoulders CC, 
Jansen H, Erkelens DW. Impaired fatty acid metabolism in fa-
milial combined hyperlipidemia. A mechanism associating hep-
atic apolipoprotein B overproduction and insulin resistance . J 
Clin Invest, 1993; 92: 160– 8.

 27. Reynisdottir S, Eriksson M, Angelin B, Arner P . Impaired ac-
tivation of adipocyte lipolysis in familial combined hyperlipid-
emia . J Clin Invest, 1995; 95: 2161– 9.

 28. Veerkamp MJ, de Graaf J, Hendriks JC, Demacker PN, 
Stalenhoef AF . Nomogram to diagnose familial combined 
hyperlipidemia on the basis of results of a 5- year follow- up 
study. Circulation, 2001; 109: 2980– 5.

 29. Mahley RW, Angelin B. Type III hyperlipoproteinemia: re-
cent insights into the genetic defect of familial 
dysbetalipoproteinemia . Adv Intern Med, 1984; 29: 385– 411.

 30. Hopkins PN, Brinton EA, Nanjee MN. Hyperlipoproteinemia 
type 3: the forgotten phenotype. Curr Atheroscler Rep, 2014; 
16: 440.

 31. Levy E. Insights from human congenital disorders of intestinal 
lipid metabolism. J Lipid Res, 2015; 56: 945– 62.

 32. Jones B, Jones EL, Bonney SA, et al. Mutations in a Sar1 GTPase 
of COPII vesicles are associated with lipid absorption disorders. 
Nat Genet, 2003; 34: 29– 31.

 33. Cohen JC, Boerwinkle E, Mosley TH Jr, Hobbs HH. Sequence 
variations in PCSK9, low LDL, and protection against heart dis-
ease. N Engl J Med, 2001; 354: 1264– 72.

 34. Pelusi S, Baselli G, Pietrelli A, et al. Rare pathogenic variants 
predispose to hepatocellular carcinoma in nonalcoholic fatty 
liver disease. Sci Rep, 2019; 9: 3682.

 35. Dewey FE, Gusarova V, Dunbar RL, et al. Genetic and pharma-
cologic inactivation of ANGPTL3 and cardiovascular disease. N 
Engl J Med, 2017; 377: 211– 21.

 36. Xiang AS, Kingwell BA. Rethinking good cholesterol: a clin-
icians’ guide to understanding HDL. Lancet Diabetes Endocrinol, 
2019; 7: 575– 82.

 37. Schaefer EJ, Anthanonta P, Diffender MR, Poliseckib E, 
Asztalosa BF. Diagnosis and treatment of high density lipopro-
tein deficiency. Prog Cardiovasc Dis, 2016; 59: 97– 106.

 38. Madsen CM, Varbo A, Nordestgaard BG. Extreme high high- 
density lipoprotein cholesterol is paradoxically associated with 
high mortality in men and women: two prospective cohort 
studies. Eur Heart J, 2017; 38: 2478– 86.

 39. Yokoyama S. Unique features of high- density lipoproteins in the 
Japanese: in population and in genetic factors. Nutrients, 2015; 
7: 2359– 8.

 40. Ljunggren SA, Levels JH, Hovingh K, et al. Lipoprotein profiles 
in human heterozygote carriers of a functional mutation P297S 
in scavenger receptor class B1. Biochim Biophys Acta, 2015; 
1851: 1587v95.





14.3

Other Metabolic Disorders

14.3.1 Hyperinsulinaemic 
Hypoglycaemia
Khalid Hussain and Sonya Galcheva

Introduction 1879

Classification of HH Subtypes 1879

Transient HH 1879

Monogenic Forms of Congenital Hyperinsulinism (CHI) 1879

Loss- of- Function Mutations in the Enzymes HADH, UCP2, 

PGM1, PMM2 1881

Syndromes and Metabolic Causes Associated with HH 1881

Postprandial HH (PPHH) 1882

Insulinoma 1882

Munchausen by Proxy Syndrome 1882

Histological Subtypes of HH 1882

Clinical Presentation 1882

Diagnosis of HH 1882

Management of Congenital HH 1883

Surgery in HH 1883

Conclusion 1885

References 1885

Introduction

Hyperinsulinaemic hypoglycaemia (HH) is a condition in which in-
sulin secretion from the pancreatic β- cells is dysregulated so that in-
sulin continues to be secreted even in the presence of hypoglycaemia 
[1] . HH is a major cause of persistent and recurrent hypoglycaemia 
in neonates and children. In HH, plasma glucose levels provide the 
main source of fuel for the brain as the main alternative substrates 
(ketone bodies) are suppressed by hyperinsulinaemia. It is this bio-
chemical milieu (hyperinsulinaemic hypoketotic hypoglycaemia) 
which increases the risk of brain injury (leading to neurological 
sequelae such as developmental delay, cerebral palsy and epilepsy) 
in children with HH. In order to prevent or reduce the extent of 

hypoglycaemic brain injury the diagnosis of HH should be made as 
soon as possible and appropriate treatment started early [2].

HH can be secondary to various factors such as maternal diabetes, 
intrauterine growth retardation (IUGR) and perinatal asphyxia, in 
which case it is usually self- limiting, or congenital due to defects 
in genetic pathways regulating insulin secretion from pancreatic β- 
cells [3] . The congenital forms of HH can be classified histologically 
into diffuse and focal forms. The presurgical differentiation of these 
two subtypes is important for management [4].

classification of HH Subtypes

Table 14.3.1.1 lists all the different causes of HH.

Transient HH

Transient HH occurs in at- risk neonates, caused by neonatal factors 
(prematurity, IUGR, large size for gestational age, perinatal stress and 
birth asphyxia, erythroblastosis fetalis and Rh isoimmunization) or 
maternal factors (diabetes mellitus (gestational or type 1)), medica-
tion use (sulphonylureas) or intravenous glucose infusions during 
labour) [5] . In some at- risk infants HH can be prolonged and re-
quire treatment with diazoxide to maintain euglycaemia until β- cell 
insulin secretion is normalized within several weeks or months [6].

The physiological and genetic mechanisms underlying transient 
HH are not known but could relate to failure of postnatal meta-
bolic adaptation, depletion of hepatic glycogen stores, abnormal 
gluconeogenesis, transient alteration in the β- cell insulin secretion 
and/ or increased insulin sensitivity, or a combination of these [7] .

Monogenic Forms of congenital 
Hyperinsulinism (cHI)

Monogenic CHI is relatively rare (incidence 1:40 000– 50 000 in the 
general population) but in some populations the incidence can be as 
high as 1:2500 due to increased consanguinity [5] . These monogenic 
forms of CHI are caused by defects in key genes involved in regu-
lation of β- cell insulin secretion. Mutations in at least 14 different 
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genes have been described to date leading to non- physiological in-
sulin hypersecretion [4]. Monogenic CHI can broadly be classified 
into types due to (a)  defects in genes regulating channel and ion 
transporter proteins; (b) gain and loss- of- function of genes encoding 
enzymes involved in regulating insulin secretion; and (c) transcrip-
tion factor defects. These subtypes of HH will be described briefly.

Defects in Genes Regulating channel and Ion 
Transport Proteins

KATP channel: ABCC8 and KCNJ11 mutations
Insulin secretion from pancreatic β- cell is mainly under the con-

trol adenosine triphosphate (ATP)- sensitive potassium (KATP) chan-
nels located in the pancreatic β- cell membrane. These channels play 
a key role in glucose homeostasis by entraining the electrical excit-
ability of the β- cell membrane to glucose metabolism, and thus to 
subsequent insulin secretion [3] .

The major monogenic causes of CHI are defects in ABCC8 and 
KCNJ11 genes, encoding the SUR1 and Kir6.2 proteins of the KATP 
channel, respectively [5, 8]. Homozygous or compound heterozy-
gous inactivating mutations cause the most severe forms of CHI, 
which are typically unresponsive to diazoxide treatment, often 
requiring pancreatectomy to control hypoglycaemia [8] . These 

mutations lead to defects in KATP channel biogenesis and turn-
over, defects in channel trafficking from the endoplasmic reticulum 
and Golgi apparatus to the plasma membrane, and/ or alteration of 
channel regulation by nucleotides or open- state frequency [5].

Dominant inactivating mutations of ABCC8 or KCNJ11 usually 
cause a milder phenotype of CHI with a later age at presentation 
than the recessive condition. However, medically unresponsive 
dominant forms have also been reported [9] . A single, paternally in-
herited KATP channel mutation with a concomitant postzygotic loss 
of the maternal 11p15.1- 11p15.5 chromosomal region, encoding 
the KATP channel and tumour suppressor genes, usually results in a 
focal adenomatous hyperplasia [10].

Lactate Transporter and Calcium Channel Defects

The SLC16A1 gene encodes the monocarboxylate transporter 1 
(MCT1), which transports monocarboxylates such as pyruvate 
and lactate into cells. In normal physiological conditions, pancre-
atic β- cells have low MCT1 expression, so intracellular pyruvate 
and lactate concentrations are too low to induce insulin secretion. 
However, dominantly inherited promoter- activating mutations 
in SLC16A lead to increased β- cell MCT1 expression, resulting in 
pyruvate uptake and metabolism by cells, driving increased ATP 

Table 14.3.1.1 Causes of hyperinsulinaemic hypoglycaemia

Causes of Transient HH

Neonatal factors Prematurity, IUGR, large for gestational age (LGA) infants, perinatal stress/ birth 
asphyxia, Rhesus isoimmunization

Maternal factors Diabetes mellitus (gestational or type 1)
Medication use (sulphonylureas)
Intravenous glucose infusion during labour

Monogenic forms of HH

Mutations in genes encoding channels or ion transporters KATP channel: ABCC8 or KCNJ11
Lactate transporter: SLC16A1
Calcium channel: CACNA1D

Mutations in genes involved in regulation of insulin secretion GLUD1, GCK, HK1, HADH, UCP2, PGM1, PMM2

Mutations in genes encoding transcription factors HNF1A, HNF4A, FOXA2

Syndromic causes of HH

Prenatal or postnatal overgrowth syndromes Beckwith– Wiedemann, Sotos, Simpson– Golabi– Behmel, Perlman syndrome

Chromosomal abnormality syndromes Trisomy 13, Mosaic Turner syndrome

Postnatal growth failure syndromes Kabuki syndrome, Costello syndrome

Contiguous gene deletion including ABCC8 Usher syndrome

Syndromes with abnormal calcium homoeostasis Timothy syndrome

Other syndromes Congenital central hypoventilation syndrome (Ondine’s curse), Donohue syndrome 
(Insulin resistance syndrome*), Poland syndrome, CHARGE syndrome

Metabolic causes of HH

Congenital disorders of glycosylation CDG Ia, CDG Ib, CDG Id

Tyrosinemia type 1

Miscellaneous causes of HH

Postprandial HH Dumping syndrome, insulin receptor gene mutation*, non- insulinoma 
pancreatogenous hypoglycaemia, insulin autoimmune syndrome

Other causes Insulinoma, Factitious hypoglycaemia, Drug- induced

IUGR, Intrauterine growth retardation; LGA, Large for gestational age; GDH, Glutamate dehydrogenase; GCK, Glucokinase; HK1, Hexokinase 1; HADH, Hydroxyacyl- CoA 
dehydrogenase; HNF1α, Hepatocyte nuclear factor 1α; HNF4α, Hepatocyte nuclear factor 4α; Kir6.2, inward rectifier potassium channel 6.2; MCT1, Monocarboxylate transporter 
1; SLC16A1, solute carrier family 16, member 1; SUR1, Sulfonylurea receptor 1; UCP2, Mitochondrial uncoupling protein 2; CDG, Congenital disorder of glycosylation; PGM1, 
Phosphoglucomutase 1; PMM2, Phosphomannomutase 2; CACNA1D Calcium voltage- gated channel subunit alpha1 D; FOXA2, Forkhead Box A2. * In extreme insulin resistance
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production and thus insulin exocytosis [11]. CHI caused by these 
mutations is known as exercise- induced hyperinsulinism (EIHI). 
Affected individuals (older children and adolescents) become hypo-
glycaemic within 30– 45 min after active anaerobic exercise due to 
pyruvate accumulation [12].

CACNA1D gene encodes the α- subunit of the main L- type cal-
cium voltage- gated channel that has a key role in insulin secretion 
from the pancreatic β- cell. A gain- of- function mutation in this gene 
(p.G403D) has been reported to cause diazoxide- responsive HH in 
a macrosomic neonate [13].

Defects in Key enzymes Involved in controlling 
Insulin Secretion

Activating mutations in the enzymes glutamate dehydrogenase 
(GDH), CCK, and Hexokinase 1.

The GLUD1 gene encodes the mitochondrial matrix enzyme glu-
tamate dehydrogenase (GDH). It catalyses reversible oxidation of 
glutamate to α- ketoglutarate and ammonia. De novo or dominantly 
inherited missense mutations in GLUD1 result in gain of enzyme 
function by reducing its sensitivity to allosteric inhibition by guano-
sine triphosphate (GTP). This allows activation of insulin secretion 
by the amino acid leucine. These heterozygous activating mutations 
cause a protein (leucine)- sensitive form of CHI— hyperinsulinism/ 
hyperammonaemia syndrome (HI/ HA), characterized by in-
appropriate pancreatic insulin secretion and excessive ammonia 
production. This form of HH is associated with asymptomatic 
hyperammonaemia and postprandial hypoglycaemia after protein/ 
leucine- rich meals [1, 4, 14].

GCK is a glycolytic enzyme that functions as a glucose sensor 
in the pancreatic β- cell, regulating the glucose- stimulated insulin 
secretion [15]. Heterozygous activating mutations in the GCK gene 
lead to an increased glucose affinity of the enzyme, resulting in an 
increased ATP:ADP ratio in the β- cells, closure of the KATP channel 
and inappropriate insulin secretion at low glucose concentrations. 
Patients often have a dominant family history of hypoglycaemia, 
with variable severity of symptoms within families [16].

The HK1 gene encodes the glucose- phosphorylating enzyme 
hexokinase1 (HK1), which catalyses the first step of the glucose 
metabolism to glucose- 6- phosphate. The absence of HK1 prevents 
normal β- cells from secreting insulin at the time of hypoglycaemia. 
Recently a dominantly inherited form of diazoxide- responsive HH 
has been reported, linked to a gain- of- function mutation in the 
HK1 locus [17]. Patients present with mild hypoglycaemia in in-
fancy after prolonged fasting or following a glucose load.

Loss- of- Function Mutations in the enzymes 
HADH, UcP2, PGM1, PMM2

HADH is a mitochondrial enzyme that catalyses the NAD+ de-
pendent dehydrogenation of 3- hydroxyacyl- CoA to 3- ketoacyl- CoA 
in the β- oxidation of fatty acids [18]. It is highly expressed in pan-
creatic β- cells. Recessively inherited mutations in the HADH gene 
lead to HH [19]. In HADH deficiency there is a loss of the inhibitory 
protein- protein interaction between GDH and HADH, which causes 
overstimulation of GDH, an increase in cellular ATP and upregulated 
insulin secretion [18]. Unlike in HI/ HA syndrome, activation of 

GDH in HADH deficiency is largely limited to the pancreatic β- cells, 
so the enzyme deficiency does not lead to hyperammonaemia. The 
clinical presentation is heterogeneous varying from mild fasting or 
protein/ leucine- induced late- onset hypoglycaemia to severe neo-
natal hypoglycaemia. Some patients have abnormal acylcarnitine 
metabolites (raised plasma 3- hydroxybutyrylcarnitine and urinary 
3- hydroxyglutarate levels) [3] .

The UCP2 gene encodes a mitochondrial carrier protein largely 
expressed in pancreatic α-  and β- cells. This gene plays a role in pro-
tection against oxidative stress during fatty acid metabolism and has 
been implicated in negative regulation of glucose- stimulated insulin 
secretion [20]. UCP2 loss- of- function heterozygous mutations have 
been reported in children with congenital HH, however, another 
study has shown that variants in UCP2 may be not a monogenic 
cause of CHI [21].

Phosphoglucomutase 1 (PGM1) catalyses reversible interconver-
sion of glucose- 6- phosphate and glucose- 1- phosphate and is essen-
tial for glycogen formation, glycogenolysis, and protein glycosylation. 
PGM1 activity within the pancreatic islets modulates glucose- 
stimulated insulin secretion. Affected children have both fasting 
ketotic hypoglycaemia and symptomatic postprandial hypoketotic 
HH due to a defect in SUR1 glycosylation and exaggerated glucose- 
stimulated insulin secretion [22].

Phosphomannomutase 2 (PMM2) gene encodes for a key enzyme 
in glycosylation, and deglycosylation in the pancreatic β- cells has 
been shown to alter insulin secretion. A recessive mutation in the 
promoter region of the PMM2 gene (c.- 167G.T) causes a newly de-
scribed form of CHI, associated with the development of congenital 
polycystic kidney disease [23].

Transcription Factor Defects

Mutations in HNF4/ 1α and FOXA2 Genes

HNF4α gene encodes the transcription factor hepatocyte nuclear 
factor 4α (HNF4α), which belongs to the nuclear hormone re-
ceptor superfamily and controls the expression of genes involved 
in the glucose- stimulated insulin secretion. Heterozygous HNF4α 
mutations have been reported to cause mild transient or persistent 
congenital HH. Mutations in HNF4α cause maturity- onset dia-
betes of the young 1 (MODY1), and such patients are thus at in-
creased risk of diabetes in later life, and commonly have a family 
history of diabetes [24]. The HNF1α gene encodes a transcription 
factor, which enhance expression of liver and pancreatic specific 
genes. Heterozygous, loss- of- function mutations in this gene cause 
HNF1α CHI. Patients present with mild macrosomia at birth and 
usually develop MODY3 in later life [25]. Two cases of a mutation 
in FOXA2 with hypopituitarism, hyperinsulinism and endoderm- 
derived organ abnormalities have been reported [26, 27]. However, 
the direct link between HH and the mutation in FOXA2 has not 
been proven yet.

Syndromes and Metabolic causes Associated 
with HH

Many syndromes have been reported to feature HH either in the 
neonatal period or at a later age [28]. The most common syn-
drome associated with HH in childhood is Beckwith– Wiedemann 
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syndrome (BWS) [29]. Almost half of the patients with BWS develop 
hypoglycaemia but in most of these children, HH is transient and 
resolves spontaneously in a few days. However fewer than 5% of the 
children have HH beyond the neonatal period. In rare cases there is 
no response to medical therapy and near- total pancreatectomy may 
be required. Kabuki syndrome is the second most common syn-
dromic form of HH. It is caused by inactivating mutations in two 
genes: autosomal recessive mutations in KMT2D (70– 75% of cases) 
and X- linked mutations in KDM6A, which account for 1– 9% of 
cases [30]. Up to 70% of children with Kabuki syndrome have HH 
and most of these are diazoxide- responsive. Congenital disorders of 
glycosylation (CDG) are metabolic multisystem diseases caused by 
defects in the biosynthesis or transfer of lipid- linked oligosacchar-
ides to the nascent protein chain [31].

Postprandial HH (PPHH)

Postprandial hyperinsulinaemic hypoglycaemia (PPHH) occurs 
within a few hours of food consumption due to inappropriate in-
sulin secretion in response to a meal. It is rare in childhood and 
the oral glucose tolerance test (OGTT) and mixed- meal tolerance 
(MMT) test are used for its diagnosis. The most common cause of 
PPHH in children is ‘dumping syndrome’ after gastroesophageal 
surgery (Nissen’s fundoplication). In these patients the secretion of 
glucagon- like peptide- 1 (GLP- 1) after ingestion of hyperosmolar 
carbohydrate- containing solutions is exaggerated, contributing to 
an inappropriate insulin release and consequent hypoglycaemia 
within 1 to 4 hours [32]. Another rare cause of PPHH is extreme 
insulin resistance caused by insulin receptor (INSR) gene mutations 
[33]. PPHH occurs a few hours after meal ingestion and may be re-
lated to decreased insulin clearance.

As discussed in more detail in Chapter  14.3.2, ‘Autoimmune 
Hypoglycaemia’, PPHH can also be caused by insulin autoimmune 
syndrome, an autoimmune condition characterized by the presence 
of high levels of insulin autoantibodies in patients who have not 
previously been exposed to exogenous insulin [34].

Insulinoma

Insulinoma is a rare neuroendocrine tumour, which causes fasting 
or postprandial HH in older children and adolescents. It can occur 
either in isolation, or may be a part of the familial dominant syn-
drome, multiple endocrine neoplasia type 1 (MEN1), so the family 
history is an important clue to the diagnosis of familial cases [35]. 
The diagnosis of insulinoma is confirmed by histological examin-
ation of the excised pancreatic tissue, showing well- demarcated 
nodules of endocrine tissue without hyperplasia of the exocrine 
components.

Munchausen by Proxy Syndrome

Factitious HH is an important consideration in cases with no clear 
explanation for hypoglycaemic episodes. It is caused by covert 

exogenous administration of insulin or oral antidiabetic drugs 
(sulphonylureas). In some cases, this has led to misdiagnosis and 
consequent pancreatectomy [1] .

Histological Subtypes of HH

There are two main histological subtypes of congenital HH, 
namely diffuse and focal. The diffuse form affects all pancreatic 
β- cells with variable involvement of the islets. It features enlarged 
hyperfunctioning cells with very abundant cytoplasm and nuclei 
that are 3– 4 times larger than normal [4, 36]. The most common 
genetic causes of diffuse HH are recessive and dominant mutations 
in ABCC8 and KCNJ11 genes, as well as all the other genes described 
earlier. This form of HH accounts for 60– 70% of all diagnosed cases.

Focal HH is associated with small (c. 2– 10  mm diameter) and 
poorly delineated areas of the pancreas. Lesions consist of large 
endocrine cells with a large cytoplasm and dispersed abnormal nu-
clei of irregular and angular shape. The area of abnormal pancre-
atic development is multilobular and can have satellites in nearby 
pancreatic tissue that necessitate intraoperative margins analysis to 
ensure complete excision and avoid recurrence [4, 37].

Focal disease is sporadic and has a distinctive genetic aetiology 
involving two independent events— inheritance of a paternal mu-
tation in ABCC8 or KCNJ11 genes and somatic loss of the maternal 
11p allele (11p15.1- 15.5) involving the ABCC8 and KCNJ11 region 
within the focal lesion [38]. This paternal uniparental isodisomy un-
masks the paternally inherited KATP channel mutation, which leads 
to β- cell proliferation due to the altered expression of a number of 
imprinted genes (maternally expressed tumour suppressor genes 
H19 and CDKN1C and paternally expressed growth factor IGF2). 
This accounts for almost 30– 40% of all congenital HH cases.

clinical Presentation

HH most commonly presents with recurrent and persistent hypo-
glycaemia, which can be fasting or precipitated by the ingestion of 
protein meals or strenuous physical exercise. The most severe forms 
of HH typically present in the neonatal period whereas in older 
children the clinical presentation may be more subtle. Affected 
newborns may be macrosomic due to fetal hyperinsulinaemia, 
with hepatomegaly and hypertrophic cardiomyopathy. The clin-
ical manifestations vary between patients, ranging from mild non- 
specific symptoms (such as poor feeding in the neonatal period) to 
severe, medically unresponsive symptoms such as apnoea, seizures 
or even coma [1, 3, 4].

Diagnosis of HH

The diagnosis of HH should be made as soon as possible and appro-
priate treatment started early to avoid hypoglycaemic brain injury. 
The diagnosis of HH relies on the combination of clinical findings 
and biochemical markers consistent with inappropriate insulin se-
cretion at the time of hypoglycaemia.
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The medical history should focus on the presence of maternal 
risk factors, eventful delivery, birth weight, and gestational age, 
family history of diabetes mellitus or infantile seizures and unex-
plained infant deaths, parental consanguinity, the time and clinical 
characteristics of the hypoglycaemic episode, and its relationship to 
the most recent meal or exercise. On physical examination, there 
might be evidence of macrosomia or IUGR, syndromic features, 
hepatomegaly, and cardiomegaly [39].

Laboratory (blood and urine) findings are informative and 
diagnostic if a ‘critical sample’ has been taken at the time of hypo-
glycaemia (usually with a BG level below 3.0 mmol/ L) before treat-
ment. When hypoglycaemic samples are not available, a controlled 
fast should be performed under strict monitoring conditions to 
induce hypoglycaemia. CHI is the only condition in which hypo-
glycaemia can persist despite the continuous administration of 
glucose. The maintenance of normoglycaemia with an intravenous 
glucose infusion rate higher than 8 mg/ kg/ min is a powerful diag-
nostic criterion for HH [39].

Inappropriate insulin secretion at the time of hypoglycaemia, 
whether spontaneous or provoked, is pathologic and consistent 
with the presence of HH. Since insulin secretion is pulsatile and 
since it is rapidly cleared by hepatic metabolism serum insulin 
levels may be falsely low and there is no correlation between the 
severity of hypoglycaemia and serum insulin levels. At the same 
time, the C- peptide concentration, reflecting endogenous in-
sulin secretion, is almost always elevated during hypoglycaemia 
and its measurement could be more helpful for the diagnosis of 
dysregulated insulin secretion compared to insulin measurement. 
In addition, inappropriately low or suppressed serum ketone 
(predominately 3- β- hydroxybutyrate) and fatty acid concentra-
tions during hypoglycaemia and absence of ketonuria are highly 
suggestive of HH. Increased serum ammonia concentrations 
in a patient suspected to have CHI suggest HI/ HA syndrome, 
while increased plasma hydroxybutyrylcarnitine and urinary 3- 
hydroxyglutarate may indicate HADH deficiency.

In some settings, specific stimulation tests can be performed 
to confirm the diagnosis of HH. A positive glycaemic response of 
more than 1.5 mmol/ L, following a glucagon bolus at the time of 
hypoglycaemia, is confirmatory of HH [39]. Improvement in hypo-
glycaemia after a subcutaneous dose of octreotide is also supportive 
evidence of HH.

Some types of HH may be demonstrated by provocation tests. In 
patients with HI/ HA syndrome, having both fasting and protein- 
induced hypoglycaemic episodes, a protein/ leucine load test will be 
required for the diagnosis [14]. Patients with EIHI will require a 
formal exercise test and/ or a pyruvate load to demonstrate hypo-
glycaemia [12]. Patients with a history of PPHH should undergo an 
MMT test, which is superior to OGTT.

Currently genetic testing is a well- established method to define 
the best approach to treatment of CHI. Finding two pathogenic 
variants (homozygous or compound heterozygous mutations in 
ABCC8 and KCNJ11) is usually diagnostic of medically unre-
sponsive diffuse disease. Patients with a single recessive patho-
genic variant on the paternal allele of ABCC8 and KCNJ11  
genes or without identified mutations potentially have curable 
focal disease and require further imaging to localize the lesion(s) 
precisely [3, 4].

Management of congenital HH

Management of HH can be very challenging. Patients should ideally 
be managed in centres of excellence with the necessary experience 
and expertise, as they will require multidisciplinary care. Patients 
with HH require frequent blood glucose monitoring and often need 
a central venous catheter to deliver concentrated glucose infusions. 
The key aims in meticulous management are to maintain normo-
glycaemia (blood glucose levels >3.5mmol/ L), to encourage oral 
feeding, to assess the response to medical therapy, and to decide if 
urgent genetic testing is indicated, undertaking pancreatic imaging 
with 18F- DOPA PET/ CT if required and surgical intervention 
again if required [1, 39]. The management cascade and medications 
used are shown in Figure 14.3.1.1 and Table 14.3.1.2.

Surgery in HH

The type of surgical procedure will depend on the underlying hist-
ology of the HH. Before the patient undergoes any type of surgery 
it will be important to know the underlying histological basis of 
the HH. Patients with autosomal recessive mutations in ABCC8/ 
KCNJ11 will have histologically diffuse disease. However, those 
with a paternal ABCC8/ KCNJ11 mutation are likely to have focal 
disease and will need imaging with 18F- DOPA PET/ CT to localize 
the focal lesion(s).

Focal Lesions

Focal forms of CHI can be completely cured with partial pancreatec-
tomy or limited lesionectomy with a complete excision of the lesion 
or enucleation of the tumour confirmed by intraoperative biopsies. 
In large focal lesions in the pancreatic head or neck, especially when 
they are close to the common bile or pancreatic duct, open lapar-
otomy with a resection and Roux- en- Y pancreaticojejunostomy is 
performed. Fluorine- 18- L- dihydroxyphenylalanine positron emis-
sion tomography (18F- DOPA PET/ CT) is the current gold standard 
technique for precise preoperative localization of focal lesions [40]. 
As a result, the extent of the pancreatic surgical resection can be 
guided and children with focal HH can be cured by limited surgery. 
This technique is based on the ability of the β- cells to uptake L- 
dihydroxyphenylalanine (L- DOPA) and to convert it to dopamine 
by the enzyme DOPA decarboxylase. The positron emitting tracer 
18F- DOPA is an analogue of DOPA and the former can be used to 
detect lesions of hyperfunctional β- cells visualized as bright areas 
over a darker background [40].

Diffuse Forms

Children with diffuse forms of medically unresponsive HH re-
quires near- total pancreatectomy (removal of 95– 98% of the pan-
creas) leaving a small amount of pancreatic tissue around the 
duodenum and the common bile duct [41]. The immediate post- 
surgical outcome is unpredictable— from persistent hypoglycaemia 
to insulin- requiring diabetes and exocrine pancreatic insufficiency. 
Postoperatively some children still have episodes of hypoglycaemia 
and further postoperative therapy with medications and/ or fre-
quent feedings is required or re- operation may be performed [42]. 
Near- total pancreatomy is also associated with a high incidence of 
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Figure 14.3.1.1 Diagnostic and management algorithm in patients with hyperinsulinaemic hypoglycaemia.

Table 14.3.1.2 Drugs used in the management of hyperinsulinaemic hypoglycaemia

Drug Dose Mechanism of action Side effects

Older conventional medications

Diazoxide 5– 20 mg/ kg/ day in 3 oral doses KATP channel agonist Common: fluid retention, hypertrichosis, loss of appetite.
Rare: cardiac failure, hyperuricemia, leukopenia, eosinophilia, 
paradoxical hypoglycaemia, pulmonary hypertension

Chlorothiazide 7– 10 mg/ kg/ day in 2 oral doses Synergistic effects with diazoxide Hyponatraemia, hypokalaemia

Nifedipide 0.25– 2.5 mg/ kg/ day in 2– 3 oral doses Calcium channel blocker Hypotension

Glucagon 0.02 mg/ kg s.c/ i.m. bolus or 1– 10 µg/ 
kg/ h of s.c/ i.v. infusion

Induces glycogenolysis/  
gluconeogenesis

Nausea, vomiting, skin rash, rebound hypoglycaemia (at 
higher doses)

Octreotide 5– 35 µg/ kg/ day, divided in 3– 4 s.c. 
doses or continuous s.c. infusion

Somatostatin analogue; reduces 
insulin biosynthesis and secretion

Acute: nausea, abdominal distension, hepatitis, long QT, 
tachyphylaxis, necrotizing enterocolitis.
Long term: decreased intestinal motility, bile sludge, 
cholelithiasis, pituitary suppression

Newer medications

Lanreotide/ 
LAR- octreotide

Total dose of octreotide as above or 
15– 60 mg given 4 weekly as i.m./ deep 
s.c. injection

Long- acting somatostatin 
analogues

Similar to daily multiple injection octreotide; long- term 
follow- up not reported

Rapamycin 
(Sirolimus)

Initially 0.5 mg/ m2/ day in 1– 2 oral 
doses, then titrated to blood levels of 
5– 15 ng/ ml

mTOR inhibitor; inhibits β- cell 
proliferation and insulin secretion

Mucositis, immunosuppression, hyperlipidaemia, transient 
elevation of liver enzymes, thrombocytosis, impaired immune 
response to Bacillus Calmette– Guérin (BCG) vaccine
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diabetes mellitus and exocrine pancreatic insufficiency as the risk 
for these complications increases with age.

conclusion

Infants and children with HH should be diagnosed as soon as pos-
sible and treatment commenced early. HH remains a challenging 
condition for paediatric endocrinologists and it is recommended 
that children with congenital HH should be referred to centres 
of excellence if possible. Although there have been significant ad-
vances in understanding the genetic basis of HH, in imaging and 
in medical therapy there are still a large number of (diazoxide- 
responsive) children in whom no genetic aetiology is identified. 
The diffuse form of the disease remains a challenge as some chil-
dren will not respond to any of the current treatments and there-
fore new treatment options are required in these patients. New 
and readily available imaging techniques (as 18F- DOPA is avail-
able in only scattered centres) are required for children suspected 
of having focal HH.

ReFeRenceS
 1. Shah P, Rahman SA, Demirbilek H, et al. Hyperinsulinaemic 

hypoglycaemia in children and adults. Lancet Diabetes 
Endocrinol, 2017; 5: 729– 42.

 2. Helleskov A, Melikyan M, Globa E, et al. Both low blood glucose 
and insufficient treatment confer risk of neurodevelopmental 
impairment in congenital hyperinsulinism: a multinational co-
hort study. Front Endocrinol, 2017; 8: 156.

 3. Arya VB, Mohammed Z, Blankenstein O, De Lonlay P, Hussain 
K . Hyperinsulinaemic hypoglycaemia. Horm Metab Res, 2014; 
46: 157– 70.

 4. Demirbilek H, Hussain K . Congenital hyperinsulinism: diag-
nosis and treatment update . J Clin Res Pediatr Endocrinol, 2017; 
9(Suppl 2): 69– 87.

 5. Senniappan S, Arya VB, Hussain K . The molecular mechanisms, 
diagnosis and management of congenital hyperinsulinism. Indian 
J Endocrinol Metab, 2013; 17: 19– 30.

 6. Fafoula O, Alkhayyat H, Hussain K . Prolonged 
hyperinsulinaemic hypoglycaemia in newborns with intra-
uterine growth retardation . Arch Dis Child Fetal Neonatal Ed, 
2006; 91: F467.

 7. Mizumoto H, Uchio H, Yamashita S, Hata D . Transient neo-
natal hyperinsulinism with adaptation disorders: a report of three 
cases. J Pediatr Endocrinol Metab, 2015; 28: 337– 40.

 8. Flanagan SE, Kapoor RR, Hussain K . Genetics of congenital 
hyperinsulinemic hypoglycemia . Semin Pediatr Surg, 2011; 
20: 13– 17.

 9. Nessa A, Aziz QH, Thomas AM, et al. Molecular mechanisms of 
congenital hyperinsulinism due to autosomal dominant muta-
tions in ABCC8. Hum Mol Genet, 2015; 24: 5142– 53.

 10. Arya VB, Guemes M, Nessa A, et al. Clinical and histological 
heterogeneity of congenital hyperinsulinism due to paternally 
inherited heterozygous ABCC8/ KCNJ11 mutations. Eur J 
Endocrinol, 2014; 171: 685– 95.

 11. Pullen TJ, Sylow L, Sun G, et al. Overexpression of 
monocarboxylate transporter- 1 (SLC16A1) in mouse pancre-
atic beta- cells leads to relative hyperinsulinism during exercise. 
Diabetes, 2012; 61: 1719– 25.

 12. Meissner T, Friedmann B, Okun JG, et al. Massive insulin se-
cretion in response to anaerobic exercise in exercise induced 
hyperinsulinism. Horm Metab Res, 2005; 37: 690– 4.

 13. Flanagan SE, Vairo F, Johnson MB, et al. A CACNA1D mutation 
in a patient with persistent hyperinsulinaemic hypoglycaemia, 
heart defects, and severe hypotonia. Pediatr Diabetes, 2017; 
18: 320– 3.

 14. Kapoor RR, Flanagan SE, Fulton P, et al. Hyperinsulinism- 
hyperammonaemia syndrome: novel mutations in the GLUD1 
gene and genotype- phenotype correlations. Eur J Endocrinol, 
2009; 161: 731– 35.

 15. Matschinsky FM. Regulation of pancreatic beta- cell 
glucokinase: from basics to therapeutics . Diabetes, 2002;  
51 Suppl 3: S394– 404.

 16. Sayed S, Langdon DR, Odili S, et al. Extremes of clinical and en-
zymatic phenotypes in children with hyperinsulinism caused by 
glucokinase activating mutations. Diabetes, 2009; 58: 1419– 27.

 17. Pinney SE, Ganapathy K, Bradfield J, et al. Dominant form of 
congenital hyperinsulinism maps to HK1 region on 10q. Horm 
Res Paediatr, 2013; 80: 18– 27.

 18. Li C, Chen P, Palladino A, et al. Mechanism of hyperinsulinism 
in short chain 3 hydroxyacyl CoA dehydrogenase deficiency in-
volves activation of glutamate dehydrogenase. J Biol Chem, 2010; 
285: 31806– 18.

 19. Clayton PT, Eaton S, Aynsley Green A, et al. Hyperinsulinism in 
short chain L 3 hydroxyacyl CoA dehydrogenase deficiency re-
veals the importance of beta oxidation in insulin secretion. J Clin 
Invest, 2001; 108: 457– 65.

 20. Chan CB, De Leo D, Joseph JW, et al. Increased uncoupling pro-
tein 2 levels in beta cells are associated with impaired glucose 
stimulated insulin secretion: mechanism of action. Diabetes, 
2001; 50: 1302– 10.

 21. Laver TW, Weedon MN, Caswell R, et al. Analysis of large- scale 
sequencing cohorts does not support the role of variants in 
UCP2 as a cause of hyperinsulinaemic hypoglycaemia. Hum 
Mutat, 2017; 38: 1442– 4.

 22. Ackermann AM, Li C, Freeze HH, et al. Hypoglycemia due 
to lower threshold of glucose- stimulated insulin secretion 
in phosphoglucomutase 1 deficiency. Platform Presentation 
at: Annual Meeting of the Pediatric Academic Societies, 25– 28 
April 2015, San Diego, CA.

 23. Cabezas OR, Flanagan SE, Stanescu H, et al. Polycystic kidney 
disease with hyperinsulinemic hypoglycemia caused by a pro-
moter mutation in phosphomannomutase 2. J Am Soc Nephrol, 
2017; 28: 2529– 39.

 24. Kapoor RR, Locke J, Colclough K, et al. Persistent 
hyperinsulinemic hypoglycemia and maturity onset diabetes 
of the young due to heterozygous HNF4A mutations. Diabetes, 
2008; 57: 1659– 63.

 25. Dusatkova P, Pruhova S, Sumnik Z, et al. HNF1A mutation pre-
senting with fetal macrosomia and hypoglycemia in childhood 
prior to onset of overt diabetes. J Pediatr Endocrinol Metab, 
2011; 24: 187– 9.

 26. Giri D, Vignola ML, Gualtieri A, et al. Novel FOXA2 mutation 
causes hyperinsulinism, hypopituitarism with craniofacial and 
endoderm- derived organ abnormalities. Hum Mol Genet, 2017; 
26: 4315– 26.

 27. Vajravelu ME, Chai J, Krock B, et al. Congenital hyperinsulinism 
and hypopituitarism attributable to a mutation in FOXA2. J Clin 
Endocrinol Metab, 2018; 103: 1042– 7.

 28. Kapoor RR, James C, Hussain K. Hyperinsulinism in develop-
mental syndromes. Endocr Dev, 2009; 14: 95– 113.



SecTIon 14 Obesity, Dyslipidaemia and Other Metabolic Disorders1886

 29. Kalish JM, Boodhansingh KE, Bhatti TR, et al. Congenital 
hyperinsulinism in children with paternal 11p uniparental 
isodisomy and Beckwith– Wiedemann syndrome. J Med Genet, 
2016; 53: 53– 61.

 30. Bogershausen N, Gatinois V, Riehmer V, et al. Mutation update 
for Kabuki syndrome genes KMT2D and KDM6A and fur-
ther delineation of X- linked Kabuki syndrome subtype 2. Hum 
Mutat, 2016; 37: 847– 64.

 31. Jaeken J. Komrower Lecture . Congenital disorders of glycosylation 
(CDG): it’s all in it! J Inherit Metab Dis, 2003; 26: 99– 118.

 32. Palladino AA, Sayed S, Levitt Katz LE, et al. Increased glucagon- like 
peptide- 1 secretion and postprandial hypoglycemia in children after 
Nissen fundoplication. J Clin Endocrinol Metab, 2009; 94: 39– 44.

 33. Højlund K, Hansen T, Lajer M, et al. A novel syndrome of 
autosomal- dominant hyperinsulinemic hypoglycemia linked to 
a mutation in the human insulin receptor gene. Diabetes, 2004; 
53: 1592– 8.

 34. Alves C, Constança J, De León DD, et al. A novel atypical pres-
entation of insulin autoimmune syndrome (Hirata’s disease) in a 
child. J Pediatr Endocrinol Metab, 2013; 26: 1163– 6.

 35. Kwon EB, Jeong HR, Shim YS, et al. Multiple endocrine neoplasia 
type 1 presenting as hypoglycemia due to insulinoma. J Korean 
Med Sci, 2016; 31: 1003– 6.

 36. Han B, Newbould M, Batra G, et al. Enhanced islet cell nucleomegaly 
defines diffuse congenital hyperinsulinism in infancy but not other 
forms of the disease. Am J Clin Pathol, 2016; 145: 757– 68.

 37. Rahier J, Guiot Y, Sempoux C. Morphologic analysis of focal and 
diffuse forms of congenital hyperinsulinism . Semin Pediatr Surg, 
2011; 20: 3– 12.

 38. Verkarre V, Fournet JC, de Lonlay P, et al. Paternal mutation 
of the sulfonylurea receptor (SUR1) gene and maternal loss of 
11p15 imprinted genes lead to persistent hyperinsulinism in focal 
adenomatous hyperplasia. J Clin Invest, 1998; 102: 1286– 291.

 39. Hussain K. Investigations for neonatal hypoglycaemia . Clin 
Biochem, 2011; 44: 465– 66.

 40. Blomberg BA, Moghbel MC, Saboury B, et al. The value of 
radiologic interventions and 18F- DOPA PET in diagnosing and 
localizing focal congenital hyperinsulinism: systematic review 
and meta- analysis. Mol Imaging Biol, 2012; 15: 97– 105.

 41. Pierro A, Nah SA . Surgical management of congenital 
hyperinsulinism of infancy . Semin Pediatr Surg, 2011; 20: 50– 3.

 42. Beltrand J, Caquard M, Arnoux JB, et al. Glucose metabolism 
in 105 children and adolescents after pancreatectomy for con-
genital hyperinsulinism. Diabetes Care, 2012; 35: 198– 203.

14.3.2 Autoimmune Hypoglycaemia
Phillip Gorden and Noemi Malandrino

Introduction 1886

Insulin Autoimmune Syndrome 1886

Type B Insulin Resistance 1888

Clinical Comparison Between Insulin Autoimmune Syndrome 

and Type B Insulin Resistance 1890

Comparison Between Autoimmune Hypoglycaemia and Other 

Causes of Hyperinsulinaemic Hypoglycaemia 1891

Treatment of Autoimmune Hypoglycaemia 1891

Conclusion 1892

Acknowledgements 1892

References 1892

Introduction

Two rare causes of hypoglycaemia have an autoimmune aetiology. 
The first, insulin autoimmune syndrome, also known as Hirata dis-
ease, is characterized by hyperinsulinaemic hypoglycaemia and a 
high titre of antibodies against endogenous insulin in the absence 
of both pancreatic islet disease and prior exposure to exogenous in-
sulin [1] . The second condition, type B insulin resistance, presents 
with extreme insulin resistance, and hyperglycaemia and/ or hypo-
glycaemia, due to autoantibodies against the insulin receptor [2].

Both disorders are mediated by antibodies to self- antigens. This is 
distinct from antibodies against exogenous recombinant human in-
sulin, which are commonly detected in patients with insulin- treated 
diabetes, but which, except in rare cases of labile glycaemic control, 
do not have clinical significance. Differentiating non- self- antigen- 
induced antibodies from autoantibodies is difficult in patients treated 
with exogenous insulin, making the biochemical diagnosis of insulin 
autoimmune syndrome problematic. The risk of overdiagnosis of 
pathogenic antibodies is illustrated by the low prevalence of insulin 
resistance in patients who received animal- derived insulins and de-
veloped high titres of insulin- binding antibodies [3, 4].

This chapter reviews the clinical characteristics, pathophysiology, 
diagnosis, and management of autoimmune hypoglycaemia syn-
dromes. Additionally, the complexity of diagnosis of insulin auto-
immune syndrome in patients treated with exogenous insulin and 
showing positive insulin antibodies is discussed, together with the 
challenges in discrimination of those antibodies with clinically sig-
nificant effects on insulin kinetics.

Insulin Autoimmune Syndrome

clinical characteristics in Asian Populations

The insulin autoimmune syndrome was first described in Japan by 
Hirata in 1970 [5] . Most of the cases have been reported in Asia, 
including at least 380 cases in Japan and more than 70 cases in 
China [5, 6]. In Japan, the insulin autoimmune syndrome is the third 
leading cause of spontaneous hypoglycaemia, after insulinoma and 
extrapancreatic neoplasms [1]. The peak age of onset is 60– 69 years 
[1]. A similar age of onset has been described in male Chinese patients, 
while the disease most commonly occurs at 30– 39 years in Chinese fe-
males [6]. The reasons for this sex difference in Chinese patients are 
not fully understood. Males and females are equally affected, except 
for the age groups 20– 29 and 30– 39 in Japanese and Chinese patients, 
where a higher percentage of females (75– 85%) is reported [6].

Asian patients show a high prevalence of the Cw4/ B62/ DR4 allelic 
combination [1] . Most of the DR4- positive patients are DRB1*0406 
positive, although some patients are DRB1*0403 or DRB1*0407 
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positive. The DRB1*0406 allele shows the highest risk for suscep-
tibility to the insulin autoimmune syndrome and seems to mediate 
the presentation of insulin peptides to T cells [5].

In about 42% of Japanese patients, prior exposure to medica-
tions containing sulfhydryl groups has been reported, including 
methimazole, alpha- mercaptopropionyl glycine, glutathione, gold 
thioglucose, captopril, penicillamine, and alpha lipoic acid [5] . 
Sulfhydryl compounds may cleave the disulphide bonds linking 
the A  and B- chains of insulin, allowing the interaction between 
antigen- presenting cells and insulin- derived peptides and the ac-
tivation of self- insulin T- helper cells. Non- sulfhydryl compounds 
have also been associated with insulin autoimmune syndrome, 
including aceglatone, steroids, interferon- alpha and non- steroidal 
anti- inflammatory drugs [5].

clinical characteristics in non- Asian Populations

A smaller number of patients with the insulin autoimmune syn-
drome has been reported in non- Asian countries [7] . The disease 
in these populations develops more frequently in individuals over 
40 years of age, with similar prevalence in males and females [7]. 
While the DRB1*0406 allele is 10– 20 times more common in Asian 
patients, in non- Asian patients the insulin autoimmune syndrome 
is more frequently associated with the DRB1*0403 allele. The dif-
ferent prevalence of DRB1*04 alleles in these populations may 
account for the higher frequency of insulin autoimmune syndrome 
in Asia, given the higher risk associated with DRB1*0406 [8].

In non- Asian patients, frequent association of insulin auto-
immune syndrome is noted with rheumatologic diseases, including 
systemic lupus erythematosus, rheumatoid arthritis and systemic 
sclerosis, or with haematologic diseases, including benign mono-
clonal gammopathy and multiple myeloma. Patients may have 
positive antinuclear antibodies, antidouble- stranded DNA and 

rheumatoid factor, and an abnormal blood count, urine and serum 
protein electrophoresis and bone marrow examination [7] .

As for Asian patients, exposure to various medications before 
development of the disease has been reported, including captopril, 
penicillamine, pyritinol, carbimazole, and methimazole, imipenem, 
propylthiouracil, hydralazine, procainamide, isoniazid, penicillin G, 
and alpha lipoic acid. However, the relationship between sulfhydryl- 
containing medications and the occurrence of the syndrome is not 
as clear as in Japanese patients [7] .

Pathophysiology and Mechanism of Hypoglycaemia

Hypoglycaemic episodes in the insulin autoimmune syndrome are 
caused by the production of antibodies against endogenous insulin 
in patients with no exposure to exogenous insulin. Hypoglycaemia 
most often occurs in the postprandial state, although fasting hypo-
glycaemia and hypoglycaemia exacerbated by exercise have been 
described. Paradoxically, hyperglycaemia may occur immediately 
following a meal or oral glucose challenge, and may explain the ele-
vated glycated haemoglobin seen in some patients, despite hypogly-
caemic episodes [7] .

Both hyper and hypoglycaemia are thought to be related to the 
binding of endogenous insulin by antibodies, resulting in physio-
logically inappropriate levels of bioavailable insulin. After a meal 
or oral glucose load, insulin is secreted in response to rising blood 
glucose. In the insulin autoimmune syndrome, the binding of 
secreted insulin to the antibodies reduces insulin availability to 
receptors in the liver and peripheral tissues, which may result 
in hyperglycaemia and further insulin release. As the blood glu-
cose concentration decreases and insulin secretion declines, the 
antibody- bound insulin is released, resulting in inappropriately 
high free insulin concentrations and hypoglycaemia (see Figure 
14.3.2.1) [7] .

Fasting State Post-prandial State

In the fasting state, insulin
levels are lower. Usually, a

smaller amount of insulin is
bound to the insulin antibodies

Insulin
Insulin antibody

After a meal or oral glucose
load, insulin secretion occurs.

The binding of insulin
antibodies to secreted insulin
may reduce the availability of

insulin to receptors in liver and
peripheral tissues, resulting in

hyperglycaemia and further
insulin release

As nutrients are absorbed
blood glucose concentration

and insulin secretion decrease.
The antibody-bound insulin is

released, resulting in
inappropriately high free insulin
levels for the blood glucose and

hypoglycaemia

Post-absorptive State

Figure 14.3.2.1 Mechanism of hypoglycaemia in the insulin autoimmune syndrome.



SecTIon 14 Obesity, Dyslipidaemia and Other Metabolic Disorders1888

In the insulin autoimmune syndrome, insulin levels may be mark-
edly elevated, due to interference of endogenous autoantibodies 
with the insulin immunoassay. In this situation the insulin assay is 
unreliable. Alternatively, the insulin values may be low depending 
on the specific immunoassay technique. Thus, in these situations 
the insulin immunoassay may be misleading and the most accurate 
technique to determine the presence of an insulin- binding protein, 
such as an antibody is polyethylene glycol or gel filtration chroma-
tography [9] . Insulin autoantibodies may sometimes interfere with 
C- peptide and proinsulin immunoassays, leading to erroneously 
elevated concentrations of these hormones too [7].

Most insulin antibodies are immunoglobulin G (IgG) with 
various ratios of kappa to lambda light chains. However, other im-
munoglobulin classes have also been reported. Based on affinity 
curves for binding to human insulin and the presence of solitary 
light chains, insulin antibodies are classified as monoclonal or 
polyclonal. The clonality has been related to the type of amino acid 
at position 74 of the HLA- DR4 beta 1 chain. Most of the Asian pa-
tients develop polyclonal IgG insulin antibodies with two classes 
of insulin- binding sites: high affinity/ low capacity and low affinity/ 
high capacity. In contrast, non- Asian patients show a higher preva-
lence of monoclonal low affinity/ high capacity antibodies [7] . High 
affinity/ low capacity antibodies seem to be frequently associated 
with hyperglycaemia and insulin resistance, whereas low affinity/ 
high capacity antibodies are more likely to induce hypoglycaemia 
due to the dissociation of insulin from the insulin- antibody 
complex [10].

Insulin antibodies can be measured by assessing binding by 
serum of 125I- labelled insulin, by enzyme- linked immunosorbent 
assay, or indirectly by determining recovery of immunoreactive 
insulin after polyethylene glycol precipitation of plasma [7] . 
Radioligand binding assays are also used to assess the clonality and 
affinity of insulin antibodies. After incubation of a fixed concentra-
tion of serum insulin antibody with a fixed amount of 125I- insulin 
and increasing concentrations of unlabelled insulin, Scatchard ana-
lysis is performed by plotting the bound/ free versus bound insulin 
concentration, and binding capacities and affinities of antibodies 
are determined. While Scatchard analysis has been frequently 
used, its interpretation is problematic in the context of polyclonal 
antibodies [4].

complexity in the Diagnosis of Insulin Autoimmune 
Syndrome in Patients Treated with exogenous Insulin 
and with Positive Insulin Antibodies

Patients with diabetes treated with recombinant human insulin or 
insulin analogues commonly develop antibodies against exogenous 
insulin, which are polyclonal IgGs with a wide range of affinities 
and capacities [4,  11]. In patients with type 1 diabetes autoanti-
bodies may be present prior to the development of hyperglycaemia. 
These autoantibodies are markers of the immune process and do 
not have biologic significance. Episodes of insulin resistance and/ 
or severe hypoglycaemia have been described in patients with posi-
tive insulin antibodies and treated with exogenous animal- derived 
insulin [3,  4]. With the introduction of recombinant human in-
sulin, the incidence and severity of immunological response to in-
sulin treatment has significantly decreased. While the low titres of 
antibodies induced by recombinant human insulin do not usually 
affect glycaemic control or interfere with therapy, insulin- treated 

patients with high levels of insulin antibodies have rarely devel-
oped hyperglycaemic and/ or hypoglycaemic episodes [4, 11, 12]. 
These patients most commonly have type 1 diabetes, and the poor 
glycaemic control is attributed to circulating antibodies against 
exogenous insulin [11, 12]. In a few cases, coexistence of insulin 
autoimmune syndrome has been proposed as the cause of hypogly-
caemia [11, 13]. An additional uncommon condition proposed as 
a possible cause of insulin resistance and/ or hypoglycaemia in type 
1 diabetes is subcutaneous insulin resistance, defined according to 
three criteria: (1) resistance to the action of subcutaneous insulin, 
with normal sensitivity to intravenous insulin; (2) lack of increased 
circulating insulin after the administration of subcutaneous in-
sulin; (3)  increased degradation of insulin in the subcutaneous 
tissue. The existence of this condition is highly questionable and 
difficult to document [14].

Patients with type 1 diabetes treated with exogenous insulin may 
present with unstable glycaemic control, hypoglycaemia, and insulin 
antibodies. However, the role of the antibodies in causing hypogly-
caemia is not always clear. Thus, several factors may affect blood 
glucose stability in these patients. The type and dose of insulin, 
and the site and technique of injection can affect the rate of insulin 
absorption. Slower absorption of insulin may be associated with 
longer time to peak and longer duration of the effect, resulting in 
initial hyperglycaemia, followed by hypoglycaemia a few hours after 
a meal. Alterations at the injection site (e.g. lipohypertrophy), and 
factors influencing the subcutaneous blood flow, including exercise, 
massage at the injection site and temperature, may also affect in-
sulin absorption. Finally, psychosocial factors and poor compliance 
to insulin treatment may be associated with decreased glycaemic 
control [15– 17]. Identification and correction of these factors is ex-
tremely important and often results in significantly improved gly-
caemic control. Therefore, administration of antibody- depleting 
therapies in individuals treated with exogenous insulin and with 
positive insulin antibodies should be considered with extreme cau-
tion and after careful consideration of alternative factors associated 
with poor glycaemic control. Furthermore, in those cases where 
the coexistence of insulin autoimmune syndrome is suspected, it 
is difficult to distinguish antibodies induced by exogenous insulin 
from autoantibodies. As discussed earlier, Scatchard analysis may 
be used to study the affinity and binding capacity of antibodies, to 
determine their possible role in the development of insulin resist-
ance and/ or hypoglycaemic events [4, 11]. In addition, a gel filtra-
tion chromatography method coupled to ex vivo insulin binding/ 
exchange has been developed to improve identification of insulin 
autoantibodies that are likely to alter insulin pharmacokinetics and 
pharmacodynamics (see Figure 14.3.2.2) [18].

Type B Insulin Resistance

clinical characteristics

Type B insulin resistance is a rare disease, although the exact preva-
lence is unknown. The largest cohort includes 48 patients followed 
at the National Institutes of Health (NIH). The typical patient is a 
middle- aged African- American woman (~85% of patients). In the 
NIH cohort, the average age of onset is 41  years in women, and 
57 years in men, although the disease can occur in children and the 
elderly [7, 19].
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Most patients present with extreme insulin resistance, rela-
tively acute onset of moderate to severe hyperglycaemia and pro-
found glycosuria, polyuria, and weight loss. Endogenous insulin 
levels are elevated prior to administration of exogenous insulin. 
Some patients may develop a hyperglycaemic phase followed by 
hypoglycaemia, or hypoglycaemia alone. The hypoglycaemia may 
develop in the fasting or postprandial state. Several patients pre-
senting with hypoglycaemia show higher body mass index (BMI) 
than those with hyperglycaemia. In a subgroup of the NIH co-
hort, 62% of the hyperglycaemic patients had a BMI <25  kg/ 
m2 and 19% had a BMI >30  kg/ m2, whereas 33% of the hypo-
glycaemic patients had a BMI <25  kg/ m2 and 67% had a BMI 
>30 kg/ m2 [19].

In type B insulin resistance, acanthosis nigricans is a striking 
clinical feature. While it most commonly affects the axillae, groin, 
and neck, patients with type B insulin resistance may show more 
diffuse anatomical extent involving the periocular, perioral, and la-
bial regions. Some patients also develop acanthosis on the trunk, 
buttocks, lips, and vulva [19]. Polycystic ovarian enlargement and 
hyperandrogenism are commonly seen in premenopausal women. 
Reduction in testosterone levels occurs when the autoantibody syn-
drome remits [7, 19].

Low fasting triglycerides and high plasma concentrations of the 
fat cell- derived protein adiponectin are additional biochemical 
characteristics associated with this disease. These may help distin-
guish type B insulin resistance from other syndromes of insulin 
resistance, which are typically associated with high fasting trigly-
cerides and hypoadiponectinemia. Of note, low triglycerides and 
high adiponectin levels are also observed in patients with insulin- 
receptor mutations, therefore these metabolic characteristics appear 
to be a unique feature of insulin- receptor dysfunction as opposed to 
non- receptor- mediated insulin resistance [20]. In addition, in type 
B insulin resistance, the reduction of insulin- receptor autoanti-
bodies and the resolution of insulin resistance result in normaliza-
tion of adiponectin levels [7] .

Type B insulin resistance is frequently associated with systemic 
lupus erythematous and/ or other autoimmune diseases [19]. The 

metabolic derangements of type B insulin resistance usually appear 
after the onset of the underlying systemic autoimmune disease. Type 
B insulin resistance may also develop as a paraneoplastic manifest-
ation of conditions such as multiple myeloma and Hodgkin’s disease 
[19]. Proteinuria has been reported in ~50% of the patients. Despite 
uncontrolled hyperglycaemia, proteinuria appears to be related to 
different forms of lupus nephritis, such as mesangial and prolif-
erative lupus nephritis, rather than diabetic nephropathy [7,  19]. 
Haematologic abnormalities, including leucopoenia, thrombocyto-
penia, and anaemia, may also be related to the underlying auto-
immune disease [19].

Pathophysiology and Mechanism of Hypoglycaemia

Type B insulin resistance is caused by circulating autoantibodies 
against the insulin receptor which are primarily polyclonal IgGs. 
Patients may present with either insulin resistance or hypogly-
caemia. These dual effects are related to the partial agonist activity of 
the receptor autoantibodies. These autoantibodies can in fact mimic 
insulin action in cell cultures, by causing autophosphorylation of 
the insulin receptor and stimulation of 2- deoxyglucose uptake or 
glucose oxidation, which in turn result in hypoglycaemia. On the 
other hand, extended exposure of the cell cultures to the autoanti-
bodies induces increased insulin- receptor degradation, decreased 
number of cell- surface receptors and insulin resistance. Similarly, 
when administered acutely to fasting rats, the autoantibodies in-
duce hypoglycaemia in a dose- dependent manner, whereas chronic 
administration of the receptor autoantibodies to fed rats results 
in persistent hyperglycaemia and insulin resistance. The partial 
agonist activity of the receptor autoantibodies is consistent with the 
observation that low antibody titres are associated with hypogly-
caemia and high antibody titres are associated with hyperglycaemia 
(see Figure 14.3.2.3). A  fall in the autoantibody titre is observed 
in some patients shifting from the insulin resistant to the hypogly-
caemic state [7, 19].

Receptor autoantibodies appear to be specific for the insulin 
receptor in its native conformation, as binding does not occur 
with denatured receptors. Additionally, the autoantibodies bind 

Figure 14.3.2.2 Factors affecting the stability of glycaemic control in type 1 diabetes.
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to a region of the insulin receptor in the carboxy terminal half 
of the alpha subunit, which is different from the domain con-
taining the insulin- binding site in the amino terminus of the 
alpha subunit. Therefore, it has been suggested that, without 
binding to the same site as insulin, the receptor antibodies can 
inhibit insulin binding to the receptor through alternative mech-
anisms including allosteric inhibition, steric hindrance, or mis-
alignment of the insulin- binding site. Furthermore, the binding 
of the autoantibodies to the insulin receptor may interfere 
with the receptor- mediated insulin degradation, leading to the 
hyperinsulinaemia [19].

To date, assays for the measurement of the autoantibodies to 
the insulin receptor are available only in research laboratories. The 
immunoprecipitation assay, which is the most sensitive and specific 
method, measures the ability of patients’ sera to immunoprecipitate 
recombinant human insulin receptors [21]. Additional assays in-
clude those based on inhibition of 125I- labelled insulin binding or 
the stimulation of glucose oxidation/ lipogenesis in cells incubated 
with patients’ sera [7] .

In patients affected by type B insulin resistance, circulating in-
sulin antibodies may be detected in addition to the insulin- receptor 
antibodies. Although a few cases have been reported in patients 
with no history of prior exposure to exogenous insulin, insulin anti-
body production is most commonly related to the administration of 
insulin [22– 24].

clinical comparison Between Insulin 
Autoimmune Syndrome and Type B 
Insulin Resistance

The insulin autoimmune syndrome and type B insulin resistance 
can both present with hypoglycaemia during fasting and/ or after a 

meal. Clinical and biochemical characteristics may help differentiate 
between the two syndromes (see Table 14.3.2.1). The insulin auto-
immune syndrome occurs frequently between ages 40 and 80 years, 
equally affecting men and women. Additionally, most non- Asian 
patients are Caucasian. Type B insulin resistance typically occurs in 
African- American women between ages 40 and 50 years, though it 
is also seen in other ethnic groups.

In the insulin autoimmune syndrome, hypoglycaemia may de-
velop during the fasting state and/ or more commonly during the 
postprandial state. Hyperglycaemia may occur immediately after 
a meal because binding of insulin to the autoantibodies reduces 
insulin availability to the peripheral tissues. In type B insulin re-
sistance, most patients present with severe hyperglycaemia. Some 
patients may develop hypoglycaemia after a period of hypergly-
caemia, or present only with severe fasting hypoglycaemia.

Acanthosis nigricans and signs of hyperandrogenism may 
develop in type B insulin resistance, but not in the insulin 
autoimmune syndrome. While both types of autoimmune hypo-
glycaemia may be associated with rheumatologic or haematologic 
diseases, the insulin autoimmune syndrome is also associated 
with exposure to medications, especially sulfhydryl- containing 
compounds. In these cases, the hypoglycaemia often resolves with 
medication cessation.

In the insulin autoimmune syndrome, insulin, C- peptide, and 
proinsulin concentrations determined by immunoassay may be 
unreliable, and although values returned are usually extremely 
high, most of the insulin is bound to antibody and not bioavail-
able. In the type B syndrome, insulin values are usually high in 
the basal state and even more exaggerated after glucose. A  re-
markable feature of the type B syndrome is an extremely high in-
sulin/ C- peptide ratio, due to impaired receptor- mediated insulin 
degradation and unaffected non- receptor- mediated C- peptide 
degradation.

Low Antibody Titer High Antibody Titer

IRS-1

PI3K-Akt

IRS-1

PI3K-Akt

Insulin receptor

Insulin receptor antibody

Insulin receptor antibodies can exert insulin-like
effects

Hypoglycaemia
Insulin resistance, hyperinsulinaemia, and hyperglycaemia

Insulin receptor antibodies can block insulin action

Figure 14.3.2.3 Partial agonist activity of the insulin- receptor antibodies in type B insulin resistance.
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comparison Between Autoimmune 
Hypoglycaemia and other causes 
of Hyperinsulinaemic Hypoglycaemia

Hyperinsulinaemic hypoglycaemia in individuals not receiving ex-
ogenous insulin is most commonly caused by insulinoma. However, 
other causes, including autoimmune hypoglycaemia, should be in-
vestigated. In the presence of hypoglycaemic episodes, factitious 
hypoglycaemia should always be considered. The surreptitious ad-
ministration of insulin is typically associated with high insulin and 
low C- peptide and proinsulin levels.

Treatment of Autoimmune Hypoglycaemia

For many autoimmune diseases, autoantibodies are valuable quanti-
fiable disease markers but do not mediate the underlying pathologic 
tissue destruction, as in, for example, type 1 diabetes. In autoimmune 
hypoglycaemia syndromes, in contrast, the autoantibody itself drives 
the metabolic derangement and there is no associated tissue destruc-
tion unless there is another concomitant autoimmune disease. Thus, 
the goal of therapy is to deplete and ideally eliminate the autoantibody.

The insulin autoimmune syndrome and type B insulin resist-
ance have a different clinical course and response to treatment. 
Approximately 80% of patients with insulin autoimmune syn-
drome show transient hypoglycaemia with spontaneous remis-
sion [1] . In all patients, medications possibly triggering the onset 
should be discontinued, and dietary modification to include small 
low- carbohydrate meals (low- glycaemic index diet) at regular 
intervals would help maintain normal blood glucose levels. Some 
patients with severe or prolonged symptoms may require pharma-
cologic treatment. Several different immunomodulatory treatments 
have been described, including plasmapheresis, glucocorticoids, 

azathioprine, 6- mercaptopurine, methotrexate and rituximab 
[1, 9, 11, 25,  26], but no standardized protocol has emerged to 
date. Treatments aimed at limiting endogenous insulin secretion, 
including acarbose, diazoxide, octreotide, and partial pancreatec-
tomy, have also been employed [1, 7]. These therapies show variable 
efficacy in inducing remission.

The approach at the NIH has been to use high- dose steroids for 
short time periods (60  mg of prednisone/ day for not more than 
3 weeks with a rapid taper). This aims for immediate relief from 
hypoglycaemia and an initial reduction of antibody titre. This is 
followed by azathioprine for variable periods to sustain remission. 
This course may be repeated if necessary [27].

Type B insulin resistance is associated with high mortality, mostly 
related to the severity of the underlying systemic autoimmune dis-
ease. Other causes of death include hypoglycaemia, cardiovascular 
or cerebrovascular disease, or malignancy [19]. Treatment of type B 
insulin resistance has two main goals. The first goal is to reverse the 
severe catabolic state and hyperglycaemia seen in most patients. To 
achieve this goal, massive amounts of insulin, ranging from several 
hundred to several thousand units per day, are usually needed. Use 
of concentrated insulin U- 500 is thus preferred. In patients showing 
hypoglycaemia, treatment with high- dose corticosteroids results in 
prompt resolution of the hypoglycaemia, usually within 24 hours. 
This effect occurs before any detectable change in the antibody titre 
and is likely mediated by stimulation of gluconeogenesis [19].

The second goal of treatment is to eliminate autoantibodies to 
the insulin receptor. About one- third of the patients with type B 
insulin resistance undergo spontaneous remission, but the time 
course is unpredictable and variable. Immunosuppressive treatment 
is usually required to correct the metabolic derangements. Several 
therapeutic approaches have been tried with no clear benefit, 
including plasmapheresis, glucocorticoid regimens, azathioprine, 
mycophenolate mofetil and cyclophosphamide [28,  29]. More 

Table 14.3.2.1 Clinical features in patients with insulin autoimmune syndrome and type B insulin resistance

Feature Insulin autoimmune syndrome (Asians) Insulin autoimmune syndrome 
(non- Asians)

Type B
insulin resistance

Type of hypoglycaemia

Hyperglycaemia

Insulin level

C- Peptide level

Proinsulin

Sex

Age of highest incidence (yrs)

Race

Acanthosis nigricans

Hyperandrogenism

Associated Rheumatologic disease

Associated Haematologic disease

Medication induced

Insulin autoantibodies

Insulin receptor Antibodies  
Response to therapy#

Reactive (most common) and/ or fasting

Common

Very high*

Very high*

Very high*

Men and women

40– 80

– 

Rare

No

Less common

No

Yes, most commonly sulfhydryl compounds

Universal, frequently polyclonal

Usually no§ 

Variable

Reactive (most common) and/ or fasting

Variable

Very high*

Variable*

Variable*

Men and women

40– 80

Mostly Caucasian

Rare

No

Common

Uncommon

Yes, role of sulfhydryl compounds less clear

Universal,frequently monoclonal

Usually no§

Variable

Fasting; reactive uncommon

Common

High

High

High

Mostly women

40– 50

Mostly African- American

Usually severe

Common

Common

Common

No

Usually no§¶

Universal

Usually good

* Artefactual; § Few cases with no prior exposure to exogenous insulin and having both insulin and insulin- receptor antibodies have been reported; ¶ Treatment with exogenous 
insulin may be associated with both insulin and insulin- receptor antibodies; # For those cases with no spontaneous remission.
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recently, the NIH has developed and tested a standardized thera-
peutic regimen combining rituximab, pulse steroids, and cyclo-
phosphamide. Rituximab is a monoclonal antibody against CD- 20, 
a molecule expressed on B- cell progenitors’ surface, and is used to 
deplete antibody- producing B- lymphocytes and reduce the produc-
tion of new autoantibodies. Pulses of high- dose steroids suppress 
the activity of pre- existing plasma cells. Four- day administration of 
oral dexamethasone 40 mg/ day, or 2- day administration of intra-
venous methylprednisolone 1 g/ day are associated with better toler-
ance than continuous low- dose steroid therapy. Cyclophosphamide 
is used as an adjunctive immunomodulatory agent to further 
suppress B— and T- cell function. If severe neutropenia occurs, 
cyclosporine can be chosen instead of cyclophosphamide. The ad-
ministration of the NIH standardized therapeutic regimen is asso-
ciated with an average time to remission of 5 months, with most 
patients showing reduction in their insulin requirements and im-
provement of their symptoms after the first cycle of treatment. Once 
remission is achieved, with improvement of the hyperglycaemia and 
discontinuation of insulin therapy, maintenance immunotherapy 
with azathioprine is indicated for at least 1 year [28, 29]. Beside the 
necessity of monitoring the patient’s haematologic status during 
this therapy, there is a special precaution of ovarian toxicity in re-
productive age women receiving cyclophosphamide and this drug 
should not be used longer than 6 months.

In type B insulin resistance, patients initially presenting with 
hypoglycaemia are rare, and currently it is not known whether 
the NIH combination therapy would be beneficial. Two case re-
ports have recently described complete and partial remission with 
rituximab or bortezomib respectively, in patients with type B insulin 
resistance and hypoglycaemia [30, 31]. However, to date, available 
data are too limited to recommend a specific treatment.

conclusion

Autoimmune forms of hypoglycaemia are rare. However, they should 
be considered in the differential diagnosis of hyperinsulinaemic 
hypoglycaemia. Patients may develop hypoglycaemia during the 
fasting and/ or postprandial state. Insulin, C- peptide, and pro-
insulin levels are extremely elevated, with variable patterns of de-
rangement of the insulin to C- peptide molar ratio depending on 
the underlying condition. The measurement of insulin or insulin- 
receptor antibodies can confirm the diagnosis and help differentiate 
autoimmune hypoglycaemia from insulinoma, therefore sparing 
patients from unnecessary invasive imaging or pancreatic surgical 
procedures. Administration of combined immunomodulatory ther-
apies is beneficial for those patients who do not undergo spontan-
eous remission.

In rare cases, antibodies against endogenous or exogenous in-
sulin may play a role in causing unstable glycaemia in patients 
with type 1 diabetes treated with exogenous insulin. However, 
the production of insulin antibodies is often induced by insulin 
therapy and usually these antibodies do not affect glycaemic con-
trol. In these patients, factors influencing blood glucose stability, 
including the site and technique of injection, altered absorption 
of insulin or compliance to the prescribed treatment need to be 
taken into account before considering the use of immunosuppres-
sive therapies, which are associated with significant side effects 
and toxicity.
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Introduction

Sugar molecules play many roles in metabolism. Glucose is an es-
sential source of energy in the body, but carbohydrates also have 
important structural and signalling functions as constituents of 
glycoproteins, glycolipids, and glycosaminoglycans. In this chapter, 
we will describe a number of monogenic diseases which involve the 
monosaccharides glucose, galactose, and fructose and their roles 
in intermediary metabolism. The many other inherited metabolic 
diseases which affect the formation of glycosylated macromolecules 
(the congenital disorders of glycosylation) or their breakdown 
(lysosomal storage disorders) [1]  will not be discussed.

Disorders of carbohydrate metabolism, although caused be de-
fects in individual enzymes, are best viewed as disorders of meta-
bolic pathways. Their tissue pathology can be due to deficiency of a 
product of metabolism, but just as often it is due to accumulation of 
toxic molecules which cannot be metabolized. Thus hypoglycaemia, 
which occurs in a number of these disorders, may be due to disab-
ling mutations in enzymes of the glycogenolytic or gluconeogenic 
pathways, or to the inhibition of these enzymes by other accumu-
lating molecules. In addition, hypoglycaemia can be caused by 
disorders in metabolic pathways affecting use of other fuels, such 
as those producing fatty acids and ketone bodies, which are both 
important alternative sources of energy. The interrelation between 
these glucose generating pathways is shown in Figure 14.3.3.1.

Glycogen Storage Diseases

The first process which maintains blood glucose during fasting is 
glycogenolysis:  that is, the release of glucose from carbohydrate 
stores. The body stores carbohydrate in the form of glycogen, a 
branched polymer of glucose. Glycogen stores in the liver are used 
to maintain normoglycaemia, but muscle also stores glycogen for its 
own use as an energy source during exercise. Glycogen storage dis-
orders (GSDs) are the inherited metabolic diseases which affect the 
synthesis and breakdown of glycogen.

Glycogen

Glycogen allows for the compact storage of glucose in a form that has 
a minimal osmotic effect but which is readily accessible and meta-
bolically active. The core of a glycogen molecule is a small protein, 
glycogenin. Branched chains of polymerized α- d- glucose units are 
covalently attached to this at their reducing termini (Figure 14.3.3.2).

The glucose molecules in glycogen chains are linked to each 
other by α- 1,4 glycosidic bonds with α- 1,6 bonds at the branch  
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Figure 14.3.3.1 Main pathways of carbohydrate metabolism and relation with lipid metabolism. Acetyl- CoA, acetyl- coenzyme A; G- 1- P, glucose- 1- 
phosphate; G- 6- P, glucose- 6- phosphate; GLUT, glucose transporter; triose- P, triose phosphate.
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Figure 14.3.3.2 (a) A cross- sectional view of glycogen, showing the core glycogen protein surrounded by branches of glucose units, up to 60 000 of which 
can be contained within a glycogen granule. (b) Linear chains of glucose are formed by a- 1,4 glycosidic bonds, with a- 1,6 bonds at the branch points.
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points. Glycogen molecules can contain up to 60,000 glucose mol-
ecules, have a molecular weight of several million daltons and are vis-
ible to the electron microscope. The liver and muscle contain between 
200 and 300 g of glycogen. The ‘arborization’, or extensive branching, 
of the molecule, with large numbers of long outer chains that ter-
minate in non- reducing glucose residues means that the enzymes of 
glycogen degradation can rapidly release large quantities of glucose.

Glycogen storage diseases can be caused by defects in glycogen 
synthesis or glycogen breakdown. The stored glycogen may have a 
normal or an aberrant structure. Depending on the enzymatic de-
fect, glycogen metabolism in the liver, muscle, or both tissues may 
be affected. In this chapter we will focus on the diseases which af-
fect glycogen breakdown in the liver and which can cause hypogly-
caemia (Figure 14.3.3.3).

Glycogen Breakdown

Two enzymes are involved in the breakdown of glycogen in the cyto-
plasm: phosphorylase and debranching enzyme. Other enzymes are 
required subsequently to produce free glucose.

Phosphorylase sequentially removes glucose 1- phosphate units 
from the α- 1,4- linked chains of glycogen. Debranching enzyme pos-
sesses transferase and α- 1,6- glucosidase activities. When phosphor-
ylase has degraded glycogen chains to within four α- 1,4- glucosyl 
units of an α- 1,6 linkage, three glucose residues are transferred to the 
end of another chain by the glycosyltransferase activity. Debranching 
enzyme then hydrolyses the remaining α- 1,6 bond to release free glu-
cose using its amylo- 1,6- glucosidase activity. Debranching enzyme 

also cleaves the unique glucosyl– tyrosine linkage that anchors the 
terminal reducing glucose unit to glycogenin.

The main product of glycogen breakdown in muscle and liver is 
glucose 1- phosphate. Glucose 1- phosphate is a key intermediate 
of glycolysis, gluconeogenesis, glycogenolysis, and the pentose- 
phosphate pathway (Figure 14.3.3.1), but cannot be transferred out-
side the cell. However, after conversion to glucose 6- phosphate by 
phosphoglucomutase, free glucose is formed by the action of glucose 
6- phosphatase. Glucose 6- phosphatase exists as a multicomponent 
complex in the endoplasmic reticulum of hepatocytes and, to a lesser 
extent, in renal tubular cells— it is not found in muscle. This com-
plex contains glucose 6- phosphatase, several proteins that facilitate 
the transport of glucose, glucose 6- phosphate, and phosphate, as well 
as other stabilizing and regulatory units. Hepatic activity of glucose 
6- phosphatase is the predominant metabolic source of blood glucose.

A summary of hepatic GSDs, their enzymology, and principal 
features is given in Table 14.3.3.1.

The commoner disorders are described next.

Glycogen Storage Disease Type I   
(Von Gierke’s Disease)

Biochemistry

GSD I is due to Glucose- 6- phosphatase deficiency. GSD Ia is caused 
by defects in subunits of the endoplasmic reticular enzyme com-
plex that enable production of glucose from glucose 6- phosphate. In 

GLYCOGEN

Glycogen synthase
Branching enzyme

GLYCOGEN

Phosphorylase

Acid α-1,4 glucosidase
(lysosomes)

(cytosol)
amylo 1,6-glucosidase

Debranching enzyme

Phosphoglucomutase

Phosphohexose
isomerase
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GSD Ib the endoplasmic reticular transmembrane protein glucose- 
6- phosphate translocase is deficient. In both forms, the production 
of glucose from both glycogenolytic and gluconeogenic pathways 
is blocked, resulting in profound fasting hypoglycaemia (although 
this may be somewhat mitigated by the fact that small quantities 
of free glucose can be liberated by the α- 1,6- glucosidase activity 
of the secondary action of debranching enzyme). Accompanying 
this, there is a build- up of glucose 6- phosphate. This is then me-
tabolized by the pentose- phosphate shunt, or transferred back into 
glycogen which is stored in the liver and, to a lesser extent, the 
kidney, causing organomegaly. The products of glucose 6- phosphate 
metabolism have an important role to play in the other metabolic 
consequences of GSD I:  hyperlacticaemia, hyperuricaemia, and 
hypertriglyceridaemia.

Lactic acidaemia results from stimulation of glycolysis at the 
level of phosphofructokinase by high concentrations of glucose 
6- phosphate. Failure to dephosphorylate glucose 6- phosphate 
stimulates substrate cycling and increases the activity of the 
pentose- phosphate pathway, with enhanced production of purines. 
Degradation of purine nucleotides leads to overproduction of uric 
acid in the liver and hyperuricaemia. Enhanced flux through gly-
colysis and underutilization of gluconeogenic precursors leads to a 
cascade of metabolic changes that hypertriglyceridaemia.

clinical Presentation

Patients typically present in infancy with symptomatic hypogly-
caemia and failure to thrive, accompanied by a swollen abdomen 
due to hepatomegaly. Hypoglycaemic encephalopathy is often ac-
companied by seizures and can be fatal:  recurrent episodes lead 
to permanent neurodisability. Children have impaired growth 
and increased subcutaneous fat deposition leading to a ‘doll’s face’ 
appearance.

With aggressive dietary management (see next), the immediate 
life- threatening complications can be avoided. With improved sur-
vival, chronic, multisystem complications of GSD I have emerged 
(Figure 14.3.3.4).

There is persistent hepatomegaly, with glycogen storage accom-
panied by gross infiltration with fat. Cirrhosis and portal hyper-
tension are, however, rare. Short stature, often combined with 
obesity, is common. The kidneys are enlarged by glycogen depos-
ition. Progressive focal glomerulosclerosis and proximal tubular 
failure with a secondary Fanconi syndrome may also occur. Short 
periods of fasting, or other metabolic stressors such as infection 

provoke hypoglycaemia and lactic acidosis. In the longer term, 
poor metabolic control causes: growth arrest; hyperuricaemia and 
gout; marked hypertriglyceridaemia (which can lead to acute pan-
creatitis) and hypercholesterolaemia with raised very low- density 
lipoprotein (VLDL) and normal low- density lipoprotein (LDL) 
cholesterol concentrations in the plasma; and prolonged bleeding 
time related to an acquired von Willebrand- like defect affecting the 
platelet. Hepatic adenomata are seen in adults.

Patients with defects of the glucose 6- phosphate translocase 
system (type 1B) also have a neutropenia with impaired neutro-
phil migration and chemotaxis and are prone to recurrent bac-
terial infections. These patients are also at risk of developing 
granulomatous colitis with clinical features resembling ulcerative 
colitis.

Management

Historically, GSD I (and the other GSDs presenting with hypogly-
caemia in infancy) were associated with a very poor outcome. This 
has been transformed by the introduction of aggressive dietary 
management aimed at maintaining a constant exogenous supply 
of glucose to meet basal requirements. Regular oral carbohydrate 
during the day and continuous overnight pump feeding with glu-
cose, delivered either by nasogastric or gastrostomy tube, clearly im-
proved clinical and biochemical parameters. Subsequently, fasting 
tolerance has been improved with the use of uncooked corn starch 
(obtained from the supermarket and suspended in water): this acts 
as a ‘slow- release’ form of glucose and, particularly in older patients, 
allows for more time between meals during the day and for some 
patients to discontinue overnight feeds. Modified corn starches 
have now been produced with the aim of increasing fasting toler-
ance further, although it is not yet clear that they offer a significant 
benefit over shop bought cornflour.

Maintaining normoglycaemia requires a diet with about 65% of 
dietary energy as carbohydrate (2). Continuous glucose monitoring 
can be useful in adjusting doses of uncooked corn starch and con-
centrations of overnight feeds. Regular dietetic review is important 
to minimize excessive weight gain, insulin resistance, and ensure 
the diet is nutritionally complete.

Intercurrent illness can rapidly provoke hypoglycaemia and pa-
tients with GSD I are given an ‘emergency regime’ to use in times of 
metabolic stress. This consists of frequent oral glucose polymer. If 
for any reason patients can’t tolerate oral intake, glucose should be 
given intravenously at a rate of 0.2 g/ kg/ h.

Table 14.3.3.1 The glycogen storage disorders: genetic and enzymatic defects, and principal clinical features

GSD
designation

Gene Locus Common term/ Implicated 
protein

Supplementary Clinical features

I (A)
I (B)

G6P6
SLC37A4

17q 21.31
11q 23.3

Von Gierke disease Glucose 6- phosphatase
G- 6- P translocase

Hypoglycaemia, hyperlacticaemia, 
hyperuricaemia, hypertriglyceridaemia. 
Hepatomegaly, hepatic adenomata. 
Renal failure.
As GSD Ia with neutropenia and colitis

III AGL 1p21.2 Cori- Forbes disease
(Limit dextrinosis)

Debranching enzyme Hypoglycaemia, hepatomegaly, 
cardiomyopathy, myopathy

VI PYGL 14q22.1 Hers disease Glycogen phosphorylase Liver
(very rare— Mennonite)

Hypoglycaemia, hepatomegaly

IX a2 PHKA2 Xp22.13 Phosphorylase kinase α2 subunit Liver (regulatory) Hypoglycaemia, hepatomegaly
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Hyperlipidaemia and hyperuricaemia need to be treated. 
Hyperfiltration or albuminuria indicate renal involvement and ACE 
inhibitors or ARBs should be introduced. Hypocitraturia may con-
tribute to the increased incidence of nephrolithiasis and citrate sup-
plementation may be useful. Iron supplementation is often needed. 
Osteopenia is common and calcium and vitamin D supplementa-
tion should be considered.

Surveillance for hepatic adenomata is important. MRI with the 
use of iv contrast is the preferred method. Around 70– 80% of adult 
patients have been reported to have at least one lesion, and these 
progress in size or number in 50% of cases. The occurrence of ad-
enomata seems to be related to metabolic control and in some cases 
improving biochemical parameters can lead to adenoma regression. 
Spontaneous regression is also seen.

The occurrence of hepatic adenomata is concerning because they 
can progress to hepatocellular carcinoma: predicting this progres-
sion is difficult [2] . Blood markers such as α- fetopotein have not 
proved useful. A  rapid increase in size or number of adenomata, 
changes in vascularization and bleeding should lead to a multi-
disciplinary team (MDT) review to discuss surgical intervention, 
including liver transplantation.

Human granulocyte colony- stimulating factor is often required 
in patients with GSD Ib to increase the neutrophil count and con-
trol mouth ulcers, recurrent infections, and inflammatory bowel 
disease. Long- term use of granulocyte colony- stimulating factor is 
associated with a number of complications and should be super-
vised by a haematologist.

Due to the dangers of fasting and the bleeding tendency asso-
ciated with GSD I, surgery must be managed carefully. Patients 
should be admitted the day before so that fasting can be covered 
with intravenous glucose. Platelets should be available in case of 
postoperative haemorrhage.

Pregnancy in women with GSD I is now relatively routine. With 
careful planning, close attention to glycaemic control and increased 
carbohydrate requirements, especially in the second half of preg-
nancy, and a well- managed labour, outcomes are good.

With optimal medical management patients with GSD I now lead 
relatively normal lives, but some patients remain in whom good 
metabolic control is never obtained. For these patients, liver trans-
plantation offers a long- term ‘cure’ for many features of the disease 
[3] . Where there is also end stage renal failure, combined liver and 
renal transplantation can be performed.

Glycogen Storage Disease Type III  
(Forbes– cori Disease)

Biochemistry

GSD III is due to deficiency of debranching enzyme. This results 
in the storage of structurally abnormal glycogen, with short outer 
chains, called limit dextrin, in both liver and muscle. Although 
glycogenolysis is blocked, gluconeogenesis is unaffected and fasting 
hypoglycaemia is milder than that seen in GSD I and accompanied 
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by ketosis rather than lactic acidosis. The secondary metabolic con-
sequences are mostly confined to mild hyperlipidaemia.

clinical Presentation

GSD III affects both liver and muscle. Hypoglycaemia and the hep-
atic consequences of storage dominate the clinical picture in chil-
dren, with fasting hypoglycaemia and poor growth. The condition 
is less severe than GSD I and even in historic cohorts, most patients 
survived to adulthood.

In adults, fasting tolerance improves and on the whole hypo-
glycaemia can be prevented with dietary management. Hepatic 
adenomata have only rarely been reported, although patients can 
occasionally develop cirrhosis, and the kidneys are not affected.

Patients do, however, develop muscle symptoms and complain 
of exercise intolerance [4] , although rhabdomyolysis is not a rec-
ognized feature. Some patients develop a progressive, disabling 
myopathy with pronounced distal weakness and myopathic facies. 
Cardiac muscle is also involved and hypertrophic cardiomyopathy 
can result in arrhythmias or heart failure [5].

Management

The management of hypoglycaemia in childhood is as in GSD I [6] . 
In adult patients it is important not to overtreat as this can lead to 
insulin resistance: with home glucose monitoring it is often possible 
to reduce the dietary content of complex carbohydrate.

Although left ventricular hypertrophy occurs in many patients, 
its clinical significance is not clear [7] . To date there are very few 
case reports of heart failure or significant arrhythmia in adults. This 
may change as patients age and periodic echocardiography and 
electrocardiographic (ECG) monitoring is probably prudent.

The incidence of clinically significant hepatic fibrosis and cir-
rhosis may also increase with age and liver imaging can be used to 
monitor this as well as the occurrence of hepatic adenomata.

GSD IX

Biochemistry

GSD IX is due to deficiency of phosphorylase kinase. Phosphorylase 
kinase consists of four subunits, two of which have tissue specific 
isoforms. The commonest form of GSD IX, and the commonest 
GSD, is X- linked, and due to mutations in PHKA2.

clinical Presentation

GSD IXa is a hepatic GSD presenting early in life with hepatomegaly 
and fasting hypoglycaemia and ketosis. It is milder than GSD I and 
symptoms generally resolve in adulthood. Liver fibrosis has, how-
ever, been reported as a long- term complication.

Management

Management of hypoglycaemia is as for GSD I, but adult patients 
have normal fasting tolerance and do not need uncooked corn 
starch.

Diagnosis of GSD

Most patients with hepatic GSDs present with hypoglycaemia in 
early life. Historically, definitive diagnosis relied on demonstrating 

glycogen storage and assaying enzyme activity in the affected 
tissue: many adults with GSD I still bear the scars of liver biopsies 
performed in infancy. This approach to diagnosis was not only in-
vasive but also technically difficult, and has to a large extent been 
superseded by new techniques.

In infants with suggestive symptoms, biochemical profiling, with 
measurements of glucose, lactate, and ketones, can suggest the cor-
rect diagnosis. In some cases (e.g. GSD III) this can be confirmed 
by enzymological study of blood- derived leucocytes, but in GSD 
I molecular genetic analysis is required as the enzymes are only ex-
pressed in liver.

Some patients present with hepatomegaly without biochemical 
features suggesting GSD. In these cases, histological examination 
reveals glycogen storage. If frozen tissue has been kept, enzymology 
may then confirm the diagnosis of a GSD. Electron microscopy can 
also be helpful if structurally abnormal glycogen is present. A diag-
nostic fast, with measurement of glucose, lactate, and ketones can 
also provide useful information. Hepatomegaly with glycogen 
storage is not, however, always due to a GSD: hepatic glycogenosis 
is a well- recognized complication of poorly controlled diabetes 
mellitus [8] .

Increasingly, molecular genetics is becoming the diagnostic test 
of choice. Next generation sequencing allows large arrays of genes 
to be sequenced at the same time, and genetic panels to screen for 
all known GSDs, are now available [9] .

Disorders of Galactose Metabolism

Galactosaemia

Biochemistry

The disaccharide lactose, which is the most important carbohydrate 
in both human and cow’s milk, is formed from glucose and gal-
actose. Galactose therefore forms a large part of the energy intake of 
infants. Galactose metabolism is shown in Figure 14.3.3.5.

Galactosemia is caused by deficiency of galactose- 1- phosphate 
uridyltransferase (transferase, EC 2.7.7.10) (Figure 14.3.3.5, en-
zyme 2). Galactose- 1- phosphate, which accumulates due to the 
metabolic block, is toxic to many organs and tissues, including the 
liver, kidney, and brain. It suppresses the activities of some enzymes 
of glycogenolysis and gluconeogenesis, which may lead to hypogly-
caemia. Galactitol, produced from galactose excess, leads to cataract 
formation and is excreted in the urine. As well as being derived from 
exogenous sources of galactose, galactose- 1- phosphate is also pro-
duced endogenously from glucose- 1- phosphate, by a reversal of the 
pyrophosphorylase- epimerase pathway (Figure 14.3.3.5, enzymes 3 
and 4). This ‘self- intoxication’ may contribute to late complications, 
such as ovarian failure and neurological disease, which can develop 
despite a strict lactose- free diet.

Clinical Presentation

Infants with classic galactosaemia (MIM 230400), caused by se-
vere deficiency of galactose- 1- phosphate uridyltransferase (GALT) 
(transferase, EC 2.7.7.10) (Figure 14.3.3.5, enzyme 2)  appear 
normal at birth but rapidly become very unwell. Refusal to feed and 
vomiting are accompanied by signs of liver disease: jaundice, hep-
atomegaly, oedema, and ascites. Cataracts appear within a few days 
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or weeks. Left untreated, liver and kidney failure develop and, along 
with sepsis are rapidly fatal [10].

Diagnosis

Many countries include galactosemia in their newborn screening 
programmes but, as classical galactosaemia presents very early in 
life, the newborn bloodspot needs to be taken early and processed 
quickly if the result is to be available before the neonate presents 
clinically:  for this reason it is not included in newborn screening 
in the United Kingdom. Diagnosis otherwise rests on screening for 
total blood galactose, red blood cell (RBC) Gal- 1- P, and/ or urinary 
galactitol and confirmation by the measurement of GALT activity in 
RBC with or without genetic confirmation [11].

Treatment

Rapid introduction of a galactose- free diet rapidly reverses the 
acute presentation [11]. This involves withdrawal of breast milk or 
whey- based infant formula and the introduction of a soy- based or 
elemental formula. At weaning, the child should be started on a diet 
which is essentially dairy- free. Although there are small amounts of 
galactose in some fruits and vegetables, these are negligible when 
compared to endogenous galactose production, which is at least 8.4 
mg/ kg/ day in adults, and so non- dairy sources of galactose are al-
lowed. Many mature cheeses are also allowed as bacterial fermenta-
tion has removed all sugars and these provide a valuable source of 
calcium which is otherwise lacking in this diet. Low bone density 
is well recognized in adults with galactosemia and calcium and 
vitamin D intake should be carefully monitored throughout life and 
supplemented if required.

Long- Term Complications

Although acute intoxication with liver and kidney failure is only 
seen in infants, the long- term outcomes in galactosemia, even with 
early institution of dietary treatment, are not always good [12]. 
Average IQ is below the normal range and many patients have 
verbal dyspraxia. Adult patients often find it difficult to function in 

society and form relationships [13]. Neurological complications can 
also occur, and a few patients develop a progressive leukodystrophy 
[14]. The vast majority of women develop either primary or prema-
ture ovarian failure and require hormone replacement [11, 12]. This 
also contributes to the high risk of osteoporosis.

Currently it is recommended that a lactose- free diet is main-
tained for life, but there is little evidence to support this. There 
are reports of patients with galactosaemia who have relaxed their 
diets and not experienced any ill effects. Equally, there are pa-
tients who remain on a strict diet but go on to develop neuro-
logical disease.

Long- term problems might be due to continuous intoxication 
with galactose- 1- phosphate, either produced endogenously or de-
rived from complex sugars such as raffinose and stachyose by bac-
terial fermentation in the gut. In fact, it is possible that these effects 
are not related to the build- up of toxic metabolites at all, but actually 
reflect a generalized defect in glycosylation of proteins. Patients with 
congenital glycosylation defects demonstrate similar clinical fea-
tures including hypogonadotropic premature ovarian failure, which 
is thought to relate to lack of glycosylation of follicle- stimulating 
hormone. Certainly, outcomes for patients with galactosemia on 
current treatment are not good and research is needed to find ways 
to improve them.

Disorders of Fructose Metabolism

Fructose is found in fruits, vegetables, and honey. With glucose, 
it forms the disaccharide sucrose, which is an important carbo-
hydrate in many foods and beverages. Sucrose is hydrolysed into 
its two monosaccharides by the enzyme sucrase (EC 3.2.1.48) on 
the small intestinal mucosa. Another source of fructose is sorbitol, 
which is widely distributed in fruits and vegetables. It is converted 
in the liver into fructose by the enzyme sorbitol dehydrogenase (EC 
1.1.1.14). The three inborn errors of fructose metabolism are shown 
in Figure 14.3.3.6.
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essential Fructosuria

This is a rare ‘non- disease’, which does not show any clinical symp-
toms. It is caused by a deficiency of fructokinase (EC 2.7.1.4) (Figure 
14.3.3.6, enzyme 1), which is normally found in liver, kidney, and 
small intestinal mucosa. Thus, fructose cannot be phosphorylated 
into fructose- 1- phosphate. Instead, it is slowly phosphorylated 
into fructose- 6- phosphate by the enzyme hexokinase in adipose 
tissue and muscle with the excess being excreted in the urine. The 
resultant fructosuria is the only finding. A discrepancy between a 
positive test for reducing sugars and a negative reaction with glu-
cose oxidase should allow the identification of fructose as a non- 
glucose- reducing sugar. Dietary treatment is unnecessary.

Hereditary Fructose Intolerance

clinical Presentation

Deficiency of aldolase- B (EC 4.1.2.13, MIM 229600), the second 
enzyme of the fructose pathway (Figure 14.3.3.6, enzyme 2) causes 
fructose- 1- phosphate to accumulate after consumption of fruc-
tose containing foods. The mechanism of toxicity of fructose- 
1- phosphate is like that of galactose- 1- phosphate in classical 
galactosaemia and there are some clinical similarities between 
the two disorders. When fructose/ sucrose containing foods are 
introduced into the diet at weaning, the infant starts to vomit and 
refuse food, and develops failure to thrive with jaundice, hepato-
megaly, oedema, ascites, and a bleeding tendency, reflecting liver 
dysfunction. Urinary findings are mellituria, proteinuria, and 
aminoaciduria, reflecting renal proximal tubular dysfunction. 
Diarrhoea and malabsorption reflect small intestinal involvement. 
Lethargy, tremor, and convulsions are due to hypoglycaemia (see 
next). The larger the fructose load and the younger the infant, 
the more acute the symptoms of intolerance. Older children may 

selectively refuse fructose containing products and never present 
in acute crisis. In these cases the diagnosis may be made by their 
dentist due to a complete freedom from dental caries.

Biochemistry

Fructose- 1- phosphate, which accumulates due to the aldolase- B 
defect, is toxic. It causes hypoglycaemia by inhibiting enzymes 
of both glycogenolysis and gluconeogenesis: not only is the split-
ting of fructose- 1- phosphate into three- carbon sugars impaired 
(Figure 14.3.3.6, enzyme 2), but also the condensation of the 
three— carbon sugars into fructose- 1,6- bisphosphate (Figure 
14.3.3.6, enzyme 3). The accumulation of fructose- 1- phosphate 
also leads to the sequestration of inorganic phosphate, which is 
then not available for the regeneration of adenosine triphosphate 
(ATP) from ADP, causing a generalized energy defect in the cell. 
This provokes the catabolism of adenine nucleotides, which leads 
to the overproduction of uric acid.

Diagnosis

The clinical picture, combined with the finding of a combination 
of fructosuria and disturbed liver function tests, should lead to the 
suspicion of hereditary fructose intolerance Traditionally an intra-
venous fructose tolerance test was performed, but assay of aldolase- 
B activity in a biopsy of liver, jejunal mucosa or kidney cortex, or 
DNA analysis is simpler and safer.

Treatment and Prognosis

All sources of fructose, sucrose, and sorbitol (which can be present 
in many products such as medicines) should be excluded from the 
diet. They should be replaced by glucose, maltose, and starch. This 
elimination diet rapidly corrects all abnormalities except the hep-
atomegaly, which is slower to resolve. If small amounts of fructose 
remain in the diet growth may remain slow, but will catch up after 
further adjustment of the diet and overall, with treatment, the prog-
nosis is excellent [15].
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Fructose- 1,6- Bisphosphatase Deficiency  
(MIM 229700)

clinical Presentation

Fructose- 1,6- bisphosphatase (EC 3.1.3.11) has a role both in the 
conversion of fructose to glucose (Figure 14.3.3.6, enzyme 3) and in 
gluconeogenesis, in which fructose- 1,6- bisphosphatase is the third 
unidirectional enzyme (Figure 14.3.3.3, enzyme 3). Therefore, defi-
ciency of the enzyme leads to abnormalities due to the impairment 
of both pathways, though those of failing gluconeogenesis are more 
serious than those of impaired fructose conversion. Hypoglycaemia, 
associated with lactic acidosis, occurs in the neonatal period and 
can recur in later childhood. It usually develops after prolonged 
fasting or with an intercurrent febrile illness. The clinical symptoms 
of hypoglycaemia (lethargy, irritability, apnoea, coma, and convul-
sions) are accompanied by hyperpnoea, somnolence, and vomiting 
due to the lactic acidosis. Attacks may also occur after ingestion 
of fructose or sucrose. The frequency of attacks decreases with 
increasing age. Mild hyperlactacidaemia may persist between epi-
sodes. Growth and psychomotor development are usually normal.

Biochemistry

As gluconeogenesis is blocked, glucose cannot be synthesized from 
lactate, pyruvate, alanine, glycerol, or fructose. The patient depends 
on exogenous glucose and galactose and endogenous glycogen for 
their glucose requirements. On fasting, hypoglycaemia and lactic 
acidosis develop, sometimes accompanied by hyperketonaemia. 
Lactate, pyruvate, alanine, glycerol, and glycerol- 3- phosphate accu-
mulate in blood and urine.

Diagnosis

Enzymatic assay of fructose- 1,6- bisphosphatase in a biopsy of the 
liver, jejunal mucosa, or kidney cortex is the only reliable means for 
the diagnosis.

Treatment and Prognosis

The acute, life- threatening attack is treated with an intravenous glucose 
drip:  an intravenous glucose bolus (200 mg glucose/ kg bodyweight 
over 5 min) followed by a continuous infusion (c. 12 mg glucose/ kg 
bodyweight per min). Sodium bicarbonate may be given to treat the 
lactic acidosis. In order to prevent further attacks, it is important to 
avoid prolonged fasting. An emergency regimen consisting of fre-
quent carbohydrate is given during intercurrent infection. In small 
children restriction (not elimination) of fructose, sucrose, and sorbitol 
is recommended. The tolerance for fasting improves with age and the 
prognosis is good if adequate treatment is introduced in infancy.
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Introduction

Iron is a vital element for many biological processes, but can also 
be deleterious if present in excess. Because we lack a physiological 
pathway to remove iron absorption is tightly regulated to maintain 
a balanced iron store. Iron overload disease has been recognized 
centuries ago, but its understanding drastically improved in the 
recent decades. Identification of the main genes involved in iron 
metabolism, and association of mutations in some of these genes 
with different iron overload syndromes over the past 25 years, have 
streamlined precise diagnosis of these heterogeneous disorders, and 
have made it possible to construct a mechanism- based classification 
[1] . Genetic disorders are classified as haemochromatotic and non- 
haemochromatotic, and contrast with acquired iron excess, which 
is associated mainly with haematological conditions, cirrhosis, and 
metabolic syndrome. However even in these disorders clinical ex-
pression is often modulated by genetic as well as environmental 
factors

Hereditary Disorders

Genetic Haemochromatosis

Genetic haemochromatosis is heterogeneous, accounted for by 
several gene defects that share certain characteristics, namely 
(i) dysregulation of hepcidin synthesis or impairment of hepcidin 
action resulting in intestinal hyperabsorption and increased macro-
phage egress of iron; (ii) elevated serum iron with increased trans-
ferrin saturation; (iii) variable clinical phenotypes, ranging from 
early and severe disease in juvenile haemochromatosis related to 
the hemojuvelin (HJV) or the hepcidin (HAMP) genes to late and 
less severe disease in adult haemochromatosis related to the HFE 
or the transferrin 2 receptor (TfR2) gene (Figure 14.3.4.1); and (iv) 
recessive transmission, except in the exceptional case of ferroportin 
disease, caused by underlying gain- of- function mutations.

HFe Haemochromatosis

This condition alone accounts for almost all cases of haemochroma-
tosis in populations of European descent [2] .

Genetics and Pathophysiology

A major causal mutation, C282Y, and many minor mutations 
have been described on the HFE gene [3] . The C282Y mutation 
(Replacement of tyrosine by cysteine in position 282 of the protein) 
immobilizes the HFE protein intracellularly and impairs regulation 
of hepcidin synthesis. This leads to intestinal hyperabsorption of 
iron and to release of iron from macrophages with the following 
consequences:  (i) hypersaturation of transferrin, the plasma iron 

transport protein; (ii) appearance of non- transferrin- bound iron 
(NTBI) [4] which, penetrating easily into parenchyma, is respon-
sible for tissue iron loading (Figure 14.3.4.1). Among HFE geno-
types, only C282Y homozygosity— whose prevalence ranges 
between 1 and 9% in Europe [5]— is associated with overt haemo-
chromatosis. However, its clinical penetrance is rather low [6,  7], 
estimated at 1% in females and 27% in males [8]. Double heterozy-
gosity for C282Y and a minor mutation, including the H63D and 
the S65C mutations, has no significant effect on intracellular migra-
tion of the HFE protein and its physiological role. However, com-
pound C282Y— H63D heterozygosity may mildly increase body 
iron stores, but with no clinical expression in the absence of genetic 
or environmental cofactors [6, 9, 10].

natural History

Initially, the disease is quiescent. An increase in serum iron and in 
transferrin saturation (the earliest and most sensitive marker) then 
occurs, followed by a gradual rise in serum ferritin concentration. 
Later, most often between 35 and 45  years of age in men and 45 
and 55 years of age in women, clinical symptoms and then visceral 
complications may occur. This results in the division of disease pro-
gression into five stages (Figure 14.3.4.2), however passage from 
one stage to the next is never guaranteed given the low penetrance 
of the disease.

clinical expression

In daily practice, a- , mono— and pauci- symptomatic forms have 
become the rule due to (i)  the highly variable expressiveness of 
the disease, particularly in women in whom asthenia and joint 
symptoms dominate; (ii) the frequent involvement of cofactors, 
which may determine selective visceral expression, such as hep-
atic forms in men; and (iii) the systematization of biochemical as-
sessment and family screening in healthy people, leading to early 
diagnosis.

Endocrine Complications

Dominated by diabetes and pituitary disease, endocrine complica-
tions of HFE- related iron overload indicate an advanced form of 
the disease. Overt diabetes [11], which was part of the historical 
picture of hemochromatosis, is currently present in less than 10% 
of cases at the time of diagnosis. Moreover, systematic searches for 
haemochromatosis in newly developed diabetes reveal it in less 
than 2% of cases. Conversely, the incidence of insulin- requiring 
diabetes in haemochromatotic cirrhosis is significantly higher 
than in non- haemochromatotic cirrhosis, which supports a spe-
cific role of iron. The underlying mechanism is dual, involving 
insulin resistance in liver and, to a lesser degree, muscle, as well 
as insulinopenia secondary to destruction of pancreatic islet cells 
by iron accumulation. Haemochromatotic subjects exhibit in-
sulin resistance/ hyperinsulinemia while glucose tolerance is still 
normal, and function of both β cells (normal C peptide blood 
concentration) and α cells (normal glucagonemia and secretion 
of GIP— gastric inhibitory polypeptide) is intact. Subsequently 
there is parallel progression of hyperglycaemia towards diabetes 
due to iron- mediated loss of β cells, and of liver disease towards 
cirrhosis, while secretion of other pancreatic hormones remains 
normal. Involvement of additional factors, many genetic, has been 
advanced on the basis of early family studies, but has not been 
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confirmed by the most recent studies that failed to find an in-
creased frequency of hyperglycaemia in relatives of people with 
haemochromatotic diabetes. The role of C282Y heterozygosity in 
development of diabetes also remains debated but, if it exists, it is 
minimal.

Diabetes in haemochromatosis does not differ from other forms 
of diabetes with respect to the frequency of onset and presen-
tation of ophthalmologic, cardiovascular, neurologic, and renal 

complications. However, it is a major independent prognostic 
factor:  survival of haemochromatotic patients is reduced in those 
with diabetes (93% at 5 years, 77% at 10 years, 62% at 15 years and 
55% at 20 years) while that of non- diabetic haemochromatotic pa-
tients is almost identical to that of the general population. Diabetes 
is rarely the direct cause of death, however. It rather intervenes in-
directly by promoting the occurrence of coronary heart disease, in-
fections, and even hepatocellular carcinoma.

Ferroportin

HFE, TfR2
HJV, HAMP

Transferrin

MacrophageEnterocyte IRON

HEPCIDIN

Decreased iron bioavailability

HFE, TfR2
HJV, HAMP

Transferrin

MacrophageEnterocyte

Ferroportin
Hepatic and pancreatic iron overload in HFE

haemochromatosis -MRI (Courtesy of Pr Y. Gandon, Rennes)
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Figure 14.3.4.1 (a) Physiological role of hepcidin. The iron stock regulates hepcidin synthesis via a cascade including the HFE, hemojuvelin and 
transferrin 2 receptor (TfR 2) proteins. Hepcidin controls the release of iron by ferroportin, especially in enterocytes and macrophages. It acts by 
reducing the cellular egress of iron, which results in decreasing both serum iron and transferrin saturation and, then, the bioavailability of iron. 
(b) Pathophysiology of iron loading in haemochromatosis. Alteration of the HFE, hemojuvelin, transferrin 2 receptor, or hepcidin gene is responsible 
for the dysregulation of hepcidin production. This results in lifting of the inhibition of iron egress from enterocytes and macrophages which is 
responsible for increased serum iron and transferrin saturation. The subsequent production of non- transferrin- bound iron (NTBI) leads to iron 
loading, as NTBI is avidly taken up by parenchymas.
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Pituitary damage in haemochromatosis [12, 13] has long been 
known from autopsy studies that showed major iron loading in 
pituitary cells, particularly gonadotrophs. Its main clinical conse-
quence is hypogonadism [14], seen in 12% to 38% of men at the time 
of diagnosis and manifest as decreased libido, testicular atrophy, 
and hair loss and, biochemically, as decreased testosteronemia 
[14]. Lowering of follicle- stimulating hormone (FSH) and lu-
teinizing hormone (LH) concentrations, the lack of response to 
gonadotropin- releasing hormone (GnRH) that is general seen, and 
the improvement of hypogonadism on administration of hCG all 
support a predominantly pituitary origin of the disorder. Cirrhosis 
also contributes to the decline of testosteronemia through a poorly 
understood mechanism, and diabetes can also be involved through 
neurological and vascular damage. Panhypopituitarism, central 
hypothyroidism [15], GH hyposecretion and adrenal insufficiency 
[16] due to haemochromatosis are all exceptional and anecdotal.

Extra- Endocrine Disorders

Chronic fatigue is one of the first symptoms of the disease, and bio-
chemical workup frequently has the initial aim of seeking iron defi-
ciency. The classically described greyish- brown skin pigmentation, 
predominating in exposed areas, nipples, and external genitalia, is a 
late sign, sometimes associated with ichthyosis of the arms and legs, 
leukonychia, and koilonychia.

Joint symptoms are common initial presentations, especially in 
women [17, 18] and are not correlated with the extent of iron excess. 
Nevertheless, they can be seriously debilitating [19]. Small distal 
joints are worst affected, especially the metacarpophalangeal and 
proximal interphalangeal joints of the second and third fingers, re-
sulting in pain on shaking hands. Other joints may also be affected 
including wrists, ankles and, more rarely, hips, knees, and shoul-
ders. Symptoms are arthralgias with a rather inflammatory rhythm, 
with a relapsing and remitting pattern, and acute flares in 5– 10% 
of cases. In advanced disease joints are deformed and functional 
impairment can become major. Radiologically, reduction of joint 

space, cystic subchondral osteopathy, sclerosis, and osteophytosis 
are seen in different combinations. Chondrocalcinosis is present in 
a quarter of cases. The pathophysiology of joint damage remains 
poorly understood.

Decreased bone mineral density [20] is detected in one- third of 
patients and is associated in 15% to 18% of cases with spinal fractures. 
It is somewhat correlated with iron excess, but is also driven by hypo-
gonadism, cirrhosis and, possibly hyperparathormonaemia [21].

Hepatomegaly can be major in advanced disease and is charac-
terized by (i)  classical left lobe predominance; (ii) undisturbed or 
almost normal liver functions (the most frequent abnormality is 
moderately (<3 fold) increased serum alanine amino transaminase 
(ALT) concentration); and (iii) rarity of hepatocellular failure and 
portal hypertension, even when cirrhosis is present, in the absence of 
cofactors. A major risk, however, is the development of primary liver 
cancer— especially hepatocellular carcinoma— as soon as cirrhosis 
has developed [22, 23]. Although reduced, the risk persists even if 
the patients is appropriately treated and fibrosis has regressed [24].

When present, heart damage is usually limited to echocardio-
graphic abnormalities including cardiac hyperechogenicity, in-
creased left ventricular volume without parietal thickening, and 
decreased left ventricular ejection fraction. In advanced disease, 
rhythm disorders may be seen, including atrial fibrillation, parox-
ysmal supraventricular tachycardia, atrial flutter or atrioventricular 
block and/ or congestive heart failure associated with cardio-
megaly and systolic dysfunction on echocardiography and cardiac 
hyposignal on magnetic resonance imaging (MRI).

A causal relationship between iron overload (and/ or chelator 
therapy) and certain infections, particularly those due to Yersinia 
enterolitica, Vibrio vulnificus, and Mucor, has been suggested. 
Asymptomatic deficiency in vitamins A and C is common.

Diagnosis

Haemochromatosis is diagnosed based on a combination of ab-
normal serum iron tests, and presence of the HFE C282Y mutation. 
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Figure 14.3.4.2 Phenotypic stages in HFE haemochromatosis (C282Y homozygosity). Not all patients progress to overt disease. According to the 
recommendations of the Haute Autorité de Santé, http:// www.anaes.fr.
Reproduced with permission from Deugnier Y, Mosser J. Modifying factors of the HFE hemochromatosis phenotype. Expert Rev Gastroenterol Hepatol. 2(4), 531– 40 (2008). 
Copyright 2018 Taylor & Francis Ltd (www.tandfonline.com).
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Serum iron concentration greater than 30  mmol/ L and, more spe-
cifically, transferrin saturation exceeding 60%, are common, together 
with slight hypotransferrinaemia of around 1.9 g/ L. It is essential, 
however, to consider and exclude (i) false negatives where there is as-
sociated systemic inflammation or metabolic syndrome; and (ii) false 
positives connected with haemolysis in the sampling tube, cell lysis 
(e.g. hepatic necrosis, haemolysis, rhabdomyolysis), metabolic syn-
drome, and/ or hepatic disease (increased transferrin saturation due 
to deficient transferrin synthesis by the liver). Transferrin saturation 
remains the best index for both diagnosis of and disease monitoring 
in haemochromatosis, and indeed in the absence of systemic inflam-
mation, metabolic syndrome, and outside the context of systematic 
screening, normal transferrin saturation rules out the disease.

Unlike serum iron concentration, serum ferritin concentra-
tion provides information on the degree of iron excess and there-
fore varies greatly from one subject to another. However, although 
a normal concentration allows exclusion of the diagnosis of iron 
overload, normal serum ferritin concentration does not exclude 
HFE C282Y homozygosity. Conversely, there are frequent false 
positive cases of hyperferritinaemia in the absence of excess body 
iron due to numerous conditions including excessive alcohol 
consumption, metabolic syndrome, cell lysis, inflammatory, and 
macrophage activation syndromes, tumours, Gaucher disease, and 
hyperferritinaemia- cataract syndrome.

HFE genotyping is indicated if, and only if, transferrin satur-
ation is elevated and requires prior consent and subsequent gen-
etic counselling. A diagnosis of HFE haemochromatosis is certain 
in people with HFE C282Y homozygosity. C282Y- H63D compound 
heterozygosity may be responsible for mild, clinically asymptomatic 
iron excess but not overt haemochromatosis. The diagnosis must 
be ruled out in the case of any other HFE genotypes except when 
the three following conditions are met: (1) authentication of signifi-
cant iron overload by MRI or liver biopsy; (2) exclusion of all other 
causes of iron overload (see next); and (3)  demonstration of two 
major mutations on the HFE gene, which generally corresponds to 
compound heterozygote states combining C282Y with a very rare 
or ‘private’ mutation [25].

Further clinical evaluation

No special evaluation is needed in patients with stage 0/ 1 haemo-
chromatosis. In stages 2, 3, and four clinical examination should 
seek the various manifestations of the disease, and blood count, 
determination of serum transaminases and fasting glucose, and 
electrocardiography should be undertaken. Additional assessments 
may be helpful depending on the context. Liver biopsy may be ne-
cessary to assess hepatic fibrosis as cirrhosis confers an increased 
risk of liver cancer and thus modifies subsequent management. It 
is not indicated in C282Y homozygotes whose the liver is not en-
larged AND serum ferritin levels are lower than 1000 ng/ ml AND 
serum alanine aminotransaminase (ALAT) levels are normal, since 
these patients have been shown never to have bridging fibrosis or 
cirrhosis [26]. It remains indicated in those who do not meet these 
three criteria. Elastometry may, in the near future, further restrict 
use of biopsy [27]. Hepatic MRI replaces biopsy in quantification 
of iron excess [28] when it is likely to be overestimated by serum 
ferritin alone. It also detects (pre)neoplastic lesions [29] which ex-
hibit relative hyperintensity of signal (by absence of iron at their 
level) [30]. Joint radiography may be indicated in case of painful 

joints as well as bone densitometry if risk factors for low bone min-
eral density are present (e.g. peri or postmenopause, cirrhosis, and/ 
or hypogonadism). Determination of serum testosterone may be 
useful in men with sexual disturbances, while echocardiography is 
indicated in case of heart- related symptoms or systematically when 
serum ferritin levels exceed 1000 ng/ ml.

Treatment

Phlebotomy remains the main approach to depletion of excess 
iron. This involves removal of 5– 7 ml blood/ kg per session, which 
are weekly until serum ferritin concentration falls below 50 μg/ L. 
This first phase can last from a few weeks to more than two years, 
depending on the extent of the initial iron excess. It is followed by a 
lifelong maintenance phase consisting of regular phlebotomy whose 
rate and volume are adjusted to maintain serum ferritin concentra-
tion below 50– 100 μg/ L and, if possible, transferrin saturation below 
50% [31]. One phlebotomy every 1– 4 months is then sufficient, ex-
cept for (i) during pregnancy, when iron removal is suspended; (ii) 
the time of menopause, when the rhythm and/ or volume of phle-
botomy must be adapted to the new physiological conditions; and 
(iii) in the elderly, when it is customary to reduce the unit volume 
of phlebotomy to 150– 250ml or to stop, according to the patient’s 
general condition and tolerance of the procedure.

Tolerance of phlebotomy is excellent as long as puncture points 
are varied and fluid is replenished before and after each session. 
Blood pressure measured before and after each blood removal, and 
blood count monthly initially or at each bleeding during the main-
tenance phase are used to monitor for side effects of therapy. Its ef-
fectiveness is monitored by serum ferritin concentration monthly 
at the beginning of treatment then every two bleeds once serum 
ferritin has dropped below 300 ng/ ml (200 ng/ ml in women).

Survival outcomes are excellent. Indeed, when initial serum fer-
ritin concentration lies between the upper limit of normal and 1000 
µg/ L, survival is longer than that of the general population due 
to lower mortality from cardiovascular disease and extrahepatic 
cancer [32]. Only people with initial serum ferritin greater than 
2000 µg/ L have reduced life expectancy, mainly due to liver cancer 
and diabetes [32]. Phlebotomy normalizes prevalence of asthenia, 
melanoderma, heart damage, hepatomegaly, and increased serum 
transaminase levels, but does not lead to full resolution of joint 
manifestations, diabetes, and hypogonadism. Glucose intolerance 
can be improved, but not insulin- requiring diabetes, although in-
sulin requirement is reduced in 40% of cases [11]. A few cases of 
regression of hypogonadism on depletive treatment have been re-
ported [14, 33, 34], but hypogonadism generally requires additional 
specific management. The risk of liver cancer is reduced but remains 
above background in ‘de- ironed’ cirrhotic patients, mandating con-
tinued biannual ultrasound surveillance.

Although phlebotomy is convenient, cheap, and efficient, some 
patients are reluctant to undergo this treatment or are unable to 
tolerate it because of associated disorders (e.g. anaemia, heart 
failure). In this setting iron chelators may be used to deplete the ex-
cess iron burden. Deferoxamine has been used for decades in iron- 
overloading anaemias, and some reports showed good results in 
haemochromatosis. However continuous subcutaneous infusion is 
required, hampering adherence to treatment. The oral iron chelator 
deferasirox showed good efficacy but poor tolerability in a phase 1/ 
2 clinical trial [35] and cannot be used to maintain low body iron 
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stores. In the near future, hepcidin agonists currently under devel-
opment and clinical evaluation could prove valuable options, as 
they would fully address the pathological hepcidin deficiency that 
causes haemochromatosis [36].

There is no evidence that a low iron diet is beneficial in the long 
term. Reduction of intestinal absorption of iron by tea consumption 
[37] or by proton pump inhibitor has been advocated in small con-
trolled studies [38,  39]. Alcohol consumption should be discour-
aged during the initial depletion period and should then be limited, 
except in cirrhosis where it should be prohibited. Vitamin C sup-
plementation should be avoided at the beginning of depletive treat-
ment as it may precipitate cardiac decompensation. The finding of 
macrocytosis may motivate the use of folic acid. Visceral complica-
tions do not require specific measures. Treatment of hypogonadism 
may include use of androgens administered transcutaneously at 
physiological doses, other forms of androgen therapy being sus-
pected of increasing risk of liver cancer.

Screening and Prevention

European [5]  and American [40] recommendations do not advo-
cate systematic screening for the disease but strongly recommend 
family screening of first- degree relatives of any C282Y homozygote. 
Collection of both phenotypic and genotypic data is recommended 
in siblings, but screening of parents may be phenotypic only. For 
children it is suggested either to wait until the age of 18 or to offer 
genotyping to the other parent to clarify their risk. In C282Y homo-
zygotes detected at stage 0 or 1, simple biological monitoring is re-
quired every 3 years (stage 0) or annually (stage 1). For those who 
are screened at stages 2 to 4, depletive therapy should be imple-
mented after appropriate pretherapeutic assessment. C282Y hetero-
zygotes can be reassured and released from any surveillance, except 
in the event of an abnormality of their iron balance, which requires 
the search for compound heterozygosity or any other cause of dis-
turbance of iron metabolism. Genotyping of their partner is suitable 
in order to assess any possible risk of homozygosity in any offspring.

non- HFe Haemochromatosis

These are extremely rare conditions. Type 2 haemochroma-
tosis or juvenile haemochromatosis is linked to mutation of the 
hemojuvelin gene (HJV) [41] or, even more exceptionally, in the 
hepcidin gene (HAMP) [42]. It is expressed in adolescents or young 
adults by hypogonadotropic hypogonadism, heart failure, and cir-
rhosis which, as a rule, respond well to vigorous treatment with 
phlebotomy. Type 3 haemochromatosis has been described in some 
Mediterranean and other European families [43]. It is linked to mu-
tation of the transferrin receptor 2 gene (TFR2) and produces a pic-
ture superimposable upon that of HFE hemochromatosis.

non- Haemochromatotic Iron 
overload Syndromes

These are genetic conditions that also affect iron metabolism, 
but that have a disease phenotype distinct from that of genetic 
haemochromatosis.

Ferroportin Disease

Ferroportin is a protein that, under the control of hepcidin, ensures 
egress of iron from enterocytes and macrophages to plasma [44]. 

Mutations of the ferroportin gene are rare and lead to type 4 haemo-
chromatosis, also known as ‘ferroportin disease’. The most frequent 
form (Type 4A) is clearly distinguished from HFE haemochroma-
tosis by (i)  its dominant autosomal mode of transmission; (i)  its 
very low clinical expressiveness; (iii) its biochemical phenotype, 
which is characterized by elevated serum ferritin concentration but 
normal or only slightly increased transferrin saturation; and (iv) a 
predominantly mesenchymal pattern of iron deposition [45]. The 
disease is usually diagnosed in adulthood because of its long clinical 
latency in the absence of environmental cofactors. Rare mutations 
rendering ferroportin insensitive to hepcidin lead to phenotype 
similar to that of HFE haemochromatosis (Type 4B).

Aceruloplasminemia

This is an autosomal recessive disease of adulthood featuring par-
enchymal iron overload affecting the liver, pancreas (diabetes) and 
central nervous system (retinitis pigmentosa, extrapyramidal syn-
drome and disorders of cognitive functions up to dementia) [46]. 
Biochemically, it is characterized by hyperferritinaemia with low 
transferrin saturation, but its hallmark is the extremely low rate of 
serum ceruloplasmin. Phlebotomy rapidly induces anaemia. Iron 
chelation is then the treatment of choice.

Acquired Disorders

Excessive iron therapy of anaemias, excessive iron intake, and liver 
cirrhosis all usually induce significant iron overload. The metabolic 
syndrome is responsible for only mild iron excess, in contrast.

Haematologic Disorders

Dyserythropoiesis, whatever its cause (e.g. thalassemia, hereditary 
or acquired sideroblastic anaemias, congenital dyserythropoietic an-
aemia) can induce iron overload secondary to iron hyperabsorption 
even before blood transfusion. The resulting clinical picture is 
similar to that of haemochromatosis. Most often, the haematological 
disorder is known and the patient is already treated by regular blood 
transfusions when the problem of iron overload is unmasked, how-
ever. In thalassemia major [47], which remains the most frequent 
cause of secondary iron overload, iron hyperabsorption and high 
transfusion requirements (on average 200– 300 ml/ kg/ day, or 0.25– 
0.40 mg/ kg/ day of iron) contribute to early iron overload. In the 
first decade, this manifest as hepatomegaly with fibrosis and growth 
retardation. It is later responsible for delayed sexual maturation and 
cardiomyopathy, the latter being the main cause of death in young 
patients. All serum iron load markers are increased. Treatment is 
based on dietary measures to limit intake and absorption of iron 
(e.g. tea consumption) and use of iron chelators. Deferasirox, an or-
ally active chelator that is generally well tolerated by young patients 
has revolutionized the management of this type of overload.

excessive Iron Intake

Whatever its route of administration, regular and prolonged iron 
intake can lead to iron overload, as seen sometimes in high per-
formance athletes unduly supplemented with iron [48], for example.
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cirrhosis of the Liver

In any cirrhosis, a pseudo- haemochromatotic picture including 
melanoderma, hypogonadism, diabetes, hyperferritinaemia, in-
creased transferrin saturation (by hypotransferrinaemia and 
hypohepcidinaemia secondary to hepatocellular insufficiency [49– 
51]) and hepatic iron overload (by hepatocytic uptake of NTBI). In 
these cases, it is often necessary to look for the underlying mutation 
to distinguish confidently between genetic haemochromatosis and 
iron overload secondary to cirrhosis.

Metabolic Syndrome

Hyperferritinaemia is present in almost half of patients with meta-
bolic syndrome [52,  53]. It is related to subclinical inflammation 
and steatohepatitis associated with insulin resistance, but may indi-
cate true excess of body iron, as part of what has been coined as the 
dysmetabolic iron overload syndrome (DIOS) [54]. DIOS denotes a 
combination of unexplained hepatic iron overload and one or more 
elements of the metabolic syndrome. Its diagnosis is based on (i) this 
association; (ii) the absence of any other identifiable cause of hep-
atic iron overload; and (iii) certain biochemical patterns of abnor-
mality, including absence of increased transferrin saturation despite 
hyperferritinaemia up to 1500 ng/ ml [55], a mixed pattern of hepatic 
iron deposits (i.e. in hepatocytes and macrophages) and a moderate 
increase of hepatic iron concentration, rarely exceeding 120 μmol/ g 
(N <35). In half of such patients, steatosis, or steatohepatitis coexists, 
with severe fibrosis or cirrhosis in 15% of cases. This explains the fairly 
broad indications for liver biopsy in these individuals. Alteration of 
iron metabolism in DIOS likely results from a multifactorial and dy-
namic process driven by chronic positive energy balance, and fea-
turing cross- talk between the liver and overloaded adipose tissue. 

Successful treatment of metabolic abnormalities to current targets 
is mandatory but is insufficient to normalize serum ferritin. Two re-
cent controlled studies [56, 57], however, have failed to support phle-
botomy as a useful option in DIOS patients. Sustained modification 
of diet and lifestyle thus remains the first therapeutic intervention, 
together with pharmacological control of blood pressure, blood glu-
cose, and dyslipidaemia when necessary.

As shown in Figure 14.3.4.3, diagnosis of disorders of iron me-
tabolism has benefited greatly from advances in molecular genetics 
and MRI. Nevertheless, it remains firmly rooted upon a strict clin-
ical approach recognizing that acquired conditions are the rule and 
genetic causes the exception. Targeting hepcidin with drugs repre-
sents the most promising prospect for novel therapeutics in future.

AcKnoWLeDGeMenTS

The authors thank Stuart Byrom (DRCI, Pontchaillou University 
Hospital, 35033 Rennes cedex, France) for reviewing the English 
language.

ReFeRenceS
 1. Powell LW, Seckington RC, Deugnier Y . Haemochromatosis . 

Lancet, 2016; 388: 706– 16.
 2. Brissot P, Moirand R, Jouanolle AM, et al. A genotypic study of 

217 unrelated probands diagnosed as ‘genetic hemochromatosis’ 
on ‘classical’ phenotypic criteria. J Hepatol, 1999; 30: 588– 93.

 3. Hollerer I, Bachmann A, Muckenthaler MU . Pathophysiological 
consequences and benefits of HFE mutations: 20 years of research. 
Haematologica, 2017; 102: 809– 17.

 4. Brissot P, Ropert M, Le Lan C, Loreal O . Non- transferrin bound 
iron: a key role in iron overload and iron toxicity . Biochimica et 
Biophysica Acta, 2012; 1820: 403– 10.

Metabolic Syndrome
(DIOS)

C282Y ++Other genotypes

HFE testing
(C282Y)

50-120 μmol/g  <50 μmol/g> 120 μmol/g*

< 120 μmol/g > 120 μmol/g*

Ferroportin A
Ceruloplasmin

Compound HFE
(C282Y-H63D)

L ferritin
± cataract 

HJV — HAMP
TfR2 — Rare HFE

Ferroportin B 

TRANSFERRIN
SATURATION

Check
x2-3

HYPERFERRITINEMIA
Blood cell count
Haptoglobin
Réticulocytes

CRP
AST - ALT

GGT - MCV
Body mass index
Blood pressure

HDL-LDL
TG-Glucose

HFE

N

Iron stores?
MRI - Biopsy - Phlebotomies

Iron stores?
MRI - Biopsy - Phlebotomies

Anemia
Transfusions

Inflammation
Cell necrosis

Alcohol
Metabolic Syndrome

Treat &
check

Cirrhosis - Compensated dysmyelopoiesis

Figure 14.3.4.3 Diagnostic algorithm for hyperferritinaemia. DIOS, dysmetabolic iron overload syndrome; HAMP, hepcidin; HJV, hemojuvelin; TfR2, 
transferrin receptor 2. Italics: genetic disorders (recessive/ dominant). * Or amount of iron removed by weekly/ bimonthly phlebotomies: 3 g in males and 
2 g in females (1 L of blood = 0.5 g of iron).



SecTIon 14 Obesity, Dyslipidaemia and Other Metabolic Disorders1908

 5. Pietrangelo A, Deugnier Y, Dooley J, Erhardt A, Zoller H . 
EASL clinical practice guidelines for HFE hemochromatosis . J 
Hepatol, 2010; 53: 3– 22.

 6. Moirand R, Jouanolle AM, Brissot P, Le Gall JY, David V, 
Deugnier Y. Phenotypic expression of HFE mutations: a French 
study of 1110 unrelated iron- overloaded patients and relatives . 
Gastroenterology, 1999; 116: 372– 7.

 7. Beutler E, Felitti VJ, Koziol JA, Ho NJ, Gelbart T . Penetrance of 
845G- - > A (C282Y) HFE hereditary haemochromatosis muta-
tion in the USA . Lancet, 2002; 359: 211– 18.

 8. Allen KJ, Gurrin LC, Constantine CC, et al. Iron- overload- 
related disease in HFE hereditary hemochromatosis. N Engl J 
Med, 2008; 358: 221– 30.

 9. Gurrin LC, Bertalli NA, Dalton GW, et al. HFE C282Y/ H63D 
compound heterozygotes are at low risk of hemochromatosis- 
related morbidity. Hepatology, 2009; 50: 94– 101.

 10. Walsh A, Dixon JL, Ramm GA, et al. The clinical relevance of 
compound heterozygosity for the C282Y and H63D substitu-
tions in hemochromatosis. Clin Gastroenterol Hepatol, 2006; 
4: 1403– 10.

 11. Strohmeyer G, Niederau C . Diabetes mellitus and hemo-
chromatosis. In: Barton JC, Edwards CQ, eds. Hemochromatosis 
Genetics: Pathophysiology, Diagnosis, and Treatment. 
Cambridge: Cambridge University Press, 2000: 268– 77.

 12. Kontogeorgos G, Handy S, Kovacs K, Horvath E, Scheithauer 
BW. The Anterior Pituitary in Hemochromatosis . Endocr Pathol, 
1996; 7: 159– 64.

 13. Walsh CH . Non- diabetic endocrinopathy in hemochroma-
tosis . In: Barton JC, Edwards CQ, eds. Hemochromatosis 
Genetics: Pathophysiology, Diagnosis, and Treatment. 
Cambridge: Cambridge University Press; 2000: 278– 89.

 14. McDermott JH, Walsh CH . Hypogonadism in hereditary hemo-
chromatosis . J Clin Endocrinol Metab, 2005; 90: 2451– 5.

 15. Murphy MS, Walsh CH . Thyroid function in haemochromatosis 
. Ir J Med Sci, 2004; 173: 27– 9.

 16. Hempenius LM, Van Dam PS, Marx JJ, Koppeschaar HP 
. Mineralocorticoid status and endocrine dysfunction 
in severe hemochromatosis . J Endocrinol Invest, 1999; 
22: 369– 76.

 17. Ines LS, da Silva JA, Malcata AB, Porto AL . Arthropathy of gen-
etic hemochromatosis: a major and distinctive manifestation of 
the disease. Clin Exp Rheumatol, 2001; 19: 98– 102.

 18. Rull M, Schumacher Jr R . The arthropathy of hemochroma-
tosis . In: Barton JC, Edwards CQ, eds. Hemochromatosis 
Genetics: Pathophysiology, Diagnosis, and Treatment. 
Cambridge: Cambridge University Press, 2000: 258– 67.

 19. Adams PC, Speechley M . The effect of arthritis on the quality 
of life in hereditary hemochromatosis . J Rheumatol, 1996; 
23: 707– 10.

 20. Guggenbuhl P, Deugnier Y, Boisdet JF, et al. Bone mineral 
density in men with genetic hemochromatosis and HFE gene 
mutation. Osteoporos Int, 2005; 16: 1809– 14.

 21. Pawlotsky Y, Le Dantec P, Moirand R, et al. Elevated parathyroid 
hormone 44– 68 and osteoarticular changes in patients with gen-
etic hemochromatosis. Arthritis Rheum, 1999; 42: 799– 806.

 22. Bradbear RA, Bain C, Siskind V, et al. Cohort study of internal 
malignancy in genetic hemochromatosis and other chronic non-
alcoholic liver diseases. J Natl Cancer Inst, 1985; 75: 81– 4.

 23. Deugnier YM, Guyader D, Crantock L, et al. Primary liver 
cancer in genetic hemochromatosis: a clinical, pathological, 
and pathogenetic study of 54 cases. Gastroenterology, 1993; 
104: 228– 34.

 24. Falize L, Guillygomarc’h A, Perrin M, et al. Reversibility of hep-
atic fibrosis in treated genetic hemochromatosis: a study of 36 
cases. Hepatology, 2006; 44: 472– 7.

 25. Hamdi- Roze H, Beaumont- Epinette MP, Ben Ali Z, et al. Rare 
HFE variants are the most frequent cause of hemochromatosis 
in non- c282y homozygous patients with hemochromatosis. Am J 
Hematol, 2016; 91: 1202– 5.

 26. Guyader D, Jacquelinet C, Moirand R, et al. Noninvasive pre-
diction of fibrosis in C282Y homozygous hemochromatosis. 
Gastroenterology, 1998; 115: 929– 36.

 27. Legros L, Bardou- Jacquet E, Latournerie M, et al. Non- invasive 
assessment of liver fibrosis in C282Y homozygous HFE hemo-
chromatosis. Liver Int, 2015; 35: 1731– 8.

 28. Gandon Y, Olivie D, Guyader D, et al. Non- invasive assessment 
of hepatic iron stores by MRI. Lancet, 2004; 363: 357– 62.

 29. Deugnier YM, Charalambous P, Le Quilleuc D, et al. 
Preneoplastic significance of hepatic iron- free foci in genetic 
hemochromatosis: a study of 185 patients. Hepatology, 1993; 
18: 1363– 9.

 30. Guyader D, Gandon Y, Sapey T, et al. Magnetic resonance iron- 
free nodules in genetic hemochromatosis. Am J Gastroenterol, 
1999; 94: 1083– 6.

 31. Bardou- Jacquet E, Laine F, Guggenbuhl P, et al. Worse outcomes 
of patients with HFE hemochromatosis with persistent increases 
in transferrin saturation during maintenance therapy. Clin 
Gastroenterol Hepatol, 2017; 15: 1620– 7.

 32. Bardou- Jacquet E, Morcet J, Manet G, et al. Decreased cardiovas-
cular and extrahepatic cancer- related mortality in treated patients 
with mild HFE hemochromatosis. J Hepatol, 2015; 62: 682– 9.

 33. Angelopoulos NG, Goula A, Dimitriou E, Tolis G . Reversibility 
of hypogonadotropic hypogonadism in a patient with the ju-
venile form of hemochromatosis . Fertil Steril, 2005; 84: 1744.

 34. Hamer OW, Gnad M, Scholmerich J, Palitzsch KD . Successful 
treatment of erectile dysfunction and infertility by vene-
section in a patient with primary haemochromatosis . Eur J 
Gastroenterol Hepatol, 2001; 13: 985– 8.

 35. Phatak P, Brissot P, Wurster M, et al. A phase 1/ 2, dose- escalation trial 
of deferasirox for the treatment of iron overload in HFE- related 
hereditary hemochromatosis. Hepatology, 2010; 52: 1671– 779.

 36. Casu C, Nemeth E, Rivella S . Hepcidin agonists as therapeutic 
tools . Blood, 2018; 131: 1790– 4.

 37. Kaltwasser JP, Werner E, Schalk K, Hansen C, Gottschalk R, Seidl 
C . Clinical trial on the effect of regular tea drinking on iron accu-
mulation in genetic haemochromatosis . Gut, 1998; 43: 699– 704.

 38. Hutchinson C, Geissler CA, Powell JJ, Bomford A . Proton pump 
inhibitors suppress absorption of dietary non- haem iron in her-
editary haemochromatosis . Gut, 2007; 56: 1291– 5.

 39. Vanclooster A, van Deursen C, Jaspers R, Cassiman D, Koek 
G . proton pump inhibitors decrease phlebotomy need in HFE 
hemochromatosis: double- blind randomized placebo- controlled 
trial . Gastroenterology, 2017; 153: 678– 80.e2.

 40. Bacon BR, Adams PC, Kowdley KV, Powell LW, Tavill AS, 
American Association for the Study of Liver Disease. Diagnosis 
and management of hemochromatosis: 2011 practice guideline 
by the American Association for the Study of Liver Diseases. 
Hepatology, 2011; 54: 328– 43.

 41. Papanikolaou G, Samuels ME, Ludwig EH, et al. Mutations in 
HFE2 cause iron overload in chromosome 1q- linked juvenile 
hemochromatosis. Nat Genet, 2004; 36: 77– 82.

 42. Roetto A, Papanikolaou G, Politou M, et al. Mutant antimicro-
bial peptide hepcidin is associated with severe juvenile hemo-
chromatosis. Nat Genet, 2003; 33: 21– 2.



14.3.5 The Porphyrias 1909

 43. Camaschella C, Roetto A, Cali A, et al. The gene TFR2 is mu-
tated in a new type of haemochromatosis mapping to 7q22. Nat 
Genet, 2000; 25: 14– 15.

 44. Pietrangelo A. Ferroportin disease: pathogenesis, diagnosis and 
treatment . Haematologica, 2017; 102: 1972– 84.

 45. Le Lan C, Mosser A, Ropert M, et al. Sex and acquired cofactors 
determine phenotypes of ferroportin disease. Gastroenterology, 
2011; 140: 1199– 207.e1– 2.

 46. Kono S . Aceruloplasminemia: an update . Int Rev Neurobiol, 
2013; 110: 125– 51.

 47. Viprakasit V, Ekwattanakit S . Clinical classification, screening 
and diagnosis for thalassemia . Hematol Oncol Clin North Am, 
2018; 32: 193– 211.

 48. Deugnier Y, Loreal O, Carre F, et al. Increased body iron stores 
in elite road cyclists. Med Sci Sports Exerc, 2002; 34: 876– 80.

 49. Deugnier Y, Turlin B, le Quilleuc D, et al. A reappraisal of hep-
atic siderosis in patients with end- stage cirrhosis: practical 
implications for the diagnosis of hemochromatosis. Am J Surg 
Pathol, 1997; 21: 669– 75.

 50. Ludwig J, Hashimoto E, Porayko MK, Moyer TP, Baldus 
WP. Hemosiderosis in cirrhosis: a study of 447 native livers. 
Gastroenterology, 1997; 112: 882– 8.

 51. Detivaud L, Nemeth E, Boudjema K, et al. Hepcidin levels in hu-
mans are correlated with hepatic iron stores, hemoglobin levels, 
and hepatic function. Blood, 2005; 106: 746– 8.

 52. Deugnier Y, Bardou- Jacquet E, Laine F . Dysmetabolic iron 
overload syndrome (DIOS). Presse medicale, 2017; 46(12 Pt 
2): e306- e11.

 53. Bozzini C, Girelli D, Olivieri O, et al. Prevalence of body 
iron excess in the metabolic syndrome. Diabetes Care, 2005; 
28: 2061– 3.

 54. Mendler MH, Turlin B, Moirand R, et al. Insulin resistance- 
associated hepatic iron overload. Gastroenterology, 1999; 
117: 1155– 63.

 55. Moirand R, Mortaji AM, Loreal O, Paillard F, Brissot P, Deugnier 
Y . A new syndrome of liver iron overload with normal trans-
ferrin saturation . Lancet, 1997; 349: 95– 7.

 56. Adams LA, Crawford DH, Stuart K, et al. The impact of phle-
botomy in nonalcoholic fatty liver disease: a prospective, ran-
domized, controlled trial. Hepatology, 2015; 61: 1555– 64.

 57. Laine F, Ruivard M, Loustaud- Ratti V, et al. Metabolic and 
hepatic effects of bloodletting in dysmetabolic iron overload 
syndrome: a randomized controlled study in 274 patients. 
Hepatology, 2017; 65: 465– 74.

14.3.5 The Porphyrias
Michael N. Badminton and  
Danja Schulenburg- Brand

Introduction 1909

Acute Porphyrias— Autosomal Dominant 1910

Acute Porphyrias— 5- Aminolaevulinate Dehydratase Porphyria 

(ADP) 1911

Non- Acute Porphyrias 1911

Porphyria Cutanea Tarda (PCT) 1911

Congenital Erythropoietic Porphyria (CEP) 1912

Erythropoietic Protoporphyria (EPP) 1912

X- linked Erythropoietic Protoporphyria (XLEPP) 1913

Laboratory Diagnosis of Non- Acute Porphyrias 1913

References 1913

Introduction

The porphyrias are metabolic diseases resulting from deficiency, or 
in one disease increased activity, of specific enzymes of haem bio-
synthesis [1] . Each of the eight types of porphyria is defined by as-
sociation of characteristic clinical features with a specific pattern 
of overproduction of pathway intermediates which identifies the 
underlying enzymatic abnormality (Figure 14.3.5.1).

The porphyrias are subdivided clinically into those that are acute, 
characterized by acute neurovisceral attacks associated with the 
overproduction of the porphyrin precursor, 5- aminolaevulinic 
acid (ALA) and porphobilinogen (PBG), and those that are non- 
acute, in which attacks are absent and photocutaneous symptoms 
due to excess porphyrins are the main clinical manifestation. An 

Figure 14.3.5.1 Haem biosynthesis pathway and enzyme 
abnormalities in the porphyrias. Enzymes (and genes) denoted in 
italics; ▲, increased enzyme activity; ▼, decreased enzyme activity. 
5- Aminolaevulinate synthase 2 is expressed only in erythroid cells; 
inherited abnormal function of ubiquitous 5- aminolevulinate synthase 
1, has not yet been identified in any disease. Dark box denotes acute 
porphyria. XLDPP, X- linked erythropoietic protoporphyria; AIP, acute 
intermittent porphyria; ADP, 5— aminolaevulinate dehydratase deficiency 
porphyria; CEP, congenital erythropoietic porphyria; PCT, porphyria 
cutanea tarda; HCP, hereditary coproporphyria; VP, variegate porphyria; 
EPP, erythropoietic protoporphyria.
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alternative classification of erythropoietic or hepatic porphyria is 
based on the principal site of metabolite overproduction.

Acute Porphyrias— Autosomal Dominant

Clinically identical acute neurovisceral attacks occur in three AD 
porphyrias:  acute intermittent porphyria (AIP; OMIM176000), 
hereditary coproporphyria (HCP; OMIM 121300), and varie-
gate porphyria (VP; OMIM600923) [2] . Acute attacks can be life 
threatening if not recognized and appropriately treated. In most 
countries, AIP affects about 1 in 170  000 of the population, VP 
about 1 in 300 000, and HCP about 1 in 106. Acute neurovisceral 
attacks are the main clinical feature of AIP; photocutaneous symp-
toms do not occur. In VP, 40% of patients present with acute 
attacks, of whom half also have skin lesions, but 60% present with 
skin lesions alone. HCP presents with acute attacks that are accom-
panied by skin lesions in about 30% of patients; photocutaneous 
symptoms alone are rare and usually provoked by intercurrent liver 
disease. The skin lesions of VP and HCP are identical to those of 
bullous non- acute porphyrias.

Biochemical and Genetic Basis

The underlying defect in each of the AD acute porphyrias is a mu-
tation leading to inactivation of one copy of the gene encoding 
the enzyme, and enzyme activities are thus half– normal in 
all tissues. Haem supply is maintained in the liver and other 
non- erythroid tissues by up- regulation of the rate controlling  
enzyme 5- aminolaevulinate synthase (ALAS1), with increases in 
substrate concentration of the affected enzyme. Compensatory 
change varies between tissues and between individuals with some 
showing no evidence of heme precursor overproduction while 
others have biochemically manifest disease with or without clin-
ical symptoms.

Low clinical penetrance is a feature of AIP, HCP, and VP and 
many affected individuals remain asymptomatic throughout life. 
About 25% of patients with overt acute porphyria therefore have 
no family history. De novo mutations are uncommon. All three dis-
eases show extensive allelic heterogeneity except in countries where 
founder effects occur. No clear genotype- phenotype correlation has 
been identified.

Pathogenesis of Acute Attacks

The symptomatology of acute attacks relates to dysfunction of 
autonomic, motor, and central nervous system neurons. The exact 
pathogenesis is not fully understood although ALA toxicity is cur-
rently the leading hypothesis [2] .

Precipitating Factors

Factors implicated either individually or in combination in-
clude: hormonal fluctuations (particularly menstrual), certain pre-
scribed and illicit drugs, excessive alcohol intake, calorie restriction, 
systemic illness, and stress. Attacks are more common in women, 
rare before puberty, and unusual after menopause. Attacks compli-
cate less than 10% of pregnancies. A clear precipitant is not always 
identified [3] .

clinical Features

Pain is virtually always the initial symptom of an acute attack (95– 
100%). It is usually abdominal, but can affect the lower back, buttocks, 
and thighs [3] . It is frequently associated with nausea, vomiting, and 
constipation. Abdominal pain can mimic an acute abdomen, and 
may lead to inappropriate surgery. Diminishing pain in the absence 
of treatment can indicate worsening neuropathy. Hypertension and 
tachycardia due to autonomic dysfunction are common.

Hyponatraemia is common and can be severe, leading to seiz-
ures. Seizures may also be secondary to porphyric encephalopathy. 
Despite inappropriate urine sodium excretion patients are usually 
dehydrated and fluid restriction is not usually effective, implying 
renal sodium wasting rather than inappropriate antidiuretic hor-
mone (ADH) secretion.

Symmetrical, distal motor neuropathy can occur, particularly 
where the attack is severe or treatment delayed. This can progress 
rapidly to complete motor paralysis mimicking Guillain– Barré syn-
drome. Other neurological signs include cranial nerve deficits and 
sensory changes in the same distribution as the motor neuropathy.

CNS involvement may cause confusion, anxiety, hallucinations, and 
paranoia. Chronic psychiatric illness is not a feature of acute porphyria.

Urine may appear ‘port- wine red’ due to the high content of por-
phyrin metabolites.

A small minority of patients, usually female, have repeated acute 
attacks. These may be premenstrual, occur as frequently as every month 
and are more likely in AIP and HCP than VP. Chronic complications 
include hypertension, impaired renal function, and hepatocellular car-
cinoma. Patients with active porphyria appear most at risk.

Laboratory Diagnosis

Measurement of urinary PBG excretion is the essential diagnostic 
investigation for an acute attack. Excretion of PBG and, to a lesser 
extent ALA is always increased during an attack, with PBG concen-
trations at least ten times the upper reference limit. PBG excretion 
decreases during remission, however, falling to normal over a period 
of years in AIP and a few weeks in HCP or VP. PBG excretion may 
be increased in adults with AIP who have never had symptoms. 
Although increased urinary PBG excretion makes it likely that symp-
toms are due to porphyria, the final diagnosis should be made on 
clinical grounds. Once the diagnosis of an attack of acute porphyria 
has been established, further investigation by analysis of plasma and 
faecal porphyrin identifies the type of porphyria (Table 14.3.5.1) [4] . 
If urine, plasma, and faecal porphyrins are normal, an acute attack 
is excluded as the cause of current or recent symptoms. Neither en-
zyme measurement nor mutational analysis are helpful for diagnosis 
of active porphyria in patients with suggestive symptoms [4].

Managing Acute Attacks

Unsafe drugs should immediately be withdrawn, and prompt treat-
ment of possible precipitants with medication known to be safe 
begun [5] . Opiate analgesia is invariably needed and very large doses 
are usually required. Nausea and vomiting may be treated with an 
antiemetic (ondansetron, prochlorperazine) and convulsions with 
clonazepam, lorazepam, or magnesium sulphate. Hypertension and 
tachycardia should be treated with β- blockers. Intravenous fluids 
should include saline plus dextrose to provide calories without 
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inducing hyponatraemia. Intravenous haematin is the recom-
mended first line treatment [2, 4, 5], and is available as haem arginate 
(Normosang, Orphan Europe) in Europe. It is administered as a 30- 
minute infusion of 3 mg/ kg daily on four consecutive days.

Recurrent acute attacks should prompt the seeking of advice from 
an expert porphyria centre [2,  5]. Options for treatment include 
suppression of ovulation using gonadorelin analogues [6]  or regular 
administration of haematin. For the most severely affected patients 
where acute attacks become life threatening, venous access for 
ongoing treatment with haematin is inadequate and/ or quality of 
life is severely reduced, liver transplantation may be considered [7]. 
Givosiran, a gene silencing therapy which targets hepatic ALAS1, 
was licensed for treating recurrent acute attacks by the US Food and 
Drug Administration Drugs (FDA) in November 2019 [8].

Preventing Acute Attacks

Patients should be advised about known precipitating factors and 
strategies to reduce the risk of acute attacks through patient infor-
mation leaflets (e.g. available in 10 languages from the European 
Porphyria Network website, http:// porphyria.eu/ ). Safe drug 
lists are available from several sources (e.g. the Welsh Medicines 
Information Centre; http:// www.wmic.wales.nhs.uk). Patient sup-
port groups include the British Porphyria Association (http:// www.
porphyria.org.uk), and warning jewellery in case of emergencies 
should also be considered (e.g. MedicAlert). Finally, family mem-
bers should be offered genetic testing so that presymptomatic rela-
tives can also be advised on reducing the risk of acute attacks.

Acute Porphyrias— 5- Aminolaevulinate 
Dehydratase Porphyria (ADP)

ADP (OMIM125270) is an exceedingly rare autosomal reces-
sive porphyria that results from almost complete deficiency of 

5- aminolaevulinate dehydratase (ALAD) activity with consequent 
overproduction of ALA. Only six cases have been reported [9] . 
Clinically it is indistinguishable from AIP and requires the same 
treatment. Diagnosis depends on demonstration of markedly in-
creased urinary ALA excretion without an increase in PBG, in-
creased erythrocyte zinc- protoporphyrin concentration, and very 
low erythrocyte ALAD activity.

non- Acute Porphyrias

In the non- acute porphyrias, symptoms result from photo-
sensitization of the skin by porphyrins activated by sunlight 
(UVA- visible range ~410  nm). The skin reacts to photo- damage 
in two different ways. First, accumulation of protoporphyrin in 
erythropoietic protoporphyria (EPP) and X- linked erythropoietic 
protoporphyria (XLEPP) causes acute painful photosensitivity. 
Second, accumulation of less hydrophobic porphyrins in porphyria 
cutanea tarda (PCT), congenital erythropoietic porphyria (CEP) 
VP and HCP, causes fragility of sun- exposed skin with erosions and 
subepidermal bullae. Painful photosensitivity is usually absent.

Porphyria cutanea Tarda (PcT)

PCT is the most common type of porphyria with an annual inci-
dence in the United Kingdom of between 2 and 5 per million.

Biochemical and Genetic Basis

The primary enzyme defect in PCT is decreased activity of liver 
uroporphyrinogen decarboxylase (UROD) leading to overpro-
duction of uroporphyrin and other intermediate porphyrins. 
About 75% of patients have an acquired PCT (OMIM176090) 
usually associated with liver disease. The UROD gene is normal 

Table 14.3.5.1 Inheritance and main clinical and diagnostic features of the porphyrias

Porphyria Gene Inheritance Symptoms Diagnosis

Acute intermittent porphyria HMBS autosomal 
dominant

acute attacks urine PBG, ALA increased; normal faecal copro IIIb

Hereditary coproporphyria CPOX autosomal 
dominant

acute attacks and/ or 
skin fragility, bullae

urine PBG, ALA increasedc; faecal copro III increasedb

Variegate porphyria PPOX autosomal 
dominant

skin fragility, bullae, 
and/ or acute attacks

urine PBG, ALA increasedc; plasma porphyrin peak at 624– 628 nm; 
faecal proto increased

ALA dehydratase deficiency 
porphyria

ALAD autosomal 
recessive

acute attacks urine ALA and copro III increased; erythrocyte Zn- proto increased

Porphyria cutanea tarda UROD complexa skin fragility, bullae urine PBG, ALA normal with increased uro and hepta; faecal hepta, 
isocopro increasedb

Congenital erythropoietic 
porphyria

UROS autosomal 
recessive

skin fragility, bullae; 
haemolytic anaemia

urine PBG, ALA normal with increased uro I and copro I; faecal copro 
I increased; erythrocyte porphyrin increasedb

Erythropoietic protoporphyria FECH autosomal 
recessive

acute painful 
photosensitivity

urine PBG, ALA, porphyrins normal; erythrocyte protoporphyrin 
increased; plasma porphyrin peak at 626– 634 nm

X- linked erythropoietic 
protoporphyria

ALAS2 X- linked acute painful 
photosensitivity

urine PBG, ALA, porphyrins normal; erythrocyte proto and Zn- proto 
increased; plasma porphyrin peak at 626– 634 nm

a Acquired or, in about 20%, autosomal dominant; b plasma porphyrin peak at 615– 622 nm may be present in AIP and HCP and is always present in PCT and CEP; c urine PBG may 
be normal in patients with skin lesions alone.
Copro, hepta, isocopro, proto, uro indicate coproporphyrin, heptacarboxylate porphyrin, isocoproporphyrin, protoporphyrin, uroporphyrin.
HMBS, hydroxymethylbilane synthase; CPOX, coproporphyrinogen oxidase; PPOX, protoporphyrinogen oxidase; ALAD, ALA dehydratase; UROD, uroporphyrinogen decarboxylase; 
UROS, uroporphyrinogen synthase; FECH, ferrochelatase; ALAS, ALA synthase
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and there is usually no family history of PCT. The remainder have 
familial PCT (OMIM176100) in which half– normal UROD ac-
tivity is caused by mutations in the UROD gene, inherited in an 
autosomal dominant pattern with low penetrance. Further inacti-
vation of UROD by the same process involved in sporadic PCT is 
required. Hepatic UROD is inactivated by an inhibitor produced 
by iron- dependent oxidation of uroporphyrinogen, the substrate 
of the UROD reaction [10].

clinical Features

PCT occurs at all ages in both sexes with onset usually during the 5th– 
6th decades. Familial PCT tends to occur at younger ages. Patients 
have fragile sun- exposed skin. Minor trauma results in erosions as 
well as vesicle and bullae formation, particularly on backs of the 
hands, forearms, and face. Lesions are slow to heal, leaving atrophic 
scars, milia, and patchy depigmentation. Hyperpigmentation and 
melanosis may also develop and facial hypertrichosis is common. 
Alopecia may develop at sites of repeated trauma or bullae.

Skin lesions are often the first sign of underlying hepatocyte 
damage. Overt liver disease is uncommon, but minor alterations 
in biochemical liver function tests are common. The majority have 
hepatic iron overload with increased transferrin saturation and fer-
ritin. Cirrhosis is present in <15% of patients, but confers high risk 
of hepatocellular carcinoma.

Associated conditions

This combination of skin lesions and liver damage is strongly asso-
ciated with excessive alcohol intake, oestrogen use, hepatitis C, or 
HIV infection, or mutations in the hemochromatosis (HFE) gene 
[11]. PCT may also occur in association with other disorders, not-
ably chronic renal failure, systemic lupus erythematosus, and haem-
atological malignancies.

Treatment

Avoidable risk factors such as alcohol or oestrogens should be iden-
tified, and underlying associated disorders sought and treated [12]. 
Exposure to light should be reduced by use of suitable clothing and 
reflectant sunscreens protecting against UVA/ visible light. Either of 
two specific treatments produce clinical and biochemical remission 
in most patients in 6 to 12 months, and can be monitored by urinary 
total porphyrin measurement. The first is reduction of iron stores by 
phlebotomy (450 ml, 1 to 2 weekly) until borderline iron deficient 
is achieved (assessed by haemoglobin, plasma transferrin saturation, 
and ferritin measurement). This is preferred in patient with genetic 
haemochromatosis. The second option is low dose intermittent oral 
chloroquine (125 mg) or hydroxychloroquine (100 mg) taken twice 
weekly. Antimalarial doses can provoke a severe hepatotoxic reaction.

congenital erythropoietic Porphyria (ceP)

CEP or Gunther disease (OMIM236700) is an autosomal recessive 
severe bullous porphyria that normally presents in infancy [13, 14]. 
It affects <1:1 000 000 of the UK population.

Biochemical and Genetic Basis

Mutations in the uroporphyrinogen synthase (UROS) gene, or, 
rarely, the GATA1 gene, decreases UROS activity resulting in massive 
overproduction of predominantly bone marrow uroporphyrin- I. 

Porphyrin- laden erythroid cells have a shortened life span leading 
to haemolytic anaemia, porphyrin release into plasma, and inef-
fective erythropoiesis. There is some correlation between genotype 
and severity of disease.

clinical Features

Clinical severity varies from non- immune hydrops fetalis to a mild 
PCT- like syndrome in young adults, but the majority of patients 
present in infancy with red urine, skin lesions, and haemolytic an-
aemia. Skin lesions are similar to those of PCT but more persistent 
and severe. Progression to severe scarring with photo- mutilation is 
common. Haemolytic anaemia may worsen porphyrin overproduc-
tion and photosensitivity; splenomegaly is common. Porphyrin ac-
cumulates in the bones and is visible in the teeth as erythrodontia 
(brown pigmentation which fluoresces under ultraviolet light). 
Expansion of hyperactive bone marrow may result in pathological 
fractures, vertebral compression, or collapse, shortness of stature, 
and rarely osteolytic and sclerotic lesions in the skeleton.

Treatment

Protection against sunlight and prevention of skin infections are 
essential. In addition to reflectant sunscreen ointments, rigorous 
physical avoidance of sunlight is usually necessary. Haemolytic 
anaemia may require repeated transfusion and iron chelation to 
prevent iron overload, but splenectomy is rarely effective. Bone in-
volvement may require bisphosphonate treatment and vitamin D 
supplementation. Allogeneic haematopoietic stem cell transplant-
ation is curative, while gene therapy for those without donors or 
otherwise unsuitable for transplantation is under development.

erythropoietic Protoporphyria (ePP)

EPP (OMIM 177000) is the more common of two porphyrias char-
acterized by acute painful photosensitivity resulting from accumu-
lation of protoporphyrin IX in the skin. The prevalence of EPP in 
Western Europe is one per 75 000 to 130 000.

Biochemical and Genetic Basis

Deficiency of ferrochelatase (FECH) activity leads to accumulation 
of protoporphyrin IX in skin, liver, and erythroid cells. In >90% of 
families, patients are compound heterozygotes for a FECH mutation 
that markedly decreases activity on one allele and a hypomorphic 
variant (FECH IVS3- 48C) [15]. These reduce FECH activity below 
the threshold at which protoporphyrin accumulates. The popu-
lation prevalence of EPP relates directly to the frequency of the 
hypomorphic allele which ranges from 45% in Japan to less than 1% 
in West Africa. The frequency in Europe is 7– 11%, sufficiently high 
for some families to show pseudodominant inheritance. About 4% 
of EPP families have deleterious FECH mutations on both alleles.

clinical Features

Symptoms normally start between birth and 6 years in both sexes, 
with median age of onset 1 year [16]. Exclusively photocutaneous 
symptoms occur in light- exposed areas such as the face and hands. 
Within 1 hour of sun exposure, stinging or painful burning sen-
sations occur in skin, usually followed several hours later by ery-
thema and oedema although in some there may be no objective 
signs of phototoxicity. Petechiae, purpura, vesicles, and crusting 
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may develop, and persist for several days. Recurrent episodes lead 
to chronic changes; typically, shallow linear scars over the nose 
and face with thickened waxy skin, especially over the knuckles. 
Symptoms tend to be more severe during spring and summer and 
may improve during pregnancy.

Protoporphyrin is hepatotoxic. About 20% of patients have abnormal 
biochemical liver function tests and 2% to 5% develop liver failure 
[17]. EPP may also increase the risk of cholelithiasis. Erythropoiesis 
is impaired in all patients with a lower haemoglobin concentration re-
sulting in a mild microcytic anaemia. Fifty per cent (50%) of patients 
are vitamin D deficient and at risk of osteoporosis [18].

Treatment

Acute photosensitivity can be controlled by avoidance of sunlight, 
suitable clothing, and reflectant sunscreens. A  subcutaneous im-
plant, afamelanotide (α- melanocyte- stimulating hormone ana-
logue) has recently been licensed. It increases the time during 
which patients are pain free in direct sunlight with improvement 
in quality of life reported [19]. Other options include production of 
a photoprotectant tan by narrowband ultraviolet B (UVB) photo-
therapy or oral β- carotene, which acts as a singlet oxygen quencher. 
Liver function and vitamin D status should be monitoring at least 
annually, and orthotopic liver transplantation is the only treatment 
for acute liver failure. Patients and families may request genetic 
counselling to assess the risk that offspring will be affected. Testing 
the unaffected partner for the presence of the hypomorphic FECH 
IVS3- 48C allele is helpful.

X- Linked erythropoietic Protoporphyria (XLePP)

About 2% of protoporphyria families have XLEPP (OMIM 
300752)  [20]. Protoporphyrin accumulation is secondary to in-
creased erythroid 5- aminolaevulinate synthase (ALAS2) activity 
caused by gain- of- function mutations in the ALAS2 gene. This X- 
linked condition is expressed in males and most females and may 
carry a higher risk of severe liver disease than EPP.

Laboratory Diagnosis of non- Acute Porphyrias

Skin biopsy is not required to diagnose cutaneous porphyria (Table 
14.3.5.1). Active skin lesions are always accompanied by increased 
circulating plasma porphyrins. The first line test is therefore a 
plasma porphyrin screen, which if negative, excludes active cu-
taneous porphyria. Specialist porphyrin biochemistry can readily 
distinguish between the different non- acute porphyrias provided 
appropriate samples are analysed (Table 14.3.5.1). Mutational 
analysis of the UROD gene to distinguish familial from sporadic 
PCT is not necessary for clinical management. Identification of 
UROS mutations may help to assess prognosis in CEP.
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15.1

Introduction to Diabetes Mellitus

α cell β cell

Figure 15.1.1.1 Islet ultrastructure. Transmission electron micrograph 
showing an islet beta- cell with typical dense core secretory granules and 
electrotranslucent halos. The secretory granules in the neighbouring  
alpha- cell have very dense cores and no halos. The scale bar is 2 μm.
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Islets of Langerhans

The pancreas possesses both exocrine and endocrine functions. The 
acinar cells of the exocrine pancreas produce digestive enzymes and 
account for over 97% of the pancreatic mass. The endocrine func-
tion is performed by the islets of Langerhans, which are spher-
ical clusters of 1000– 3000 cells scattered throughout the pancreas. 
A  human pancreas contains up to 1  million individual islets, each 
approximately 0.2 mm in diameter and composed of three main cell 
types:  insulin- producing beta- cells, glucagon- secreting alpha- cells, 
and somatostatin- producing delta- cells, which constitute ~60%, 35%, 
and 5%, respectively, of a typical human islet. The islets are penetrated 
by blood capillaries into which the hormones are secreted.

Insulin Biosynthesis and Storage

Human insulin consists of 51 amino acids that are arranged into 
two polypeptide chains. The A chain contains 21 amino acids and 
is linked to the 30 amino acid B chain by two disulphide bonds. 
The biosynthesis of insulin takes place in the beta- cell rough endo-
plasmic reticulum and occurs via two intermediate single chain 
polypeptides: preproinsulin, which is cleaved to generate proinsulin. 
Proinsulin contains the A and B chains of insulin linked by a con-
necting peptide (C- peptide) that ensures that the A and B chains 

are correctly orientated within the proinsulin molecule and that 
the disulphide bonds are aligned. Proinsulin is transported from 
the endoplasmic reticulum to the Golgi apparatus and packaged 
into secretory granules, where C- peptide is removed by enzymatic 
cleavage at specific amino acid residues. It is in these granules that 
the newly synthesized insulin forms insoluble crystalline hexamers 
by binding of insulin B- chain histidine residues to granule zinc ions 
(see Figure 15.1.1.1). C- peptide is also stored in the secretory gran-
ules, and it is released in equimolar amounts with insulin when the 
appropriate signal from the extracellular environment causes fusion 
of the granules with the beta- cell plasma membrane. C- peptide has 
been traditionally regarded as an inert molecule, useful only as an 
indicator of residual β- cell function in patients receiving insulin 
injections. However, it has been suggested that C- peptide exerts 
significant physiological effects such as increased glucose disposal, 
improved metabolic control and amelioration of diabetic nephrop-
athy [1] , which are thought to be mediated by activation of the G- 
protein- coupled receptor GPR146 [2].

The amino acid sequence of insulin is very similar among a range 
of mammalian species. Thus, porcine and human insulin differ by 
only one amino acid, and bovine insulin by three, which meant that 
insulin extracted from pig and cow pancreases was used to treat 
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diabetes until production of human insulin by recombinant DNA 
technology in the 1980s.

nutrient- Induced Insulin Secretion

Glucose

Glucose is the major physiological regulator of insulin secretion in 
mammals. In humans beta- cells are adapted to secrete insulin only 
when circulating glucose concentrations are elevated above 4 mM 
so that glucose is tightly regulated in the range of ~4– 7 mM [3] . The 
beta- cell responses are both very sensitive and rapid, usually within 
30 seconds of the arrival of a glucose stimulus. Insulin is secreted 
by a process known as exocytosis, whereby the insulin- containing 
secretory granules fuse with the beta- cell plasma membrane, thus 
releasing the granule contents into the circulation. It occurs in 
a biphasic manner in response to glucose, with an initial spike of 
insulin release within 1– 2 min, followed by a plateau phase that per-
sists for as long as the stimulus is maintained. Islet beta- cells are 
well- equipped for immediate and sustained insulin release. Insulin 
is approximately 10% of the total beta- cell protein and there are in 
excess of 10 000 secretory granules in each beta- cell, sufficient for a 
24- hour supply of insulin in the absence of any additional synthesis.

Glucose is taken up into beta- cells by glucose transporters 
(GLUTs), and the first stage in its metabolism is phosphorylation 
by a high specificity glucokinase. Subsequent metabolic events re-
sult in an increase in the cellular ATP/ ADP ratio, which leads to 
closure of ATP- sensitive K+- channels (KATP- channels) in the beta- 
cell plasma membrane (see Figure 15.1.1.2). The ensuing inhibition 
of K+ efflux from the beta- cells results in changes in cellular electrical 

activity (depolarization) that leads to opening of specialized voltage- 
gated Ca2+ channels (VGCCs) that allow Ca2+ entry down a steep 
concentration gradient. The increase in beta- cell Ca2+ levels in re-
sponse to glucose leads to activation of Ca2+- sensitive proteins that 
are involved in the exocytotic fusion of insulin secretory granules. 
In addition, Ca2+- dependent enzymes, such as the Ca2+/ calmodulin- 
dependent protein kinases (CaMKs), are activated when elevations 
in intracellular Ca2+ ([Ca2+]i) are detected by the Ca2+- sensing pro-
tein calmodulin (CaM). This leads to the formation of Ca2+/ CaM 
complexes and activation of CaMKs to regulate Ca2+- initiated cel-
lular responses. CaMK II, in particular, is expressed by beta- cells 
and its activation has been implicated in glucose- induced insulin 
secretion [4] .

The Ca2+- sensitive enzyme phospholipase C (PLC) is also acti-
vated by glucose, resulting in hydrolysis of phosphatidylinositol 
4,5- bisphosphate (PIP2) to generate two second messenger mol-
ecules, diacylglycerol (DAG) and inositol 1,4,5- trisphosphate 
(IP3). DAG activates protein kinase C to phosphorylate proteins, 
including a subunit of the KATP- channel and VGCCs, both of which 
are important in beta- cell secretory responses to glucose. However, 
glucose- stimulated insulin release is not dependent on PKC acti-
vation, but DAG- sensitive PKC isoforms are required for potenti-
ation of glucose- stimulated insulin secretion by some agonists such 
as the cholinergic neurotransmitter acetylcholine (ACh). The other 
second messenger produced by PLC- stimulated PIP2 hydrolysis, 
IP3, binds to specific receptors on the endoplasmic reticulum to 
stimulate release of stored Ca2+.

Glucose also activates adenylate cyclase in beta- cells, most likely as 
a consequence of elevations in Ca2+, to increase cyclic AMP generation 
from ATP. Cyclic AMP potentiates both phases of glucose- induced 
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Figure 15.1.1.2 Islet beta- cell stimulus- secretion coupling pathways. Glucose is taken up by human beta- cells via GLUT- 1 and GLUT- 3 transporters 
and it is phosphorylated to glucose- 6- phosphate by glucokinase. The end product of glycolysis, pyruvate, is transported to the mitochondria where 
ATP is produced upon pyruvate oxidation through the TCA cycle. The increase in ATP generation inhibits activity of KATP- channels, which consist of an 
ATP- sensitive sulphonylurea receptor (SUR1) and an inward rectifier K+ channel (Kir6.2). ATP- induced closure of KATP- channels results in decreased K+ 
efflux, beta- cell depolarization, and the opening of voltage- gated Ca2+ channels (VGCCs). Influx of Ca2+ through the VGCCs leads to a rapid increase 
in [Ca2+]i which is further enhanced by Ca2+- induced Ca2+ release through the opening of inositol 1,4,5- trisphosphate receptors (IP3Rs) and ryanodine 
receptors (RyRs) on the endoplasmic reticulum. Cytosolic Ca2+ activates Ca2+- sensing kinases (such as CaMKs) and Ca2+- sensitive proteins of the 
exocytotic machinery, which facilitate release of insulin from secretory granules.
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insulin secretion, exerting its effects via protein kinase (PKA) and 
cyclic AMP- activated GTP- exchange factors (Epacs). Once activated 
by cyclic AMP, PKA phosphorylates beta- cell proteins, including 
VGCCs and IP3 receptors, on serine and threonine residues, which 
causes sustained increases in [Ca2+]i during glucose- induced insulin 
secretion. Cyclic AMP activation of Epacs can inhibit beta- cell KATP- 
channels, resulting in decreased K+ efflux, increased [Ca2+]i and in-
sulin secretion. One of the Epac proteins (Epac2) associates with two 
other proteins, Rim and Piccolo, which allow the docking and fusion 
steps of insulin exocytosis. Agonists that selectively activate Epac2 
have been developed, and they are able to potentiate glucose- induced 
insulin secretion from human islets [5] , confirming the importance of 
this cyclic AMP- activated signalling cascade in physiological human 
beta- cell function.

The precise mechanisms responsible for the first and second 
phases of glucose- stimulated insulin secretion have not been fully 
identified. However, it is thought that the first phase involves fusion 
of ‘primed’ insulin secretory granules that are present in a readily 
releasable pool close to the plasma membrane site of Ca2+ influx [6] . 
In contrast, the second phase of insulin release is a more sustained 
process that occurs from the reserve granule pool and depends 
on granule maturation and translocation along directed pathways 
involving microtubule and actin filaments.

Amino Acids

Most amino acids only stimulate insulin secretion in the presence 
of stimulatory concentrations of glucose, but leucine, lysine, and ar-
ginine act as insulin secretagogues in the absence of glucose. Leucine 
is transported into beta- cells by a sodium- independent transporter 
and stimulates biphasic insulin release, similar to that induced by 
glucose. Its metabolism leads to closure of KATP- channels with the 
consequent series of events that triggers insulin secretion in response 
to glucose, as described for glucose. Lysine and arginine are charged 
amino acids that enter β- cells via a cationic amino acid transporter 
and stimulate Ca2+ influx via VGCCs following membrane depolar-
ization. Alanine, a neutral amino acid, has weak stimulatory effects 
on insulin secretion. It enters β- cells mainly through a sodium- 
dependent transport system, to elicit a small depolarization of the 
β- cell plasma membrane and elevation in [Ca2+]i.

Fatty Acids

Dietary free fatty acids (FFAs) stimulate insulin secretion in the ab-
sence of glucose and also potentiate the stimulatory effect of glu-
cose on insulin release. A family of cell surface G- protein coupled 
FFAR receptors are known to be important in mediating FFA effects 
in β- cells. In particular, FFAR2 has been implicated in the secreta-
gogue effects of the short chain fatty acid propionate in humans [7]  
while agonists that target the long chain fatty acid receptor FFAR1 
are candidates for novel therapies for type 2 diabetes [8].

Regulation of Insulin Secretion by non- nutrient 
Secretagogues

Parasympathetic and Sympathetic Innervation

Parasympathetic stimulation leads to the release of acetylcholine 
(ACh) from cholinergic nerve terminals found close to all islet cell 

types, both at the periphery and deep within the islet. ACh binds to 
and activates cholinergic muscarinic receptors on β- cells, leading to 
potentiation of glucose- stimulated insulin release. This occurs via 
activation of PLC, which generates IP3 and DAG, and PKC activa-
tion by DAG is important in a sustained potentiation of insulin re-
lease by cholinergic agonists. The main function of islet cholinergic 
innervations is potentiation of insulin secretion in response to the 
cephalic phase of food intake, which is triggered by the sight, smell, 
or taste of food.

Sympathetic neural activity has a direct effect through the release 
of the neurotransmitter noradrenaline (NA) from nerve terminals 
within islets. NA inhibits glucose- induced insulin secretion by acti-
vating α2- adrenergic receptors, which are coupled to inhibition of 
adenylate cyclase activity resulting in reductions in cyclic AMP 
levels. NA also promotes activation of beta- cell KATP- channels and 
inhibition of VGCCs, resulting in decreased [Ca2+]i that contributes 
to the reduction in insulin secretion. The related catecholamine, 
adrenaline, which is secreted from the adrenal medulla under con-
ditions of stress, also inhibits insulin secretion and this contributes 
to the increased availability of glucose as an energy source for ‘fight 
or flight’ activities.

Islet Hormones

Hormones released from neighbouring alpha-  or delta- cells, or 
from the beta- cells themselves, can bind to specific receptors on 
beta- cells to modify beta- cell function in a paracrine or autocrine 
fashion.

Glucagon is synthesized in islet alpha- cells as a precursor pep-
tide, proglucagon, which is enzymatically cleaved to functional 
glucagon. Like insulin, glucagon is packaged into secretory gran-
ules within alpha- cells, and its secretion is regulated by changes in 
circulating glucose concentrations. However, while increased blood 
glucose stimulates exocytotic release of insulin, it inhibits glu-
cagon secretion. The most important stimuli for glucagon release 
are hypoglycaemia and sympathetic nervous input, and when it is 
released from alpha- cells glucagon stimulates glycogenolysis and 
gluconeogenesis, thus restoring blood glucose levels. It also acts 
locally at neighbouring β- cells to stimulate insulin secretion via 
Gs- coupled receptors, which activate adenylate cyclase to increase 
cyclic AMP and PKA activation.

Somatostatin (SST) is synthesized and secreted by islet delta- 
cells in response to elevations in blood glucose levels. It binds to G- 
protein- coupled SST receptors on β- cells to act as a local inhibitor 
of insulin release via Gi- coupled inhibition of adenylate cyclase. 
SST also hyperpolarizes beta- cells through the opening of KATP- 
channels, which decreases [Ca2+]i and contributes to its inhibitory 
effects. As well as being released from islets, SST is also secreted 
from gastrointestinal cells after food intake, but the circulating 
levels are insufficient to significantly affect insulin secretion. Thus, 
SST appears to inhibit insulin release mainly by a paracrine rather 
than a circulatory route.

Insulin receptors and downstream signalling elements are ex-
pressed by human islet beta- cells, suggesting that when insulin is 
released it may interact with these receptors to modify beta- cell 
function in an autocrine or paracrine manner [9] . There have been 
reports of insulin exerting positive or negative feedback on further 
insulin output from beta- cells, but the general consensus is that in-
sulin does not regulate its own secretion. The most likely role for 
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insulin on β- cells is the regulation of gene expression and mainten-
ance of beta- cell mass through stimulation of proliferation and/ or 
inhibition of apoptosis.

Incretins

It has been known for over 50 years that islets are more responsive 
to oral rather than intravenous administration of glucose [10]— the 
incretin effect. This is due to the release of the gastrointestinal pep-
tides GLP- 1 and glucose- dependent insulinotropic peptide (GIP), 
which enhance the insulin secretory response to glucose by up to 
60%. In the fasting state plasma levels of GIP and GLP- 1 are low 
and they are released from specialized gut endocrine cells into the 
bloodstream after food intake.

GLP- 1 is a 30 amino acid peptide that is synthesized by alterna-
tive splicing of proglucagon in L- cells of the ileum and colon and 
released in response to nutrient absorption in the gastrointestinal 
tract [11]. The major biologically active form of GLP- 1 is GLP- 1 (7– 
36) amide, which is the predominant form in plasma. GLP- 1 binds 
to its Gs- coupled receptors on islet beta- cells to stimulate insulin 
release through elevations in intracellular cyclic AMP. In addition, 
GLP- 1 also regulates glucose homeostasis through effects at α- cells 
to inhibit glucagon secretion and it reduces food intake by direct 
anorexigenic central effects. In addition, it is reported to stimulate 
beta- cell mass in rodents, but similar beneficial effects have not yet 
been identified in humans.

These properties have made GLP- 1 an attractive therapy for type 
2 diabetes, but its actions in vivo are rapidly curtailed through its 
degradation by dipeptidyl protease 4 (DPP- 4), resulting in a half- 
life in plasma of only approximately two minutes. Pharmaceutical 
agents that improve the longevity of GLP- 1 action through modifi-
cation of its sequence have therefore been developed and are now 
in clinical use, as are therapies that inhibit DPP4- mediated GLP- 1 
degradation.

GIP, originally known as gastric inhibitory polypeptide due to its 
inhibitory effects on gastric acid secretion, is a 42- amino acid pep-
tide that is synthesized from a precursor peptide (proGIP) in K- cells 
of the duodenum and jejunum. Circulating levels of GIP increase in 
response to nutrient absorption and it is carried in the circulation to 
islets where it potentiates glucose- induced insulin secretion through 
action at beta- cell GIP receptors to elevate cyclic AMP. As for GLP- 
1, the activity of GIP is terminated by DPP- 4- mediated degradation. 
In contrast to GLP- 1, however, GIP is unlikely to be developed as an 
antidiabetes agent because in type 2 diabetes GIP levels are normal, 
but it has a reduced effect to stimulate insulin secretion. In addition, 
GIP does not have the additional beneficial effects of GLP- 1 such 
as inhibition of glucagon secretion. Nonetheless, DPP- 4 inhibitor 
therapies that have been developed to increase the half- life of GLP- 1 
will also maintain plasma GIP levels.

Regulation of Plasma Glucose Levels

Insulin stimulates storage of fuels in adipose tissue, liver, and skel-
etal muscle, thus providing readily available depots of glycogen and 
fat for energy requirements during periods where there is no food 
intake. Thus, in healthy individuals blood glucose levels are main-
tained in the range of 3– 4 mM under fasting conditions and 6– 7 
mM postprandially. Following food intake the elevation in blood 

glucose levels leads to increased glucose transport into beta- cells 
with a resulting increase in insulin output, as indicated in Figure 
15.1.1.2. Insulin is transported in the blood to target tissues where 
it binds to cell surface insulin receptors. Skeletal muscle, one of 
the major sites for glucose storage in the form of glycogen, is re-
sponsible for up to 75% of glucose uptake, and insulin stimulates 
this by promoting translocation of GLUT4 glucose transporters to 
the myocyte cell surface. In addition, insulin also stimulates glu-
cose uptake via GLUT4 in adipocytes, while glucose transport into 
hepatocytes is mediated by insulin- independent GLUT2 trans-
porters. Insulin exerts its effects by binding to a heterotetrameric 
receptor complex that consists of two extracellular α subunits and 
two transmembrane beta- subunits. When insulin binds to the 
alpha- subunits it causes a conformational change that results in ac-
tivation of the beta- subunit tyrosine kinase domain and receptor 
autophosphorylation. This fully activates the insulin receptor tyro-
sine kinase, which then phosphorylates intracellular substrates on 
multiple tyrosine residues [12].

The main proteins responsible for signalling downstream of in-
sulin binding to its receptors are the insulin receptor substrate (IRS) 
family members, IRS- 1 and IRS- 2, which act as adapter proteins fol-
lowing insulin- induced tyrosine phosphorylation. Global deletion 
of IRS- 1 in mice indicated its importance in intrauterine and post-
natal growth, but insulin metabolic signalling was only impaired 
rather than abolished, and this led to the discovery of IRS- 2. IRS- 2 
deletion in mice results in type 2 diabetes because it plays important 
roles in maintenance of β- cell mass as well transducing insulin ac-
tion in peripheral tissues [13].

The pathways downstream of IRS phosphorylation are now reason-
ably well understood [12]. Thus, effectors containing src homology 
(SH2) domains bind to phosphotyrosine residues on IRS and are re-
cruited into insulin receptor/ IRS signalling complexes. Following its 
interaction with phosphorylated IRS the 85 kDa regulatory subunit 
of class  I phosphatidylinositol 3 kinases (PI3K) binds to and acti-
vates the 110kDa PI3K catalytic subunit leading to phosphorylation 
of phosphatidylinositols on position 3 of the inositol ring. The re-
sulting generation of phosphatidylinositol- 3,4,5- trisphosphate (PI- 
3,4,5- P3) recruits phosphoinositide- dependent kinases (PDKs) and 
protein kinase B (PKB, also known as Akt) to the plasma membrane 
site of PI- 3,4,5- P3 synthesis via their Pleckstrin homology domains. 
PDKs phosphorylate and activate PKB, which then phosphoryl-
ates substrates on serine and/ or threonine residues to bring about 
the metabolic effects of insulin. In this way, GLUT4 transporters are 
translocated to the plasma membrane of adipocytes and myocytes, 
glycogen and fatty acid synthesis are stimulated, and gluconeogenesis 
and fatty acid oxidation are inhibited. The growth- promoting effects 
of insulin are largely mediated by mitogen- activated protein kinases 
(MAPKs), which, like PI3K, are downstream of IRS tyrosine phos-
phorylation. In this pathway phosphorylated IRS proteins bind to 
the SH2 domain of growth factor receptor binding protein 2 (Grb2), 
which forms a complex with son- of- sevenless to promote GTP 
binding to Ras and activation of the MAPK cascade. When MAPK 
is phosphorylated on tyrosine and threonine residues it translo-
cates into the nucleus and phosphorylates transcription factors that 
stimulate cell proliferation.

The anabolic actions of insulin are counteracted by glucagon, 
which is released from islet  alpha- cells when blood glucose levels 
fall. Glucagon acts at specific G- protein- coupled receptors on 
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hepatocytes to stimulate gluconeogenesis and glycogenolysis, to re-
store glycaemia. The glucagon receptors are coupled to adenylate 
cyclase via Gs, resulting in increased cyclic AMP generation, PKA 
activation, and phosphorylation of effectors such as phosphorylase 
kinase, which promotes glycogen breakdown. Thus, under normal 
conditions the relative contributions of insulin in the absorptive state 
(after food intake) and glucagon in the post- absorptive state (when 
the gastrointestinal tract is empty) ensure that blood glucose levels 
are tightly regulated.

consequences of chronic Hyperglycaemia 
in Diabetes

The importance of maintaining good blood glucose regulation to 
prevent or slow the onset of diabetic complications was defined in 
two landmark studies:  the Diabetes Control and Complications 
Trial for type 1 diabetes [14], and the UK Prospective Diabetes 
Study for type 2 diabetes [15]. It is clear that prolonged exposure to 
elevated glucose concentrations damages tissues through metabolic 
changes that are mostly related to increased reactive oxygen species 
(ROS) generation, enhanced polyol pathway activity, and protein 
glycation, as summarized in Figure 15.1.1.3.

Hyperglycaemia in untreated or poorly controlled diabetes 
raises intracellular glucose levels in tissues such as neurons, renal 
glomerulus, lens, and retina that do not require insulin for glucose 
uptake. It increases cellular mitochondrial oxidative phosphoryl-
ation, resulting in enhanced production of superoxide (O2.- ) rad-
icals through incomplete reduction of molecular oxygen. These 
charged O2.-  radicals are the major ROS generated in mitochondria. 
Mitochondrial superoxide dismutase converts O2.-  to hydrogen 
peroxide, another ROS, which is normally removed by catalase. 
However, when glucose levels are high radical production exceeds 
detoxification by cellular antioxidants. Hydrogen peroxide gener-
ates highly reactive hydroxyl radicals that damage organelles and 
the intramitochondrial accumulation of O2.-  is associated with 
damage to mitochondrial membranes and DNA.

Elevated blood glucose levels are also associated with increased 
reduction of glucose to sorbitol by aldose reductase, the rate- 
limiting enzyme of the polyol pathway. Sorbitol does not readily 
cross cell membranes so it accumulates intracellularly, and elevated 

sorbitol levels correlate with the onset of diabetic complications. It 
causes damage through its osmotic effects, by depleting levels of 
intracellular myoinositol, a precursor of the membrane phospho-
lipid phosphatidylinositol and by altering the redox state of pyri-
dine nucleotides. Epalrestat, an aldose reductase inhibitor, has been 
shown to delay progression of diabetic neuropathy [16], most likely 
as a consequence of reductions in production of both sorbitol and 
fructose, the product of sorbitol oxidation, which exerts deleterious 
effects by promoting glycation.

Glycation is the non- enzymatic attachment of monosaccharides 
(glucose or fructose) to intracellular proteins, lipids, and nucleic 
acids and chronic hyperglycaemia causes gradual, cumulative, and 
irreversible changes in these long- lived molecules. Early glycation 
products combine to form complex cross- linked structures termed 
advanced glycation end- products (AGE) and impaired renal function 
in diabetes leads to their accumulation. They bind to a cell surface 
receptor known as RAGE, whose activation leads to signal transduc-
tion cascades that generate more ROS, increase pro- inflammatory 
cytokines, and culminate in cell dysfunction and apoptosis. RAGE 
activation induces permanent changes, which may explain why res-
toration of normoglycaemia does not always reverse tissue damage 
inflicted by previous exposure to hyperglycaemia. However, reduc-
tion in glycation with the use of AGE cross- link breakers such as 
alagebrium may be clinically useful to prevent hyperglycaemia- 
induced progression to microvascular complications [17].
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Introduction

Diabetes is a major contributor to the global disease burden. The first 
International Diabetes Federation (IDF) global estimate in 2000 re-
ported that 151 million people aged 20– 79 years had diabetes [1] . Since 
then the numbers have increased substantially with the latest estimate 
that 425 million people had diabetes in 2017 [2]. Independently, the 
NCD Risk Factor Collaboration (NCD- RisC) estimated that 422 mil-
lion people aged ≥18  years had diabetes in 2014 [3]. Accurate es-
timations of diabetes prevalence rely on sources and quality of data, 
modelling assumptions, and methods and criteria used to diagnose 
diabetes. The IDF selects data based on method of diagnosis, sample 
size, representation of the sample, age of data source, and type of pub-
lication [4]. NCD- RisC included data that measured at least one gly-
caemic biomarker and adjusted for differences in diabetes prevalence 
between these biomarkers [3, 5]. Despite different methodologies, the 
two groups generated similar estimations.

There have been several modifications to diagnostic criteria and 
classification of diabetes since the first World Health Organization 
(WHO) report was published over half a century ago [6] . These 
changes impact comparability of epidemiological data over time, 
medical care, and non- health related issues associated with label-
ling of a person as having diabetes.

Diagnostic criteria for Diabetes

A diagnosis of diabetes can be made when an individual has 
classic symptoms of diabetes and a clearly elevated plasma glu-
cose. However, many people with diabetes are asymptomatic for 
many years and blood tests are required for diagnosis. The WHO 
and American Diabetes Association (ADA) use the same diag-
nostic criteria for diabetes based on fasting plasma glucose (FPG) 
≥7.0 mmol/ L (126 mg/ dl), 2- hour post- load plasma glucose during 
an oral glucose tolerance test (2hPG) ≥11.1 mmol/ L (200 mg/ dl), 
and glycated haemoglobin (HbA1c) ≥6.5% (48  mmol/ mol) [7– 9] 
(Table 15.1.2.1). Repeat testing in asymptomatic individuals is re-
commended to confirm the diagnosis.

Diagnostic criteria for Intermediate 
Hyperglycaemia

Intermediate hyperglycaemia (IH) denotes an elevated blood glu-
cose but lower than levels considered diagnostic of diabetes and 
is associated with increased risk of developing diabetes and car-
diovascular disease. Criteria for IH differ between the WHO and 
ADA. WHO separates IH into impaired glucose tolerance (IGT) 
and impaired fasting glucose (IFG) based on FPG and 2hPG levels 
[7– 8] (Table 15.1.2.1). The ADA refers to IH as ‘prediabetes’, a de-
bated term as the progression to diabetes is variable with a recent 
report suggesting that two out of three individuals with IFG never 
develop diabetes [10]. The ADA FPG cut- point is lower than that 
recommended by WHO and the ADA uses HbA1c as a criterion 
for prediabetes [9]  (Table 15.1.2.1). The ADA criterion of 5.7– 6.4% 
(39– 47  mmol/ mol) has been questioned as identifying too many 
people with prediabetes with one large study reporting 35% with 
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prediabetes based on HbA1c compared with 8% based on 2h PG 
[11]. WHO is currently considering the use of HbA1c to identify IH 
but has yet to issue a statement about its use or level.

Major changes in Diagnostic criteria over time

The WHO initially recommended a single diagnostic criterion for 
diabetes (2hPG ≥7.2  mmol/ L [130  mg/ dl]) and referred to 2hPG 
6.1– 7.1 mmol/ L (110– 128 mg/ dl) as a borderline state [6] . The cur-
rent 2hPG cut- offs of ≥11.1 mmol/ L (200 mg/ dl) for diabetes and 7.8– 
11.0 mmol/ L (140– 199 mg/ dl) for IGT were introduced in 1985 [12]. 
Glucose doses of 50 g and 100 g were used in the oral glucose tolerance 
test in the early years but was standardized to 75 g in 1980 [13]. FPG 
was included in the WHO diagnostic criteria in 1980 [13]. The FPG 
diagnostic level for diabetes was initially ≥8.0 mmol/ L (145 mg/ dl) but 
was revised to ≥7.8 mmol/ L (140 mg/ dl) in 1985 and further revised 
down to ≥7.0 mmol/ L (126 mg/ dl) by the ADA in 1997 and WHO in 
1999 [11– 14]. IFG was introduced to define FPG levels equivalent to 
IGT in 1997 by the ADA [14] and in 1999 by WHO [15]. In 2003, the 
ADA lowered the FPG cut- point for IFG from 6.1 mmol/ L (110 mg/ 
dl) to 5.6 mmol/ L (100 mg/ dl). However, the WHO decided in 2006 to 
continue with a FPG of 6.1 mmol/ L (110 mg/ dl) [7]; hence the differ-
ence in FPG criterion for IH between these two groups.

HbA1c measurement has a number of potential advantages com-
pared with FPG and 2hPG testing. Although HbA1c had been used 
to monitor diabetes control for decades, there was concern about 
considering it as a diagnostic criterion for diabetes until inter-
national standardization of the HbA1c assay improved. In 2009, an 
international expert committee recommended the use of HbA1c 
for the diagnosis of diabetes [16]. The ADA adopted HbA1c for the 
diagnosis of diabetes in 2010 [17] and WHO in 2011 [8] .

Methods for Determining Diagnostic cut- Points

A 1971 Pima Indian study reported that the distribution of 2hPG was 
represented by two overlapping curves [18]. Later studies in popu-
lations with high prevalence of diabetes reported a similar bimodal 

glucose distribution [19, 20]. This bimodal distribution was assumed 
to comprise two distinct but overlapping groups (normal glucose 
versus abnormal glucose) and the point where the two curves inter-
sect was used to define the 2hPG cut- point to diagnose diabetes. 
However, the DETECT- 2 Collaboration showed that cut- points de-
rived from bimodal distribution varied considerably between coun-
tries and that not all populations demonstrated a bimodal distribution 
[21]. Moreover, cut- points obtained from this method may not align 
with those derived from increased risk of diabetes complications.

The 1997 decision of the ADA to lower the diabetes diagnostic 
cut- point for FPG to the current level was based largely on three 
studies on the relationship between diabetic retinopathy and FPG, 
2hPG, and HbA1c [14]. The prevalence of retinopathy was examined 
by deciles (ten equally sized groups) of the distribution for each gly-
caemic measure. The distribution graphs showed that the prevalence 
of retinopathy was initially low and then increased substantially from 
the eighth decile (FPG 7.2 mmol/ L [130 mg/ dl]; 2hPG 12.1 mmol/ L 
[218 mg/ dl]; HbA1c 6.9% [52 mmol/ mol]) in the Egyptian popula-
tion, ninth decile (FPG 7.5 mmol/ L [135 mg/ dl]; 2hPG 13.5 mmol/ 
L [243  mg/ dl]; HbA1c 6.7% [50  mmol/ mol]) in the Pima Indian 
population, and tenth decile (FPG 6.7 mmol/ L [121 mg/ dl]; 2hPG 
10.8 mmol/ L [195 mg/ dl]; HbA1c 6.2% [44 mmol/ mol]) in the US 
population. By consensus, the new FPG cut- point was established 
and the 2hPG cut- point was not changed. Using data from 45 000 
participants, the DETECT- 2 Collaboration studied the relationship 
by vigintiles (20 equally sized groups) and by 0.5 unit intervals of gly-
caemic measures and was able to focus on moderate to severe retin-
opathy cases which are specific to diabetes [22]. The various analyses 
performed in this study indicated that an HbA1c of 6.5% (48 mmol/ 
mol) was a suitable alternative diagnostic criterion for diabetes and 
has now been universally adopted [8, 16, 17].

effect of the Different Diagnostic criteria 
on Prevalence

The diagnostic cut- points of the three glycaemic measures are indi-
vidually derived and relate to their association with diabetic retin-
opathy rather than attempting to identify the same individuals with 

table 15.1.2.1 Current World Health Organization and American Diabetes Association diagnostic criteria for diabetes and intermediate 
hyperglycaemia

Diabetes (WHO) Intermediate hyperglycaemia (WHO) Diabetes (ADA) Prediabetes (ADA)

Impaired glucose tolerance Impaired fasting glucose

Fasting plasma 
glucose

≥7.0 mmol/ L
(126 mg/ dl)

<7.0 mmol/ L
(126 mg/ dl)

6.1— 6.9 mmol/ L
(110— 125 mg/ dl)

≥7.0 mmol/ L
(126 mg/ dl)

5.6– 6.9 mmol/ L
(100– 125 mg/ dl)

AND/ OR AND AND OR OR

2 hour plasma 
glucose during 
a 75 g OGTT

≥11.1 mmol/ L
(200 mg/ dl)

7.8— 11.0 mmol/ L
(140— 199 mg/ dl)

<7.8 mmol/ L
(140 mg/ dl)
(if measured)

≥11.1 mmol/ L
(200 mg/ dl)

7.8– 11.0 mmol/ L
(140– 199 mg/ dl)

AND/ OR OR OR

Glycated 
haemoglobin

≥6.5%
(48 mmol/ mol)

≥6.5%
(48 mmol/ mol)

5.7– 6.4%
(39– 47 mmol/ mol)

Random 
plasma 
glucose

≥11.1 mmol/ L (200 mg/ dl) 
in the presence of diabetes 
symptoms

≥11.1 mmol/ L (200   
mg/ dl) in the presence   
of diabetes symptoms

OGTT, oral glucose tolerance test.
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hyperglycaemia by each of these measures. Therefore, the diag-
nostic result of one test may not correspond to that of another test. 
Data from the 16 000 participants without known diabetes in the 
DETECT- 2 Collaboration who had all three glycaemic measures 
showed that the proportion with newly diagnosed diabetes varied 
between the three measures (7.7% for FPG, 13.9% for 2hPG, and 
5.7% for HbA1c) [22]. More recently, the NCD- RisC reported 2– 6% 
higher diabetes prevalence based on FPG or 2hPG than that based 
solely on FPG [5] . More importantly, the results suggested 47% 
of participants with newly diagnosed diabetes based on the FPG 
would not have had diabetes based on the HbA1c measurement. 
This incongruence remains a concern both for population estimates 
of diabetes but more importantly for the diagnosis of diabetes in an 
individual and will need to be addressed in future deliberations on 
diagnostic criteria for diabetes.

classification of Diabetes

Diabetes is a heterogenous group of diseases which share the 
common feature of hyperglycaemia. Different types of diabetes are 
recognized based on natural history, aetiology, pathophysiology, 
risk of developing complications, and treatment. Classification sys-
tems serve several purposes including informing clinical care de-
cisions and individualizing treatment, describing aetiopathology, 
and for epidemiological studies. While types of diabetes should be 
defined by categorical features specific and exclusive to that type of 
diabetes [3 New WHO report], our current state of knowledge does 
not allow a single classification system to address all these objectives 
for the majority of people with diabetes.

The first WHO report in 1965 recommended classification of 
diabetes by age of diabetes onset but also recognized other clinical 
types, including juvenile- onset diabetes, brittle diabetes, insulin re-
sistant diabetes, gestational diabetes, pancreatic diabetes, endocrine 
diabetes, and iatrogenic diabetes [6] . The 1979 National Diabetes 
Data Group [23] and the 1980 WHO [13] classification described 
four classes of diabetes namely insulin dependent diabetes mellitus, 
non- insulin dependent diabetes mellitus, gestational diabetes, and 
another type of diabetes with six subtypes (pancreatic, hormonal, 
drug or chemical- induced, insulin- receptor abnormalities, genetic 
syndromes, and others). Malnutrition- related diabetes mellitus was 
added as a fifth class in the 1985 WHO report [12].

The most recent WHO classification was published in 1999 and 
returned to four basic types— type 1 diabetes, type 2 diabetes, other 
specific types, and gestational diabetes [15] (Box 15.1.2.1). The sub-
types for other specific types included genetic defects of β- cell func-
tion which included maturity onset diabetes of the young (MODY), 
genetic defects in insulin action, diseases of the exocrine pancreas, 
endocrinopathies, drug-  or chemical- induced diabetes, infections, 
uncommon forms of immune- mediated diabetes, and other genetic 
syndromes sometimes associated with diabetes [15]. In addition, 
the classification acknowledged different stages in the natural his-
tory of diabetes— normoglycaemia, intermediate hyperglycaemia, 
diabetes not requiring insulin, diabetes requiring insulin for con-
trol, and diabetes requiring insulin for survival [15].

Few studies have reported population prevalence by diabetes 
types. The 2016 US National Health Interview Survey classified 

diabetes types based on self- report and insulin use and estimated 
that of all diagnosed cases, 5.8% were type 1 diabetes, 90.9% were 
type 2 diabetes and the remaining 3.3% were other types of diabetes 
[24]. A Swedish study of 13 720 adults reported 1.5% with type 1 
diabetes, 88.3% with type 2 diabetes, 5.3% with latent autoimmune 
diabetes of adults (LADA), 1.2% with diabetes secondary to pan-
creatic disease, and 3.8% as unclassifiable [25]. A Norwegian study 
in antibody- negative children with diabetes aged under 15  years 
showed up to 6.5% had MODY, one in three of whom had not been 
previously recognized [26].

Type 1 and type 2 diabetes are becoming increasingly difficult to 
distinguish due to obesity in the young and the occurrence of type 
2 diabetes in young people [27]. This and the increasing recogni-
tion of intermediate forms of diabetes such as LADA and ketosis- 
prone type 2 diabetes, a syndrome of episodic diabetic ketoacidosis 
without immunologic markers characterized by variable insulin 
dependence [28], have led to calls to review the classification 
system for diabetes to better assist clinicians and reflect advances in 
knowledge of pathophysiological pathways [29, 30]. One proposal 
suggested classification centred on the abnormal β- cell function 
common to all forms of diabetes and 11 distinct pathways contrib-
uting to β- cell stress, dysfunction, or loss [31].

A recent study reported five distinct subtypes of type 2 diabetes 
based on a cluster analysis of six variables (glutamate decarb-
oxylase antibodies, age at diagnosis, BMI, HbA1c, and homoeo-
static model assessment of β- cell function and insulin resistance) 
which compared time to medication, time to reach treatment 
goal, risk of diabetic complications and genetic associations [25]. 
Whether this clustering is applicable to other populations and eth-
nicities remains to be demonstrated. In addition, adopting such a 
system in most parts of the world would be challenging due to lack 
of the necessary laboratory tests. Therefore, it seems that for the 
immediate future, classification systems will rely on phenotypic 
characteristics, clinical judgement, and careful monitoring of clin-
ical course and responses to treatment. This is especially important 
in those individuals in whom diabetes type is difficult to assign at 
presentation.

Box 15.1.2.1 Aetiological classification of diabetes

Type 1— β- cell destruction, usually leading to absolute insulin deficiency
•  Autoimmune
• Idiopathic

Type 2— may range from predominantly insulin resistance with relative 
insulin deficiency to a predominantly secretory defect with or without 
insulin resistance

Other specific types
•  Genetic defects of β- cell function
•  Genetic defects of insulin action
•  Diseases of the endocrine pancreas
•  Endocrinopathies
•  Drug-  or chemical- induced
•  Infections
•  Uncommon forms of immune- related diabetes
•  Other genetic syndromes sometimes associated with diabetes

Gestational diabetes
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Introduction

Diabetes is broadly classified into type 1 diabetes mellitus (T1D), 
type 2 diabetes mellitus (T2D), gestational diabetes mellitus (GDM), 
and specific types due to other causes [1] . In T1D, a combination 
of genetic and environmental factors results in autoimmune de-
struction of pancreatic β- cells and insufficient insulin production. 
Meanwhile, insulin resistance is the hallmark of T2D— the most 
common diabetes type— alongside insufficient insulin production, 
resulting in hyperglycaemia. GDM usually occurs in the second or 
third trimesters of pregnancy and resolves post- delivery. Specific 
diabetes types due to other causes include those resulting from a 
genetic mutation, diseases of the exocrine pancreas, and drug-  or 
chemical- induced diabetes.

While T1D develops most commonly in childhood and adoles-
cence, T2D is more frequent (albeit not exclusively) among adults 
and is associated with obesity. Genetic risk scores for T1D have been 
established through genome- wide association studies (GWAS) that 
have identified several alleles involved in immunity [2] . GWAS have 
also linked T2D and obesity- related genetic loci, including body 
mass index (BMI) and waist- to- hip ratio [3]. Strong evidence exists 
for lifestyle prevention of T2D, which in long- term studies has been 

more effective than metformin [4]. Because acute complications are 
typically less severe than in T1D, T2D can go undetected for long 
periods, and is often diagnosed due to complications of prolonged 
hyperglycaemia.

Diagnosis of Diabetes

According to the American Diabetes Association (ADA), a fasting 
plasma glucose (FPG) of >126 mg/ dl indicates diabetes, while im-
paired fasting glucose (IFG) is between 100 and 125 mg/ dl. The 
World Health Organization (WHO) recommends performing an 
oral glucose tolerance test (OGTT), by which diabetes is defined 
as 2- hour plasma glucose (PG) ≥ 200 mg/ dl. Haemoglobin A1c 
(HbA1c) may also be used for diagnosis (prediabetes between 
5.7% and 6.4%; diabetes >6.5%), although the assay is not uni-
versally standardized, can be affected by other diseases such as 
malaria, and is not feasible in some low- resource settings (see 
Chapter 15.1.2).

Diabetes Prevalence

Globally, an estimated 8.8% (95% CI 7.2– 11.3) of adults, or 425 mil-
lion people, have diagnosed diabetes. Of these, 79% live in low-  and 
middle- income countries. This is expected to increase to 629 million 
adults by 2045, owing largely to countries whose economic status 
will shift from low to middle income with increasing exposure to 
risk factors for development of (primarily) T2D. Prevalence is lower 
among women compared to men (8.4% compared to 9.1%), and 
greater in urban compared to rural environments (10.2% vs. 6.9%). 
Meanwhile, undiagnosed diabetes accounts for half of all diabetes 
cases worldwide, with 84.5% occurring in low-  and middle- income 
countries. The proportion of undiagnosed diabetes is as high as 
69.2% in Africa, likely due to low screening priority and resource 
availability [1] .

US age- standardized estimates of total (diagnosed and undiag-
nosed) diabetes prevalence increased from 10.8% (9.5– 12.0) in 
2001– 2002 to 12.4% (10.8– 14.2) in 2011– 2012 (P <0.001) [5] . This 
was attributable to increases in diagnosed diabetes, as undiag-
nosed prevalence only changed among Mexican Americans (5.6% 
and 5.9% in 1988– 1994 and 2011– 2012, respectively). Estimates 



SectIon 15 Diabetes Mellitus1928

have increased significantly in every stratum of age, sex, race/ eth-
nicity, education level, and poverty income ratio tertiles, although 
the only increase among BMI strata occurred in the 30+ stratum 
(18% (15.9– 20.0) in 1988– 1994 vs. 20.1% (17.8– 22.4) in 2011– 2012, 
P = 0.003). 2011– 2012 prevalence was lower among non- Hispanic 
whites (NHW) (11.3% (9.0– 14.1)) than non- Hispanic blacks 
(21.8% (17.7– 26.7)), non- Hispanic Asians (20.6% (15.0– 27.6)), and 
Hispanics (22.6% (18.4– 27.5)). Meanwhile, prevalence of diagnosed 
diabetes among adults was 9.1% (7.8– 10.6), and 5.2% (4.0– 6.9) for 
undiagnosed diabetes; prediabetes prevalence was 38% (34.7– 41.3), 
of which 36.4% (30.5– 42.7) cases were undiagnosed.

t1D Prevalence and Incidence

In high income countries, between 7% and 12% of all individuals 
with diabetes have T1D [1, 6]. In the United States, three- quarters 
of all T1D diagnoses are made to individuals under the age of 18 [7] . 
Global annual incidence has ranged from 0.5 to over 60 cases per 
100 000 children under the age of 15 [8].

Incidence rates of T1D appear to be increasing in the United 
States, where age, sex, and race/ ethnicity adjusted estimates among 
youths aged 0 to 19 have increased by 1.8% annually between 2002– 
2003 and 2011– 2012 [9] . This equates to 15 900 cases diagnosed in 
2002– 2003, compared to 17 900 new cases in 2011– 2012. The es-
timated annual increase in incidence was highest among Hispanic 
youth. Trends in international incidence rates have varied, how-
ever; while in Australia, annual incidence among children has 
followed a sinusoidal trend [10], it seems to have stabilized in 
Scandinavian nations [11], and increased in other European paedi-
atric populations [12].

t2D Prevalence and Incidence

US estimates of diagnosed T2D prevalence increased from 4.96% 
to 7.78% between 1999 and 2010 among adults over age 30, while 
undiagnosed T2D prevalence increased from 3.45% to 4.36%. 
Adjusted incidence rates among US youths with T2D increased 
by 4.8% annually from the 2002– 2003 to the 2011– 2012 period (P 
<0.001). Incidence rates increased in all age, sex, and race/ ethnicity 
categories, except among NHW; greater relative increases were ob-
served in non- Hispanic blacks, Asians, and Native Americans com-
bined compared to NHW (8.9% vs. 3.1%, P <0.01).

Between 2001 and 2009, prevalence of diagnosed T2D increased 
among youths aged 10– 19 from 0.34 per 1000 (0.31– 0.37) to 0.46 
per 1000 (0.43– 0.49) [13]. Reliable international estimates for T2D 
among youths are lacking, as diagnostic procedures vary by region. 
However, a systematic review suggests that both incidence and 
prevalence rates are increasing worldwide [14].

GDM Prevalence and complications

GDM occurs in 8.3% of pregnancies worldwide [15], and is thought 
to be increasing due to increased prevalence of overweight and 
obesity [16]. Fetal complications include high and low birth weight, 
congenital defects, and perinatal death. Maternal complications 

include eclampsia, preeclampsia, and Caesarean section [17]. Both 
women with GDM and children born to mothers with GDM are at 
increased risk for developing T2D [18, 19].

complications of Diabetes

Acute complications

Although severe hypoglycaemia has been associated with inten-
sive diabetes therapy, long- term studies suggest that rates are 
becoming more similar among intensively treated versus conven-
tionally treated T1D patients [20]. Incidence of hospitalization for 
severe hypoglycaemia among adults with T1D has increased by 
3.74% (1.70– 5.83) annually between 1998 and 2013, and by 8.59% 
(5.76– 11.50) among elderly adults with T2D between 1998 and 
2009. Although incidence decreased by 8.05% (– 14.48– 1.13) annu-
ally among this population between 2009 and 2013, 2013 incidence 
remained higher than in 1998. This reduction may be attributed 
to reduced use of sulfonylurea medications, which can induce 
hypoglycaemia [21].

Diabetic ketoacidosis (DKA) can be life- threatening, and often 
results in hospitalization. Annual incidence of hospitalizations for 
DKA in T1D remained stable in an English population between 
1998 and 2004, but increased by 14.10% annually between 2004 and 
2007, after which it plateaued. Incidence among adults with T2D 
increased annually by 4.24% between 1998 and 2013 [22].

chronic complications

Macrovascular complications lead to cardiovascular disease (CVD), 
and can be prevented through management of blood glucose (BG), 
hypertension, and dyslipidaemia. Individuals with diabetes are two 
to four times more likely to have CVD than non- diabetic individ-
uals [23]; this estimate increases with age, and in low-  and middle- 
income compared to high- income countries [1] . While intensive 
glucose- lowering therapy was shown to reduce the hazard of myo-
cardial infarction among individuals with T1D and T2D compared 
to standard therapy [24, 25], intensive insulin treatment of T1D can 
also result in weight gain, which itself may increase risk for CVD 
[25]. US estimates approximate a 6.3% 10- year CVD risk among par-
ticipants aged 30– 39 [26]. Approximately 14– 45% of children with 
T1D have two or more CVD risk factors, with girls at higher risk 
than boys.

Increased diabetes duration and poor glycaemic control have 
been associated with microvascular complications. Of these, dia-
betic kidney disease (DKD) is a major cause of end- stage renal 
disease, morbidity, and mortality among young adults with 
T1D. Because DKD is associated with CVD [27], controlling 
blood pressure and BG through lifestyle and pharmacology is 
key for prevention of progression to dialysis or need for kidney 
transplant [28].

Diabetic retinopathy (DR) is a microvascular complication that 
is the primary cause of vision loss among 20– 65 year olds, and oc-
curs to some degree in 1 of every 3 individuals with diabetes (see 
Chapter 15.12.2). It is more prevalent in T2D than T1D, and ado-
lescents are at greater risk of progression to vision loss than adults. 
Prevalence is as high as 41% in South- East Asia, while the lowest 
documented prevalence of 12% is in Africa [1] . Risk of DR pro-
gression may be reduced by managing lipids [29], and severity may 
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be reduced through intensive BG control [30]. Prevention requires 
regular retinal screening, as DR is often asymptomatic in early 
stages, although screening is often unavailable in low-  and middle- 
income countries.

Uncontrolled BG can also lead to neuropathy— microvascular- 
mediated damage of nerve cells— particularly in peripheral tis-
sues such as the feet (see Chapter  15.4.1). The resulting loss of 
sensation can lead to unattended injuries and wounds. Thus, ul-
ceration, infection, and amputation occur at higher rates among 
individuals with diabetes compared with non- diabetic controls 
[31].  Global diabetic foot ulceration was estimated to be 6.4% 
(4.6– 8.1) among individuals with T2D— higher than those with 
T1D (5.5%, 3.2– 7.7).

Cerebrovascular risk, or damage to the microvasculature of the 
brain through poorly managed BG, has been associated with cog-
nitive impairment among individuals with diabetes [32]. Complex 
tasks of executive function have been subtly reduced among young 
adults with T1D compared with controls, although no differences in 
IQ or memory were observed between groups [33]. Likewise, aca-
demic performance among children with T1D has been negatively 
associated with severe hypoglycaemia [34]. Reduced performance 
in verbal memory, attention tasks, and processing speed were de-
tected in a meta- analysis of individuals with T2D compared with 
controls [35].

A recent WHO report attributes 1.6 million annual deaths to dia-
betes globally. This number is greater among women (2.1 million, 
1.7– 2.7) than men (1.0 million, 1.5– 2.3) in all global regions, except 
in the North American and Caribbean region. Among individuals 
with T1D, standardized mortality ratios (SMR) for total mortality 
and CVD are elevated among women compared to men [36]. 
Among middle- aged individuals with T2D in high-  and middle- 
income countries, 27 out of every 1000 are estimated to experience 
CVD- related deaths annually, primarily due to stroke and coronary 
artery disease [1] . Other diabetes- related complications result in 4.0 
(3.2– 5.0) million deaths worldwide among adults.

Additional complications of diabetes include depression, de-
mentia, tuberculosis, and non- alcoholic fatty liver disease (NAFLD). 
Quality of life is also impacted heavily. For instance, DR has been 
associated with deteriorating physical state among individuals with 
diabetes, with 58% of those surveyed globally reporting limitations 
in daily activities of life, compared with 37% without DR [1] .

economic Impact

Diabetes care expenditures were recently estimated to be 727 bil-
lion USD annually, or one- eighth of all global income spent on 
healthcare (see Chapter 15.15.2). This is expected to increase by 104 
billion USD by 2045 [1] . Another study estimated global diabetes 
cost to be 1.3 trillion USD in 2015 [37], while diabetes- related CVD 
resulted in a loss of 84 billion USD globally between 2005 and 2015. 
Direct healthcare costs to those living with diagnosed diabetes tend 
to be twice as high as those of non- diabetic individuals, while work 
absenteeism in the United States results in annual loss of 5 billion 
USD to individuals; reduced productivity while working and in-
ability to work lead to annual losses of 20.8 and 21.6 billion USD, 
respectively.

Summary

The epidemiology of diabetes mellitus is a critical element in 
developing public health policy and advancing healthcare systems. 
Subgroup analyses of incidence and prevalence estimates can help 
identify high- risk subpopulations that would benefit from tailored 
interventions. However, data are limited in some settings, which 
complicates efforts to obtain valid estimates and to differentiate be-
tween T1D and T2D. Nonetheless, updates in epidemiologic data 
are necessary for improving diabetes prevention and treatment both 
globally and regionally.
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Historical Perspective and type 1 
Diabetes Subtypes

Physician Aretaeus of Cappadocia first used the term ‘diabetes’ to 
summarize the presentation and natural history of sufferers in the 
second century AD:

Diabetes is a dreadful affliction, not very frequent among men, 
being a melting down of the flesh and limbs into urine. The pa-
tients never stop making water and the flow is incessant, like the 
opening of aqueducts. Life is short, unpleasant and painful, thirst 
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unquenchable, drinking excessive, and disproportionate to the large 
quantity of urine  . . .  the viscera seem scorched up, the patients are 
affected by nausea, restlessness and a burning thirst, and within a 
short time, they expire.

The term ‘diabetes’ means siphon, and it is likely Aretaeus’ patients 
had type 1A diabetes, the classical hallmark of which is autoimmune 
destruction of pancreatic β- cells (seen in 70– 90% of type 1 dia-
betes), producing an insulin deficient state which results in spon-
taneous hyperglycaemia and subsequent ketone formation. Rate of 
β- cell loss is highly variable, and onset in prepubertal childhood 
may reflect a more aggressive destructive process, while presenta-
tion later in life may be associated with high residual β- cell mass 
(see Chapter  15.2.3, ‘Pathogenesis’). Latent autoimmune diabetes 
of adulthood (LADA) is slowly progressive but ultimately requires 
insulin therapy; autoimmune antibodies are detectable at presenta-
tion and genetic studies suggest that it is not a distinct entity from 
type 1A diabetes.

A minority of those presenting with ketoacidosis due to in-
sulin insufficiency show no evidence of autoimmune activation, 
and can later achieve good glycaemic control for many years 
with adjustment of lifestyle, with or without insulin therapy. This 
form of type 1B idiopathic diabetes is described in individuals of 
African and Caribbean origin, termed ‘J type’ or ‘Flatbush’ dia-
betes and best summarized as periodic insulin insufficiency, al-
though diabetic ketoacidosis can recur many years after initial 
presentation [1] .

Incidence

Classically described as a disease of childhood, onset of type 1 dia-
betes can occur at any age beyond the first 6 months of life, with 
two peak incidences at 5– 7 years old and around commencement of 
puberty, with a slight male preponderance.

Incidence varies markedly between countries and is positively re-
lated to distance away from the equator:  the Chinese province of 
Guizhou has a low incidence of 0.1/ 100 000/ year, while highest rates 
are found in European countries peaking in Finland at 60/ 100 000/ 
year. Temporal trends suggest that incidence is increasing at 3– 4% 
per calendar year, most notably in younger age groups. A seasonal 
winter peak supports a theoretical role for an environmental agent 
driving pathogenesis.

natural History Preceding clinical onset

Genetic Predisposition

Aetiology of type 1 diabetes remains unclear but a genetic predis-
position is apparent: 4– 6% of siblings of type 1 diabetes probands 
develop the condition. Risk is 5– 8% in offspring from diabetic 
fathers, and 2– 5% from diabetic mothers, although cumulative in-
cidence in a monozygotic twin is less than 50%.

Over 40 genetic loci contributing to type 1 diabetes risk have been 
identified [2] . The Human Leukocyte Antigen (HLA) complex on 
chromosome 6p21 provides the greatest contribution to the overall 
genetic susceptibility (~60%). HLA genes encode molecules that 

participate in antigen presentation to CD4 cells, and the HLA- DQ 
locus has a greater association with type 1 diabetes than any other 
HLA subtype. HLA class II proteins associated with diabetes might 
promote antigen presentations that generate T- helper cells respon-
sible for an immune response to specific islet cell autoantigens, acti-
vating cytotoxic CD8 T cells that destroy insulin- producing β cells 
in the islets of Langerhans.

environmental trigger

Twin studies demonstrate that not all individuals with genetic sus-
ceptibility to type 1 diabetes develop the condition and rapidly 
changing incidence of diabetes within a genetically stable popula-
tion implies non- genetic factors must have a causative role.

Leading hypotheses have proposed early rubella and entero-
virus infections as environmental triggers; destruction of infected 
β cells by virus- induced cytolysis could release antigens that trigger 
a pathogenic autoreactive T cell response. However, no direct evi-
dence for a causative viral strain has been identified. Nutritional 
influences have been considered, with shortened period of breast-
feeding, early exposure to cow’s milk or wheat gluten and low 
vitamin D levels all proposed as potential causative factors (see 
Chapter 15.2.3, ‘Pathogenesis’).

Prodrome and Autoantibody Formation

The β- cell decline hypothesis remains a widely referenced bench-
mark model for type 1 diabetes [3] . This model proposes that 
genetically susceptible individuals encounter an environmental 
trigger that initiates an autoimmune process, which subsequently 
leads to autoantibody formation, activation of autoreactive T cells 
capable of destroying β- cells and a linear decay in β- cell mass. In 
this model, type 1 diabetes presents when 80– 90% of β- cells have 
been destroyed, although β- cell mass between individuals varies 
3– 5- fold and timeline to clinical onset might be determined by 
initial β- cell mass rather than aggressiveness of the autoimmune 
attack.

Antibodies formed against prominent antigens are important 
markers of β- cell autoimmunity, detectable in 85% of patients at 
time of disease presentation. More than two dozen autoantibodies 
have been identified, the most significant being autoantibodies 
to insulin (micro IAA), glutamic acid decarboxylase (GAD65), 
insulinoma- associated antigen- 2 (IA- 2A), and zinc transporter 8 
(ZnT8). Current generation assays demonstrate high diagnostic 
sensitivity and specificity for type 1 diabetes.

Autoantibodies are surrogate measures for β- cell autoimmunity 
and type 1 diabetes risk, with 5- year incidence 20– 25% for subjects 
with one autoantibody, 50– 60% with two autoantibodies, 70% with 
three antibodies, and 80% with four autoantibodies [4] . IAA auto-
antibodies are usually the earliest detectable, and a higher titre is 
consistent with a more aggressive disease course, associated with 
presentation before the age of 5 years. Autoantibody titres typically 
drop to low levels in the years after diagnosis. Loss of endogenous 
insulin production is more rapid in the first year following diag-
nosis than the second year, with a greater loss in children and ado-
lescents than adults. Some residual β cell function may persist for 
many years, with detectable C- peptide production reported decades 
after diagnosis in small cohorts [5].
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clinical Presentation

There is a wide gap between subclinical initiation of autoimmune 
damage and symptom onset; loss of first phase insulin response is 
usually followed by a period of glucose intolerance and patients do 
not present with pancreatic inflammation. Eventually, reduction in 
endogenous insulin production is so severe that a catabolic state of 
unrestrained glycogenolysis and hepatic gluconeogenesis develops, 
alongside failure of glucose uptake into peripheral tissues (see Box 
15.2.2.1). Chronic hyperglycaemia ensues with clinical onset of 
symptoms.

classic Symptom triad

Osmotic symptoms of polyuria and polydipsia occur in 96% of in-
dividuals presenting with type 1 diabetes, with weight loss reported 
in 85% [6] . Symptom prevalence is increased in autoantibody posi-
tive individuals, while increasing age has been independently as-
sociated with weight loss and fatigue. Median symptom duration 
prior to presentation is typically 4 weeks in females and 3 weeks 
in males. Symptoms and signs of type 1 diabetes are listed in Table 
15.2.2.1; their presence in combination with venous plasma glucose 
≥11.1 mmol/ L is diagnostic of diabetes.

Diabetic Ketoacidosis

Diabetic ketoacidosis (DKA) was identified in 42% of individuals 
presenting with newly diagnosed type 1 diabetes in a recent large 
cohort study [6] . Higher rates can occur in the very young, with an 
associated mortality risk as a result of cerebral oedema.

Insulin insufficiency causes unrestrained lipolysis, increasing 
non- esterified fatty acids that the liver converts to ketones pro-
viding an alternative energy source to glucose. Ketonaemia leads 
to metabolic acidosis, however, associated with nausea and even-
tually vomiting, with ketone excretion into the urine increasing 
osmotic diuresis. A vicious cycle of increasing ketones, vomiting, 
and acute renal impairment contribute to a worsening metabolic 

acidosis. Bicarbonate falls as carbon dioxide excretion is increased 
from respiratory compensation, while acid accumulation from ke-
tones produces an increased anion gap.

The inability of insulin- deprived cells to take up glucose and 
potassium intracellularly leads to worsening hyperglycaemia and 
hyperkalaemia, with loss in urine and gastric secretions. Although 
hyperkalaemia occurs at DKA presentation, it must be remem-
bered that total body potassium is depleted and a rapid reduction in 
serum potassium levels can occur if fluid and insulin are adminis-
tered without potassium replacement.

Prolonged solute loss prior to DKA presentation may de-
plete total body sodium, and hyperglycaemia causes a fur-
ther artefactual fall in measured plasma sodium exacerbated 
by hypertriglyceridaemia:  each 3  mmol/ L elevation in glucose 
accounts for approximately a 1 mmol/ L drop in measured plasma 
sodium. Increased serum sodium at DKA presentation therefore re-
flects profound dehydration.

natural History Following Diagnosis

In 1913, Harvard Medical School described the near uniform fa-
tality of childhood onset diabetes, with anticipated survival 18– 
24 months if diagnosed under the age of 7 years [7] . The discovery 
of exogenous insulin therapy in 1921 was a monumental achieve-
ment, transforming type 1 diabetes from a terminal disease to a 
manageable medical condition. A  contemporary picture of mor-
tality between 1970 and 2007 in Finland reported an overall cumu-
lative mortality of 17.9% after 35 years’ duration of type 1 diabetes 
[8]. Standardized mortality ratio (SMR) 20  years post- diagnosis 
decreased with time from 3.5 for patients diagnosed in 1970– 1974 
to 1.9 for those diagnosed in 1985– 1989. Mortality due to chronic 
complications reduced from 10.0 to 2.2 per 10 000 person- years for 
patients diagnosed between the ages of 0– 15 years.

Loss in life expectancy from type 1 diabetes has been estimated at 
11.1 years in men and 12.9 years in women, with greatest loss in ex-
pectancy from ischaemic heart disease [9] . Diabetic coma and keto-
acidosis remain the greatest contributors to mortality before the age 
of 50 years, and even today childhood diabetes remains a rapidly 
progressive and ultimately fatal condition in parts of sub- Saharan 
Africa. Addressing global disparity in access to healthcare is a pri-
ority for present day management.

The Diabetes Control and Complications Trial (DCCT) con-
firmed that tight blood glucose control can reduce the incidence 
of complications but regulation of blood glucose levels within the 
normal physiological range remains challenging despite recent ad-
vances in medical therapy. Exogenous insulins are unable to mimic 
the natural regulatory ability of pancreatic β cells and nearly all in-
dividuals with type 1 diabetes remain prone to microvascular and 
macrovascular complications.

Macrovascular complications Influence Mortality

Improvements in life expectancy have unmasked higher incidence 
of macrovascular disease in type 1 diabetes populations. Atheroma 
develops faster and more extensively in individuals with diabetes, 
with coronary lesions more prone to plaque ulceration and rupture. 
The risk of a cardiac event is ten times that of age- matched non- 
diabetic populations [10], although intensive diabetes treatment 

Box 15.2.2.1 Physiological effects of insulin insufficiency

Consequences of insulin insufficiency
Hepatic

Glycogenolysis
Reduced glycogen stores
Reduced glucose oxidation
Ketone body formation

Muscle
Reduced glucose uptake
Reduced glucose oxidation
Reduced glycogen synthesis
Increased proteolysis
Loss of muscle mass

Fat tissue
Increased lipolysis
Reduced triglyceride synthesis
Reduced adipocyte maturation
Fat tissue breakdown

Other consequences
Reduced cell and tissue growth
Impaired immune modulation
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might reduce the risk of cardiovascular events by more than 40%. 
Hazard ratio for ischaemic stroke is three times that of control 
subjects, increasing incrementally with worsening glycaemic con-
trol [11]. Amputation risk is 30 times that of the general population 
[12], with 20% of peripheral vascular disease patients dying within 
2 years of symptom onset. Incidence of hypertension is increased 
in patients with type 1 diabetes, and attenuation of cardiovascular 
risk factors (blood pressure and cholesterol) remains paramount 
to reduce the risk of fatal coronary heart disease, although guid-
ance is often based on outcomes from type 2 diabetes intervention 
studies [13].

Microvascular complications Influence Morbidity

Prolonged exposure to hyperglycaemia particularly affects tis-
sues that cannot downregulate glucose uptake, leading to raised 

intracellular concentrations and mitochondrial overproduction of 
superoxides that cause vascular damage.

Retinopathy

Each 5- year increase in the duration of diabetes at baseline is asso-
ciated with a 10% increase in the risk of diabetic retinopathy and 
a 26% increase in the risk of sight- threatening severe retinopathy. 
Childhood diabetes exposure, puberty, and pregnancy contribute 
to added risk. Complication rates are improving; incidence of se-
vere diabetic retinopathy in the United Kingdom decreased non- 
significantly from 48 events per 10 000 person- years in 2004 to 25.4 
events per 10 000 years in 2014 [14]. Treatment options such as 
pan- retinal laser photocoagulation can control neovascularization 
and prevent blindness, although 25- year cumulative incidence of 
severe visual impairment (defined as visual acuity poorer than 6/ 60 

table 15.2.2.1 Symptoms and signs of type 1 diabetes

Symptoms Signs Causation

Urinary symptoms
Polyuria
Nocturia
Polydipsia
Dysuria

Dehydration Hyperglycaemia exceeds the capacity of the renal tubule to reabsorb glucose in the distal 
convoluted tubule and increased urinary glucose creates an osmotic diuresis, producing 
increased urine production. Urine volume and frequency are increased, and affected individuals 
can report nocturia. Increase in urine volume differentiates new onset diabetes from infection 
or causes of bladder outflow obstruction, although high glucose levels do predispose to 
increased risk of infection.

Polydipsia
Thirst
Dizziness on standing

Dehydration
Resting tachycardia
Postural hypotension

Increased plasma osmolality and fluid losses from recurrent osmotic diuresis cause thirst and 
increased fluid intake. Intracellular dehydration occurs as water moves out of cells into the 
hyperosmolar interstitial fluid and circulation. In the later stages of undiagnosed diabetes 
preceding diabetic ketoacidosis (see below), the patient’s intake may be insufficient to replace 
fluid losses, causing dehydration.

Weight loss Reduced body mass index
Muscle loss
Loss of subcutaneous and 
visceral fat

Common in weeks preceding diagnosis, due to dehydration and worsening catabolic state. 
Lipolysis and proteolysis occur with insulin deficiency. Although weight loss is common, 
average body weight at presentation is usually within the normal range.

Fatigue Excessive somnolence Increased urinary frequency, nocturia, fluid and muscle loss lead to increased lassitude.

Visual disturbance
Blurred vision

Altered visual acuity
(Retinal and macular changes 
should be excluded by 
examination)

Hyperglycaemia causes osmotic changes in the lens and chambers of the eye that alter 
refraction; reduction in ambient glucose that occurs with treatment restores fluid levels in the 
dehydrated eye chamber, correcting the refraction capacity of the lens.

Musculoskeletal
Leg pains, cramps

Muscle cramps, especially 
lower extremities

Excessive electrolyte loss with diuresis, altered carbohydrate, fat and protein metabolism, and 
subsequent ketosis formation can lead to cramping.

Infection
Skin infections
Dysuria
Genital soreness

Cellulitis
Abscesses
Otitis externa
Conjunctivitis
Vaginal thrush
Vulvovaginitis
Balanitis
Urinary tract/ Genital infection

Increased glucose levels in body secretions encourage culture of bacteria, fungi, and viruses. 
Glucose levels should be tested in any individual presenting with significant skin or urogenital 
infection. Insulin deficiency may also have adverse effects on neutrophil function, and it is not 
uncommon for type 1 diabetes to present at times of infection as the stress response increases 
sympathetic activation, cortisol, and growth hormone release, all of which produce further 
hyperglycaemia.

Gastrointestinal symptoms
Nausea
Constipation (paediatric cases)

Oral and oesophageal 
candidiasis may complicate 
newly presenting type 1 
diabetes.

Nausea and bloating result in physiological delay of gastric emptying with concurrent 
hyperglycaemia. Constipation noted in paediatric presentations, arising as a consequence of 
constipation from dehydration. Diarrhoea is rare, unless associated with coeliac disease at 
presentation.

Diabetic ketoacidosis

Extreme thirst
Excessive polyuria
Vomiting
Hyperventilation
Reduced consciousness

Dehydration
Increased skin turgor
Resting tachycardia
Postural hypotension
Sunken fontanelle (infants)
Kussmaul breathing
Coma

Fluid losses excessive due to osmotic effects of profound hyperglycaemia. Acute renal failure 
may be present, and hyperkalaemia occurs as potassium cannot be moved into cells with 
insulin insufficiency.

Unrestrained lipolysis and ketone formation cause nausea and subsequently vomiting.
Ketones are acidic, reducing plasma pH. Metabolic acidosis drives respiratory compensation 

and hyperventilation can ensue, producing a deep sighing respiration. The breath smells of 
ketones, likened to pear drops.

Rising osmolality and reduction in plasma pH reduce consciousness; often a late sign of 
established ketoacidosis necessitating intensive care admission.
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in the better eye) has been reported at 3% [15]. In addition, lifetime 
risk of developing cataracts is increased threefold and glaucoma risk 
by nearly 50% in individuals with type 1 diabetes.

nephropathy

Incidence of diabetic nephropathy increases linearly with dur-
ation of diabetes, with genetic propensity peaking at 10– 14  years. 
Microalbuminuria develops in 30– 40% of individuals with type 1 
diabetes, although a significant proportion of patients can revert to 
normoalbuminuria with improvements in glycaemic control and 
blood pressure management. A third of microalbuminuria patients 
progress to macroalbuminuria over a decade [16], of which two- 
thirds later develop end- stage renal disease. Kidney disease accounts 
for a fifth of deaths in type 1 diabetes and all stages of nephropathy are 
associated with increased risk of death from cardiovascular disease 
(2– 3- fold with microalbuminuria, 10- fold with overt proteinuria).

neuropathy

Chronic distal symmetrical neuropathy with reduced sensation in the 
lower limbs and feet occurs in approximately a third of patients with 
20– 25 years’ type 1 diabetes, although encouragingly incidence has 
decreased with improvements in glycaemic control. Distal neuropathy 
increases the likelihood of ulceration and amputation in diabetes, and 
in Westernized countries 7% of patients with diabetes are managed 
for foot ulcers. Abnormalities of the autonomic nervous system can 
manifest as gustatory sweating, altered bowel habit, postural hypoten-
sion, impotence, and blunting of physiological heart- rate variations; 
overt gastroparesis with vomiting and bladder dysfunction are rare.

Hypoglycaemia

Insulin therapy is life- sustaining and enables glycaemic control. 
However, hypoglycaemia is a potentially lethal side effect, and repeated 
exposure can result in impaired awareness of low blood glucose levels. 
Impaired awareness affects an estimated 20– 30% of individuals with 
type 1 diabetes, and is associated with increased risk of severe hypogly-
caemia requiring third party assistance. One episode has potential im-
plications regarding lifestyle choices and driving but ultimately it can be 
truly life- threatening: not waking from sleep during nocturnal hypogly-
caemia increases the risk of ‘dead- in- bed’ syndrome and sudden death 
[17]. The frequency of impaired awareness of hypoglycaemia has not 
declined in the past two decades, and despite major advances in con-
ventional insulin therapy, there remains a group of patients in whom re-
current severe hypoglycaemia is associated with increased mortality (see 
Chapter 15.5.5 ‘Hypoglycaemia in the Treatment of Diabetes Mellitus’).

Autoimmune Associations

Clustering of autoimmune disorders due to shared genetic suscep-
tibility increases the lifetime risk of other autoimmune conditions 
developing in individuals with type 1 diabetes. A prevalence of 6% 
was recently reported [6] , and the most common autoimmune con-
ditions associated with type 1 diabetes are listed in Table 15.2.2.2.

Future Management Strategies Might Influence 
natural History

Redefining type 1 diabetes as having a silent or asymptomatic 
phase defined by autoantibody status and genetic risk could allow 

therapeutic interventions to be given earlier in the natural history 
of the disease, with the goal of maintaining β- cell mass and en-
dogenous insulin production. Organized trial networks now facili-
tate testing of immunotherapy agents which might be capable of 
preventing disease onset. However, the current risk- benefit ratio is 
such that interventions have not yet provided sufficient evidence for 
routine clinical use to be indicated. Given that exogenous insulin 
therapy has considerably increased life expectancy for type 1 dia-
betes, a high safety bar has been set for immune- based interven-
tions, and they must achieve long- lasting outcomes with minimal 
side effects before they can replace insulin therapy.
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Coeliac disease 5– 10% express
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Rarely measured
Reported frequency
2– 10%
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Skin biopsy rarely used to 
confirm diagnosis



15.2.3 Pathogenesis 1935

 9. Livingstone SJ, Levin D, Looker HC, et al. Estimated life ex-
pectancy in a Scottish cohort with type 1 diabetes, 2008– 2010. 
JAMA, 2015; 313: 37– 44.

 10. Orchard TJ, Costacou T, Kretowski A, Nesto RW. Type 1 
diabetes and coronary artery disease. Diabetes Care, 2006; 
29: 2528– 38.

 11. Stahl CH, Lind M, Svensson AM, Gudbjornsdottir S, 
Martensson A, Rosengren A. Glycaemic control and excess risk 
of ischaemic and haemorrhagic stroke in patients with type 
1 diabetes: a cohort study of 33 453 patients. J Int Med, 2017; 
281: 261– 72.

 12. Khanolkar MP, Bain SC, Stephens JW. The diabetic foot. QJM, 
2008; 101: 685– 95.

 13. de Boer I, Kestenbaum B, Rue TC, et al. for the Diabetes Control 
and Complications Trial (DCCT)/ Epidemiology of Diabetes 
Interventions and Complications (EDIC) Study Research Group. 
Insulin therapy, hyperglycemia, and hypertension in type 1 dia-
betes mellitus. Arch Intern Med, 2008; 168: 1867– 73.

 14. Mathur R, Bhaskaran K, Edwards E, et al. Population trends 
in the 10- year incidence and prevalence of diabetic retinop-
athy in the UK: a cohort study in the Clinical Practice Research 
Datalink 2004– 2014. BMJ Open, 2017; 7: e014444.

 15. Klein R, Lee KE, Gangnon RE, Klein BE. The 25- year incidence 
of visual impairment in type 1 diabetes mellitus the wisconsin 
epidemiologic study of diabetic retinopathy. Ophthalmology, 
2010; 117: 63– 70.

 16. Rossing P, Hougaard P, Parving HH. Progression of 
microalbuminuria in type 1 diabetes: ten- year prospective ob-
servational study. Kidney Int, 2005; 68: 1446– 50.

 17. Gill GV, Woodward A, Casson IF, Weston PJ. Cardiac ar-
rhythmia and nocturnal hypoglycaemia in type 1 diabetes— 
the ‘dead in bed’ syndrome revisited. Diabetologia, 2009; 
52: 42– 5.

15.2.3 Pathogenesis
Ayat Bashir, Richard A. Oram, and F. Susan Wong

Introduction 1935

Genetics— Association with Immune System Genes 1935

What is the Role of the Environment in the Loss of Immune 

Tolerance? 1938

Insulitis— Beta-Cell Antigen- Specific T Cells Found in   

Human Islets 1938

Humoral Immunity— The Presence of Anti- Islet Autoantibodies   

in the Circulation 1938

Cellular Immunity— Pancreas Transplantation, Adoptive   

Transfer of Diabetes and Islet Beta-Cell Antigen- Responsive   

T Cells 1939

How are the Beta-Cells Damaged or Destroyed? 1941

Immune Intervention 1941

Summary 1942

References 1942

Introduction

The autoimmune basis for human type 1 diabetes is well established. 
It is recognized that there may be considerable heterogeneity in the 
features of disease, and that type 1 diabetes is not a disease only of 
children, but also presents in adulthood. There are several lines of 
evidence supporting the autoimmune nature of type 1 diabetes, and 
these are summarized in Figure 15.2.3.1; each of these will be dis-
cussed in turn in the sections next.

Adding to the heterogeneity of disease, the period of time from 
initiation of the disease process to clinical presentation may range 
from weeks (in those presenting before the age of 5 years) to years 
in those presenting at an older age. A current model setting out the 
early stages of disease pathogenesis is shown in Figure 15.2.3.2. 
There are genetic and environmental risk factors, which may or may 
not lead to the development of autoimmunity. In stage 1, following 
initiation of the immune process, there is autoimmunity against 
beta-cells but normal blood glucose. As more beta-cells are des-
troyed there is asymptomatic dysglycaemia, finally leading to pres-
entation of symptomatic diabetes.

Genetics— Association with Immune System Genes

Type 1 diabetes is a polygenic disease with a significant heritable 
component stemming from multiple risk genes [1, 2]. Monozygotic 
twin concordance for type 1 diabetes is 30– 70%, compared to di-
zygotic twin concordance of 6– 10%. Risk for people who have a first 
degree relative affected varies from 3% with an affected mother, to 
5% with an affected father, and 8% with an affected sibling. Type 
1 diabetes is most common in white Caucasian populations, but 
can occur in all races and ethnicities. Genetic associations of type 
1 diabetes highlight the critical role of the immune system in type 
1 diabetes, with the human leucocyte antigen (HLA) class II genes 
having the strongest association. Large differences in incidence 
of type 1 diabetes in genetically similar populations [3] , and the 
increasing incidence of type 1 diabetes in low genetic risk individ-
uals, highlight the importance of the interaction between genetic 
and environmental risk factors in type 1 diabetes development.

the Main Susceptibility Locus: Human 
Histocompatibility complex (HLA)

The association of T1D with the HLA region on chromosome 6p21 
was determined over 40 years ago [4, 5]. This region is now known 
to contribute around 50% of genetic susceptibility to type 1 diabetes 
[6] . The strongest association is with highly polymorphic HLA DR 
and DQ genes, which are commonly inherited together, due to tight 
genetic linkage between DR and DQ alleles. These genes encode 
proteins that display self and non- self- peptides on the surface of 
antigen- presenting immune cells. The highest risk haplotypes in-
clude DR4- DQ8 (DRB1*0401 DQA1*0301- DQB1*0302) and DR3- 
DQ2 (DRB1*0301- DQA1*0501- DQB1*0201) and at least one of 
these alleles is found in 85% of white Caucasians with T1D. The 
primary genetic drivers of risk seem to be amino acid and protein 
structural changes in the antigen binding pockets of HLA class II 
molecules at 3 key amino acid positions in the DRB1 and DQB1 
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Figure 15.2.3.1 Indicators of the autoimmune pathogenesis of type 1 diabetes.
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genes [7]. This presumably impacts the binding affinity, the rep-
ertoire of peptides that can be presented and their impact on the 
T cells they bind. Certain DR- DQ alleles (such as DRB1*1501- 
DQA1*0102- DQB1*0602) confer strong dominant protection from 
type 1 diabetes [8]. The mechanisms for this are not fully under-
stood but may offer valuable insights into how to reduce or prevent 
islet- specific autoimmunity.

Additional associations with the HLA region include the class II 
DPB1 locus, and HLA class  I  A, B, and C loci. Alleles with par-
ticularly strong associations include the protective B*57:01 allele, 
and B*39:06 and A24 risk alleles [9] . HLA class I/ peptide antigen 
complexes are involved in in the development of the CD8+ T- cell 
repertoire in the thymus and antigen- specific T- cell- mediated 
cytotoxicity.

non- HLA Loci are Important contributors to   
Genetic Risk of type 1 Diabetes and Reveal   
Further Immune Insights

Linkage and genome wide association studies have demonstrated 
over 50 additional non- HLA genetic associations with type 1 dia-
betes risk [2] . The majority of these associations are with genes in 
key immune pathways and further highlight the importance of the 
immune system function and regulation in the pathogenesis of type 
1 diabetes [10] (Figure 15.2.3.3).

The strongest non- HLA genetic association, initially described as 
the IDDM2 locus, was discovered in the early 1980s, and is a variable 
number of tandem repeats (VNTR) polymorphism next to the insulin 
gene (INS) on chromosome 11p15 [11]. The class III protective VNTR 
is associated with increased insulin expression in the thymus and may 
increase negative selection of insulin- specific autoreactive T cells.

The PTPN22 gene on chromosome 1p13 encodes the lymphoid- 
specific phosphatase LYP, which normally suppresses T- cell activa-
tion [12]. A gain of function variant in PTPN22 may lead to a failure 
of deletion of autoreactive T cells during thymic selection, and al-
tered function of effector and regulatory T (Treg) lymphocytes, 
and B lymphocytes in the periphery. Cytotoxic T- lymphocyte– 
associated protein 4 (CTLA4), encoded on chromosome 2q33, plays 
a role in T- cell development and it is a negative regulator of T- cell 
activation. Its expression in both regulatory and effector T cells 
is essential for suppression of autoreactive T- cell- mediated cyto-
toxicity. The IL- 2 receptor alpha (IL- 2RA) gene encodes the IL- 2 
receptor alpha chain, CD25. The T1D- susceptibility IL2RA associ-
ation is associated with decreased signalling via the IL- 2 pathway in 
both memory T cells and Tregs and this is linked to diminished Treg 
function. These and other genetic immune associations (reviewed 
in [2, 13]) have led to better understanding of mechanisms of islet- 
specific autoimmunity, and identified pathways that are being tar-
geted for therapeutic intervention.

Not all genetic associations of type 1 diabetes point to adaptive 
immunity. Both common and rare deleterious variants in IFIH1 
are associated with type 1 diabetes [14]. IFH 1 encodes melanoma 
differentiated associated protein 5 (MDA5) which binds to double- 
stranded RNA viruses and thus mediates the innate immune 
system’s interferon response to certain viruses. A recent study dem-
onstrated evidence for a causal relationship between the common 
IFIH variant (rs1990760) and both autoimmunity and viral resist-
ance [15]. Additionally there is emerging evidence that several type 
1 diabetes genes are expressed in insulin- producing beta-cells and 
abnormalities within the beta- cell may contribute to type 1 diabetes 
pathogenesis [10].
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The majority of genetic linkage and association studies have 
been in groups of type 1 diabetes cases compared to control indi-
viduals. However, there is increasing awareness of heterogeneity of 
aetiopathology, immune phenotype, age of presentation, and beta- 
cell loss in type 1 diabetes. To elucidate the genetic contribution to 
this heterogeneity will require large association studies of these fea-
tures within cohorts of people who progress to type 1 diabetes and 
well- phenotyped individuals with type 1 diabetes. It is possible, as is 
the case with some other autoimmune diseases, that genetic associ-
ations and predictors of disease progression may be independent of 
risk loci. Initial analyses have highlighted independent genetic asso-
ciations with age of diagnosis [16], beta- cell loss [17], and incidence 
of islet autoantibody development [18].

Thus, there have been considerable advances in determining gen-
etic factors that lead to increased susceptibility to type 1 diabetes. 
However, it is clear that genetic susceptibility alone is not sufficient 
for diabetes to develop, and environmental factors have been impli-
cated in triggering or perpetuating the immune responses that lead 
to islet beta- cell damage, discussed in the next section.

What is the Role of the environment in the Loss 
of Immune tolerance?

Several studies have been designed to characterize the progression 
over time to islet autoimmunity and clinical disease in children at 
risk of type 1 diabetes, including The Environmental Determinants 
of Diabetes in the Young (TEDDY) [19], and the Diabetes 
Autoimmunity Study in the Young (DAISY) [20]. Evidence emer-
ging from these and other studies is consistent with diverse genetic 
and environmental factors driving initiation of islet autoimmunity 
and progression to type 1 diabetes.

Infections, particularly viral, have long been implicated as a po-
tential cause of type 1 diabetes. Evidence of persistent enteroviral 
infection has come from detection of enteroviral VP1 protein, and 
RNA in the beta-cells of individuals with type 1 diabetes [21, 22]. 
However, whether this is a causative factor or an additional factor 
causing stress to beta-cells is unknown. Recently, considerable 
interest has been focused on the intestinal microbiome. The gut 
bacteria are acquired at the time of birth, and the microbiota in-
crease in diversity, particularly over the first 3  years of life [23]. 
Children who develop type 1 diabetes have reduced diversity [24] of 
the gut microbiota. These commensal bacterial influence host me-
tabolism, and have an important role in maturation of the immune 
system and development of immune tolerance. In animal models, 
gut microbes could activate autoreactive T cells and contribute to 
development of diabetes by molecular mimicry [25], but this has 
yet to be proven in humans. Other influences in early life, such as 
dietary factors including early introduction of cows’ milk, cereals, 
polyunsaturated fatty acids, and vitamin D have all been considered 
as possible determinants, but as yet, no firm conclusions can be 
drawn [26, 27]. Vaccines and antibiotic use have not been shown to 
be a factor in diabetes development. Large prospective studies will 
be important to help throw light on this, although heterogeneity of 
type 1 diabetes may continue to make this a very difficult task.

Thus, either one or more of these environmental factors may 
be important in both triggering and perpetuating the immune 

responses that damage the islet beta-cells. A  proposed scheme 
for the components involved in the immune damage is shown in 
Figure 15.2.3.4, and these will be discussed further in the sections 
that follow.

Insulitis— Beta-cell Antigen- Specific t cells Found 
in Human Islets

The earliest evidence for immune cell involvement was infiltration 
of mononuclear cells in the pancreatic islets [28, 29]. Autopsies of 
young patients who died shortly after diagnosis of diabetes showed 
variable degrees of lymphocytic infiltration, resembling that seen in 
autoimmune thyroiditis. In a large series of post- mortem examin-
ations, infiltration was found in insulin- containing islets, with few 
cells found in insulin- deficient islets [30]. More recently, the insu-
litis has been further characterized in post- mortem samples where 
CD8+ T cells and B cells are found more commonly than CD4+ 
cells, with other cell types including CD68+ macrophages [31]. In 
addition, biopsies of pancreas in newly diagnosed individuals con-
firmed CD8+ T cells to be the most abundant cells present [32]. 
Furthermore, infiltrating CD8+ T cells have been shown to be islet 
autoantigen- reactive to proinsulin, glutamic acid decarboxylase, 
and islet- specific glucose- 6- phosphatase catalytic subunit- related 
protein (IGRP) [33, 34]. Nevertheless, it is perhaps somewhat sur-
prising that relatively few cells are found in the islets of the pan-
creatic samples that have been studied post- mortem, and this may 
reflect the fact that the immune processes may have commenced a 
considerable time before diagnosis.

Humoral Immunity— the Presence of Anti- Islet 
Autoantibodies in the circulation

The identification of islet cell antibodies (ICA) by immunofluores-
cence in 1974 was a key step in the recognition of type 1 diabetes 
as an immune- mediated disease. ICA have now been character-
ized at the molecular level and are summarized in Table 15.2.3.1. 
Circulating islet autoantibodies are present in sera from ~95% of 
children with new- onset diabetes, and provide evidence of an active 
and disease- specific B lymphocytic response. Furthermore, the ob-
servation that ICA preceded the development of diabetes in high- 
risk relatives led to the understanding that onset of autoimmunity 
commonly occurs years before clinical presentation with diabetes. 
Although individuals with single autoantibody positivity do not ne-
cessarily progress to a decline in beta- cell function, the presence 
of two or more high- titre autoantibodies predicts development of 
type 1 diabetes over the following 10– 15  years [35]. The risk of 
developing autoantibodies in these relatives is high in the youngest 
children and reduces with age. Models have been developed to es-
timate the risk of developing type 1 diabetes at different ages from 
birth through childhood, and was greatest in younger islet autoanti-
body positive children [88].

While anti- islet autoantibodies may appear many years before 
clinical onset of diabetes and allow prediction and classification of 
type 1 diabetes, the autoantibodies are not thought to be effectors 
of the immune attack; rather they are a sign of autoreactive B cell 
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activation. As many of these autoantibodies are IgG, suggesting that 
they are T- cell- dependent antibodies, they are also likely to indi-
cate autoreactive T- cell activity. It is interesting to note that many of 
the islet autoantibodies are directed towards components of the islet 
secretory granule, and some of these are also targets of T lympho-
cytes (see next).

cellular Immunity— Pancreas transplantation, 
Adoptive transfer of Diabetes and Islet Beta-cell 
Antigen- Responsive t cells

Understanding of immune cell subsets has increased consider-
ably over the last few years, and many of these subsets, shown in 
Figure 15.2.3.4, participate in autoimmune reactivity. As illustrated, 
the interactions are complex and the diversity of cells involved is 
likely to make immune intervention potentially difficult. Much 

information relating to cellular immunity has initially been derived 
from rodent models that develop spontaneous autoimmune dia-
betes. The most studied of these models is the non- obese diabetic 
(NOD) mouse, which has given us early insights and signposted cel-
lular immune processes. Like humans, the most important genetic 
susceptibility factor is in the MHC class  II region, and the struc-
ture of the MHC class  II molecule most closely associated with 
diabetes, is very similar in both humans and NOD mice. As in hu-
mans, environmental factors also play a role, which contributes to 
the variation in incidence of diabetes in different mouse colonies 
across the world, as well as over time within the same colony [49]. 
Some of the target T- cell antigens in NOD mice, which are also 
targeted in humans, are very similar to the autoantibody targets 
(Table 15.2.3.2). Early studies in the NOD mouse indicated that 
both CD8+ and CD4+ T cells as well as B cells themselves (rather 
than antibodies) are likely to be important in the developing cellular 
responses against islet beta-cells (reviewed in [50]). This has been 

Figure 15.2.3.4 Proposed scheme for pathogenesis of type 1 diabetes. (1) Genetic and environmental factors, such as viral infections, are likely to 
impact on loss of peripheral tolerance, a major contributing factor in the pathogenesis of type 1 diabetes. The intestinal microbiome has also been 
implicated as an environmental factor in pathogenesis. (2) Defective central tolerance allows naïve islet- reactive CD4+ and CD8+ T cells to escape the 
thymus and migrate to the pancreatic lymph node. (3) Several possible mechanisms, including remodelling by apoptosis, viral infection, endoplasmic 
reticulum (ER) stress could promote beta-cell death and release of beta-cell antigens. Antigens can be taken up by dendritic cells (DC), which migrate 
to the pancreatic lymph node. (4) Dendritic cells present beta-cell antigens to naïve CD4 T cells, leading to activation of several possible subsets 
including: Th1, Th2, TFH, Th17, Treg. Dendritic cells also cross- present antigens to CD8+ T cells. (5) CD4+ cells can help B lymphocytes to produce 
autoantibodies that target beta-cell proteins. They may also assist in activation and migration of CD8+ T cells. Activated T cells traffic to the islets. 
(6) CD4+ Th1 secrete pro- inflammatory cytokines IFNγ and TNFα, which could induce beta- cell death and stimulate macrophages to produce reactive 
oxygen species (ROS), TNFα and IL1β. This may augment beta-cell death. (7) Furthermore CTL infiltration can induce direct killing of beta-cell by 
lysing beta-cells presenting self- antigen, via secretion of granzymes/ perforin and through the Fas– FasL pathway. (8) Treg cells function to reduce 
autoimmune responses through interaction with dendritic cells and secretion of TGFβ and IL- 10. In diabetes, regulatory T- cell function is impaired.
Adapted with permission from van Belle TL, Coppieters KT, von Herrath MG. Type 1 diabetes: etiology, immunology, and therapeutic strategies. Physiological reviews. 
2011;91(1):79– 118. Artwork courtesy of Juliet Percival.
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table 15.2.3.1 Autoantibodies in type 1 diabetes

Target antigen Key information References

Insulin (IAA)  • Presence demonstrated using sensitive radiobinding assay.
 • Appear very early in the natural history of type 1 prodrome.
 • Overall prevalence in childhood diabetes (<15 years) has been reported as 70%, with higher prevalence in 

younger children.
 • High affinity IAA strongly associated with HLA DRB1*04, subsequent progression to multiple autoantibody 

positivity, binding to human insulin A chain residues 8– 13, and binding to proinsulin.

[36– 38]

Glutamate decarboxylase 
65 kD molecular weight 
isoform (GAD65)

 • Originally discovered by immunoprecipitation of a 64kDa protein from 35S methionine- labelled rat islets by   
sera from patients with type 1 diabetes.

 • Found in >70% of people with type 1 diabetes at all ages. GAD is not confined to beta-cells, and is also found   
in other cell types.

 • GAD antibodies show a positive correlation with age and can persist longer than other islet cell autoantibodies.
 • The affinity and epitope specificity of the antibody response predicts progression of the disease process.

[37, 39, 40]

Insulinoma- associated 
antigen- 2 (IA2)

 • Identified by screening patient sera with an islet cDNA expression library.
 • Found in 65– 75% patients at diagnosis.
 • Almost always detected with other islet autoantibodies and are very specific for type 1 diabetes.
 • More likely to appear closer to clinical onset.
 • Critical epitope regions/ residues for IA- 2A and IA- 2β antibodies have been defined, with a hierarchy of risk for 

future development of type 1 diabetes.
 • Subreactivity to IA- 2β is strongly associated with progression to diabetes within 5 years.

[41– 44]

Zinc- transporter isoform 8 
(ZnT8)

 • Discovered by screening highly- expressed islet beta- cell specific molecules.
 • Found in 60– 80% patients at diagnosis.
 • Typically disappear very early after disease onset.
 • Autoimmunity against the COOH- terminal region of ZnT8 is of particular prognostic significance.
 • Greatest risk of disease progression occurs in ZnT8A- positive children who are homozygous for either   

arginine or tryptophan at position 325.

[45, 46]

Tetraspanin- 7  • Identified by mass spectrometry.
 • Found in approximately 19– 38% of patients.
 • Significantly higher prevalence in children.
 • In addition to other antibodies, Tetraspanin- 7 provides only minor further value in identifying beta- cell 

autoimmunity.
 • Not known to influence disease progression.

[47, 48]

facilitated by the ability to clone islet- reactive T cells, and to study 
their targets and mechanism of action. Furthermore, of note in con-
sidering the immune role in destruction of islet beta-cells, T cells, 
both polyclonal populations from diabetic NOD mice as well as in-
dividual cloned T cells, are able to transfer diabetes to non- diabetic 
immunocompromised mice.

The strongest MHC susceptibility factor associated with the im-
mune response in type 1 diabetes is in the MHC class  II region, 
as noted in Section 1, coding for antigen- presenting molecules 
that are required for CD4+ T cells to recognize their antigen. The 
autoantibodies indicate that the B cells that produce them are 
likely to have interacted with CD4+ T cells. However, the pres-
ence of hyperexpression of HLA class  I  in insulitis, genetic HLA 
class I associations, and CD8+ T- cell transfer experiments in mice 
highlight that CD8+ T cells are also critical to the autoimmune pro-
cess. A major barrier to progress in understanding type 1 diabetes 
has been the difficulty in identifying and studying islet- specific 
autoreactive lymphocytes from insulitis lesions in humans, with a 
reliance on studying the very small proportion of islet autoreactive 
lymphocytes circulating in peripheral blood [51].

The importance of CD8+ T cells in the final effector phases of type 
1 diabetes was emphasized in early identical twin- to- twin pancreas 
transplants. Unaffected monozygotic twins in long- term discordant 
pairs who were thought not to require immunosuppression be-
cause they were HLA- identical, donated the tail of their pancreas 
to their affected co- twin. However, the graft was rapidly destroyed 
by recrudescence of the type 1 diabetes disease process, with a 

preponderance of CD8+ T cells in the insulitis that developed in the 
transplanted organ within weeks of transplantation and unfortu-
nately, rapid recurrence of diabetes occurred [52].

Evidence for transfer of diabetes by T cells in humans comes from 
bone marrow transplantation, from donors with type 1 diabetes to 
non- diabetic recipients. In nine cases in which the donor had type 1 
diabetes, 2 of 3 long- term survivors developed type 1 diabetes [53]. 
This transfer of disease can be prevented by depletion of mature T 
cells prior to transplantation, which is now routine practice.

What do the T cells recognize? Many, but not all, of the 
autoantigenic targets are those that are also targets of the humoral 
response, shown in Table 15.2.3.2. CD8+ T cells recognizing 
islet autoantigens can be found within the islets, as highlighted 
earlier, as well as in the peripheral blood [54,  55] and some of 
these also demonstrate the ability to damage islets in vitro [56]. 
Under normal circumstances, autoreactive T cells are removed in 
the thymus, by the process of central tolerance. T cells that have 
sufficient affinity for peptides of self- antigens, presented on me-
dullary thymic epithelial cells within the thymus, will be deleted. 
It is recognized that a number of the islet autoantigens recognized, 
are either not presented in the thymus or the peptide recognized 
by the islet antigen- specific T cells are of very low affinity and do 
not trigger thymic deletion. Furthermore, some of the genetic sus-
ceptibility factors associated with type 1 diabetes encode alleles 
that reduce thymic negative selection, as discussed in the earlier 
genetics section, and reviewed in [57]. In addition, recent studies 
have indicated that some autoantigenic targets recognized by 
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CD4+ T cells may be hybrid peptides of two autoantigens, gener-
ating unique antigens within the beta-cells or local environment 
(58, 59). This may further explain why some autoreactive T cells 
are not eliminated by central tolerance mechanisms in the thymus 
during development.

The role of pathogenic CD4+ T cells is less clear, as fewer of 
these are found within the islet infiltrate, but it is likely that they 
may help activation of both CD8+ T cells as well as B cells to pro-
duce autoantibodies, although this has not been shown directly 
in man. In recent years, newer subsets of CD4+ T cells including 
T follicular helper (TFH) cells were shown to be increased in the 
circulation [73]. These TFH, which are found in germinal centres 
and aid B cells in class- switching of antibodies, are important in 
autoantibody production. Furthermore, among the many subsets 
of CD4+ T cells, the Treg cells, involved in terminating immune re-
sponses, are important in preventing autoimmunity under normal 
circumstances. While, overall, these cells are not altered in number, 
there is evidence that their function is defective in type 1 diabetes, 
being less able to control cytokine production and proliferation 
of effector CD4+ T cells [74]. This may be related to a variety of 
mechanisms that are genetically encoded and include reduced sen-
sitivity to IL- 2, increased apoptosis, alteration in Treg function and 
instability of the expression of forkhead box P3 (FOXP3), a central 
transcription factor for a major subset of Tregs, and alteration of 
other genes involved in T reg function reviewed in [75]. In add-
ition, not only have defects in these cells been shown in peripheral 
blood, but also in pancreatic lymph nodes, the draining nodes of 
the pancreas [76].

How are the Beta-cells Damaged or Destroyed?

Type 1 diabetes is a disease of progressive, severe insulin deficiency 
caused by autoimmune beta- cell destruction. Despite historical 
dogma, it is increasingly clear that progression of beta- cell destruc-
tion is variable and does not always lead to complete beta- cell loss. 
Post- mortem histological studies of individuals who have had dia-
betes for more than 50 years, have indicated that some pancreatic 
beta-cells remain insulin- positive [77]. Almost all people with type 
1 diabetes have measurable beta- cell function at diagnosis, and re-
cently, highly sensitive C- peptide assays have shown that even years 

after diagnosis, many people with type 1 diabetes, particularly those 
diagnosed as adults, have low levels of detectable beta- cell function 
[77]. The source of remaining beta-cells is unclear and could relate 
to a “burning out” of autoimmunity, some beta-cells being more re-
sistant to immune attack, or regeneration of beta-cells.

The islet beta-cells are likely to be damaged by a combination 
of both necrosis and apoptosis. Cytotoxic CD8+ T cells play a 
role in immune damage, and release of perforin and granzymes 
from the cytotoxic granules damage the cell membrane. Islet 
beta-cells are also particularly susceptible to damage by cytokines 
[78] and reactive oxygen species (ROS) [79]. The cytokines and 
ROS cause mitochondrial damage, and lead to increased perme-
ability, disrupting oxygen phosphorylation and production of ATP. 
However, apoptosis may also play a role, and this may also be initi-
ated by cytokine damage by TNF, as well as activation through the 
Fas/ Fas ligand pathway.

Recent advances in imaging of beta-cells will enhance under-
standing of the rate of loss, and will allow the loss of beta-cell mass 
to be quantified. The insulin- containing beta- cell granules express 
vesicular monoamine transporter2 (VMAT2) and the density of 
this can be visualized and quantified by PET imaging [80]. Further 
advances in this and other MRI imaging techniques, may consid-
erably aid the understanding of the processes of islet cell damage. 
In addition to the imaging techniques, turnover of islet beta-cells 
in the context of beta-cell death has also been studied by meas-
urement of unmethylated insulin gene (INS) DNA that originates 
in beta-cells where the insulin gene is transcribed, compared with 
other tissues where no transcription takes place. Thus, these epi-
genetic changes can be estimated, by unmethylated to methylated 
INS gene measurements in serum by polymerase chain reaction 
(PCR), to provide an indication of beta- cell death. While there are 
limitations to this method, reviewed in [81], refinements may allow 
functional measurements of beta- cell mass and indicate ongoing 
beta- cell destruction.

Immune Intervention

As evidence points to autoimmunity as a major contributor to the 
pathogenesis of type 1 diabetes, this should be amenable to therapy 
targeting the immune system. Early trials of cyclosporin A showed 
that there was an apparent delay in loss of beta-cells using a non- 
specific immunosuppressive approach [82,  83]. However, despite 
much optimism that type 1 diabetes can be halted or reversed by 
immune intervention, in the human studies to date, this goal has 
not yet been achieved [84]. This may, in part, be because of the 
complexity and heterogeneity of the immune process in type 1 dia-
betes, or the fact that too many beta-cells are lost by the time of 
presentation. A few recent studies have shown some slowing of loss 
of beta-cells, as detected by preservation of C- peptide, within the 
first year with anti- CD3 (teplizumab, otelixizumab) [85, 86] as well 
as anti- CD20 targeting B cells [87]. Further promise has also been 
shown with agents targeting costimulatory molecules. Of import-
ance would be the ability to more specifically target either patho-
genic cells with antigen- specific tolerance strategies or boosting 
regulatory T cells, and clearly there is much scope for further re-
search. These will be discussed in more detail in Chapter  15.6.3, 
‘Immunotherapy in Type 1 Diabetes’.

table 15.2.3.2 Major autoantigens targeted by T cells in humans

Autoantigen Responding T cell References

CD4 CD8

Insulin/ Proinsulin ✓ ✓ [60, 61]

GAD65 ✓ ✓ [62, 63]

Islet- specific glucose- 6- phosphase 
catalytic subunit- related protein (IGRP)

✓ [63– 65]

Insulinoma- associated antigen- 2 ✓ ✓ [64, 66, 67]

Insulin antigen- 2- Phogrin ✓ [68]

ZnT8 ✓ ✓ [69, 70]

Insulin hybrid peptides ✓ [58, 59, 71]

Defective ribosomal insulin gene product ✓ [72]
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Summary

There have been considerable advances in our understanding of 
the genetic susceptibility and the immune pathogenesis of type 1 
diabetes. However, there are still unanswered questions about the 
pathogenesis of type 1 diabetes, particularly in relation to the en-
vironmental factors that may trigger the immune attack, and dis-
ease heterogeneity. The refinements in modern technology that will 
allow more sophisticated imaging, as well as advances in our ability 
to interrogate the immune processes at a single cell level, and under-
stand the interaction with islet biology should allow further pro-
gress to be made in this area.
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Definition of type 2 Diabetes

The 2006 World Health Organization (WHO) definition of diabetes 
is based on a fasting plasma glucose concentration of 7 mmol/ L or 
above and/ or a 2 hour venous plasma glucose value of 11.1 mmol/ 
L or above after a 75 g glucose load during an oral glucose toler-
ance test (OGTT) [1] . The American Diabetes Association (ADA) 
definition uses a fasting glucose of 7  mmol/ L or above alone to 
identify diabetes. Both WHO and ADA now recognize the use 
of non- fasting glycosylated haemoglobin (HbA1c) levels >6.5% 
(48  mmol/ mol) to diagnose diabetes. WHO has concluded that 
‘HbA1c can be used as a diagnostic test for diabetes, provided that 
stringent quality assurance tests are in place and assays are stand-
ardized to criteria aligned to the international reference values, 
and there are no conditions present which preclude its accurate 
measurement’ [2]. Diabetes may still be diagnosed using glucose 
criteria even if HbA1c is less than 6.5% (48 mmol/ mol). In people 
who are asymptomatic two abnormal tests are required to diag-
nose diabetes. Recent research has identified clinically important 
subtypes of type 2 diabetes that can be distinguished by measure-
ment of six variables:  glutamate decarboxylase antibodies, age 
at diagnosis, body mass index (BMI), HbA1c, and homoeostatic 
model assessment two estimates of β- cell function and insulin 
resistance although several of these are not measured in routine 
clinical practice [3].

Estimates of diabetes prevalence (that is the proportion of people 
within a population with diabetes) may be based on self- reported 

diabetes from population surveys, medical records/ diabetes regis-
ters or on models of diabetes prevalence which extrapolate data 
from other populations. Such estimates, based on known diabetes, 
have been shown to underestimate the prevalence of diabetes 
identified by biochemical testing by anywhere between 30% and 
70% depending on the population and the year of data collection. 
Undiagnosed diabetes can be identified by screening.

Prevalence of type 2 Diabetes

The prevalence of diabetes recorded in any given population is af-
fected by the definition and data sources used. The risk of type 2 
diabetes increases with age and therefore the crude prevalence of 
diabetes will tend to be higher in older than younger populations. 
As a consequence, comparisons of prevalence are usually age- 
standardized to enable fair comparisons. Ageing of populations and 
improving survival of people with diabetes contributes to increasing 
prevalence of diabetes over time [4]  even if incidence (that is the 
number of people developing new diabetes each year) remains 
stable or declines.

Many epidemiological studies of diabetes prevalence do not dis-
tinguish between type 1 and type 2 diabetes. However, the propor-
tion of all diabetes accounted for by type 2 diabetes is likely to be 
a minimum of 85% (e.g. in Scandinavian countries in which type 
1 diabetes is relatively common) and may be higher than 95% in 
countries in which type 1 diabetes is less common. The International 
Diabetes Federation (IDF) produces an atlas of diabetes prevalence 
(https://www.diabetesatlas.org/en/). In the estimates for 2019, the 
world age-standardized prevalence of combined known and un-
diagnosed diabetes among 20–79-year-olds was estimated to be 
8.3% overall and varied from 4.7% in Africa to 12.2% in the Middle 
East and North Africa (https://www.diabetesatlas.org/en/).

The IDF also produces projections of estimated number of 
adults with diabetes and have estimated that numbers of people 
with diabetes of 20-79 years of age in the world will increase from 
463 million 2019 to 700 million in 2045. These projections of fu-
ture numbers of people with diabetes take into account changes in 
population distribution by age and urban/ rural residence for less 
developed countries. Increasing trends in prevalence of obesity 
other than those associated with urbanization in less developed 
countries and improvements in survival of people with diabetes 
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mean that these figures are likely to underestimate future diabetes 
prevalence.

Risk Factors for type 2 Diabetes

Non- modifiable risk factors for type 2 diabetes include age, sex, 
genetic background, and ancestry. Incidence and prevalence in 
most countries increase with increasing age up to late middle age 
and fall in the oldest age groups. The incidence of type 2 diabetes 
among northern European populations increases with age up to 
70– 79 years of age. The sex ratio differs between populations with, 
for example, higher prevalence in European men than women 
but higher prevalence among Middle Eastern women than men. 
This probably reflects sex differences in the prevalence of obesity. 
A family history of type 2 diabetes increases the risk of type 2 dia-
betes, arising from a combination of shared genetic and environ-
mental factors. Multiple genetic polymorphisms have been found 
to be associated with increased risk of diabetes, but at present these 
only explain a fraction of the heritability of diabetes. However, it 
is likely that interaction between genetic and lifestyle factors con-
tribute to the risk of diabetes. Considerably higher prevalence 
of type 2 diabetes has been found among people of South Asian, 
African, Middle Eastern, and Hispanic descent and among indi-
genous populations of America, Australasia, and Pacific Islands 
than among European populations. The important ethnic dif-
ferences in the prevalence of diabetes are discussed in detail in 
Chapter  15.7.3. Ethnic differences in the prevalence of diabetes 
may be at least partly explained by genetic adaptation to famine 
during evolution, resulting in a differential maladaptation to the 
energy imbalance that has developed in modern life, a situation 
termed the ‘thrifty genotype’. There is evidence that fetal adapta-
tion to the maternal environment, or programming, results in the 
thrifty phenotype— babies who are relatively malnourished at birth 
are at higher risk of developing diabetes in later life than normal 
birth weight babies, suggesting an important developmental com-
ponent to diabetes risk.

Modifiable Risk Factors for Diabetes

Lifestyle factors associated with urbanization, particularly increases 
in energy intake and decreases in physical activity, lead to an in-
crease in the prevalence of obesity and an associated increase in the 
risk of type 2 diabetes. Increasing prevalence of obesity is likely to 
explain much of the increasing prevalence and incidence of type 
2 diabetes observed in recent years. The prevalence of type 2 dia-
betes tends to be higher in lower socioeconomic groups in devel-
oped countries and in higher socioeconomic groups in developing 
countries, reflecting similar patterns in the prevalence of obesity. 
The importance of obesity as a risk factor for diabetes is demon-
strated by associations observed in numerous cross- sectional and 
prospective studies and in the prevention of diabetes observed with 
interventions resulting in weight loss in several populations [5– 7]. 
Differences in fat distribution between populations may explain 
some of the ethnic differences in diabetes risk— people with central 
fat distribution are at higher risk of diabetes than those with periph-
eral fat distribution and ethnic specific cut points of BMI should be 

used to define obesity. Regular physical activity is associated with 
reduced risk of developing diabetes even after adjusting for BMI 
(for review see [8] ). The effect of cigarette smoking is complicated 
by its association with BMI and fat distribution but a meta- analysis 
suggests that current smoking is associated with increased risk of 
developing diabetes [9].

Epidemiological studies investigating the role of diet have found 
that increased consumption of fibre and coffee is associated with 
a decreased risk of diabetes. High trans fatty acid intake and both 
absent and excess alcohol consumption have been associated with a 
higher risk of type 2 diabetes. However, diet is difficult to measure 
accurately and it is not clear how dietary components influence the 
risk of diabetes independent of BMI and physical activity levels. 
A  striking inverse dose- response association has been shown be-
tween plasma vitamin C (as a marker of fruit/ vegetable intake) and 
risk of incident diabetes, independent of lifestyle and anthropo-
metric factors suggesting that biomarkers of dietary intake may 
be more reliable than self- reported dietary intake [10]. In contrast 
positive associations have been reported between consumption of 
sugar- sweetened beverages and incidence of diabetes [11].

The incidence of diabetes appears to be unchanged or increased 
by use of thiazide diuretics and β- blockers and unchanged or de-
creased by ACE inhibitors, calcium channel blockers, and angio-
tensin receptor blockers [12]. Treatment with antiretroviral agents 
is associated with an approximate doubling of the risk of type 2 
diabetes [13]. Treatment with corticosteroids also increases the risk 
of diabetes. Diabetes is more common among people with schizo-
phrenia, bipolar disorder, and schizoaffective disorder than among 
the general population and this may be related to side effects of anti-
psychotic drugs and increased prevalence of obesity.

Prevention of type 2 Diabetes

Risk Scores for Diabetes

Several risk scores for diabetes have been developed either to iden-
tify people at high risk of developing future diabetes who would be 
eligible for primary prevention or to help identify people with un-
diagnosed diabetes who could be screened in order to start appro-
priate secondary prevention. The variables included in risk scores 
differ and include readily available factors from self- report on age, 
BMI, and family history, through those available routinely in med-
ical records to those requiring biochemical testing of glucose and 
lipids. Risk scores tend to perform reasonably well in the popula-
tions in which they are developed but perform less well in other 
populations, particularly those of different ethnicity. Examples 
of risk scores include FINDRISC [14], a modified UK version of 
FINDRISC [15], the Cambridge Risk Score [16], the simplified 
Indian Diabetes Risk Score [17], and QDScore [18].

Primary Prevention

Several trials have now shown that diabetes can be prevented in a 
variety of populations with lifestyle intervention with long- term 
benefits [5, 6, 19, 20]. Metformin has also been used in some dia-
betes prevention studies but in general this does not appear to 
confer additional benefit over lifestyle intervention [21]. It remains 



15.3.1 Epidemiology and Public Health 1947

challenging to introduce effective diabetes prevention programmes 
outside the context of trials but the National Health Service in 
England is attempting to do this (see https:// www.england.nhs.uk/ 
diabetes/ diabetes- prevention/  for more details).

Secondary Prevention and Screening

The role of screening for diabetes remains controversial with no evi-
dence available at present to show cost- effectiveness of screening 
for diabetes alone. However screening for both type 2 diabetes and 
impaired glucose tolerance in relatively high risk populations if an 
intervention is offered to people with impaired glucose tolerance 
appears to be cost effective [22]. The Anglo- Danish- Dutch Study 
of Intensive Treatment In People with Screen Detected Diabetes in 
Primary Care (ADDITION) trial found that intensive management 
of patients with screen- detected type 2 diabetes was associated with 
a small, non- significant reduction in the incidence of cardiovas-
cular events and death [23].

complications of Diabetes and tertiary Prevention

Complications of diabetes make the major contribution to 
healthcare costs of treating people with diabetes. Many people will 
have macrovascular (coronary, cerebrovascular, or peripheral ar-
terial disease) and microvascular (retinopathy, nephropathy, and 
neuropathy) complications of diabetes present at diagnosis of dia-
betes. Increasing duration of diabetes and poor glycaemic control 
are important risk factors for microvascular disease and hyperten-
sion and dyslipidaemia, which are common among people with 
type 2 diabetes, are important risk factors for macrovascular dis-
ease. Diabetes is a common cause of blindness and end- stage renal 
disease and is the leading cause of non- traumatic leg amputation. 
It is important that evidence- based approaches such as those used 
in national guidelines are used to screen for and manage compli-
cations of diabetes and their risk factors.

Depression is approximately twice as common among people with 
diabetes compared with the general population. Type 2 diabetes is 
also associated with an increased risk of cognitive impairment and 
dementia. Collated results from a large number of epidemiological 
studies indicate that overall, people with diabetes have a 1.2– 1.7 
times greater decline in cognitive performance than those without 
diabetes and are 1.6 times more likely to develop dementia. Perhaps 
predictably, given the association between diabetes and cardiovas-
cular disease, diabetes is associated with a 2.2– 3.4 times greater risk 
of vascular dementia.

Non- alcoholic fatty liver disease (NAFLD, which covers a spec-
trum ranging from fat accumulation alone (steatosis), through 
steatohepatitis (NASH) and advanced fibrosis to end- stage liver 
disease with cirrhosis and hepatocellular carcinoma), occurs more 
commonly in people with type 2 diabetes than those without dia-
betes. Prevalence of NAFLD among people with diabetes ranges 
from 34% to 74% in studies of participants unselected by BMI but 
has been reported to be up to 100% in those with coexistent obesity. 
The severity of NAFLD is also increased in type 2 diabetes and 
several studies have shown that type 2 diabetes is a risk factor for 
progression of NAFLD from steatosis to fibrosis and cirrhosis. The 
presence of NAFLD among people with diabetes confers increased 
risk of cardiovascular disease and mortality from all causes [24].

Mortality

Estimating the effect of diabetes on mortality is difficult from rou-
tine data because diabetes is poorly recorded on death certificates. 
Life expectancy for people with diabetes in Scotland is between 0 
and 6  years shorter on average compared to people without dia-
betes, depending on age, sex, and socioeconomic status [25]. The 
global mortality attributable to diabetes and its complications for 
20-79- year-olds in the year 2019 was estimated to be 4.2 million 
deaths, equivalent to 11.3% of all death. Older studies suggest that 
relative risks of mortality for people with diabetes are approximately 
double those compared to those without diabetes but relative risks 
of mortality associated with type 2 diabetes have declined in devel-
oped countries in recent years. Relative risks of mortality associated 
with diabetes are generally higher for younger than older people, for 
women than for men, for type 1 diabetes than type 2 diabetes and for 
cardiovascular disease than for all- cause mortality. Cardiovascular 
disease accounts for a large proportion of deaths among people with 
diabetes in developed countries with larger proportions of deaths 
due to infectious diseases and renal disease reported in less devel-
oped than more developed countries.

ReFeRenceS
 1. World Health Organization, International Diabetes Federation. 

Definition and Diagnosis of Diabetes Mellitus and Intermediate 
Hyperglycaemia. Geneva: World Health Organization, 2006.

 2. World Health Organization. Use of Glycated Haemoglobin 
(HbA1c) in the Diagnosis of Diabetes Mellitus. Abbreviated 
report of a WHO consultation. Geneva: World Health 
Organization, 2011.

 3. Ahlqvist E, Storm P, Käräjämäki A, et al. Novel subgroups of 
adult- onset diabetes and their association with outcomes: a 
data- driven cluster analysis of six variables. Lancet Diabetes 
Endocrinol, 2018; 6: 361– 9.

 4. Read SH, Kerssens JJ, McAllister DA, et al. Trends in type 2 dia-
betes incidence and mortality in Scotland between 2004 and 
2013. Diabetologia, 2016; 59: 2106– 13.

 5. Pan XR, Li GW, Hu YH, et al. Effects of diet and exercise in 
preventing NIDDM in people with impaired glucose tolerance. The 
Da Qing IGT and Diabetes Study. Diabetes Care, 1997; 20: 537– 44.

 6. Knowler WC, Barrett- Connor E, Fowler SE, et al. Reduction in 
the incidence of type 2 diabetes with lifestyle intervention or 
metformin. N Engl J Med, 2002; 346: 393– 403.

 7. Lindstrom J, Louheranta A, Mannelin M, et al. The Finnish 
Diabetes Prevention Study (DPS): lifestyle intervention and 3- 
year results on diet and physical activity. Diabetes Care, 2003; 
26: 3230– 36.

 8. Gill JM, Cooper AR. Physical activity and prevention of type 2 
diabetes mellitus. Sports Med, 2008; 38: 807– 24.

 9. Pan A, Wang Y, Talaei M, Hu FB, Wu T. Relation of active, passive, 
and quitting smoking with incident type 2 diabetes: a systematic re-
view and meta- analysis. Lancet Diabetes Endocrinol, 2015; 3: 958– 67.

 10. Harding AH, Wareham NJ, Bingham SA, et al. Plasma vitamin C 
level, fruit and vegetable consumption, and the risk of new- onset 
type 2 diabetes mellitus: the European prospective investigation 
of cancer— Norfolk prospective study. Arch Intern Med, 2008; 
168: 1493– 9.



SectIon 15 Diabetes Mellitus1948

 11. Imamura F, O’Connor L, Ye Z, et al. Consumption of sugar 
sweetened beverages, artificially sweetened beverages, and fruit 
juice and incidence of type 2 diabetes: systematic review, meta- 
analysis, and estimation of population attributable fraction. BMJ, 
2015; 351: h3576.

 12. Padwal R, Laupacis A. Antihypertensive therapy and incidence 
of type 2 diabetes: a systematic review. Diabetes Care, 2004; 
27: 247– 55.

 13. Ledergerber B, Furrer H, Rickenbach M, et al. Factors associated 
with the incidence of type 2 diabetes mellitus in HIV- infected 
participants in the Swiss HIV Cohort Study. Clin Infect Dis, 
2007; 45: 111– 19.

 14. Lindstrom J, Tuomilehto J. The diabetes risk score: a prac-
tical tool to predict type 2 diabetes risk. Diabetes Care, 2003; 
26: 725– 31.

 15. Gray LJ, Taub NA, Khunti K, et al. The Leicester Risk 
Assessment score for detecting undiagnosed Type 2 diabetes and 
impaired glucose regulation for use in a multiethnic UK setting. 
Diabet Med, 2010; 27: 887– 95.

 16. Griffin SJ, Little PS, Hales CN, Kinmonth AL, Wareham NJ. 
Diabetes risk score: towards earlier detection of type 2 dia-
betes in general practice. Diabetes Metab Res Rev, 2000; 
16: 164– 71.

 17. Mohan V, Deepa R, Deepa M, Somannavar S, Datta M. A 
simplified Indian Diabetes Risk Score for screening for un-
diagnosed diabetic subjects. J Assoc Physicians India, 2005; 
53: 759– 63.

 18. Hippisley- Cox J, Coupland C, Robson J, Sheikh A, Brindle P. 
Predicting risk of type 2 diabetes in England and Wales: pro-
spective derivation and validation of QDScore. BMJ, 2009; 
338: b880.

 19. Tuomilehto J, Lindstrom J, Eriksson JG, et al. Prevention of   
type 2 diabetes mellitus by changes in lifestyle among 
subjects with impaired glucose tolerance. N Engl J Med, 2001; 
344: 1343– 50.

 20. Ramachandran A, Snehalatha C, Mary S, Mukesh B, Bhaskar 
AD, Vijay V. The Indian Diabetes Prevention Programme shows 
that lifestyle modification and metformin prevent type 2 dia-
betes in Asian Indian subjects with impaired glucose tolerance 
(IDPP- 1). Diabetologia, 2006; 49: 289– 97.

 21. Crandall J, Schade D, Ma Y, et al. The influence of age on the 
effects of lifestyle modification and metformin in prevention of 
diabetes. J Gerontol A Biol Sci Med Sci, 2006; 61: 1075– 81.

 22. Gillies CL, Lambert PC, Abrams KR, et al. Different strategies 
for screening and prevention of type 2 diabetes in adults: cost 
effectiveness analysis. BMJ, 2008; 336: 1180– 5.

 23. Griffin SJ, Borch- Johnsen K, Davies MJ, et al. Effect of early 
intensive multifactorial therapy on 5- year cardiovascular out-
comes in individuals with type 2 diabetes detected by screening 
(ADDITION- Europe): a cluster- randomised trial. Lancet, 2011; 
378: 156– 67.

 24. Wild SH, Walker JJ, Morling JR, et al. Cardiovascular disease, 
cancer, and mortality among people with type 2 diabetes and 
alcoholic or nonalcoholic fatty liver disease hospital admission. 
Diabetes Care, 2018; 41: 341– 7.

 25. Walker J, Colhoun H, Livingstone S, et al. Type 2 diabetes, socio-
economic status and life expectancy in Scotland (2012– 2014): a 
population- based observational study. Diabetologia, 2018; 
61: 108– 16.

15.3.2 Presentation and natural 
History of type 2 Diabetes
Roy Taylor

Clinical Presentations of Type 2 Diabetes 1948

Natural History of Prediabetes 1949

Natural History of Diabetes 1949

Natural History of Post- Diabetes 1950

References 1952

clinical Presentations of type 2 Diabetes

Screening

Presence of risk factors for type 2 diabetes such as a family history 
of the disease or obesity allow targeted screening. Given the typ-
ically long phase of prediabetes, this is of benefit. In an era when 
screening was much less common, tissue damage was present in 
around 50% of people newly diagnosed [1] .

thirst, Polydipsia, and Polyuria

These symptoms result from an osmotic diuresis as a consequence 
of hyperglycaemia. For glucose to escape into the urine, plasma con-
centration must exceed the renal threshold for tubular reabsorption 
of glucose. The renal threshold averages 11 mmol/ L but displays a 
wide individual variation of around 6– 14  mmol/ L [2] . The max-
imum absorptive capacity rises with age such that older people ex-
hibit glycosuria at higher plasma glucose levels [3]. They also have a 
higher threshold for thirst [4].

Hyperosmolar Hyperglycaemic Syndrome

The principal clinical features of this syndrome are profound de-
hydration with confusion, and associated focal neurological symp-
toms such as hemi- paresis or hemi- sensory abnormalities may 
easily be confused with stroke. Mild ketosis may be present at diag-
nosis simply because of antecedent decrease in food intake, and cal-
culation of plasma osmolarity ((sodium + potassium) × 2 + urea + 
glucose) is important to distinguish this from ketoacidosis.

Infections

Leucocytes exhibit paralysis of phagocytic and other functions above 
glucose concentration of 11 mmol/ L [5] . This explains the impaired 
ability to fight off bacterial and fungal infections. Recurrent or re-
fractory yeast infections, vaginal candidiasis in women, or balanitis 
in men, may draw attention to previously undiagnosed diabetes.

Very rare but serious infective presentations of diabetes must be 
considered. Necrotizing fasciitis is commoner in people with diag-
nosed or undiagnosed diabetes [6] . Fournier’s gangrene (gangrene 
of the perineum and genitalia) is associated with diabetes in almost 
50% of instances [7]. The rare and facial/ maxillary sinus fungal in-
fection mucormycosis is most often associated with diabetes [8].
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complications of Diabetes

Type 2 diabetes frequently presents for the first time with acute 
myocardial infarction or stroke. Symptomatic loss of vision due to 
macula oedema, vitreous haemorrhage or central/  branch retinal 
vein occlusion may occasionally be the presenting feature. Very 
early ophthalmological treatment is essential as the initial treat-
ment of the diabetes will decrease blood glucose levels, cause ret-
inal blood flow to return acutely to normal levels, and may result 
in marked worsening of the retinopathy. As loss of pain sensation 
in the feet, affecting up to 60% in people with newly presenting 
diabetes [9,  10], is usually unnoticed, foot ulcer or black toe are 
common presentations.

Acute diabetic mononeuropathy and diabetic amyotrophy are 
much less common presenting features.

Pregnancy

Presentation of type 2 diabetes during pregnancy is not uncommon 
due to the physiological insulin resistance which increases through 
the second and early third trimester. Usually, true type 2 diabetes 
can be distinguished from gestational diabetes if HbA1c is raised 
(indicating pronged hyperglycaemia) or if it is detected before 24 
weeks. Screening is wise for all women at higher risk of type 2 dia-
betes as early in pregnancy as healthcare resources allow.

natural History of Prediabetes

The earliest predictor of development of type 2 diabetes is low 
insulin sensitivity in skeletal muscle [11– 14]. This is associated 
with raised plasma insulin levels, and lack of ability to store meal- 
derived glucose as glycogen [15– 17]. Meal- derived glucose must 
either be stored as glycogen, oxidized, or converted to triglyceride 
for storage. Especially as the process of de novo lipogenesis is 
stimulated by higher insulin levels [17,  18], hepatic fat accumu-
lation is enhanced. Excess fat deposition in the liver is a strong 
predictor of development of diabetes [19– 24]. In individuals with 
normal glucose tolerance, there is a very low 8- year incidence of 
type 2 diabetes if fatty liver is excluded, whereas if present the risk 
of developing diabetes rises fivefold [19]. In support of this, a tem-
poral progression from weight gain to raised liver enzymes, on-
wards to hypertriglyceridemia and then glucose intolerance has 
been demonstrated [23, 25].

In the Nurses’ Health study, women who put on weight during 
adult life and achieved body mass index (BMI) of between 23 and 25 
exhibited a fourfold increase risk of diabetes compared with those 
whose BMI remained below 22 kg/ m2 [26]. This is a striking level of 
risk associated with very modest accumulation of excess total body 
weight, although usually overshadowed by the 39- fold increase in 
prevalence if BMI increases to over 35 kg/ m2 [26].

The 2008 Twin Cycle Hypothesis postulated that type 2 diabetes 
only occurred after a prolonged period of positive calorie balance 
[27]. Liver fat would gradually accumulate, cause increased ex-
port of triglyceride from the liver to all tissues, and result in in-
creased fat exposure of the pancreatic islets. Consequently, a slow 
decline in beta-cell ability to respond to meals was postulated to 
pass a threshold after which a relatively rapid rise in plasma glu-
cose levels would occur. The postulated time course was subse-
quently found to be consistent with the data from the Whitehall II 

study [28]. The Whitehall II study demonstrated that in an initially 
normoglycaemic population followed prospectively, those people 
developing diabetes exhibited a slight and gradual rise in fasting 
glucose over at least 12 years [28]. This was followed by a marked 
rise over an average of 18 months immediately prior to diagnosis. 
This insight has replaced the previous assumption that there would 
be a slow linear rise in fasting plasma glucose and gradual beta-cell 
decompensation [29].

The rate of decrease in glucose tolerance in first- degree relatives 
of type 2 diabetic individuals is determined by decline in beta- cell 
function, while the degree of muscle insulin sensitivity changes little 
[30, 31]. This mirrors observations on populations showing that the 
transition from hyperinsulinaemic normal glucose tolerance to 
overt diabetes involves a rapid rise in glucose levels as a result of a 
relatively small further loss of acute β- cell competence [32, 33]. The 
potential to halt or at least slow the progression to type 2 diabetes 
has been demonstrated by several population- based intervention 
studies. The Finnish Diabetes Prevention Programme demon-
strated a 48% decrease in conversion from impaired glucose toler-
ance to type 2 diabetes after 4 years [34]. In that study, the central 
role of weight loss is demonstrated by the observation that change 
in weight of 5kg or more was associated with similar decrease in 
diabetes incidence in both intervention and control groups. After 
15 years of follow- up in the Diabetes Prevention Programme, the 
initial weight loss of 5 kg (falling to 2 kg) was associated with a 9% 
decrease in risk of onset of type 2 diabetes [35]. The Da Qing study 
reported the longest follow- up, with a 19% decrease in diabetes in-
cidence after 23 years [36].

natural History of Diabetes

The Belfast diet study provided the first clear information on the ap-
parently progressive nature of type 2 diabetes [37]. Fasting plasma 
glucose levels rose steadily over 6 years with increasing requirement 
for oral hypoglycaemic agents. In the UK Prospective Diabetes 
Study individuals were managed according to randomized group, 
with tighter glycaemic control in the intervention group [29, 38]. 
There was a striking deterioration in blood glucose control over 
years, and the rise in average blood glucose levels flattened out only 
when a majority had been transferred to insulin therapy. There was 
no difference in the rate of deterioration between intervention and 
control groups. 50% of people required insulin therapy 10  years 
after diagnosis. More detailed analysis showed that the deterior-
ation was due to steady decline in beta-cell competence rather than 
any change in insulin resistance [39].

These data appeared to confirm the clinical impression that type 
2 diabetes was inevitably progressive, requiring more and more 
oral agents and inexorably moving towards insulin requirement. 
However, these observations were made in the context of year- on- 
year weight gain. The observations relate only to a population of 
people with type 2 diabetes who follow the common trajectory of 
steady weight gain after diagnosis. Under these circumstances, the 
supranormal liver fat present at the time of diagnosis would continue 
to drive the underlying pathogenic processes [40– 42]. However, 
current clinical guidelines reinforce the inevitably progressive view 
of natural history of the disease, emphasizing the expectation that 
hypoglycaemic agents must be added sequentially [43].
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The possibility that the natural history could be influenced by 
weight loss was first raised over 40 years ago [44]. In 2005, Petersen 
and colleagues defined the detailed effects of moderate weight loss 
in type 2 diabetes [45]. They demonstrated that 8  kg weight loss 
over 2 months brought about normalization of liver fat content and 
normalization of hepatic insulin sensitivity. This allowed a clinic-
ally useful decrease in fasting plasma glucose levels. The rapidity 
of return to normal fasting plasma glucose levels in type 2 diabetes 
was observed following bariatric surgery [46], and subsequently in 
the Counterpoint study of calorie restriction [27]. The latter study 
was conducted to test the Twin Cycle Hypothesis of the aetiology of 
type 2 diabetes. It observed complete normalization of liver insulin 
sensitivity within 7 days of commencing a diet of 600 kcal/ day and 
recovery of normal beta-cell function within 8 weeks. Subsequent 
studies found that this normalization of liver and pancreas function 
is durable over 6– 12 months of weight stability during avoidance of 
weight regain while eating normally [41,  42]. The natural history 
of type 2 diabetes can now be seen to depend upon body weight. 
If the personal level of weight which allowed type 2 diabetes to de-
velop is maintained or even allowed to increase, then the disease is 
steadily progressive. If weight loss sufficient to normalize intraorgan 
fat is achieved and maintained, non- diabetic glucose control can be 
re- established.

Insulin resistance in muscle has long been regarded as being re-
sponsible for the continued hyperglycaemia. Certainly, the muscle 
insulin resistance determines poor glycogen storage after meals [15] 
and drives on hepatic de novo lipogenesis [17] as the natural history 
of type 2 diabetes unfolds. However, reversing the processes in liver 
and pancreas which directly cause the syndrome of type 2 diabetes 
has minimal effect upon muscle insulin resistance [40, 41]. Insulin 
resistance in muscle appears to be permissive, leading to increase in 
liver fat levels in the circumstance of excess calorie intake, but not 
determinant for the natural history of type 2 diabetes.

natural History of Post- Diabetes

Following demonstration of durable remission of type 2 diabetes 
after both dietary and surgically induced weight loss, it is important 
to describe the clinical state of post- diabetes. This is characterized 
by relatively low risk of both micro-  and macro- vascular complica-
tions. It is defined as having achieved a non- diabetic level of HbA1c 
or fasting plasma glucose, after weight loss and off all hypoglycaemic 
agents. Confirmation by a second test at least two months later is re-
quired [47]. Even though HbA1c may be in the range associated with 
prediabetes, the clinical implications are very different. Prediabetes 
is a state of high risk for cardiovascular events whereas post- diabetes 
is not. This is illustrated in Figure 15.3.2.1, showing the change in 
major components of cardiovascular risk before and after weight loss 
plus 6 months of weight stability [41]. During the transition from 
diabetes to post- diabetes, the QRISK score falls on average from 
23% to 7%. In the study group, with an average chronological age of 
55 years, calculated heart age fell from 71 to 56 years.

The first hint that type 2 diabetes was a fully reversible syndrome 
came from bariatric surgery [48]. The phenomenon was examined 
in a randomized prospective study comparing gastric banding with 
intensive medical therapy for type 2 diabetes [49]. Mean fasting 
plasma glucose normalized in many, and this was related to the de-
gree of weight loss rather than allocation to either surgical or med-
ical group [49]. The rapidity of the fall in fasting plasma glucose 
after bariatric surgery led to the widespread belief that surgery itself 
brought about specific changes mediated via incretin hormone se-
cretion [46, 50, 51]. This assumption overlooked the major change 
which follows bariatric surgery:  an acute, profound decrease in 
calorie intake with sudden increase in carbon flow from stored tri-
glyceride depots. Several more recent studies have confirmed the 
dramatic effect of calorie restriction per se with no role of incretins 
in achieving rapid glucose control [52, 53].
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The Counterpoint study demonstrated that in short duration type 
2 diabetes, decreasing calorie intake sharply allowed return to normal 
fasting plasma glucose within 7 days [40]. The rapid return to normal 
was associated with a 30% decrease in liver fat content and normal-
ization of insulin sensitivity in regulating hepatic glucose production. 
It also demonstrated that over the 8- week study period, the level of fat 
in the pancreas gradually decreased and in step with this, first phase 
insulin response returned to within the normal range [40].

The durability of post- diabetes was first tested in the 
Counterbalance study. Weight loss of around 15  kg followed by 

6 months of weight stability achieved stable intrahepatic and 
intrapancreatic fat levels with both liver and pancreas function re-
maining normal [41].

Whether these changes could be reproduced by existing nursing 
or dietetic staff in Primary Care was examined in the Diabetes 
REmission Controlled Trial (DiRECT) [54]. This demonstrated 
that weight loss of 15 kg or more could be achieved in 25% with 
remission of type 2 diabetes maintained over 12  months in 46%, 
respectively (intention to treat analysis). To bring about this change 
in natural history of type 2 diabetes, the intervention consisted of 8 
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hours of structured training for a primary care nurse or dietitian. 
Currently, data on durability of remission are sparse, but case his-
tories suggest that if weight regain is avoided, the natural history 
of type 2 diabetes can be changed to long- term non- diabetic blood 
glucose control [55– 57].

It is important to recognize the lack of relevance of the absolute 
level of BMI in maintaining the post- diabetic state. After weight loss 
in both Counterbalance and DiRECT, half of those who returned 
to non- diabetic glucose control still had a BMI greater than 30, but 
this had no impact upon their ability to avoid subsequent intraorgan 
fat re- accumulation during weight stability. This illustrates the im-
portant concept of the Personal Fat Threshold [58]. Each individual 
had dropped below a personal threshold permitting safe storage 
of fat in the subcutaneous compartment, and this was equally so 
whether BMI dropped from 40 to 36 or 28 to 24 kg/ m2. The ability 
to store fat safely in adipose tissue varies considerably between 
otherwise normal individuals [59, 60], and once that capacity has 
been exceeded the body has to use other storage sites including liver 
and pancreas. If pancreas fat exposure is too high there is clearly 
variable susceptibility to beta-cell dysfunction. Individuals can ex-
ceed their personal fat threshold at BMI’s well within the ‘normal’ 
range. In the United Kingdom Prospective Diabetes Study [1] , at the 
time of diagnosis of diabetes, 36% had a BMI less than 25 kg/ m2. 
The BMI distribution of participants was right- shifted compared 
with that of the UK population of that time, when 64% had a BMI 
less than 25 kg/ m2 [61].

The natural history of type 2 diabetes appears to depend upon 
more fat supply than could be tolerated by the beta-cells. Excess 
saturated fat produces endoplasmic reticulum stress, and that this 
is associated with dedifferentiation of the beta-cell [62– 65]. In this 
survival mode its specialized functions are shut down. Removal 
of the fat allows re- expression of the insulin gene and resump-
tion of acute glucose mediated insulin secretion [66]. When an 
individual achieves remission of type 2 diabetes after weight loss, 
that post- diabetic state is durable providing that weight regain is 
avoided [42,  67]. The changes in HbA1c and important physio-
logical parameters during the natural history of post- diabetes is 
shown in Figure 15.3.2.2. The first phase insulin response is stable 
from the end of the weight loss phase to 12 months, and the max-
imal capacity of the beta-cells increases over the whole 12- month 
period.

Given that muscle insulin resistance remains essentially un-
changed during reversal to the non- diabetic state [40,  67], indi-
viduals can be advised that weight regain of sufficient degree will 
inevitably precipitate return to the diabetic state.

Subsequent studies have found that the normalization of liver and 
pancreas function is durable over 6– 12 months of weight stability 
during avoidance of weight regain while eating normally [41, 42]. 
Case reports indicate durability of the post- diabetic state for up to 
5  years [55– 57]. However, regular follow- up remains essential to 
monitor and minimize risk of weight regain.

ReFeRenceS
 1. UKPDS. UK Prospective Diabetes Study (UKPDS). VIII. 

Study design, progress and performance. Diabetologia, 1991; 
34: 877– 90.

 2. Johansen K, Svendsen PA, Lorup B. Variations in renal threshold 
for glucose in Type 1 (insulin- dependent) diabetes mellitus. 
Diabetologia, 1984; 26: 180– 2.

 3. Butterfield WJ, Keen H, Whichelow MJ. Renal glucose threshold 
variations with age. Br Med J, 1967; 4: 505– 7.

 4. Baylis PH, Thompson CJ. Osmoregulation of vasopressin se-
cretion and thirst in health and disease. Clin Endocrinol (Oxf), 
1988; 29: 549– 76.

 5. Turina M, Fry DE, Polk HC, Jr. Acute hyperglycemia and the 
innate immune system: clinical, cellular, and molecular aspects. 
Crit Care Med, 2005; 33: 1624– 33.

 6. Dworkin MS, Westercamp MD, Park L, McIntyre A. The 
epidemiology of necrotizing fasciitis including factors asso-
ciated with death and amputation. Epidemiol Infect, 2009; 
137: 1609– 14.

 7. Yanar H, Taviloglu K, Ertekin C, et al. Fournier’s gangrene: risk 
factors and strategies for management. World J Surg, 2006; 
30: 1750– 4.

 8. Haliloglu NU, Yesilirmak Z, Erden A, Erden I. Rhino- orbito- 
cerebral mucormycosis: report of two cases and review of the 
literature. Dentomaxillofac Radiol, 2008; 37: 161– 6.

 9. Young MJ, Boulton AJ, MacLeod AF, Williams DR, Sonksen 
PH. A multicentre study of the prevalence of diabetic peripheral 
neuropathy in the United Kingdom hospital clinic population. 
Diabetologia, 1993; 36: 150– 4.

 10. Tapp RJ, Shaw JE, de Courten MP, Dunstan DW, Welborn 
TA, Zimmet PZ. Foot complications in Type 2 diabetes: an 
Australian population- based study. Diabet Med, 2003; 
20: 105– 13.

 11. Lillioja S, Mott DM, Spraul M, et al. Insulin resistance and 
insulin secretory dysfunction as precursors of non- insulin- 
dependent diabetes mellitus. Prospective studies of Pima 
Indians. N Engl J Med, 1993; 329: 1988– 92.

 12. Bock G, Chittilapilly EG, Basu R, et al. Contribution of hep-
atic and extrahepatic insulin resistance to the pathogen-
esis of impaired fasting glucose. Role of increased rates of 
gluconeogenesis. Diabetes, 2007; 56: 1703– 11.

 13. Reaven GM. Banting lecture 1988. Role of insulin resistance in 
human disease. Diabetes, 1988; 37: 1595– 607.

 14. Taylor R. Insulin resistance and type 2 diabetes. Diabetes, 2012; 
61: 778– 9.

 15. Carey PE, Halliday J, Snaar JEM, Morris PG, Taylor R. Direct 
assessment of muscle glycogen storage after mixed meals 
in normal and type 2 diabetic subjects. Am J Physiol, 2003; 
284: E286– 94.

 16. Macauley M, Smith FE, Thelwall PE, Hollingsworth KG, Taylor 
R. Diurnal variation in skeletal muscle and liver glycogen in 
humans with normal health and type 2 diabetes. Clin Sci (Lond), 
2015; 128: 707– 13.

 17. Petersen KF, Dufour S, Savage DB, et al. The role of skeletal 
muscle insulin resistance in the pathogenesis of the metabolic 
syndrome. Proc Natl Acad Sci U S A, 2007; 104: 12587– 94.

 18. Schwarz JM, Linfoot P, Dare D, Aghajanian K. Hepatic de novo 
lipogenesis in normoinsulinemic and hyperinsulinemic subjects 
consuming high- fat, low- carbohydrate and low- fat, high- 
carbohydrate isoenergetic diets. Am J Clin Nutr, 2003; 77: 43– 50.

 19. Shibata M, Kihara Y, Taguchi M, Tashiro M, Otsuki M. 
Nonalcoholic fatty liver disease is a risk factor for type 2 diabetes 
in middle- aged Japanese men. Diabetes Care, 2007; 30: 2940– 4.

 20. Perseghin G, Bonfanti R, Magni S, et al. Insulin resistance and 
whole body energy homeostasis in obese adolescents with 



15.3.2 Presentation and Natural History of Type 2 Diabetes 1953

fatty liver disease. AJP Endocrinology and Metabolism, 2006; 
291: E697– 703.

 21. Perseghin G, Lattuada G, De Cobelli F, et al. Habitual physical 
activity is associated with intrahepatic fat content in humans. 
Diabetes Care, 2007; 30: 683– 8.

 22. Cali AM, Zern TL, Taksali SE, et al. Intrahepatic fat accumula-
tion and alterations in lipoprotein composition in obese ado-
lescents: a perfect proatherogenic state. Diabetes Care, 2007; 
30: 3093– 8.

 23. Sattar N, McConnachie A, Ford I, et al. Serial metabolic meas-
urements and conversion to type 2 diabetes in the west of 
Scotland coronary prevention study: specific elevations in ala-
nine aminotransferase and triglycerides suggest hepatic fat ac-
cumulation as a potential contributing factor. Diabetes, 2007; 
56: 984– 91.

 24. Targher G, Bertolini L, Padovani R, et al. Prevalence of non-
alcoholic fatty liver disease and its association with cardiovas-
cular disease among type 2 diabetic patients. Diabetes Care, 
2007; 30: 1212– 18.

 25. Suzuki A, Angulo P, Lymp J, et al. Chronological development 
of elevated aminotransferases in a nonalcoholic population. 
Hepatology (Baltimore, MD), 2005; 41: 64– 71.

 26. Hu FB, Manson JE, Stampfer MJ, et al. Diet, lifestyle, and the 
risk of type 2 diabetes mellitus in women. N Engl J Med, 2001; 
345: 790– 7.

 27. Taylor R. Pathogenesis of Type 2 diabetes: tracing the reverse 
route from cure to cause. Diabetologia, 2008; 51: 1781– 9.

 28. Tabak AG, Jokela M, Akbaraly TN, Brunner EJ, Kivimaki M, 
Witte DR. Trajectories of glycaemia, insulin sensitivity, and in-
sulin secretion before diagnosis of type 2 diabetes: an analysis 
from the Whitehall II study. Lancet, 2009; 373: 2215– 21.

 29. U.K. prospective diabetes study 16. Overview of 6 years’ therapy 
of type II diabetes: a progressive disease. U.K. Prospective 
Diabetes Study Group. Diabetes, 1995; 44: 1249– 58.

 30. Cnop M, Vidal J, Hull RL, et al. Progressive loss of beta- cell 
function leads to worsening glucose tolerance in first- degree 
relatives of subjects with type 2 diabetes. Diabetes Care, 2007; 
30: 677– 82.

 31. Festa A, Williams K, D’Agostino R, Jr., Wagenknecht LE, Haffner 
SM. The natural course of beta- cell function in nondiabetic 
and diabetic individuals: the Insulin Resistance Atherosclerosis 
Study. Diabetes, 2006; 55: 1114– 20.

 32. Ferrannini E, Nannipieri M, Williams K, Gonzales C, Haffner 
SM, Stern MP. Mode of onset of type 2 diabetes from normal or 
impaired glucose tolerance. Diabetes, 2004; 53: 160– 5.

 33. Weyer C, Bogardus C, Mott DM, Pratley RE. The natural his-
tory of insulin secretory dysfunction and insulin resistance in 
the pathogenesis of type 2 diabetes mellitus. J Clin Invest, 1999; 
104: 787– 94.

 34. Tuomilehto J, Lindstrom J, Eriksson JG, et al. Prevention of type 
2 diabetes mellitus by changes in lifestyle among subjects with 
impaired glucose tolerance. N Engl J Med, 2001; 344: 1343– 50.

 35. Diabetes Prevention Program Research G. Long- term effects 
of lifestyle intervention or metformin on diabetes development 
and microvascular complications over 15- year follow- up: the 
Diabetes Prevention Program Outcomes Study. Lancet Diabetes 
Endocrinol, 2015; 3: 866– 75.

 36. Li G, Zhang P, Wang J, et al. Cardiovascular mortality, all- cause 
mortality, and diabetes incidence after lifestyle intervention for 
people with impaired glucose tolerance in the Da Qing Diabetes 
Prevention Study: a 23- year follow- up study. Lancet Diabetes 
Endocrinol, 2014; 2: 474– 80.

 37. Hadden DR, Blair AL, Wilson EA, et al. Natural history of dia-
betes presenting age 40– 69 years: a prospective study of the in-
fluence of intensive dietary therapy. Q J Med, 1986; 59: 579– 98.

 38. UKPDS. Effect of intensive blood- glucose control with 
metformin on complications in overweight patients with type 2 
diabetes (UKPDS 34). UK Prospective Diabetes Study (UKPDS) 
Group. Lancet, 1998; 352: 854– 65.

 39. Rudenski AS, Hadden DR, Atkinson AB, et al. Natural his-
tory of pancreatic islet B- cell function in type 2 diabetes mel-
litus studied over six years by homeostasis model assessment. 
Diabetic Med, 1988; 5: 36– 41.

 40. Lim EL, Hollingsworth KG, Aribisala BS, Chen MJ, Mathers 
JC, Taylor R. Reversal of type 2 diabetes: normalisation of beta 
cell function in association with decreased pancreas and liver 
triacylglycerol. Diabetologia, 2011; 54: 2506– 14.

 41. Steven S, Hollingsworth KG, Al- Mrabeh A, et al. Very 
low calorie diet and 6 months of weight stability in type 
2 diabetes: pathophysiological changes in responders and 
nonresponders. Diabetes Care, 2016; 39: 158– 65.

 42. Taylor R, Al- Mrabeh A. Remission of human type 2 diabetes requires 
decrease in liver and pancreas fat content but is dependent upon 
capacity for beta cell recovery. Cell Metab, 2018; 28: 547– 56.e3.

 43. Inzucchi SE, Bergenstal RM, Buse JB, et al. Management of 
hyperglycaemia in type 2 diabetes, 2015: a patient- centred 
approach. Update to a position statement of the American 
Diabetes Association and the European Association for the 
Study of Diabetes. Diabetologia, 2015; 58: 429– 42.

 44. Henry RR, Wallace P, Olefsky JM. Effects of weight loss on 
mechanisms of hyperglycaemia in obese non- insulin dependent 
diabetes mellitus. Diabetes, 1986; 35: 990– 8.

 45. Petersen KF, Dufour S, Befroy D, Lehrke M, Hendler RE, 
Shulman GI. Reversal of nonalcoholic hepatic steatosis, hepatic 
insulin resistance, and hyperglycemia by moderate weight reduc-
tion in patients with type 2 diabetes. Diabetes, 2005; 54: 603– 8.

 46. Guidone C, Manco M, Valera- Mora E, et al. Mechanisms of 
recovery from type 2 diabetes after malabsorptive bariatric sur-
gery. Diabetes, 2006; 55: 2025– 31.

 47. McCombie L, Leslie W, Taylor R, Kennon B, Sattar N, Lean MEJ. 
Beating type 2 diabetes into remission. BMJ, 2017; 358: j4030.

 48. Pories WJ, MacDonald KG, Jr., Morgan EJ, et al. Surgical treat-
ment of obesity and its effect on diabetes: 10- y follow- up. Am J 
Clin Nutr, 1992; 55(2 Suppl): 582S– 5S.

 49. Dixon JB, O’Brien PE, Playfair J, et al. Adjustable gastric banding 
and conventional therapy for type 2 diabetes: a randomized con-
trolled trial. JAMA, 2008; 299: 316– 23.

 50. Rubino F, Forgione A, Cummings DE, et al. The mechanism of 
diabetes control after gastrointestinal bypass surgery reveals a 
role of the proximal small intestine in the pathophysiology of 
type 2 diabetes. Ann Surg, 2006; 244: 741– 9.

 51. Holst JJ. Postprandial insulin secretion after gastric bypass 
surgery: the role of glucagon- like peptide 1. Diabetes, 2011; 
60: 2203– 5.

 52. Lingvay I, Guth E, Islam A, Livingston E. Rapid improvement 
in diabetes after gastric bypass surgery: is it the diet or surgery? 
Diabetes Care, 2013; 36: 2741– 7.

 53. Steven S, Hollingsworth KG, Small PK, et al. Calorie restriction 
and not glucagon- like peptide- 1 explains the acute improve-
ment in glucose control after gastric bypass in Type 2 diabetes. 
Diabetic Med, 2016; 33: 1723– 31.

 54. Lean ME, Leslie WS, Barnes AC, et al. Primary care- led weight 
management for remission of type 2 diabetes (DiRECT): an 
open- label, cluster- randomised trial. Lancet, 2017; 391: 541– 51.



SectIon 15 Diabetes Mellitus1954

 55. Taylor R. Calorie restriction and reversal of type 2 diabetes. Exp 
Rev Endocrinol Metab, 2016; 11: 521– 8.

 56. Paisey RB, Frost J, Harvey P, et al. Five year results of a pro-
spective very low calorie diet or conventional weight loss pro-
gramme in type 2 diabetes. J Hum Nutr Diet, 2002; 15: 121– 7.

 57. LookAhead. Eight- year weight losses with an intensive lifestyle 
intervention: the look AHEAD study. Obesity, 2014; 22: 5– 13.

 58. Taylor R, Holman R. Normal weight individuals who develop 
type 2 diabetes: the personal fat threshold. Clin Sci (Lond), 2015; 
128: 405– 10.

 59. Robbins AL, Savage DB. The genetics of lipid storage and human 
lipodystrophies. Trends Mol Med, 2015; 21: 433– 8.

 60. Virtue S, Vidal- Puig A. Adipose tissue expandability, lipotoxicity 
and the metabolic syndrome— an allostatic perspective. Biochim 
Biophys Acta, 2010; 1801: 338– 49.

 61. Rosenbaum S, Skinner RK, Knight IB, Garrow JS. A survey of 
heights and weights of adults in Great Britain, 1980. Ann Hum 
Biol, 1985; 12: 115– 27.

 62. Pinnick K, Neville M, Clark A, Fielding B. Reversibility of meta-
bolic and morphological changes associated with chronic ex-
posure of pancreatic islet beta- cells to fatty acids. J Cell Biochem, 
2010; 109: 683– 92.

 63. Pinnick KE, Collins SC, Londos C, Gauguier D, Clark A, 
Fielding BA. Pancreatic ectopic fat is characterized by adipo-
cyte infiltration and altered lipid composition. Obesity, 2008; 
16: 522– 30.

 64. Talchai C, Xuan S, Lin HV, Sussel L, Accili D. Pancreatic beta 
cell dedifferentiation as a mechanism of diabetic beta cell failure. 
Cell, 2012; 150: 1223– 34.

 65. White MG, Marshall HL, Rigby R, et al. Expression of mesen-
chymal and alpha- cell phenotypic markers in islet beta- cells in 
recently diagnosed diabetes. Diabetes Care, 2013; 36: 3818– 20.

 66. White MG, Shaw JAM, Taylor R. Type 2 diabetes: the pathologic 
basis of reversible beta- cell dysfunction. Diabetes Care, 2016; 
39: 2080– 88.

 67. Steven S, Hollingsworth KG, Small P, et al. Weight loss decreases 
excess pancreatic triacylglycerol specifically in type 2 diabetes. 
Diabetes Care, 2016; 39: 158– 65.

15.3.3  Pathogenesis
Mark Walker, Xuefei Yu, and Amalia Gastaldelli

Introduction 1954

Genetic Architecture 1954

Adipose Tissue 1956

Pancreatic Beta-Cell 1956

Glucagon and Incretins 1958

Skeletal Muscle 1959

Liver 1960

Conclusions 1960

References 1961

Introduction

Hyperglycaemia is the hallmark of type 2 diabetes. It results from a 
combination of decreased insulin secretion and insulin resistance 
(also referred to as decreased insulin sensitivity) as stated in the WHO 
definition of type 2 diabetes. These two characteristics are physiolo-
gically linked as demonstrated by previous studies of subjects with 
different glycaemic states. As shown in Figure 15.3.3.1, there exists 
an inverse hyperbolic relationship between insulin secretory response 
and insulin sensitivity for subjects with normal glucose tolerance. The 
relationship persists in patients with diabetes, but the curve is shifted 
downwards such that less insulin is secreted for a given level of whole 
body insulin sensitivity [1] . Progression from normal glucose toler-
ance to diabetes results from the failure of insulin secretion to com-
pensate for the level of insulin resistance. Even within the range of 
normal glucose tolerance, there is evidence of progressive decrease in 
the insulin secretory response once adjustment has been made for the 
degree of insulin resistance [2] (Figure 15.3.3.2).

Over the last few decades, a large number of detailed physiological 
studies have been conducted to understand glucose metabolism in 
healthy, non- diabetic subjects and how it is perturbed in type 2 dia-
betes [3] . In the fasting state in non- diabetic subjects, circulating in-
sulin acts primarily at the liver to regulate hepatic glucose release. 
In type 2 diabetes, fasting hepatic glucose release is increased and 
closely correlated with the fasting glucose concentration. The in-
creased hepatic glucose release reflects the interaction of a number 
of factors including decreased hepatic insulin sensitivity and raised 
fasting glucagon levels. In the postprandial state in non- diabetic 
subjects, the increased circulating insulin levels serve to suppress 
hepatic glucose release and promote glucose uptake and metab-
olism in the peripheral insulin sensitive tissues, in particular skeletal 
muscle [3]. These processes are altered in type 2 diabetes and con-
tribute to the postprandial hyperglycaemia. Specifically, the combin-
ation of impaired insulin secretion and decreased insulin sensitivity 
at the liver and peripheral tissues result, respectively, in impaired 
suppression of hepatic glucose release and impaired peripheral glu-
cose uptake and metabolism [3]. The purpose of this chapter is to re-
view the mechanisms underlying these physiological abnormalities 
that contribute to the hyperglycaemic state in type 2 diabetes.

Genetic Architecture

Type 2 diabetes is a complex trait with genetic and non- genetic fac-
tors contributing to the pathogenesis. The non- genetic factors are 
well documented as described in Chapter 15.3.1, ‘Epidemiology and 
Public Health’, with increased adiposity and physical activity being 
key factors. Our understanding of the genetic basis of type 2 dia-
betes has evolved over the last 12– 15 years, driven by mapping of 
the human genome and technological advances in genotyping and 
sequencing.

Genome- wide association studies (GWAS) in populations of 
North European extraction have found that the genetic structure 
is primarily based upon common variants (minor allele frequency 
>5%) across many susceptibility loci [4] . At the present time, around 
200 susceptibility loci have been identified. While rare variants in 
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known monogenic genes can contribute to diabetes segregation 
within certain families, there is little evidence for the role of rare 
variants in other loci [5]. This may not apply to genetically isolated 
populations such as the Greenland Inuits, in which a variant in the 
TBC1D4 gene specific to this population was found to predispose 
to diabetes [6].

The common risk variants identified by GWAS are functionally 
weak, so an individual’s genetic type 2 diabetes risk is a function of 
the accumulated number of common risk variants that they carry 
[7] . The level of risk is predicted to be modulated further by poten-
tial interactions between specific variants, and other genetic vari-
ants and non- genetic factors.

The majority of the susceptibility loci have been linked to im-
paired pancreatic beta- cell function [8] . This is not surprising as 
decreased insulin secretion is a prerequisite for hyperglycaemia, the 
defining feature of all type 2 diabetes. Variation at the TCF7L2 locus 
provides the strongest signal for type 2 diabetes risk. It is involved 
in the WNT signalling pathway, and early physiological studies 
pointed to a role in modulating the incretin- insulin secretory axis. 
However, the exact mechanisms by which variation in other suscep-
tibility gene loci such as CDKAL1 and CNKN2A/ 2B remain to be de-
fined. An important lesson arose from the study of FTO. Variation 
in this gene was linked to increased BMI. However, subsequent 
analysis demonstrated that the key risk variant did not alter FTO 
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expression, but influenced expression of two distant genes, IRX3 
and IRX5, and these were involved in the process of thermogenesis 
[9]. In other words, while the diabetes risk variant was located at the 
FTO locus, the increased risk was mediated via regulation of genes 
located some physical distance away. This could complicate the de-
lineation of the underlying mechanisms of diabetes susceptibility if 
it applies to other risk loci.

Adipose tissue

Increased adiposity is a key risk factor for the development of type 
2 diabetes. The rapid rise in the worldwide prevalence of type 2 dia-
betes is primarily driven by a concordant increase in the prevalence 
of obesity as described in Chapter  14.1.2. Our understanding of 
how and why obesity is linked to the pathogenesis of type 2 diabetes 
has evolved dramatically over the last few decades leading to the 
concept of lipotoxicity. A key question is what factors contribute to 
adipose tissue dysfunction that in turn impact on pancreatic beta- 
cell function and target tissue insulin sensitivity.

Adipose tissue Dysfunction and Inflammation

Adipocyte number and distribution are key determinants of their 
function in man. Adipocyte size has been found to be negatively 
correlated with whole body insulin sensitivity in man [10]. An ele-
gant study found that the number of adipocytes increases during 
childhood, but then remains stable throughout adulthood [11]. 
This implies that increased lipid storage in adulthood is achieved 
by adipocyte hypertrophy of the existing complement of cells. This 
is important as hypertrophy is linked to adipocyte stress, possibly 
through cellular hypoxia that is the trigger for a number of ad-
verse processes including adipose tissue inflammation [12]. This 
involves the expression of pro- inflammatory cytokines by adi-
pocytes and the attraction and infiltration of immune cells such 
as macrophages that serve to amplify the inflammatory process 
within the adipose tissue stores. A positive correlation was found 
between macrophage abundance and both BMI and adipocyte size 
in human adipose tissue [13]. The release of pro- inflammatory 
cytokines, for example TNF- alpha, is predicted to interfere with 
insulin action within the adipocytes and other local tissues such as 
muscle. Expansion of the adipose tissue stores leads to increased 
circulating fatty acid levels [14] and a relative decrease in circu-
lating adiponectin [15]. Adiponectin is exclusively secreted by adi-
pose tissue and exerts major effects on glucose metabolism in liver 
and muscle.

Adipose tissue Insulin Resistance

Adipose tissue lipogenesis is regulated by insulin that promotes 
free fatty acid (FFA) re- esterification and triglyceride synthesis. 
Since adipose tissue lacks the enzyme glycerol kinase, it relies 
upon glucose and pyruvate to make glycerol- 3- phosphate that 
is used to synthesize triglyceride. Insulin not only promotes fatty 
acid re- esterification but also glucose uptake in the adipose tissue. 
Moreover, insulin is the most potent antilipolytic hormone, since 
it inhibits triglyceride hydrolysis and fatty acid release. In type 2 
diabetic patients, the antilipolytic effect of insulin is compromised 
leading to increased fasting and postprandial fatty acid concentra-
tions, despite normal or raised circulating insulin levels [16]. This 

is recognized as adipose tissue insulin resistance that promotes the 
overflow of FFAs that are then taken up by other tissues and con-
tribute to ectopic fat accumulation (see next).

Adipose tissue Distribution

It is well recognized that adipose tissue distribution affects type 2 
diabetes risk. Familial partial lipodystrophy is a monogenic con-
dition characterized by decreased peripheral subcutaneous fat 
stores and compensatory increase in central fat deposition with in-
creased visceral adiposity. This extreme form of fat redistribution 
is associated with decreased insulin sensitivity and increased risk 
of type 2 diabetes, fatty infiltration of the liver and cardiovascular 
disease. Genetic cluster analysis has been applied in two recent 
studies to identify overlapping clusters comprising 11 [17] and 53 
[18] common genetic variants associated with decreased insulin 
sensitivity. Both studies found that the clusters were associated 
with increased central and decreased peripheral adiposity, but an 
increased risk of type 2 diabetes and coronary artery disease. This 
highlights the importance of altered adipose tissue distribution and 
diabetes risk.

Ectopic fat deposition describes the situation where lipid is stored 
in tissues other than adipose tissue, such as the liver, muscle, and 
pancreas. It arises when an individual’s adipose storage capacity is 
overwhelmed, and is a particular problem in subjects with limited 
peripheral subcutaneous adipose tissue stores. Ectopic fat depos-
ition per se is not a problem so long as the recipient tissues have 
the capability to fully metabolize the stored lipid. This capability ap-
pears to be impaired in type 2 diabetes and contributes to the situ-
ation of incomplete lipid metabolism and lipotoxicity.

Pancreatic Beta-cell

Insulin secretion in non- diabetic subjects in response to either an 
oral or intravenous glucose load is characterized by an initial rapid 
response over 10 to 15 minutes (first phase) followed by slower 
more prolonged rise called the second phase [19]. It is well estab-
lished that this insulin response is altered in type 2 diabetes, with a 
blunted first phase response and a delayed and lower second phase. 
These changes contribute to the hyperglycaemia of type 2 diabetes. 
It has been demonstrated that the first phase response plays a crucial 
role in regulating hepatic glucose output in non- diabetic subjects 
[20] and that the impaired first phase response leads to impaired 
suppression of hepatic glucose output and postprandial hypergly-
caemia in type 2 diabetes [19].

By administering a progressive stepped glucose infusion, a dose 
response curve can be generated for insulin secretion rates against 
plasma glucose levels [21]. The slope of this curve decreases as 
glucose intolerance progresses to frank type 2 diabetes (Figure 
15.3.3.3). In other words, there is a progressive decrease in the in-
sulin secretion rate for a given plasma glucose concentration. Type 
2 diabetes is characterized by abnormalities of pancreatic beta- cell 
function in the fasting state. Basal insulin secretion shows regular 
periodic oscillations in non- diabetic individuals which is lost in pa-
tients with type 2 diabetes [22]. Furthermore, the fasting proinsulin 
to insulin ratio is increased in type 2 diabetic patients compared to 
non- diabetic controls which is thought to reflect incomplete pro-
insulin processing in the diabetic state.
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While the pancreatic beta- cell phenotype is well characterized 
in type 2 diabetes, the underlying mechanisms remain to be deter-
mined. There is evidence that the impaired insulin secretion results 
from both decreased beta- cell function and mass.

Beta- cell Genetic Susceptibility

As specified, the majority of genetic susceptibility loci identified 
to date are associated with impaired pancreatic beta- cell function. 
Some of the risk variants are within genes already associated with 
monogenic diabetes such as Wolfram Syndrome (WFS1) and dif-
ferent forms of Maturity Onset Diabetes of the Young (GCK and 
HNF1A). Others were within genes known to be involved in the 
insulin secretory process such SLC30A8, and KCNJ11 that encodes 
part of the potassium channel. Physiological studies have tried to 
dissect the relationships between gene variants and the beta- cell 
phenotype. Such an approach showed that TCF7L2, SLC30A8, and 
a variant in the gastric inhibitory peptide receptor gene (GIPR) were 
all associated with raised circulating proinsulin levels and a de-
creased early insulin response, a pattern thought to reflect decreased 
insulin secretion on a background of decreased beta- cell mass/ pro-
cessing [8] . A  further study examined the relationship between 
known risk variants and the insulin response to an intravenous glu-
cose challenge to try to identify genes that affect the intrinsic beta- 
cell response [23]. Variants in MTNR1B and CDKAL1 showed the 
strongest association, while variation in TCF7L2 was comparatively 
weak supporting the concept that variation at this gene locus affects 
insulin secretion by mechanisms beyond the beta cell.

Beta- cell Dysfunction

A series of mechanisms have been implicated in the development of 
pancreatic beta- cell dysfunction and type 2 diabetes. However, these 
have invariably been investigated using pancreatic islets or beta- cell 
lines derived from rodent models of diabetes. It well known that 
there are differences between rodent and human islets, for example, 

in terms of cellular composition and hyperplastic capacity. While 
the molecular mechanisms are expected to be the same across spe-
cies, their relative importance may differ between rodents and man. 
With this in mind, emphasis has been given to those mechanisms 
where there is evidence for a role in type 2 diabetes in man.

The endoplasmic reticulum (ER) is a membranous tubular 
system involved in protein synthesis, and the removal of protein 
products. A number of conditions can lead to ER stress, including 
excess pro- inflammatory cytokines, and raised glucose and lipid 
levels that are known to impair beta- cell function [24]. ER stress 
elicits an adaptive reaction called the unfolded protein response 
(UPR) that temporarily decreases the ER synthetic output and 
increases the removal of protein products. In this way the stress 
is relieved and ER homeostasis is restored. A facet of the UPR in 
beta-cells is a decrease in insulin secretion that under chronic con-
ditions will predispose to diabetes. Furthermore, failure of the UPR 
to restore ER homeostasis can with time lead to activation of the 
pro- apoptotic pathway and a loss of beta-cells [24]. There is evi-
dence that ER dysfunction contributes to type 2 diabetes in man. 
First, mutations of the WFS1 gene lead to altered ER function, and 
common low penetrant WFS1 variants increase the susceptibility 
to type 2 diabetes [25]. ER distension is a marker of ER stress and 
has been identified in isolated pancreatic islets from type 2 diabetic 
patients [26].

There is strong evidence that sustained metabolic stress can im-
pair pancreatic beta- cell function. Chronic elevated glucose levels 
decrease the expression of PDX- 1, a key regulator of insulin gene 
transcription [27]. This appears to be mediated in part by the in-
creased generation of reactive oxygen species (ROS) and underlies 
the concept of glucotoxicity. Similarly, a sustained increase in satur-
ated fatty acid levels, such as palmitate, has been shown to impair 
beta- cell function and insulin secretion [28]. The mechanism ap-
pears to involve increased ROS production by the mitochondria and 
peroxisomes [29] and the induction of ER stress. The combination 
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Figure 15.3.3.3 Dose response curves for insulin secretory rates versus plasma glucose concentration curves derived using a stepped glucose 
infusion. Curves are shown for subjects with different degrees of glucose tolerance, including those with normal glucose tolerance with (FDR) and 
without (CON) a family history of diabetes, and those with established type 2 diabetes (NIDDM).
Reproduced with permission from Byrne, MM, Sturis J, Sobel RJ, Polonsky KS. Elevated plasma glucose 2 h postchallenge predicts defects in β- cell function. Am. J. Physiol. 
Endocrinol. Metab. 1996; 276(33): E572– 9. Copyright © 1996, The American Physiological Society. (Ref 21)
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of raised glucose and saturated fatty acid levels (glucolipotoxicity) is 
thought to be particularly harmful to beta- cell function.

Insulin secretion is highly energy dependent. This is reflected 
in the high mitochondrial content of pancreatic beta-cells that 
generates the required ATP through oxidative phosphorylation. 
Mutations of the mitochondrial DNA that impair mitochondrial 
function and ATP generation can lead to diabetes in man [30]. 
The role of mitochondrial dysfunction in type 2 diabetes remains 
to be fully defined. However, it is recognized that decreased mito-
chondrial DNA content can decrease insulin secretion, and that 
mitochondrial DNA content has been shown to decline with age 
in isolated human islets [31]. Uncoupling protein 2 (UCP2) is ex-
pressed by pancreatic beta-cells [32]. Increased UCP2 expression 
increases proton leak by the respiratory chain, leading to decreased 
ATP synthesis and decreased insulin secretion. Hyperglycaemia has 
been shown to increase UCP2 expression which could contribute to 
the mechanism of beta- cell glucotoxicity [32].

Immune cell infiltration and amyloid deposition have been iden-
tified in pancreatic islets in a proportion of patients with type 2 dia-
betes [33]. The macrophage is the predominant immune cell, with 
evidence for a pro- inflammatory subtype that predominates in type 
2 diabetes islets and mediates the inflammatory process through 
cytokine release, in particular IL- 1B. As a consequence, anti- IL- 1B 
immune therapies have been developed and have been found to im-
prove pancreatic beta- cell function and blood glucose levels in pa-
tients with type 2 diabetes [34]. There is extensive evidence from 
animal studies that elevated saturated fatty acids, including palmi-
tate, trigger the pro- inflammatory process in pancreatic islets. The 
accumulation of islet amyloid is another activator [33]. Pancreatic 
islet amyloid deposition has been long been recognized as a feature of 
type 2 diabetes [35]. Islet amyloid polypeptide (IAPP) is cosecreted 
with insulin and is non- toxic in its monomeric form. However, there 
is recent evidence that oligomerization of human IAPP to form ag-
gregates within islets can activate the pro- inflammatory response 
and impair insulin secretion in type 2 diabetes [33].

The mechanisms and their interactions contributing to pancre-
atic beta- cell dysfunction are summarized in Figure 15.3.3.4.

Beta- cell Mass

There is consistent evidence for decreased beta- cell mass in type 
2 diabetes, with estimates of 40– 60% decrease in the number of 
beta cells [36]. A number of mechanisms may contribute to the 
decreased beta- cell mass in type 2 diabetes. Histological analyses 
of human islets have found an increase frequency of apoptotic 
markers in samples from type 2 diabetic compared with non- 
diabetic control subjects [37]. The increased beta- cell apoptosis 
could be driven by a number of factors through the common 
pathway of ER stress. Another process that has gained trac-
tion is beta- cell dedifferentiation. In a mouse model of diabetes, 
knockout of the transcription factor Fox01 resulted in a decrease 
in beta- cell mass and the development of diabetes [38]. Lineage 
tracing showed evidence of beta- cell dedifferentiation with a loss 
of expression of beta- cell markers, such as PDX1, and the expres-
sion of markers of other endocrine cell type including glucagon 
and somatostatin. Analysis of human pancreas samples reported 
an increase in the number of cells expressing markers of dedif-
ferentiation and of other endocrine cell types, including glucagon 
[39], implying that dedifferentiation may be relevant to the patho-
genesis of type 2 diabetes in man.

Glucagon and Incretins

Glucagon and glucagon- like peptide- 1 (GLP- 1) are hormones that 
are important for glucose metabolism and insulin release. Both are 
derived by the enzymatic cleavage of proglucagon, by tissue spe-
cific prohormone convertase (PC) enzymes. In the pancreatic α cells 
proglucagon is converted to glucagon, while in the intestinal L cells 
it is converted to GLP- 1 [40].

Glucagon and insulin have opposite effects and counterregulate 
each other. Glucagon stimulates hepatic glucose production mainly 
by stimulating glycogenolysis [41]. Glucagon release is modulated 
by glucose (high glucose inhibits glucagon release while hypogly-
caemia stimulates glucagon release) and by GLP- 1 that suppresses 
glucagon secretion [42]. Glucagon concentrations are higher in 
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Figure 15.3.3.4 Schematic diagram summarizing the key mechanisms, and how they interact, that impair pancreatic beta- cell function in type 2 
diabetes. ER = endoplasmic reticulum and ROS = reactive oxygen species.
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T2D patients compared with non- diabetic subjects [41] and reduc-
tion of the plasma glucagon concentration is a potential target for 
treatment of patients with type 2 diabetes [43].

GLP- 1 is an incretin hormone whose main action is the potenti-
ation of the glucose stimulated insulin secretion [44]. GLP- 1 is 
released by the intestinal L cells in response to nutrients (carbo-
hydrates and lipids and its effects are mediated by activation of G- 
protein- coupled receptors) [45].

GLP- 1 has a very short half- life (1– 2 minutes) since it is rap-
idly degraded by dipeptidyl peptidase 4 (DPP- 4). GLP- 1 receptor 
agonists (GLP- 1RA) and DPP- 4 inhibitors are currently used as ap-
proved treatment for diabetic hyperglycaemia. The treatment with 
GLP- 1RA has other beneficial effects that include the regulation of 
appetite and food intake [46].

Enzymatic cleavage of proglucagon also produces oxyntomodulin 
(OXM) that is a glucagon/ GLP- 1 receptor agonist [40]. OXM has a 
profound effect on appetite (reduced) and energy expenditure (in-
creased) that improves glucose tolerance and insulin sensitivity [47].

Skeletal Muscle

Using a combination of hyperinsulinaemic clamp and limb cath-
eterization techniques, it has been shown that skeletal muscle in-
sulin stimulated glucose uptake is decreased in patients with type 
2 diabetes [3] . Subsequent studies using magnetic resonance spec-
troscopy showed that the decreased insulin stimulated glucose up-
take primarily resulted in decreased glycogen storage [48]. This 
combination of decreased insulin stimulated glucose and glycogen 
synthesis was also seen in the non- diabetic first- degree relatives of 
type 2 diabetes patients [49]. These subjects are at increased risk 
of progressing to diabetes, suggesting that impaired insulin action 
at skeletal muscle is an early defect in the pathogenesis of type 2 
diabetes.

Insulin- Mediated Glucose Uptake

The insulin signalling pathway in relation to glucose metabolism 
is well defined [50]. The initial step involves insulin receptor 
binding and tyrosine kinase activation that leads to phosphoryl-
ation of insulin receptor substrate- 1 (IRS1) that initiates a com-
plex signalling cascade. For glucose uptake, the end point of the 
cascade is the activation of AS160 (previously known as TBC1D4) 
that stimulates translocation of GLUT4 to the cell membrane and 
glucose uptake. For glycogen synthesis, the principle end point 
is activation of glycogen synthase through the inhibition of the 
regulator, GSK- 3.

A small proportion of the type 2 diabetes susceptibility variants 
identified by GWAS are associated with decreased insulin sensi-
tivity [51]. These include IGF1 and IRS1 variants that are involved in 
signal transduction. No common variants that specifically and ex-
clusively affect insulin sensitivity in skeletal muscle have been iden-
tified to date by GWAS. However, the retention of defects on insulin 
action in cultured skeletal muscle cells from type 2 diabetic patients 
[52] and their non- diabetic first- degree relatives [53] provides sup-
port for the role of genetic/ epigenetic factors in the development of 
the peripheral insulin resistance in type 2 diabetes. Gene expression 
studies of skeletal muscle biopsy samples from type 2 diabetic pa-
tients found decreased expression of PGC1alpha, a transcriptional 

regulator of mitochondrial gene expression [54, 55]. It would seem, 
however, that these changes may not contribute directly to the per-
ipheral insulin resistance in type 2 diabetes, as targeted PGC1A 
knockdown did not alter insulin action in skeletal muscle [56].

Metabolic and Inflammatory Mechanisms

Patients with type 2 diabetes have raised circulating FFA levels com-
pared with weight matched non- diabetic control subjects [14]. In 
addition, patients with type 2 diabetes are prone to ectopic fat de-
position in skeletal muscle. Interestingly, it has been shown that the 
intramuscular lipid content is increased to a comparable degree in 
type 2 diabetic patients and normal glucose tolerant athletes [57]. 
However, it would seem that the athletes but not the type 2 diabetic 
patients have the capacity for the efficient metabolism of the intra-
muscular lipid to generate energy.

The elevation of circulating FFA levels has been shown to de-
crease insulin signalling and impaired glucose uptake into skel-
etal muscle. Through a series of animal and human studies [58], 
it has been shown that elevated fatty acid levels increase intracel-
lular lipid intermediaries that include diacylglycerol (DAG). DAG 
activates protein kinase C theta which serine phosphorylates IRS1 
and inhibits downstream insulin signalling. As a consequence, there 
is decreased insulin stimulated glucose uptake and glycogen syn-
thesis in the skeletal muscle. The same DAG- mediated mechanism 
is thought be involved in the decreased insulin action that is asso-
ciated with ectopic lipid accumulation in skeletal muscle in type 2 
diabetes.

Adipose tissue related inflammation is predicted to exacerbate 
skeletal muscle insulin sensitivity through the effect of locally re-
leased cytokines, in particular TNF- alpha, on skeletal muscle me-
tabolism. TNF- alpha has been shown to inhibit insulin signalling 
through serine phosphorylation of IRS1 [59]. However, it is recog-
nized that skeletal muscle per se can release a number of molecules, 
so called myokines, and includes IL- 6. IL- 6 release from contracting 
muscle increases as part of the normal physiological response to ex-
ercise in healthy man [60]. But there is emerging evidence that in-
flammation is a feature of skeletal muscle in type 2 diabetes, and 
that it mirrors the inflammatory process seen in other tissues in 
type 2 diabetes. Skeletal muscle cells from type 2 diabetic patients 
express a pro- inflammatory profile that persists in culture [61, 62], 
and there is evidence for skeletal muscle macrophage infiltration in 
type 2 diabetic patients [63].

non- Insulin- Mediated Glucose Disposal

Insulin independent pathways also promote glucose uptake into 
skeletal muscle and clearance from the circulation. A major pathway 
involves AMPK activation, GLUT4 translocation, and increased 
glucose uptake. AMPK is the principle energy sensor of the cell and 
is activated by processes that diminish the intracellular ATP/ AMP 
ratio [64]. A  key activator of AMPK is muscle contraction, and 
underlines the potential role of exercise in controlling glycaemia in 
type 2 diabetes.

Adiponectin is another activator of AMPK and can exist as mul-
tiple complexes, with the high molecular form being the most active 
[65]. Adiponectin mediates its actions by binding to two receptors 
types, AdipoR1 and Adipo2. AdipoR1 is the predominant form in 
skeletal muscle, and receptor binding leads to activation of AMPK 
as well as other regulators of cellular energy provision such as 



SectIon 15 Diabetes Mellitus1960

PGC1A. Through these mechanisms adiponectin increases GLUT4 
translocation and glucose uptake into skeletal muscle [66]. There is 
evidence that the beneficial effects of adiponectin may be limited 
in type 2 diabetes. First, increased adiposity is associated with de-
creased circulating adiponectin levels and, second, adiponectin 
receptor expression has been reported to be decreased in skeletal 
muscle from type 2 diabetic patients [65].

Liver

The liver is the main organ that produces glucose during the 
fasting state. Glucose is produced either from the hydrolysis of 
the glycogen stored during the fed state or from gluconeogenesis 
(GNG). This involves the synthesis of glucose from gluconeogenic 
precursors such as lactate/ pyruvate, gluconeogenic amino acids, 
and glycerol. While GNG can also occur in the kidney and small 
intestine, their contribution to the generation of glucose is minor 
relative to the liver.

In non- diabetic subjects, endogenous glucose production (EGP) 
by the liver is relatively similar among subjects when whole body 
fluxes are normalized by lean body mass [67]. However, in patients 
with type 2 diabetes the EGP is increased and closely linked to the 
fasting hyperglycaemia [68].

The application of stable isotope- based techniques has allowed 
the investigation of GNG in humans. After an overnight fast, GNG 
comprises approximately 50% of EGP in non- diabetic subjects 
and after 42h of fasting the great majority of glucose is produced 
as GNG as the hepatic glycogen stores are depleted [69]. The con-
tribution of lactate/ pyruvate, glycerol, or amino acids to GNG can 
vary. It has been shown that the liver utilizes these gluconeogenic 
precursors in proportion to their availability, a mechanism called 
‘hepatic autoregulation’, although the overall rate of GNG re-
mains steady [70]. However, in patients with type 2 diabetes, 
hepatic autoregulation is lost. As a consequence, an increase in 
gluconeogenic precursor supply leads to a direct increase GNG that 
in turn drives the increase in EGP [68].

Hepatic Insulin Resistance and Abnormal 
Hormonal control

Hepatic glucose metabolism is tightly regulated by several hor-
mones, in particular insulin and glucagon [71]. During the fasting 
state the most important hormone that regulates EGP is insulin 
by decreasing of hepatic glucose production. After a meal this is 
achieved through the inhibition of glycogenolysis and the stimula-
tion of glycogen synthesis. The effect of insulin on gluconeogenesis is 
mainly indirect, since insulin also decreases peripheral lipolysis and 
protein catabolism thus diminishing the supply of gluconeogenic 
precursors to the liver.

In patients with type 2 diabetes, the ability of physiological 
insulin levels to suppress EGP is impaired indicating hepatic in-
sulin resistance [3] . Using tracer techniques, it has been shown 
that EGP is raised under basal and elevated insulin levels in pa-
tients with type 2 diabetes due to the impaired ability of insulin 
to regulate hepatic gluconeogenesis [72]. Conversely, the effect 
of insulin to suppress hepatic glycogenolysis in type 2 diabetes is 
normal. Thus in type 2 diabetes hepatic insulin resistance is medi-
ated by increased rates of gluconeogenesis under both fasting and 

insulinized states, thereby contributing to glucose overproduction 
under both conditions. The hepatic insulin resistance in type 2 
diabetes is closely associated with fatty infiltration of the liver and 
decreased hepatic insulin clearance suggesting a potential mech-
anistic link [73].

The other important hormone that regulates hepatic metab-
olism is glucagon whose action is to stimulate gluconeogenesis, 
glycogenolysis, and net hepatic glucose output [71]. In type 2 dia-
betes, fasting plasma glucagon levels are increased and promote 
ongoing EGP.

non- Alcoholic Fatty Liver Disease

Non- alcoholic fatty liver disease (NAFLD) affects almost 25% of 
the world population and the prevalence is much higher in patients 
with type 2 diabetes [74]. NAFLD is diagnosed when fat accumula-
tion in the liver exceeds 5% in absence of excess alcohol intake [75].

Simple fat accumulation is considered a benign effect of ex-
cess fat overload to the liver. However, approximately 15– 20% of 
subjects with NAFLD can progress to non- alcoholic steatohepatitis 
(NASH), defined by liver biopsy when together with steatosis hep-
atocytes show inflammation and ballooning with or without fibrosis 
[75]. These patients are at high risk of cirrhosis and hepatic cancer. 
International guidelines emphasize the importance of diagnosing 
NAFLD at its early stages in order to avoid or delay comorbidities, 
not only severe liver disease, but also cardiovascular disease and 
cancer [75, 76].

The pathophysiology of NAFLD is incompletely understood, al-
though it is established that increased adiposity and diabetes are 
major risk factors. Several genotypes have been found to increase 
the risk of NAFLD and its progression to NASH, that include vari-
ants in PNPLA3, TM6SF2, DGAT, and MBOAT7 [77]. Intriguingly, 
these genotypes are associated only with NAFLD and not insulin 
resistance [78].

Hepatic insulin resistance is increased in patients with type 2 
diabetes and NAFLD, possibly related to an increased GNG [79]. It 
has been proposed that increased hepatic fat decreases insulin sig-
nalling by the same lipotoxicity mechanisms that operate in muscle 
[58]. Subjects with NAFLD have also increased peripheral insulin 
resistance in muscle and adipose tissue [79]. This peripheral insulin 
resistance results in unrestrained lipolysis and increased glycerol 
and FFA release that fuel hepatic lipogenesis and gluconeogenesis 
as summarized in Figure 15.3.3.5.

conclusions

The principal pathophysiological changes of decreased pancreatic 
beta- cell function and impaired insulin action that characterize 
type 2 diabetes are well defined. Headway is now being made in 
defining the mechanisms that lead to these pathophysiological 
changes. As described in this chapter, a number of mechanisms are 
emerging that are common across the different tissues involved in 
the development of type 2 diabetes. In particular, ectopic fat depos-
ition, tissue lipotoxicity, and the activation of pro- inflammatory 
pathways are emerging as common mechanisms. This presents the 
possibility that interventions targeted to these mechanisms could 
act across multiple tissues leading to an amplified therapeutic 
impact.
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Introduction

Diabetes is an umbrella term for a raised blood glucose caused by 
a wide variety of different aetiologies. It is defined by exceeding a 
blood glucose threshold, and for many years was divided by treat-
ment modality— insulin or not. The latter delineation has tended to 
rather stubbornly persist, with the labels ‘NIDDM’ (non- insulin de-
pendent diabetes mellitus) and ‘IDDM’ (insulin dependent diabetes 
mellitus) still creeping into notes and referral letters. All too often 
the difference in aetiology and management between even type 1 
and type 2 diabetes is not well appreciated, and the lack of a spe-
cialist input to assess aetiology around the time of diagnosis means 
that many individuals are miscoded [1] . This may lead to the use of 
inappropriate patient pathways, suboptimal treatment, and missed 
educational opportunities.

Although type 1 and type 2 diabetes together account for about 
95% of people with diabetes, the remaining few percent reflect a 
large number of individuals with an eclectic group of aetiologies. 
In this chapter we will discuss how the correct use of clinical as-
sessment along with a few basic investigations can differentiate aeti-
ology at diagnosis (and beyond) and guide when more specialized 
investigations are required.

The wide range of differential diagnosis is particularly striking in 
diabetes arising in the young adult age range, up to around 40 years 
of age. Most monogenic causes of diabetes arise in this age range, as 
well as both classic and more slow- onset autoimmune diabetes, and 
an increasing prevalence of young- onset type 2 diabetes. There is 
often considerable clinical overlap between the subtypes so a careful 
assessment is required.

It is important to correctly diagnose the aetiology for a number 
of reasons. This will influence the first line treatment e.g. insulin 
for type 1 diabetes, low dose sulphonylureas for HNF1A-  or 
HNF4A- MODY or metformin for unambiguous type 2 diabetes. 
Similarly, early interventions aimed at altering progression of dia-
betes, such as immunotherapy or closed loop glucose- regulated 
insulin delivery in type 1 diabetes; or weight reduction pro-
grammes to induce remission in type 2 diabetes rely on accurate 
assignment of aetiology. Finally, for the single gene causes of dia-
betes, family members require screening for diabetes and/ or the 
gene variant.

causes of Diabetes

Box 15.4.1.2 shows a classification incorporating some examples 
of the wide range of ‘Non- type 1, non- type 2’ causes of diabetes 
[2] . These include monogenic causes of beta- cell function and in-
sulin resistance, primary pancreas pathologies (Chapter  15.10.3), 
endocrinopathies affecting glucose metabolism (Chapter  15.10.3), 
other rare syndromes, and drug- induced diabetes. Diabetes may be 
the only feature, or may present before or after other features of an 
associated condition. It is important to consider whether other clin-
ical findings are coincident, or part of a unifying diagnosis. Thus the 
full clinical picture should be taken into account when assessing aeti-
ology of diabetes, and the diagnosis revisited if additional features 
develop or information emerges (e.g. see Box 15.4.1.2). The finding 
of a monogenic or syndromic cause for diabetes should also trigger 
screening for other associated features of the syndrome— for example, 
investigation of the renal tract in those with diabetes and an HNF1B 
mutation, or cardiomyopathy screening in mitochondrial diabetes.

Table 15.4.1.1 contrasts the clinical features of type 1 and type 2 
diabetes with the commoner forms of monogenic diabetes.

Monogenic Beta- cell Dysfunction

Monogenic beta- cell dysfunction comprises neonatal diabetes 
(diagnosed before 6  months of age); Maturity Onset Diabetes of 
the Young (MODY); and mitochondrial diabetes. Some monogenic 
syndromes (e.g. Wolfram syndrome) also cause diabetes largely 
through beta- cell dysfunction. It is increasingly appreciated that 
there is an overlap between the genes causing neonatal diabetes 
and those causing MODY and it is important to specify the gene 
involved when describing cases. In general, MODY arises in ado-
lescents and young adults, and the majority of children diagnosed 
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between 6 months and 10 years have type 1 diabetes. One exception 
is glucokinase- MODY which can be diagnosed at any age.

MODY is the commonest form of monogenic diabetes seen in 
clinical practice. This is usually characterized by (Table 15.4.1.1):

 • Diabetes onset in the 2nd– 4th decade
 • Absence of beta- cell antibodies/ high risk HLA associated with 

type 1 diabetes
 • Absence of obesity/ insulin resistance associated with type 2 

diabetes
 • Non- acute presentation/ DKA rare
 • Frequent parental and other family history of diabetes

The most frequent subtypes seen in the clinic are due to mutations 
in transcription factors (Hepatocyte Nuclear Factor (HNF) 1A, 
HNF4A, HNF1B) and the glycolytic enzyme, glucokinase (GCK). 
See Chapter 15.10.1 for a more detailed description of the MODY 
subtypes and details of management. MODY is found in 1– 6% of 

those with childhood or young- adult onset diabetes [3, 4] and has 
important treatment implications for those diagnosed with the 
commoner subtypes. Diagnostic genetic testing is now widely avail-
able, although uptake of this tends to be variable, dictated more by 
clinician experience and interest rather than formal guidelines.

It is very important to take a careful history of age of onset in in-
dividuals who were diagnosed in young childhood. A monogenic 
cause can be identified in more than 80% of those with a clinical 
diagnosis of neonatal diabetes (diabetes arising in the first 6 months 
of life) [5] , often with an associated syndrome (see Chapter 15.10.1). 
Genetic testing is mandated in all those diagnosed under the age 
of 1 year, and (similarly to MODY), making a molecular diagnosis 
may have a substantial impact on treatment. Increasingly the early 
molecular diagnosis of syndromes presenting with diabetes in neo-
natal life means that timely counselling and screening for other fea-
tures of the condition is possible.

Mitochondrial diabetes is due to mutations in the small mito-
chondrial genome [6] . Classically these individuals have diabetes 
and sensorineural deafness (see Box 15.4.1.2), but other neuro-
logical features are common and patients often complain of fatigue 
due to myopathy. Management of individuals with mitochondrial 
diabetes requires a multidisciplinary approach, including audi-
ology, cardiology, and neurology review.

Genetic Defects of Insulin Action

Monogenic severe insulin resistance consists of disorders of body 
fat distribution (lipodystrophy), insulin signalling defects including 
insulin receptor mutations and syndromes associated with severe 
obesity [7] . More detailed descriptions of the subtypes can be found 
in Chapter 15.10.2. Severe insulin resistance is less common than 
MODY, but may still be encountered in a general diabetes clinic. 
Cases may also present to the endocrine clinic as polycystic ovarian 
syndrome in young women.

One clue to a rare monogenic form of severe insulin resistance is 
that features of metabolic syndrome may occur without significant 
obesity, or with evidence of central obesity only. Reactive hypogly-
caemia may be a prominent early feature.

Diagnostic genetic testing is available for the commoner forms 
of severe insulin resistance including the lipodystrophy genes 
Lamin A/ C (LMNA) and Peroxisome proliferator- activated gamma 
(PPARG) and for the insulin receptor.

Box 15.4.1.1 Aetiology of diabetes

Autoimmune diabetes
 • Classic type 1 diabetes
 • Latent autoimmune diabetes of adulthood
 • Monogenic autoimmunity

Type 2 diabetes
An insulin secretory defect with varying levels of insulin resistance; other 
specific diagnoses excluded

Genetic defects of β- cell function
 • MODY
 • Neonatal diabetes
 • Mitochondrial diabetes

Genetic defects of insulin action
 • Lipodystrophy
 • Insulin receptor mutations
 • Post- receptor insulin signalling defects
 • Genetic severe obesity

Diseases of the exocrine pancreas
 • Pancreatitis
 • Haemochromatosis
 • Cystic fibrosis- related diabetes
 • Neoplasia

Endocrinopathies
 • Cushing’s syndrome
 • Acromegaly
 • Phaeochromocytoma

Syndromes associated with diabetes
 • Chromosome abnormalities: Down’s syndrome, Turner syndrome
 • Myotonic dystrophy
 • Friedreich ataxia
 • Werner and other progeria syndromes
 • Alström syndrome

Drug- induced diabetes
 • Corticosteroids
 • Diazoxide
 • Thiazides
 • Atypical antipsychotics
 • Checkpoint inhibitors

Box 15.4.1.2 Case study— reassessing diagnosis

A 23- year- old woman presented to her GP with tinnitus. She also men-
tioned thirst and a blood glucose was requested. A  fasting glucose of 
7.2 mmol/ L confirmed the diagnosis of diabetes and she was referred 
to the hospital clinic. There were no acute symptoms, weight loss, or 
ketonaemia. She was lean with no features of insulin resistance and 2 
beta- cell antibodies were negative, so MODY was suspected. Genetic 
sequencing of the MODY genes HNF1A, HNF4A, and GCK was per-
formed without any abnormal findings. She was commenced on 
metformin and reviewed after 3 months.

At review it was noted that she was wearing bilateral hearing aids. In 
the meantime, the original presentation of tinnitus had been investi-
gated and she had been shown to have sensorineural hearing loss. This 
led to a suspicion of mitochondrial disease and the common A3243G 
mitochondrial mutation was confirmed on further genetic testing. 
Metformin was discontinued and she was managed on gliclazide, pro-
gressing to require insulin after a further 2 years.
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table 15.4.1.1 Clinical features associated with common forms of monogenic diabetes in comparison to type 1 and type 2 diabetes

Age of onset Features of insulin 
resistance

Family history 
of diabetes

Beta- cell 
antibodies

C- peptide Neurological 
features

Exocrine 
pancreas 
dysfunction

Other features

Type 1 Diabetes Peak incidence 
1st– 2nd decades, 
diagnosis often 
missed in older 
adults

No 10% of cases 80– 90% Classically 
C- peptide 
negative, but 
usually low 
detectable 
level at 
diagnosis 
with 
maintained 
low level in 
up to 10%

No No

Type 2 diabetes Peak incidence 
after 4th decade, 
still relatively rare 
in paediatric age 
range

Typically found 50% of cases No, by 
definition

C- peptide 
typically high 
at diagnosis, 
declines over 
time

No No

HNF1A/ HNF4A 
MODY

2nd– 4th decade No 60– 90% report 
parental 
diabetes

Not usually, 
some mixed 
MODY/ T1 
reported

Generally 
low normal 
range

No No HNF1A: Low renal 
glucose threshold, 
Low CRP
HNF4A: fetal 
hyperinsulinaemia 
and macrosomia

GCK- MODY Fasting 
hyperglycaemia 
present 
throughout 
life, may be 
diagnosed at any 
age

No Less common 
that in other 
forms of 
MODY as often 
asymptomatic

Not usually, 
some mixed 
MODY/ T1 
reported

Normal 
range

No No Treatment not 
usually required
Low risk of 
microvascular 
complications

HNF1B- MODY Diabetes presents 
in 2nd– 4th 
decade, other 
features may 
present earlier

Not typical Less common 
than in other 
forms of MODY 
as spontaneous 
whole gene 
deletions are a 
frequent cause

No Low 
normal range
Usually 
progress 
to insulin 
quickly

No Yes, common Structural 
abnormalities 
of renal and 
genitourinary (GU) 
system, renal failure

Mitochondrial 
diabetes

Typically 3rd– 4th 
decade

Not typical Typically 
maternally 
transmitted, 
but clinical 
phenotype very 
variable due to 
heteroplasmy

No Low 
normal range
Usually 
progress 
to insulin 
quickly

Yes, typical No Myopathy, 
cardiomyopathy, 
pigmented 
retinopathy

Partial 
lipodystrophy

2nd- 4th decade Yes, often 
disproportionately 
to BMI

Autosomal 
dominant 
inheritance, but 
parents may be 
asymptomatic

No High 
reflecting 
insulin 
resistance

Not typically No Abnormal body 
fat distribution 
from puberty with 
central adiposity 
and decreased fat 
on limbs. Muscular 
hypertrophy

Insulin receptor 
(IR) defects

Frequently 
presents in 
females with 
PCOS during 
puberty, rare 
severe cases in 
childhood. Males 
may be relatively 
asymptomatic

Partial features 
of metabolic 
syndrome: 
acanthosis 
nigricans and 
PCOS but not 
dyslipidaemia or 
hepatic steatosis

Parental 
diabetes may 
be seen in 
autosomal 
dominantly 
inherited cases, 
parents may be 
asymptomatic

No High 
reflecting 
insulin 
resistance

Not typical No Postprandial 
hypoglycaemia
Failure to thrive in 
childhood forms
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tools for Diagnosis

clinical Assessment: Features from History, 
examination, and Routine Biochemistry

Table 15.4.1.1 compares the features of the commoner types of mono-
genic diabetes in young adults. The most obvious clinical discrimin-
ator favouring type 2 diabetes, as opposed to type 1 diabetes or MODY, 
is obesity with associated features of metabolic syndrome such as 
dyslipidaemia, hypertension, hepatic steatosis, and PCOS. Clinical 
examination at diagnosis is important to detect acanthosis nigricans 
and lipodystrophy. Features of insulin resistance in the absence of 
obesity are strongly suggestive of genetically determined severe insulin 
resistance (see Chapter 15.10.2) warranting further evaluation.

As just discussed, coexistence of other clinical features with dia-
betes may give clues to the aetiology.

Beta- cell Antibodies

At diagnosis 80– 90% of those with type 1 diabetes will have at least 
one positive beta- cell antibody. In general younger individuals 
(under 45 years old) with positive antibodies are considered to have 
autoimmune diabetes. They may have a classic onset of type 1 dia-
betes, or a slower progression without initial insulin requirement 
consistent with a diagnosis of latent autoimmune diabetes of adult-
hood (seen in 10– 20% of apparent young- onset type 2 diabetes [8] ). 
Beta- cell antibodies are a good test for helping to confirm a diag-
nosis of type 1 diabetes in children and young adults, while absence 
of antibodies may indicate that an alternative diagnosis should be 
considered. However, there are some limitations to the tests which 
it is important to understand [9].

Firstly older tests such as Islet cell antibodies (ICA) are still com-
monly measured, but are difficult to standardize due to the qualita-
tive immunofluorescence method used and have a low sensitivity. 
Glutamic acid decarboxylase (GAD), tyrosine phosphatase islet 
antigen 2 (IA2) and Zinc transporter (ZnT8) antibodies are meas-
ured using immunoassay which is standardized in an international 
laboratory programme. An appropriate reference range from the 
population being tested should be used. GAD is most often offered 
in diagnostic labs. Where only one or two antibodies are offered, 
there is a risk of missing a positive result, so that a negative antibody 
test does not exclude a diagnosis of type 1 diabetes.

Interpreting a positive test may also be difficult. A  small per-
centage of people with non- autoimmune diabetes (as well as non- 
diabetic individuals) will have false- positive beta- cell antibodies 
depending on the threshold of the test. In older individuals where 
the proportion of people with type 2 diabetes is higher, the finding 
of a single positive antibody has a higher probability of being a 
false- positive test. This presents a conundrum— we know that type 
1 diabetes in older adults is often missed, but the main diagnostic 
test we have at our disposal becomes less useful.

c- peptide

C- peptide is a marker for endogenous insulin secretion and is thus a 
useful indicator of the severe insulin deficiency seen in type 1 diabetes. 
C- peptide tends to be preserved in the low normal range in MODY 
and long- duration type 2 diabetes and is generally high as a marker 
of insulin resistance in more recent onset type 2, severe insulin resist-
ance, or prediabetes. C- peptide testing can thus be used in those with 
insulin treated diabetes to confirm absent or very low insulin secretion 

(usually means type 1 diabetes), and where it is present to suggest an 
alternative diagnosis. C- peptide should ideally also be measured if dis-
continuation of insulin treatment is planned, particularly if insulin has 
been used since diagnosis. This gives confidence to both patients and 
healthcare professionals that this is a safe thing to do.

Interpreting C- peptide levels is not always straightforward, as 
both ambient glucose level and insulin sensitivity affect the in-
sulin response. Measuring a paired glucose with any measure of in-
sulin or C- peptide gives context for interpretation of the value, as a 
higher glucose provides greater beta- cell stimulation. C- peptide test 
should be repeated if the paired glucose is below 4 mmol/ L.

In most studies of type 1 diabetes a stimulated C- peptide or C- 
peptide increment on stimulation of ≥200 pmol/ L is considered to 
represent residual endogenous pancreatic insulin secretion [10]. 
A fasting C- peptide in an insulin- sensitive person could be lower 
than this and still represent useful insulin secretion. However in 
the context of a high glucose, a C- peptide of 200 pmol/ L would 
be a poor response. There are no definitive thresholds for making 
treatment decisions, so the clinical scenario should be taken into 
account and gaining experience in using C- peptide values is im-
portant. For that reason C- peptide is probably best used in clinical 
settings where expertise exists to interpret results.

Research settings use standardized tests of beta- cell function such 
as the Homeostatic model assessment (HOMA) for the fasting state 
and glucagon, oral glucose tolerance test, or mixed meal tests for 
stimulated C- peptide, however formal testing is not usually needed 
to make clinical decisions.

Duration of diabetes is clearly one of the main factors when as-
sessing residual insulin secretion. Most people with type 1 diabetes 
have measurable insulin secretion at diagnosis and this declines at 
a variable rate, tending to be a slower decline in those diagnosed 
as adults and in those with a higher C- peptide at diagnosis. One 
suggestion is that those with T1D should have a C- peptide meas-
ured after the ‘honeymoon’ period, when a negative C- peptide will 
confirm T1D. However if it is desirable to avoid a type 1 pathway 
(intensive insulin treatment, carb counting, etc.) for those who do 
not need it, then waiting months or years to make that assessment 
feels too long and other factors such as antibody status and clinical 
scenario will be the main determinants of such decisions.

Use of novel Biomarkers and other tools for   
Diagnosing Monogenic Diabetes

Extrapancreatic effects of monogenic diabetes genes may result in 
measurable alterations in serum or urine constituents, which could 
then form the basis for a screening test for a specific subtype of dia-
betes. This has been explored most for HNF1A, which regulates 
many hepatic genes. One of the best potential candidates for clinical 
use is C- reactive protein (CRP), which was found to be low in indi-
viduals with HNF1A- MODY compared to other forms of diabetes 
[11]. The best discrimination, with a ROC curve C- statistic of >0.8, 
is from those with young- onset type 2 diabetes, partly because a 
higher CRP is seen in type 2 diabetes. Because HNF1A- MODY is 
uncommon compared to type 2 diabetes, using a low CRP of <0.5 
mg/ L as a screening test to select individuals for genetic testing for 
HNF1A would lead to sequencing of about 20 individuals with type 
2 diabetes in order to diagnose one person with HNF1A- MODY.

To attempt to overcome the shortcomings of interpreting a 
number of clinical features and biomarkers, a MODY prediction 
model has been devised [12] which compares the clinical features of 
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the patient being considered to well- defined groups of MODY, type 
1, and type 2 diabetes. This produces a probability that the patient 
has MODY, and the clinician can set their own acceptable probability 
threshold for requesting genetic testing (e.g. 20– 30% likelihood of 
MODY). The probability calculator has some limitations in that it 
compares cases to a narrow test group and it is only currently recom-
mended for use in those aged <35 years at diagnosis and in the white 
European population. Clinically useful biomarkers including anti-
bodies, C- peptide, and CRP are not currently included in the model.

Genetic testing in Diabetes

Diagnostic genetic testing for monogenic diabetes has been avail-
able in some countries since the early 2000s, allowing a definitive 
diagnosis of monogenic diabetes to be made. This is important to 
inform treatment decisions and to allow a proper evaluation of risk 
of diabetes in family members. The individual benefits of making 
a molecular diagnosis are easy to see and there is potential for 
cost saving if insulin can be discontinued in the common forms of 
MODY. To date the health economics of introducing widespread 
genetic testing in diabetes has not been proven although some mod-
elling has been performed [13]. Availability and uptake of genetic 
testing remains rather variable in different parts of the world and 
even within the same country [14]. Educational initiatives such as 
the Genetic Diabetes Nurse network in the United Kingdom can 
help raise awareness of genetic testing and increase uptake [15].

Genetic testing for diabetes is now usually performed using tar-
geted next generation sequencing for a panel of genes. The genes 
incorporated in the panel vary from lab to lab, but include at a min-
imum the common MODY genes. The panel may also include the 
common mitochondrial variant and lipodystrophy genes. All genes 
in the panel are sequenced simultaneously, rather than the older 

method of making a clinical diagnosis first and requesting the gene 
most likely to be responsible. Potentially a number of gene vari-
ants will be identified for each individual, and the challenge is to 
assess whether any of these variants may be responsible for the dia-
betes. Monogenic causes represent only a small proportion of dia-
betes diagnosed in adults and children after the neonatal period, 
so a careful assessment is required so that the correct advice can 
be given to patients. The American College of Medical Genetics 
and Genomics has produced guidelines to assist diagnostic labora-
tories and clinicians in the interpretation and reporting of sequence 
variants in suspected Mendelian disease [16] and it is important 
that any diagnostic service follows these recommendations. Even 
with genes such as HNF1A, where thousands of people have been 
sequenced and there is much clinical experience, it can be difficult 
to be confident that a variant is disease- causing. Exome and whole 
genome sequencing in populations have demonstrated that what 
may appear to be loss of function variants in genes can be associ-
ated with complete absence of clinical phenotype [17].

A polygenic genetic risk score for type 1 diabetes can also be cal-
culated using combinations of known risk variants for type 1 [18]. 
The score captures the effect of the risk and protective HLA alleles 
which have traditionally been complex and expensive to measure 
using classic HLA typing. This can assist in determining likelihood 
of a type 1 diagnosis in cases where clinical features are ambiguous 
and antibodies are negative.

Who Should Be Seen in Secondary care?

There is a body of evidence for misclassification of diabetes sub-
type in adults [19]. This could be due to assumptions based on age 
of onset, or because rarer subtypes of diabetes are not considered. 
Younger adults are more likely to be labelled as having type 1 

Investigation of new diabetes diagnosed before 30 years

NB: For those presenting acutely treats as per usual practice with insulin. Check aetiology later

Check beta-cell antibodies – GAD/IA2
Check C-peptide if insulin treated

Antibodies negative
*C-peptide positive

Any positive antibody
*C-peptide negative

*positive plasma C-peptide:
>200 pmol/l or >0.6ng/ml
positive urinary C-peptide:
UCPCR> 0.2 nmol/mmolClinical features include:

BMI>30 kg/m2 with features of insulin resistance
(hypertension, dyslipidaemia, hepatic steatosis,
polycycstic ovarian syndrome)

Is this classic MODY?
Lean, C-peptide positive, antibody negative
Often family history of diabetes diag ≤ 45 years
DKA unusual

GCK-MODY?
Asymptomatic
FBG 5.5–8.0 mmol/l,
HbA1c <58 mmol/mol
Family history IGT, GDM

HNF1A/4A-MODY?
Requiring treatment
CRP<0.5 (HNF1A)
↑ Birth weight, neonatal
hyperinsulinism (HNF4A)

HNF1B-MODY?
Diabetes plus cystic renal disease, genitourinary
anomalies

Severe insulin resistance?
Young-onset metabolic syndrome, polycystic
ovarian syndrome, acanthosis nigricans but
normal BMI, lipodystrophy

Mitochondrial diabetes?
Like MODY but with deafness, other neurology,
myopathy, maternal inheritance

Is this diabetes plus other features?

Probable Type 2 diabetes

Probable Type 1 diabetes

Yes

No

Figure 15.4.1.1 How to assess a newly diagnosed young adult.
Reproduced with permission from Owen KR. Monogenic diabetes in adults: what are the new developments? Current Opinion in Genetics & Development 2018, 50:103– 110. 
Copyright 2018 Published by Elsevier Ltd.
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diabetes and treated with insulin— this may be the safest option 
at diagnosis when uncertain, but should be revisited if there is any 
suggestion of an ambiguous clinical presentation or if beta- cell 
antibodies are negative. Conversely older adults may be routinely 
treated as type 2 diabetes and not have appropriate treatment es-
calation even if they respond poorly to oral hypoglycaemic agents. 
Therefore, there is much to be gained by developing pathways for 
assessing aetiology that can direct suitable individuals to specialist 
clinics— an example of such a pathway for newly diagnosed young 
adults is given in Figure 15.4.1.1.

Most UK care pathways direct type 1 diabetes into secondary 
care, and this is appropriate for the rare monogenic forms of dia-
betes too, with the exception of GCK- MODY where individuals can 
be discharged following genetic diagnosis. As young type 2 diabetes 
represents an equally high risk for poor outcomes as type 1 diag-
nosed at a similar age [20], one could argue that they would also 
benefit from intensive input.

conclusions

Accurate assessment of aetiology is important for management 
of diabetes, both for choice of immediate pharmacological agent 
and for ensuring individuals with diabetes follow the most ap-
propriate care pathway. Diagnosing non- type 1, non- type 2 dia-
betes can be challenging due to clinical overlap with the common 
forms of diabetes and relies on a variety of clinical skills and 
specialist investigation. It is important to understand the limi-
tations of investigations as well as the most appropriate use. 
Monogenic diabetes may present with diabetes alone, or as part 
of a syndrome and family members will need to be counselled 
and investigated.

While at the moment stratified medicine approaches can be ap-
plied mainly to monogenic subtypes, there is much research aimed 
at understanding the clinical molecular features which define treat-
ment response and complication development in polygenic type 2 
diabetes. Assessment of aetiology will become both more complex 
and more commonplace in the future.
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Introduction

Diabetes mellitus is almost unique, even among chronic diseases, in 
that long- term outcomes are determined not by the knowledge and 
skill of the healthcare professional but by how successfully a patient 
can contribute to his/ her own management. A crucial responsibility 
of their professional carers is to ensure that those with the condition 
are provided with knowledge and help to self- manage their condi-
tion effectively. There is now considerable evidence that acquisition 
of complex self- management skills requires high quality educa-
tional support and that this is best provided by attending structured 
educational courses. Thus, education provision is a fundamental 
component of the management of both type 1 and type 2 diabetes. 
In this chapter we describe the essential features of structured edu-
cation and review the evidence for its effectiveness.

Background

The aim of treatment in both type 1 and type 2 diabetes is maintaining 
blood glucose levels close to normal both to prevent acute com-
plications and in the long- term reduce micro-  and macrovascular 
disease. In type 2 diabetes there is additional focus on controlling 

both blood pressure and lipids to reduce macrovascular events. 
Management frequently requires medication but there is strong evi-
dence that major changes in lifestyle can achieve many of these aims 
without the need for medication. Significant weight loss achieved by 
a very low calorie diet or bariatric surgery can lead to complete and 
prolonged remission of diabetes while regular physical activity re-
duces macrovascular disease over the medium to long- term.

Despite the evidence for the effectiveness of lifestyle change, 
interventions specifically aimed at altering dietary habits or 
increasing physical activity often have only modest effects. The chal-
lenges faced by those affected are considerable. They include chan-
ging habits of a lifetime among individuals who have often been 
socialized into adopting an unhealthy lifestyle. Since these choices 
are one of the main reasons why individuals develop diabetes it 
is unsurprising that people find it so difficult people to alter their 
behaviour. It is increasingly realized that traditional approaches to 
diabetes management in which patients are encouraged to achieve 
healthcare outcomes framed from the healthcare professional 
prospective are less likely to be effective [1] . The recognition that 
regular 1:1 consultations with healthcare professionals who make 
the major decisions on management, particularly medication, are 
not conducive to successful treatment has prompted a move to a 
more patient- centred model of care. Diabetes associations in the 
United States, United Kingdom, and elsewhere now propose that 
newly diagnosed patients receive structured education from diag-
nosis and beyond. This has been reinforced in the United Kingdom 
by recent guidance from the National Institute for Health and 
Clinical Excellence (NICE) regarding structured education in both 
type 1 and type 2 diabetes as a fundamental component of treat-
ment [2, 3].

How is Structured Education Defined?

A recent position statement from the United States has defined struc-
tured education as the process of facilitating the knowledge, skill, 
and ability necessary for diabetes self- care [4] . In 2003, the National 
Institute for Health and Clinical Excellence (NICE) proposed that 
structured education was ‘a planned and graded programme that 
is comprehensive in scope, flexible in content, responsive to an 
individual’s clinical and psychological needs, and adaptable to his 
or her educational and cultural background’[5].

15.5
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The essential components of a structured education package have 
been expanded in recent NICE guidance [3] .

These state that any structured education programme for adults 
with diabetes should include the following components:

 • Outcomes are audited regularly.
 • It is evidence- based, and suits the needs of the person.
 • It has specific aims and learning objectives, supporting the person 

and their family members and carers in developing attitudes, be-
liefs, knowledge, and skills to self- manage diabetes.

 • It has a structured curriculum that is theory- driven, evidence- 
based, and resource- effective, has supporting materials, and is 
written down.

 • It is delivered by trained educators who have an understanding of 
educational theory appropriate to the age and needs of the person, 
and who are trained and competent to deliver the principles and 
content of the programme.

 • It is quality assured, and reviewed by trained, competent, inde-
pendent assessors who measure it against criteria that ensure 
consistency.

Structured Education Programmes Which Have 
changed Practice

type 1 Diabetes

The development of structured education in type 1 diabetes owes 
much to the vision of Berger and colleagues working in Düsseldorf. 
The basic principles of their insulin treatment and training pro-
gramme (ITTP) included separation of basal and soluble insulin, 
given as pre- meal boluses based on pre- meal, blood glucose testing. 
Doses were calculated according to the carbohydrate content of the 
meal and the resulting dietary freedom allowed those participating 
to eat freely and flexibly, comparable to that of people without 
diabetes.

Their education course, provided as an in- patient, 5- day pro-
gramme to groups of 6– 8 adults, was evaluated in a series of clinical 
trials in the 1980s. In a large controlled trial involving 300 adults 
with type 1 diabetes, the course resulted in a 1.5% fall in HbA1c 
at 1  year (compared with control participants taught basic infor-
mation alone) and was accompanied by a marked reduction in 
ketoacidosis [6] .

A large observational study from the same group subsequently 
presented findings from a 6- year follow- up in a cohort of individ-
uals with type 1 diabetes who had undergone the course [7] . They 
reported a reduction in HbA1c of 0.7%, while the incidence of se-
vere hypoglycaemia had fallen from 0.28 episodes per person per 
year in the year at baseline to 0.17 episodes per person per year at 
follow- up (P <0.05). Observational studies provide a weaker level 
of evidence compared with clinical trials, but the large numbers 
and the relatively long follow- up indicate that structured education 
not only improves HbA1c but also reduces rates of severe hypogly-
caemia by approximately 50%.

The success of these programmes has led to their adoption in 
other countries. In the United Kingdom, a multicentre random-
ized controlled trial (RCT), utilizing a waiting list design in three 
centres measured the impact of a structured education course 
(Dose Adjustment for Normal Eating [DAFNE]), based on the 

ITTP [8] . HbA1c improved by between 0.7 to 1% at 6  months, 
while no change was observed in the control group. Of equal im-
portance was the marked improvement in quality of life, not in-
cluded in previous evaluations. Flexible intensive insulin therapy 
demands more blood tests and injections but increased dietary 
freedom and the ability to adopt a more flexible lifestyle was highly 
valued by the participants. The approach has also been the sub-
ject of a health economics analysis, which concluded that even if 
HbA1c improvements were maintained only partially, the course 
would be highly cost- effective, due to the reduced incidence of 
microvascular complications [9].

Longer- term observational studies involving larger numbers of 
participants have demonstrated reductions in the incidence of se-
vere hypoglycaemia that are comparable with those seen in the ori-
ginal ITTP studies from Germany, albeit at higher HbA1c levels. 
One reported reductions in HbA1c (mean difference pre-  and 
post- DAFNE:  0.27%; P <0.001) and around a 50% reduction in 
rates of severe hypoglycaemia (mean ± SD: pre- DAFNE 1.7 ± 8.5 
vs. post- DAFNE 0.6 ± 3.7 episodes per person per year; P <0.05), 
together with improved awareness of hypoglycaemia in up to 43% 
of participants at 1 year follow- up [10]. The overall rate of impaired 
awareness fell from 39.9% to 33%, with reductions in psychological 
distress and improved well- being up to 1 year following programme 
attendance [10]. A more recent study has also reported that DAFNE 
reduces the risk of diabetic ketoacidosis by 61% and combined 
emergency costs for DKA and severe hypoglycaemia are decreased 
by 64% [11].

DAFNE courses are now provided in more than 70 centres 
across the United Kingdom and Ireland (having been delivered to 
over 40 000 participants) and have been rolled out to other coun-
tries, including Australia, New Zealand, and Kuwait. In the United 
Kingdom, structured education is now recognized as a standard of 
care. Many centres who don’t offer DAFNE training provide struc-
tured education in some form but, although some are based on the 
Düsseldorf course, the standard is inconsistent. Some centres pro-
vide shorter courses of a few days, despite evidence that these are 
less effective [12]. Few include formal training for educators, peer 
review, quality assurance, or regular audits as recommended by the 
Department of Health. This has been recognized by NHS England 
who have provided funding to try and ensure access to high quality 
structured education across the country.

type 2 Diabetes

Structured education courses in type 1 diabetes primarily teach 
participants the skills of flexible intensive insulin therapy, focus on 
insulin delivery and maintaining glucose targets. In contrast, struc-
tured education in type 2 diabetes has a broader remit. Programmes 
need to address lifestyle issues of healthy eating, weight control, and 
the role of physical activity, particularly in those newly diagnosed. 
Individuals with more advanced type 2 diabetes require sufficient 
information to understand more advanced therapy, including the 
different medications used to lower glucose as well as those required 
to lower cholesterol, blood pressure, and reduce the risk of cardio-
vascular disease. A successful programme will also engage people in 
the management of their condition and help them understand how 
important their own contribution is to the success of treatment. This 
also explains why programmes often incorporate psychological ap-
proaches such as motivational interviewing or cognitive behavioural 
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therapy techniques. Indeed, the term ‘psycho- educational’ is often 
used to acknowledge the combined nature of these interventions.

In many respects this makes structured education programmes in 
type 2 diabetes more challenging to evaluate. In type 1 diabetes, ap-
propriate outcomes include HbA1c, rates of severe hypoglycaemia, 
and DKA as well as psychosocial measures. While these are relevant 
in type 2 diabetes, it is necessary to include weight, lipids, blood 
pressure, and smoking. It is also important to understand the clin-
ical context when interpreting the results. For example, a course 
designed for newly diagnosed individuals is unlikely to demon-
strate major differences in HbA1c or glucose lowering medication 
whereas weight loss or levels of physical activity are more useful.

Other factors which add to the demands of comparing different 
interventions include different methods of delivery, varied contact 
time, group size, inclusion of technology, and healthcare setting. 
However, some generalizations can be made. A systematic review 
of trials in type 2 diabetes showed that on average, reductions in 
HbA1c of >0.4% compared to control groups were achieved, and 
improvements in glycaemic control were correlated with courses 
with delivery time of 11 hours or more [13]. Importantly in terms of 
resource there was no advantage in individual as opposed to group 
interventions. Other useful predictors of success appeared to re-
late to the demographics of the cohort. Younger participants under 
65 years of age, and those of non- white ethnic backgrounds often 
appeared to gain greater benefit. Unsurprisingly those with higher 
baseline HbA1c exhibited greater improvement in glycaemic con-
trol. Measures of quality of life generally improved, but this was not 
universal.

The Diabetes Education and Self- Management for Ongoing and 
Newly Diagnosed (DESMOND) study was a randomized controlled 
trial of a group structured education intervention designed for 
adults with newly diagnosed diabetes [14]. The intervention con-
sisted of 6 hours of education delivered in either one day, or two 
half- day sessions by two professional educators. Participants in both 
the intervention and the control arms of the study received routine 
care, with the intervention additionally receiving the DESMOND 
programme.

HbA1c fell in both intervention and control groups by around 
1.5% with no significant difference in fall in HbA1c between the 
groups. Differences were observed in some secondary outcomes. 
Those in the intervention group lost more weight (3 kg vs. 1.8 kg), 
had lower levels of reported smoking, reduced depression scores, 
and reduced cardiovascular risk scores, at 12 months. The interven-
tion group also demonstrated significant positive changes in their 
health beliefs about their diabetes, sustained at 12 months.

The lack of difference in HbA1c between the groups has been 
interpreted by some as indicating no additional benefit from 
DESMOND training. However, it is important that at diagnosis, 
HbA1c levels will fall in most individuals with type 2 diabetes. 
Somewhat disappointingly, a follow- up of the original cohort at 
3 years, showed no difference in any biomedical outcome (including 
weight and HbA1c). The DESMOND intervention has been widely 
implemented in primary care in the United Kingdom, supported 
by an infrastructure which has provided training, quality assurance, 
and professional development.

The X- PERT study was conducted in a single centre primary 
care trust in the North West of England [15]. The 314 participants 
from a multiethnic population had a mean of duration of type 2 

diabetes of 6.7 years. The intervention was delivered by single diet-
itian and consisted of six 2- hourly group sessions held once a week. 
The control group received routine care and additional individual 
education.

Significant reductions in HbA1c, total cholesterol, weight, 
and waist measurements were seen in the intervention group at 
14  months compared to controls. In addition, the intervention 
group had significantly improved diabetes knowledge, treatment 
satisfaction, and feelings of empowerment. Intervention partici-
pants reported improved dietary habits and greater levels of physical 
activity. There were no differences in other clinical measures, nor in 
quality of life. A limitation of this study is that it was undertaken at 
a single centre. Nevertheless, the programme has been taken up in 
a number of UK centres.

The ROMEO trial also studied people with established type 2 dia-
betes and reported 4- year results in 2010 [16]. The intervention was 
partly structured education but an essential component was that the 
education was delivered within regular consultations to a group of 
patients. The trial was multicentre, delivered across Italy in 13 spe-
cialist clinics in which 815 participants received group education in 
sessions 40– 50 minutes long, delivered every 3– 4 months. The con-
trol group received standard routine care. At 4 years, the interven-
tion group showed significantly improved HbA1c and other clinical 
outcomes, including blood pressure, lipids, weight, and body mass 
index (BMI) compared to controls. Quality of life and diabetes 
knowledge also improved. Despite the overall success, of the ori-
ginal 815 participants, only 592 completed the trial at 4 years and 
two of the participating centres were unsuccessful in implementing 
the education programme. This demonstrates the challenges in-
herent in integrating a successful intervention into routine care.

technology in Structured Education

Technological innovations are making an increasingly important 
contribution to many aspects of care in diabetes and offer consid-
erable potential to contribute to patient education. These range 
from continuous glucose monitoring to delivering education on-
line. Innovations such as telehealth may provide education more 
effectively but there is a danger that the technology might merely 
be used to reduce costs. It is therefore important that technological 
development is accompanied by rigorous evaluation to measure its 
effectiveness.

Web- based strategies are potentially attractive in that they allow 
the user to access educational material at a time that suits them. 
They also increase flexibility by enabling users to learn at their 
own pace and decide how much to cover at each sitting. On the 
other hand, participants may lose the benefits of contextualized 
social learning, when participating individually rather than in a 
group. One systematic review examining online behaviour change 
interventions highlighted some benefits in type 2 diabetes [17] 
including improvements in both clinical and psychological out-
comes. Relatively few behaviour change techniques were used 
and these were not always related to the theories underlying their 
intervention. A recent Cochrane review [18] assessed the effects on 
health status and health- related quality of life of computer- based 
diabetes self- management interventions for adults with type 2 dia-
betes mellitus in a large number of clinical trials. Effects on HbA1c 



SEctIon 15 Diabetes Mellitus1974

were modest (falls of around 0.2% compared to controls) although 
mobile phone applications appeared to have a greater effect. This 
review found no other biomedical improvements or psychological 
or behavioural benefits.

the need to Improve the Uptake 
of Structured Education

Despite increasing evidence confirming the benefit of structured 
education, uptake is still generally poor. In the United Kingdom, 
many people with diabetes are now offered structured education at 
some point (~50% in type 1 and ~90% in type 2 diabetes) but rates 
of uptake for adults with both types of diabetes remain below 10% 
[19]. Low uptake is also seen in many other countries, where self- 
reported rates of receiving any formal educational input were be-
tween 23% and 84% in one study [20].

A recent systematic review examined reasons cited by patients 
for not attending structured education across several countries and 
cultures [21]. It found that the barriers to uptake are sometimes 
patient- orientated, for example, location, timing, duration, loss of 
income if in working hours, an unawareness that education can 
improve outcomes, and an unwillingness to return to a classroom 
type experience. However, healthcare professionals are frequently 
responsible; a perceived lack of effectiveness preventing them from 
encouraging patients to attend. This factor was also highlighted in 
a recent study examining the reason for poor take- up of structured 
education in a population of young people with type 1 diabetes in 
South London [22].

conclusion

Structured education is increasingly considered to be a crucial com-
ponent of diabetes care with an essential role to play in enabling 
people with diabetes to initiate and sustain successful management 
of their own condition. This requires stakeholders to commission 
high quality programmes which meet national and international 
standards. Such a policy need not be expensive. Spending on 
diabetes is largely directed at trying to contain devastating, but 
largely preventable long- term complications. If a small fraction 
of this spending were directed at trying to prevent complications 
occurring by encouraging better self- management this would be 
highly cost- effective.

Nevertheless, more work still needs to be done. Healthcare pro-
fessionals should explain to their patients and their families that 
structured education is a fundamental part of diabetes management 
and insist that they participate from diagnosis. We need to under-
stand the factors which underlie an individual’s decision to engage 
with their diabetes and the perceived barriers to putting knowledge 
into practice. We must work closely with experts in the area of be-
haviour change if we are to develop more effective interventions.

Developing and implementing structured education pro-
grammes is complex and challenging. Recent achievements and the 
positive feedback from participants, demonstrate the potential of 
these programmes in enabling people with diabetes to exercise con-
trol over their experience of living with diabetes, rather than being 
controlled by it.
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Introduction

Blood glucose concentrations are measured to identify hyper-  and 
hypoglycaemia. Healthcare teams use glucose data to diagnose 
diabetes, or impaired glucose regulation, adjust therapies, and to 
inform hypo-  and hyperglycaemia correction. People with dia-
betes self- monitor blood glucose concentrations to inform decision 
making; enabling food, insulin, and activity to be titrated according 
to glucose levels, empowering people to achieve optimal glucose 
concentrations. Self- monitoring of blood glucose (SMBG) also sup-
ports activities such as driving and can provide reassurance to the 
person with diabetes, and their family and carers, especially for chil-
dren and frail people.

Glucose monitoring has traditionally been performed by inter-
mittent sampling of capillary blood glucose concentrations using 
finger- prick samples applied to reagent strips inserted into port-
able glucose meters. Since around 2000, continuous glucose moni-
toring (CGM) has entered clinical practice as a supplement to 
SMBG, and more recently flash glucose monitoring (FGM) has 
been available. CGM and FGM are based on the implantation of 
needle- type sensors into the subcutaneous tissue for measure-
ment of interstitial glucose concentrations which are then cali-
brated to an estimate of blood glucose, either by SMBG or factory 
calibration.

Self- Monitoring of Blood Glucose

the History and technology of SMBG

The first point of care blood glucose testing system was introduced 
in 1965; requiring application of blood to a strip containing immo-
bilized glucose oxidase, peroxidase, and a dye. A colour change in 
the dye was compared semi- quantitatively with a colour chart to 
estimate the glucose concentration [1] . Automated and more quan-
titative reading of the strips using a portable reflectance meter was 
introduced in the early 1970s. SMBG was introduced into clinical 
practice in 1978 [2, 3], and has become an integral part of the self- 
management of type 1 diabetes.

Most SMBG technologies are now based on the electrochemical 
detection of glucose and a current response, which is converted 
into a digital read- out of the glucose concentration [4] . A  small 
molecular weight mediator (e.g. ferrocene, hexacyanoferrate, or a 
quinone) is used to shuttle electrons from glucose to an electrode, 
thereby producing a current, catalysed by an enzyme such as glucose 
oxidase or glucose dehydrogenase. Very small volumes of blood are 
now required, typically less than 1 µl, with the blood taken up into 
the strip by capillary forces. A reading can usually be obtained in 
around 5 seconds.

Modern meters are equipped with a solid- state memory and are 
able to store test results for later display, and reporting simple stat-
istics, such as mean glucose over preceding periods and at defined 
times of day. Data can be downloaded to a personal computer or 
in some cases meters can connect to a smartphone for display of 
data and more complete statistical analysis, including blood glucose 
mean, modal day display, standard deviation, and percentage of 
values within, over, or under target.

the Evidence Base for SMBG

The popularity of SMBG accelerated following the Diabetes Control 
and Complications Trial (DCCT) [5] , where SMBG was used as a 
component of intensified therapy by both the multiple dose injec-
tion (MDI) and continuous subcutaneous insulin infusion (CSII) 
arms. The study evidence for the effectiveness of SMBG, how-
ever, is far from conclusive, and its best use is not always agreed by 
healthcare professionals [6].

In type 2 diabetes, the majority of trials indicate either mar-
ginal or no effectiveness of SMBG [7,  8] over no monitoring, 
although trials are difficult to interpret. Studies have failed to dif-
ferentiate between types of oral agent; many have low statistical 
power; many did not assess hypoglycaemia, a major reason for 
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testing; and many did not give instructions on SMBG frequency 
or interpretation.

The reasons for, and likely benefits of, SMBG in type 1 diabetes 
seem more obvious than in type 2 diabetes: hypoglycaemia is more 
common and glucose more variable so frequent monitoring will 
allow adjustments in insulin dosage, avoidance of hypoglycaemia, 
and greater time in target. Surprisingly, the evidence for its effect-
iveness from formal randomized studies is weak, mostly because 
of poor trial design and reporting. Cross- sectional studies gener-
ally favour lower HbA1c levels in those testing frequently in type 1 
diabetes [9, 10] with a high negative correlation in type 1 diabetes 
between strip prescription and HbA1c.

A Rational Approach to SMBG in type 1 and  
2 Diabetes

With conflicting evidence for effectiveness, how should SMBG be 
supported for people with diabetes? The major determinants of 
blood glucose testing frequency are the lability of the blood glu-
cose concentration; the impact of the data on decision making, and 
personal preference [11]. With greater within- , and between- day 
glucose variability, as seen with absolute insulin deficiency, more 
glucose values are required to reveal glucose changes [12]. In type 
2 diabetes, glucose is more stable and, although concentrations are 
elevated, may be more predictable. A  single blood glucose meas-
urement in type 2 diabetes, therefore, relates more closely to overall 
control and correlates well with HbA1c [13].

The treatment of people with diabetes also determines the fre-
quency of SMBG. Those with type 2 diabetes managed with 
diet  alone, metformin, glitazones, or dipeptidyl peptidase- IV in-
hibitors have little or no hypoglycaemia; while those with insulin or 
sulphonylurea- treated diabetes are more exposed to hypoglycaemia.

In type 1 diabetes, SMBG is usually advised before and after 
meals, and at bedtime, with extra tests at certain times. National 
Institute for Health and Care Excellence (NICE) guidelines for self- 
management of type 1 diabetes support SMBG at least four times 
a day, and up to ten times a day if the desired target for blood glu-
cose control is not achieved; if the frequency of hypoglycaemic 
episodes increases; if there is a legal requirement to do so (such as 
before driving); during periods of illness; before, during, and after 
sport and when planning pregnancy, during pregnancy and while 
breastfeeding [14].

The NICE guidance for self- management of type 2 diabetes re-
commends SMBG for adults with type 2 diabetes if the person is on 
insulin; there is evidence of hypoglycaemic episodes; the person is 
on oral medication that may increase their risk of hypoglycaemia 
while driving or operating machinery; or the person is pregnant, or 
is planning to become pregnant [15].

There is increasing interest in not only the mean blood glucose 
levels, but also in glycaemic variability and its clinical import-
ance. While there is continued debate and conflicting evidence on 
whether glycaemic variability is a risk factor for complications in 
diabetes [16], the clearest consequence of excessive variability is 
that it restricts the HbA1c level which can be achieved. The advent 
of continuous data from CGM has added further measures of gly-
caemic control such as ‘time- in- range’ (per cent glucose readings or 
hours per day between 3.9 and 10 mmol/ L [70– 180 mg/ dl]) but the 
best indices have not been agreed [17].

cGM

the technology and Performance of cGM

Most CGM used in clinical practice is based on needle- type elec-
trodes [18] that are inserted subcutaneously. It is therefore minimally 
invasive. These amperometric (current- measuring) enzyme elec-
trodes consist of glucose oxidase immobilized at a charged base elec-
trode; oxidation of glucose to gluconic acid and hydrogen peroxide is 
monitored by the electrochemical detection of the hydrogen peroxide 
(Medtronic, Dexcom). One glucose sensor on the market (FreeStyle 
Navigator [CGM] and FreeStyle Libre [FGM], Abbott) uses a modifi-
cation of this system, whereby an osmium mediator covalently bound 
to a polymer matrix ‘wires’ the enzyme to the electrode.

Glucose sensors are implanted in the subcutaneous tissue and re-
cord interstitial fluid glucose concentrations every 1– 5 min over an 
operating period of 7– 10 days. A transmitter attached to the sensor 
relays the data wirelessly to a storage and display device, either a 
portable meter, a modified insulin pump, or a smartphone. Most 
sensors require calibration using capillary blood glucose samples 
but calibration- free CGM is now available. CGM data can be either 
downloaded to a computer and reviewed by the multidisciplinary 
team and user retrospectively in order to identify patterns and aid 
treatment changes (‘professional CGM’), or can be viewed in real- 
time with alerts and alarms for impending and established high and 
low blood glucose (‘personal CGM’). Trend arrows give an indica-
tion of the direction and rate of change of blood glucose levels.

Recently a novel type of CGM technology has entered clinical 
practice based on a fully subcutaneously implanted capsule con-
taining a non- enzymatic glucose- indicating fluorescence hydrogel 
polymer with a transmitter worn over the sensor site and transmis-
sion to a hand- held display device (Eversense, Senseonics). This 
technology has been successfully tested for up to 180 days’ implant-
ation, but has not yet received extensive clinical evaluation [19].

the Evidence Base for the Effectiveness 
of Real- time cGM

CGM has the potential to improve overall glycaemic control (e.g. 
measured by HbA1c and time- in- range), reduce exposure to hypogly-
caemia, and positively impact on fear of hypoglycaemia. A landmark 
Juvenile Diabetes Research Foundation International (JDRF) study in 
2008 demonstrated that CGM, when used for 6 days out of 7, reduces 
HbA1c in children, young people and adults with type 1 diabetes 
compared with SMBG [20]. A subsequent meta- analysis of this and 
other randomized controlled trials of CGM vs. SMBG in people with 
type 1 diabetes treated by CSII or MDI reinforced this finding and 
showed that the HbA1c reduction is dependent on both the frequency 
of sensor use and the baseline HbA1c [21]. A reduction in median ex-
posure to hypoglycaemia of 23% (CGM vs. SMBG) was also shown.

More recently studies have assessed the impact of CGM in popu-
lations most likely to use CGM in clinical practice: those with high 
baseline HbA1c values or disabling hypoglycaemia during SMBG, as 
well as those using MDI regimens rather than CSII. These studies 
have reproducibly shown a mean reduction in HbA1c of around 
0.6% (6 mmol/ mol) and clinically, and statistically, significant re-
ductions in exposure to hypoglycaemia at all thresholds compared 
with SMBG [22, 23]. High risk populations have also been studied 
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with reductions in mild- to- moderate and severe hypoglycaemia 
(requiring the assistance of a third party) demonstrated compared 
to SMBG in people with type 1 diabetes and impaired awareness 
of hypoglycaemia or a recent history of severe hypoglycaemia [24]. 
Similar findings have been reported for CGM compared with FGM, 
suggesting that CGM is the preferred monitoring modality for 
people at high risk of hypoglycaemia [25]. In studies of people at 
highest risk of hypoglycaemia, hypoglycaemia fear is also reduced 
with CGM compared to SMBG and flash monitoring. Real- world 
data collected in a reimbursed health system suggest that CGM in 
people with type 1 diabetes managed in specialist centres improves 
HbA1c, lessens fear of hypoglycaemia, and improves quality of life, 
while work absenteeism and admissions for acute diabetes compli-
cations, including severe hypoglycaemia, decreased [26].

Though the use of CGM in type 2 diabetes has been little inves-
tigated there is emerging RCT evidence that those using MDI and 
CGM have lowered HbA1c compared to MDI and SMBG [27]

clinical Recommendations for cGM

The NICE guidance for adults with type 1 diabetes supports the 
use of CGM devices where people have severe hypoglycaemia, 
unawareness of hypoglycaemia, frequent asymptomatic hypogly-
caemia, extreme fear of hypoglycaemia, or where SMBG has failed, 
despite an intensified insulin regimen. CGM is supported by NICE 
for children with type 1 diabetes who are very young, unable to 
communicate the symptoms of hypoglycaemia, or who are at high 
risk of hypoglycaemia due to physical activity [14].

Flash Glucose Monitoring (FGM)

FGM  or intermittently scanned CGM (isCGM) (FreeStyle Libre, 
Abbott) involves a subcutaneously implanted, factory- calibrated 
glucose sensor with up to 14 days lifetime. It provides a contempor-
aneous estimation of blood glucose, a trend arrow, and a graph of the 
preceding 8 hours’ glycaemic data when a reader or smartphone is 
swiped (‘flashed’) over the sensor. There are no alarms on the original 
version but the recently introduced Libre 2 has customisable alarms 
for low and high blood glucose and is being selectively launched in 
several countries. It is less expensive than CGM and potentially en-
ables users to reduce or avoid capillary SMBG. There is a limited 
evidence base for FGM, with few randomized controlled trials in 
type 1 and type 2 diabetes. First results  have shown a reduction in 
time spent below 3.9 mmol/ L (70 mg/ dl) compared with SMBG, but 
no impact on HbA1c [28, 29]. isCGM may therefore be best imple-
mented as a replacement for SMBG where driving regulations allow, 
and where the budget impact is neutral or better.

conclusion

Blood glucose monitoring in diabetes is in an exciting phase, under-
going a transition from SMBG to CGM and flash (isCGM). CGM 
provides information about the direction of change in glycaemic 
control and allows alarms when hypo-  and hyperglycaemic thresh-
olds are exceeded. Coupling sensor information to an insulin pump 
via suitable algorithms allows closed- loop insulin delivery— an arti-
ficial pancreas. Initially this was achieved via automatic threshold or 

predictive low glucose suspension of the basal insulin infusion rate 
of an insulin pump, and such devices are effective at reducing hypo-
glycaemia and are in routine clinical use [30]. Moment- to- moment, 
fully closed- loop systems remain a challenge but hybrid closed- loop 
devices (feedback control in the basal state but patient- activated 
meal insulin) are entering clinical practice.
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Introduction

Insulin is the life- saving treatment in type 1 diabetes, and increas-
ingly used to treat advanced type 2 diabetes. Over the years there 
have been improvements and alterations in insulin treatment, 
moving from animal- derived insulin, through recombinant human 
insulin to genetically modified analogue insulins to help support 
people with diabetes to achieve better glucose control. Improved in-
sulin delivery through insulin pens and more complex devices such 
as insulin pumps have helped improve quality of life and biomedical 
outcomes such as lower HbA1c and reduced hypoglycaemia. In this 
chapter we will describe currently available insulins with a focus 
on clinical trials that demonstrate differences relevant to individual 
users. We go on to discuss the wide variety of devices used to ad-
minister these insulins together with a discussion of their relative 
advantages and disadvantages.

Insulin

The insulin molecule is produced from post- translational modifi-
cation of pre- proinsulin and then proinsulin. The final active hor-
mone is a peptide comprising two amino acid chains linked by 
bi- sulphide bonds (Figure 15.5.3.1). In solution, insulin aggregates 
into hexamers around a zinc core. When injected subcutaneously, 
these hexamers dissociate to form monomers which can then be 
taken up into capillaries and enter the blood stream to exert their 
physiological action.

In health, insulin is secreted in a glucose- dependent manner into 
the portal circulation. After first pass metabolism, where more than 
50% of insulin is metabolized by the liver, it acts on other organs, 
predominantly adipose tissue, and skeletal muscle. Ultimately, re-
maining insulin is cleared via kidneys [1] . Approximately 50% of in-
sulin secretion is in response to meals (prandial insulin) and 50% is 
‘basal’ insulin secreted at a background level even when the person 
is not eating [2].

Development of Insulin

The first insulins were prepared from animal pancreases and were 
typically either bovine or porcine. However, these only lasted a 
few hours and often patients needed frequent injections every 
day. The first modification was development of protamine or 
zinc- treated insulins [3] . This stabilized the insulin hexamers 
and prolonged the action of insulin. Human insulin was the first 
protein to be fully synthesized using recombinant DNA tech-
nology and this led to the development of recombinant human 
insulin generated within genetically modified E.  coli [4]. These 
insulins were introduced in the 1980s. More recently, alterations 
to the amino acid sequence or addition of other molecules have 
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been used to create rapid- acting or long- acting insulin analogues 
which allow the individual more flexibility with the treatment 
regimen (Figure 15.5.3.2).

Today, we consider insulins in two main groups. The soluble or 
rapid- acting insulins are designed to cover the rapid rise in insulin 
requirements after ingestion of carbohydrates, or to correct acutely 
raised blood glucose levels, and are called meal- time or bolus in-
sulins. Other longer acting insulins provide background or ‘basal’ 
insulin replacement to balance endogenous glucose production 

towards maintenance of stable blood glucose levels stable in the 
fasted or basal state.

Key goals of insulin development have been to increase the speed 
of onset of ‘rapid- acting insulin’ to better cover meal- time require-
ments; and to slow down and attain a longer and flatter profile for 
‘basal’ insulins (Figure 15.5.3.3). Further development has been 
towards delivering the insulin via the inhaled or oral routes. On 
the horizon are numerous other insulins which have faster onset 
of action or the ability to reduce or switch off action in response 

Figure 15.5.3.1 Structure of insulin. (a) Proinsulin. (b) Insulin monomer. (c) Insulin dimer. (d) Insulin hexamer.
Reproduced with permission from Hilgenfeld R, Seipke G, Berchtold H et al. The evolution of insulin glargine and its continuing contribution to diabetes care. Drugs 
2014;74:911– 27. Copyright © 2014, The Authors [54].
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to low blood glucose (hypoglycaemia). A  very small number of 
patients continue treatment with bovine or porcine insulins, but 
these treatments have been superseded and will not be discussed 
further here.

Prandial Insulins

Soluble human insulin is a synthetic insulin manufactured using 
recombinant DNA technology and has the same amino acid struc-
ture as native human insulin. It aggregates into hexamers at higher 
concentrations and thus when injected subcutaneously has a de-
layed onset of 30– 60 minutes, peak effect after 2– 4 hours and pro-
longed duration of action (6– 8 hours) (Table 15.5.3.1). Evidence 
suggests that soluble insulin should be injected up to 30 minutes 
before eating to control postprandial excursions and reduce the 
risk of late hypoglycaemia [5] . Its long duration of action con-
tinues to predispose to a risk of late hypoglycaemia with between 
meal carbohydrate- containing snacks often required. There is sig-
nificant interdose variability in absorption and duration of action 
may be prolonged with larger injection volumes impacting on 
reliability.

Rapid- acting insulin analogues were designed to minimize 
the need for early preprandial injections and to reduce the risk 
of hypoglycaemia late after the meal. Insulins lispro, aspart and 
glulisine were created by substituting amino acids at key residues 
at the end of the insulin B chain to rapidly reverse hexamerization 
following injection. With lispro, the amino acids proline and lysine 
at positions B28 and B29 of the insulin β- chain are reversed. To 
create aspart the B28 proline is exchanged for aspartic acid. Finally, 
with glulisine, the asparagine at B3 is altered to lysine and the B29 
lysine replaced with glutamic acid. The resulting insulins all have 
similar pharmacokinetic profiles with onset time of 5– 15 minutes 
and a duration of action of between 4 and 6 hours [6] . Crucially, 
the peak insulin concentration and the peak insulin effect may still 
be 40– 60 minutes or 120 minutes post- dose, respectively [5]. With 
these data, patients should still be advised to inject 15– 20 minutes 
before a meal when it is safe to do so. Despite clear advantages for 
the user, the published data suggest only modest HbA1c improve-
ments of  – 0.1% compared to soluble insulin [7]. Reductions in 
total number of hypoglycaemic episodes, number of severe hypo-
glycaemia events and nocturnal hypoglycaemia were seen in the 
analogue group but due to differences in trial design clear com-
parative analysis was not possible. A more recent RCT looked spe-
cifically at hypoglycaemia rates in high risk patients with more than 
two severe hypoglycaemic events per year. This found a significant 
reduction in the rate of hypoglycaemia when using rapid- acting 
insulin analogues in comparison to soluble insulin [8]. Benefit of 
rapid- acting analogue insulins in T2D is less clear [7].

There are a some ‘ultra- fast’ acting insulins in development, with 
faster acting insulin aspart (FiAsp®) now clinically available. In this 
preparation, nicotinamide (Vitamin B3) has been added, intended 
to enhance absorption by encouraging insulin monomerization, to-
gether with L- arginine which is purported to enhance insulin sta-
bility. The aspart amino acid structure is unchanged, so that once 
in the bloodstream the effect is identical to regular aspart. These 
modifications shift the insulin action curve 5– 10 minutes to the left, 
providing greater insulin action within the first 30 minutes [9] . In 
clinical trials, better postprandial control was associated with lower 
overall HbA1c and similar hypoglycaemia rates in type 1 diabetes 
[10]. Although there was a reduction in postprandial glucose, there 
was no reduction in HbA1c in type 2 diabetes [11].
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Figure 15.5.3.3 Relative insulin activity following a single subcutaneous injection of each insulin. 

table 15.5.3.1 Comparison of insulin action profiles for commonly 
used insulins

Insulin Time to onset Peak activity Duration of 
action

Prandial insulin

Soluble human insulin 30– 60 min 2– 3 min 6– 8 hr

Rapid- acting analogues 15 min 30– 90 min 4– 6 hr

Faster aspart 5– 15 min 30– 90 min 3– 5 hr

Basal Insulin

Isophane 2– 4 hr 4– 10 hr 12– 14 hr

Detemir 1– 2 hr 6– 12 hr Up to 24 hr

Glargine 2– 4 hr Peakless Up to 24 hr

Degludec 2– 4 hr Peakless Up to 42 hr
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Basal Insulins

The treatment of insulin with protamine (isophane insulins) or its 
co- injection with zinc (Lente insulin series), provided basal insulin 
treatment for many years. Isophane insulins have persisted as a 
treatment option, predominantly because of lower acquisition cost 
in comparison to newer basal analogues. Due to a duration of ac-
tion of 12– 14 hours, isophane is best used twice daily in T1D, but 
may be used once daily as part of T2D management. There are two 
major limitations with the use of these ‘cloudy’ suspensions how-
ever, variability in both peak action and duration. Studies have 
shown variable rate of absorption of isophane insulin on a day- to- 
day basis of 25– 35% which may lead to variable control and risk 
of hypoglycaemia when aiming for good control [12]. Additionally, 
the pharmacokinetic profiles of isophane insulins show a peak in 
action at 4– 6 hours which may predispose to hypoglycaemia, par-
ticularly when administered before bed, necessitating a supper- 
time long- acting carbohydrate snack. Duration of action may be 
injection volume dependent and variable with the same dose on 
different days.

Analogue Basal Insulins

Subsequently, analogue basal insulins were introduced in which 
modifications to the insulin chain lengthened the duration of ac-
tion. The first basal analogue was insulin glargine which was created 
by adding two basic arginine amino acid residues onto the B chain 
and substituting a glycine for an asparagine residue on the A- chain 
(Figure 15.5.3.2). This molecule is soluble at acidic pH, but once 
exposed to the neutral subcutaneous environment it crystallizes. 
Its duration of action is long at 18– 24 hours and in many people 
can be used as a once daily insulin, however others may experience 
pre- dose hyperglycaemia and require twice daily administration. It 
is described as ‘peakless’ (Figure 15.5.3.3) and has an onset of ac-
tion 2– 4 hours after injection. Insulin detemir has a fatty acid chain 
(myristic acid) bound to a lysine amino acid on the B chain of the 
insulin molecule. This slows down its absorption and allows greater 
binding to subcutaneous and serum albumin where it is chemically 
inert. Detemir similarly has onset of action 2– 4 hours after dose but 
duration of action of 16– 18 hours and is thus commonly adminis-
tered twice daily in T1D.

A direct, head to head, non- inferiority study comparing detemir 
and glargine showed comparable results between the two [13]. 
Thus, each insulin could legitimately be chosen according to 
user preference. Those with more variable lifestyles could choose 
detemir allowing dose down- titrations on days when exercise or al-
cohol might increase the risk of nocturnal hypoglycaemia whereas 
glargine might be preferred in those who desire stability and once 
daily injection. A meta- analysis has suggested that long- acting in-
sulin analogues are superior to intermediate acting insulin but at 
greater acquisition cost [14].

More recently new insulin analogues have been introduced to 
the market. A biosimilar insulin glargine is available and has been 
demonstrated to be non- inferior to standard insulin glargine in 
both type 1 and type 2 diabetes [15,  16]. Insulin degludec is an-
other modified insulin where hexadecanedioic acid is conjugated 
to the lysine amino acid at position B29. This modification reduces 
absorption and enhances protein binding in a similar fashion to 

detemir but gives insulin degludec a very long duration of action 
of 42 hours. It therefore allows once daily administration with some 
variability in daily timing of dose. In T1D and T2D statistically sig-
nificant reductions in the rate of hypoglycaemia are seen in com-
parison to glargine [17, 18].

Premixed Insulins

Premixed insulins contain rapid- acting and basal insulin in a pre- 
defined ratio. Historically, most patients would ‘free- mix’ a variable 
amount of soluble and isophane insulin twice a day. For example, a 
mixture of soluble and intermediate insulin in the morning would 
allow a child to get through the school day without needing an in-
jection at school. Certainly, premixed insulins as part of a biphasic 
regime may be useful in patients where adherence or patient pref-
erence for fewer injections dictates treatment decisions such as in 
children or adolescents. Evidence for their use is stronger in T2D 
where a meta- analysis has shown that greater than 50% of people 
can achieve good glycaemic control on a biphasic regime although 
patients who can manage a basal- bolus had better control with a 
similar hypoglycaemia rate [19].

Numerous premixed insulins are available and there are im-
portant differences between them. Until recently the combin-
ations included either soluble insulin or rapid- acting analogue with 
isophane. The ratio of short to long- acting insulin varies between 
preparations but is usually between 25% to 50% short/ rapid acting. 
The 30/ 70 mixtures (with 30% soluble and 70% isophane insulin) 
are the most widely used, but in cultures with high carbohydrate 
intake, 50:50 mixtures have been shown to provide better glucose 
control [20]. Nomenclature varies around the world and prescribers 
should be familiar with the terminology used in their country. Due 
to the pH dependent crystallization of insulin glargine, premixed 
insulins with analogue basals have not been available. This has 
changed with licensing of a combination of aspart with degludec.

The limitation of the premixed insulin is the in- flexibility of 
dosing schedule. The peak of the soluble component is designed 
to cover the immediate meal, and the peak of the isophane com-
ponent that arrives 4– 6 hours later is designed to cover a second 
meal. However, if that meal is delayed or of a different carbohydrate 
content, this could predispose to hypo or hyperglycaemia. For this 
reason, these fixed combination insulins are best used in those with 
fixed daily habits.

Different Strengths of Insulins

In some markets, different strengths of insulin are available. The 
most commonly available insulin is U100 that contains 100 IU of in-
sulin/ ml. In some markets, more dilute insulin is available (U40– 40 
IU/ ml) that can be used especially in very young children. It is key to 
know which insulin is being used and use the appropriate delivery 
device that is calibrated to the strength of insulin being delivered. 
In the 1980s it was recognized that the numerous different strengths 
of insulins contributed to hypoglycaemia [21]. Poor understanding 
of the different strengths among doctors, pharmacists, and patients 
together with unclear labelling of insulin syringes compounded the 
problem. Insulin production and sale in most western markets was 
consequently restricted to production at a fixed strength (U100).

The obesity epidemic has caused increased rates of insulin re-
sistance and a new need for higher- strength insulins. Higher in-
sulin concentration and hence, smaller dose volumes have lower 
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variability in dose absorption, duration of action, and have the ad-
vantages of single rather than multiple injection with higher doses. 
U500 insulin is available comprising 500 IU of insulin/ ml and can 
be used in extremely insulin resistant patients [22]. A concentrated 
insulin lispro U200 (200 units/ ml) was introduced to the market in 
2015. Both are soluble or prandial insulins.

There are currently two concentrated basal insulins available. 
Insulin degludec is available as a U200 formulation (200  units/ 
ml) and insulin glargine is available as U300 (300 units/ ml). The 
pharmacokinetic profiles indicate that glargine U300 has a longer 
duration of action with lower peak activity [23]. In T2D there was a 
small but statistically significant reduction in hypoglycaemia (par-
ticularly at night) when using U300 [24] and it may be considered in 
patients where this is a particular concern. There was no difference 
between Glargine- U100 and Glargine- U300 in T1D trials [25].

Prescribers and pharmacists must have a good awareness of the 
differences between these insulins and patients must be educated 
appropriately to prevent dose errors. If we can overcome these bar-
riers higher- strength insulins may play a significant role in opti-
mized diabetes treatment [26].

Insulin Delivery Devices

Historically, insulin was drawn up from a vial and injected via a 
specific insulin syringe with marked graduations allowing the cor-
rect volume and dose of insulin delivery. In the early days, these 
were glass syringes that required regular cleaning and sterilization. 
Devices such as the Palmer Injector were developed to make things 
easier, although these were not widely used. In the 1980s, manu-
facturers developed insulin pens that come as pre- filled disposable 
pens, or as re- usable pens in which cartridges can be changed [27]. 
Insulin pens remove the need to draw up insulin which can reduce 
error, making them more convenient, more discreet, and easier to 
handle. They require disposable needles that can be of different 
lengths. Insulin users describe pens as more acceptable and greater 
satisfaction can be achieved with them while achieving improved 
HbA1c and reduced hypoglycaemia rates [28].

Key differentiators between pens are differences in the manual 
dexterity and force required to use them and ease of delivery. Newer 
pen devices offer the ability to synchronize with a mobile appli-
cation featuring a bolus advisor, enabling convenient insulin dose 
tracking and more accurate bolus advice [29].

There has long been an interest in needle- free injection devices, 
as the use of a needle is a major barrier for many patients who need 
insulin therapy. There have been some needle- free ‘jet’ injector de-
vices available on the market, but these are not widely used as they 
often cause pain or bruising and have less predictable delivery [30].

It is clear that, whatever the preferred method of insulin delivery, 
high quality education and support from the multidisciplinary dia-
betes team is crucial in delivering best outcomes [31].

Inhaled Insulins

The possibility of absorption of insulin via inhaled devices offers 
a clear advantage to some patients (particularly those with phobia 
of injections and extreme variability in the action of insulin 

administered subcutaneously). A key benefit is the rapid onset of 
action with associated reductions in postprandial spikes, but this 
is offset by reduced and variable bioavailability together with short 
duration of action.

Initial attempts at development were beset with problems 
including variable bioavailability and concerns around effects of 
insulin on lung function. This ultimately led to withdrawal of all 
drugs from development for some time [32]. More recently, insulin 
adsorbed to porous Technosphere particles has been developed. 
Technosphere insulin (TI) has been shown to have more rapid ab-
sorption and onset of action (10 minutes) compared to rapid- acting 
analogues. It has peak action after 30– 60 minutes and short dur-
ation of action (2– 3 hours). Despite this, a meta- analysis has shown 
greater reductions in HbA1c with subcutaneous insulin compared 
to TI, albeit with a greater propensity to severe hypoglycaemia and 
weight gain [33]. Given this, TI may be considered for use when 
subcutaneous prandial insulin injection is not possible.

continuous Subcutaneous Insulin Infusion (cSII)

Insulin pumps can be used to deliver rapid- acting insulin con-
tinuously into the subcutaneous compartment and were first used 
in clinical studies in the 1970s [34]. The pump has an electro- 
mechanical motor and a reservoir of insulin, usually rapid- acting 
analogue insulin. The patient and clinician preprogramme different 
basal rate profiles into the pump that allow basal insulin delivery 
that can be varied through the day in response to the known cir-
cadian profile of insulin sensitivity [2] . In health, basal insulin de-
livery is lower overnight and rises immediately before the patient 
wakes up, often called the ‘dawn phenomenon’ [35]. Pump users 
can program the pump with different basal rate profiles to accom-
modate changes in insulin requirements with work, weekends, or 
illness (Figure 15.5.3.4). Crucially, this basal insulin delivery can 
also be temporarily increased or decreased using a ‘temporary basal 
rate’ in response to exercise, illness, or alcohol.
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Figure 15.5.3.4 Demonstration of several features of insulin pump 
insulin delivery.
The flat line indicates continuous insulin delivery. An example alternative basal 
profile is superimposed with low rate of insulin delivery overnight to prevent 
nocturnal hypoglycaemia and greater delivery in the morning and evening to 
combat hyperglycaemia at times of physiological insulin resistance. Finally at meal 
times, boluses are delivered 15 minutes before meals to cover breakfast and the 
evening meal as well as a dual wave bolus at lunchtime to cover a high protein/fat 
meal.
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When a bolus of insulin is required to cover carbohydrate intake 
or to correct hyperglycaemia, the user presses a button to deliver 
the desired bolus. Boluses can be delivered immediately, or over a 
prolonged duration (square or dual wave boluses) to cover high fat 
meals that produce sustained hyperglycaemia. Most pumps have 
software (bolus calculators) that perform the calculations required 
for boluses using preset insulin to carbohydrate ratio (ICR) and 
insulin sensitivity factor (correction factor). One of the key bene-
fits of insulin pumps is the ability to easily deliver multiple boluses 
to cover all carbohydrate intakes, and take small corrections when 
needed, as well as the ability to rapidly adapt the basal profile as re-
quired. These features allow better matching of insulin requirement 
to insulin delivery, facilitating improved diabetes control in terms of 
lower HbA1c as well as less hypoglycaemia.

Observational data show that CSII therapy is associated with 
significant improvements in HbA1c and hypoglycaemia. A met-
analysis of CSII studies demonstrated a 4- fold reduction in rates 
of severe hypoglycaemia requiring third party assistance, and a re-
duction in HbA1c [36]. Benefits in both hypoglycaemia and in glu-
cose control were dependant on baseline. Most studies have shown 
significant improvements in quality of life, which is an important 
factor for a lifelong, chronic condition. Initially developed in the 
United Kingdom and the United States, the uptake of insulin pump 
therapy is markedly different in different countries, varying from 
above 40% of people with T1D in the United States to about 20– 
30% in many European countries and under 15% in the United 
Kingdom. This can be explained by the cost of these devices, and 
the perceived complexity, and increased education required for 
safe and effective use. Cost aside, the potential benefit in motivated 
and well- educated people with T1D with either sustained hyper-
glycaemia or troublesome hypoglycaemia is clear. The best results 
with CSII are demonstrated in specialized centres with access to 
a highly trained staff group for education and support of insulin 
pump users.

The REPOSE RCT enrolled patients who did not have a clear 
preference or indication for pump therapy and compared the out-
comes of a structured education programme with or without pump 
therapy. Both arms showed modest improvements in HbA1c with 
no differences in hypoglycaemia rates, but with clear improved sat-
isfaction in those with pump therapy. Interestingly, a post- hoc per- 
protocol analysis showed that when patients who crossed over from 
pump to MDI or vice versa were analysed according to the treat-
ment they actually received, there was a significant benefit of pump 
therapy on HbA1c. Similarly, the HypoCOMPaSS study in patients 
with impaired awareness of hypoglycaemia found that when pro-
vided intensive support, there was no incremental benefit of pump 
therapy over the control arm using injections, although again, there 
was a clear benefit in quality of life [37, 38].

A recent randomized controlled trial of insulin pumps in patents 
with type 2 diabetes and high insulin requirements demonstrated 
improved diabetes control with lower insulin requirements when 
using insulin pumps [39].

types of cSII Insulin Pump

Broadly speaking, there are two common insulin pump types that 
are in use today: tethered pumps and patch pumps. The key differ-
ence is the presence or absence of tubing between the pump and 
the skin.

Tethered pumps deliver insulin via tubing to a cannula inserted 
subcutaneously. The cannula itself usually looks like a small disc 
and is placed 4– 8 mm deep using an insertion needle. The pump 
is usually powered by domestically available batteries and can be 
carried in a comfortable, convenient position in pockets or pouches 
as decided by the user. The principle control of the pump is gen-
erally via an interface on the pump itself, although some may be 
controlled via a remote device. This allows the user to control the 
pump unobtrusively. However, some people do not like to be at-
tached to the tubing, finding that the tubing can catch on things and 
get ripped out, or have deeper- seated body image issues decreasing 
acceptability of pump therapy.

Patch pumps are directly attached to the skin for the duration 
of use and have the convenience of no tubing but have the dis-
advantage of being dislodged if knocked. Control of the pump is 
generally achieved by a wirelessly connected remote device which 
usually also functions as a blood glucose meter. There is no par-
ticular advantage of one type of pump over the other, apart from 
patient preference [40].

Most currently available pumps allow data including basic set-
tings, blood glucose values, and insulin doses delivered to be stored. 
These can then be downloaded by users or healthcare professionals 
to allow periodic review of control.

Advanced Features of Pumps

The delivery of basal insulin can be set up in numerous ways. Some 
teams prefer to start with a ‘flat’ basal that is usually 40– 50% of the 
total daily insulin (Figure 15.5.3.4). Other groups use a circadian 
profile, or a modified circadian profile that can be programmed 
using a template, allowing the basal insulin delivery to match the 
normal circadian profile of insulin requirement. It is important 
to recognize that overnight insulin requirements vary by up to 
200% in the same person between nights [41], and so patients still 
need to adjust their insulin levels based on review of their blood 
glucose data.

The basal insulin delivery can be temporarily increased or de-
creased by either a percentage of the current basal rate or by a fixed 
amount for a fixed duration, termed a ‘temporary basal rate’. This is 
particularly helpful when the patient needs to reduce basal insulin 
delivery in response to exercise or alcohol, or increase it in response 
to illness. Changes in basal rates can take time to impact on plasma 
insulin, and so these features are most useful when the increase or 
decrease is required for a longer period.

Different types of Bolus

High fat or protein content in meals can cause a carbohydrate inde-
pendent rise in glucose levels. This may be due to temporary insulin 
resistance caused by fat, or gluconeogenesis stimulated by protein 
intake. High fat meals can lead to late hyperglycaemia that can last 
up to eight hours after a meal. Insulin pump users can program 
square or dual wave insulin boluses that can cover this delayed in-
crease in insulin requirement.

Bolus Advisors

Most insulin pumps currently available have integrated bolus ad-
visors. These are calculators that can perform simple calculations 
required to deliver precise amounts of insulin taking into consid-
eration factors such as ICR, insulin sensitivity factor, and insulin 
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action time. The ICR is the amount of carbohydrate that is covered 
by a single unit of insulin. This can also be expressed as the amount 
of insulin required to cover a fixed amount of carbohydrate (usually 
a carbohydrate exchange which can be 10 or 12 grams). This usu-
ally varies between 8 and 12 grams per unit of insulin, although for 
insulin sensitive patients this can be higher and for insulin resistant 
patients, this can be as low as 2 or 3 grams per unit of insulin.

The use of bolus advisors offers greater accuracy in dosing and 
some studies have shown that they help reduce glucose variability 
and improved glucose control [42]. Additionally users report this 
technology saved time, improving confidence in the dose given [43].

Sensor Augmented Pumps (SAP)

With the advent of real time continuous glucose monitoring sys-
tems, some pumps can connect with integrated continuous glucose 
monitoring (CGM) systems allowing display of glucose values on 
the pump (see Chapter 15.5.2, ‘Glucose Monitoring and Sensing’). 
The user can utilize these data to make frequent small adjustments 
in insulin dosing via the pump. Ultimately SAPs could provide com-
plete ‘closed loop’ control that functions like an ‘artificial pancreas’.

The first step along this pathway was systems that used ‘threshold 
suspend’ of insulin. These systems can automatically suspend in-
sulin delivery for a fixed duration (usually for up to 2 hours). For 
example, if the ‘low threshold’ is set at 3.6 mmol/ L (65 mg/ dl), the 
system alerts the user when the glucose reaches this threshold, and if 
there is no response from the user, it will automatically suspend in-
sulin delivery for up to 2 hours. These types of system do not actually 
prevent hypoglycaemia, but can minimize the impact of prolonged 
low glucose and in randomized controlled trials have been shown 
to significantly reduce duration of nocturnal hypoglycaemia [44].

The next generation of SAP systems proactively aim to prevent 
hypoglycaemia, by automatically suspending insulin delivery when 
hypoglycaemia is predicted. Often these systems will suspend in-
sulin delivery while glucose is still in the normal or desirable range, 
based on the trajectory of glucose. They can also restart insulin once 
the glucose is back above a safe level and rising. These systems offer 
progressive improvements in protection against hypoglycaemia 
[45]. Similarly, the devices can alarm if glucose levels are too high, 
prompting the user to take appropriate corrective action.

closed Loop ‘Artificial Pancreas’ Systems

Over the last 10 years, various closed- loop systems have been de-
veloped and tested in different environments (see Chapter 15.8.2, 
“Closed Loop” Insulin Delivery). A  closed- loop system includes 
three main components. The first is a continuous glucose sensor 
that detects glucose levels including direction of change. The second 
is an algorithm that can be housed on a portable computer, a mobile 
phone, or even the insulin pump itself. This controller calculates the 
insulin required at any given time point to maintain glucose levels 
as close as possible to the target glucose. Often the calculation is 
overseen by safety modules that govern the maximum amount of 
insulin that can be given and may adjust the calculation if food or 
exercise are detected. The third component, the insulin pump, de-
livers the insulin as advised by the algorithm.

Closed- loop systems have been shown to be relatively safe in clin-
ical trials, providing improved glucose control with reduced hypo-
glycaemia compared to standard treatments. A  major challenge 
for closed- loop systems is the delay in glucose sensing (changes in 

interstitial glucose often occur 5– 10 minutes after blood glucose), 
which means there is a delay before a rise due to food or glucose 
fall due to exercise is sensed. The other issue is the relative slow-
ness of currently available ‘fast’ acting analogues that have a delayed 
peak and prolonged duration of action, especially when compared 
to portally secreted endogenous insulin.

A key issue for closed- loop systems is their ability to deal with 
unannounced meals or exercise. Current insulin kinetics require 
rapid- acting insulin to be dosed 10– 15 minutes before a meal. This 
is obviously a problem for a truly closed- loop system which re-
quires no input from the user. One solution is a ‘hybrid’ closed- loop 
system that requires ‘meal announcement’ from the user. The more 
precise this is, the greater the degree of post- meal glucose control.

Another problem is unannounced exercise. Even though sys-
tems can be programmed to reduce insulin delivery when exercise 
is detected, the prolonged action of current insulin preparations 
and delivery through the subcutaneous route mean that even after 
complete suspension of insulin there is considerable risk of hypo-
glycaemia with unannounced exercise.

One hybrid closed- loop system is currently available, the 
Medtronic Minimed™ 670  g Insulin Pump System with others in 
development.

continuous Intraperitoneal Insulin Infusion (cIPII)

A very small number of people use an insulin pump where insulin 
is continuously delivered into the peritoneum and absorbed pref-
erentially into the portal blood via peritoneal blood vessels [46]. 
There are two methods for CIPII: fully implanted pumps or external 
pumps with intraperitoneal delivery.

Implantable pumps have been used in a small group of patients, 
predominantly in France for many years. An insulin pump is in-
serted into a pocket in the abdominal wall and a catheter tunnelled 
to the peritoneal cavity [47]. CIPII has been shown to improve 
HbA1c and reduce number of hospital admissions in a series of 
complex patients [48]. It is limited by the need for pump refills 
and system flushes in addition to potential for ‘pocket’ infection so 
cannot be considered a mainstay of treatment [46].

An alternative technology is the DiaPort system in which an 
external insulin pump is connected to an intraperitoneal delivery 
system. This has been shown to reduce severe hypoglycaemia in a 
complex group of people with T1D [49] albeit with problems of port 
site infections. This has been addressed in a more recent clinical trial 
without fully published results, but in which many of the infections 
were managed conservatively [50]. Both implantable technologies 
require insulin specifically manufactured to prevent aggregation 
within the pump [51].

treatments on the Horizon

Glucose- responsive ‘smart’ insulins are being developed in which 
the insulin activity depends upon the serum or tissue glucose level 
[52]. Several strategies for achieving this are being investigated. 
They include incorporating insulin within a polymer or matrix 
which has the capacity to release insulin according to glucose con-
centration. Another strategy is to modify the insulin molecule to 
allow glucose- dependent action or conformational change which 
inhibits binding to the insulin receptor during hypoglycaemia.
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Micro needles in a patch may offer a method of delivering insulin 
intradermally with faster absorption due to the greater vascularity 
of the dermal space. Systems for combining this mode of therapy 
with glucose- responsive elements are in development [53, 54].

As well as offering a more acceptable route of administration, in-
sulin absorbed through the gut offers more physiological delivery to 
the vasculature. Absorption into the portal veins allows highly con-
centrated action on the liver, with relatively little acting systemic-
ally providing potentially lower hypoglycaemia rates. With ongoing 
research into this field, oral insulins may come to the market as a 
viable treatment option in the coming years.
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Introduction

This chapter will focus on non- insulin therapies to treat hypergly-
caemia in type 2 diabetes. Glycaemic control is an important part of 
the management of type 2 diabetes, which is a complex process due 
to the diverse, variable, and progressive nature of the disease patho-
genesis, clinical complications, and societal impact (Box 15.5.4.1). 
Care should be individualized, flexible, and realistic, with provision 
for patient education and empowerment to enable optimal benefit 
from the guidance and interventions offered by healthcare profes-
sionals. Patient preference should be considered with a focus on 
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choices which optimize adherence to and persistence with therapy. 
Relief of acute symptoms and attention to long- term complications 
and comorbidities often preoccupy and sometimes overwhelm the 
treatment process. However, early and sustained remediation of 
endocrine and metabolic disturbances, in combination with con-
tainment of modifiable cardiovascular risk factors, prevents the 
onset, and limits the severity of chronic pathology.

Glycaemic Management

Glycaemic control serves as a valuable indicator of metabolic status, 
and we re- emphasize that good glycaemic control can reduce both 
micro-  and macrovascular complications. Reductions in micro-
vascular disease have been confirmed in almost all trials of intensive 
glycaemic control, whereas improved cardiovascular outcomes may 
only emerge after several years, being more evident in younger pa-
tients with better control from the time of diagnosis [1] . Moreover, 
the closer that long- term glycaemic control approaches to normogly-
caemia, the fewer the complications (Figure 15.5.4.1), excepting that 
overintensification of treatment to cause persistent or severe episodes 
of hypoglycaemia must be avoided [2]. There is also evidence that 
some glucose- lowering agents offer independent benefits against the 
major cardiovascular and renal complications of type 2 diabetes.

The post- trial follow- up of the United Kingdom Prospective 
Diabetes Study (UKPDS) has provided clinical confirmation of the 
so- called ‘glycaemic memory’ or ‘legacy effect’. This effect, which 
probably reflects the accumulated damage from glucotoxicity, ren-
ders individuals with poor glycaemic control during earlier stages 
of the disease at much higher risk of complications in later life, even 
if their control is subsequently improved [3] . Thus, available evi-
dence supports the early use of blood glucose- lowering therapy to 
attain and maintain a level of glycaemic control as close to normal 
as safely practicable and commensurate with the circumstances of 
the patient.

Guidelines

The many guidelines and consensus statements regarding pharma-
cological therapies to control blood glucose in type 2 diabetes show 
a considerable degree of conformity [4– 6] (Figure 15.5.4.2).

Lifestyle measures invariably form the foundation for manage-
ment of type 2 diabetes, especially diet and exercise for weight 
control, cardiovascular wellbeing, and psychosocial health [4– 8]. 
Pharmacological therapies are added to achieve and sustain the 
desired glycaemic target, generally starting with one oral agent. If 
the target is not achieved or maintained by increasing the doses, 
a differently acting oral agent or injectable agent is added. If this 
combination is unable to prevent disease progression, a third agent 
is added. The selection of agents at each stage will be strongly in-
fluenced by the presence of comorbidities, including CVD, obesity, 
renal or hepatic impairment, age, and personal circumstances. 
Submaximal doses of two or more agents may be preferred to en-
hance efficacy and reduce side effects that are sometimes encoun-
tered with a large dose of one agent. Insulin is customarily reserved 
for patients in whom a combination of other agents does not pro-
vide continuing control, but insulin may be introduced earlier if 
patients are severely hyperglycaemic and substantially symptomatic 
with comorbidities that deter the use of other therapies.

Synopsis of therapies

The main orally administered blood glucose- lowering therapies are 
metformin, sulphonylureas, meglitinides, dipeptidyl peptidase- 4 
(DPP- 4) inhibitors (gliptins), sodium/ glucose cotransporter- 2 (SGLT- 
2) inhibitors, thiazolidinediones (TZDs), and α - glucosidase inhibi-
tors (AGIs). Bromocriptine and colesevelam also have an indication 

Box 15.5.4.1 Multiple features of type 2 diabetes mellitus that 
make this a complex disease to treat

• Polygenic susceptibility
• Multiple environmental impositions
• Variable endocrine defects (e.g. insulin resistance and islet dysfunction)
• Diverse metabolic disturbances
• Progressive natural history
• Extensive complications and comorbidities (e.g. cardiovascular and 

renal diseases)
• Many concurrent therapies usually involved
• Substantial patient education, empowerment, and commitment 

required
• Impacts family, friends, and work colleagues
• Many different healthcare disciplines implicated
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Figure 15.5.4.1  Improved glycaemic control as measured by a lowering 
of average HbA1c over 10 years during the UKPDS was associated with 
reductions in microvascular complications and myocardial infarction.
Reproduced with permission from Stratton et al, Br Med J 2000; 321: 405–12, ref 2.
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for use as glucose- lowering agents in some countries (not Europe) 
(9). The parenterally administered agents are glucagon- like peptide- 
1 (GLP- 1) receptor agonists and insulin: pramlintide injections are 
indicated for glucose lowering with insulin in some countries (not 
Europe). The main actions, typical efficacy, and important cautions 
for agents other than insulin are summarized in Table 15.5.4.1.

Starting Pharmacological therapy

If hyperglycaemia is severe, or initial lifestyle measures do not 
achieve desired glycaemic control after one to two months, pharma-
cological therapy is indicated. Many guidelines advise immediate 

prescription of metformin at the same time as instituting lifestyle 
change. In theory, a pharmacological agent might be chosen to ad-
dress a predominant underlying pathogenic factor, such as insulin 
resistance or beta- cell dysfunction. In practice, however, it is often 
difficult to determine the relative impact of different pathogenic fac-
tors, and any safe and effective agent to improve glycaemic control 
may need to be considered. Indeed, therapies may be prescribed on 
the basis of local protocols, patient preference, or what is left when 
preferred options are excluded by contraindications or tolerability 
[4– 9]. The suitability of a treatment for an individual requires con-
sideration of the risks of the disease, risks of other agents, and risk 
of the proposed agent compared with the potential benefits for the 
current and likely future circumstances of that individual.

Figure 15.5.4.2 Algorithm for the management of hyperglycaemia in type 2 diabetes as set out in the 2020 consensus report by the American 
Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD) [4]. This algorithm takes account of emerging evidence of the 
properties of individual agents in relation to particular patient groups, particularly those with renal impairment or cardiovascular diseases. A decision to 
treat high-risk individuals with a GLP-1 receptor agonist or SGLT2 inhibitor to reduce major adverse cardiovascular events, hospitalisation for heart failure, 
cardiovascular death or chronic kidney disease (CKD) progression should be considered independently of baseline HbA1c or the individualised HbA1c 
target. Also, GLP-1 receptor agonists can be considered in patients with type 2 diabetes without established cardiovascular disease but with the presence 
of specific indicators of high risk. SGLT2 inhibitors are recommended in patients with type 2 diabetes and heart failure, particularly those with heart failure 
with reduced ejection fraction, as well as patients with CKD (eGFR 30 to ≤60 ml/min/1.73 m2 or urinary albumin-to-creatinine ratio >30 mg/g.
HbA1c target is usually <6.5%-7.5% (<48-58 mmol/mol), but will vary with patient circumstance.
ASCVD, atherosclerotic cardiovascular disease; CKD, chronic kidney disease; CVD, cardiovascular disease; DPP-4i, dipeptidyl peptidase-4 inhibitor; 
GLP-1RA, glucagon-like peptide-1 receptor agonist; HbA1c, glycated haemoglobin; SGLT-2i, sodium/glucose co-transporter-2 inhibitor; SU, 
sulphonylurea; TZD, thiazolidinedione.
Reproduced with permission from Buse JB, Wexler DJ, Tsapas A, Rossing P, e Mingrone G, Mathieu C, D’Alessio DA, Davies MJ: 2019 update to: Management of 
hyperglycaemia in type 2 diabetes, 2018. A consensus report by the American Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD). 
Diabetologia 2020; 63: 221–8. Copyright European Association for the Study of Diabetes and American Diabetes Association.
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table 15.5.4.1 Synopsis of the main actions, typical reductions in HbA1c effects on body weight, key adverse effects, exclusions, and 
precautions for glucose- lowering agents other than insulin

Class
with examples

Main mode of action HbAlc Body wt Main adverse events Main exclusions 
and precautions

Oral

Biguanide
Metformin

Counters insulin resistancea

↓ hepatic glucose output,
↑ peripheral glucose utilization

↓ ~ 1– 2%
(~ 11– 22 mmol/ mol)

– / ↓
Mostly weight 
neutral

GI intolerance  
Lactic acidosis (rare)

Renal impairment
Any hypoxic 
condition

Sulphonylureas
Glibenclamide
(glyburide)
Gliclazide
Glimepiride
Glipizide

Increase insulin secretionb

Direct effect on pancreatic β cells
↓ ~ 1– 2%
(~ 11– 22 mmol/ mol)

↑
~1– 4 kg

Hypoglycaemia Choice restricted by 
severe liver or renal 
disease, or porphyria

Meglitinides
Nateglinide
Repaglinide

Increase insulin secretionb, c

(Prandial administration: rapid 
onset, short duration of action). 
Direct effect on pancreatic β  cells

↓ ~ 0.5– 1.5%
(~ 5– 16 mmol/ mol)

↑/ – 
~1– 2 kg

Hypoglycaemia (fewer 
and less severe than 
sulphonylureas)

Liver or severe renal 
disease

DPP- 4 inhibitors
Alogliptin
Linagliptin
Saxagliptin
Sitagliptin
Vildagliptin

Potentiate nutrient- induced insulin 
secretionb

Inhibit DPP- 4 to increase 
endogenous incretin activity

↓ ~ 0.5– 1.5%
(~ 5– 16 mmol/ mol)

– 
Mostly weight 
neutral

Possible risk of pancreatitis Severe renal or liver 
disease
Caution if history of 
pancreatitis

SGLT- 2 inhibitors
Canagliflozin
Dapagliflozin
Empagliflozin
Ertugliflozin

Increase renal glucose elimination ↓ ~ 0.5– 1.5%
(~ 5– 16 mmol/ mol)

↓
~2– 3 kg

Dehydration,
urino- genital tract 
infections.
Atypical ketoacidosis and 
fracturesd

Renal disease

Thiazolidinediones
Pioglitazone
Rosiglitazone

Increase insulin actiona

Stimulate PPARγ ,
to increase adipogenesis and 
adjust the glucose- fatty acid cycle

↓ ~ 1– 1.5%
(~ 11– 16 mmol/ mol)

↑
~2– 3 kg

Oedema and heart failure, 
anaemia, Fractures

Cardiac disease,
Fluid retention,
Severe liver or renal 
disease

α - glucosidase inhibitors
Acarbose
Miglitol

Slow carbohydrate digestione ↓ ~ 0.5– 1.0%
(~ 5– 11 mmol/ mol)

– 
Mostly weight 
neutral

– Intestinal diseases, 
Severe kidney 
disease

Dopamine D2 agonist
Bromocriptine

Neurally mediated
↓ hepatic glucose output, other 
effects not cleara

↓ ~ 0.5– 0.8%
(~ 5– 9 mmol/ mol)

– 
Mostly weight 
neutral

Fibrotic reactions, 
hypotension

Psychotic disorders

Bile acid sequestrant
Colesevelam

Increase incretin
secretion and ↓ hepatic glucose 
output

↓ ~ 0.4– 0.8%
(~ 4– 9 mmol/ mol)

– 
Mostly weight 
neutral

May increase triglyceride Intestinal obstruction

Subcutaneous injection

GLP- 1 receptor agonists
Dulaglutide
Exenatide BD QW
Liraglutide
Lixisenatide
Semaglutide

Potentiate nutrient— induced 
insulin secretionb,
Suppress glucagon secretion,
Satiety effect

↓ ~ 0.5– 2%
(~ 5– 22 mmol/ mol)

↓
~3 kg

Possible risk of pancreatitis Caution if history of 
pancreatitis
Severe liver, renal
or intestinal disease

Amylin analogue
Pramlintidef

Slow gastric emptying,
Suppress glucagon secretion,
Satiety effect

↓ ~ 0.3– 0.6%
(~ 3– 6 mmol/ mol)

↓
~1– 2 kg

Risk of hypoglycaemia 
when used with insulin

Gastroparesis,
Other medications 
affecting GI motility
Hypoglycaemia 
unawareness

↑ increase; ↓ decrease; ~ approximately;— no change
Most agents have rarely caused sensitivity reactions.
a Efficacy requires presence of circulating insulin.
b Efficacy requires presence of a functional β  cell mass.
c Taken with meals, fewer and less severe hypoglycaemia than sulfonylureas.
d Possible increased risk of amputation with canagliflozin.
e Taken with meals rich in complex carbohydrate.
f Usually used in conjunction with insulin.
Not all blood glucose- lowering agents are available in all countries, and they do not always carry the same indications for use, e.g. pramlintide and rosiglitazone are not available in 
Europe and gliclazide is not available in the USA, while bromocriptine and colesevelam are not indicated for glucose- lowering in Europe. The same drug may be named differently in 
different countries, e.g. glibenclamide (Europe) is glyburide in the USA, although the formulation is different. Similarly named drugs may also have different formulations in different 
countries, e.g. glipizide. The exclusions, precautions, and monitoring requirements may also vary, e.g. pioglitazone is excluded for New York Heart Association (NYHA) categories I– V 
in Europe, but III- IV in the USA. Maximum doses are sometimes different between countries, e.g. maximum daily dose for metformin is 3000 mg in Europe and 2550 mg in the USA. 
Many countries introduce local restrictions, e.g. in England the National Institute for Health and Clinical Excellence (NICE) recommends that a GLP- 1 receptor agonist should only be 
continued if its use is associated with a reduction in HbA1c of > 11 mmol/ mol [1.0%] and weight loss of >3% of initial body weight in 6 months. Also, individual agents within a class 
can vary in their glucose- lowering efficacy and effects on body weight which affects their suitability for individual patients. For these reasons, it is not possible to be fully prescriptive 
or inclusive in this chapter, and prescribers are urged to check national and local formulary restrictions before administering pharmacological therapies.
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Starting pharmacotherapy assumes that a chosen agent is not pre-
cluded by comorbidity, potential interactions with other medications, 
or incompatibility with lifestyle, and that appropriate information and 
support are offered to the patient. Note baseline glycaemia and begin 
therapy with a low dose. A summary of individual agents with pharma-
cokinetic information is given in Table 15.5.4.2. Titrate up at intervals 

of one to two weeks for metformin, sulphonylureas, meglitinides, and 
AGIs. Some GLP- 1 receptor agonists (administered by subcutaneous 
injection) have two or three dosage strengths through which titration 
can be made, usually two- weekly to monthly. Intervals of at least one 
month are usually required for a thiazolidinedione. DPP- 4 inhibitors 
and SGLT- 2 inhibitors do not usually require titration. Continue to 

table 15.5.4.2 Summary of dose and pharmacokinetic information for individual glucose- lowering agents other than insulinsa

Class/ agent Dose rangeb mg  
(except where stated)

Starting doseb mg  
(except where stated)

Duration of 
action hrc

Plasma protein 
bound

Metabolitesc Elimination

Oral

Biguanide

Metformin
Meformin XR/ SR

500– 2550/ 3000 500– 850 od
500–1000 od

6– 18
12– 24 d

<12% – u ~ 100%

Sulphonylureas

Glibenclamide 2.5– 15/ 20 2.5 od 18– 24 > 98% Active B > 50%

Gliclazide
Gliclazide MR

40– 320
30– 120

40 od
30 od

12– 24
18– 24

> 85% Inactive u ~ 65%

Glimepimide 1– 6 1 od 18– 24 > 99% Active u ~ 60%

Glipizide 2.5– 20 2.5 od/ bd 6– 18 ~ 98% Inactive u ~ 70%

Tolbutamidee 500– 2000 500 od/ bd 6– 12 > 95% Inactive u ~ 100%

Meglitinides

Nateglinide 180– 540 60 tds, ac 1– 4 > 97% Inactivef u ~ 80%

Repaglinide 1– 16 0.5 bd/ tds, ac 1– 6 > 98% Inactive B ~ 90%

DPP- 4 inhibitors

Alogliptin 6.25– 25 25 od ~ 24 20– 30% Inactive u ~76%

Linagliptin 5 5 od ~ 24 70– 99% Inactive B ~95%

Saxagliptin 5 5 od ~ 24 negligible Active u ~ 75%

Sitagliptin 100f 100 od ~ 24 ~ 38% Inactive u ~ 79%

Vildagliptin 100 50 bd ~ 24 ~ 9% Inactivee u ~ 85%

SGLT- 2 inhibitors

Canagliflozin 100– 300 100 od ~24 ~99% Inactive u ~33%

Dapagliflozin 5– 10 10 od ~24 ~91% Inactive u ~75%

Empagliflozin 10– 25 10 od ~24 ~86% Inactive u ~54%

Ertugliflozin 5– 15 5 od ~24 ~95% Inactive u ~50%

Thiazolidinediones

Pioglitazone 15– 45 15 od/ bd ~ 24 > 99% Active B > 60%

Rosiglitazoneg 2– 8 2 od/ bd ~ 24 > 99% Inactivef u ~ 64%

α- glucosidase inhibitors

Acarbose 150– 300 50 bd/ tds, ac ~ 6 – % Inactive I ~ 50%

Miglitol 75– 300 25 bd/ tds, ac ~ 6 <4% – u > 95%

Dopamine agonist

Bromocriptineh 0.8– 4.8 0.8 od 12– 24 > 90% – B > 94%

Bile acid sequestrant

Colesevelamh 625– 4375 1875 bd, ac 12– 24 Not absorbed – – 

Subcutaneous

GLP- 1 receptor agonists

Dulaglutide 0.75– 1.5 mg 0.75 or 1.5 mg QW >7 days >99% linked to IgG4 
fragment

– – 

Exenatide bd
Exenatide QW

5– 10 μg
2 mg

5 μg bd, ac
2 mg QW

4– 6
>7 days

Negligible – – 
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titrate until the desired level of glycaemic control is achieved. If in-
tolerance supervenes, reduce a dose level and attempt titration again 
later. If a titration step does not provide any additional benefit, return 
to the previous dosage and, if significant adverse events are experi-
enced, consider discontinuation and switching to another class of 
agent. Switching within class is rarely helpful, except when contraindi-
cations develop that can be circumvented by different pharmacokin-
etics. Appropriate monitoring, which may extend beyond glycaemic 
parameters, and reinforcement of lifestyle compliance, should be 
undertaken as required.

Many single- tablet fixed- dose combinations of two differently acting 
oral agents are available. These include combinations of metformin 
with each of a sulphonylurea, meglitinide, thiazolidinedione, DPP- 
4 inhibitor, or SGLT- 2 inhibitor. There are also fixed- dose combin-
ations of a DPP- 4 inhibitor with an SGLT- 2 inhibitor. Single- tablet 
fixed- dose combinations may be used as a convenient way to reduce 
the pill burden. Bearing in mind the progressive nature of type 2 dia-
betes, additional therapy to address deteriorating control, or switching 
therapy to accommodate emerging comorbidity, is an expected part of 
the treatment process. Rapidly advancing hyperglycaemia in patients 
with long- standing diabetes, often with unintentional weight loss, is 
generally an indication of substantial beta- cell failure, signalling the 
need for insulin replacement therapy. Reassessment of diabetes therapy 
is required when renal or liver function deteriorates, or patients experi-
ence cardiovascular events. Glucose- lowering therapy may require al-
teration during certain investigations, such as the use of contrast media, 
and during cultural and religious events during which dietary intake is 
substantially changed. Fixed- ratio combinations of a basal insulin with 
a GLP- 1 receptor agonist in the same injection are now available: these 
are titrated in the same way as insulin but the presence of the GLP- 1 
receptor agonist increases the glucose- lowering effect at a lower dose 
of insulin, off- sets the weight gain associated with insulin therapy and 
reduces the risk of serious hypoglycaemia.

Metformin

Three biguanide drugs (metformin, phenformin, buformin) were 
introduced in the late 1950s. Their origins relate to the glucose- 
lowering effect of guanidine that was identified in Galega officinalis, 
a plant used to treat diabetes in traditional herbal medicine [10]. 
Due to a high incidence of lactic acidosis, phenformin and buformin 
were withdrawn by the late 1970s. Metformin (Figure 15.5.4.3) car-
ries negligible risk of lactic acidosis, if appropriately prescribed, and 
has since become the preferred first- line agent in most guidelines 
and the most used oral glucose- lowering agent worldwide.

Actions

Metformin lowers blood glucose concentrations without risk of 
serious hypoglycaemia and without weight gain. This involves sev-
eral different actions, mostly serving to counter insulin resistance  
(Table 15.5.4.3). Some of these actions are achieved through en-
hanced insulin sensitivity, while others are independent of insulin, 
but the glucose- lowering efficacy of metformin requires the pres-
ence of at least some circulating insulin [9, 11].

Hepatic glucose output is reduced by metformin, particularly 
the suppression of gluconeogenesis, but with low potency such 
that the counterregulatory response is not impeded when glucose 
levels fall below the normal range [12]. Metformin also modestly 
enhances insulin- stimulated glucose uptake and glycogenesis by 
skeletal muscle, associated with increased deployment of glu-
cose transporter type 4 protein (GLUT4) in the cell membrane  

CH3

NH NH

CH3

N C CNH NH2

Figure 15.5.4.3 Structure of metformin (dimethyl biguanide).

Class/ agent Dose rangeb mg  
(except where stated)

Starting doseb mg  
(except where stated)

Duration of 
action hrc

Plasma protein 
bound

Metabolitesc Elimination

Liraglutide 0.6– 1.8 mg 0.6 mg od 18– >24 >98% Inactive – 

Lixisenatide 10– 20 ug 10 ug odi ~18– 24 ~55% – – 

Semaglutide 0.25– 1 mg 0.25 mg QW >7 days >99% – – 

Amylin analogue

Pramlintide j 60– 480 μg 60– 120 tds, ac 2– 4 ~50% Active – 

~ approximately; u, urine; B, bile; ac, before meals; bd, twice daily; QW, once weekly; tds, three times daily
a Availability of some agents, dose range, indications for use, exclusions, and contraindications vary between countries. Prescribers are urged to check national and local formulary 
restrictions before administering pharmacological therapies.
b All doses in mg except exenatide bd, lixisenatide and pramlintide, in μg.
c Different formulations affect pharmacokinetics, timing of doses, and duration of action. In this table metabolites are considered to be ‘active’ if they make a significant contribution 
to the overall pharmacodynamic effect of the agent.
d Slow- release formulations of metformin (XR/ SR) have a duration of action up to 24h; recommended maximum dose 2000 mg od.
e Not usually used to initiate sulphonylurea therapy.
f Some slightly active metabolites.
g Discontinued in Europe in 2010.
h Not indicated for glucose- lowering in Europe.
i Taken before the main meal of the day.
j Not available in Europe.
Many single- tablet fixed- dose combinations of two differently acting glucose- lowering agents are available. These may be used as a convenient way to reduce the pill burden. Fixed- ratio 
combinations of a basal insulin with a GLP- 1 receptor agonist in the same injection are also available. These are titrated in the same way as insulin but the presence of the GLP- 1 receptor 
agonist increases the glucose- lowering effect at a lower dose of insulin, off- sets the weight gain associated with insulin therapy and reduces the risk of serious hypoglycaemia.

table 15.5.4.2 Continued
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(Figure 15.5.4.4). Anaerobic glucose metabolism in the walls of 
the intestine is increased by the presence of high concentrations of 
metformin, probably due to suppression of respiratory chain ac-
tivity at complex 1. This increases glucose– lactate turnover, which 
may contribute to futile cycling and increased energy dissipation 
that helps to prevent weight gain.

Efficacy

The glucose- lowering efficacy of metformin has been affirmed in many 
studies, typically reducing HbA1c by 1– 2% (11– 22 mmol/ mol). The 

lack of weight gain and low risk of hypoglycaemia have contributed to 
the general preference for this agent as initial monotherapy, especially 
in patients who are overweight or more vulnerable to hypoglycaemia. 
Metformin does not stimulate insulin secretion and generally reduces 
basal insulin concentrations in hyperinsulinaemic patients. A  small 
improvement in the lipid profile is often seen and reductions in plasma 
triglyceride and free fatty acids (FFA) are not uncommon. Evidence for 
a vasoprotective effect of metformin has also contributed to its posi-
tioning as initial therapy. Use of metformin reduced the risk of myo-
cardial infarction (by 39% over 10 years) in the UKPDS independently 
of the glucose- lowering effect, and this benefit persisted during the 
post- trial follow- up for more than eight years [3] . Metformin has been 
shown to improve a range of vascular risk markers (e.g. reducing plas-
minogen activator inhibitor 1 (PAI- 1) and increasing fibrinolysis) and 
surrogate measures such as reducing carotid intima- media thickness 
and increasing vasoreactivity. Metformin does not appear to affect 
blood pressure, although a lowering of blood pressure may coincide 
with reduced body weight [12, 13].

Metformin provides additive efficacy when combined with most 
other glucose- lowering agents. When used in conjunction with 
insulin therapy, metformin can reduce insulin dose requirement, 
improve glucose profile, and reduce hypoglycaemic episodes and 
weight gain. Hence, metformin is frequently continued when pa-
tients with type 2 diabetes start insulin therapy.

cautions

The main tolerability issue with metformin is gastrointestinal symp-
toms. Diarrhoea may limit dose titration in some patients, although 
it is usually transient, reduced by temporary dose reduction and by 
taking after meals. Symptoms can also be reduced by switching to a 
slow- release formulation, but around 5– 15% of patients do not tol-
erate titration of metformin.

Since metformin is eliminated unchanged in the urine, it is im-
portant to check renal function before and at intervals during 
therapy to avoid drug accumulation, as this may predispose to 
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Figure 15.5.4.4 Main sites of action of blood glucose- lowering agents. *Pramlintide, bromocriptine, and colesevelam are not indicated for glucose- 
lowering in Europe. DPP- 4, dipeptidyl peptidase- 4; GLP- 1, glucagon- like peptide- 1; SGLT- 2, sodium/ glucose cotransporter- 2.

table 15.5.4.3 Key insulin- dependent and independent effects 
of metformin that contribute to its glucose- lowering efficacy

Insulin dependent Insulin independent

Liver ↓ Gluconeogenesis ↓ Gluconeogenesis

↑ IR- TKA ↓ Respiratory chain complex 1

↓ Glucagon action ↓ mitochondrial GPD

↑ AMPK ↑ AMPK

↓ Glycogenolysis ↓ Lipogenesis

↓ G- 6- Pase

Muscle ↑ Glucose uptake

↑ Glycogenesis

↑ Glucose oxidation

↑ IR- TKA

↑ GLUT4 translocation  
and activation

Gut ↑ Anaerobic glycolysis

↓ Respiratory chain complex 1

↑, increase; ↓, decrease; AMPK, adenosine monophosphate- activated protein kinase; IR- 
TKA, insulin receptor tyrosine kinase activity, G- 6- Pase, glucose- 6- phosphatase; GLUT4, 
glucose transporter isoform 4. GPD, glycerophosphate dehydrogenase.
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lactate accumulation [14]. The renal exclusion criteria, which vary 
slightly between countries, typically recommend reviewing the dose 
if the estimated glomerular filtration rate (eGFR) is <60  ml/ min/ 
1.73 m2, preferably limiting the dose to 1000 mg/ day if the eGFR is 
<60 ml/ min/ 1.73 m2, not initiating metformin therapy if the eGFR is 
<45 ml/ min/ 1.73 m2, and stopping metformin if the eGFR is <30 ml/ 
min/ 1.73 m2. Most cases of metformin- associated lactic acidosis are 
due to failure to respect or recognize deteriorating renal function. 
Although such cases are rare (variously estimated at 0.03– 0.09 per 
1000 patient years of treatment), 30– 50% are fatal. Treatment should 
be started immediately, usually with intravenous bicarbonate, and 
haemodialysis may be helpful to remove excess metformin.

While metformin therapy assists in the prevention of cardio-
vascular events, it is noted that metformin is contraindicated in 
conditions of hypoxaemia, which include cardiac or respiratory in-
sufficiency, septicaemia, or hypotension. Also, metformin is contra-
indicated by alcohol abuse, previous history of metabolic acidosis, 
or severe cirrhotic liver disease. Nevertheless, with suitable caution, 
metformin may benefit patients with non- alcoholic fatty liver disease 
(NAFLD). Metformin is sometimes used to treat the insulin resist-
ance in polycystic ovary syndrome, where it can assist ovulation and 
conception. Metformin has not been shown to have adverse effects 
on embryonic or fetal development, and may indeed reduce spon-
taneous abortion and the risk of maternal gestational diabetes. Since 
metformin may reduce vitamin B12 absorption, it is advised to check 
haemoglobin occasionally. Metformin should be stopped temporarily 
during use of contrast media until normal urine flow returns.

Sulphonylureas

Sulphonylureas were developed in the 1950s following an observa-
tion that sulfonamide drugs could cause hypoglycaemia. Since the 

introduction of sulphonylureas, many members of this class have 
received extensive use worldwide, and they remain the second most 
used oral glucose- lowering agent (Figure 15.5.4.5).

Actions

The glucose- lowering effect of sulphonylureas is attributed almost 
entirely to increased insulin secretion resulting from a direct action 
on the pancreatic beta- cells. Sulphonylureas bind to the so- called 
sulphonylurea receptor 1 (SUR1), which is part of a transmembrane 
protein complex with the ATP- sensitive potassium (KATP) channel 
[15]. Binding of a sulphonylurea to SUR1 closes the KATP channel. 
This prevents K+ efflux, depolarizes the membrane, and opens ad-
jacent voltage- dependent L- type calcium channels. The resulting 
increase in cytosolic calcium activates calcium- dependent signal-
ling proteins that regulate the secretion of insulin from pre- formed 
granules (Figure 15.5.4.6).

Sulphonylureas initiate insulin secretion independently of 
the glucose concentration. Hence, sulphonylureas can increase in-
sulin secretion at all times, including periods when glucose con-
centrations are low. They therefore predispose to hypoglycaemia. 
Sulphonylureas may produce a small decrease of glucagon secre-
tion, and there have been reports of minor glucose- lowering activity 
that is independent of effects on the pancreas.

Efficacy

The variety of sulphonylureas (see Table 15.5.4.2) with different 
pharmacokinetic properties enables choice for the onset and dur-
ation of action, as well as the mode of metabolism and elimin-
ation [16,  17]. Typically, sulphonylureas reduce HbA1c by 1– 2% 
(11– 22  mmol/ mol) although desensitization may occur along 
with disease progression to reduce efficacy during prolonged  
use. Sulphonylureas are effective as monotherapy, and in com-
bination with most other glucose- lowering agents (excepting 

Figure 15.5.4.5 Structures of sulphonylureas and meglitinides.
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meglitinides, and there is little gain when used in combination 
with a DPP- 4 inhibitor). While there is residual beta- cell function, 
sulphonylureas can also usefully supplement insulin treatment in 
type 2 diabetes. By increasing the portal delivery of endogenous in-
sulin, sulphonylureas help to reduce hepatic glucose output, espe-
cially during meals: this complements the predominantly peripheral 
effect of subcutaneously administered insulin. Sulphonylureas have 
not significantly affected lipids or blood pressure in most studies.

cautions

Sulphonylureas are prone to cause weight gain, usually 1– 4 kg that 
stabilizes by about 6 months [16, 17]. This is probably due to the 
anabolic effect of extra insulin and the reduced loss of glucose in the 
urine. Tolerability is generally good and facilitated by the choice of 
sulphonylureas available.

Hypoglycaemia is the main serious adverse event associated with 
sulphonylurea therapy, requiring vigilant glucose monitoring by pa-
tients who drive and especial consideration of vulnerability in the 
elderly and frail. It is important to start with a low dose and titrate in 
concert with blood glucose monitoring, harmonizing drug therapy 
with other aspects of lifestyle. It is also necessary to educate patients 
to recognize and respond to early warning symptoms of hypogly-
caemia, and to prevent hypoglycaemia wherever possible. One or 
more episodes of hypoglycaemia are likely to occur in up to 20% 
of sulphonylurea- treated patients annually, although severe episodes 
occur in only about 1% of patients and the mortality risk has been re-
ported at 0.014– 0.033 per 1000 patient years. Severe sulphonylurea- 
associated hypoglycaemia may initially require intravenous glucose, 
and glucose supplementation should be continued with appropriate 
monitoring for more than 24 hours to prevent a recurrence, which 
can occur if longer- acting or more slowly metabolized agents are in-
volved. Treatment of hypoglycaemia with glucagon is discouraged in 
type 2 diabetes patients, as this is itself an insulin secretagogue.

Meglitinides

Meglitinides are short- acting (prandial) insulin releasers developed 
after the observation that the benzamido compound meglitinide, 
which is a component of some sulphonylurea molecules, can stimu-
late insulin secretion. Two meglitinide agents (repaglinide and 
nateglinide) were introduced in the late 1990s/ early 2000s (see 
Figure 15.5.4.5).

Actions

Meglitinides bind with the benzamido site on the beta- cell SUR1 re-
ceptor [15], setting in motion the same sequence of events described 
for stimulation of insulin secretion by sulphonylureas (see Figure 
15.5.4.6). The main differences are pharmacokinetic: meglitinides 
are rapidly absorbed, rapidly acting, but with a shorter duration of 
action than sulphonylureas, making them suitable for administra-
tion to coincide with the period of meal digestion.

Efficacy

The main application of meglitinides is to increase prandial in-
sulin secretion to coincide with demand and reduce postpran-
dial glucose excursions [18]. There is typically a carry- over effect 
to reduce basal glycaemia, but the reduction in HbA1c is usually 
slightly less than with sulphonylureas. Meglitinides are appro-
priate for individuals with irregular lifestyles with unpredictable or 
missed meals. Meglitinides are conveniently used with metformin 
or a thiazolidinedione, and to supplement insulin therapy in type 
2 diabetes.

cautions

Although meglitinides can precipitate hypoglycaemia, such epi-
sodes are fewer and less severe than with sulphonylureas. Weight 
gain is generally less than with sulphonylureas, although there is 
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little noticeable effect when switching between a sulphonylurea and 
meglitinide, or when combined with metformin. A drug interaction 
between repaglinide and gemfibrozil should be noted. Also multiple 
daily dosing means that meglitinides are not a practical option for 
many patients.

GLP- 1 Receptor Agonists

GLP- 1 receptor agonists enhance the incretin effect which is the 
extra insulin response to nutrients generated during meal diges-
tion beyond that caused by the increase in circulating nutrients 
alone. The incretin effect is produced by the hormone GLP- 1 and 
other endocrine (e.g. glucose- dependent insulinotropic polypep-
tide; GIP) and neural pathways from the intestinal tract [19]. The 
incretin effect is reduced in type 2 diabetes, but the capacity of 
GLP- 1 to potentiate nutrient- induced insulin secretion (and sup-
press excess glucagon secretion) is largely retained, hence the 
therapeutic application of GLP- 1 to improve glycaemic control in 
type 2 diabetes. However, GLP- 1 is rapidly degraded in the circu-
lation (half- life, <2 minutes) by the enzyme DPP- 4 which breaks 
peptides with an Ala or Pro residue at position N2 (GLP- 1 has 
an Ala residue in this position). Accordingly, several analogues 
and formulations of GLP- 1 have been developed to avoid or re-
duce degradation by DPP- 4 in order to sustain the incretin effect 
(Figure 15.5.4.7).

Exenatide, introduced in 2005, was the first GLP- 1 receptor 
agonist. It is synthetic exendin- 4, a peptide identified in the saliva 
of the Gila monster lizard Heloderma suspectum. Exenatide has 53% 
homology with human GLP- 1, and lixisenatide is an analogue of 
exendin. Other GLP- 1 receptor agonists have a much closer struc-
ture to human GLP- 1 with only one to three amino acid residues 
altered (notably alterations in the N2 position) and/ or a fatty acid 
side chain added for attachment to albumin: these are designed to 
prevent degradation by DPP- 4 and enable formulations with dif-
ferent durations of action.

Actions

GLP- 1 is secreted by L cells located throughout the intestine but 
mostly in the ileum and colon. GLP- 1 interacts with G- protein- 
coupled receptors on the pancreatic beta- cells, potentiating distal 
steps in the nutrient- induced insulin secretion pathway as well 
as activating protein kinase A  to promote insulin biosynthesis  
(Figure 15.5.4.6). Additionally, GLP- 1 interacts with receptors in 
the portal system to trigger neural reflexes that affect other pan-
creatic, gastrointestinal, and metabolic functions. These include the 
suppression of excess glucagon secretion by pancreatic alpha- cells, 
as well as slowing gastric emptying, and augmenting meal- induced 
satiety. GLP- 1 can increase pancreatic beta- cell mass in animal 
models, but an effect on beta- cell mass in human type 2 diabetes 
has yet to be confirmed, although the durable efficacy of GLP- 1 re-
ceptor agonists has been encouraging. Many further physiological 
effects of GLP- 1 have been reported which impact cardiovascular, 
renal, neural and inflammatory activity [19– 21].

The pharmacokinetic properties of the various GLP- 1 receptor 
agonists include preparations with different affinities for the GLP- 
1 receptor and different durations of action which afford different 
administration schedules (Table 15.5.4.4). As all GLP- 1 receptor 
agonists bind to the GLP- 1 receptors to produce the glucose- 
lowering effect, it is likely that each will exert additional GLP- 1 
receptor- mediated effects.

Efficacy

GLP- 1 receptor agonists typically reduce HbA1c by 1– 2% 
(11– 22  mmol/ mol), associated with substantial reductions (by 
~4  mmol/ l or 72  mg/ dl) in postprandial glycaemia. Durability of 
the glucose- lowering effect has been observed over several years, 
mostly as add- on to metformin. Adding a GLP- 1 receptor agonist 
to other oral glucose- lowering agents as dual or triple therapy is 
similarly effective provided there is adequate residual beta- cell cap-
acity. Use of a GLP- 1 receptor agonist is usually associated with a 
reduction in body weight of about 3 kg over 6– 12 months. However 
there is considerable heterogeneity in the glucose- lowering and 

Figure 15.5.4.7 Structures of the incretin hormone GLP- 1 (glucagon- like peptide- 1) and the GLP- 1 receptor agonists exenatide, liraglutide, 
lixisenatide, dulaglutide, and semaglutide. Dulaglutide comprises two GLP- 1 analogue molecules covalently linked to a modified human 
immunoglobulin G4 (IgG4) heavy chain fragment (Fc) by a small peptide linker. 
 [Semaglutide is additionally available as an oral formulation.] X, alpha- aminoisobutyric acid. Note that the N2 position of the biologically active GLP- 1 peptides 7– 37 and 7– 
36 amide is the same as the N8 position of the fully translated sequence. 
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weight- lowering efficacy of individual agents and in the responsive-
ness of individuals. There is also debate regarding the effectiveness 
of twice- daily versus once- daily versus once- weekly administration, 
but head- to- head studies have reported generally similar effects 
over 6– 12 months [9] . For reasons unknown, a minority of individ-
uals do not respond to GLP- 1 receptor agonists, even when there is 
evident beta- cell capacity remaining. GLP- 1 receptor agonists can 
be used effectively in combination with basal (long- acting) insulin, 
and there are fixed- ratio combinations of a GLP- 1 receptor agonist 
with a basal insulin in the same subcutaneous injection which can 
be titrated in the same way as insulin alone. A fixed- ratio combin-
ation of liraglutide with insulin degludec (IDegLira) confers greater 
blood glucose- lowering at a lower dose of insulin and with less 
weight gain and no increased risk of hypoglycaemia compared with 
degludec alone. A fixed- ratio combination of lixisenatide with in-
sulin glargine offers similar efficacy.

Most studies with GLP- 1 receptor agonists have noted a small re-
duction of systolic blood pressure, although there is often a small 
increase in heart rate. Large prospective outcome studies have re-
ported either no significant changes or beneficial reductions in a 
composite of major adverse cardiac events (CV- related deaths, non- 
fatal MI and stroke) during use of a GLP- 1 receptor agonist [22]. 
Accordingly, some guidelines have offered recommendations for 
the use of particular GLP- 1 receptor agonists in patients with car-
diovascular diseases or at high risk of cardiovascular disease [4]. 
Lower rates of development and progression of albuminuria have 
also been noted in some long- term studies with GLP- 1 receptor 
agonists.

cautions

A limiting factor for the use of GLP- 1 receptor agonists is ini-
tial nausea, presumed to reflect a reduced rate of gastric emptying 
which may affect the absorption of concomitant oral medications. 
The nausea is usually transient and ameliorated by introducing 
therapy at a low dose for several weeks. Administration to patients 
with severe gastrointestinal disease, including gastroparesis, 
should be avoided. GLP- 1 receptor agonists carry little risk of 

severe hypoglycaemia when used as monotherapy or combination 
with agents that do not raise insulin concentrations, but the risk 
of hypoglycaemia should be appreciated when used in combin-
ation with insulin and insulin- releasing agents. Dose reduction 
or avoidance should be considered in patients with moderate 
to severe renal disease, although liraglutide, semaglutide, and 
dulaglutide can be used in renal patients (except end- stage renal 
disease) without dose adjustment. It is advised to discontinue 
these agents in pregnancy. Although some patients develop anti-
bodies to exenatide, these do not usually have a noticeable effect 
on efficacy, and reactions at the injection site are seldom problem-
atic. A possible increased risk of pancreatitis in patients receiving 
GLP- 1 receptor agonists remains unclear, but it is advised that 
these agents are discontinued if pancreatitis is suspected or diag-
nosed. Caution is also suggested in patients with thyroid disease.

DPP- 4 Inhibitors

Several dipeptidyl peptidase- 4 (DPP- 4) inhibitors (also terms 
gliptins) have become available since 2007, namely sitagliptin, 
vildagliptin, saxagliptin, linagliptin and alogliptin which are taken 
once daily (or twice- daily for vildagliptin) (Figure 15.5.4.8). In 
Japan there are long- acting once weekly DPP- 4 inhibitors (e.g. 
omarigliptin and trelagliptin). DPP- 4 inhibitors act by increasing 
the endogenous incretin effect.

Actions

Each of the DPP- 4 inhibitors produces almost complete inhib-
ition of DPP- 4 activity for 12– 18 hours, and >80% inhibition for 
the remainder of a 24h period. This slows the proteolytic degrad-
ation of the two main incretin hormones GLP- 1 and GIP. The rise 
in active GLP- 1 concentrations is about 2– 3- fold compared with 
>10 fold increased concentration after administration of a GLP- 
1 receptor agonist. Thus, DPP- 4 inhibitors exert similar effects to 
GLP- 1 receptor agonists but to a lesser extent. Adequate residual 
beta- cell capacity is required for DPP- 4 inhibitors to potentiate 

table 15.5.4.4 Characteristics of GLP- 1 receptor agonists

Drug Brand Structure (sequence 
homology)

IC50 (nM) Dose Admin Cmax Tmax Half- life

Exenatide
twice daily

Byetta Exendin- 4 (53%) 0.55 5 µg, 10 µg BD ~160– 250 pg/ ml 2– 3 h ~3.5 h

Liraglutide
once daily

Victoza GLP- 1 (97%) 0.11 0.6 mg, 1.2 mg, 
1.8 mg

OD ~34 nmol/ L
(1.8 mg dose)

10– 14 h 11.6– 13 h

Exenatide QW 
once weekly

Bydureon Exendin- 4 (53%) 0.55 2 mg QW Steady state
~300 pg/ ml

2– 6 weeks at 
steady state

Unspecified

Lixisenatide
once daily

Lyxumia Exendin- 4 plus extra 
Lys residues

1.4 20 µg OD ~190 1.2– 2.5 h 2– 4 h

Dulaglutide
once weekly

Trulicity GLP- 1 (91%) ? 0.75 mg, 1.5 mg QW 114 ng/ ml
(1.5 mg dose)

2– 4 weeks at 
steady state

~4.7 days

Semaglutide
once weekly

Ozempic GLP- 1 (94%) ? 0.5 mg, 1.0 mg QW ~30 nmol/ L
(1.0 mg dose)

1– 3 days ~6.2 days

Admin, administration; BD, twice daily; Cmax, peak serum concentration; GLP- 1, glucagon- like peptide- 1; GLP- 1RA, GLP- 1 receptor agonist; OD, once daily; QW, once weekly; Tmax, 
time to peak serum concentration. 
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nutrient- induced insulin release and they may also reduce excess 
glucagon, although GIP tends to raise glucagon which diminishes 
the glucagon- lowering effect of GLP- 1. Neural and gastrointestinal 
effects of DPP- 4 inhibitors are also less marked than with GLP- 1 
receptor agonists [19, 23, 24].

Efficacy

As monotherapy, DPP- 4 inhibitors reduce postprandial glucose 
concentrations (by about 3 mmol/ l or 54 mg/ dl) and basal glycaemia 
(by about 1– 1.5 mmol/ l or 18– 27 mg/ dl). This typically achieves a 
reduction in HbA1c of 0.7– 1% (8– 11 mmol/ mol). Because the in-
crease in insulin secretion is glucose dependent, the release of extra 
insulin does not occur when glucose levels fall to normal basal 
values, thereby reducing the risk of interprandial hypoglycaemia. 
DPP- 4 inhibitors do not cause weight gain and they may assist a 
small amount of weight loss:  they seldom reduce the rate of gas-
tric emptying to a clinically significant extent (so nausea is not a 
problem), and they do not produce a clinically demonstrable sa-
tiety effect. DPP- 4 inhibitors can give added efficacy when used in 
combination with agents that improve insulin sensitivity and with 
SGLT- 2 inhibitors. They are approved for use with other glucose- 
lowering agents such as sulphonylureas, meglitinides, GLP- 1 re-
ceptor agonists, and insulin, although the extra effects are generally 
modest with these combinations.

Although DPP- 4 inhibitors might theoretically slow the degrad-
ation of some vaso- active peptides, large prospective trials with 
saxagliptin, alogliptin and sitagliptin have confirmed the cardio-
vascular safety of these agents in type 2 diabetes patients who are 
at high cardiovascular risk. However these trials did not identify 
cardiovascular benefits, and a small increase in heart failure hospi-
talization was noted with saxagliptin. Use in renal disease requires 
dose reduction of DPP- 4 inhibitors except linagliptin which is elim-
inated mostly via the bile. A reduction in some markers of kidney 
function suggests a possible slower progression of diabetic renal 
disease with some DPP- 4 inhibitors [23].

cautions

DPP- 4 inhibitors have shown a commendable safety profile: several 
large studies have indicated a small increased risk of pancreatitis, 

and DPP- 4 inhibitors should be discontinued if pancreatitis is sus-
pected or diagnosed. The DPP- 4 enzyme is also the CD26 T- cell ac-
tivator, but inhibition of the dipeptidase activity does not interfere 
with the immune function of the molecule, and DPP- 4 inhibitors 
have not been reported to exert any immunological effects.

Sodium/ Glucose transporter- 2 Inhibitors

Sodium/ glucose transporter- 2 (SGLT- 2) inhibitors were introduced 
in 2013: they lower blood glucose by increased elimination of glu-
cose in the urine (glucosuria). The development of SGLT- 2 inhibi-
tors arose from the glucosuric effect of phlorizin, a natural phenolic 
glycoside isolated from apple tree bark [25]. Current members of the 
class in Europe and North America are canagliflozin, dapagliflozin, 
empagliflozin and ertugliflozin (Figure 15.5.4.9). Further SGLT- 2 
inhibitors (ipragliflozin, luseogliflozin, and tofogliflozin) are avail-
able in Japan. A dual SGLT- 1/ SGLT- 2 inhibitor (sotagliflozin) is ad-
vanced in development.

Actions

SGLT- 2 in the first segment of renal proximal tubules is re-
sponsible for reabsorption of most of the glucose filtered by the 
kidney. SGLT- 1 in the third segment of renal proximal tubules 
also contributes to glucose reabsorption, and SGLT- 1 in the 
brush border of enterocytes is responsible for the intestinal ab-
sorption of glucose (Figure 15.5.4.10). Competitive inhibition of 
SGLT- 2 reduces the renal threshold for glucose, and in individ-
uals with substantial hyperglycaemia (e.g. blood glucose concen-
trations >10 mmol/ L) SGLT- 2 inhibitors can eliminate 80– 100 g 
of glucose/ day into the urine. Depending on its specificity and 
kinetics an SGLT- 2 inhibitor may slightly reduce the activity of 
renal SGLT- 1 transporters. The glucosuric effect is self- limiting 
such that at low glucose concentrations entering the renal filtrate 
(e.g. <4  mmol/ l), ‘unblocked’ transporters can reabsorb most 
of the glucose. Also SGLT- 2 inhibitors do not compromise the 
counterregulatory mechanism, making the risk of hypoglycaemia 
unlikely when these agents are used alone or in combination with 

Figure 15.5.4.8 Structures of the dipeptidyl peptidase- 4 (DPP- 4) inhibitors sitagliptin, vildagliptin, saxagliptin, linagliptin, and alogliptin.
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other low risk agents. The effects of SGLT- 2 inhibitors are inde-
pendent of insulin: hence their efficacy is not affected by the ex-
tent of insulin resistance or insulinopenia, but it is appreciated 
that sufficient insulin must be present to address the underlying 
endocrine pathogenesis. The caloric loss associated with the 
glucosuria assists weight reduction, and the mild osmotic diuresis 
generated by the glucosuria is likely to contribute to a reduction 
of systolic blood pressure with SGLT- 2 inhibitors. Lowering of 
blood glucose with reduced glucotoxicity during use of an SGLT- 
2 inhibitor can improve insulin sensitivity and glucose sensitivity 

of pancreatic beta- cells, assisting the extent and durability of the 
glucose- lowering effect. The unique mode of action of SGLT- 2 in-
hibitors enables their use in combination with any other class of 
glucose- lowering agent.

The inhibition of SGLT- 2 in the proximal tubules is anticipated 
to allow more sodium into the loop of Henle and to deliver more 
sodium to the macula densa. Through the tubular- glomerular 
feedback mechanism this would constrict the afferent glomerular 
arterioles, reducing intraglomerular pressure and reducing the 
risk of hyperfiltration. This could account for emerging evidence 
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Figure 15.5.4.9 Structures of the SGLT- 2 inhibitors canagliflozin, dapagliflozin, empagliflozin, and ertugliflozin.

Figure 15.5.4.10 SGLT- 2 inhibitors act mainly by competitive inhibition of SGLT- 2 transporters in the renal proximal tubules and possibly by slight 
inhibition of renal SGLT- 1 transporters. SGLT- 2 transporters are low- affinity, high- capacity glucose transporters that normally reabsorb most of the 
filtered glucose.
Reproduced with permission from Bailey CJ, Day C. Br J Diabetes Vasc Dis 2010; 10 193– 9.
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that SGLT- 2 inhibitors exert a renoprotective effect in diabetes by 
slowing the rate of long- term decline in glomerular filtration and 
slowing the onset and progression of albuminuria.

Efficacy

The prompt glucosuric effect of SGLT- 2 inhibitors causes a rapid re-
duction of blood glucose that is approximately proportional to the 
extent of hyperglycaemia provided there is an adequate glomerular 
filtration rate (GFR). Reductions in HbA1c are similar whether 
an SGLT- 2 inhibitor is used as monotherapy or add- on to any 
other glucose- lowering agent(s) as a double or triple combination 
including insulin. From a baseline HbA1c of around 8% (64 mmol/ 
mol) the reduction in HbA1c is typically ~0.7– 1.0% (8– 11 mmol/ 
mol) and durability has been observed over several years provided 
kidney function is maintained [9, 25– 27]. Risk of hypoglycaemia is 
negligible unless used with an agent that increases circulating in-
sulin. Body weight reductions with SGLT- 2 inhibitors are usually 
in the order of 2– 3 kg after 6– 12 months, which is less than might 
be predicted in the long term from the amount of glucosuria. This 
is possibly due to an increase in metabolic efficiency and to a com-
pensatory increase in feeding. In ‘real world’ observational studies 
the reductions in HbA1c have been similar to the prospective con-
trolled trials, although the weight reductions have generally been 
>3 kg. Reduction in systolic blood pressure are typically 2– 5 mmHg 
and there are reductions in uric acid.

Cardiovascular outcome trials to- date have noted a reduced 
composite of major adverse cardiac events (CV- related deaths, 
non- fatal MI, and stroke) and consistent demonstration of fewer 
hospitalizations for heart failure during use of SGLT- 2 inhibitors. 
The rapid emergence of these effects suggests that they are unlikely 
to reflect weight loss or reduced atherogenesis and may be due in 
part to reduced plasma volume and blood pressure. It is also pos-
sible that SGLT- 2 inhibitors can act directly on the myocardium 
to improve energy metabolism and reduce activity of the Na+/ H+ 
exchanger.

cautions

Though labels vary between region and compounds it is generally 
recommended that SGLT- 2 inhibitors should not be initiated in pa-
tients with eGFR <60 ml/ min/ 1.73 m2, although patients who are 
already receiving and tolerating an SGLT- 2 inhibitor can be con-
tinued down to an eGFR of 45 ml/ min/ 1.73 m2. An initial drop in 
glomerular filtration often occurs after introduction of an SGLT- 
2 inhibitor, but this will usually return to pretreatment levels by 

3– 6  months. Indeed trials have consistently shown reductions in 
a renal composite end point with SGLT- 2  inhibitors [28– 30]. The 
main tolerability concern with SGLT- 2 inhibitors is genital infec-
tion, particularly women with a history of these infections, and 
there is a small increased risk of urinary tract infections. Potential 
for volume depletion, dehydration, and hypotension should be ap-
preciated and patients are usefully reminded to ensure that fluid 
intake is adequate, especially in hot climates. Those who regularly 
self- monitor blood glucose, particularly if insulin- treated, may 
equate a decrease in blood glucose with a lesser need for other 
glucose- lowering therapies. Any reduction of insulin should be 
cautious to avoid underinsulinization which can lead to increased 
lipolysis, increased ketone production, and risk of an atypical form 
of ketoacidosis that presents without severe hyperglycaemia and 
sometimes with euglycaemia. Slightly increased risks of fractures 
and possibly of amputation in individuals with severe peripheral 
vascular disease have not been excluded.

thiazolidinediones

TZDs were introduced at the turn of the century. Of three ori-
ginal class members (troglitazone, rosiglitazone and pioglitazone), 
troglitazone was withdrawn globally due to idiosyncratic hepato-
toxicity, and rosiglitazone was withdrawn in Europe and given 
restricted use in some countries due to reports of increased cardio-
vascular risk. Pioglitazone remains in use in most countries but was 
withdrawn in some European countries due to reports of a possible 
association with bladder cancer (Figure 15.5.4.11) [9] .

Actions

TZDs produce most of their antidiabetic activity by activation of 
a nuclear receptor, peroxisome proliferator- activated receptor- 
gamma (PPARγ  ). This receptor forms a heterodimeric complex 
with the retinoid X receptor (RXR), and, when a TZD and retinoic 
acid are bound to the complex, repressors are shed and coactivators 
recruited [31]. The activated receptor locates a nucleotide sequence 
termed the ‘peroxisome proliferator response element’ within the 
promoter regions of a range of genes. Many of these genes are in-
sulin sensitive, and others promote complementary effects on glu-
cose and lipid metabolism that improve insulin sensitivity. PPARγ  
is highly expressed in adipose tissue, and modestly expressed in 
other key tissues involved in nutrient homeostasis. Stimulation 
of PPARγ   promotes adipogenesis through the differentiation of 
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preadipocytes into new, small, insulin- sensitive adipocytes, mainly 
in subcutaneous adipose depots (Figure 15.5.4.12). These take up 
fatty acids, decrease circulating fatty acid concentrations and rebal-
ance the glucose- fatty acid Randle cycle to favour glucose utiliza-
tion, reducing fatty acid availability as an energy source for hepatic 
gluconeogenesis. TZDs also reduce the accumulation of lipids in 
muscle and liver, and increase glucose uptake into skeletal muscle 
and adipose tissue through increased availability of GLUT4.

Additional and diverse (‘pleiotropic’) effects of TZDs include re-
duced production of several pro- inflammatory cytokines by adi-
pose tissue, notably tumour necrosis factor- alpha (TNFα ). TZDs 
also increase adiponectin production, improve vasoreactivity, and 
tend to reduce blood pressure, with beneficial effects on a range of 
cardiovascular risk factors and markers.

Efficacy

TZDs exert a slowly generated glucose- lowering effect, typically 
decreasing HbA1c by ~1% (11 mmol/ mol). This generally requires 
2– 4  months to achieve full efficacy, reflecting the predominantly 
genomic mechanism of action: hence dose titration may be a pro-
longed process [32,  33]. However, durability of action has been 
longer than with sulfonylureas. TZDs do not stimulate insulin se-
cretion, and they do not cause hypoglycaemia. They can be used as 
monotherapy, or in combination with most other types of glucose- 
lowering agents. Pioglitazone exerts some PPARα agonism and 
generally reduces triglycerides and often increases HDL. It also 
increases the proportion of larger and more buoyant (less athero-
genic) LDL particles, and long- term trials have noted a reduction in 
risk of MI and recurrence of stroke.

cautions

Use of TZDs is typically associated with weight gain, often more 
than with sulphonylureas. This is mainly an increase in subcuta-
neous adipose tissue, but rapid and marked weight gain may be 
due to fluid retention, and development of oedema after initiation 

of TZD therapy is usually accompanied by a modest dilutional re-
duction in the circulating haemoglobin. Although TZDs reduce 
several markers of cardiovascular disease, they are contraindi-
cated in individuals with manifest cardiovascular disease. TZDs 
carry a risk of increased heart failure and their use is contraindi-
cated by New  York Heart Association I- IV (Europe) or III- IV 
(USA). Impaired liver function is also a contraindication, although 
pioglitazone has been used cautiously to reduce hepatic triglycer-
ides in NAFLD. Improved insulin sensitivity with TZDs can restore 
ovulation in polycystic ovary syndrome (PCOS), but TZDs should 
be discontinued in pregnancy. Risk of bone fracture is increased 
with a TZD, especially in postmenopausal women, and individ-
uals with low bone density or osteoporotic disease are not recom-
mended for a TZD. Pioglitazone is not recommended in patients 
with current or previous bladder cancer, pending ongoing debate 
over a possible link.

α- Glucosidase Inhibitors

Following evidence that metabolites from cultures of actinomy-
cete fungi could inhibit cell surface glucosidase enzymes, specific 
AGIs were developed as glucose- lowering drugs. The first, acarbose, 
was introduced in the early 1990s, followed by miglitol. Another, 
voglibose, is available in some countries (Figure 15.5.4.13).

Actions

AGIs bind to α- glucosidase enzymes with high affinity, acting com-
petitively to prevent the binding and cleavage of disaccharides and 
oligosaccharides into monosaccharides [34]. This impedes the final 
step of carbohydrate digestion. AGIs do not specifically affect the 
glucose absorption process, but the delay in carbohydrate diges-
tion can defer and slow the appearance of glucose in the circula-
tion, significantly reducing the postprandial glycaemic excursion 
when there is substantial complex carbohydrate in the diet. The 
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activity profiles of acarbose and miglitol vary slightly: acarbose has 
a greater affinity for glucoamylase than sucrase, whereas miglitol 
has a stronger inhibitory effect on sucrase.

Efficacy

AGIs act mainly to reduce postprandial hyperglycaemia, and 
their effects are generally modest, reducing HbA1c by about 0.5% 
(5  mmol/ mol), although this can be greater in individuals con-
suming mainly a carbohydrate- rich diet. Usefully, an AGI can be 
added in to any other therapy, and this is not usually associated 
with risk of hypoglycaemia. Indeed, by extending the duration of 
meal digestion, AGIs can reduce the risk of interprandial hypo-
glycaemia in individuals receiving insulin or an insulin secretion 
initiator. Also, AGIs do not cause weight gain, and some individ-
uals may show a reduced postprandial triglyceride profile. It has 
been suggested that, by extending carbohydrate digestion to more 
distal regions of the intestine, AGIs might increase GLP- 1 secretion. 
However, postprandial insulin concentrations are commonly re-
duced by an AGI, commensurate with the lowering of postprandial 
glycaemia. There have been reports of fewer cardiovascular events 
in patients receiving an AGI, but a large long- term prospective trial 
in people with impaired glucose tolerance found no significant ef-
fect on major adverse cardiovascular events [35].

cautions

AGIs are prone to cause some carbohydrate malabsorption. 
Undigested carbohydrate passing into the large bowel is fermented 

and can create considerable flatulence. Thus, AGIs should be given 
with appropriate meals and titrated slowly to minimize this effect. 
AGIs are contraindicated in individuals with gastrointestinal condi-
tions: caution is needed with any agents affecting gut motility, and 
liver function should be checked in individuals receiving a high 
dose of acarbose, since increased alanine transaminase levels have 
been noted very occasionally.

Pramlintide

Amylin (islet amyloid polypeptide, IAPP) is synthesized and 
cosecreted with insulin from the pancreatic beta- cells. Precipitates 
of IAPP within the islets in type 2 diabetes have been ascribed a 
pathogenic role in beta- cell demise, although the extent of involve-
ment remains uncertain. Amylin exerts central effects that inde-
pendently affect nutrient metabolism: to retain these effects without 
detrimental effects on the islets, a non- precipitating amylin ana-
logue (pramlintide) was developed and introduced in the USA in 
2005, but is not available in Europe [36].

Actions

Pramlintide (Figure 15.5.4.14) acts centrally to complement the 
effects of insulin in the control of postprandial glucose homeo-
stasis. It acts predominantly via the area postrema in the brain stem, 
which communicates with the hypothalamus and activates neural 
pathways to suppress glucagon secretion by pancreatic alpha- cells. 
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By reducing glucagon, pramlintide reduces hepatic glucose output. 
Additionally, via a central route, pramlintide decreases the rate of 
gastric emptying and reduces the secretion of gastric juice, which 
slows the rate of digestion with resultant slowing of nutrient absorp-
tion. Pramlintide also acts centrally to reduce food intake, which 
may, in the long term, assist weight control.

Efficacy

Pramlintide is typically used to reduce the insulin dose and pre-
vent weight gain associated with higher doses of insulin, while 
improving glycaemic control. It is injected before meals in patients 
with type 1 or type 2 diabetes who are already receiving insulin 
therapy, and has been shown to improve the glycaemic profile 
with reductions in HbA1c of about 0.3– 0.6% (3– 7  mmol/ mol) 
and reductions in body weight of 1– 2  kg. Since these effects of 
pramlintide are usually achieved with a reduction in the insulin 
dose, it is generally advised to reduce the pre- meal short- acting 
insulin dose by about half when initiating pramlintide therapy, to 
avoid risk of hypoglycaemia. The pH difference between insulin 
and pramlintide precludes the combination of these agents in the 
same syringe.

cautions

The most common side effect of pramlintide is nausea, which is 
usually transient and minimized by gradual dose titration. Since 
pramlintide is used with insulin, it increases the risk of hypogly-
caemia unless appropriately titrated in conjunction with suit-
able meals and a reduced insulin dose. A drawback to the use of 
pramlintide is the need for an injection before each main meal, 
which is additional to the injection required for insulin therapy. 
Antibodies to pramlintide have been detected in some patients, but 
this does not appear to have interfered with efficacy.

Bromocriptine

Bromocriptine received an indication for glucose- lowering in the 
USA in 2009 but is not indicated for this purpose in Europe. Its 
antihyperglycaemic potential had been appreciated through studies 
decades earlier, and through experience during use in the treatment 
of Parkinsonism and pituitary tumours.

Actions

Bromocriptine is a dopamine D2 receptor agonist that lowers glu-
cose concentrations without stimulating insulin secretion [37]. 
Taken in a low dose early in the morning it appears to assist the 
normal diurnal periodicity of glucoregulation, acting centrally to 
stimulate neural pathways that reduce hepatic glucose output.

Efficacy

Low- dose bromocriptine reduces HbA1c by about 0.5– 0.6% (5– 
7  mmol/ mol). It can be used as monotherapy or in combination 

with other oral agents, is unlikely to cause severe hypoglycaemia 
and is not associated with weight gain.

cautions

Experience with bromocriptine during use for other indications 
suggests that risk of respiratory and pericardial fibrosis, hypoten-
sion, and exacerbation of psychotic disorders should be borne in 
mind, and appropriate monitoring should be undertaken. Also, 
interactions can occur with dopamine antagonist therapy, drugs 
that are highly protein bound, and other drugs that are metabol-
ized by or induce the P450 isoform CYP3A4 (cytochrome P450, 
family 3, subfamily A, polypeptide 4). Use in pregnancy is not 
recommended.

colesevelam

The bile acid sequestrant colesevelam, used in the treatment of 
dyslipidaemia, received an indication for glucose- lowering in the 
USA in 2008, but is not indicated for this purpose in Europe.

Actions

Colesevelam is a non- absorbed allylamine polymer. Its glucose- 
lowering mechanism is unclear, but by transferring bile acids distally 
along the intestine colesevelam may facilitate bile acid stimulation 
of GLP- 1 secretion by L cells. Also, by reducing bile acid recircu-
lation to the liver, colesevelam might decrease gluconeogenesis by 
preventing activation of hepatic farnesoid receptors.

Efficacy

In trials, colesevelam reduced HbA1c by about 0.3– 0.5% as add- 
on to metformin, sulphonylurea, or insulin, without changing body 
weight or increasing the risk of hypoglycaemia [38].

cautions

Colesevelam should be taken with plenty of water, and avoided in 
patients with gastrointestinal motility disorders. Use is associated 
with risk of increased triglyceride concentrations, possible de-
creased absorption of fat- soluble vitamins and delayed absorption 
of other medications.

conclusions

Managing the progressive and variable natural history of type 
2 diabetes with its emergent complications and comorbidities 
continues to present a formidable therapeutic challenge. Diet 
and other lifestyle measures are fundamental throughout, sup-
plemented with a series of oral and injectable glucose- lowering 
agents, as appropriate, eventually requiring insulin in many pa-
tients. Individualization and flexibility of therapy to suit the par-
ticular needs and circumstances of the patient are important to the 

Figure 15.5.4.14 Structures of amylin (islet amyloid polypeptide, IAPP) and pramlintide.
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management process, and must be complemented with adequate 
education and empowerment.

REFEREncES
 1. Ray KK, Seshasar SRK, Wijesuriya S, et al. Effect of intensive 

control of glucose on cardiovascular outcomes and death in pa-
tients with diabetes mellitus: a meta- analysis of randomised con-
trolled trials. Lancet, 2009; 373: 1765– 72.

 2. Stratton UM, Adler AI, Neil AW, et al. Association of glycaemia 
with macrovascular and microvascular complications of type 
2 diabetes (UKPDS 35): prospective observational study. BMJ, 
2000; 321: 405– 12.

 3. Holman RR, Paul SK, Bethel MA, Matthews DR, Neil HA. 10- 
year follow- up of intensive glucose control in type 2 diabetes. N 
Engl J Med, 2008; 359: 1577– 89.

 4. Buse JB, Wexler DJ, Tsapas A, et al. 2019 update to: management 
of hyperglycaemia in type 2 diabetes, 2018. A consensus report 
by the American Diabetes Association (ADA) and the European 
Association for the Study of Diabetes (EASD).  Diabetologia, 
2020; 63: 221-8.

 5. Garber AJ, Abrahamson MJ, Barzilay JI, et al. Consensus state-
ment by the American Association of Clinical Endocrinologists 
and American College of Endocrinology on the comprehensive 
type 2 diabetes management algorithm— 2018 executive sum-
mary. Endocr Pract, 2018; 24: 91– 120.

 6. International Diabetes Federation. IDF Clinical Practice 
Recommendations for managing Type 2 Diabetes in Primary 
Care. International Diabetes Federation, Brussels, 2017. 
Available at: https:// www.idf.org/ e- library/ guidelines/ 128- 
idf- clinical- practice- recommendations- for- managing- type- 2- 
diabetes- in- primary- care.html (accessed: February 2018).

 7. American Diabetes Association. Standards of medical care in 
diabetes— 2018. Diabetes Care, 2018; 41 (Suppl 1); S1– 158.

 8. National Institute for Health and Clinical Excellence. 
Type 2 diabetes in adults: management NICE guideline 
[NG28] Published date: December 2015, updated May 
2017. Available at: https:// www.nice.org.uk/ guidance/ ng28 
(accessed: February 2018)

 9. Tahrani AA, Barnett AH, Bailey CJ. Pharmacology and thera-
peutic implications of current drugs for type 2 diabetes mellitus. 
Nat Rev Endocrinol, 2016; 12: 566– 92.

 10. Bailey CJ. Metformin: historical overview. Diabetologia, 2017; 
60: 1566– 76.

 11. Rena G, Hardie DG, Pearson ER. The mechanism of action of 
metformin. Diabetologia, 2017; 60: 1577– 85.

 12. Bailey CJ, Turner RC. Metformin. N Engl J Med, 1996; 334: 574– 9.
 13. Bailey CJ. Metformin: effects on micro and macrovascular 

complications in type 2 diabetes. Cardiovasc Drugs Ther, 2008; 
22: 215– 24.

 14. Inzucchi SE, Lipska KJ, Mayo H, Bailey CJ, McGuire DK. 
Metformin in patients with type 2 diabetes and kidney disease: a 
systematic review. JAMA, 2014; 312: 2668– 75.

 15. de Wet H, Proks P. Molecular action of sulphonylureas on KATP 
channels: a real partnership between drugs and nucleotides. 
Biochem Soc Trans, 2015; 43: 901– 7.

 16. Rendell M. The role of sulfonylureas in the management of type 
2 diabetes. Drugs, 2004; 64: 1339– 58.

 17. Deacon CF, Lebovitz HE. Comparative review of dipeptidyl 
peptidase- 4 inhibitors and sulphonylureas. Diabetes Obes Metab, 
2016; 18: 333– 47.

 18. Guardado- Mendoza R, Prioletta A, Jiménez- Ceja LM, Sosale 
A, Folli F. The role of nateglinide and repaglinide, derivatives of 
meglitinide, in the treatment of type 2 diabetes mellitus. Arch 
Med Sci, 2013; 9: 936– 43.

 19. Nauck M. Incretin therapies: highlighting common features and 
differences in the modes of action of glucagon- like peptide- 1 
receptor agonists and dipeptidyl peptidase- 4 inhibitors. Diabetes 
Obes Metab, 2016; 18: 203– 16.

 20. Campbell JE, Drucker DJ. Pharmacology, physiology, and mech-
anisms of incretin hormone action. Cell Metab, 2013; 17: 819– 37.

 21. Drucker D. The cardiovascular biology of glucagon- like peptide- 
1. Cell Metab, 2016; 24: 15– 30.

 22. Hernandez AF, Green JB, Janmohamed S, et al. Albiglutide 
and cardiovascular outcomes in patients with type 2 diabetes 
and cardiovascular disease (Harmony Outcomes): a double- 
blind, randomised placebo- controlled trial. Lancet, 2018; 
392: 1519– 29.

 23. Rosenstock J, Perkovic V, Johansen OE, et al. Effect of linagliptin 
vs placebo on major cardiovascular events in adults with 
type 2 diabetes and high cardiovascular and renal risk: the 
CARMELINA randomized clinical trial. JAMA, 2019; 321: 69– 79.

 24. Deacon CF. A review of dipeptidyl peptidase- 4 inhibitors. Hot 
topics from randomized controlled trials. Diabetes Obes Metab, 
2018; 20 Suppl 1: 34– 46.

 25. Tahrani AA, Barnett AH, Bailey CJ. SGLT inhibitors in manage-
ment of diabetes. Lancet Diabetes Endocrinol, 2013; 1: 140– 51.

 26. Nauck MA. Update on developments with SGLT2 inhibitors in 
the management of type 2 diabetes. Drug Des Devel Ther, 2014; 
8: 1335– 80.

 27. Zhang X- L, Zhu Q- Q, Chen Y- H, Li X- L, Chen F, Huang J- A, 
Xu B. Cardiovascular safety, long- term noncardiovascular safety, 
and efficacy of sodium- glucose cotransporter 2 inhibitors in pa-
tients with type 2 diabetes mellitus: a systemic review and meta- 
analysis with trial sequential analysis. J Am Heart Assoc, 2018; 
7: pii: e007165.

 28. Neal B, Perkovic V, Mahaffey KW, et al. Canagliflozin and car-
diovascular and renal events in type 2 diabetes. N Engl J Med, 
2017; 377: 644– 57.

 29. Wiviott SD, Raz I, Bonaca MP, et al. Dapagliflozin and car-
diovascular outcomes in type 2 diabetes. N Engl J Med, 2019; 
380: 347– 57.

 30. Wanner C, Inzucchi SE, Zinman B. Empagliflozin and progres-
sion of kidney disease in type 2 diabetes. N Engl J Med, 2016; 
375: 323– 34.

 31. Grygiel- Gorniak B. Peroxisome proliferator- activated receptors 
and their ligands: nutritional and clinical implications— a re-
view. Nutr J, 2014, 13: 17.

 32. Liao H, Saver JL, Wu Y, et al. Pioglitazone and cardiovascular 
outcomes in patients with insulin resistance, pre- diabetes and 
type 2 diabetes: a systematic review and meta- analysis. BMJ 
Open, 2017; 7: e013927.

 33. Davidson MA, Mattison DR, Azoulay L, Krewski D. 
Thiazolidinedione drugs in the treatment of type 2 diabetes mel-
litus: past, present and future. Crit Rev Toxicol, 2018; 48: 52– 108.

 34. Lebovitz HE. Alpha- glucosidase inhibitors as agents in the treat-
ment of diabetes. Diabetes Rev, 1998; 6: 132– 45.

 35. Holman RR, Coleman RL, Chan JCN, et al. Effects of acarbose 
on cardiovascular and diabetes outcomes in patients with cor-
onary heart disease and impaired glucose tolerance (ACE): a 
randomised, double- blind, placebo- controlled trial. Lancet 
Diabetes Endocrinol, 2017; 5: 877– 86.



SEctIon 15 Diabetes Mellitus2004

 36. Edelman S, Maier H, Wilhelm K. Pramlintide in the treatment of 
diabetes mellitus. BioDrugs, 2008; 22: 375– 86.

 37. Holt RI, Barnett AH, Bailey CJ. Bromocriptine: old drug, new formu-
lation and new indication. Diabetes Obes Metab, 2010, 12: 1048– 57.

 38. Fonseca VA, Handelsman Y, Staels B. Colesevelam lowers glu-
cose and lipid levels in type 2 diabetes: the clinical evidence. 
Diabetes Obes Metab, 2010; 12: 384– 92.

Definition and classification of Hypoglycaemia

Truly good metabolic control in diabetes can only be defined as 
maintenance of near- normal blood glucose concentrations, reflected 
by measures of medium- term glycaemic control, such as glycated 
haemoglobin (HbA1c), associated with least risk of microvascular 
complications, plus absence of troublesome hypoglycaemia. This 
two- item definition matters not only in optimizing diabetes man-
agement for people with diabetes, but also in the assessment of the 
relative efficacy of new treatments for diabetes coming to market, 
where superiority of performance may be claimed on the basis of 
lesser risk of hypoglycaemia.

Hypoglycaemia may be defined clinically as an episode in which 
the low blood glucose results in a characteristic symptom complex 
or in the presentation of signs. Whipple’s triad, in which an event 
requires symptoms consistent with hypoglycaemia, a measured low 
plasma glucose concentration and relief of symptoms by admin-
istration of glucose to be defined as hypoglycaemia, was devised 
originally for surgeons to diagnose spontaneous hypoglycaemia 
in pathological hyperinsulinism [2] . It remains valid for diabetes 
management today, if we add ‘or signs’ to the ‘symptoms’ to allow 
inclusion of episodes of asymptomatic hypoglycaemia, and can 
agree on a biochemical value for hypoglycaemia. In theory, the 
latter should be a simple statement of the plasma glucose concen-
tration that is lower than values seen in health, traditionally de-
fined as under 3.5 mmol/ L, but this has been controversial, as some 
counterregulatory responses can be detected at higher glucose con-
centrations, and there is no evidence for actual harm until lower 
values are reached.

Expressing hypoglycaemia prevalence rates or an individual’s 
hypoglycaemia experience using symptoms alone to define an 
episode is obviously dependent on subjective awareness of hypo-
glycaemia and the affected person’s memory. Many symptomatic 
mild episodes will not be recalled, while normoglycaemic epi-
sodes with symptoms mimicking hypoglycaemia may be recorded. 
Nevertheless, symptom- based definitions are useful clinically. They 
categorize episodes by degree:

 • severe hypoglycaemia, in which third- party intervention is re-
quired, because cognitive dysfunction is so impaired that the 
patient cannot either perceive or make logical response to the 
hypoglycaemia; useful subgroups of this may be episodes re-
quiring parenteral therapy (intravenous glucose or intramus-
cular glucagon) and those resulting in coma or seizure (which 
may include episodes for which third- party intervention was not 
available), or for health economic assessments those requiring 
ambulance call out, hospital attendance, or admission. It is worth 
noting that some people with diabetes, particularly those with 
type 1, count only this category as ‘hypoglycaemia’, which will lead 
to underestimation of their experience and missed opportunities 
for prevention unless more specific questions are asked. It is also 
worth noting that in paediatric practice, children will often need 
assistance to understand and treat their hypoglycaemia, so the 
need for assistance is a poor marker of the severity of the hypo-
glycaemia itself. However, by stressing the presence of cognitive 
impairment as the reason for the requirement for help, the paedi-
atric definition of severe hypoglycaemia has been harmonized 
and is given as having ‘severe cognitive impairment (including 
coma and convulsions) requiring external assistance by another 

Additional material is provided in the online version at 
oxfordmedicine.com/otendocrinology3

15.5.5 Hypoglycaemia in the 
treatment of Diabetes Mellitus
Stephanie A. Amiel

Introduction 2004

Definition and Classification of Hypoglycaemia 2004

Incidence of Hypoglycaemia 2006

Physiological Responses to Hypoglycaemia 2008

Responses to Hypoglycaemia in Diabetes 2010

Impaired Awareness of Hypoglycaemia 2010

Nocturnal Hypoglycaemia 2011

Contributory Factors to Hypoglycaemia 2012

Consequences of Hypoglycaemia 2013

Chronic Effects of Hypoglycaemia 2014

Management of Hypoglycaemia 2015

Avoidance of Hypoglycaemia 2015

Summary 2017

References 2017

Introduction

Hypoglycaemia (low blood glucose concentration) is the most im-
portant acute complication of the pharmacological treatment of 
diabetes mellitus. Low blood glucose impairs brain function, may 
precipitate cardiac arrhythmias, and is associated with an inflam-
matory stress response. The brain has minimal endogenous stores 
of energy, with small amounts of glycogen in astroglial cells, and is 
therefore largely dependent on circulating glucose as the substrate to 
fuel cerebral metabolism and support cognitive performance. If blood 
glucose concentrations fall sufficiently, cognitive dysfunction occurs. 
In health, efficient glucose sensing and counterregulatory mechan-
isms exist to prevent clinically significant hypoglycaemia. These are 
impaired by diabetes and by its therapies. Patients with diabetes rank 
fear of hypoglycaemia alongside fear of chronic complications such 
as nephropathy or retinopathy [1] . Fear of hypoglycaemia, hypogly-
caemia itself and attempts to avoid hypoglycaemia limit the degree 
to which glycaemic control can be intensified to reduce the risk of 
chronic complications of diabetes, both for type 1 and type 2 diabetes.
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person to actively administer carbohydrates, glucagon, or take 
other corrective actions’. Again, events associated with a seizure 
or loss of consciousness are recognized as a subgroup [3] .

 • non- severe hypoglycaemia is then any episode which is self- rec-
ognized and self- treated. The term ‘non- severe’ is recommended 
in preference to the term ‘mild’, as such episodes, while medically 
safe, can be experienced by the patient as unpleasant precisely be-
cause they may be very symptomatic. Some authorities include 
an intermediate category of ‘moderate’, where the patient can per-
ceive and self- treat the episode, but where the symptoms and/ or 
the treatment cause significant disruption of normal activity, but 
there are obvious problems with consistency of this definition, 
leaving division into ‘non- severe’ and ‘severe’ solely by ability to 
self- treat the favoured option.

This simple and widely accepted categorization assumes that every 
documented episode is true hypoglycaemia and is either symptom-
atic or otherwise clinically obvious. A  2013 consensus statement 
from the American Diabetes Association (4)  classifies hypogly-
caemia as follows:

 • severe, as just defined (although without explicitly including epi-
sodes for which help was not available);

 • documented symptomatic in which typical symptoms are experi-
enced in the presence of a low measured plasma glucose and, by 
distinction from severe, the event is self- treated;

 • asymptomatic, a biochemical episode not accompanied by typical 
symptoms, describing episodes in which the hypoglycaemia was 
only detected because someone other than the patient recognized 
it and/ or where it was detected because of a coincidental blood 
test, i.e. not being done because the patient was aware of being low;

 • probable symptomatic, in which the patient experiences symp-
toms but does not have a confirmatory biochemical measurement;

 • pseudo- hypoglycaemia, formerly defined as relative hypoglycaemia, 
in which the patient experiences typical symptoms of hypogly-
caemia, but with a measured blood glucose that is not in the hypo-
glycaemic range. This is likely to occur in patients accustomed to 

running high blood glucose concentrations because endogenous 
hypoglycaemia sensing is programmed by recent glycaemic experi-
ence and so may trigger responses at normal or even high values. 
Furthermore, there is a still a strong clinical impression, not entirely 
supported by experimental evidence [5, 6], that rate of glucose fall 
can be important in determining symptomatic hypoglycaemia.

The ADA classification depends on defining a biochemical cut- off 
for hypoglycaemia, quoted in the 2013 document as 3.9  mmol/ L 
(70  mg/ dl) or less, and certainly hypoglycaemia should be defin-
able solely biochemically. Frequency will then be dependent upon 
frequency of monitoring. As just intimated, there is however no 
universally agreed threshold glucose concentration for defining 
biochemical hypoglycaemia. Use of capillary, venous, venous arteri-
alized (sampling from a distal venous cannula in a heated hand) 
or arterial samples will introduce variability, as will measurement 
of concentration in either whole blood or plasma. However, inter-
national consensus has recently been achieved on the biochemical 
definitions of important low blood glucose [3, 7] (Figure 15.5.5.1), 
in which a plasma glucose reading of 3.9 mmol/ L (less than 70 mg/ 
dl) is recognized, not as hypoglycaemia per se, but as the lower limit 
of a desirable target range for diabetes therapies. Consequently, 
plasma glucose values below this are defined as a ‘hypoglycaemia 
alert’, a value that should be treated to prevent hypoglycaemia; 
while values <3 mmol/ L (<54 mg/ dl) are recognized as being asso-
ciated with negative medical outcomes, including cognitive impair-
ment, cardiac arrhythmia and generation of impaired awareness of 
hypoglycaemia (IAH), and therefore identify a serious, clinically 
important hypoglycaemia to be avoided. The term ‘severe hypogly-
caemia’ is retained to denote an episode including severe cognitive 
impairment requiring external assistance for recovery, or in which 
there is loss of consciousness or seizure, not requiring a biochemical 
value. These definitions, proposed in 2017, have been accepted by 
the American Diabetes Association and the European Association 
for the Study of Diabetes with simultaneous publications in their 
respective journals, although it should be noted that that original 
document used 3.9 mmol/ L or less as the hypoglycaemia alert, based 

<3.9 mmol/L or 70 mg/dl
Hypoglycaemia Alert
= Lower limit of targets for strict control
• Usually asymptomatic
• Treat to prevent hypoglycaemia
• Consider regimen change if recurrent

<3 mmol/L 
Serious hypoglycaemia
• Denotes impaired cognitive function
• Repeated episodes cause reduced awareness
   and predict severe episodes
• Predicts cardiac arrhythmias and mortality

Severe hypoglycaemia
• Cognitive impairment
• Requiring external assistance
• or coma/seizure
• As defined by ADA working group

Plasma glucose
mmol/L

1.0

2.0

3.0 !
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Figure 15.5.5.1 Schematic of plasma glucose readings for significant hypoglycaemia. For description, refer to text.
Adapted with permission from the International Hypoglycaemia Study Group (IHSG). Diabetic Hypoglycemia: Questions and Controversies. Presented at the 9th World 
Congress on Prevention of Diabetes and its Complications. (2016). Available at: https:// ihsgonline.com/ wp- content/ uploads/ 2017/ 05/ Diabetic_ Hypoglycemia_ Questions_ and_ 
Controversies_ v1.0.pdf Accessed 19 June 2019. See also reference number 7.
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on the earlier recommendation from the ADA, and subsequent dis-
cussion has accepted <3.9 mmol/ L (<70 mg/ dl) for consistency. This 
is because 3.9 mmol/ L (70 mg/ dl) is the quoted lower limit of the 
recommended target range for diabetes therapies intended to min-
imize risk of future complications and so using <3.9 mmol/ L for the 
hypoglycaemia alert avoids defining a value of precisely 3.9 mmol/ 
L in two ways. The scheme (Figure 15.5.5.1) has been endorsed by 
a multidisciplinary group including patient advocates and people 
with diabetes [8] . Important for clinical practice, there is evidence 
that those who perceive their own hypoglycaemia at plasma glucose 
concentrations of 3 mmol/ L (54 mg/ dl) or higher are at significantly 
lower risk for severe hypoglycaemia than those who perceive symp-
toms of hypoglycaemia at plasma glucose concentrations below 
3 mmol/ L (54 mg/ dl) or who do not perceive their hypoglycaemia 
at all [9] (see ‘Impaired Awareness of Hypoglycaemia’, to follow).

Definitions for hypoglycaemia in continuous glucose monitoring 
data are also uncertain, with no clear clinical correlates for different 
values, given that the readings are made in interstitial fluid, not 
plasma, although equilibrated to plasma glucose concentrations, 
and there is an inevitable time lag between interstitial and plasma 
concentrations [10]. An early definition of ‘low interstitial glucose’ 
or ‘LIG’ described low glucose readings lasting at least 20 min-
utes at values of less than 3 mmol/ L (54 mg/ dl, LIG3) or less than 
2.2 mmol/ L (LIG2.2) [11]. More recently, an international consensus 
came to an agreement in line with the consensus on plasma glu-
cose readings, and defined a CGM reading of <3 mmol/ L (54 mg/ 
dl) for at least 15 minutes as clinically significant hypoglycaemia, 

retaining the range from 3 to <3.9 mmol/ L (54 to <70 mg/ dl) as a 
hypoglycaemia alert [12]. Most episodes of asymptomatic, usually 
nocturnal, hypoglycaemia detected by CGM with the wearer of the 
device unaware of the event in fact last much longer than this and 
the clinical significance of the shorter duration episodes remains 
uncertain. That such episodes are seen in non- diabetic individuals 
is not necessarily helpful, as hypoglycaemia in the presence of an 
intact feedback loop including endogenous insulin and glucagon 
may be very different from hypoglycaemia during which the plasma 
insulin concentrations are artificially maintained. Nevertheless, 
there has been recent validation for a nocturnal value of <3 mmol/ 
L (54 mg/ dl) as having clinical consequences, with no indication yet 
for problems for any specific values between 3.0 and <3.9 mmol/ L 
(54 to <70 mg/ dl) [13].

Incidence of Hypoglycaemia

Even allowing for the differences in definition, reported incidence 
of hypoglycaemia— even severe hypoglycaemia— varies consider-
ably. The first major considerations are the type and duration of 
the diabetes and the diabetes therapy being used. Tables 15.5.5.1 
and 15.5.5.2 give some estimates from the literature for incidence 
of severe hypoglycaemia in type 1 and type 2 diabetes respectively. 
Lifestyle and insulin sensitizing or glycosuric agents used alone 
carry virtually no risk of severe hypoglycaemia and the nature of 
the hypoglycaemia reported in such treatments (e.g. [42]) is not 

table 15.5.5.1 Frequency of severe hypoglycaemia in the literature: studies in type 1 diabetes

First author, year, and reference 
number

Number of subjects Mean HbA1c (%) 
(mmol/ mol)

% using intensive 
therapy

Severe hypoglycaemia

% patients Events/ person per year

Observational (retrospective) studies

Casparie (1985) [14] 200 8.1 (65 mmol/ mol) n/ a 13 – 

MacLeod (1993) [15] 600 10.7 (HbA1) 10.8 29.2 1.7

Bali (1997) [16] 458 n/ a

Mulhhauser (1998) [17] 669 8.0 (64 mmol/ mol) 79 (9% CSII) 19 0.82

ter Braak (2000) [18] 195 7.8 (62 mmol/ mol) 82 40.5 (20% coma) 1.5

Linkeschova (2002) [99] 103 7.7 (61 mmol/ mol) 100 n/ a 1.2

Johnson (2002)a [20] 1113 – – 12 0.05

Holstein (2002)a [21] 600 – – 15.3 0.04

Leese (2003)a [22] 977 7.8 (62 mmol/ mol) – 7 0.012

Weinstock (2003) [23] 4973 7.7 (61 mmol/ mol) 52% on CSII for 
≥12 months

11.8 Not given

Pedersen- Bjergaard (2004) [24] 1076 8.6 (70 mmol/ mol) 71.6 29.2 1.04

Zammitt (2007) [25] 300 8.2 (66 mmol/ mol) – 31 0.93

Paediatric registry studies

Haynes (2017) [26]
USA
Germany
Australia

0.71
0.33
0.67

Prospective studies

Janssen (2000) [27] 31 7.2 (55 mmol/ mol) 100 50 – 

Pederson- Bjergaard (2003) [28] 171 8.4 (68 mmol/ mol) 87 39 1.10
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First author, year, and reference 
number

Number of subjects Mean HbA1c (%) 
(mmol/ mol)

% using intensive 
therapy

Severe hypoglycaemia

% patients Events/ person per year

Leckie (2005) [29] 243 9.1 (76 mmol/ mol) 80 34 0.98

Khunti (2018) [30] 8022, observed over  
4 weeks

7.9 (62.8 mmol/ mol) No data 14.4 4.90

Interventional studies

DCCT (1997) [31] 711 7.2 (55 mmol/ mol) 100 65 0.62

Bott (1997) [32] 636 7.6 (60 mmol/ mol) 100 12 0.17

DAFNE (2002) [33] 169 8.4 (68 mmol/ mol) 100 18 – 

Hoogma (2006) [34] 129
127

7.7 (61 mmol/ mol)
7.5 (58 mmol/ mol)

MDI
CSII

– 0.50
0.20

Hopkins (2012) [9] 359 8.5 (69 mmol/ mol)
8.2 (66 mmol/ mol)

Pre- education
12 months post 
education

25
Not stated

1.93
0.61

table 15.5.5.1 Continued

table 15.5.5.2 Frequency of severe hypoglycaemia in the literature: studies in type 2 diabetes

First author, year Number of 
subjects

Mean HbA1c (%) 
(mmol/ mol)

Mean age Treatment 
modality

% patients with 
mild hypo

Severe hypoglycaemia

% patients Events per 
patient per year

Observational studies

Shorr (1997)b [35] 19932 – >65 SU
INS

0.01 SU
0.03 INSa

Miller (2001) [36] 1055 7.6 (60 mmol/ mol) 60.9 SU 16 OHA
30 INS

0.5

Johnson (2002) [20] 1113 – 0.05

Holstein (2003) [21] c.9000 – INS
All therapies

0.015
0.004

Henderson (2003) [37] 215 8.6 (70 mmol/ mol) 68 INS 64 15 0.28

Leese (2003) [22] 2823 7.6 (60 mmol/ mol) 65.2 SU 0.09

901 8.1 (65 mmol/ mol) 64.9 INS 12

Donnelly (2005) [38] 173 8.9 (74 mmol/ mol) 66 INS 45 3 0.35

Murata (2005) [39] 344 – 65.5 INS 51.2 0.20

Akram (2006) [40] 401 8.3 (67 mmol/ mol) 66 INS 16.5 0.44

Khunti (2018) [30] 19563 observed 
over 4 weeks

8 (64.2 mmol/ mol) 60.8 INS 46.5 8.9 0.25

Interventional studies

Abraira (VA CSDM, 
1995) [41]

153 9.3 (78 mmol/ mol) 60 (6) 56 (conv)
93 (intensive)

– 2/ pt/ yr in both 
groups

UKPDS (1998) [42] 3935 6.2 (44 mmol/ mol) 54 (8) SU
INS

13 11 OHA 37 
insulin

4- T (2007) [43] 235
239

7.3 (56 mmol/ mol)
7.2 (55 mmol/ mol)

61.7
61.6

INS: bd
Prandial

10
20

11
16

ACCORD
(2008) [44]

5123
5128

7.5 (58 mmol/ mol)
6.5 (48 mmol/ mol)

62.2
62.2

Standard
intensive

8.6
26.7

1.0
3.1

ADVANCE
(2008) [45]

5569
5571

7.3 (56 mmol/ mol)
6.5 (48 mmol/ mol)

66
66

Standard
intensive

c.38
c.53

1.5
2.7

0.5
0.7

VADT
(2008) [46]

899
892

8.4 (68 mmol/ mol)
6.9 (52 mmol/ mol)

60.3
60.5

Standard
Intensive

17.6
24.1

4.0
12.0

a These population- based studies only recorded events that were reported to the emergency services or required hospital admission.
b This study defined serious hypoglycaemia as that requiring hospitalization/ emergency department admission or bringing about death associated with a blood glucose of 
<2.8 mmol/ l. bd, twice daily pre- mixed insulin (given before breakfast and evening meal); CSII, continuous subcutaneous insulin infusion; INS, insulin therapy; MDI, multiple daily 
insulin injection therapy; Prandial, fast- acting analogue given before meals only; OHA, oval hypoglycaemic agent; SU, sulphonylurea therapy.
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clear. The nature of the population will affect the prevalence— a 
specialist clinic population may have particular characteristics not 
shared by people not attending that clinic, while questionnaire sur-
veys of large populations, which may be thought to be more rep-
resentative of the population at large, may suffer from bias in that 
people interested in the topic are more likely to respond. Large 
database surveys can be helpful, especially for health economic ana-
lyses, but the data collected may be imperfect. Another important 
consideration is whether the data are collected retrospectively by 
questionnaire from patient recall, or prospectively, and the dur-
ation of time over which the data are collected. Rates also vary by 
country. In one recent large global study of people using insulin 
therapy and estimating rates from a 4- week prospective recording, 
the Hypoglycaemia Assessment Tool (HAT) study, rates of severe 
hypoglycaemia ranged from 2.1 to 10.8 events per person per year 
(global mean 4.9) for type 1 diabetes and 1.3– 3.7 (global mean 2.5) 
for type 2, and noted that the percentage of people reporting at least 
one episode of any hypoglycaemia ranged from 54% to 87.4% and 
from 30.1% to 53.8% for types 1 and 2, respectively [30]. The study 
importantly showed no link with HbA1c, in contrast to randomized 
controlled trials of intensified insulin therapy, where higher rates of 
severe hypoglycaemia are associated with the lower HbA1c seen in 
groups allocated to intensive therapy [31, 42, 44– 46]. The rates re-
ported by the HAT study are high. A much smaller, focused study 
of a clinic population of adults with type 1 diabetes reported an an-
nual severe hypoglycaemia rate of 1.3 episodes per patient per year, 
but very importantly showed that only 40% of people experience a 
severe hypoglycaemia during a year and 10% of the population con-
tribute nearly 70% of all episodes [24].

People with type 2 diabetes are at much lower risk for hypo-
glycaemia than those with type 1.  However, the type 2 popula-
tion is heterogeneous. As the disease progresses, insulin deficiency 
becomes more profound. The insulin- deficient late type 2 pa-
tient behaves more as a patient with type 1 diabetes, including 
in terms of hypoglycaemia risk. The UK Hypoglycaemia Study 
Group reported both patient- reported episodes and episodes in 
which circulating glucose, monitored as interstitial tissue glucose 
calibrated to capillary plasma continuously over 96 h, fell below 
2.2 mmol/ L for 20 min or more. This prospective study found low 
rates of hypoglycaemia in participants with type 2 diabetes on 
sulphonylurea therapy and in those who had been on insulin for 
less than 2 years, but the rates in participants who had been on 
insulin for more than 5 years were higher and not different from 
rates in participants with type 1 diabetes of less than 5 years’ dur-
ation (Figure 15.5.5.2) [11]. People with type 1 diabetes of more 
than 15  years’ duration had much higher rates than the other 
groups. One contributor to the differences is duration of diabetes 
per se and increasing insulin deficiency over time. It is likely that 
the patients with type 2 diabetes who are treated with insulin se-
cretagogues and those in the early stages of insulin therapy, are 
relatively protected from hypoglycaemia by residual ability to sup-
press endogenous insulin secretion and therefore, also respond to 
hypoglycaemia with endogenous glucagon. As insulin deficiency 
progresses, these primary counterregulatory mechanisms are lost 
and, as already suggested, one hypoglycaemic episode diminishes 
the defences against and therefore, increases the risk for another 
in the near future. Importantly, despite the lower rates of severe 
hypoglycaemia compared to rates in people with type 1, patients 

with type 2 diabetes may account for almost the same number of 
presentations to emergency services, because of the much greater 
prevalence of the disease [22]. Nevertheless, a meta- analysis of 
studies of people on sulphonylureas conducted in 2014 suggested 
only about 5% of people on such therapies experienced severe 
hypoglycaemia [47].

Physiological Responses to Hypoglycaemia

The response to hypoglycaemia is a generic stress response. As with 
other stressors, it involves activation of the hypothalamic– pituitary– 
adrenal axis and the autonomic nervous system. It is primarily driven 
centrally, although there are important local responses in the pan-
creas and liver (see next three paragraph) and modulating influences 
from peripheral sources, such as hepatic portal glucose sensors [48]. 
The brain’s glucose- sensing apparatus is part of a complex system for 
control of energy balance. Despite vast fluctuations in energy intake 
and expenditure in normal daily living, in health, these mechanisms 
preserve plasma glucose concentrations within an extremely narrow 
physiological range. In health, hypoglycaemia sufficient to cause sig-
nificant impairment of cognitive function does not occur.

The physiological responses to hypoglycaemia have been exam-
ined experimentally in human and in animal models by creating 
hypoglycaemia with insulin. This can be done by unopposed insulin 
injection, as in the insulin- tolerance test, or infusion, but, in human 
studies, a commonly used experimental technique is to infuse rela-
tively high doses of insulin and control the hypoglycaemia with a 
simultaneous glucose infusion. This applies a very controlled hypo-
glycaemic challenge that allows comparisons of the responses to be 
made between different populations. It should be recognized that 
the counterregulatory responses to hypoglycaemia will normally be 
stimulated in a different physiological state but much useful infor-
mation has been achieved with the technique.

Any change in plasma glucose concentration is detected by neur-
ones in the brain stem and hypothalamus, which respond to changes 
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Figure 15.5.5.2 Graph showing relative frequency of severe 
hypoglycaemia in different groups of people with diabetes.
Reproduced with permission from UK Hypoglycaemia Study Group. Risk of 
hypoglycaemia in types 1 and 2 diabetes: effects of treatment modalities and their 
duration. Diabetologia. 2007 Jun;50(6):1140– 7. Copyright © 2007, Springer-Verlag 
(Ref 11).
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in blood glucose by altering their firing rate. The cellular and mo-
lecular mechanisms whereby these glucose responsive neurones 
are activated have recently been reviewed [49,  50]. The glucose- 
sensing neurones use many of the same mechanisms as the insulin- 
secreting cells of the pancreas, which release insulin in proportion 
to intracellular glucose metabolism and thus directly in response to 
the glucose supply to the cell. In the neurones, the likely response is 
a change in firing rate and neurotransmitter release. These eventu-
ally drive changes in endogenous glucose production from the liver 
and kidney and in peripheral glucose uptake by muscle and fat to 
sustain glucose concentrations in the circulation.

The first hormonal responses to a falling blood glucose concen-
tration in the non- diabetic are cessation of pancreatic insulin re-
lease and stimulation of glucagon release (Figure 15.5.5.3). Hepatic 
glucose output rises as a result of glycogenolysis (which can sustain 
circulating plasma glucose for about 6– 8 hours after the last food in-
take) and, later, gluconeogenesis. The role of hepatic autoregulation, 
in which hepatic glucose production rises in response to a falling 
blood glucose level independently of hormonal stimulation, is un-
clear. It is likely that changes in insulin and glucagon alone can 
protect against hypoglycaemia during normal daily living, with 
the balance between these processes maintaining circulating glu-
cose concentrations despite wide changes in glucose availability 
(fed vs. fasting) and utilization (rest vs. exercise). If however glu-
cose concentrations do fall, a stress response, including adrenaline 
secretion and sympathetic nervous system activation [51], further 
stimulates hepatic glucose output both directly and indirectly by 
peripheral effects on lipolysis and proteolysis to increase hepatic 
delivery of gluconeogenic precursors, such as alanine, glycerol, and 
lactate. Stimulation of the autonomic nervous system is reflected 
by changes in circulating noradrenaline and pancreatic polypep-
tide. Sympathetic activation directly stimulates endogenous hepatic 

glucose production, shuts down insulin secretion, and stimulates 
glucagon release. Growth hormone and cortisol also rise in hypo-
glycaemia, later or at slightly lower glucose concentrations. They 
are probably of secondary importance in acute counterregulation, 
but are important in sustaining euglycaemia, acting predominantly 
to reduce peripheral glucose utilization and provide precursors for 
gluconeogenesis. Other endocrine changes during hypoglycaemia 
include increased plasma renin activity and rises in prolactin, vaso-
pressin, oxytocin, and β- endorphin. The role of these hormones in 
glucose regulation is uncertain.

The stress response to hypoglycaemia just described is associ-
ated with a characteristic symptom complex. This occurs at a lower 
glucose concentration than the stimulation of pancreatic glucagon 
and cessation of insulin secretion, and is not usually important in 
counterregulation in health, although subjective awareness has been 
reported in healthy volunteers during experimental hypoglycaemic 
induction studies at arterialized plasma glucose concentrations 
ranging from 2.8 to 3.6  mmol/ L [51,  52]. The classical symp-
toms of hypoglycaemia are traditionally divided into autonomic 
(pounding heart/ palpitations, shaking/ tremor, hunger, sweating) 
and neuroglycopenic (drowsiness, difficulty speaking, incoordin-
ation, difficulty concentrating/ confusion), either on the basis of the 
known aetiology of the symptom (e.g. sweating due to cholinergic 
sympathetic outflow) or by using statistical techniques. Groups of 
symptoms that tend to cluster together can be identified by prin-
cipal component analysis, either during experimental hypogly-
caemia, or from population- based studies in people with diabetes  
(Table 15.5.5.3) [53]. Hunger is a particularly useful symptom, since 
it both warns of hypoglycaemia and promotes eating and restor-
ation of glucose levels. Symptoms of early hypoglycaemia become 
key in defence against more profound falls in circulating glucose 
concentrations in people with diabetes, qv.
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Impaired cognitive function, particularly changes in reaction 
time tasks, is noted in healthy volunteers undergoing experimental 
hypoglycaemia at glucose concentrations of between 2.6 and 
3.2 mmol/ L [52, 54], depending on the circumstances of the study 
and the age of the participants. Impairment of multiple memory 
functions has been shown at around 2.5  mmol/ L [55], although 
the impact of lesser degrees of hypoglycaemia on memory in non- 
diabetic subjects has not been studied. Older people show evi-
dence of cognitive decline at slightly higher glucose concentrations 
compared to young adults, and a later onset of symptoms [52]. In 
theory, if glucose levels are lowered far enough, brain function 
becomes further impaired, so that drowsiness and even seizures 
or coma may eventually develop. This cannot, of course, be done 
in experimental settings, but it has been well described in insulin 
shock therapy in treatments for severe depression in the nineteenth 
century. Outside this, hypoglycaemia sufficient to cause significant 
cognitive dysfunction does not occur in health, except in extreme 
circumstances such as prolonged vigorous exercise. Starvation, for 
example, does not cause loss of consciousness, especially as the 
brain can use non- glucose fuels, such as ketones and lactate, to 
support its function.

Responses to Hypoglycaemia in Diabetes

In diabetes, endogenous protection against hypoglycaemia is im-
paired. With loss of endogenous insulin secretory capacity comes 
loss of the ability to reduce insulin release during hypoglycaemia, 
a problem compounded by artificial elevation of the circulating in-
sulin from injected insulin, or as a result of the action of insulin 
secretagogues or meglitinides. The glucagon response to hypogly-
caemia is also lost, as the alpha- cell response is apparently driven by 
signals from adjacent β- cells. The loss of the glucagon response to 
acute hypoglycaemia is seen within the first five years of type 1 dia-
betes [56]. The primary neurohumoral defenWEWce against hypo-
glycaemia is then adrenaline and autonomic activation. Defects 
in the former have been shown in otherwise healthy subjects with 
diabetes, associated with longer disease duration [56]. People with 
diabetes are, therefore, peculiarly dependent upon subjective rec-
ognition of early degrees of hypoglycaemia and voluntary ingestion 
of carbohydrate to compensate for the failure of endogenous re-
sponses. As gastric emptying is accelerated during hypoglycaemia, 
oral carbohydrate ingestion results in a rapid rise in circulating glu-
cose (see ‘Treatment’, to follow).

The symptoms of hypoglycaemia early in diabetes are similar 
to those reported by healthy volunteers made hypoglycaemic 

in experimental protocols but are influenced by many factors, 
including the age group of the person. Studies have been made 
in children with type 1 diabetes, who may experience symptoms 
that they cannot report, and manifest signs, often behavioural, that 
are detected by their parents [57]. By the age of nine, children be-
come able to detect and describe their own hypoglycaemia [57]. 
Symptoms of hypoglycaemia also wane with ageing and elderly 
patients with diabetes and treated with insulin report more light- 
headedness. Unsteadiness incoordination/ disarticulation symp-
toms become important [58]. Diabetes duration is also relevant, 
with many people reporting a weakening of particularly autonomic 
symptoms over time [59]. It is possible that treatment modality 
affects the glucose concentration at which symptoms of hypogly-
caemia are reported— one study showed earlier symptom percep-
tion in people with type 2 diabetes using sulphonylureas, vs. insulin 
[60], and although an impact of the different degree of insulin de-
ficiency is likely between patients on the different treatment mo-
dalities, a direct effect of the sulphonylureas cannot be ruled out. 
Agents that impact on sulphonylurea receptors have been investi-
gated for their ability to enhance subjective awareness of hypogly-
caemia. Antecedent glycaemic experience has a major impact, with 
evidence for the ability of antecedent hypoglycaemia to reduce the 
glucose concentration for symptom and neurohumoral responses 
to subsequent hypoglycaemia demonstrated experimentally in both 
non- diabetic people [61, 62] and in people with diabetes [63– 65] 
and evidence also for prior hyperglycaemia, as seen in type 2 dia-
betes, to elevate the glucose concentrations associated with onset of 
counterregulatory responses [66].

Glucose thresholds for cognitive impairment during acute hypo-
glycaemia are not so obviously impacted upon by the presence of 
diabetes. Deterioration in task performance during experimentally 
induced controlled slow reduction in plasma glucose has been seen 
at a mean of between 3.2 and 2.6 mmol/ L in all studies, irrespective 
of type of diabetes or its treatment [54, 60, 67,  68]. Performance 
of simpler tasks may be slightly better preserved during hypogly-
caemia and glucose concentrations for some tasks may show some 
adaptation to antecedent hypoglycaemia, but this effect if present 
is small [63]. Importantly, one study in young people with type 1 
diabetes who performed brief cognitive tasks prior to measuring 
plasma glucose demonstrated preservation of ability at glucose con-
centrations of 3– 3.9  mmol/ L but significant impairment at lower 
values, as well as at values of over 22.2 mmol/ L [69].

Impaired Awareness of Hypoglycaemia

Because of their lost ability to make an appropriate insulin or glu-
cagon response to a falling plasma glucose, people with insulin- 
deficient diabetes are dependent on subjective recognition of the 
start of a fall in order to arrest it by ingestion of rapidly absorbed 
carbohydrate and avoid severe hypoglycaemia with significant cog-
nitive impairment. Between 20% and 40% of people with type 1 dia-
betes have impaired awareness of hypoglycaemia (IAH), in which 
they fail to be able to recognize their own hypoglycaemia in timely 
fashion [9,  70]. This increases their risk of severe hypoglycaemia 
sixfold [70]. The prevalence of IAH in type 2 diabetes is less well 
studied but there is evidence that 10% of people using insulin will 
have IAH, with a 17- fold increased risk of severe episodes [71].

table 15.5.5.3 Symptoms of acute hypoglycaemia

Autonomic Neuroglycopenic Other Miscellaneous

• Sweating
• Tremor
• Warmth
• Anxiety
• Nausea

• Dizziness
• Confusion
• Tiredness
• Difficulty in speaking
• Headache

• Hunger
• Blurred vision
• Drowsiness
• Tiredness

• Palpitations
• Shivering

Reproduced with permission from McAulay V, Deary IJ, Frier BM. Symptoms of 
hypoglycaemia in people with diabetes. Diabet Med, 2001; 18: 690– 705. Copyright © 
Diabetes UK.
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IAH is associated with defects in the normal counterregulatory 
responses to acute hypoglycaemia, additional to the inability to 
regulate insulin secretion or mount a glucagon response. The 
neurohumoral responses are delayed in onset to lower glucose con-
centrations (Figure 15.5.5.3) and diminished in magnitude at any 
given concentration (Figure 15.5.5.4) [72]. The glucose concen-
tration at which cognitive dysfunction is first detectable is, how-
ever, not lower [67]. Performance in some cognitive tasks may be 
preserved at slightly lower plasma glucose concentrations, but the 
change is small and much less than the change seen in glucose con-
centrations associated with symptoms or catecholamine responses 
[73]. For some tasks, there is no change at all and the protective 
window between the glucose concentration for subjective aware-
ness and hormonal responses and the onset of cognitive function is 
lost [67, 74]. By the time the stress response starts, the patient may 
have too much cognitive deficit to be able to recognize or respond 
to it. The major contributor to this situation is prior exposure to low 
blood glucose concentrations, with the impact on symptomatic and 
hormonal responses to subsequent hypoglycaemia alluded to above 
[63, 65, 68]. It is not clear whether some people are genetically more 
resistant to this phenomenon, or to the cognitive decline of hypo-
glycaemia, but, in general, people frequently exposed to plasma 
glucose readings of <3 mmol/ L will develop impaired awareness of 
hypoglycaemia and experience more severe episodes [9] . Equally, 
avoidance of such exposure can restore awareness [75– 77].

The mechanisms of IAH induction are not certain. Postulated mech-
anisms include increased glucose uptake by neuronal cells in response 
to hypoglycaemia exposure, and alterations in the brain’s ability to 
utilize non- glucose fuels (e.g. [78]). Neuroimaging studies have failed 
to confirm that loss of response to hypoglycaemia is associated with 
increased brain glucose uptake, a phenomenon that has been well 

described in animal models and in early human studies, but have 
shown that hypoglycaemia is associated with altered responses in brain 
regions, including in the brain stem and hypothalamic and pituitary 
regions, involved in energy balance, glucose sensing, and stress re-
sponses, balance and coordination, and also in brain regions that are 
involved in desire to eat, emotional salience and recall [79, 80]. These 
differences in brain response to hypoglycaemia may be relevant not just 
to the reduced perception of symptoms, but also to the difficulties some 
patients experience in avoiding hypoglycaemia in the future, a strategy 
that can restore awareness to the unaware.

nocturnal Hypoglycaemia

Hypoglycaemia at night has important specific features and is the 
topic of a recent review [81]. The counterregulatory response is 
greatly attenuated during deep sleep and people with diabetes ex-
periencing hypoglycaemia during such sleep will not wake up, 
or be aware, and may also show no external signs. They may also 
sleep through alarms generated by continuous glucose monitors. 
Symptomatic hypoglycaemia at night may only occur if the hypo-
glycaemia is still present or occurs during lighter sleep. Nocturnal 
hypoglycaemia may thus continue for several hours. Risk of noc-
turnal hypoglycaemia is increased because the early hours of the 
morning are the time of maximum insulin sensitivity (because of 
diurnal variations in counterregulatory hormone secretion) and 
may also coincide with peak action of insulins injected to provide 
overnight cover. Hypoglycaemia in the night does not appear to 
impair cognitive performance next day but can be associated with 
low mood. It confounds the laying down of memory [82] and may 
be enough to reduce the stress response to hypoglycaemia the next 
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day [63]. Symptoms of an unsuspected hypoglycaemia in the night 
range from none at all to temporary neurological deficit (Todd’s 
paresis), although a headache in the morning may be a result.

contributory Factors to Hypoglycaemia

Hypoglycaemia in patients with diabetes is driven by exogenous in-
sulin and insulin secretagogue therapy, with the loss of endogenous 
control of insulin secretion. Such therapies are inevitably associated 
with times of insulin excess and loss of glucagon responses to hypo-
glycaemia consequent upon the loss of β- cell function increases 
the risk. Additional risk occurs with defective responses in other 
elements of the normal stress response, most notably with the de-
velopment of IAH. Risk of severe hypoglycaemia rises as insulin de-
ficiency, marked by C- peptide deficiency, advances; with increasing 
age and diabetes duration and, most robustly, with a history of severe 
hypoglycaemia in the past [24]. A relationship between increased 
hypoglycaemia and desirable HbA1c is not inevitable. Most recent 
studies fail to find a higher incidence of severe hypoglycaemia with 
a lower HbA1c, at least in type 1 populations [23, 26], although one 
recent study has shown increased risk in type 2 patients attending 
primary care with HbA1c below 53 mmol/ mol [83]. Rates of severe 
hypoglycaemia are always higher in the intensive treatment arms of 
research trials [31, 44– 46] but in type 1 diabetes, improving patients’ 
ability to manage their own insulin regimen flexibly through struc-
tured education lowers HbA1c and risk of hypoglycaemia (e.g. [9] ). 
In type 2 diabetes, there is no risk for severe episodes with lifestyle 
therapies or insulin sensitizing therapies (during which the patient 
is using endogenous insulin only) and minimal risk with incretin- 
based therapies, or glycosuric agents, when used alone. The risk is 
restricted to insulin secretagogue therapies and highest with longer- 
acting agents, such as first-  and second- generation sulphonylureas 
[83]. This is not to suggest that such agents should not be used, as 
the absolute risk remains small and they are well- tested, effective, 
and familiar agents, but care should be taken in their use, especially 
in elderly patients and in those with other comorbidities, such as 
renal impairment or coexisting cognitive dysfunction, now that 
newer agents with lower hypoglycaemia risk are available.

Exogenous insulin can cause hypoglycaemia because it is not 
under endogenous control; it is delivered systemically, rather than 
into the portal circulation, creating a relatively high peripheral- to- 
portal gradient; its absorption is unpredictable, depending on fac-
tors such as skin blood flow (and, therefore, site of injection, local 
lipohypertrophy, exercise of underlying muscle, or physical disrup-
tion of the injection site by rubbing, ambient temperature) and be-
cause of intrinsic variability in the absorption, which affects time 
to peak action and duration of the effects of an injection. Whether 
the absence of C- peptide leaves the patient lacking in a specific de-
fensive action, or is simply a reflection of the complete inability to 
achieve any lowering of insulin effect by shutting off an endogenous 
supply or influencing the glucagon response, is not known.

Often, a single episode of hypoglycaemia can be attributed to a 
likely precipitant. Exercise, missed meals/ snacks, treatment errors, 
and alcohol are the most commonly reported (Box 15.5.5.1). 
Exercise causes immediate hypoglycaemia as it drives insulin and 
insulin independent muscle glucose uptake and glucose oxidation. 
Unaccustomed, vigorous, or prolonged exercise (all relative to the 

exerciser’s accustomed exercise level) will continue to lower blood 
glucose over the next 12– 24 hours as expended muscle and liver 
glycogen stores are replaced. The possibility that exercise may cause 
hypoglycaemia many hours later is often not appreciated. Extreme 
exercise, by producing a stress response, may alleviate this and one 
paper has suggested a sprint at the end of a period of less intense ex-
ercise may provide some protection in the immediate post- exercise 
phase [84], but not the delayed hypoglycaemia [85] which needs to 
be addressed by reduced insulin administration.

Alcohol increases the risk of delayed severe hypoglycaemia, by 
inhibiting the gluconeogenesis needed to maintain blood glucose 
levels after fasting. The hypoglycaemia typically occurs in the early 
hours of the morning after drinking in the evening; or even after 
breakfast the next day. Alcohol also causes neglect of self- care of 
diabetes (affecting compliance with medical treatment and dietary 
regimens), decreases perception of symptoms of early hypogly-
caemia and may impair the ability to take appropriate action to re-
cover from a low glucose.

Box 15.5.5.1 Risk factors for hypoglycaemia and 
problematic hypoglycaemia

Common contributors to an individual episode of hypoglycaemia
 • Missed or inadequate meals/ snacks
 • Exercise
 • Drug or insulin dose error
 • Alcohol
 • Change in absorption from injection, e.g. hot bath, sauna, change in 

injection site
 • Overcorrection of a high glucose reading, e.g. postprandial, during 

action of earlier correction dose
Risk factors for experiencing severe hypoglycaemia:

 • History of severe hypoglycaemia
 • Hypoglycaemia unawareness/ deficient counterregulation
 • Long duration of diabetes
 • C- peptide deficiency
 • Under 5 years of age
 • Nocturnal hypoglycaemia
 • Intensified glycaemic control (insulin or drug treatment)
 • Inappropriate insulin/ drug regimen, e.g. long- acting sulphonylurea 

in elderly patients
 • Comorbidities and polypharmacy

Other factors increasing risk for recurrent, problematic hypoglycaemia
 • Failure of glucose counterregulation
 —  Cortisol and/ or growth hormone deficiency
 • Failure of insulin or sulphonylurea clearance
 —  Renal failure
 —  Liver failure
 —  Hypothyroidism
 —  Insulin- binding antibodies
 • Failure of endogenous glucose production
 —  Liver failure
 —  Glycogen storage diseases
 • Failure of exogenous glucose supply
 —  Malabsorption, including coeliac disease
 —  Gastroparesis
 —  Eating disorders, especially dieting or anorexia
 • Postpartum/ breast feeding
 • Manipulation of therapy (includes suicide/ parasuicide and obsessive 

fear of hyperglycaemia)
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Presence of insulin- binding antibodies may interfere with the 
pharmacodynamics of any given insulin, and has been associated 
with increased risk of severe hypoglycaemia, especially when pre-
sent in high concentrations in patients using older, less pure insulin 
preparations [56]. Insulin antibody levels are higher with genetic-
ally modified insulin analogues and with inhaled insulin, but, so 
far, have not been shown to have the same impact. In autoimmune 
disease, both insulin- binding and insulin- receptor antibodies have 
been known to cause hypoglycaemia in the absence of insulin 
therapy. Similarly, there are reports of hypoglycaemia occurring in 
the prodrome to type 2 diabetes, thought to be due to an exagger-
ated second- phase insulin response, brought on by early hypergly-
caemia associated with loss of the first- phase insulin response.

Comorbidities, perhaps particularly in the elderly patient with 
type 2 diabetes, are well established to increase risk of severe hypo-
glycaemia. Renal failure and hypothyroidism (by decreasing insulin 
clearance) and hypoadrenalism from Addison’s disease or hypopitu-
itarism and growth hormone deficiency (by reducing insulin antag-
onism) are rare causes of recurrent hypoglycaemia. Anecdotally, 
insulin- treated patients on adrenal replacement therapy may be 
more safely managed on longer- acting agents, e.g. prednisolone 
rather than hydrocortisone, to avoid periods of very low cortico-
steroid levels at night, although this should be the subject of re-
search. Drugs that have been reported to increase hypoglycaemia 
risk in treated diabetic patients include angiotensin- converting en-
zyme (ACE) inhibitors in patients with type 1 diabetes, any hyper-
tensive therapy in patients with type 2 diabetes (possibly reflecting 
more active medical management, rather than a direct effect of a 
particular drug), antithyroid treatment, and cessation of steroid 
treatment. Other drugs that can cause hypoglycaemia include quin-
olones, pentamidine, quinine, β- blockers, and insulin- like growth 
factor [86]. Recurrent hypoglycaemia, or mixed hypoglycaemia/ 
ketoacidosis, occur in some subjects labelled as having ‘brittle dia-
betes’. Psychosocial factors may contribute to this presentation. 
Some patients may choose to run their blood glucose at near- 
hypoglycaemic levels, overcorrecting minor or transient high glu-
cose concentrations.

Anecdotal reports of loss of hypoglycaemia awareness and in-
creased risk of severe hypoglycaemia associated with conversion 
from one insulin species to another, most particularly after switching 
from animal to human insulin, were not confirmed in randomized 
trials. However, insulins do differ in terms of pharmacokinetics and 
lipid solubility. The randomized trials cannot exclude idiosyncratic 
or very small differences that might be clinically relevant to sus-
ceptible patients. Caution should always be exercised in converting 
patients from one insulin regimen to another and patient preference 
should be respected.

Hypoglycaemia may become a particular problem in pregnancy, 
where women with diabetes strive for very tight control, often 
introduced urgently. The therapeutic targets are tighter. Insulin sen-
sitivity may be increased in the first 12 weeks of pregnancy, and, 
importantly, the insulin resistance of pregnancy stops immediately 
placental function ceases, so that protocols for insulin adminis-
tration during delivery must anticipate and account for this (see 
Chapter 15.10.4, ‘Diabetes in Pregnancy’). Loss of hypoglycaemia 
awareness and severe hypoglycaemia are common in pregnancy 
and can create a significant problem for the mother, although with 
no apparently negative impact on the fetus. Because of the attention 

to very tight glucose targets, including postprandially in pregnancy, 
review of eating patterns and, perhaps, introduction of routine 
between- meal snacking, may be necessary. The insulin resistance 
of late pregnancy resolves with delivery of the placenta, and la-
bour ward protocols for blood glucose control should reflect this, 
allowing reduction in insulin administration immediately post-
partum, to avoid maternal hypoglycaemia. Because of the imperfec-
tions in our ability to control blood glucose in the diabetic mother, 
their babies are at risk of hypoglycaemia, probably secondary to 
fetal hyperinsulinaemia before and during labour. Breast feeding is 
an energy- consuming activity and maternal insulin doses may need 
further reduction during lactation.

There is some controversial evidence for a genetic predisposition 
to IAH and severe hypoglycaemia, with the deletion (D- ) allele of the 
ACE insertion/ deletion (I/ D) polymorphism and polymorphisms 
in or near the genes for the β1 and β2 adrenergic receptor impli-
cated in adults with diabetes (e.g. [87– 89]), although other studies, 
including one in young people have been negative [90, 91].

consequences of Hypoglycaemia

Acute Effects

Acute episodes of hypoglycaemia resulting in cognitive impairment 
may result in embarrassing incidents, errors of judgement or per-
formance, and accidents. Altered behaviour may manifest as aggres-
sion, or may mimic alcohol intoxication. If glucose levels fall low 
enough, drowsiness, coma, and/ or epileptic seizures may result in 
injury and/or hospital admission.

Hypoglycaemia is a particular risk when undertaking activities 
that require concentration and fast reactions. Driving is a particular 
issue, usefully reviewed in [92]. In many countries, risk of hypogly-
caemia is taken into account by driving licensing authorities and 
this has led to underreporting [93]. In the United Kingdom, hypo-
glycaemia is not accepted by courts as a valid medicolegal explan-
ation for driving offences and the onus is on the individual to ensure 
that hypoglycaemia does not occur behind the steering wheel. Cox 
has found a relationship between experience of hypoglycaemia- 
related road traffic accidents and risk- taking behaviours in general 
[94]. Patients with a current history of severe hypoglycaemia while 
awake, or asymptomatic hypoglycaemia with high risk of severe 
hypoglycaemia, must be advised not to drive at all, and steps should 
be taken immediately to attempt to restore hypoglycaemia aware-
ness and protection. While the UK licensing authorities suggest 
any normal blood glucose (5 mmol/ L or more) is acceptable before 
driving, we advise patients with any degree of impaired awareness 
not to drive with a blood glucose less than 7 mmol/ L, as there is evi-
dence that blood glucose falls during driving. If a driver does sus-
pect that he or she is hypoglycaemic during driving, he/ she should 
stop the car, get out of the driver seat, and treat the hypoglycaemia. 
Because of evidence of delayed restoration of cognitive function 
after hypoglycaemia, driving should not be resumed for at least 45 
minutes after an event.

Acute hypoglycaemia impairs formation of memory for events 
occurring at the time of the hypoglycaemia [95], and may impair 
consolidation of memory during sleep [82]. Prolonged hypogly-
caemia may result in seizure [96]. Nocturnal hypoglycaemia may 
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also impair awareness of hypoglycaemia the next day [62,  63]. It 
may result in transient neurological sequelae, such as hemiplegia, 
which may mimic a cerebrovascular event (hemiplegic hypogly-
caemia). Rarely, hypoglycaemia may be followed by cerebral oe-
dema. Persistent neurological damage may follow very severe and 
prolonged hypoglycaemia, usually after a major insulin overdose.

Cardiac arrythmias are detected at plasma glucose concentrations 
of under 3 mmol/ L (54 mg/ dl) and may be associated with the auto-
nomic activation, adrenaline responses and/ or hypokalaemia that 
accompany insulin- induced hypoglycaemia [97, 98]. Prolongation 
of the qQTc interval is detected. The suggestion that some people 
may be predisposed to certain arrhythmias in hypoglycaemia raises 
the possibility of screening for risk in future [99].

Mortality resulting from acute hypoglycaemia is difficult to quan-
tify accurately. Each year, 25– 30 deaths are recorded in the United 
Kingdom as being directly related to hypoglycaemia. Population 
studies suggest that the actual rate may be higher. While diabetic 
ketoacidosis remains the main cause of acute diabetes- related death 
in young people, Cryer has quoted data reporting between 4% and 
10% of deaths in people with type 1 diabetes are due to hypogly-
caemia, but it is important to recognize that all the studies were 
in young people, with low rates of death from other causes [100]. 
A history of severe hypoglycaemia is associated with a significant 
increased mortality but not necessarily from hypoglycaemia itself in 
type 1 or type 2 diabetes, such that hypoglycaemia may be a marker 
of frailty and high risk of death from other causes [101,  102]. 
Nevertheless, recent studies show that death from hypoglycaemia, 
at least in people with type 1 diabetes, continues to occur probably 
at a stable rate. ‘Dead in bed’ syndrome, the event of a sudden, pre-
sumed cardiac, death occurring during sleep without evidence of 
seizure, was recently reported as accounting for 5% of deaths in 
young people with type 1 diabetes, very similar to the 4% originally 
described in 1991 [103].

In type 2 diabetes, and/ or with elderly patients, presentations with 
severe hypoglycaemia have been associated with stroke and heart 
attack, although it cannot be established which event came first.

The costs of hypoglycaemia are difficult to calculate, as many 
episodes even of severe hypoglycaemia, are managed without in-
volvement of emergency services. Furthermore the hidden costs 
in terms of loss of working time, for either the person with dia-
betes or his/ her carers, and additional self- monitoring or contact 
with healthcare professionals are not easily recorded. One recent 
estimate of the direct and indirect costs of episodes of severe hypo-
glycaemia that led to hospitalization was approximately £1180 (US 
$1505) medical costs per person per episode, and £485 (US $620) 
additional indirect costs in terms of lost work [103]. There are no 
significant costs associated with non- severe episodes [104].

chronic Effects of Hypoglycaemia

neurological

The chronic effects of recurrent hypoglycaemia, from which ap-
parently full recovery is made at the time, are unknown. Other 
repeated brain insults (e.g. trauma in boxers) may lead on to irre-
versible brain damage and it is known that neonatal hypoglycaemia 
(not usually diabetic) is associated with impaired brain function 

later. The developing brain is more susceptible to the effects of 
hypoglycaemia than the adult brain, and severe hypoglycaemia be-
fore the age of seven does seem to have impact on later performance 
of cognitive tasks [105, 106]. In contrast, in adolescents, as well as 
in adults, prospective studies of intensified therapy, with its asso-
ciated increased risk of severe hypoglycaemia, have failed to show 
any cognitive deficit in those with recurrent hypoglycaemia [107], 
which is important information when deciding appropriate ther-
apies to offer to minimize all complications of diabetes and its ther-
apies, including cognitive performance. At the other end of the age 
range, one recent study has reported a high rate of impaired cogni-
tive performance in older adults with type 1 diabetes, and impaired 
performance was associated with recent severe hypoglycaemia and 
impaired awareness of hypoglycaemia [108] and a study in older 
people with type 2 diabetes also links impaired performance and 
cognitive decline with hypoglycaemia [109]. However, the type 1 
data also confirm earlier studies showing associations with chronic 
hyperglycaemia and microvascular complications, and the direction 
of any link between impaired cognitive function and hypoglycaemia 
remains unknown— certainly people with dementia struggle to ad-
just insulin regimens effectively and poor cognition may be a cause 
of problematic hypoglycaemia. A meta- analysis of seven studies in 
adults, with diabetes, comparing those with and without a history 
of severe hypoglycaemia, indicates impaired memory functions 
and impaired speed of processing in type 2 diabetes only, while 
other cognitive functions remain intact [110]. Anecdotally, people 
with hypoglycaemia often complain of poor memory, and animal 
studies of profound hypoglycaemia show damage in the hippo-
campus, but it is possible that the failure to make or consolidate 
memory mentioned earlier may be as much to blame as permanent 
damage. Depression and anxiety deteriorate performance of cogni-
tive function tests.

cardiovascular

Hypoglycaemia is a risk marker for cardiovascular mortality. Apart 
from acute effects, the stress response of hypoglycaemia is accom-
panied by a coagulopathy, with elevated circulating inflammatory 
markers, adhesion molecules, and altered platelet and endothelial 
function. These changes do not resolve immediately, but persist and 
it is hypothesized that they may contribute to vascular damage and 
increase the risk of macrovascular events [111]. The hypothesis is 
very plausible but remains to be proven.

Societal and Psychological

Experience of hypoglycaemia can have long- term impact on quality 
of life, both of the person with diabetes and their families. There 
is evidence for absenteeism after severe hypoglycaemia, with some 
evidence for reduced work attendance after non- severe hypogly-
caemia, although those data are currently soft. As already discussed, 
recurrent exposure to plasma glucose values of <3 mmol/ L (54 mg/ 
dl) reduces awareness of subsequent hypoglycaemia, increasing risk 
of severe episodes. Both IAH and severe hypoglycaemia can cause 
embarrassment at work, or worse, with accidents and trauma, and 
may lead to loss of driving privileges and in severe cases access to 
children and dependents. Fear of hypoglycaemia is higher in people 
with experience of severe episodes but may be high even in people 
not at particularly high risk [112] and can of itself impair quality of 
life [113]. Healthcare professionals may have higher concern about 
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hypoglycaemia than people with diabetes and such fears may lead 
to reduced enthusiasm for intensifying diabetes treatments to min-
imize long- term diabetes complications. The impact of IAH and se-
vere hypoglycaemia on family members can be devastating as they 
thrust the family into an extreme carer role [114].

Management of Hypoglycaemia

Any person taking insulin or an insulin secretagogue is at risk.

Management

Most acute episodes are self- managed with oral carbohydrate; 15 g 
is usually adequate and rapidly absorbed carbohydrate must be 
used. Glucose tablets, such as dextrosol (3.1  g/ tablet), or 200  ml 
fresh fruit juice, are widely recommended, but any palatable sources 
of concentrated glucose can be used. A glycaemic response should 
occur within 10– 15 minutes and treatment should be repeated after 
15 min if glucose concentrations are still below 3.9 mmol/ L. If re-
fined glucose is used, most authorities recommend a starchy snack 
should also be ingested to avoid glucose levels dropping again after 
rapid absorption of available glucose from the stomach. This may 
be achieved by expediting the next meal or by deliberately ingesting 
20  g complex carbohydrate on recovery. In children who may be 
reluctant to eat or drink, concentrated glucose preparations, such as 
Glucogel (32 g/ 100 ml), or honey can be squeezed inside the cheek. 
The absorption of this is probably by the concentrated glucose trick-
ling back down the oropharynx, inducing reflex swallowing. Such 
therapies should not be attempted in the unconscious, when paren-
teral glucose or glucagon should be used.

Glucagon can be given by intravenous, subcutaneous, or intra-
muscular injection, with nasal glucagon being developed as an ef-
fective substitute. Glucagon mobilizes hepatic glycogen. It may be 
ineffective in liver disease, malnutrition, after repeated episodes 
of hypoglycaemia and extreme exercise, where there may be inad-
equate hepatic glycogen stores. It is available as a 1  mg injection 
pack for emergency intramuscular injection by a third party at 
home. The effect will be short- lived, so the recovered patient should 
take oral carbohydrate to prevent glucose levels from falling again. 
Intravenous glucose injection (70 ml of 20% glucose, or 125 ml of 
10%) will rapidly elevate blood glucose levels and is the standard 
emergency department treatment for hypoglycaemia that cannot be 
managed by oral intake. 25 ml 50% glucose may be used if a central 
venous line is in place and fluid load is a concern. Having treated 
the acute episode, an attempt should be made to identify the under-
lying cause (missed meals, exercise) and to give advice/ education as 
appropriate.

Patients who become hypoglycaemic on sulphonylurea therapy 
will require monitoring, and, probably, additional glucose support 
for up to 48 hours, as the hypoglycaemia is recurrent and prolonged. 
Advice for self- treating hypoglycaemia with ingestion of simple 
sugar should be reiterated, perhaps especially for patients also 
using alpha glucosidase inhibitors, in whom the ability of which to 
break down and absorb glucose from complex carbohydrate will 
be retarded. If there is a history of repeated hypoglycaemia and/ or 
unawareness of hypoglycaemia, the patient should be formally re-
viewed by a specialist diabetes team.

Avoidance of Hypoglycaemia

The first step towards minimizing hypoglycaemia risk is to iden-
tify and quantify it. Documenting hypoglycaemia experience and 
hypoglycaemia awareness should be part of every annual review 
for anyone using exogenous insulin or an insulin secretagogue. The 
International Hypoglycaemia Study Group has produced a Red- 
Amber- Green rating for risk for use by healthcare professionals and 
one for use by people with diabetes (ihsgonline.com) The healthcare 
professional should establish how often the patient experiences se-
vere, non- severe, and asymptomatic (from relatives and friends 
and from home records showing readings <3 mmol/ L [54 mg/ dl]) 
episodes and if there are times of particular risk. Nocturnal hypo-
glycaemia should be sought by asking the patient to check blood 
glucose occasionally at around 03.00 h (3 a.m.), the time of max-
imum insulin sensitivity and, in regimens using conventional back-
ground insulins (NPH and isophane), the time of peak insulin 
action. Hypoglycaemia awareness should be formally measured 
using one of the published validated questionnaires identifying 
people at high risk of severe hypoglycaemia [9, 70, 71, 115, 116]. Of 
these, the Gold score, asking the person to rate their awareness on 
a numeric scale from 1 to 7, and the Dose Adjustment For Normal 
Eating (DAFNE) tool asking if symptoms are usually perceived at or 
above a plasma glucose of 3 mmol/ L (54 mg/ dl) vs. below this value 
or not at all, are single item questionnaires, the latter being less sub-
jective. Impaired awareness with either (defined as a score of 4 or 
more on the Gold score, or usual detection being at under 3 mmol/ L 
or not occurring at all) predict significantly increased risk of severe 
hypoglycaemia in both type 1 (Figures 15.5.5.5 and 15.5.5.6) and 
in type 2 diabetes [71].

Inspection of home blood glucose monitoring records can help 
identify times of particular risk of hypoglycaemia, and it is worth 
going over recent records with the patient to confirm impressions 
and to ascertain awareness status. Using continuous glucose moni-
toring or intermittently monitored, retrospective (‘Flash’) glucose 
monitoring can also help identify hypoglycaemia patterns, espe-
cially overnight. Short- term use of blinded CGM has been used 
diagnostically, although not of proven utility.

Identification of risk factors may be made through a careful 
history and examination. Duration of diabetes, duration of in-
sulin therapy, and degree of insulin secretory failure reflected by 
C- peptide concentrations are not amenable to treatment, but in-
dicate someone at increased risk for severe hypoglycaemia, as do 
comorbidity and frailness. Discussing with the patient the timing 
of seminal activities, such as rising, insulin administration, eating, 
exercise, and alcohol ingestion, can identify possible contributors 
to non- physiological insulin replacement strategies. Intercurrent 
illnesses that might enhance hypoglycaemia risk, such as other hor-
mone deficiencies, other drugs, malabsorption, etc., should be elim-
inated or treated.

Thereafter, there is a clear pathway for reducing hypoglycaemia 
risk [117]. In patients with type 2 diabetes, not dependent on in-
sulin, review of medication, with consideration given to replacing 
insulin secretagogues with insulin sensitizers, incretin- based, or 
glycosuric therapies. For patients requiring insulin, particularly 
those with type 1 diabetes, structured education around flex-
ible insulin use and self- adjustment of doses to achieve pre- meal 
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target blood glucose in the near- normoglycaemic range (most par-
ticularly stressing the lower limit of the desired range, normally 
4  mmol/ L (72  mg/ dl)) has been reliably shown to reduce severe 
hypoglycaemia, with evidence for many such programmes, some 
specifically focused around hypoglycaemia avoidance, others more 
generally targeting improved glycaemic control and flexibility 
of lifestyle, demonstrated in a systematic review [118]. Such pro-
grammes depend on teaching about insulin pharmacodynamics, 
how to administer insulin flexibly around meals to be eaten, and 
common precipitants of hypoglycaemia such as exercise or alcohol. 

Patients may increase their carbohydrate intake (e.g. 30  g before 
and at 30- minute intervals during moderate exercise) and/ or ad-
just insulin doses before and after exercise to avoid low blood glu-
cose. During the exercise, continuation of some, perhaps reduced, 
basal insulin replacement is usually needed, but meal doses can 
be reduced considerably. Unaccustomed, vigorous, or prolonged 
exercise necessitates a further reduction in the overnight insulin 
dose (e.g. by between 15% and 50% in a well- controlled patient). 
Alcohol, with its ability to cause delayed hypoglycaemia, taken with 
exercise (e.g. dancing and drinking at parties) may be particularly 

1. Ask the patient
     Gold score

1 2 3 4 5 6 7

“Do you know when your hypos are commencing?”

Do your symptoms of hypoglycaemia usually occur at a blood
glucose level of:

• Greater than/equal to 3 mmol/L (54 mg/dl)

• Less than 3 mmol/L (54 mg/dl)

• Do not feel symptoms

Rates of severe hypoglycaemia
per person per year

2.5

2

1.5

1

0.5

0

0

1

2

3

4

5

for values < 3 mmol/L (54 g/dl)

how often they (a) detect the person’s hypoglycaemia before the person
(b) have to treat the person with diabetes for hypoglycaemia

Intact awareness

Impaired awareness

2. Check the glucose records

3. Ask family members/friends

Always
aware

Never
aware

Figure 15.5.5.5 Two tools for assessing awareness of hypoglycaemia in people with diabetes by asking the patient. In the top panel, the Gold score 
is illustrated, below it the DAFNE tool. With each tool, the patient answers that define impaired awareness are shaded in grey. On the right the grey 
bars in each graph show the rates of severe hypoglycaemia in people scoring for impaired awareness with each tool compared to the rate in people 
who do not score for impaired awareness in white.
Data taken from references 70 and 9.

Exclude/treat comorbidities

Regular review
with

experienced
diabetes HCP

and escalate as
required,

approximately
every 3–6
months

Structured education in flexible insulin therapy
usually using insulin analogues

Addition of technology–CGM and/or CSII *

Combination of CGM and CSII*
with automated insulin delivery features

Address psychological issues in people
with persistent impaired awareness of hypoglycaemia

Islet cell replacement by islet (or pancreas) transplantation *

Figure 15.5.5.6 Treatment pathway for people with type 1 diabetes experiencing recurrent severe hypoglycaemia and with impaired awareness of 
hypoglycaemia. The patient should be carefully assessed and progressed along the pathway, with the option to increase a stage in between reviews 
if there is clearly no benefit. CSII = continuous subcutaneous insulin infusion; MDI = multiple daily insulin injection; SMBG = self- monitored blood 
glucose (finger pricking); RT- CGM = real- time continuous glucose monitoring with alarms. * psychological issues may play a role and psychological 
assessment and/ or treatment may be appropriate at any stage when clinically indicated.
Adapted with permission from Choudhary P, Rickels MR, Senior PA, Vantyghem MC, Maffi P, Kay TW, Keymeulen B, Inagaki N, Saudek F, Lehmann R, Hering BJ. Evidence- 
informed clinical practice recommendations for treatment of type 1 diabetes complicated by problematic hypoglycemia. Diabetes Care. 2015 Jun;38(6):1016– 29.
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dangerous. In insulin- treated patients, consideration of the insulin 
kinetics will identify times of high risk of hypoglycaemia (e.g. 2– 3 
hours after meals and in the early hours of the night). Use of the 
short- acting insulin analogues for meals may help achieve good 
postprandial glucose levels without hypoglycaemia before the next 
meal, and, for some, reintroduction of between- meal snacking may 
need to be considered. Avoidance of postprandial administration of 
insulin is key— even with the fastest currently available insulins for 
subcutaneous use, a 15- minute gap between insulin administration 
and food ingestion gives optimal results [119, 120]. For nocturnal 
hypoglycaemia, use of fast- acting analogues for evening meals, 
‘peakless’ analogues for background control, or, where conventional 
NPH or isophane insulins are used, taking the bedtime dose as late 
as possible or resuming a bedtime snack (including, perhaps, un-
cooked cornstarch) may all help. Use of the ultralong acting insulin 
degludec is associated with reduced hypoglycaemia, compared to 
other insulins, and although this lacks the flexibility of twice daily 
insulin detemir, many patients do not use this facility and for them, 
degludec may effectively reduce even severe hypoglycaemia risk 
(see Chapter 15.5.3, ‘Insulins and Insulin Delivery Devices’).

Adoption of technology is the next step, if the hypoglycaemia 
persists after proper education. The prior use of education is key, 
as this alone can be very beneficial and may account for some of 
the benefits originally ascribed to technology [121]. Use of auto-
mated insulin dose advisors linked to home glucose monitoring and 
in receipt of information about earlier insulin doses can reduce be-
haviours such as stacking (repeat ‘correction’ doses of fast- acting 
insulin in quick succession, or shortly after carbohydrate ingestion, 
without allowing the first correction dose to have worked— a min-
imum interval of two hours is recommended) but the strongest 
evidence, in people with type 1 diabetes, is for either continuous 
glucose monitoring (see Chapter 15.5.2, ‘Glucose Monitoring and 
Sensing’), or for infusing background insulin using continuous sub-
cutaneous insulin therapy (for more on insulin pump therapy, see 
Chapter  15.5.3), followed by sensor augmented pump therapy, in 
which the pump’s insulin delivery is suspended automatically, when 
the sensor predicts a hypoglycaemic event. Recent studies indicate 
that use of real- time continuous glucose monitoring alone reduces 
severe hypoglycaemia risk, and such systems can be added to mul-
tiple daily injection therapy with benefit [122]. Interestingly, there 
is no evidence that such systems result in restored hypoglycaemia 
awareness, so the protection is only effective when the devices are 
being worn [123]. If all else fails, islet or whole organ pancreas 
transplantation provide protection from severe hypoglycaemia 
while islet function persists (see Chapter 15.6.4, ‘Transplantation’). 
Such therapies cannot be undertaken lightly, but are available for 
patients with intractable problems.

The described pathway can be very successful in reducing risk of 
severe hypoglycaemia but there remain a few patients who fail to 
benefit. These are people with apparently treatment resistant IAH 
and recurrent severe hypoglycaemia and there is evidence that they 
have abnormal cognitive responses to hypoglycaemic events, as just 
described, that create barriers to their engaging successfully with 
the treatment pathway. Fears of hyperglycaemia and failure to pri-
oritize treatment of hypoglycaemia are key cognitions which may 
need to be addressed through targeted psychological support before 
this group of people can successfully reduce their hypoglycaemia 
experience [124].

Summary

Hypoglycaemia is the most important acute complication of 
pharmacological therapies for diabetes that either replace or arti-
ficially drive endogenous insulin secretion. Awareness of all hypo-
glycaemia provides the patient using such therapies with essential 
protection against severe hypoglycaemia, in which the circulating 
glucose concentrations fall too low to support full, normal, cogni-
tive function. Defects occur in the normal defences against hypo-
glycaemia as soon as therapies are started and progress over time. 
Exposure to mild hypoglycaemia can cause defective responses to 
and subjective recognition of, subsequent hypoglycaemia. Severe 
hypoglycaemia has associated adverse outcomes, which range from 
the embarrassing to the disastrous. Healthcare professionals should 
regularly check each patient’s hypoglycaemia experience and adjust 
therapies to maximize the patient’s ability to defend themselves. 
Avoidance of hypoglycaemia is, therefore, an important goal for dia-
betes therapies and can be achieved without deterioration of overall 
glycaemic control. To achieve this, however, requires good systems 
for patient education and engagement of the patient in these.
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Introduction

The person living with type 1 diabetes has to meet the challenge 
of integrating glucose self- management with everyday life 24/ 7 in 
order to ensure optimal glycaemic control, which not only reduces 
their risks of long- term complications but enhances their quality of 
life and allows them to maximize their potential.

The components of this self- management strategy are use of an 
appropriate insulin regimen, timely and effective glucose moni-
toring, and training to allow the person with diabetes to adjust their 
management in response to daily events which impact on blood 
glucose levels, such as diet, alcohol, exercise, stress, and illness. This 
self- management training will also need to be provided to parents 
and carers for children and adults who require support.

Supporting the person with diabetes to implement their self- 
management strategy requires the input of all members of the 
specialist multidisciplinary team, ideally comprising a diabetes 
consultant, diabetes specialist nurse, specialist dietitian, and psych-
ologist with training in diabetes. Similar but separate teams will 
be needed to support adults and children with diabetes and ap-
propriate local arrangements will be needed to ensure seamless 

transition for the person with diabetes between children’s and adult 
services. Appropriate benchmarking can assess the performance of 
individual services. Regional, national, and international bench-
marking schemes have been shown to improve overall biomedical 
outcomes.

Insulin Regimens

The cornerstone of effective blood glucose self- management is in-
tensive insulin therapy or flexible insulin therapy with either mul-
tiple daily injections or insulin pump therapy. The aim of treatment 
is to allow the person with diabetes to target an HbA1c of 6.5% 
while minimizing the risk of hypoglycaemia.

A multiple daily injection, or basal- bolus, insulin regimen is the 
favoured starting injection regimen for the newly diagnosed adult 
or child with diabetes, although in some cases the newly diagnosed 
child may be started immediately on insulin pump therapy. The 
multiple daily injection regimen is designed to mimic as closely as 
possible, given the limitations of the subcutaneous route of admin-
istration, a physiological insulin profile, with a long- acting insulin 
providing the basal, or background, circulating insulin, and a rapid- 
acting insulin being used for bolus insulin to cover glucose excur-
sions following meals or snacks, and to correct high glucose levels 
at any time.

Long- acting analogue insulins are preferred for people with type 
1 diabetes as they deliver a more reliable diurnal insulin profile with 
less intraindividual variation in circulating insulin levels when com-
pared to human insulin preparations. A once daily dosing regimen 
for the long- acting analogue insulin is often preferred by the person 
with diabetes to minimize the number of daily injections, but a 
twice- daily injection regimen potentially provides greater flexi-
bility for those with a more varied lifestyle. This is reflected in NICE 
guidance for adults with type 1 diabetes which advises favouring a 
regimen using twice- daily insulin detemir over once daily insulin 
glargine. The twice- daily insulin detemir approach is being increas-
ingly used in children. Since publication of this guidance there is 
more evidence to support the use of once daily insulin degludec, 
particularly in reducing the risk of nocturnal hypoglycaemia.
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For an adult with type 1 diabetes the starting basal insulin dose 
can be estimated as:

 • 16– 24 units depending on the size of the individual, or
 • 0.3 units/ kg body weight.

A lower dose should be considered in the elderly and where intra-
venous insulin has been used prior to starting an injection regimen 
and the individual appears to be very sensitive to insulin. In the 
latter scenario ½ the units of intravenous insulin administered over 
the previous 24 hours can be used as a starting basal insulin dose.

In children, the dose and frequency of the long- acting analogue 
insulin varies depending on the child’s age and weight. Smaller chil-
dren are more sensitive to insulin. Children who are pubertal re-
quire increasing amounts of insulin. However, insulin dosages are 
very individual and two children of the same age or same weight 
often need quite different amounts. For children under 5 years, if 
insulin pump therapy is not considered appropriate, then a basal 
insulin dose of 0.25 units/ kg/ day, administered once daily, could be 
considered as a starting dose of insulin detemir.

Children between 5 and 10  years of age could be started on 
0.3 units/ kg/ day. Children aged 11 years and above are often pre-
scribed 0.4 units/ kg/ day insulin detemir, at this age given in two 
divided doses.

Rapid- acting insulin analogues are preferred as the bolus insulin 
for people with type 1 diabetes, the more reliable circulating insulin 
profile and shorter duration of action compared to soluble human 
insulin resulting in a lower postprandial glucose peak and less risk 
of late post- meal hypoglycaemia.

If the newly diagnosed person receives training, and subse-
quently develops an understanding of carbohydrate counting, then 
they can be trained to give rapid- acting insulin according to the 
amount of carbohydrate ingested. To do this they will need to know 
an insulin:  carbohydrate ratio (ICR), the amount of insulin to be 
administered per 10 g carbohydrate or 1 carbohydrate portion (CP). 
In most adults, a reasonable starting point is an ICR of 1 unit: 10 
g, with 1 unit: 5 g for those who are insulin resistant or are obese, 
and 1 unit: 15 g for those who are very insulin sensitive. Where this 
training takes place at a later date, fixed mealtime insulin doses can 
be used, with the total daily bolus dose equating to the total daily 
basal dose and divided according to the reported relative carbohy-
drate content of each meal. In children, an ICR of between 1unit: 5 g 
to 1 unit: 50 g may be required depending on the child’s age, weight, 
and pubertal status.

Rapid- acting insulin can also be used to correct high blood glu-
cose levels and the individual will need to determine by how much 
1 unit insulin reduces blood glucose levels. This is called the insulin 
sensitivity factor (ISF). In adults, a starting point of 1 unit to bring 
blood glucose by 2.5– 3 mmol/ L is typical. In children, an ISF of be-
tween 1:2 and 1: 25 may be required depending upon the child’s age, 
weight, and pubertal status,

Established rapid- acting insulin analogues represent modifica-
tions of the structure of human insulin. Recently faster- acting in-
sulin aspart has become available, using the adjuvant nicotinamide 
to accelerate the absorption of insulin from the subcutaneous depot. 
There is no definitive evidence to indicate superiority of this insulin 
over other rapid- acting analogue insulins in a multiple daily injec-
tion regimen, but it may be considered for those people with dia-
betes who, despite giving bolus insulin 15 to 20 minutes pre- meals, 

are struggling with postprandial blood glucose spikes or late post- 
meal hypoglycaemia.

In certain circumstances a simpler insulin regimen may be 
considered:

 • In the months after diagnosis the person with diabetes may go 
through a honeymoon phase where insulin requirements fall 
significantly, and on occasion, for a short time, insulin may not 
be needed at all. This typically lasts for 6 to 12 months, although 
rarely can last longer than this. During this honeymoon phase 
there may be a need for only basal or bolus insulin. However, it 
is important that the person with diabetes is aware that this is a 
transient phase and that their maintenance regimen is with mul-
tiple daily injections.

 • The use of a twice- daily regimen using either a fixed pre- mixture 
of short and long- acting insulin or a free mixture of these insu-
lins performed by the person with diabetes has been favoured in 
the past as a starting regimen for people with diabetes before im-
provements in insulins and glucose monitoring allowed for more 
effective and widespread use of multiple daily injection regimens. 
Now, use of a twice- daily regimen using pre- mixed insulin is re-
served for those who would struggle to manage a multiple daily 
injection regimen, particularly those dependent on carers, such as 
people with learning difficulties, the frail elderly, or young people 
who are having significant difficulty adhering to this intensive 
insulin regimen. Such regimens are likely to achieve satisfactory 
blood glucose control only if the individual maintains a relatively 
unvarying lifestyle with consistent mealtime carbohydrate intake.

The alternative to a multiple daily injection regimen is continuous 
subcutaneous insulin infusion or insulin pump therapy. This 
therapy offers potential advantages over multiple daily injections 
as a method of delivering intensive insulin therapy. Insulin can be 
delivered more flexibly via the pump. In particular this includes a 
variable rate of basal insulin delivery, different types of bolus in-
sulin profiles and an ease of giving bolus doses which favours more 
frequent use of correction boluses. Insulin pump therapy has been 
shown to be potentially superior to multiple daily injection therapy 
in reducing HbA1c and at the same time reducing the frequency of 
hypoglycaemia in both adults and children, but its use is limited by 
cost considerations and to a lesser extent personal preference. In 
one meta- analysis [1] , that included 22 studies comparing insulin 
pump therapy with multiple daily injections, severe hypoglycaemia 
was reduced on pump therapy compared to injection therapy, with 
a rate ratio of 2.89 for randomized controlled trials and 4.34 for 
before/ after studies. The mean difference in HbA1c between treat-
ments was 0.21% for randomized controlled trials and 0.72% for 
before/ after studies. The greatest reductions in severe hypogly-
caemia were seen in those with the highest baseline incidence and 
the higher the starting HbA1c the greater the reported reduction. 
Studies reporting long- term outcomes of pump therapy [2– 3] indi-
cate that sustained reductions in HbA1c averaging around 1% for at 
least 10 years are seen in those who start HbA1c because of inability 
to reach target HbA1c on multiple injection therapy.

In England and Wales NICE guidance for insulin pump therapy 
[4]  recommends it should be used:

 • For children younger than 12 years of age where multiple daily 
injection therapy is considered to be impractical or inappropriate
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 • For adults and children 12 years and older where:
 ▪ Attempts to achieve target HbA1c levels with multiple daily 

injections result in the person experiencing disabling hypogly-
caemia, the repeated and unpredictable occurrence of hypo-
glycaemia that results in persistent anxiety about recurrence 
and is associated with a significant adverse effect on quality of 
life, or

 ▪ HbA1c levels have remained high at 8.5% (69  mmol/ mol) or 
above on multiple daily injection therapy despite a high level 
of care

On the basis of the recommended criteria for using insulin pump 
therapy the expectation is that in time over 20% of adults and up to 
50% of children with type 1 diabetes should be using this technology.

Safe and effective use of insulin pump therapy requires a signifi-
cant commitment to self- management either by the person with 
diabetes or their carer and so there should be regular review to en-
sure that the insulin pump user is demonstrating adequate engage-
ment with the therapy. While the user may choose to discontinue 
pump therapy themselves or it may be withdrawn due to an absence 
of clinical benefit, consideration should be given to discontinuing 
pump therapy if the user is not monitoring blood glucose levels ad-
equately as this will prevent them identifying unrecognized pump 
failure. If pump therapy is withdrawn due to safety concerns, this 
should be done in a supportive way, with educational and psycho-
logical support provided and an option to restore pump therapy 
again if appropriate. In reality insulin pump therapy is rarely dis-
continued with reported continuation rates in excess of 95%.

Glucose Monitoring

Self- monitoring blood glucose is essential for ensuring that insulin 
dosing is optimized and the risk of hypoglycaemia is mitigated for 
the person with diabetes. A minimum of 4 capillary blood glucose 
tests per day is recommended, based on 3 pre- meal and 1 pre- bed 
test. In reality a greater number of tests is likely to be needed, for 
example to ensure safety when driving or exercising and to inform 
the person with diabetes or their carer about the impact of external 
factors such as alcohol and stress on blood glucose levels.

The NICE guidance for adults with type 1 diabetes [5]  recognized 
this need for additional testing with a recommendation to support 
testing up to ten times a day if any of the following apply:

 • The desired target for blood glucose control, measured by HbA1c, 
is not achieved

 • The frequency of hypoglycaemic episodes increases
 • There is a legal requirement to do so, such as before driving, in 

line with the Driver and Vehicle Standards Agency guidance
 • During periods of illness
 • Before, during, and after sport
 • When planning pregnancy, during pregnancy, and while 

breastfeeding
 • If there is a need to know blood glucose levels more than four 

times a day for other reasons, such as impaired awareness of 
hypoglycaemia or taking part in high- risk activities

In certain circumstances more than ten blood glucose tests per day 
may be required because of the person’s lifestyle, for example driving 

for a long period of time, undertaking high- risk occupations, 
during long- distance travel, or if the person has impaired awareness 
of hypoglycaemia. There is good evidence that a greater frequency 
of blood glucose testing is associated with a lower HbA1c [6] .

The NICE guidance for children with type 1 diabetes [7]  recom-
mends that an explanation should be given to children and young 
people with type 1 diabetes and their family members or carers (as 
appropriate) that an HbA1c target level of 48 mmol/ mol (6.5%) or 
lower is ideal to minimize the risk of long- term complications. They 
should also be advised to routinely perform at least five capillary 
blood glucose tests per day [8].

Target blood glucose levels recommended by NICE [5, 7], based 
on achieving target HbA1c of 48 mmol/ mol (6.5%) are:

 • Fasting plasma glucose level (on waking) of 4– 7 mmol/ L for chil-
dren, 5– 7 mmol/ L for adults

 • Plasma glucose level of 4– 7 mmol/ L before meals at other times of 
the day

 • Plasma glucose level of 5– 9 mmol/ L post- meals if checked after at 
least 90 minutes

 • Plasma glucose level of at least 5 mmol/ L when driving

The use of subcutaneous interstitial fluid glucose sensing allows an 
alternative to conventional self- monitoring of capillary blood glu-
cose. These sensors allow glucose levels to be conveniently checked 
at any time and provide information as to the direction of change 
in blood glucose that is not evident when taking isolated capillary 
glucose readings. Two options for interstitial fluid glucose testing 
are available:

 • Flash glucose monitoring— glucose levels are available when the 
sensing device is scanned

 • Continuous glucose monitoring— glucose levels are continuously 
relayed to a display device and alarms/ alerts can be set to warn of 
existing or impending hypo-  or hyperglycaemia

Flash glucose monitoring is relatively inexpensive compared to con-
tinuous glucose monitoring and therefore can be regarded as a sub-
stitute for self- monitoring of blood glucose. It should be considered 
for all children with diabetes or for adults with diabetes needing 
to test eight times a day or more, or whose HbA1c remains high 
despite adequate blood glucose self- monitoring or who cannot per-
form capillary testing due to physical or psychological issues.

The indications for adding continuous glucose monitoring into 
the management strategy are similar to the indications for pump 
therapy. A  meta- analysis of individual patient data from six ran-
domized controlled trials [9]  showed a mean difference in HbA1c of 
0.3% in favour of those using continuous glucose monitoring rather 
than capillary glucose self- monitoring, and as for pump therapy 
the higher the baseline HbA1c the greater the reduction in HbA1c 
when using continuous glucose monitoring. Clinical trials indicate 
that in order to get the desired impact from continuous glucose 
monitoring it should be used at least 70% of the time.

In England and Wales NICE recommend continuous glucose 
monitoring [5, 7] should be:

 • Offered to children and young people with diabetes who have:
 ▪ Frequent severe hypoglycaemia, or
 ▪ Impaired awareness of hypoglycaemia associated with adverse 

consequences (e.g. seizures or anxiety), or
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 ▪ An inability to recognize, or communicate about, symptoms 
of hypoglycaemia (for example, because of cognitive or neuro-
logical disabilities)

 • Considered for children and young people with diabetes in the 
following situations:
 ▪ Neonates, infants, and preschool children
 ▪ Children and young people who undertake high levels of phys-

ical activity (e.g. sport at a regional, national, or international 
level)

 ▪ Children and young people who have comorbidities (e.g. anor-
exia nervosa) or who are receiving treatments (e.g. corticoster-
oids) that can make blood glucose control difficult

 • Considered for adults with diabetes who despite optimal use of 
insulin therapy and conventional blood glucose monitoring have:

 ▪ More than one episode a year of severe hypoglycaemia with no 
obviously preventable precipitating cause

 ▪ Complete loss of awareness of hypoglycaemia
 ▪ Frequent (more than two episodes a week) asymptomatic hypo-

glycaemia that is causing problems with daily activities
 ▪ Extreme fear of hypoglycaemia
 ▪ HbA1c of 9% (75  mmol/ mol) or higher that persists despite 

testing at least ten times a day. For this indication real- time 
continuous glucose monitoring should only be considered if 
HbA1c can be sustained at or below 7% (53 mmol/ mol) and/ or 
there has been a fall in HbA1c of 2.5% (27 mmol/ mol)

The final recommendation is based on a cost- effectiveness analysis 
so cheaper continuous glucose monitoring would allow it to be used 
for lesser degrees of hyperglycaemia and require less stringent gly-
caemic targets for ongoing usage.

In addition to blood glucose monitoring the person with type 
1 diabetes needs a way of monitoring for ketones in the event of 
high blood glucose levels. While urine ketone testing is feasible, the 
preferred option is capillary blood glucose testing for its accuracy 
and predictive value. Generally capillary blood ketones should be 
checked when blood glucose levels are greater than 15 mmol/ l, with 
a level of 1.5– 3 mmol/ L mandating action such as administering an 
insulin correction bolus and increasing fluid intake, and a level of 
>3 mmol/ L the threshold for considering hospital admission.

combining technologies for optimizing control

A strategy for introducing and combining technologies for optimizing 
blood glucose control is illustrated in Figures 15.6.1.1 and 15.6.1.2.

The use of sensor- augmented pump therapy, combining an in-
sulin pump and continuous glucose monitoring, is of greatest 
benefit to the person with problematic hypoglycaemia, particularly 
impaired awareness of hypoglycaemia. The diabetes team should 
ensure that all people with type 1 diabetes are assessed at least an-
nually for hypoglycaemic problems by recording the frequency of 
severe hypoglycaemia and identifying impaired hypoglycaemia 
awareness using the Clarke or Gold score.

Continuous glucose monitoring alone can alert the user to the ex-
istence or imminence of hypoglycaemia but automation of insulin 
delivery can protect against hypoglycaemia. A  sensor- augmented 

pump system using a predictive low glucose suspend algorithm to 
temporarily stop insulin delivery when the sensor glucose trend in-
dicates there is a likelihood of hypoglycaemia developing within 30 
minutes, has been shown to prevent over 80% of probable hypogly-
caemic episodes [9] . A hybrid closed- loop insulin delivery system, 
using the same technology, with a different algorithm which ad-
justs basal insulin delivery according to sensor glucose values, is 
now available in the United Kingdom and may be an option for the 
person with type 1 diabetes who has a persistently high HbA1c des-
pite optimal use of insulin pump therapy or multiple daily injec-
tions supported by continuous glucose monitoring.

Structured Education

The person with type 1 diabetes needs training to effectively use in-
tensive insulin therapy with appropriate blood glucose monitoring.

There is mixed evidence for the value of structured educations for 
adults with type 1 diabetes. While meta- analysis has failed to show 
that structured education based around carbohydrate counting has 
a consistently positive impact on HbA1c [10], the DAFNE (Dose 
Adjustment For Normal Eating) course is of proven benefit with a 
reduction in HbA1c of 1% (11 mmol/ mol) 6 months after attending 
the course [11]. Longer- term follow- up shows HbA1c remains 
lower but to a lesser extent, but quality of life improvements are 
maintained [12]. It is possible that refresher education courses may 
help maintain the benefit from the initial course.

The NICE guideline for adults with type 1 diabetes [5]  concluded 
that a structured education course based on the principles of the 
DAFNE course should be offered to all people with type 1 diabetes 
between 6 and 12 months after diagnosis. Carbohydrate counting 
training alone could be offered while awaiting more comprehen-
sive structured education. The NICE guideline for children with 
type 1 diabetes [7] recommends that children and young people 
with type 1 diabetes and their family members or carers (as ap-
propriate) are offered a continuing programme of education from 
diagnosis.

The NICE guideline for adults [5]  gives specific criteria for an ac-
ceptable structured education course (described in greater detail in 
Chapter 15.5.1). The structured education course should cover at a 
minimum the following aspects of self- management:

 • Nutrition, including carbohydrate counting, alcohol, healthy 
eating, and weight management

 • Insulin dosing for meals, including insulin to carbohydrate ratios 
and correction doses

 • Hypoglycaemia/ hyperglycaemia management
 • Exercise and blood glucose control
 • Sick day rules
 • Complications of diabetes
 • Pregnancy and contraception
 • Driving and travel

The group approach to structured education appears to have sig-
nificant benefits over one- to- one training both in terms of effi-
ciency for the diabetes educator and learning for the person with 
diabetes.



15.6.1 Strategies for the Management of type 1 Diabetes 2027

Figure 15.6.1.1 NICE guidance (NG17) for adults with type 1 diabetes (2015): (a) monitoring glycaemia; (b) choice of insulin regimen.
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Certain subgroups may benefit from further education in specific 
areas:

 • Preconceptional counselling has been shown to benefit women 
with type 1 diabetes preparing for pregnancy

 • The person with diabetes who is adept at carbohydrate counting 
may wish to fine tune insulin dosing with meals by gaining an 

understanding of how fat and protein content additionally impact 
on post- meal blood glucose levels

 • More detailed advice may be helpful for the person with type 1 
diabetes who undertakes serious exercise as the impact of factors 
such as duration of activity, whether activity is aerobic or anaer-
obic or mixed, and whether competition is involved, will influence 

Figure 15.6.1.2 Diabetes UK algorithm for the use of technology for type 1 diabetes (2018)— includes flash glucose monitoring which was not 
considered in the NICE guidance (NG17).
Reproduced with permission from Type 1 Diabetes Technology: A Consensus Guideline. June 2018. https:// www.diabetes.org.uk/ resources- s3/ 2018- 06/ Diabetes%20UK%20
consensus%20guideline.pdf
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the strategy for managing glucose levels and the balance between 
adjusting insulin doses and taking additional carbohydrate

 • A  DAFNE- pump course has been developed for adults so that 
pump users can be taught the same self- management principles 
as applied to insulin pump therapy

 • Users of insulin pump therapy and/ or flash/ continuous glucose 
monitoring will benefit from training in uploading data from their 
device and retrospectively analysing the information obtained in 
order to make adjustments to insulin therapy and consider the 
impact of external factors, such as nutrition, exercise, and stress 
on blood glucose levels

People with type 1 diabetes suffering from problematic hypogly-
caemia may benefit from specific behavioural training to help avoid 
hypoglycaemia

Trained educators supported by the wider diabetes multidiscip-
linary team should deliver these components of structured educa-
tion and advanced training in diabetes self- management.

the Multidisciplinary team

The multidisciplinary diabetes team is central to providing the ne-
cessary support for the individual person with diabetes to imple-
ment their self- management strategy.

The key individuals in this team are:

 • Consultant trained in management of type 1 diabetes
 • Diabetes specialist nurse
 • Diabetes specialist dietitian
 • Clinical psychologist with expertise in the management of long- 

term conditions, and preferably specialist expertise in the man-
agement of diabetes

 • A diabetes educator, who is likely to be either a diabetes specialist 
nurse or dietitian

These team members will be the same for adult and paediatric 
services but the expertise will be either in adult or paediatric dia-
betes care, with the only overlap occurring at the transition be-
tween paediatric and adult services, which usually covers age 16 to 
19 years.

Other non- core team members may include:

 • Diabetes service administrator
 • Diabetes pharmacist
 • Diabetes podiatrist
 • Diabetes technician, for supporting technology use
 • Diabetes youth worker
 • Diabetes family support worker
 • Diabetes social worker

The multidisciplinary team should meet regularly, probably weekly, 
in order to discuss complex decisions about individual people with 
type 1 diabetes. This could include for example:

 • People being considered for insulin pump therapy or continuous 
glucose monitoring

 • People who are suffering from problematic hypoglycaemia
 • People who are pregnant or planning to conceive

 • People who have a persistently high HbA1c
 • People who are repeatedly failing to attend the service
 • People on insulin pump therapy who fulfil criteria for pump 

withdrawal
 • People who are new to the diabetes service
 • People who have been in- patients with diabetes- related 

complications
 • People who have safeguarding related concerns

The multidisciplinary team should oversee improvements in service 
delivery, provision of appropriate structured education and audit/ 
benchmarking activity.

The amount of contact that the individual with type 1 diabetes 
has with the multidisciplinary team will vary depending on their 
age, their degree of education and experience, the effectiveness of 
their blood glucose self- management, and whether they are using 
specific technologies.

Most guidance supports all people with type 1 diabetes being 
under the care of the multidisciplinary specialist team, even if they 
only make contact once a year. The paediatric best practice, year 
of care tariff in England mandates at least quarterly face- to- face 
contact with the team and a minimum of an additional eight con-
tacts with the young person between clinic visits. There is no such 
mandated contact for those aged over 19, however NICE guidance 
clearly states standards of care that should be met for young people 
preparing to transition from paediatric to adult care:

 • Allow sufficient time for young people with diabetes to familiarize 
themselves with the practicalities of the transition from paediatric 
to adult services because this improves clinic attendance.

 • Agree specific local protocols for transferring young people with 
diabetes from paediatric to adult services.

 • Base the decision about the age of transfer to the adult service 
on the young person's physical development and emotional ma-
turity, and local circumstances.

 • Ensure that transition from the paediatric service occurs at a time 
of relative stability in the young person's health and is coordin-
ated with other life transitions.

 • Explain to young people with type 1 diabetes who are preparing 
for transition to adult services that some aspects of diabetes care 
will change at transition.

In adult care, following pump therapy initiation, there are best prac-
tice guidelines [13] that provide a template for the first year’s follow- 
up and NICE guidance for the pregnant woman [14] with diabetes 
advises an appropriate schedule of clinic follow- ups.

Contact with the multidisciplinary team is likely to evolve with 
greater use of technology to support self- management for the 
person with type 1 diabetes. The ability to upload insulin delivery 
and blood glucose monitoring data to the cloud, using platforms 
such as Glooko/ Diasend, Tidepool, and Carelink and to commu-
nicate remotely can allow for more timely intervention to support 
changing insulin regimens when problems with blood glucose 
control occur. There is likely to be rise in remote advice giving, 
including use of virtual clinics, as the uptake of these technologies 
becomes more widespread, and healthcare professionals and users 
become more skilled in interpreting the information obtained from 
uploaded data.
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Benchmarking and Audit

There is good evidence that benchmarking networks and regional, 
national and international audit programmes can help improve 
performance of services supporting the person with diabetes in 
implementing their self- management strategy.

The National Paediatric Diabetes Audit (NPDA) [15] is now in 
its fourteenth year and is used to compare the care and outcomes 
of all children and young people with diabetes receiving care from 
Paediatric Diabetes Units (PDUs) in England and Wales. There is 
100% participation in this audit. It has been commissioned by the 
Health Quality Improvement Partnership (HQIP), funded by NHS 
England and the Welsh Government, and is managed by the Royal 
College of Paediatrics and Child Health (RCPCH).

The audit’s aims are to monitor the incidence and prevalence of 
all types of diabetes among children and young people receiving 
care from a PDU in England and Wales and to establish which key 
care processes are being received by children and young people with 
diabetes. The audit enables benchmarking of performance against 
standards of care specified by the National Institute for Health and 
Care Excellence (NICE) guidance at PDU and national level and 
determines the prevalence and incidence of diabetes- related com-
plications among children and young people with diabetes.

Although the NPDA has demonstrated marked improvements in 
paediatric diabetes outcomes in England and Wales over the last 
8 years, it is felt by those working in the field of paediatric diabetes 
that in order to maintain the momentum towards the best inter-
national results and to meet current NICE Standards, new initia-
tives are required. As a result, the RCPCH has recently commenced 
the delivery of a high quality 3- year renewable programme of Peer 
Review and Quality Improvement involving all the diabetes units 
in England and Wales. The programme is a partnership between 
the RCPCH and the National Children and Young People’s Diabetes 
Network, which has been supported by HQIP and NHS England 
and it complies with the Peer Review Framework from NHS Wales.

The programme comprises four elements:

 • An annual programme of self- assessment against nationally- 
agreed measures which, alongside existing NPDA data provide 
a complete picture of a unit’s compliance with national standards 
and good practice

 • A process of external verification which provides assurance as to 
consistency and credibility of the assessments

 • A three- year cycle of peer review visits providing consistent, au-
thoritative assessment of every unit’s achievements and practical 
challenges in improving the care for children with diabetes

 • A cascading managed programme of Quality Improvement 
transforming whole diabetes teams and through them their net-
work colleagues

It is hoped that by introducing this Quality Programme more 
rapid improvement in the variation of standards of care and out-
comes will be achieved.

In adult practice the National Diabetes Audit has in recent years 
been extended to specialist secondary care diabetes services and 
has started to allow comparison between centres in terms of out-
come for people with type 1 diabetes and the uptake of technology 

in these centres. There is considerable variation across England and 
Wales, for example the uptake of insulin pump therapy ranging be-
tween centres from 3% to over 30% of adults with type 1 diabetes 
[16] while evidence from the audit demonstrates that greater up-
take of technology is associated with better outcomes for the person 
with diabetes. Given the potential improvements in care that could 
be facilitated by action to improve a centre’s performance in the 
National Diabetes Audit, participation in such national audit pro-
grammes should be mandated for all centres providing specialist 
type 1 diabetes care.
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Introduction

Type 1 diabetes is the most common chronic condition of 
childhood— but it can develop at any age, and around half of cases 
are diagnosed in adulthood. Age of onset can affect the individual 
trajectory in adapting to life with diabetes [1] . An adult who devel-
oped diabetes in childhood may not have memory of the diagnosis 
and its initial impact on life. While in adulthood, a diagnosis has 
been shown to have an immediate disruptive effect on physical and 
psychosocial aspects of life [2]. At any age, type 1 diabetes and its 
management is challenging, but there are also particular transitions 
in life that can impact on diabetes management and outcomes and 
vice versa. For example, puberty/ adolescence [3] and pregnancy [4] 
often coincide with unstable glucose levels and elevated emotional 
distress, and conversely diabetes impacts negatively on the experi-
ence of these key life stages.

This chapter focuses on the behavioural implications and diabetes- 
related emotional problems that are commonly experienced by 
people with type 1 diabetes. Adequate assessment of the psycho-
logical impact informs the most effective treatment strategies. Also, 
these are best addressed by diabetes health professionals, as they are 
associated with diabetes self- care and outcomes.

Managing type 1 Diabetes is complex

The aim of type 1 diabetes self- care is to maintain glycated 
haemoglobin (HbA1c) within an individualized target range (e.g. 
<53  mmol/ mol; <7%). This requires proactive self- management, 
including adjusting insulin according to glucose levels (checked 
several times a day) and the nutritional content of meals or 
snacks. Planning and adjustments are needed for physical activity 
(e.g. sports, walking, gardening) to avoid extreme glucose levels. 
However, many other factors affect glucose levels, including sev-
eral beyond the person’s control— e.g. hormones, weather, stress, 
illness— and the limitations of current treatments. The individual 
needs to develop advanced self- care knowledge, skills, and con-
fidence, as well as acceptance of the need for relentless decision- 
making and lifelong perseverance in performing multiple daily 
self- care tasks. Therefore, managing glycaemic excursions is relent-
less and places a considerable behavioural burden on the individual.

Diabetes technologies (e.g. insulin pumps and continuous glu-
cose monitoring) may reduce this burden and can offer greater 
flexibility of lifestyle and choice in treatment modalities. But such 
benefits are associated with the person’s level of engagement and 
optimal use of the devices [5] . Also, technologies are not an option 
for all. This is partly due to their financial implications (both initial 
outlay and ongoing consumables, either for the individual or their 
healthcare service) and to personal preferences. These can relate to 
body image concerns (not wanting to be attached to a device), and 
that the devices currently require significant interaction to maintain 
‘control’ and do not negate the need for human input. The ‘human 
factor’ is one reason why not all people with type 1 diabetes benefit 
from these novel technologies, which is evidenced by the substan-
tial number not achieving HbA1c at target [6]. Despite significant 
advances in treatments, technologies, and screening procedures, 
type 1 diabetes can still lead to serious acute complications (e.g. 
hypoglycaemia, ketoacidosis), long- term complications (e.g. ampu-
tation, blindness), remains associated with a shorter life expectancy, 
and can have a significant psychological impact.

The relentless efforts and frustrations of managing type 1 dia-
betes are often underestimated by health professionals. Often their 
approach is still largely driven by the acute biomedical model of 
care in which the health professional’s role is to prescribe treatment 
and the patient’s role is to ‘comply’ with the prescriptions. This is a 
wholly inappropriate model of care for type 1 diabetes, which at the 
least needs to be replaced with a bio- psycho- social model of care 
[7] . Although health professionals are becoming more aware of the 
psychological impact of diabetes management and outcomes, there 
is still a gap between the holistic support people with diabetes ex-
pect and what they receive from their health professionals [8,  9]. 
If an analogy is needed, perhaps that of a mountain climber, sup-
ported by an expert team is appropriate— as health professionals 
can advise but, ultimately, the daily efforts of self- care to achieve 
individualized targets rest with the person.

type 1 Diabetes Affects Emotional Well- Being

Emotional responses to the diagnosis, daily burden of self- care, 
and progress of the condition can be a barrier to achieve optimal 
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self- care, health, and quality of life. The individual’s emotional re-
actions may be related directly to diabetes and its management (e.g. 
diabetes- specific distress or fear of hypoglycaemia). People with 
type 1 diabetes may also experience more general mental health 
problems such as depression, anxiety, or eating disorders. While 
these may or may not be caused by type 1 diabetes, these psycho-
logical problems can certainly impact on how the person manages 
their diabetes.

Diabetes Distress

Diabetes distress is a common emotional reaction to living with 
diabetes [10]. It is not a diagnosable mental health condition. If 
left unchecked, diabetes distress can become severe and/ or place 
the person at risk of developing depression. Although there is 
some similarity between diabetes distress and clinical depression, 
they are distinct constructs and require different treatment strat-
egies [11]. Due to the overlap between symptoms of depression and 
signs of suboptimal diabetes management (e.g. tiredness and lack 
of energy), it could well be that people with diabetes are diagnosed 
with depression, while they actually experience hyperglycaemia or 
diabetes distress [10]. With appropriate psychological assessment 
tools, this distinction can now be established [11].

Diabetes distress is defined by its content and severity, which can 
fluctuate from mild to severe. Around 20– 30% of adults with type 
1 diabetes experience severe diabetes distress [12]. Sources of dia-
betes distress in people with type 1 diabetes include, but are not 
limited to, feeling powerless, food/ eating, hypoglycaemia, negative 
social reactions [13]. The impact of these stressors should not be 
underestimated because they affect the emotional and physical well- 
being of the person with type 1 diabetes. Greater diabetes distress 
is associated with suboptimal diabetes management (e.g. reduced 
physical activity, unhealthy eating, no or limited self- monitoring of 
glucose levels) and, as a consequence, elevated HbA1c and severe 
hypoglycaemia.

Few interventions have been developed specifically to reduce dia-
betes distress among people with type 1 diabetes— most were de-
signed for people with type 2 diabetes or to reduce diabetes distress 
as a secondary outcome [14]. There is evidence that structured type 
1 diabetes education programmes [15, 16] and psychological inter-
ventions [17,  18] are effective in reducing diabetes distress, par-
ticularly in those with greater baseline distress. Diabetes distress is 
reduced after completing the Dose Adjustment For Normal Eating 
(DAFNE) programme, and further analysis shows this to be driven 
by reductions in regimen- related distress [16]. In mixed samples of 
people with diabetes, monitoring diabetes distress routinely with a 
validated questionnaire and acting on the outcomes in clinical con-
sultations reduced severe diabetes distress and improved general 
emotional well- being [19]. Finally, positive psychological factors 
such as optimism, self- esteem, self- efficacy, have been identified as 
protective against distress and elevated HbA1c [20].

Fear of Hypoglycaemia

Hypoglycaemia is an acute complication of some blood glucose 
lowering medications, particularly insulin, and is a real concern 
for people with type 1 diabetes and their families [8,  21]. It can 
occur unexpectedly, often overnight, with debilitating physical and 
cognitive symptoms and social embarrassment. Fear of hypogly-
caemia is the specific and extreme fear arising from the risk and/ or 

experience of hypoglycaemia. This differs from concerns about low 
glucose levels, which are constructive in keeping the person atten-
tive to the early warning signs of hypoglycaemia.

Fear of hypoglycaemia can be triggered by impaired awareness of 
hypoglycaemia or experiencing a severe episode, which may have 
caused a trauma (e.g. a car accident or injury). Sometimes, a person’s 
fear is disproportionate to their actual risk [22]. This may be due to 
limited understanding, skills, and confidence in preventing, recog-
nizing, and treating low glucose levels. It may also coincide with 
personality traits, such as neuroticism or elevated trait anxiety [23].

To manage their fear, affected individuals may develop compen-
satory behaviours, such as reducing or omitting insulin doses, or 
continually snacking. These strategies are effective in reducing fear 
but when they become a habit, the consequence is persistent hyper-
glycaemia and increased risk of long- term complications. Other 
strategies include avoiding being alone or restricting activities that 
could lead to hypoglycaemia (e.g. refraining from exercise or travel-
ling), which may be detrimental to their quality of life. Underlying 
reasons may include safety concerns and the fear of embarrassment 
in public. Furthermore, it is not uncommon that a severe hypogly-
caemic event is mistaken for alcohol or drug abuse by those who are 
not familiar with diabetes, and this results in perceived or experi-
enced stigma [24].

Fear of hypoglycaemia is often not recognized and addressed 
by health professionals. People with diabetes may not report ex-
periencing hypoglycaemia for valid reasons [25]. They may 
blame themselves for not being able to prevent hypoglycaemia or 
fear the potential implications for their driving licence or work. 
Pathways to address hypoglycaemia and the associated fear include 
treatment optimization [26] and fear reduction strategies [27]. 
Psychoeducational intervention— addressing unhelpful beliefs and 
upskilling the person in their understanding of, and response to, 
early and personal symptoms of low glucose— has also been shown 
to be effective [28, 29].

Fear of Hyperglycaemia

At the other end of the spectrum is extreme concern about elevated 
glucose levels. Affected individuals may strive to keep their glucose 
levels in a very narrow range, by correcting even slightly elevated 
glucose levels. Clinical observation suggests that this strategy may 
be associated with ‘perfectionist’ tendencies. Such fear may also be 
a reaction to experiencing unpleasant symptoms of elevated glu-
cose or extreme concerns about developing diabetic ketoacidosis 
or long- term complications. Irrespective of the cause, without an 
appropriate level of concern about low blood glucose, hypergly-
caemia avoidance appears to be a risk factor for recurrent severe 
hypoglycaemia [30]. Fear of hyperglycaemia [31] and lack of con-
cerns about hypoglycaemia or impaired awareness [30], have only 
recently been investigated and underlying mechanisms are not yet 
fully understood.

clinical Implications

The psychological burdens just described are real, common and, 
moreover, a natural consequence of living with this lifelong, self- 
managed condition. They are barriers to optimal self- care and, as 
such, are likely to impact on diabetes outcomes. For these reasons, 
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these are best addressed, in first instance, by the diabetes health pro-
fessionals as part of holistic individualized care [32].

Health professionals often believe that talking about emotions 
will divert the conversation from the medical agenda and that it 
will take up much more time. However, it is crucial to understand 
how a person is translating professional advice into their daily self- 
management plan, the barriers they are facing, their beliefs about 
what does and does not work for them, their preferences and satis-
faction with treatment modalities (including use of technologies), 
and how they feel about their life with diabetes. Only in this way can 
a mutually agreed, personalized care plan be established and imple-
mented with maximum benefit to the person with type 1 diabetes. 
Often, simply acknowledging these issues and showing empathy 
can ease diabetes distress [13] and strengthen the individual’s en-
gagement with their self- management.

Diabetes Management or Psychological Approach?

As noted earlier, negative emotions may result from a limited under-
standing of diabetes and its management, self- care skills, and/ or 
confidence. In this case, the first- step approach should focus on dia-
betes education and training (preferably a structured programme 
with a person- centred philosophy and proven effectiveness, such as 
DAFNE), to enhance these skills and in turn reduce diabetes dis-
tress and/ or fear of hypo/ hyperglycaemia.

However, if the emotional problem (e.g. low/ high fear unrelated 
to actual risk of hypoglycaemia) is due to inappropriate health 
beliefs or a personality trait, a psychological approach is recom-
mended in parallel with continuous support from the diabetes 
team. Also, when diabetes- specific emotional problems coincide 
with other complex issues (e.g. anxiety disorder, eating disorder 
and/ or social problems), it will require an integrated multidiscip-
linary approach including diabetes health professionals and mental 
health professionals.

conclusion

This chapter has highlighted the relentless ‘24/ 7’ behavioural 
burden and common negative emotional reactions experienced by 
people living with type 1 diabetes, which have significant implica-
tions for both their health and quality of life. Consequently, such 
problems need to be acknowledged and addressed, preferably in the 
first instance by the diabetes healthcare team supporting the indi-
vidual. For those who experience negative emotional reactions, the 
intensity can vary over time. However, attentive observation by a 
concerned clinician is recommended, to enable early detection and 
addressing of psychological problems when these occur. Finally, it 
is important to note that the majority of individuals living with type 
1 diabetes are coping well and enjoying life, albeit with the added 
complexity of also managing their condition.

REFEREncES
 1. Lašaite L, Ostrauskas R, Žalinkevičius R, et al. Diabetes distress in 

adult type 1 diabetes mellitus men and women with disease onset 
in childhood and in adulthood. J Diabetes Complications, 2016; 
30: 133– 7.

 2. Due- Christensen M, Zoffmann V, Willaing I, et al. The process 
of adaptation following a new diagnosis of type 1 diabetes in 
adulthood: a meta- synthesis. Qual Health Res, 2018; 28: 245– 58.

 3. Hagger V, Hendrieckx C, Sturt J, et al. Diabetes distress among 
adolescents with type 1 diabetes: a systematic review. Curr Diab 
Rep, 2016; 16: 9.

 4. Singh H, Murphy HR, Hendrieckx C, et al. The challenges and 
future considerations regarding pregnancy- related outcomes 
in women with pre- existing diabetes. Curr Diab Repo, 2013; 
13: 869– 76.

 5. Gonder- Frederick LA, Shepard JA, Grabman JH, Ritterband LM. 
Psychology, technology, and diabetes management. Am Psychol, 
2016; 71: 577.

 6. Beck RW, Tamborlane WV, Bergenstal RM, et al. The T1D  
exchange clinic registry. J Clin Endocrinol Metab, 2012; 97: 
4383– 9.

 7. Speight J. Managing diabetes and preventing complica-
tions: what makes the difference. Med J Aust, 2013; 198: 16– 17.

 8. Nicolucci A, Kovacs Burns K, Holt R, et al. Diabetes Attitudes, 
Wishes and Needs second study (DAWN2™): cross- national 
benchmarking of diabetes- related psychosocial outcomes for 
people with diabetes. Diabet Med, 2013; 30: 767– 77.

 9. Holt RI, Nicolucci A, Kovacs Burns K, et al. Diabetes Attitudes, 
Wishes and Needs second study (DAWN2™): cross- national com-
parisons on barriers and resources for optimal care— healthcare 
professional perspective. Diabet Med, 2013; 30: 789– 98.

 10. Gonzalez JS, Fisher L, Polonsky WH. Depression in dia-
betes: have we been missing something important? Diabetes 
Care, 2011; 34: 236– 9.

 11. Snoek FJ, Bremmer MA, Hermanns N. Constructs of depression 
and distress in diabetes: time for an appraisal. Lancet Diabetes 
Endocrinol, 2015; 3: 450– 60.

 12. Sturt J, Dennick K, Due- Christensen M, McCarthy K. The detec-
tion and management of diabetes distress in people with type 1 
diabetes. Curr Diabetes Rep, 2015; 15: 101.

 13. Fisher L, Polonsky WH, Hessler DM, et al. Understanding the 
sources of diabetes distress in adults with type 1 diabetes. J 
Diabetes Complications, 2015; 29: 572– 7.

 14. Sturt J, Dennick K, Hessler D, et al. Effective interventions for 
reducing diabetes distress: systematic review and meta- analysis. 
International Diabetes Nursing, 2015; 12: 40– 55.

 15. Hopkins D, Lawrence I, Mansell P, et al. Improved biomedical 
and psychological outcomes 1 year after structured education in 
flexible insulin therapy for people with type 1 diabetes: the U.K. 
DAFNE experience. Diabetes Care, 2012; 35: 1638– 42.

 16. Speight J, Holmes- Truscott E, Harvey DM, et al. Structured type 
1 diabetes education delivered in routine care in Australia re-
duces diabetes- related emergencies and severe diabetes- related 
distress: the OzDAFNE program. Diabetes Res Clin Pract, 2016; 
112: 65– 72.

 17. Schmidt C, van Loon BJP, Vergouwen A, et al. Systematic review 
and meta- analysis of psychological interventions in people with 
diabetes and elevated diabetes- distress. Diabet Med. June 2018; 
35: 1157–72.

 18. Fisher L, Hessler D, Polonsky WH, et al. T1- REDEEM: a ran-
domized controlled trial to reduce diabetes distress among 
adults with type 1 diabetes. Diabetes Care. July 2018; 41: 1862– 9.

 19. Snoek FJ, Kersch NYA, Eldrup E, et al. Monitoring of individual 
needs in diabetes (MIND)- 2: follow- up data from the cross- 
national Diabetes Attitudes, Wishes, and Needs (DAWN) MIND 
study. Diabetes Care, 2012; 35: 2128– 32.



SEctIon 15 Diabetes Mellitus2034

 20. Yi JP, Vitaliano PP, Smith RE, et al. The role of resilience 
on psychological adjustment and physical health in pa-
tients with diabetes. British Journal Health Psychology, 2008; 
13: 311– 25.

 21. Kovacs Burns K, Nicolucci A, Holt RI, et al. Diabetes Attitudes, 
Wishes and Needs second study (DAWN2™): cross- national 
benchmarking indicators for family members living with people 
with diabetes. Diabet Med, 2013; 30: 778– 88.

 22. Anderbro T, Gonder- Frederick L, Bolinder J, et al. Fear of hypo-
glycemia: relationship to hypoglycemic risk and psychological 
factors. Acta Diabetologica, 2015; 52: 581– 9.

 23. Wild D, von Maltzahn R, Brohan E, et al. A critical review of 
the literature on fear of hypoglycemia in diabetes: implications 
for diabetes management and patient education. Patient Educ 
Couns, 2007; 68: 10– 15.

 24. Browne JL, Ventura A, Mosely K, Speight J. ‘I'm not a druggie, I'm 
just a diabetic’: a qualitative study of stigma from the perspective 
of adults with type 1 diabetes. BMJ Open, 2014; 4: e005625.

 25. Östenson C, Geelhoed- Duijvestijn P, Lahtela J, et al. Self- 
reported non- severe hypoglycaemic events in Europe. Diabet 
Med, 2014; 31: 92– 101.

 26. Choudhary P, Rickels MR, Senior PA, et al. Evidence- informed 
clinical practice recommendations for treatment of type 1 dia-
betes complicated by problematic hypoglycemia. Diabetes Care, 
2015; 38: 1016– 29.

 27. Vallis M, Jones A, Pouwer F. Managing hypoglycemia in diabetes 
may be more fear management than glucose management: a 
practical guide for diabetes care providers. Curr Diabetes Rev, 
2014; 10: 364– 70.

 28. De Zoysa N, Rogers H, Stadler M, et al. A psychoeducational 
program to restore hypoglycaemia awareness: the DAFNE- 
HART Pilot study. Diabetes Care, 2014; 37: 863– 6.

 29. Cox DJ, Gonder- Frederick L, Ritterband L, et al. Blood glucose 
awareness training: what is it, where is it, and where is it going? 
Diabetes Spectrum, 2006; 19: 43– 9.

 30. Rogers H, De Zoysa N, Amiel S. Patient experience of hypogly-
caemia unawareness in type 1 diabetes: are patients appropri-
ately concerned? Diabet Med, 2012; 29: 321– 7.

 31. Singh H, Gonder- Frederick L, Schmidt K, et al. Assessing hyper-
glycemia avoidance in people with types 1 diabetes. Diabetes 
Management, 2014; 4: 263– 71.

 32. Hendrieckx C, Halliday JA, Beeney LJ, Speight J. Diabetes 
and Emotional Health: A Handbook for Health Professionals 
Supporting Adults with Type 1 and Type 2 Diabetes. 
Canberra: National Diabetes Services Scheme; 2016.

15.6.3 Immunotherapy for type 1 
Diabetes
Colin Dayan and Danijela Tatovic

Introduction 2034

The Risk– Benefit Balance of Immunotherapy in T1D 2034

Mechanisms of Immunomodulation 2034

References 2036

Introduction

It is now well- recognized that the appearance of multiple anti-
bodies to beta- cell antigens in otherwise normoglycaemic indi-
viduals marks the start of the process that will eventually lead to 
clinical type 1 diabetes (T1D) [1,  2]— see Figure 15.6.3.1. This 
period of several years represents a window of opportunity for im-
munological intervention in order to halt the autoimmune process 
and preserve beta- cell function (see online only Figure 15.6.3.2). 
The most rapid loss of beta- cell function happens in the first 
12 months after diagnosis [3] , which represents a further oppor-
tunity for interventions leading to effective beta- cell preservation.

the Risk– Benefit Balance 
of Immunotherapy in t1D

Many diabetologists have been unwilling to consider immuno-
therapy as they believe the risks outweigh the benefits versus in-
sulin therapy. However, with the new era of therapies that are very 
well- tolerated, the risks remain largely theoretical and need to be 
set against the shortcomings of even advanced insulin therapy. Even 
with optimal management, less than 30% of children and adults 
with T1D achieve a level of HbA1c which protects them from long- 
term complications (<7% (53 mmol/ mol)) and for certain groups, 
such as teenagers, compliance and metabolic control is even worse. 
And even these levels of control are only achieved by acceptance of 
a level of hypoglycaemic events that impairs quality of life.

Most individuals have 10– 20% of beta- cell function remaining at 
the time of diagnosis of T1D. Preservation of even 5% of beta- cell 
function has been shown to lower HbA1c by 1%, permit over 50% 
of people to reach target glycaemic levels, reduce hypoglycaemic 
risk by >50% and reduce long- term complications by 50% [4,  5]. 
Immunotherapy has the potential to preserve endogenous beta- cell 
function and thereby improve metabolic control even in poorly 
compliant individuals, with less hypoglycaemia and the possibility 
of intermittent rather than daily therapy [6– 8].

Mechanisms of Immunomodulation

non- Antigen- Specific Interventions

Generalized immunosuppression of the kind used in transplant-
ation provides the evidence that immunotherapy can be effective in 
preserving beta- cell function [9, 10], but is rarely used in diabetes 
immunotherapy nowadays because the risk profile cannot gener-
ally be justified versus treatment with insulin alone. Selective im-
munosuppression (non- antigen- specific) disables selected immune 
pathways relevant to progression of T1D (see Figure 15.6.3.3). 
Using modern- day low- risk biologic therapies that target specific 
cell subsets or cytokines, this can now be achieved with limited side 
effects and little evidence of generalized immunosuppression. As a 
result, these agents are now widely used to treat other autoimmune 
conditions such as rheumatoid arthritis, iritis, psoriasis, and mul-
tiple sclerosis (see Table 15.6.3.1).

At the time of writing, six therapeutic interventions have shown 
positive results when given over a short- term period in recent- onset 
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T1D, while others were ineffective (Figure 15.6.3.3). They target 
various molecules involved in the immune process— Figure 15.6.3.3 
[11]— delaying C- peptide loss by 8.2– 15.9  months in new- onset 
T1D [1] . The earlier cell depleting therapies— anti- CD3, anti- CD20 
and antithymocyte globulin (ATG) are associated with infusion re-
actions and cytokine release, that are not apparent with anti- CD2, 
CTLA4- Ig, and anti- TNF.

Targeting T Cells— Anti- CD3, Antithymocyte Globulin (ATG)

Anti- CD3 monoclonal antibodies target CD3 molecules ex-
pressed on the surface of T cells as part of the T- cell receptor 
(TCR) complex. These antibodies have been successfully used to 
prevent transplant rejection, but had the significant side effect 

of causing cytokine storm [12]. Their modification to reduce Fc 
receptor binding affinity led to the reduction in side effects, but 
retained immunosuppression [13]. Two of these antibodies have 
been developed for use in immune interventions: teplizumab and 
otelixizumab.

Early phase studies of teplizumab showed promising results in 
slowing the loss of beta- cell function, in both children and adults, 
that extended up to 2 years of follow- up with most of the effect ob-
served in patients with recent T1D onset [14– 16]. The same effect 
was replicated in a larger study, although the trial did not meet its 
endpoints, which were focused on diabetes control (HbA1c level 
and insulin requirement) that is, unlike C- peptide level, dependent 
on manipulation by physicians and patients [17]. However, younger 
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patients with good metabolic control and higher C- peptide levels 
had better therapeutic benefit [18].

Low- dose otelixizumab failed to show benefit in beta- cell preserva-
tion in a larger study [19], despite promising results at a higher dose in 
a smaller cohort, extending up to 18 months of follow- up after a single 
treatment, probably because the low dose was subtherapeutic [20, 21].

Low- dose ATG depletes T cells and has also been shown to pre-
serve C- peptide in two separate studies (+/ –  G- CSF) [22,  23] al-
though administration is associated with infusion reactions and 
transient serum sickness.

Targeting Effector Memory T Cells— Anti- CD2

Alefacept targets CD2 cell surface protein expressed on effector 
memory cells that are likely responsible for the autoimmune targeting 
of the pancreatic beta- cells. Indeed, Alefacept preserved C- peptide 
production (see online only Figure 15.6.3.4), lowered insulin use, 
and reduced hypoglycaemic events by 50% (see online only Figure 
15.6.3.5) in patients with newly diagnosed T1D [24]. The effect ex-
tended over the 12 months after cessation of therapy [25].

Targeting T- Cell Costimulatory Signals— Anti- CTLA4

This approach is based on the observation that stimulation of T cells 
through the TCR complex without costimulation (interaction be-
tween CD28 on T cells and B7 molecules on antigen- presenting cells 
(APC)) leads to T cell inactivation. Modulating costimulation would, 
in theory, affect only T cells that have their antigen- specific recep-
tors engaged. This is the basis of trials studying the CD28 homologue, 
cytotoxic T- lymphocyte antigen 4 immunoglobulin (CTLA4- Ig), 
also known as Abatacept. It selectively binds the B7 molecules on the 
APC, interfering with APC– T- cell interaction and inhibiting T cells.

Indeed, when Abatacept was trialled in patients with recent- onset 
T1D it slowed reduction in beta- cell function over 2 years [26]. The ef-
fect of this costimulation modulation was sustained for at least 1 year 
after cessation of treatment (i.e. 3 years after diagnosis of T1D [27]).

Targeting B Cells— Anti- CD20

The success of Rituximab, a monoclonal anti- CD20 antibody dir-
ected against B cells, in rheumatoid arthritis indicated the pos-
sibility of its use in diabetes. The rationale for this approach is to 
target a large population of cells with antigen- presenting properties, 
such as B cells. It slowed decline in C- peptide over 12 months in 
subjects with recent- onset T1D [28]. The rate of C- peptide decline 
shifted by 8.2 months in Rituximab- treated subjects [29].

Anti- TNF— TNF Receptor (Etanercept)

Etanercept is widely used to treat rheumatoid arthritis and other 
diseases and in a small study showed benefit in T1D [30]. Larger 
confirmatory studies are awaited.

Antigen- Specific Interventions

Antigen- specific immunotherapy (ASI), in which autoantigen mol-
ecules, or peptide epitopes derived from them, are delivered to pa-
tients to promote immune tolerance, is an attractive approach to 
treatment of antigen- specific autoimmune diseases as it offers the 
possibility of slowing the disease process without systemic immuno-
suppression The aim is to boost immunoregulation, by expanding 
antigen- specific regulator T cells, although some ASI appears to act 
predominantly by deleting or anergizing antigen- specific effector 
cells [31– 33].

One of the first trials in the field of ASI interventions was a glu-
tamic acid decarboxylase (GAD)– alum trial, in which the GAD65, 
one of the major autoantigens in T1D, was combined with an alu-
minium hydroxide adjuvant called alum, known to preferentially 
induce Th2 responses [34] and promote Treg expansion [11], with 
potential benefit in T1D reversal. Despite positive effects shown in 
early phase trials in patients treated within 6 months of diagnosis 
[35], the effect was not confirmed in subsequent larger studies [36– 
38]. A more recent study of intralymphatic administration appears 
promising [39].

Studies based on the autoantigen proinsulin— using either pro-
insulin DNA or T- cell target peptides derived from proinsulin have 
recently shown some promise but require replication [40, 41].

Currently, no immunotherapies are licensed for use in T1D, but 
results of many ongoing trials [42, 43] and networks have been estab-
lished to increase recruitment of newly diagnosed and at risk indi-
viduals into trials (https:// www.trialnet.org, http:// www.address2.org, 
https:// www.innodia.eu, https:// www.type1diabetesresearch.org.uk).

For almost a hundred years, treatment for T1D has not advanced 
beyond insulin replacement. We are now on the brink of funda-
mentally changing the management of this devastating disease by 
using immunotherapy to preserve endogenous beta- cell function 
and make metabolic control substantially easier. It seems likely that 
non- antigen- specific therapies will be licensed first, but antigen- 
specific therapy may follow, offering the possibility of treating T1D 
in the preclinical phase and delaying or preventing the need for in-
sulin therapy.
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sheep and later from human cadavers, predate the discovery of in-
sulin when death from ketoacidosis was inevitable (reviewed by 
Shapiro, 2007 [1] ). After the discovery of insulin, type 1 diabetes 
was no longer fatal but chronic complications and hypoglycaemia 
emerged as, and remain, key care gaps and areas of focus for beta- 
cell replacement therapy.

In the 1960s pancreas transplantation evolved with progress in 
solid organ transplantation including advances in effective im-
munosuppression. The first deceased donor vascularized pancreas 
transplant was performed in combination with a kidney transplant 
at the University of Minnesota in 1966 with the goal of protecting 
the donor kidney in a patient with type 1 diabetes and diabetic 
nephropathy. Technical advances have addressed the high mor-
bidity and mortality due to graft thrombosis, sepsis and anasto-
motic leaks which were common after early procedures [1] .

Successful clinical translation of islet transplantation took longer. 
The use of enzymatic digestion to isolate islets effectively and identi-
fication of the intrahepatic portal site as optimal for transplantation 
by Moskalewski and Lacy were key milestones paving the way for the 
first clinical islet transplant performed by Sutherland in Minnesota 
in 1974. Refinement of isolation techniques including Ricordi’s 
semi- automatic digestion chamber improved islet yield (po-
tency) and purity (safety). Early results of islet allotransplantation 
for type 1 diabetes were far surpassed by outcomes of islet auto-
transplantation following pancreatectomy, highlighting the dual 
challenges of overcoming auto-  and alloimmunity [1] . Prior to 
2000, insulin independence rates at one year following pancreatic 
islet allotransplantation were only 8% [2]. The ‘Edmonton Protocol’ 
demonstrated improved outcomes through transplantation of suf-
ficient islet mass from 2 to 4 donor pancreases over several pro-
cedures, using steroid- free immunosuppression to achieve one- year 
insulin independence in the first seven consecutive subjects [3]. 
Longer term results were less impressive with 5- year insulin in-
dependence rates of only 10%, although persistent graft function 
(C- peptide positivity) afforded ongoing clinical benefit through im-
proved glycaemic control, reduced variability and liberation from 
previously disabling hypoglycaemia [4].

Restoration of endogenous insulin secretion through islet or pan-
creas transplantation can achieve glycemia superior to that shown 
to protect against both micro-  and macrovascular complications 
of diabetes without any risk of significant hypoglycaemia [5] . The 
current rationale for beta- cell replacement is restoration of normo-
glycaemia and the prevention of hypoglycaemia and progressive 
complications of diabetes when best medical approaches have failed 
[6, 7].

transplant options in type 1 Diabetes

Although both pancreas and islet transplantation have similar ob-
jectives, they are often considered for distinct populations, albeit 
with some overlap. Because donor supply is limited and major 
abdominal surgery is required, pancreas transplants are often re-
stricted to younger, fitter recipients. Islet transplantation is gen-
erally indicated to reduce risk of hypoglycaemia and/ or improve 
glycaemic control and most are performed in subjects with pre-
served renal function or after kidney transplant [8] . Some of the 
similarities and differences are described in Table 15.6.4.1 [8– 13].
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Historical Perspectives and context

The first reports of unsuccessful attempts at transplantation in the 
treatment of diabetes, initially with fragments of pancreas from 
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Pancreas transplantation

Surgical Procedure

Advances in organ procurement and surgical technique have im-
proved pancreas transplant outcomes. Pancreas grafts are often placed 
in the right lower quadrant, with a side- to- side anastomosis of the 
duodenal stump to a loop of ileum permitting exocrine drainage (not 
usually to the bladder which was used historically). Vascular anasto-
moses are often with the iliac vessels although portal venous drainage 
is used by some surgeons. Technical and anatomical considerations 
may be most important since no clear advantages of portal drainage 
have been found. Anticoagulation seems to reduce the risk of pancre-
atic thrombosis which has been a leading cause of early graft loss [14].

Types of Pancreas Transplant

The vast majority of pancreas transplants have been performed in 
association with renal transplants, with 90% of cases as a simultan-
eous pancreas kidney transplant (SPK) [9] .

Demand for renal transplantation exceeds supply and suitable 
pancreatic donors are even more limited. Renal transplant recipi-
ents have a survival advantage over dialysis with best outcomes 
achieved with living donor kidneys [15]. Pancreas after kidney 

transplantation (PAK) may attain the benefits of improved gly-
caemic control while reducing time on dialysis [11]. SPK with main-
tained pancreas graft function reduces cardiovascular mortality risk 
in comparison to living donor kidney transplant alone [15].

Pancreas transplantation alone (PTA) performed in individuals 
with well- preserved renal function is reserved for metabolic in-
stability in type 1 diabetes, defined by recurrent severe hypogly-
caemia, hyperglycaemia, or diabetic ketoacidosis. PTA represents a 
small minority of pancreas transplants and the benefits of improved 
glycaemic control and insulin independence must be weighed against 
the procedural risk, with islet transplantation providing a lower risk 
alternative [11].

Islet transplantation

Islet transplantation is a minimally invasive procedure performed 
with local anaesthesia with/ without sedation which generally em-
ploys a percutaneous, transhepatic approach to access the portal vein 
using fluoroscopic guidance. The major procedural risks are related to 
either bleeding (intrahepatic or intraperitoneal) as a result of the hep-
atic puncture; or thrombosis of branches of the portal vein. The use of 
highly purified islet preparations with low tissue volume (below 5 ml) 

table 15.6.4.1 Comparison of pancreas and islet transplantation

Pancreas transplant Islet transplant

Indications Suboptimal glycaemic control or metabolic instability
End stage renal disease (SPK) or functioning renal 
transplant (PAK)

Recurrent severe hypoglycaemia with impaired awareness 
of hypoglycaemia
Severe glycaemic lability
Progressive microvascular complications

Cautions Current smoking
Alcohol/ drug use
Non- adherence with medical therapy

Alcohol/ drug use
Non- adherence with medical therapy
High body mass index/ insulin requirement

Contraindications Untreated infection or malignancy
High cardiovascular risk

Untreated infections or malignancy
Liver disease
Portal hypertension/ portal vein thrombosis

Recipient selection Good cardiovascular health, younger recipients Less stringent requirements for cardiovascular health

Renal status

CKD 4– 5 Simultaneous pancreas- kidney transplant indicated Islet transplant deferred until after kidney transplant (IAK)  
or less commonly as simultaneous islet kidney

CKD 1– 3 Pancreas alone transplants have inferior outcomes and 
are being performed less frequently

Most islet transplants performed as Islet Transplant Alone  
in individuals with preserved kidney function

Organ availability Highly selected donors, with preference for young, lean 
donors

Less stringent donor selection (older, higher BMI). Islet 
yields often higher in heavier, middle aged donors

Procurement Adequate preservation of vessels and an intact 
pancreatic capsule

Intact pancreatic capsule

Number reported to international 
registry

48 000 procedures between 1966 and 2014 [9] 2150 infusions between 1999 and 2015 [10]

Surgical procedure Major abdominal procedure, general anaesthesia Minimally invasive, local anaesthesia

Length of hospital admission 1– 2 weeks ≤1 week

Procedural risks Bleeding, pancreatitis, anastomotic leak, re- laparotomy, 
pancreatic thrombosis

Bleeding, portal vein thrombosis, abdominal pain

Immunosuppression

Steroids Often used short term
Dose minimized/ avoided in longer term when possible

Avoided

Maintenance Required long- term Required long- term

Beta-cell Mass/ secretory capacity Robust Minimal/ marginal

SPK, simultaneous pancreas kidney transplant; PAK, pancreas after kidney; IAK, islet after kidney transplant.



SEctIon 15 Diabetes Mellitus2040

minimizes elevations of portal vein pressure, and together with use of 
heparin, reduces the risk for thrombosis. Skilled operators can rapidly 
access the portal vein with a single pass, and the tract can be ablated 
to minimize the risk of bleeding, using a paste made from collagen 
flour and contrast medium or a haemostatic sponge [16, 17].

The success of the Edmonton Protocol was attributed initially to 
a sufficient mass (a total of >10 000 islet equivalents per kg body 
weight (IEQ/ kg)) of high quality, freshly isolated islets [3] . Most 
centres now perform islet transplantation after brief periods of islet 
culture (24– 48 hours). This has a number of practical advantages 
including the opportunity to administer conditioning immunosup-
pression and schedule transplants during regular hours with experi-
enced staff. While some islets are lost during culture, islet purity 
generally increases (and tissue volume decreases) as exocrine tissue 
is preferentially lost [10,  16]. Unfortunately, large numbers of is-
lets are lost in the first few hours after transplantation as a result 
of the instant blood mediated inflammatory response [13]. Insulin 
independence can be achieved occasionally with single infusions of 
<10 000 IEQ/ kg, but may not be achieved in all cases despite ex-
ceeding this threshold after several infusions [18]. Suffice to say that 
in the majority of islet recipients, the mass of engrafted islets is sub-
stantially lower than in a healthy individual [13, 19].

Successful islet transplant programmes are highly dependent on the 
skill and expertise of their islet isolation teams to consistently provide 
high quality preparations. Islet transplant outcomes can vary substan-
tially between sites, with better outcomes achieved by more experi-
enced, high volume centres— emphasizing the importance of effective 
multidisciplinary teams for achieving optimal outcomes [18].

While insulin independence was the focus of early reports and (with 
sufficient islet mass) can be achieved in almost all cases, long- term in-
sulin independence may not be maintained [10]. Protection from se-
vere hypoglycaemia can be maintained in the long term such that the 
major indication for islet transplantation alone (ITA) is recurrent se-
vere hypoglycaemia and impaired awareness of hypoglycaemia and/ or 
glycaemic lability [18]. Islet after kidney transplantation (IAK) is per-
formed less frequently to improve metabolic control with the expect-
ation that this will protect the donor kidney. Simultaneous islet- kidney 
transplantation has been reported relatively infrequently [10] but has 
recently been made available within the UK integrated programme as 
an alternative to SPK in those with insufficient cardiorespiratory fit-
ness. The TRIMECO multicentre randomized trial demonstrated the 
benefits of islet transplantation (ITA or IAK) over medical therapy for 
improved metabolic control and prevention of hypoglycaemia [20].

Immunosuppression

Induction with lymphodepleting therapies (thymoglobulin, 
alemtuzumab) is commonly used in both islet and pancreas trans-
plant [9,  10]. Use of lymphodepletion has been an important 
factor associated with improved islet transplant outcomes [10]. 
Maintenance immunosuppression commonly uses combinations 
of tacrolimus or sirolimus with mycophenolate. While prednisone 
use is widespread early after pancreas transplant [9] , it is avoided in 
islet transplantation because of adverse metabolic effects believed to 
negatively impact islet engraftment [3].

While short-term side effects of immunosuppression are 
common, these can generally be mitigated by dose adjustment. 
The major concern is the risks of long- term immunosuppression, 
particularly infection and neoplasia [10]. With careful monitoring, 
these risks can be minimized, but cases of opportunistic infection 
do occur. Recently, cases of post- transplant lymphoproliferative dis-
ease have been reported in islet transplant recipients [21]. While 
solid organ tumours are somewhat increased in transplant recipi-
ents, skin cancers are significantly more common and seem to pro-
gress more rapidly in those on immunosuppression [22].

outcomes

Patient and Graft Survival

Patient and graft survival reported by international registries are 
shown in Table 15.6.4.2. Pancreas graft survival is defined by in-
sulin independence with islet graft survival defined by the presence 
of C- peptide secretion [23– 25].

Metabolic Function and Protection from  
Hypoglycaemia

Both pancreas and islet transplantation can restore counterregulatory 
response to hypoglycaemia [19]. However, while marginal graft 
function protects against severe hypoglycaemia [26], more sub-
stantial beta- cell mass, routinely provided by successful pancreas 
transplantation, is required for insulin independence. Despite 
insulin independence, pancreas transplant recipients may have 
dysglycaemia [27], although detailed metabolic assessments are not 
reported routinely. Registry data for islet and pancreas transplant 
metabolic outcomes are summarized in Table 15.6.4.3 [28].

table 15.6.4.2 Islet patient survival data from CIT- 07 trial. Islet graft failure reported from NHSBT annual report on pancreas and islet 
transplantation 2017/ 2018 with 1- year survival data for islet transplants between 2013 and 2017, and 5- year survival for transplants 
between 2008 and 2017

Patient survival (%) Beta- cell (pancreas or islet) graft survival (%)

1 year 5 years 10 years 1 year 5 years 10 years

SPK 97.4‡ 90‡‡ 76‡‡ 91.3‡ 73‡‡ 56‡‡

PAK 97.9‡ 87‡‡ 71‡‡ 86.0‡ 64‡‡ 38‡‡

PTA 97.0‡ 90‡‡ 82‡‡ 85.7‡ 53‡‡ 36‡‡

ITA 100% 100% 84% 48%

‡Analysis of transplant outcomes from UNOS and IPTR report for US transplants performed between 2010 and 20149.
‡‡Analysis of IPTR outcomes for US transplants with reported 5- year survival outcomes for transplants 2008/ 2009 and 10- year outcomes for transplants between 2004/ 2005.
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Impact on Diabetes complications

Data from the Diabetes Control and Complications Trial/ 
Epidemiology of Diabetes Interventions and Complications study 
(DCCT/ EDIC) imply that improved glycaemic control should re-
sult in improved microvascular outcomes [5] . Compared with 
DCCT participants, transplant recipients are older, have much 
longer diabetes duration and a substantially higher burden of com-
plications [10]. Rodent data suggest that reversal of complications 
is harder with longer diabetes duration. Some immunosuppressant 
drugs (calcineurin inhibitors) are nephrotoxic [17]. Thus long- term 
studies to evaluate the net effect of transplantation are required.

Ten years of normoglycemia after pancreas transplant has shown 
reversal of histological changes of diabetic nephropathy (without 
preservation of GFR) and stabilization of diabetic retinopathy [29]. 
Small studies support a reduced rate of microvascular disease pro-
gression following islet transplantation versus medical therapy 
[30]. Macrovascular disease may also be positively impacted as islet 
transplantation has been associated with reduced progression of ca-
rotid intima- medial thickening [31] and cardiovascular mortality 
is lower with sustained pancreas graft function after SPK compared 
with living donor kidney transplant alone [15].

Quality of Life

Improved quality of life is expected with successful pancreas and 
islet transplantation [32]. Diabetes distress and hypoglycaemia fear 
are substantially reduced [33].

can We Meaningfully compare Beta- cell 
Replacement outcomes, Risks, and Benefits?

A major challenge is the paucity of comparable data regarding out-
comes of pancreas or islet transplantation. Most reports in pancreas 
transplantation are derived from registry data and focus on pa-
tient and graft survival. Graft function is defined as no insulin use 
(often without any assessment of glycaemic control) [9] . In contrast, 
long- term patient survival data are not yet available in islet trans-
plantation and reports have tended to focus on defined metabolic 
outcomes and hypoglycaemia (Table 15.6.4.3).

To address this the International and European Pancreas &  
Islet Transplant Associations have proposed the Igls criteria 
(Table 15.6.4.4) to standardize assessment of outcomes for beta- 
cell replacement [6] .

Patient Selection and Indications for transplantation

Informed choices around transplant options necessitate weighing 
short-  and long- term risks and benefits, including the consideration 
of renal reserve and other comorbidities. Most contraindications 
are relative and depend on the strength of the indications. Robust 
early function appears to predict long- term function [34], although 
achieving insulin independence with islet transplantation may be 
challenging in heavier recipients [10], or with higher pre- transplant 
insulin requirement and/ or insulin resistance. It is not clear whether 
strategies prioritizing achievement of insulin independence (several 

table 15.6.4.3 Metabolic outcomes after pancreas and islet transplant. Islet data obtained from 10th CITR Annual report with assessment 
of outcomes 1-  and 5- years post last infusion. Pancreas data from UNOS9. In pancreas transplants, a return to exogenous insulin has 
generally been viewed as graft failure, and it is uncommon for HbA1c and severe hypoglycaemia to be assessed routinely

Pancreas transplant Islet transplant

Short term
(1 year)

Long- term
(5 years)

Short term
(1 year)

Long term
(5 years)

Insulin independence >90% 53– 73% 50% ~30%

Reduced insulin dose Insulin independence 
expected

Expected, unless explanted 
or recipient develops insulin 
resistance/ PTDM

Expected, unless C- peptide 
negative

Sustained, if C- peptide 
positive

Absence of severe hypoglycaemia Expected Expected 95% >90%

HbA1c <7% (53 mmol/ mol) and no 
severe hypoglycaemia

Expected Expected ~70% ~50%

PTDM, post- transplant diabetes mellitus.

table 15.6.4.4 Outcomes of beta- cell replacement therapy: Igls criteria

Beta- cell functional 
status

HbA1c
(mmol/ mol)

Severe hypoglycaemia 
events per year

Insulin requirements
unit/ kg/ day

C- peptide Treatment success

Optimal ≤48 (6.5%) None None >Baseline Yes

Good <53 (7%) None <50% baseline
use of other OHA

>Baseline Yes

Marginal Baseline <Baseline ≥50% baseline >Baseline No

Failure Baseline Baseline Baseline Baseline No

OHA: oral hypoglycaemic agents.
Adapted with permission from Rickels MR, Stock PG, de Koning EJP, et al. Defining outcomes for beta- cell replacement therapy in the treatment of diabetes: a consensus report on 
the Igls Criteria from the IPITA/ EPITA opinion leaders workshop. Transplantation. 2018;102(9):1479– 86. Copyright 2018 © Steunstichting ESOT.
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islet donors per recipient— Canada) or amelioration of hypogly-
caemia in more recipients (maximum two infusions— UK) will 
prove more effective in the long- term but supplemental islet infu-
sions have been shown to be effective in re- establishing insulin in-
dependence in individuals with islet graft dysfunction [35].

Pancreas Allocation and Availability

Because of the limited availability of donor organs efforts should 
be made to ensure they are used most appropriately and effectively. 
In some parts of the world (e.g. Canada) organ allocation is deter-
mined by local policies, with pancreata first being offered for whole 
pancreas transplantation (usually SPK), with declined organs then 
being offered for islet transplantation. This may reflect historical 
precedence with many established pancreas transplant programmes 
compared with a small number of islet transplant programmes.

In the United Kingdom, nationally retrieved organs are allocated 
to pancreas and islet transplant recipients on a shared waiting list. 
Priority for islet or pancreas transplant is assessed by the weighting 
of factors including:  recipient waiting time; dialysis status; HLA 
sensitization/ donor- recipient mis- match; donor body mass index 
(BMI); donor- recipient age matching; and cold ischaemic time. The 
quality of the donor organ has been shown to directly influence the 
success of islet isolation and graft outcomes. In the UK programme, 
pancreata from higher BMI donors are preferentially offered for 
islet transplant. Additional priority is also awarded following first 
islet transplant towards rapid access to a second transplant when 
indicated [36].

clinical Monitoring and Management

Interval monitoring is important to ensure adequate, but not exces-
sive, exposure to immunosuppression with metabolic monitoring to 
assess graft function. Dysglycaemia can predict islet and pancreas 
graft failure [27] and may be due to allo- immune rejection, recur-
rence of autoimmunity, diabetogenic effects of immunosuppression 
or beta- cell exhaustion [18]. Pancreas rejection can be confirmed by 
biopsy and may respond to steroids [12] or antithymocyte globulin 
Currently there are no reliable markers for rejection in islet trans-
plant, and dysglycaemia is most commonly addressed by early use 
of insulin to reduce metabolic demand and avoid glucose toxicity. 
DPP4 inhibitors and GLP- 1 receptor agonists appear to be safe 
glucose- lowering agents in islet transplantation. Other non- insulin 
glucose- lowering agents have not been tested, but consensus guide-
lines suggest avoidance of insulin secretagogues [8] .

other Indications and Future Directions

Long- term safety and limited organ supply are the two major bar-
riers to broader application of transplantation in type 1 diabetes. 
Clinical trials of a potentially unlimited supply of beta-cells de-
rived from embryonic stem cells began in 2016 [37]. Advances in 
immunotherapy and immunobarrier encapsulation may improve 
the effectiveness and safety of, or potentially obviate the need for, 
chronic immunosuppression.

No immunosuppression is required in islet autotransplantation 
following total pancreatectomy for chronic pancreatitis complicated 

by severe, refractory pain to prevent labile diabetes and may avoid 
the need for insulin in up to 41% of patients for up to 3 years [38].

Reports of case series of pancreas transplantation for type 2 dia-
betes have shown that insulin independence can be achieved [39], cer-
tainly in the absence of BMI >30, but the efficacy of the marginal mass 
achieved by islet transplantation in the face of insulin resistance in type 
2 diabetes seems questionable. However, given the growing prevalence 
of type 2 diabetes with end stage renal disease, transplantation (SPK) 
may be an appropriate and effective therapy [40]. Transplant phys-
icians will continue to carefully balance the risks and benefits for an 
individual with the optimal use of limited donor pancreata.
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Introduction

Type 2 diabetes is characterized by insulin resistance and inadequate 
insulin secretion leading to hyperglycaemia. The overarching object-
ives of antihyperglycaemic therapy are: symptom relief, reduction of 
microvascular complications, and reduction of macrovascular compli-
cations over the longer term. Therapies may reduce insulin resistance, 
stimulate insulin secretion, replace insulin, reduce glucose produc-
tion, delay glucose absorption, or increase glucose elimination.

The increasing availability of new antihyperglycaemic agents, while 
beneficial, has led to increased uncertainty with regards to choice 
of agent, sequence, suitability, safety, and appropriate combination. 
Guidelines state that care plans should be individualized. However, 
opinions on how this is to be achieved are varied. In the future, sub-
categorization of type 2 diabetes may have an impact on therapy [1] .

National guidelines are broadly similar in recommending step-
wise increments in therapy. Ultimately a successful treatment 
regimen would enable a patient to achieve glycaemic control in the 
absence of weight gain and hypoglycaemia. Some guidelines have 
reflected cardiovascular and renal benefits of certain agents, and 
have incorporated these into treatment algorithms.

This chapter looks at the approach to therapy selection and dis-
cusses some of the background, theoretical framework, and evi-
dence behind these algorithms.

Socioeconomic Determinants of Health

The socioeconomic determinants of health and cost of therapy are im-
portant considerations. Where patients have to pay for their treatments 
this can lead to non- compliance [2] . Nationally funded healthcare may 
restrict access to certain agents. Globally, food insecurity could lead 
to the risk of hypoglycaemia with certain medications. Conversely, 
the widespread availability of highly processed, refined carbohydrate 
snacks, and beverages has contributed to the global obesity epidemic.

Lifestyle Measures and obesity Management

Guidelines advocate healthy lifestyle interventions (diet and exer-
cise) for type 2 diabetes [3, 4]. Weight loss can delay the progression 
of prediabetes to type 2 diabetes and there is increasing evidence 
that weight loss has important effects on improving glycaemic con-
trol both initially and at later stages of diabetes [5] . The demon-
stration that remission from type 2 diabetes can be achieved after 
more extreme weight loss (through an approximately 800 calories/ 
day diet) may preclude the need for medical therapies or at least en-
able dose reduction or withdrawal of certain hypoglycaemic agents 
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[6, 7]. However, it is recognized that such an approach is limited by 
weight regain (after diet cessation) unless a long- term maintenance 
programme is followed.

American, Canadian and European guidelines reflect the import-
ance of both good glycaemic control and weight management and 
advocate the use of antihyperglycaemic agents which either promote 
weight loss or which are weight neutral [3, 4, 8]. Current National 
Institute for Health and Care (NICE) guidelines do not specifically 
prioritize the use of these agents [9] . However, the fundamental im-
portance of individualized care is a central theme of that guidance.

Antihyperglycaemic agents that contribute to weight loss in-
clude: glucagon- like peptide- 1 (GLP- 1) receptor agonists, sodium 
and glucose cotransporter (SGLT) 2 inhibitors and amylin (only 
available in the United States). Medications with possible benefits 
or weight neutral drugs include:  metformin, dipeptidyl peptidase 
IV (DPP- IV) inhibitors and α- glucosidase inhibitors (acarbose). 
Sulphonylureas (SU), meglitinides, and particularly insulin all lead 
to weight gain (increased adiposity). Weight gain is inevitable with 
insulin and this is more notable in insulin resistant patients who re-
quire higher insulin doses. Thiazolidinediones (TZD) are associated 
with weight gain due to fluid retention.

A recent meta- analysis concluded that oral antihyperglycaemic 
agents were equally beneficial irrespective of baseline body mass 
index (BMI) [10]. However, SU were less effective in obese patients 
and insulin was not studied. In the UKPDS 49 study, obese patients 
were more likely to require multiple therapies [11].

The American Diabetes Association (ADA) guidelines recom-
mend specific pharmacotherapy for obesity (either alone or as an 
adjunct to standard diabetes therapy) [8] . Efficacy may be limited 
by adverse effects and variable compliance. In contrast, metabolic 
bariatric surgery leads to marked early improvement in glycaemic 
control and weight loss. Following bariatric surgery, type 2 diabetes 
remission is between 30% and 80% depending on the type of sur-
gery performed [12].

Principles of Antihyperglycaemic treatment 
for type 2 Diabetes

Patient empowerment in understanding diabetes and the associ-
ated treatments is essential. People with diabetes should be actively 
involved in therapy selection and in monitoring the response to 
treatment. The choice of antihyperglycaemic agent is based on a 
number of factors including: 

•	 individualized glycaemic targets, 
•	 effectiveness of the therapy versus tolerability and side effects, 
•	 comorbidities including renal impairment, 
•	 cardiovascular disease, and obesity, 
•	 the impact of the agent on weight, 
•	 the impact of the agent on renal disease and cardiovascular dis-

ease, patient preference, 
•	 risk from polypharmacy, 
•	 appropriateness of tight glycaemic control (risk of hypoglycaemia).

Patient preferences may dictate treatment based on their job (shift 
work or work involving heavy machinery), driving restrictions and 
fasting (e.g. Ramadan). This may preclude the use of agents which 

predispose to hypoglycaemia. Patient comorbidity and concomi-
tant medications, in particular atypical antipsychotics, steroids, and 
antiepileptic agents may also be associated with unwanted weight 
gain and hyperglycaemia.

Changes during a lifetime, such as during puberty, during preg-
nancy and breastfeeding, in older patients, in dementia and at the 
end of life, can lead to changes in diabetes management with either 
intensification or relaxation of glycaemic targets and treatment re-
gimes. Type 2 diabetes is increasingly prevalent in older adults who 
are at increased risk of polypharmacy. It is important to simplify 
regimes and implement strategies with low risk of hypoglycaemia 
as elderly patients may not recognize hypoglycaemic symptoms 
or seek appropriate help. In these patients, the focus should be on 
symptom control and agents that encourage satiety and weight loss 
may be undesirable as malnutrition may be an issue. At the end of 
life, in patients with type 2 diabetes, many treatments can be discon-
tinued [13] (see Table 15.7.1.1).

Initiation of Antihyperglycaemic Agents  
for type 2 Diabetes

A patient with type 2 diabetes who is asymptomatic and diagnosed 
through a screening programme will require a different treatment 
approach compared to a patient diagnosed due to symptoms, meta-
bolic decompensation, or due to the complications of diabetes. All 
antihyperglycaemic agents (including insulin) have side effects and 
the importance of sick day guidance should be reinforced. In gen-
eral, patients with undiagnosed type 2 diabetes presenting with 
complications will be less amenable to tight control, especially if 
associated with obesity, compared to asymptomatic patients diag-
nosed early in the disease through screening programmes.

Patients with type 2 Diabetes Presenting With 
Metabolic Decompensation

In newly presenting patients with symptomatic hyperglycaemia and 
metabolic decompensation, the type of diabetes may be initially un-
clear and glycaemic control may be best achieved with increasing 
doses of either SU or insulin. Insulin would be the treatment of 
choice where severe osmotic symptoms, ketosis, or weight loss (re-
gardless of HbA1c) raise the possibility of type 1 diabetes, latent 
autoimmune diabetes of adults (LADA), or insulin deficiency.

Guidelines employ an initial stratification scheme based on the 
level of glucose and HbA1c (regardless of symptoms). If the HbA1c 
is <75  mmol/ mol initial oral monotherapy is recommended, if 
the HbA1c is ≥75  mmol/ mol dual therapy is recommended (e.g. 
metformin plus insulin) and at levels ≥86 mmol/ mol combination in-
jectable therapy is recommended (e.g. a basal bolus insulin regime) 
[3, 8, 9]. The Canadian guidelines use individualized glycaemic tar-
gets and an algorithm which references percentage deviance from the 
target [3] .

The initial intensive treatment of hyperglycaemia may have 
some benefit as studies have demonstrated the effects of glycaemic 
memory which may reflect a reduction in accumulated glucotoxicity 
[14]. There is also some evidence that early insulin therapy leads to 
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partial beta-cell recovery [15]. Unfortunately, the agents associated 
with rapid improvement in glycaemic control (insulin and SU) are 
associated with risk of weight gain and hypoglycaemia.

While high glucose and HbA1c values may prompt insulin initi-
ation, it is important to take a clear dietary history. Intake of high 
glucose containing drinks to address the osmotic symptoms of type 
2 diabetes could lead to hyperglycaemia which could readily im-
prove by their withdrawal and institution of standard dietary advice.

It is also important to reflect on comparative studies and the base-
line HbA1c. All therapies will have greater efficacy the higher the 
starting level of glycaemia. Some have flatter dose response curves 
and insulin is the most potent glucose lowering therapy on a dose 
dependent basis.

While several studies have demonstrated reduced microvascular 
complications with improved glycaemic control, the Action to 

Control Cardiovascular Risk in Diabetes (ACCORD) study found 
significantly higher mortality in older patients with prevalent 
macrovascular disease treated with intensive insulin therapy [16].

It is also recognized that overly rapid correction of HbA1c 
can lead to deteriorating retinopathy and worsening neuropathy 
[17,  18]. Currently, there are no recommendations with regards 
to rate of HbA1c improvement, other than increased retinal 
screening in patients considered to be at increased risk, i.e. those 
with baseline moderate to severe diabetic retinopathy and longer 
duration of diabetes [18]. In the majority of patients, the worsened 
retinopathy and/ or neuropathy are reversible and the benefit of 
improved glycaemic control outweighs the risk [17, 18]. However, 
there is still a case for gradual HbA1c reduction in at risk patient 
groups but the evidence that this will reduce the risk of deterior-
ation is lacking.

table 15.7.1.1 Summarized benefits, side effects, and other considerations for antihyperglycaemic agents

Agent Weight Hypoglycaemia Cardiovascular 
effects

Renal effects Side effects Additional 
contraindication

Additional 
benefits

Metformin Neutral/ 
loss

No Benefit Contraindicated 
if eGFR < 30

Gastrointestinal, B12 
deficiency, lactic 
acidosis (rare)

Liver failure, hypoxia 
(acute heart failure, 
sepsis)

Benefit in 
NAFLD and 
PCOS

Sulphonylureas Gain Yes Association with 
heart failure, RCT— no 
statistical difference

Risk of 
hypoglycaemia

Liver failure

Meglitinides Gain Yes Neutral Risk of 
hypoglycaemia

Liver failure Rapid onset 
and offset of 
action. Suitable 
for erratic meal 
patterns

Thiazolidinedione Gain 
(fluid)

No Increased risk of 
heart failure. Benefit 
in PROactive study

Not 
recommended 
in renal failure 
due to oedema

Fluid, maculopathy, 
osteoporotic fracture 
peripheral (and hip) 
in postmenopausal 
women

Heart failure, liver 
failure, bladder cancer 
(EASD— no significant 
association)

Benefit in 
NAFLD/ NASH

SGLT- 2 inhibitors Loss No Benefit – class 
effect reduction 
in hospitalization 
for heart failure. 
Reduction 
in MACE— 
empagliflozin, 
canagliflozin

Benefit – 
dapagliflozin, 
empagliflozin, 
canagliflozin 
eGFR 
restrictions— 
variation within 
class

Urinary tract and 
genital infections, 
DKA risk, possible risk 
of amputation and 
increased fracture 
risk (canagliflozin), 
association with 
Fournier gangrene, 
small increase in LDL- C

Liver failure Reduced blood 
pressure

DPP- IV inhibitors Neutral No Potential risk— 
saxagliptin, alogliptin

Renal dose 
adjustment, 
variation within 
class

Previous pancreatitis, 
angioedema, urticaria

GLP- 1 receptor 
agonist

Loss No Benefit— liraglutide, 
semaglutide, 
dulaglutide, 
albiglutide

Benefit— 
liraglutide eGFR 
restrictions— 
variation within 
class

Rare cases of acute 
gallstone disease, 
gastrointestinal

Previous pancreatitis 
Black box— risk of 
thyroid C cell tumours 
(seen in animal studies 
only), semaglutide— 
caution with severe 
retinopathy

Benefit in 
NAFLD 
(liraglutide)

Insulin Gain Yes Neutral Risk of 
hypoglycaemia

Acarbose Neutral No Possible benefit Avoid in dialysis Gastrointestinal Liver failure, gut 
dysmotility e.g. 
gastroparesis
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Patients with type 2 Diabetes Presenting Without 
Metabolic Decompensation

Across all guidelines, metformin is considered the standard first line 
therapy for type 2 diabetes and there is a long- term accumulation 
of experience of over 60 years. The benefits of metformin include 
its efficacy, low risk of hypoglycaemia, weight neutrality (or slight 
weight loss), potential cardiovascular benefits, ability to combine 
metformin with most other agents and its cost [14].

The main contraindication for metformin is renal impairment 
with eGFR <30 ml/min/1.73 m2 (see ‘Renal Impairment and 
Choice of Antihyperglycaemic Agent’). There is a potential risk 
of lactic acidosis in situations of metabolic decompensation. Thus 
metformin is contraindicated in sepsis, acute coronary disease, hep-
atic and renal failure, and in the event of concurrent illness (sick day 
guidance). This guidance is perceived by many as overly cautious 
and it is not yet clear if metformin is a bystander or active partici-
pant contributing to lactic acidosis in these situations. A Cochrane 
systematic review of metformin found no fatal or non- fatal cases 
of lactic acidosis with the use of metformin compared to placebo 
or other antihyperglycaemic agents [19]. The latest ABCD- Renal 
Association guidelines support the use of metformin for some 
patients with chronic kidney disease (CKD) stage 4 with dose 
reduction [20].

In situations where metformin is contraindicated due to signifi-
cant renal impairment, several other classes of antihyperglycaemic 
agent may be similarly cautioned (notably SU, TZD, and SGLT- 2 in-
hibitors). If metformin is contraindicated for other reasons, for ex-
ample, due to gastrointestinal intolerance (including intolerance of 
modified released metformin), then the European Association for 
the Study of Diabetes (EASD), Canadian guidelines and ADA sug-
gests initiating any one of the six treatment options: SU, TZD, DPP- 
IV inhibitors, SGLT- 2 inhibitors, GLP- 1 receptor agonists or basal 
insulin [3, 4,  8]. In the ADA and Canadian guidelines these op-
tions are given equivalence. The Scottish Intercollegiate Guidelines 
Network (SIGN) gives equivalence to four treatment options: SU, 
TZD, DPP- IV inhibitors and SGLT- 2 inhibitors [21]. NICE guide-
lines advocate the use of SU, TZD, or DPP- IV inhibitors as next step 
therapy. SGLT- 2 inhibitors are considered appropriate if these three 
are not suitable or are contraindicated.

Intensification of therapy for type 2 Diabetes

Due to the progressive nature of type 2 diabetes, patients may re-
quire additional therapy. All guidelines follow a similar stepwise ap-
proach to treatment intensification. An individualized target HbA1c 
is decided upon and following lifestyle or monotherapy, treatments 
are sequentially added every 3– 6 months until the target HbA1c is 
achieved. However, this may lead to a degree of therapeutic inertia. 
In ADA, NICE, and SIGN guidelines, the target HbA1c at diag-
nosis is initially set at 48 mmol/ mol and 53 mmol/ mol thereafter 
if therapy is associated with hypoglycaemia [8, 9, 21]. Higher tar-
gets have been suggested for patients with moderate to severe renal 
failure or reduced life expectancy [8, 20, 22].

Following metformin, the sequence of therapy selection differs 
in the guidance from the various agencies. NICE guidelines advise 

adding SU, TZD, or DPP- IV inhibitors. SIGN suggest adding SU, 
TZD, DPP- IV inhibitors, or SGLT- 2 inhibitors. ADA, EASD, and 
Canadian guidelines base further treatment choice on the pres-
ence of atherothrombotic disease, heart failure or renal disease (see 
‘Cardiovascular Disease and Antihyperglycaemic Agents’), or the 
effect of the agent on body weight (see Figure 15.7.1.1). Individual 
patient and antihyperglycaemic agent characteristics influence the 
subsequent choice of antihyperglycaemic agent (see Table 15.7.1.1).

Within the NICE and SIGN guidelines, GLP- 1 receptor agon-
ists are only recommended in the third intensification of treat-
ment if the BMI is >35 (lower in patients of Asian ethnicity) with 
obesity- related complications. GLP- 1 receptor agonists are also 
recommended in patients with BMI <35 where insulin use would 
be restricted or where weight loss would directly benefit obesity- 
related complications [9, 21].

Insulin is initiated in patients failing to achieve glycaemic tar-
gets. Most guidelines advise starting with a basal insulin [4, 8, 
9, 21]. If this is ineffective, short acting prandial insulin is added or 
the patient is switched to a biphasic regime. The 4T study looked 
at the use of various insulin regimes and found that basal insulin is 
least likely to induce weight gain and hypoglycaemia [23]. In add-
ition, the AT- LANTUS study comparing clinician- led to patient- 
led insulin titration algorithms found that the patient- led protocol 
was associated with a reduced HbA1c without increased hypogly-
caemia [24]. This highlights the importance of self- management 
and patient education. In general, hypoglycaemia can be mitigated 
with carbohydrate awareness, exercise guidance, and the use of 
analogue insulins with improved pharmacokinetic profiles. In in-
sulin resistant patients, the concentrated insulins (e.g. U- 500) may 
play a role. However, care needs to be taken with regards to safety 
of insulin prescription.

ADA guidelines highlight a role for α- glucosidase inhibitors 
(acarbose), bile acid sequestrants, bromocriptine and pramlintide 
(an injectable amylin analogue only available for use in the United 
States). However, the placement of these agents within the algo-
rithm is not clear. These drugs are limited due to their side effect 
profile and are less commonly used in clinical practice [4] .

combination of Antihyperglycaemic Agents

In contrast to using maximum doses of single agents, there is some 
evidence that combinations of submaximal doses may be more ef-
fective [25]. When combining antihyperglycaemic agents, agents 
targeting different pathways should be used together. For example, 
the combination of an insulin secretagogue such as an SU with an 
insulin sensitizer would be appropriate. However, the combination 
of two insulin secretagogues (e.g. an SU with a meglitinide) or the 
combination of two agents that act on the incretin system (e.g. a 
DPP- IV inhibitor with a GLP- 1 receptor agonist) are less rational 
with limited benefit.

In addition, specific issues arise with drug combinations with 
similar side effect profiles. For example, canagliflozin and pioglitazone 
both potentially increase the risk of fracture; thus this combination 
should be avoided in patients with metabolic bone disease.

Many patients eventually end up with a combination of oral 
antihyperglycaemic agents and insulin. When metformin is com-
bined with insulin, this is associated with reduced HbA1c and 
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Figure 15.7.1.1 Strategy for choice of antihyperglycaemic agent in type 2 diabetes. *Dependent on eGFR and licensing.

decreased weight gain. However, SU in combination with insulin 
could increase the risk of hypoglycaemia. It would be reasonable to 
reduce or discontinue SU after insulin is started (especially if a basal 
bolus or biphasic insulin regime is used). TZD use alongside high 
insulin doses can lead to significant weight gain through fluid reten-
tion. SGLT- 2 inhibitors can be used with insulin and can also lead to 
weight loss with insulin dose reduction; however, this combination 
can be associated with increased risk of hypoglycaemia. In general, 
GLP- 1 agonists do not need to be discontinued with insulin.

cardiovascular Disease and 
Antihyperglycaemic Agents

In 2008, following cardiovascular concerns regarding rosiglitazone, 
the Food and Drugs Administration (FDA) advised that car-
diovascular outcome trials (CVOT) be performed for all new 
antihyperglycaemic agents. Since 2008, restrictions on the use of 
rosiglitazone have been removed and it is currently available in the 
United States (not licensed in Europe). Pioglitazone (available in 
United States and Europe) is associated with heart failure; however,  
paradoxically, pioglitazone was found to improve all- cause mor-
tality, non- fatal MI and stroke in the PROactive study [26, 27].

The Thiazolidinediones Or Sulfonylureas Cardiovascular 
Accidents Intervention Trial (TOSCA.IT) study looked at the risk 
of TZD versus SU in patients on metformin monotherapy [28]. 
This study did not find differences in the primary end point (car-
diovascular death, non- fatal MI, non- fatal stroke) between these 
two agents. However, heart failure was not included in the primary 
or secondary outcomes and had a relatively high incidence in both 
arms in the expanded composite outcomes. It is not yet known if 
pioglitazone has a beneficial role in patients where heart failure is 
controlled with diuretics.

The UK GP database (observational study) identified an 18– 30% 
increased risk of heart failure with SU [29]. However, randomized 
control trials demonstrated no statistical difference between SU and 
metformin [21, 30]. It is possible that SU increase the risk of heart 
failure, but not of atherothrombotic heart disease.

In addition to TZD and SU, select DPP- IV inhibitors (alogliptin 
and saxagliptin) have been associated with an increased risk of 
heart failure. Cardiovascular safety has been established with 
sitagliptin and more recently for linagliptin in the CArdiovascular 
safety and Renal Microvascular outcomE study with LINAgliptin 
(CARMELINA) study [31].

The cardiovascular benefit of metformin was previously suggested 
in UKPDS [32]. A recent systematic review and meta- analysis of the 
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effects of metformin has moderated this view. This demonstrated 
that metformin reduced the risk of all- cause mortality, cardiovas-
cular disease (fatal and non- fatal) and peripheral vascular disease 
but potentially increased the risk of stroke (although the absolute 
risk is very small) [33].

Cardiovascular benefit has been demonstrated for empagliflozin, 
canagliflozin, and dapagliflozin with all three associated with a 
reduction in hospitalization for heart failure. The EMPA- REG 
OUTCOME trial demonstrated a reduction in cardiovascular out-
come and death with empagliflozin compared to placebo [34]. For 
canagliflozin, the CANVAS trial showed a reduced risk of cardiovas-
cular death and a reduction in hospitalization for heart failure [35]. 
This cardiovascular benefit was confirmed in the canagliflozin renal 
outcome study, CREDENCE, in a high- risk cohort with CKD [36]. 
CREDENCE demonstrated a reduction in the risk of cardiovascular 
death, myocardial infarction or stroke and a reduction in hospital-
ization for heart failure [36]. For dapagliflozin, the Dapagliflozin 
Effect on CardiovascuLAR Events (DECLARE- TIMI 58)  study 
demonstrated a reduction in hospitalization due to heart failure, a 
lower rate of cardiovascular death and a neutral effect on major ad-
verse cardiovascular events [37, 38]. Of note, the study populations 
for these three CVOTs differed and it is of interest that the SGLT- 
2 inhibitor that demonstrated the largest effect was studied in the 
highest cardiovascular risk population.

Cardiovascular benefit has been demonstrated in estab-
lished cardiovascular disease for liraglutide, semaglutide, 
albiglutide, and dulaglutide. The Liraglutide Effect and Action 
in Diabetes:  Evaluation of Cardiovascular Outcome Results— A 
Long Term Evaluation (LEADER) trial demonstrated a reduc-
tion in cardiovascular death and death from any cause [39]. The 
SUSTAIN- 6 trial demonstrated that semaglutide, a once- weekly 
GLP- 1 receptor agonist, reduced cardiovascular death, non- fatal 
MI, and non- fatal stroke [40]. The HARMONY outcome trial 
comparing albiglutide to placebo found a reduction in a composite 
primary end point of major adverse cardiovascular events and a 
significant reduction in myocardial infarction [41]. The REWIND 
trial looking at dulaglutide demonstrated a reduction in the pri-
mary composite cardiovascular outcome compared to placebo 
[42]. While cardiovascular safety has been established for GLP- 1 
receptor agonists not all agents have shown superiority. Both the 
Evaluation of Lixisenatide in Acute Coronary Syndrome (ELIXA) 
study and the Exenatide Study of Cardiovascular Event Lowering 
(EXSCEL) study met the primary objective of non- inferiority but 
without added benefit [43].

The CVOTs for the newer antihyperglycaemic agents (GLP- 1 re-
ceptor agonists and SGLT- 2 inhibitors) have influenced European, 
American and Canadian guidelines which currently recommend 
adding one of these agents with proven benefit following lifestyle 
intervention and metformin in patents with atherothrombotic car-
diovascular disease or in patients with clinical heart failure [3, 4].

Renal Impairment and choice 
of Antihyperglycaemic Agent

Several antihyperglycaemic agents are untested in patients 
with moderate to severe CKD and therefore are not licensed or 

recommended below specific eGFR levels. Uncertainty rather than 
safety precludes their use. As study data and real- world data accu-
mulates, this may influence licensing and prescribing of these newer 
agents.

There are several considerations with regards to antihyperglycaemic 
agent pharmacokinetics and pharmacodynamics in the context of 
renal impairment and renal failure [20]. This influences the appro-
priateness and dosage of therapy [44]. It should also be recognized 
that eGFR is inaccurate in various circumstance such as in obesity. 
In this group of patients the Cockcroft- Gault formula may be used.

Insulin requirements rise in the early stages of diabetic kidney 
disease and then fall [45]. Therefore, agents which promote hypo-
glycaemia (SU, meglitinides, and insulin) should be used with cau-
tion. SU and meglitinides are currently not recommended for use 
in dialysis [22]. Basal bolus insulin regimes are recommended in 
haemodialysis as these allow greater flexibility [22].

There are a number of other agent specific considerations with 
regards to the complications related to renal failure. Where renal 
failure is associated with fluid overload, agents associated with oe-
dema, such as TZD, would be contraindicated. Where oedema is 
not a concern TZD can be continued without dose adjustment in 
renal impairment. However, TZD are not licensed for use in haemo-
dialysis and currently not recommended [22].

The Canagliflozin and Renal Endpoints in Diabetes with 
Established Nephropathy Clinical Evaluation (CREDENCE) trial 
evaluated the effects of 100 mg canagliflozin in patients with estab-
lished renal disease and reported a reduction in the primary renal 
endpoint of 30% in the canagliflozin group [36]. There was a sig-
nificant reduction in end stage renal failure at a median follow- up 
of 2.62 years [36]. This was the first study looking at primary renal 
endpoints in a population with established macroalbuminuria and 
diabetic kidney disease. In the CANVAS study, the renal outcomes 
were not considered statistically significant, however, this study 
complements the CREDENCE study. This showed reduced fre-
quency of progression of albuminuria and reduced frequency of 
the composite renal outcome (reduction in eGFR, need for renal 
replacement, or death from renal causes) [35]. The DECLARE- 
TIMI study suggested similar renal benefit with a reduced fre-
quency of renal events (reduction in eGFR, new endstage renal 
disease, or death from renal or cardiovascular causes) occurring 
in the dapagliflozin group [38]. The EMPA- REG OUTCOME 
trial demonstrated that empagliflozin reduced renal progression 
(microalbuminuria, doubling of creatinine and initiation of renal 
replacement) as a secondary end point [34, 46]. Studies looking spe-
cifically at the renal outcomes of empagliflozin (EMPA- KIDNEY) 
and dapagliflozin (DAPA- CKD) are awaited.

SGLT- 2 inhibitors are currently licensed for initiation when eGFR 
>60 ml/min/1.73 m2 and can be maintained in lower doses when eGFR 
remains >45 ml/ min. These cut- off values are being re- evaluated with 
a likely reduction in the threshold eGFR for use with increased safety 
data from the cardiovascular and renal outcomes trials.

GLP- 1 receptor agonists have a less evident effect on renal func-
tion. In acute illness they have been anecdotally linked with acute 
kidney injury. However, sustained reductions in albuminuria have 
been noted with dulaglutide, liraglutide, and semaglutide [40, 
47, 48]. Definitive renal outcome studies with hard renal endpoints 
are awaited.
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Hepatic Impairment and choice 
of Antihyperglycaemic Agent

Elevation of liver enzymes is common in patients with type 2 dia-
betes, affecting up to 24% of diabetic patients screened [49]. This 
is often associated with non- alcoholic fatty liver disease (NAFLD). 
Hepatic impairment leads to several challenges. Firstly, most oral 
antihyperglycaemic agents are metabolized in the liver. Secondly, 
patients with hepatic impairment are at increased risk of hypogly-
caemia [50]. Thirdly, hepatic impairment, unlike renal impairment, 
is less clearly defined and guidance can be misinterpreted.

National guidelines regarding the safety of drugs in hepatic im-
pairment may reflect the paucity of data in these study popula-
tions rather than actual risk of harm. Most oral antihyperglycaemic 
agents can be used in mild chronic liver disease (i.e. where there 
is no evidence of decompensation, e.g. ascites or encephalopathy). 
However, caution is advised in moderate disease and most agents 
are contraindicated in severe disease [50, 51].

NAFLD is characterized by insulin resistance; thus agents, such 
as metformin, which improve insulin sensitivity may be beneficial 
in reversing disease pathology. This has also been demonstrated 
with pioglitazone in patients with biopsy proven non- alcoholic 
steatohepatitis (NASH) [52]. However, if the ALT levels increase 
further during therapy (>3× upper limit of normal) then it may be 
necessary to stop pioglitazone while assessing the aetiology.

SGLT- 2 inhibitors undergo extensive hepatic metabolism. They 
are largely untested in severe liver disease and so while they can be 
used in mild hepatic impairment, they should be used cautiously and 
avoided in moderate to severe hepatic disease. However, the SGLT- 2 
inhibitor dapagliflozin has a documented benefit in fatty liver dis-
ease. In addition, in NASH, studies have found liraglutide to be safe 
with a beneficial effect on liver enzymes [53]. See Table 15.7.1.1.

conclusion

The strategy for successful management of hyperglycaemia in type 
2 diabetes depends on a patient- centred approach with careful con-
sideration of the risks and benefits of the various agents. Currently, 
metformin is the first line recommended agent. Following this, dif-
ferent classes may be given equal consideration (where cost is not 
prohibitive). It is useful to consider the impact of the agent on weight 
given the increasing global prevalence of obesity. The main change 
in recommendations is due to cardiovascular and renal outcome 
trials demonstrating cardiovascular and renal benefits of specific 
agents. The results of further renal outcome trials may also have an 
impact on recommendations. In the future, long- term effectiveness 
trials of the newer agents will influence treatment algorithms.
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Introduction

The challenge of type 2 diabetes is that, if individuals wish to min-
imize their risk of developing long- term complications, then they 
need to maintain their blood glucose, blood pressure, cholesterol, 
and their emotional well- being as close as possible to recommended 
levels [1] . This can be achieved, but only through significant and 
sustainable changes, including dietary choices, physical activity, 
taking medication, and monitoring glucose levels; for many, there 
is the additional challenge of needing to sustain some weight loss 
(1). All of these are independent risk factors for heart disease, 
stroke, retinopathy, nephropathy and neuropathy and mortality [2]. 
Unfortunately, managing these risks is complex and most people do 
not achieve recommended targets [3]. An important consideration 
is that biomedical risk factors (blood glucose, blood pressure, chol-
esterol) are largely asymptomatic, and a lack of biofeedback means 
little positive reward for optimal diabetes self- management. In the 
long term, at best, individuals are rewarded with an absence of com-
plications some 10– 20 years into the future (i.e. they maintain the 
status quo). It is little wonder that many people with type 2 diabetes 
find it challenging to maintain motivation for sustained optimal 
diabetes self- management.

In the past 20 years, substantial innovations in medical technolo-
gies, pharmaceutical agents, and digital technologies have not been 
matched with comparable improvements in type 2 diabetes out-
comes [4] . The reality remains that diabetes is a self- managed con-
dition, and outcomes will not improve until this is acknowledged 
fully by clinicians, researchers and policymakers [5]. Regardless of 
healthcare professional advice, people with diabetes make the day- 
to- day decisions about their food choices and activity levels, taking 
medications, and monitoring their health, and are in charge of man-
aging their diabetes.

Given this, it is unsurprising that many people with type 2 dia-
betes experience high levels of distress. A recent meta- analysis (55 
studies from 16 countries) indicated that 36% of people with type 2 
diabetes experience clinically meaningful levels of diabetes- specific 
distress [6] . This diabetes distress is possibly the main barrier to 

effective self- management of diabetes. Further, some intervention 
studies have demonstrated that a reduction in diabetes distress is 
associated with improved glucose levels [7, 8].

Psychometric instruments have been developed to assess diabetes 
distress, and there is substantial overlap between scales [9] . For clin-
ical purposes, it can be useful to think of five facets or ‘SHADEs’ 
of diabetes distress, and recognize that many people with diabetes 
feel: Scared, Helpless, Alone, Deprived, and Exhausted.

Scared

Individuals with type 2 diabetes report feeling worried about the fu-
ture and the possibility of complications, and this is consistently one 
of the most commonly endorsed problems in diabetes [10]. This can 
surprise healthcare professionals, who may assume that individuals 
do not follow ‘clear’ advice and recommendations because they do 
not consider diabetes a serious condition— although, underestima-
tion of risk may be the case for a minority.

Many healthcare professionals struggle to communicate balanced 
and effective messages regarding the seriousness of diabetes while con-
veying the message that it is possible to prevent complications. When 
they see that individuals are not making the self- care changes that they 
advised, they may use fear of complications as the ‘stick’ with which to 
motivate behaviour change. However, a review found that people usu-
ally overestimate their risk [11], with one study reporting individuals’ 
perceptions of risk for coronary heart disease (CHD) and stroke about 
3.5 and 5.5 times, respectively, greater than actual risk [12].

However, fear alone does not motivate action. A  recent meta- 
analysis showed that increasing perceptions of threat (i.e. likelihood 
and severity of diabetes complications) does not result in behaviour 
change [13]. More importantly, when individuals have low confi-
dence in their capability to address a health threat, increasing the 
perceived threat can have a negative impact on their health behav-
iours and self- care.

Increasing evidence suggests that providing individuals with ac-
curate, personalized information about their complication risk can 
have positive effects on both emotional well- being and self- care. 
Randomized controlled trials (RCTs) have demonstrated the ef-
ficacy of providing people with type 2 diabetes with their actual 
cardiovascular risk and a small RCT has used personalized retinal 
imaging effectively [14– 16]. People experience the provision of 
their actual risk as engaging and constructive. If this is used to sup-
port the individual to develop a specific action plan for managing 
their risk, it may improve blood glucose, pressure, and cholesterol, 
and reduce diabetes distress.

Helpless

Feeling scared is likely to be accompanied by feeling helpless, and a 
number of factors contribute to this. First, people with type 2 diabetes 
are usually given a long list of recommendations that they are told 
they need to follow. For example:  ‘eat less sugar, less fat, more fibre, 
more fruit and vegetables (but not too much fruit), be more physically 
active, take (up to 10 different) medications at the right time every day, 
monitor glucose levels, give up smoking, and limit alcohol intake’.
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People with type 2 diabetes usually know all these things— 
many are common public health messages— but few feel capable 
to achieve them all. There is little nuance about which are most 
important/ effective actions, or any emphasis on how to develop 
these new healthy habits. So, if the person cannot do all these 
things, what is their response? Typically, to do none of them. And 
what is the healthcare professional’s response? Typically, they as-
sume the problem to be lack of knowledge— so, they give more 
advice/ recommendations; or to be lack of motivation— so, they 
scare them a bit more.

Compounding this ‘all or nothing’ problem, people with dia-
betes receive different advice from different people, and struggle 
to know what advice to follow. Healthcare professionals in the 
same team often do not agree on basic principles of diabetes man-
agement [17, 18], and so different professionals in different roles 
can give conflicting information. This is without considering the 
advice from well- meaning friends and family, the stigmatizing 
consequences of well- intended media messages [19], and that 
written information is frequently incomprehensible to the people 
for whom it is intended [20, 21].

So, we need to help people appreciate the value of any, small 
change in reducing risk of complications. If they are even aware of 
targets, most are fixated on, and demotivated by, unattainable num-
bers rather than targeting incremental risk reduction. Again, this 
is where the freely available risk engines can be valuable, to dem-
onstrate the impact of reducing just one risk factor. Critically im-
portant, though, is taking the time to appreciate what the individual 
understands, and what sense they make of all the disparate informa-
tion to which they are exposed. Without this insight, we simply add 
to confusion and challenges.

Alone

Many individuals report feeling alone, or unsupported in managing 
diabetes [22]. In this context, there are several issues to consider: the 
‘diabetes police’, lack of social support, perceived/ experienced social 
stigma and that our words have power.

Nearly everyone living with diabetes has experienced the ‘diabetes 
police’— the family, friends, colleagues, and acquaintances, who may 
be well- meaning with their comments but are often controlling or 
undermining [23]. Added to this, studies have now identified social 
stigma surrounding diabetes, often blaming and shaming people for 
bringing their condition upon themselves, leading to unwillingness 
to disclose their condition to others [24, 25], which can have serious 
implications for self- managing in public.

Added to these challenges, it is important to acknowledge the role 
that healthcare professionals (and their language) play in leaving 
people with diabetes feeling unsupported and stigmatized. In re-
cent years, patient advocacy organizations, professional bodies and 
healthcare organizations have raised awareness that the words we 
use in diabetes care are often inappropriate, inaccurate, and harmful 
[26, 27] (Box 15.7.2.1).

Many of the words we use, such as ‘adherence’ or ‘compliance’, 
are not only inaccurate and inappropriate [29], they shape and 
inform a negative relationship with the person with diabetes. Thus, 
if we wish to reduce the distress that people with diabetes experi-
ence, and want them to feel supported in their self- management 

efforts, then we need to change our own attitudes, approach, and 
language [26, 29].

Deprived

While self- managing diabetes is a significant burden, it is made 
harder by much of the language we use being focused on not doing 
things. Not eating sweet foods, not eating fat, not drinking sugary 
drinks. The language of reducing, stopping, and not doing creates a 
sense of deprivation. It is estimated that we make around 200 food/ 
drink- related decisions every day [30]. If the majority of those de-
cisions end up as ‘no I can’t’, ‘no I shouldn’t’ etc., then that is a lot of 
negativity every day. Therefore, it is unsurprising that many people 
with diabetes struggle with a sense of feeling deprived of the things 
that make life enjoyable for them.

This is why, when working with people with diabetes, the goal is 
to focus on what people can do. Many healthcare professionals have 
heard of SMART goal setting, but few report that A is for Actions, 
i.e. to focus on the thing someone will do, not on the thing they 
will not do, or negative goals such as weight loss, or reducing blood 
glucose. So, when talking about reducing dietary fat/ sugar, the key 
is to help individuals reframe this, into a positive, i.e. what they are 
going replace/ swap or do instead. Helping people focus on some-
thing they can achieve (i.e. keeping a focus on R for Realistic) re-
duces this sense of deprivation.

It is also worth considering some of the behavioural lessons de-
rived from ‘mindless eating’ [31]. This focuses on how our envir-
onment shapes our thoughts, feelings, and behaviour around food. 
For example, the same amount of food, presented on a smaller plate, 
is perceived to be a larger portion size, and reported as more satis-
fying, than the same amount on a larger plate [32]. A wealth of fac-
tors shape our eating without our awareness, but these same factors 
can improve our food choices, if we become aware, and use them to 
our advantage.

Box 15.7.2.1 The inappropriate, inaccurate, and harmful nature 
of the words we use in diabetes

The NHS England ‘Language Matters’ guide [28] indicates much of our 
language can be:

 • Stigmatizing, e.g. ‘you’re in denial’
 • Shaming/ blaming, e.g. ‘it’s your weight that is causing all these 

problems’
 • Authoritarian, e.g. ‘you must take your medications properly in future’
 • Demanding, e.g. ‘before you come to see me next, I want you to do 4 

blood tests a day for 3 days, so I can check what’s going wrong’
 • Disapproving, e.g. ‘you aren’t meant to take your insulin like that’
 • Discriminating, e.g. ‘I don’t think they’d get much from a diabetes 

education class’
 • Stereotyping, e.g. ‘people from xx background often dislike the idea of 

injections’
 • Assumptive, e.g. ‘I think you’d cope best with once a day insulin, as it’s 

simpler’
 • Pre- judging, e.g. ‘no- one in that family has ever taken much notice of 

their diabetes, they will be the same’
 • Judgemental, e.g. ‘I think you’re making the wrong decision’
 • Threatening, e.g. ‘If you don’t improve your control you will end up on 

insulin’
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Exhausted

Self- managing diabetes is a ‘24/ 7’ task— it never goes away, so the 
effort to effectively manage glucose, blood pressure, and cholesterol, 
is unrelenting and exhausting. Then there is the challenge of a lack 
of tangible reward. The best possible outcome from all the person’s 
efforts is that nothing bad happens; they just grow older like 
someone without diabetes. This means there is no sense of progress, 
and nothing to re- energize the individual for the continuous effort 
required to change and maintain that change. Moreover, let’s not 
forget that the individual is trying to maintain healthy behaviours 
in the context of an ‘obesogenic’ social and cultural environment 
[33], which have shaped the person’s lifestyle, potentially contrib-
uting to their development of diabetes in the first place. Individuals 
with diabetes are also at increased risk of having a number of sleep 
problems (see Chapters 1.11, ‘Endocrinology, Sleep, and Circadian 
Rhythms’ and 15.11.2, ‘Type 2 Diabetes and Psychiatry’), and dia-
betes itself is associated with feeling fatigued and tired.

Therefore, it is critical to create mechanisms whereby individ-
uals can connect to progress with their diabetes management. 
This is where self- monitoring plays a major role. A powerful tool 
to deal with the emotional exhaustion of diabetes management 
is to support individuals to find creative and informative ways to 
visualize both the problems and their progress toward a solution, 
ensuring positive rewards for their efforts. While many studies of 
self- monitoring of blood glucose appear to show it to be ineffective 
and burdensome for people with type 2 diabetes who are not using 
insulin, behaviourally- informed trials have demonstrated that this 
structured biofeedback improves engagement in medication taking, 
confidence in self- care, well- being and glucose outcomes [34, 35].

conclusion

Living with type 2 diabetes (and being the recipient of a biomed-
ical model, rather than a biopsychosocial model, of care) often re-
sults in high levels of diabetes distress. Many feel Scared, Helpless, 
Alone, Deprived, and Exhausted. By providing people with their 
actual risk of diabetes complications, helping them focus on real-
istic actions that target their concerns, using constructive and sup-
portive language, helping them use their environment for change, 
sleep better, and find creative ways to monitor their health and 
visualize what they have achieved, we can reduce distress and im-
prove both the physical and emotional health of people with type 
2 diabetes.
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Introduction

The prevalence of type 2 diabetes mellitus (T2DM) and its associ-
ated complications varies significantly between populations, with 
non- white ethnic populations, indigenous groups, and developing 
countries bearing a disproportionately higher burden of the dis-
ease. High- quality studies examining various aspects of T2DM and 
its management among diverse non- white ethnic groups remain 
limited. Furthermore, ethnic disparities in health may vary between 
countries due to various factors. However, existing evidence has 
identified common themes across these groups as being key con-
tributors to their greater burden of disease. In the increasingly glo-
balized world, healthcare professionals, and policymakers need to 
understand ethnic disparities in relation to T2DM and their deter-
minants to provide effective care.

Ethnicity and Health

An ethnic group can be defined as a group of people with shared 
ancestral, social, cultural, religious, lingual, ideological, or home-
land background and biological features which are distinctive and 
maintained between generations. The study of ethnicity in health is 
important because it allows us to identify patterns of given diseases 
among people with shared ethnic characteristics, thereby helping 
us to assess health needs, formulate health policies, develop treat-
ments, plan service delivery strategies, and identify areas for further 
research.

the Epidemiology of type 2 Diabetes

Latest estimates from the International Diabetes Federation (IDF) 
suggest that there are currently 451  million (8.8%) adults aged 
20– 79 years with diabetes worldwide, compared with 151  mil-
lion (4.6%) in the year 2000. This figure is expected to increase to 
629 million (9.9%) by 2045 [1] . While not differentiating between 
types of diabetes, these estimates are very much representative of 
T2DM. However, there is a significant geographical and ethnic 
variation in prevalence, with the global burden of the disease rising 
much faster among non- white ethnic groups (see Figure 15.7.3.1 
and Table 15.7.3.1) [1– 5]. This is reflected in the variation seen 
in the rates of diabetes across the seven IDF geographical regions  
(Figure 15.7.3.1) and among multiethnic populations in Western 
countries. The estimated age- adjusted prevalence of diabetes is 
over 12% in Mexico and some of the Middle East/ North African 
countries, and 9– 12% in India, China, and North America, which 
is higher than in Europe and Australia (Figure 15.7.3.1). It is fur-
ther predicted that differences between the countries will become 
more pronounced in the future. Between 2017 and 2045, preva-
lence of diabetes is set to rise by 156% in sub- Saharan Africa, 110% 
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Figure 15.7.3.1 Increase in number of people with diabetes per region between 2017 and 2045.
Adapted with permission from International Diabetes Federation. IDF diabetes atlas, 8th ed. International Diabetes Federation; 2017. Available at: http:// www.diabetesatlas.org1

table 15.7.3.1 Top ten countries with highest number of people with diabetes (age 20– 79 years) in 2017 and 2045

Rank Country ranking 2017 Number of people with 
diabetes (millions), 2017

Country ranking 2045 Number of people with 
diabetes (millions), 2045

  1 China 114.4 India 134.3

  2 India 72.9 China 119.8

  3 United States 30.2 United States 35.6

  4 Brazil 12.5 Mexico 21.8

  5 Mexico 12.0 Brazil 20.3

  6 Indonesia 10.3 Egypt 16.7

  7 Russia 8.5 Indonesia 16.7

  8 Egypt 8.2 Pakistan 16.1

  9 Germany 7.5 Bangladesh 13.7

10 Pakistan 7.5 Turkey 11.2

Adapted with permission from International Diabetes Federation. IDF diabetes atlas, 8th ed. International Diabetes Federation; 2017. Available 
at: http:// www.diabetesatlas.org



SEctIon 15 Diabetes Mellitus2058

in North Africa, and the Middle East, 84% in South East Asia and 
62% in South and Central America compared with 16% in Europe 
(Figure 15.7.3.1).

The UK population comprises 13% of people from ethnic minority 
groups, with South Asian (people originating from India, Pakistan, 
Bangladesh, or Sri Lanka) and black African populations forming 
the two largest groups. The prevalence of diabetes (known and un-
diagnosed) in the South Asian population in England is 2– 4 times 
higher than the general population, at 14.0% compared with 6.9% 
in the general population. The corresponding figure for the black 
African population is about 10% (Figure 15.7.3.2) [2] . Similarly, 
the incidence of T2DM is about three- times higher in first gener-
ation British South Asians (34%) and two- times higher in British 
black Africans (30%) compared with the native white (14%) popu-
lation, as seen in the SABRE (Southall and Brent Revisited) study 
[3]. Higher incidence and prevalence of T2DM have also been re-
ported among different ethnic minority groups in the United States 
[4], Canada, Australia, and European countries. Disproportionately 
high rates of T2DM are also seen in certain indigenous populations 
living in developed countries; for example, Pima Indians in the 
United States [5].

Among non- white ethnic groups, T2DM is more common in 
young and middle- aged individuals [5] . In a recent UK study, South 
Asian, and black African individuals developed T2DM at a mean 
age of 46 and 48 years respectively, with 31% and 23% developing 
it below the age of 40 [6]. In contrast, the mean age in white indi-
viduals was 58 years and only 9% developed T2DM below 40 years 
of age [6]. In recent years, there has also been an alarming rise 

in T2DM and obesity among children and adolescents from in-
digenous groups in the United States and Australia, and in black 
African, Hispanic, and Asian populations [7].

Diabetes remains undiagnosed in about 50% of the population 
globally; this proportion is much higher in low- to- middle income 
countries where the proportion of undiagnosed diabetes is 85% 
(Table 15.7.3.2) [1] . While this can be partly explained by inad-
equate resources and lack of diabetes screening programmes, un-
diagnosed diabetes remains high among South Asian and black 
African populations in countries with free access to care, such as 
the United Kingdom.

Pathogenesis and Risk Factors

The precise mechanisms behind the excess risk of T2DM in non- 
white populations remain unclear. However, it is indisputably 
driven by the heightened adverse impact of rapid economic devel-
opment and urbanization, especially of physical inactivity, energy- 
rich diet and obesity, in the background of genetic predisposition 
[8– 14]. Research has not yet identified distinct genetic variants that 
fully explain the excess risk, and genetic susceptibility accounts for 
less than 10% of total diabetes risk in any ethnic group [14, 15]. In 
contrast, epigenetic changes may be more pertinent to excess risk of 
T2DM in non- white groups as described next [16– 19].

Development origins of Health and Diseases (DoHaD)

The thrifty phenotype [18] and Development Origins of Health 
and Diseases (DOHaD) [16,  19] postulate that nutritional mis-
match between periconception/ intrauterine/ infancy and adult 
life significantly increases risk of obesity and T2DM in later life, 
possibly through epigenetic changes. These epigenetic alterations 
are mitotically heritable changes in gene expression caused by 
distinct mechanisms of histone modification and DNA methy-
lation, without involving changes in the DNA sequence per se 
[5,  17]. According to the thrifty phenotype hypothesis, maternal 
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Figure 15.7.3.2 Summary estimates of diabetes prevalence by 
ethnicity for England in 2010. Error bars show the uncertainty range.
Adapted with permission from Holman N, Forouhi NG, Goyder E, et al. The 
Association of Public Health Observatories (APHO) diabetes prevalence 
model: estimates of total diabetes prevalence for England, 2010– 2030. Diabet Med 
2011;28:575– 82; with data from Hanif W, Khunti K, Bellary S, et al. Type 2 diabetes in 
the UK South Asian population. An update from the South Asian Health Foundation; 
2014. Available at: https:// www.sahf.org.uk/ publications.

table 15.7.3.2 Top 10 countries with highest number of people 
with undiagnosed diabetes in 2017

Rank Country
ranking
2017

Number of people with 
undiagnosed diabetes 
(millions), 2017

Proportion 
undiagnosed

1 China 61.3 53.6%

2 India 42.2 57.9%

3 United States 11.5 38.2%

4 Indonesia 7.6 73.7%

5 Brazil 5.7 46.0%

6 Pakistan 4.6 61.5%

7 Russia 4.5 53.7%

8 Mexico 4.5 37.4%

9 Egypt 4.4 53.1%

10 Bangladesh 3.9 56.0%

Adapted with permission from International Diabetes Federation. IDF diabetes atlas, 8th 
ed. International Diabetes Federation; 2017. Available at: http:// www.diabetesatlas.org.



15.7.3 Type 2 Diabetes in Different Ethnic Groups 2059

malnutrition, and low birth weight lead to a programmed tendency 
towards nutritional thrift, impaired fetal pancreatic development, 
and beta- cell function, impaired peripheral glucose uptake and in-
sulin resistance [18]. When such individuals undergo rapid weight 
gain during the postnatal period, especially due to abundance of 
food and physical inactivity, this can result in disturbances in glu-
cose metabolism and adverse fat deposition [16, 18, 19]. A recent 
meta- analysis highlighted the inverse relationship between low 
birth weight and excess risk of T2DM and further found that each 
1 kg gain in birth weight reduced the risk by 25% [20]. Apart from 
undernutrition, intrauterine overnutrition from maternal obesity, 
hyperglycaemia, or T2DM and resultant high birth weight is also 
associated with risk of T2DM in offspring at a younger age, me-
diated again possibly via epigenetic effect [21]. Such phenomena 
related to early- life nutritional status and intergenerational effect 
of hyperglycaemia are pertinent to the rapid emergence of T2DM 
in fast- developing countries, especially in South Asia, China, and 
the Middle East [1, 5, 22].

obesity, Insulin Resistance, and Beta- cell Dysfunction

Non- white ethnic groups tend to develop glucometabolic abnor-
malities at lower thresholds of obesity [6, 23]. In a study of 490 288 
UK Biobank participants, for an equivalent prevalence of T2DM, 
body mass index— BMI (and waist circumference) was signifi-
cantly lower in non- white participants (South Asian 22.0  kg/ m2; 
black African 26.0  kg/ m2; Chinese women 24.0  kg/ m2; Chinese 
men 26.0 kg/ m2) compared with white participants (30 kg/ m2) [23]. 
A possible explanation for this is that non- white populations, par-
ticularly Asians, have a high total body fat percentage (‘thin- fat’ 
phenotype) that is distributed mainly in the abdomen and ectopic 
areas of the liver and muscles, which could lead to insulin resistance 
at lower BMI [10, 22– 25]. Such ethnic discrepancies have led to re-
commendations to use ethnic- specific cut- offs for defining obesity 
or metabolic syndrome. According to emerging evidence, early 
beta- cell impairment is also a major determinant of increased risk 
of T2DM in Asian groups [11– 13]. This may reflect early beta- cell 
‘exhaustion’ following years of insulin hypersecretion in response 
to higher degrees of insulin resistance, or reduced beta- cell mass/ 
capacity/ function as a consequence of adverse early- life factors or 
genetic predisposition [11– 13].

Lifestyle Habits and Social and cultural Determinants 
of Health

The rapid rise in obesity and T2DM in non- white ethnic groups 
is largely attributed to changes in lifestyle habits. There has been a 
major shift in nutrition towards consumption of diets rich in cal-
ories, sugar (including sweetened beverages), saturated fat and pro-
cessed meat, and low in fibre and fruit and vegetables. In addition, 
multiple studies report significantly low levels of physical activity in 
non- white ethnic groups [9– 12, 14]. Unawareness of the benefits of 
physical activity, lack of time and space, and, for women from Asia 
and the Middle East, cultural norms are major barriers to engaging 
in leisure- time exercise [9– 11, 22, 24– 26]. Additionally, health illit-
eracy, religious beliefs that attribute disease to being an inevitable 
‘destiny’, and poor socioeconomic [27], educational, and psycho-
logical status all contribute to ethnic disparities in T2DM risk and 
its outcomes.

Mortality and complications

High- risk ethnic populations and geographical regions are generally 
at a greater risk of developing associated adverse outcomes. In 2017, 
diabetes accounted for an estimated 10.7% of total mortality world-
wide, with premature and higher mortality rates seen in South Asia, 
the Middle East, and North Africa, Central and South American re-
gions [1] . In an analysis of pooled mortality data from different time 
periods from 1991 to 2007 in seven European countries, adjusted 
mortality rate ratios were about twofold higher in migrants from 
developing countries compared with the native population, with the 
highest mortality observed in people from the Caribbean and South 
Asia [28]. Likewise, in the United States, non- Hispanic black, native 
Americans and Alaskans, and Hispanic Americans have been found 
to be 2.1, 1.8, and 1.4 times respectively more likely to die from dia-
betes compared with non- Hispanic whites [14, 29].

Macrovascular complications

The prevalence of cardiovascular disease (CVD) and associated 
mortality among people with T2DM is disproportionately high in 
developing countries such as India, China, and Russia [1] . Certain 
ethnic populations, particularly South Asians, suffer from excess 
overall CVD mortality, likely due to higher burden of insulin resist-
ance, T2DM and related atherosclerotic risk factors [9, 10]. It is also 
possible that T2DM is more adversely associated with CVD risk in 
some non- white ethnic groups. In the SABRE study, during a me-
dian 20.5- year follow- up, diabetes was associated with a 3.0- fold and 
2.5- fold increase in age- adjusted incidence of stroke in British black 
African and South Asian individuals respectively, compared with 1.3- 
fold excess risk in the native white group [30]. In the UKPDS (UK 
Prospective Diabetes Study), at the median 18- year follow- up, the ad-
justed relative risk was non- significantly high for stroke (1.18 (0.97– 
1.43)) in black African/ Caribbean individuals and for myocardial 
infarction (1.11 (0.96– 1.28)) in South Asian individuals compared 
with white individuals with T2DM [31]. In a recent retrospective 
case– control study, the risk of major cardiovascular events (MACE) 
among patients with T2DM compared with those without T2DM was 
significantly higher in overweight and obese South Asian patients in 
comparison with their white counterparts [32]. The risk of coronary 
heart disease in Chinese and black African individuals with T2DM 
is generally low compared with white individuals. Similarly, the rela-
tionship between ethnicity and peripheral artery disease in patients 
with T2DM shows rather mixed results, with a higher risk observed 
in black Africans and a lower risk in Asian populations.

Microvascular complications

Individuals with T2DM of South Asian, African American, Middle 
Eastern, Hispanic, Polynesian and from indigenous populations 
are at a particularly high risk of developing chronic kidney disease 
(CKD) and its progression to end- stage renal disease (ESRD) [33]. 
In the UK and elsewhere, Asian and black African patients suffer 
from increased risk of albuminuria or proteinuria, rapid CKD pro-
gression, and higher incidence of stage 4 or 5 CKD [34]. Similarly, 
a recent systematic review reported a generally higher prevalence 
of diabetic retinopathy among ethnic minority groups, indigenous 
populations and developing countries [35]. In a cross- sectional 
analysis of the DRIVE UK (Diabetic Retinopathy in Various Ethnic 
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Groups) study, the age- standardized prevalence of any diabetic ret-
inopathy, significant macular oedema and sight- threatening retin-
opathy was significantly higher in black African and South Asian 
compared with white patients [36]. The prevalence of diabetic per-
ipheral neuropathy is generally similar among white, black African, 
and Hispanic populations but low in the Asian population.

Implications for Management of t2DM

Apart from possible genetic predisposition, much of the excess 
risk of adverse outcomes in non- white ethnic populations can be 
attributed to poorer diabetes management and control of conven-
tional risk factors [37]. Individuals from non- white groups within 
and between countries are generally less likely to: adhere to medi-
cations and diabetes self- management; engage in physical activity; 
receive insulin therapy despite poor glycaemia control; and achieve 
treatment targets for HbA1c, blood pressure, and cholesterol [14, 
37, 38]. The major barriers to effective diabetes care in these groups 
include issues with access and quality of care, lack of cultural adap-
tation to diabetes management, limited knowledge, and misconcep-
tions about diabetes management including the role of preventative 
care, cultural health beliefs and behaviours and social determin-
ants of health [14, 27, 37,  39]. In addition, the low participation 
of non- white ethnic groups in clinical trials has resulted in lack 
of knowledge on ethnic- specific treatment targets and efficacy of 
various pharmacological and non- pharmacological interventions. 
Nonetheless, the available evidence suggests that intensive control 
of risk factors as per the current targets derived predominantly from 
the white population are beneficial in non- white ethnic groups [31]. 
However, challenges remain in the delivery of care. To achieve de-
sired clinical outcomes, a greater emphasis needs to be placed on a 
comprehensive diabetes management plan that combines pharma-
cotherapy with culturally adapted diabetes education and advice on 
self- management, regular exercise, and dietary changes [39,  40]. 
Additionally, in middle-  and low- income countries, more emphasis 
is needed on developing and implementing national policies and 
programmes to raise awareness about T2DM and its complications, 
deliver screening, facilitate early diagnosis, develop prevention 
strategies for diabetes complications and, to improve organization 
of overall diabetes care [41]. Such strategies have been successful in 
significantly reducing rates of diabetes complications such as CVD 
and all- cause mortality in high- income countries [42]. In addition, 
wide- scale screening, early detection, and prevention of T2DM 
through national programmes are equally important in middle and 
low- income countries to reduce future burden of the disease and as-
sociated resources [42]. Any diabetes screening programme needs 
to use ethnic- specific strategies, for example, screening at a younger 
age, using lower BMI cut- points, and adopting a more aggressive 
and culturally adapted approach to diabetes prevention.

Summary

Non- white ethnic populations across the globe are facing an ex-
tremely worrying health, economic, and societal challenge from 
the rapidly growing burden of T2DM. Compared with white 

populations they have a 2– 4- fold higher incidence and prevalence 
of T2DM. They also suffer from higher rates of certain diabetes- 
related complications. However, much of the excess burden of 
T2DM in non- white populations can be attributed to poor control 
of modifiable risk factors and suboptimum diabetes care. To im-
prove the situation, a culturally adapted and innovative approach 
to the delivery of diabetes care is needed. This approach should 
focus on the proactive management of risk factors, address miscon-
ceptions about T2DM, and encourage lifestyle behaviour change. 
Further consideration should be given to early detection, control, 
and prevention of complications of T2DM and targeting high- risk 
individuals for prevention of T2DM.
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Introduction

There is a growing body of literature which has unequivocally es-
tablished that type 2 diabetes is preventable. This chapter reviews 
that evidence and then proceeds to consider how that evidence 
should be translated into preventive action. Since this textbook is 
focused on clinical management, the perspective that will be taken 
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is predominantly a clinical rather than a public health one. However 
it is impossible to thoroughly describe the topic of diabetes preven-
tion without considering public health approaches and thus these 
are described here not least because clinicians are important advo-
cates for this important complementary strategy.

Is type 2 Diabetes Preventable by Behavioural 
Interventions and Weight Loss?

A series of randomized controlled trials (RCT) have shown than be-
havioural interventions aimed at dietary change, physical activity, 
and weight loss are effective in halving the risk of progression from 
impaired glucose tolerance to diabetes. The first major RCT was con-
ducted in Da Qing in the North Eastern province of Heilongjiang in 
China. In this trial, 577 people who had impaired glucose tolerance 
(IGT) (2- hour plasma glucose 7.8— < 11.1  mmol/ L) were cluster 
randomized to a diet intervention alone, physical activity alone, 
both interventions together or standard care [1] . The cumulative 
incidence of diabetes in the control group at 6 years was very high 
(67.7%) and in an analysis adjusting for baseline differences in body 
mass index (BMI) and fasting glucose, the diet intervention was as-
sociated with a 31% reduction in risk (P <0.03). In the physical ac-
tivity only group, the risk reduction was 46% (P <0.0005) but there 
was no evidence of an additional effect of both interventions, as the 
risk reduction in the combined group was 42% (P <0.005).

The largest prevention trial was the U.S Diabetes Prevention 
Program (DPP) [2]  which randomized 3234 middle- aged adults 
with IGT and fasting hyperglycaemia (fasting plasma glucose 
5.3— <7.0 mmol/ L). In addition to these two glucose- based param-
eters, participants were also selected to be high risk by virtue of 
other characteristics including age, obesity, and ethnic group. The 
mean BMI at baseline was 34 kg/ m2 and 45% of those randomized 
were of African, Hispanic, and Asian or American- Indian origin. 
Participants were originally randomized to four arms; an intensive 
lifestyle intervention, metformin (850 mg twice a day), troglitazone, 
or placebo. The troglitazone arm was discontinued in 1998 because 
of evidence of hepatotoxicity [3]. The intensive lifestyle intervention 
which was delivered by individual counselling sessions was focused 
on achieving a loss of 7% in body weight over 24 weeks through 
achieving 150 minutes per week of moderately intense physical ac-
tivity and consumption of a low calorie, low fat diet. The incidence 
rate of diabetes, assessed by annual oral glucose tolerance tests and 
measurement of fasting plasma glucose at 6 monthly intervals, was 
reduced by 58% (95% confidence interval 48– 66%) compared to 
the placebo group. The risk reduction in the metformin arm was 
less at 31% (95% CI 17– 43%) and adherence to this treatment was 
high, with 72% of the participants in the metformin arm being 
compliant with therapy as defined by taking >80% of the prescribed 
medication.

At approximately the same time as the DPP, the Finnish Diabetes 
Prevention Study (DPS) reported the results of a randomized trial 
of intensive lifestyle intervention compared to placebo in middle- 
aged people (mean age 55 years) with IGT [4] . As with the DPP, par-
ticipants in the DPS were largely overweight or obese (mean BMI 
31 kg/ m2) and the intervention aimed to reduce body weight by at 
least 5% by reduction of consumption of fat, particularly saturated 

fat, increased consumption of fibre, and increased moderately in-
tense physical activity to 30 minutes per day. As in the DPP, the DPS 
showed that the reduction in rate of progression to diabetes was 58% 
(95% confidence interval 30– 70%). Subsequent similar intervention 
trials have demonstrated similar efficacy of lifestyle interventions in 
other populations including Japanese men with IGT [5] (n = 458) 
and Asian Indians with IGT [6] (n  =  531). In a recent Cochrane 
systematic review, Hemmingsen et al. [7] meta- analysed these trials 
with a further seven studies [8– 14] and reported a summary relative 
risk of progression to diabetes of 0.57 (95% CI 0.50– 0.64).

Are the Benefits of Lifestyle Intervention 
the Same in All People at Risk?

The question of differential response to preventive interventions 
can only realistically be addressed in the DPP since only a large 
study has the power to examine heterogeneity between subgroups. 
In that study, there were no significant differences in relative risk 
reduction between subgroups defined on the basis of age, sex, 
and ethnicity, baseline level of obesity, or fasting glucose. A  sig-
nificantly larger relative risk reduction was, however, observed in 
those with lower levels of 2- hour glucose. While differences be-
tween subgroups in relative risk are interesting from an aetiological 
perspective, it is differences in absolute risk that matter from a clin-
ical perspective. In general high- risk prevention approaches have 
their biggest impact when targeted on people at high absolute risk, 
because in those individuals, for a given relative risk reduction, the 
absolute risk reduction is greatest. The inverse of the absolute risk 
reduction is the number needed to treat, which is the parameter 
that makes sense to individual people who are offered a preventive 
intervention since it addresses the question ‘How many people like 
me would need to have this intervention for one person to avoid 
getting diabetes over a particular time period?’. Thus logically, the 
individual interventions that have been shown to be efficacious 
in clinical trials ought to be first offered to people who have the 
highest absolute risk of developing type 2 diabetes. Whether they 
are offered to a wider set of people at moderate risk is an afford-
ability question. However, the total number of people at mod-
erate risk is considerably greater than those at high risk, since risk 
is roughly normally distributed, and since those people stand to 
gain less from a preventive intervention than those at high risk, it 
is very easy for a prevention programme to become overwhelmed 
by people who are not those who stand to benefit most. This is one 
of the challenges of translating trial results in diabetes prevention 
into real- world programmes.

Do the Benefits of Behavioural Interventions 
Persist once the Active Intervention is 
Discontinued?

Several lifestyle diabetes prevention trials have examined the im-
pact of interventions over the longer term and critically beyond 
the duration of the active phase of supported behaviour change. 
In the DPS the hazard ratio in the intervention group compared 
to placebo during a 9- year post- trial follow- up period was 0.67 
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(95% CI 0.48– 0.95), suggesting that the benefits of lifestyle inter-
vention persist beyond the point at which people were being pro-
vided with active lifestyle change interventions [15]. A  similar 
follow- up in the Da Qing study also suggested persistence of the 
impact on lifestyle intervention with those in a combined lifestyle 
intervention groups having a 43% lower incidence over 20 years of 
follow- up [16]. In the follow- up study to the DPP [17], the inter-
vention groups became more similar after the active period of the 
trial was ended and became unblinded, with the reduction in risk 
in the lifestyle intervention group compared to the original pla-
cebo group in the 10 years since randomization being 34% (95% 
CI 24– 42%). Together these data suggest that there are persistent 
benefits of lifestyle intervention that go beyond the period of ac-
tive intervention.

Are there Long- term Health Benefits of Diabetes 
Prevention?

Although these landmark trials have shown that behavioural inter-
ventions and weight loss reduce progression to diabetes, it has 
proven very difficult to show that by reducing diabetes incidence 
there are long- term health benefits, since the trials are underpow-
ered to examine these effects. The Da Qing study showed a 47% 
reduction in risk of severe retinopathy in the intervention group 
compared to control but no significant differences in risk of neph-
ropathy or neuropathy [18]. In the DPP after 15 years of follow- up, 
there was no significant difference in risk of an aggregate micro-
vascular outcome between treatment groups [19]. The only trial 
that has reported the impact on cardiovascular outcomes is the Da 
Qing trial which reported a relative risk for cardiovascular disease 
mortality of 0.59 (95% CI 0.36– 0.96) in the intervention group 
over 23 years of follow- up [20]. From a patient perspective, it may 
be important not only to consider these long- term outcomes, but 
also the impact of diabetes preventive interventions on the more 
immediate outcome of quality of life. In the DPP, the lifestyle inter-
vention improved patients’ perception of the functional capability 
and quality of life compared to placebo, whereas there was no dif-
ference between these outcomes for the metformin and placebo 
groups [21].

Is type 2 Diabetes Preventable 
by Pharmacological Intervention?

Beyond metformin, which was reported in the DPP, a whole series 
of trials have examined the effect of pharmacological therapy on dia-
betes prevention. Given that diabetes is defined by glucose levels, it 
is self- evident and effectively tautological to suggest that prescribing 
glucose lowering therapies to people with pre- diabetes should re-
duce progression to diabetes. Indeed, the level of relative risk re-
duction can be predicted by the degree of glucose reduction that an 
agent causes [22]. Thus thiazolidinediones including troglitazone 
(before it was withdrawn) [3] , pioglitazone [23], rosiglitazone alone 
[24], or in combination with metformin [25], α- glucosidase inhibi-
tors (acarbose [26, 27] and voglibose [28]), glucagon- like peptide- 1 

analogues (liraglutide [29]), and insulin secretagogues (Nateglinide 
[30]) have all been shown to reduce risk of progression to diabetes 
from IGT. Whether reduction of progression from IGT to diabetes 
is sufficient evidence to justify pharmacological intervention in 
people who don’t consider themselves to be ill and who often have 
not even sought help, but may have been offered it as a consequence 
of being screened, is debatable. Unlike lifestyle intervention, the 
benefits for pharmacological diabetes prevention don’t persist be-
yond the duration of active treatment, nor do patients being treated 
pharmacologically feel better or have better functional capability. 
The evaluation of the benefits of pharmacological diabetes preven-
tion on hard clinical outcomes is the ultimate test of clinical utility 
of this approach but is a high level of evidence to aspire to and will 
inevitably require large and long- term clinical trials. In the absence 
of such evidence, it may be logical to restrict use of glucose lowering 
treatments in people without diabetes to population groups who 
have tried lifestyle interventions but without success. This stepwise 
approach using metformin, for example, has been shown to reduce 
diabetes incidence by a third in the D- CLIP trial [31].

translating the Results of trials 
into Real- World Interventions

As this chapter has summarized, the trial evidence underpinning 
individual- level diabetes prevention is extremely strong, showing 
that interventions are efficacious when assessed under the ideal 
circumstances of a randomized controlled trial. However, a major 
question is whether those interventions are as effective when used 
under the less ideal situations that prevail in the real world. An ana-
lysis by Ali and colleagues of 28 studies of real- world interventions 
in the United States suggested that these interventions achieved an 
average weight loss at 12 months of 4% of their baseline weight [32]. 
Since the DPP had established that weight loss was the most im-
portant determinant of reduction of diabetes incidence, with that 
incidence being reduced by 16% for every kilogramme of weight 
lost, this magnitude of average weight loss is not inconsiderable. 
Alongside the challenge of average effect size, is the issue of reten-
tion. In the MOVE- IT trial, a lifestyle intervention programme was 
effective in the group of individuals who completed the programme 
in an intense and sustained manner, but these participants repre-
sented less than 1% of the population for whom the intervention was 
designed [33], creating a massive gap between efficacy and effect-
iveness [34]. Many agencies in developed and developing countries 
are working to design programmes that can combine reach, effect-
iveness, and affordability since an additional challenge of the DPP 
approach was that it cost $1399 per participant in the first year of 
intervention. Cheap and scalable interventions may be possible but 
as yet, there is limited evidence of effectiveness of any programmes 
[35, 36]. Since the real clinical benefits of a preventive intervention 
lie not in the relative risk but in the absolute risk reduction, it may 
be preferable to focus such individual- level approaches to preven-
tion on subgroups of the population who are at demonstrably high 
absolute risk because for those participants it is possible to get a 
large absolute risk reduction and a relatively low number needed to 
treat, the inverse of the absolute risk reduction.
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Finding complementary Strategies 
for Diabetes Prevention

Striving to deal with the problem of diabetes prevention only 
through an individual- level strategy is unlikely to result in a major 
impact on population- level diabetes incidence even though it 
could be of benefit to participants who are compliant and engaged. 
Thus an integrated diabetes prevention strategy also needs to take 
a whole population approach and to reflect the need to deal with 
the public health problem of type 2 diabetes through public health 
means. There is no single population- level intervention that is likely 
to have a major impact by itself on diabetes risk, nor is there likely 
to be strong evidence of effectiveness before policy action is imple-
mented. Thus multiple policy level interventions have to be encour-
aged on the basis of observational evidence and modelled long- term 
health impact, with the effectiveness of approaches evaluated after 
the event through quasi- experimental approaches. This is the basis, 
for example, of the evidence that has driven the implementation of 
sugar- sweetened beverage taxes in multiple countries [37– 39]. It is 
not within the remit of a medical textbook to provide a full discus-
sion of the full range of public health interventions, but perhaps the 
critical thing for clinicians to appreciate is that the population- level 
approaches are a complement to more clinical approaches to pre-
vention rather than alternative, that no single intervention is ever 
likely to have a large effect alone, but that considerable impact can 
be accumulated by intervening in multiple ways, and above all that 
the evidence base that underpins such interventions in inevitably 
different to that that is possible for individual- level interventions.
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Introduction

Both type 1 (T1D) and type 2 (T2D) diabetes are characterized 
by insulin insufficiency and ultimately beta- cell loss. While T2D 
is multifactorial, T1D principally results from the selective loss 
of beta-cells involving autoimmune processes and requiring life-
long insulin replacement therapy to prevent clinical complications 
including ketoacidosis. Despite substantial improvements in in-
sulin delivery systems and glucose monitoring, insulin therapy 
remains inadequate to maintain euglycaemia. Moreover, while in-
tensive insulin therapy decreases average glycaemia and thereby 
reduces long- term complications of T1D, exogenous insulin de-
livery can also result in episodes of severe hypoglycaemia [1] . 
Therefore, there is an unmet need for better approaches to insulin 
replacement.

Beta- cell replacement through islet transplantation can provide 
restoration of more physiological glycaemic control, almost entirely 
preventing significant hypoglycaemia [2] . While islet transplant-
ation offers unquestionably superior glycaemic control compared 
to insulin therapy, widespread implementation is severely limited 
by the availability of donor tissue. This has fuelled efforts to de-
velop alternative beta- cell replenishment strategies including:  (1) 
derivation of beta-cells from human embryonic stem cells (ESCs)/ 
induced pluripotent stem cells (iPSCs); and (2)  induction of en-
dogenous beta- cell regeneration. Since both T1D and T2D are 

associated with beta- cell mass deficits, these therapeutic strategies 
could be effective for both forms of the disease.

Generating Beta-Cells from Pluripotent Stem Cells

ESCs and iPSCs are attractive sources of unlimited numbers of beta-
cells to treat diabetes because they can self- renew indefinitely and 
differentiate into all cell types. To coax stem cells to beta-cells, dif-
ferentiation protocols typically aim to mimic normal developmental 
processes, with the added challenge of using protocols that can be 
adapted for industrial scale. The pluripotency of stem cells makes it 
extremely challenging to achieve homogenous differentiation and 
undifferentiated cells can form teratomas. Several strategies are 
being explored to enhance the safety of potential stem- cell prod-
ucts, including cell containment devices and genetic modifications.

Beta-Cells from Embryonic Stem Cells

Building upon knowledge of pancreatic development in animal 
models and humans, protocols have been developed to differen-
tiate human ESCs to pancreatic endoderm cells [3] . Efforts have 
focused on the production of cells expressing the key marker pro-
teins PDX1 and NKX6.1, transcription factors that in combination 
specify pancreatic progenitor cells. Notably, cells at this stage are 
sufficiently committed to the pancreatic lineage and are fully cap-
able of finishing differentiation and maturation post- implant to 
produce mixed populations of islet endocrine cells that can regu-
late glycaemia in rodents [3, 4]. Clinical trials implanting human 
ESC- derived pancreatic progenitor cells are now underway to as-
sess safety and efficacy in patients with T1D (ClinicalTrials.gov 
Identifiers:  NCT02239354, NCT03163511). Cell differentiation 
protocols continue to be refined and extended towards preimplant 
generation of mature beta-cells [5– 8]. While not yet fully optimized, 
such cells can more rapidly reverse diabetes following implantation 
in mice compared to progenitor cells [5, 6].

Beta-Cells from Induced Pluripotent Stem Cells

The development of technologies to produce iPSCs through re-
programming of patient- derived cells such as fibroblasts [9]  offers 
an alternative pluripotent cell type that addresses some of the eth-
ical concerns related to the destruction of an embryo to generate 
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ESCs. Directed differentiation of iPSCs towards islet endocrine 
cells is being pursued using similar approaches as with ESCs [5, 6] 
but with additional challenges due to variability (including epigen-
etic) in the donor cells [10] and the need for protocol optimiza-
tion for individual lines. Also, iPSCs may carry increased risk of 
teratoma formation compared to ESCs due to the chance of the re- 
programmed donor cells acquiring a pro- oncogenic mutation that 
could be selected for during culture. However, earlier fears that the 
reprogramming process itself may introduce mutations appear to 
be unfounded [11]. Patient- derived cells would theoretically not be 
recognized as foreign by the immune system, but in T1D there is 
still beta- cell targeted autoimmunity to deal with, and generation 
of personalized tissues for millions of people with T1D will be pro-
hibitively expensive for the foreseeable future. Alternatives to both 
ESCs and iPSC sources include creating HLA- matched banks from 
a subset of donors or creating universal donor cells through genetic 
editing [12]. A genetic ‘safety switch’ could also be added, allowing 
drug- mediated destruction of the implanted cells should the need 
arise, including in the case of off- target differentiation or teratoma 
formation.

Graft Encapsulation

Another challenge for the therapeutic application of stem- cell 
derived beta-cells is a safe and functional implant site. Graft re-
trievability and immune protection have been the goal stem cell- 
derived product development and thus clinical trials have not yet 
been conducted whereby differentiated stem cells are infused into 
the liver to mimic islet transplant using the Edmonton protocol. 
PEC-Encap™ is under development by ViaCyte [13, 14] and a phase 
I/ IIa clinical trial began in 2014 (NCT02239354). This and other 
macroencapsulation devices are designed to contain the cells and 
physically prevent immune rejection while allowing nutrient ex-
change and insulin delivery via diffusion. However, results from 
other macroencapsulation devices implanted in humans suggest 
that a foreign body response to implanted devices contributing 
to lack of graft oxygenation may preclude optimal graft function 
[15]. As a substantial subset of patients with T1D are already on 
immunosuppression for other transplanted organs, use of a fully 
immunoprotective barrier may not always be necessary. ViaCyte 
is now testing PEC- Direct™, a device with holes that are designed 
to permit direct graft vascularization. A  new multicentre phase 
I/ IIa clinical trial began in 2017 (NCT03163511) that will offer 
important insights for the future direction of encapsulation 
technology.

An alternative to centimetre- scale immunoprotective devices is to 
encapsulate cell clusters, producing micrometre- to- millimetre- scale 
spheres which prevent physical interactions between the recipient 
immune system and the implanted cells. Moderately promising re-
sults from clinical trials (for example [16]) and advances in alginate 
formulas [17], the most common microencapsulation material, 
suggest that this technology could be a potential alternative to im-
munosuppression, although challenges with this approach include 
retrievability, achieving effective nutrient exchange, implant site, 
and foreign body responses.

Remaining Challenges for Stem Cell- Derived Beta-Cells

Regardless of the stem cell source, safety, and efficacy of the im-
planted cells are vital. Having completed maturation, whether 

before or after implantation, these cells must sense glucose and 
not only increase insulin secretion when blood glucose levels rise 
to minimize hyperglycaemia, but rapidly decrease insulin secre-
tion when blood glucose levels drop to prevent hypoglycaemia. 
Challenges relating to immunosuppression or immune protection 
have not been completely solved, although many patients would 
exchange the heavy burden of multiple daily insulin injections for 
the side effects of immunosuppression if restoration of normal 
glucose homeostasis could be achieved. Recent encouraging pro-
gress suggests that these challenges, though difficult, are not insur-
mountable, and stem cell- derived beta-cells may be a functional 
cure for diabetes in the future.

Expanding Endogenous Beta- Cell Mass

Physiological Mechanisms Regulating Beta- Cell Mass

During embryogenesis beta-cells are formed from a population of 
pancreatic progenitor cells. While beta- cell mass in adults is deter-
mined, at least partially, by the size of this progenitor pool [18], it 
is also heavily influenced by the rapid beta- cell replication that oc-
curs during infancy [19]. Physiological turnover of β- cells in both 
adult rodents and humans is comparatively slow; however, during 
pregnancy [20,  21] and excessive weight gain [22,  23], beta- cell 
mass expands to compensate for the increased metabolic demand. 
While the mechanisms governing such compensatory responses re-
main relatively poorly understood, and indeed may differ consider-
ably between species, new beta- cell formation is thought to occur 
through both beta- cell replication [24] and differentiation from 
non- beta- cell sources— a process termed neogenesis [25, 26]. It may 
be possible to target replication and/ or neogenesis to restore beta- 
cell mass and function in patients with diabetes.

Replication of Beta-Cells

Experiments using approaches that label beta-cells and their des-
cendants provided compelling evidence for replication of pre- 
existing beta-cells as the major source of new beta-cells during 
adulthood in rodents [24,  27]. During pregnancy in rodents, 
beta- cell replication has been described as the main compensatory 
mechanism, predominately mediated by a prolactin- dependent 
inhibition of the tumour and replication suppressor, menin [20]. 
Similarly, increases in beta- cell mass observed in obese mice have 
been attributed to beta- cell replication [22]. Human beta-cells 
may have less capacity to replicate. While it has been shown that 
replication- mediated human beta- cell expansion occurs during in-
fancy [19], there is a significant decline in this capacity with no evi-
dence of beta- cell replication in donors aged over 30 [28], perhaps 
as a result of age- related increase in expression of p16INK4a, an in-
hibitor of cell– cycle associated activators, including cyclin D3 [29]. 
While increases in human beta- cell numbers during pregnancy have 
been reported, there was no evidence for these resulting from beta- 
cell replication [21]. Rather, increased numbers of small islets and 
duct associated insulin- positive cells suggest neogenesis as a major 
source of new β- cells [21], but this conclusion relies on circumstan-
tial evidence from observations in autopsy material. Although it is 
increasingly clear that adaptive β- cell responses differ between spe-
cies, evidence for beta- cell replication following human islet trans-
plants into mice supports the hypothesis that human beta-cells have 
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the capacity, albeit perhaps limited, for proliferation [30, 31], and 
thus strategies to exploit this potential should be explored.

Inducing Beta- Cell Replication

While seeming an obvious therapeutic approach, inducing human 
beta- cell replication has proved difficult. Loss-  or gain- of- function 
studies in rodents have yielded critical insights into the import-
ance of cell– cycle molecules, particularly the D cyclins, which act 
predominantly at the G1/ S transition [32]. However, species dif-
ferences in the expression and localization of these proteins have 
hindered potential translation to humans [33], and there is evi-
dence of potential beta- cell apoptosis following forced entry into 
the cell cycle [34]. However, high- throughput screens have iden-
tified small molecules that induce human beta- cell proliferation, 
including harmine [35], 5- iodotubercidin [36], and a series of 
aminopyrazines [37], all of which target a common pathway af-
fecting DYRK1a and NFAT activity. Further, exendin- 4, a clinic-
ally used GLP- 1 receptor agonist, induced proliferation of juvenile 
human beta-cells [30]. While these studies demonstrate the feasi-
bility of inducing beta- cell replication, the clinical utility of such 
compounds will require development of methods to ensure beta- 
cell specificity, particularly given the potential health implications 
of unchecked cell proliferation.

Beta- Cell Neogenesis/ Transdifferentiation

Despite all pancreatic cell types arising from a common progenitor, 
evidence for a true adult pancreatic stem cell remains unconvincing, 
and the existence of facultative progenitors after birth continues to 
be debated. It is increasingly accepted, however, that pancreatic cells 
can display significant plasticity. Pancreatic cell types can switch 
phenotype, either directly (transdifferentiation) [26] or indirectly 
via a dedifferentiated intermediate [38]. Understanding of these 
events has been gained through rodent models of pancreatic regen-
eration including partial pancreatectomy [38], partial duct ligation 
[39], and targeted β- cell ablation [26]. Lineage tracing within these 
models reveals endocrine cell neogenesis, demonstrating several 
potential sources of new beta-cells, including pancreatic ducts and 
non- beta- cell endocrine cells.

Duct- Derived Neogenesis

Responsible for channelling digestive enzymes to the duodenum, 
the pancreatic ductal epithelium has long been proposed to har-
bour a post- natal progenitor cell population for islet cells, with 
several reports detailing observations of duct- mediated beta- cell 
neogenesis in response to pancreatic injury. Specifically, lineage 
tracing of ductal cells and their derivatives demonstrated that 
ductal cells can give rise to both new islet and acinar cells following 
partial duct ligation [40]. Characterization of rodent pancreas 
following 90% pancreatectomy identified several stages to this 
process, including initial ductal cell dedifferentiation and rapid 
proliferation, followed by activation of the endocrine progenitor 
marker neurogenin- 3 (Ngn3) and subsequent formation of new 
beta-cells [38]. The gut hormone gastrin can enhance this series 
of neogenesis events and increase beta- cell numbers in a pancrea-
tectomy model [41]. Lineage tracing following partial duct liga-
tion also demonstrated the contribution of Ngn3- positive ductal 
cells to new beta- cell formation [39]. Recently it was reported that 
subpopulations of cells within the duct differ in their ability to 

differentiate towards endocrine cells [42], which may explain con-
flicting reports that refute duct- mediated beta- cell neogenesis in 
the adult [43, 44]. Analyses of human autopsy samples have pro-
vided circumstantial evidence for progenitor cells in the ductal re-
gions, most notably a CD133- positive population [45]. Although 
this cell population has demonstrated some β- cell differentiation 
potential in vitro [46], overall the existence of such events in hu-
mans remains poorly understood and additional research is needed 
to better understand the translational potential.

Endocrine Cell Transdifferentiation

Forming functional micro- organs within the pancreas, islets 
consist of four main cell types:  beta-cells (insulin), alpha-cells 
(glucagon), delta-cells (somatostatin), and PP cells (pancre-
atic polypeptide). While characterized by discrete gene expres-
sion profiles at full maturity, each of these endocrine cell types 
is derived from a common Ngn3- positive progenitor population. 
Diabetes reversal can occur in rodents following near total beta- 
cell ablation, mediated by alpha- to- beta- cell transdifferentiation 
[26]. This specific conversion appears to be age restricted, with 
recovery of diabetes in young mice (before puberty) resulting 
from delta- to- beta- cell conversion, without a contribution from 
alpha cells. The potential occurrence of similar plasticity events 
in human T1D has been described [47]. Further, it was demon-
strated that transdifferentiation was dependent on activation of 
the G- protein coupled receptor, PAR2, and could be induced by 
the agonist 2- furoyl- LIGRLO- amide trifluoroacetate salt (2fLI) in 
both rodent models [48] and human islets [49]. However, there 
have yet been no lineage tracing studies to define cell transitions 
in human islets, and the continual autoimmunity associated with 
T1D must be considered. Despite these caveats, further work in 
this area may eventually allow the therapeutic induction of new 
beta-cells harnessing islet endocrine cell transdifferentiation 
potential.

Interplay Between Islet-  and Duct- Cell Plasticity 
in Beta- Cell Neogenesis

Alpha- to- beta- cell conversion can be induced through genetic ma-
nipulation of key transcription factors. Ectopic expression of Pax4 
and inhibition of Arx in alpha cells leads to their conversion to 
functional, neo- generated beta-cells that are capable of rescuing 
streptozotocin- induced diabetes in mice [50,  51]. Lineage tracing 
studies revealed activation of Ngn3- positive cells in the pancreatic 
ducts, which give rise to new α- cells and subsequently beta-cells fol-
lowing α- cell transdifferentiation [50, 51]. These studies may rec-
oncile observations from the varying animal models of beta- cell 
regeneration, demonstrating a role for ductal and islet cell plasticity 
in beta- cell neogenesis in rodents. A study by the same group iden-
tified the neurotransmitter GABA as an inducer of the same series 
of events that lead to beta- cell replacement following Pax4 and Arx 
manipulation, including in human islets both in vitro and following 
transplantation into rodents [52]. In a parallel study, the antimal-
arial drug, artemisinin, was reported to induce alpha- to- beta- cell 
conversion in islets from multiple species through GABAA receptor 
signalling [53]. However, recent reports contest the impact of 
GABA and artemisinin on alpha- cell mediated beta- cell neogenesis 
[54, 55]. More investigation will be required to elucidate and poten-
tially harness the putative plasticity of human islet cells.
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Conclusions

Transforming lives of many patients with T1D, the success of islet 
transplantation has paved the way for development of novel cel-
lular therapies for diabetes. Although in its infancy, substantial ad-
vancements have been made in our understanding and application 
of beta- cell replacement strategies, particularly in the generation 
and implant of differentiated hESCs. While significant challenges 
remain, including the development of technology to protect im-
planted cells from immune attack, emerging and ongoing clinical 
trials highlight the potential. Although a renewable source of ex 
vivo generated beta-cells is highly attractive, the ultimate regen-
erative goal in diabetes is to stimulate beta- cell formation in situ. 
The finding that the major pancreatic cell types appear to display a 
degree of plasticity which may be harnessed to generate new beta-
cells has been met with considerable excitement. However, des-
pite encouraging data, the existence of beta- cell proliferation and 
neogenesis/ transdifferentiation in humans remains unclear, and 
thus whether strategies to enhance them are therapeutically rele-
vant is unknown. Despite this, animal models have facilitated the 
identification of FDA- approved molecules that may target these po-
tential regenerative pathways. This has led to an increasing number 
of clinical trials involving patients with T1D, from which the results 
are eagerly anticipated.
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Introduction

Following the Diabetes Control and Complications Trial, focus 
on intensive insulin therapy has led to increased uptake of insulin 
pump therapy (continuous subcutaneous insulin infusion, CSII) 
as it is recognized that CSII delivery can achieve improved glucose 
control, reduce the risk of hypoglycaemia and improve quality of 
life in people with T1D (see Chapter 15.5.3, ‘Insulins and Insulin 
Delivery Devices’) [1] .

Advances in diabetes technology have led to the development of 
continuous glucose monitoring (CGM) systems which measure real- 
time interstitial glucose concentration (see Chapter 15.5.2, ‘Glucose 
Monitoring and Sensing’). There has been steady improvement in 
the reliability and accuracy of CGM systems with the best having 
an accuracy of below 10% mean absolute relative difference [2] . 
There remains a known issue with lag between blood and interstitial 
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glucose levels; however, use of CGM is associated with improve-
ments in glucose control and reductions in hypoglycaemia [3].

Insulin pumps can be used in conjunction with real- time CGM, 
allowing users to manually modify the insulin infusion rate ac-
cording to CGM values (sensor augmented pump therapy, SAP). 
Introduction of a low glucose suspend (LGS) feature allowed for 
automatic insulin infusion suspension when a pre- programmed 
CGM threshold value is reached or when sensor glucose is pre-
dicted to cross the pre- programmed CGM threshold value (pre-
dictive LGS). These features are effective in reducing the frequency 
and duration of hypoglycaemia [3] .

Closed- loop insulin delivery (the artificial pancreas) is more so-
phisticated and combines insulin pump and CGM with a control 
algorithm to deliver insulin in a glucose- responsive manner (single- 
hormone closed- loop system) by automatically adjusting the insulin 
infusion rate based on sensor glucose levels. Glucagon or other hor-
mones can also be delivered in a similar glucose- responsive fashion 
within dual- hormone closed- loop systems. The control algorithm 
may be embedded in the pump or reside in a separate device (e.g. a 
smartphone (Figure 15.8.2.1) and these components communicate 
wirelessly).

Closed- Loop Algorithms

The key component of a closed- loop system is the control algo-
rithm, which directs insulin delivery according to real- time sensor 
glucose levels while accounting for inter-  and intrasubject vari-
ability, inherent sensor, and insulin delivery errors as well as kin-
etic delays. Various algorithms have been developed with the most 
commonly used being the model- predictive control approach, the 
proportional– integral– derivative control, and fuzzy logic [4] .

Model- predictive control (MPC) algorithms employ an individu-
alized mathematical model of glucose regulation to predict glucose 
excursions based on input such as subcutaneous insulin. Insulin 

delivery is calculated by minimizing the difference between model- 
predicted glucose- concentrations and the target glucose levels over 
a pre- specified prediction time horizon.

Proportional– integral– derivative (PID) control algorithms con-
tinuously adjust the insulin infusion rate by assessing glucose ex-
cursions from three perspectives, the deviation from the target 
glucose (proportional component), the area- under- the- curve be-
tween the measured and target glucose level (integral component), 
and the rate of change in the measured glucose levels (derivative 
component).

The fuzzy logic control approach modulates insulin delivery on 
the basis of approximate rules to express the empirical knowledge 
of diabetes practitioners.

Meta- analysis data suggests that PID algorithms may be associ-
ated with less time in target compared with MPC and fuzzy logic 
algorithms, although the analysis of subgroup differences was not 
significant [5] . Direct comparison of the performance of compar-
able PID and MPC algorithms in a cross- over study support this 
finding [6].

Most control algorithms include additional safety modules to 
constrain insulin delivery, limiting the amount of insulin on board 
or the maximum rate of insulin delivery, or suspending insulin de-
livery when glucose levels are low or decreasing rapidly.

User specific parameters (body weight, insulin requirements) 
are usually required for initialization. Adaptation of the algo-
rithm to changes in physiological parameters with real- time ad-
justment of closed- loop control parameters is essential for optimal 
performance.

Types of Closed- Loop Systems

Hybrid and Fully Closed- Loop Systems

Hybrid closed- loop systems require meal announcements while 
fully closed- loop systems are entirely automated offering the 
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Figure 15.8.2.1 (a) A sensor (black rectangle) transmits information about interstitial glucose levels to a mobile- phone- sized controller (red 
box located in the hand), which runs a control algorithm and interacts with the user. An insulin pump (blue box) delivers a rapid- acting insulin 
analogue subcutaneously. Insulin delivery is modulated in real- time by the control algorithm. The communication among system components is 
wireless. (b) Glucose levels and insulin delivery profiles during a hybrid single- hormone closed- loop study. The bold red line shows the continuous 
subcutaneous glucose trace. Control algorithm- directed insulin infusion rates during closed- loop are denoted by the thick blue line. Vertical arrows 
indicate meals and snacks (orange arrows) and blue vertical lines illustrate insulin boluses administered by the user at mealtimes. Horizontal dashed 
red lines indicate the target glucose range. For a colour version of this figure, please see colour plate section.
Panel A is reproduced with permission from Hovorka, R., Closed- loop insulin delivery: from bench to clinical practice. Nat Rev Endocrinol, 2011. 7(7): p.385– 95. Copyright © 
2011, Springer Nature. [Ref 4].
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advantage of reduced user intervention. There have been relatively 
few, small in- patient studies of fully automated closed- loop systems 
in people with T1D. Postprandial hyperglycaemic excursions and 
late postprandial hypoglycaemia are significant challenges with this 
approach and glucose control is significantly compromised com-
pared to hybrid closed- loop at present. Ultra- rapid insulin ana-
logues are needed to enable safe and efficacious fully closed- loop 
systems.

Single and Dual- Hormone Closed- Loop Systems

Impaired glucagon response to hypoglycaemia is characteristic of 
T1D. Addition of glucagon to closed- loop systems (dual- hormone) 
is an attractive option to counteract the relatively long duration of 
action of subcutaneous insulin but also increases system complexity 
and cost. The potential role of glucagon is further reduction in the 
risk of hypoglycaemia while optimizing insulin delivery, or to com-
pensate with higher glucagon doses, buffering ‘aggressive’ insulin 
delivery.

Addition of glucagon to closed- loop systems is currently limited 
by the instability of available glucagon formulations at room tem-
perature. These require reconstitution prior to use and exchange of 
the glucagon depot every 24 hours. Novel glucagon analogues are 
under development but the full pharmacokinetic and safety profile is 
to be established. Long- term low- dose glucagon administration has 
the potential for pleiotropic effects and long- term follow- up safety 
studies are necessary. The main side- effects of high- dose rescue glu-
cagon include nausea, vomiting, and headaches, but adverse effects 
of smaller doses of glucagon used in trials of dual- hormone systems 
were limited to mild gastrointestinal symptoms [7] .

Adjuncts

One of the main challenges with closed- loop insulin delivery is 
postprandial glucose control. Studies have demonstrated short- 
term efficacy of adjuncts such as synthetic amylin (pramlintide), 
glucagon- like peptide- 1 agonists, and dipeptidyl peptidase- 4 in-
hibitors in combination with closed- loop insulin delivery to reduce 
postprandial hyperglycaemia, although long- term benefits have not 
been evaluated.

Clinical Evidence of Closed- Loop Systems

Clinical studies have progressed from those undertaken in highly 
supervised clinical research facilities to studies lasting several 
months in unsupervised, free- living conditions. Clinical studies 
have shown that hybrid closed- loop systems, as compared with 
CSII or SAP, improve glycaemic control and reduce hypoglycaemia. 
Closed- loop insulin delivery has demonstrated efficacy and safety 
in children, adolescents, adults, and pregnant women with T1D and 
in hospitalized patients with hyperglycaemia.

Closed- Loop in Adults and Children with Type 1 
Diabetes

Two recent meta- analyses have evaluated the efficacy and safety 
of closed- loop therapy in non- pregnant outpatients with type 
1 diabetes [5,  8]. The larger of these included 41 studies (1042 
participants).

Time in Range

Meta- analysis data from 32 studies has shown that closed- loop sys-
tems increase time spent in near normoglycaemia (3.9– 10.0 mmol/ 
L) throughout 24 hours by 9.6% compared with controls (140 add-
itional minutes/ 24  h period). The beneficial effect of closed- loop 
systems is more evident on the percentage of time spent in near 
normoglycaemia overnight, which is 15% greater than controls [8] . 
Increased time in range with closed- loop systems is due to reduced 
time in hyperglycaemia (>10 mmol/ L) compared to controls.

While dual- hormone systems have been associated with a 
greater improvement in time in target range compared with single- 
hormone systems, almost all dual- hormone system studies have 
been relatively short and have been compared to pump therapy 
alone, whereas almost all single- hormone systems have used SAP as 
a comparator. Studies directly comparing single-  and dual- hormone 
closed- loop systems have been under supervised conditions and of 
short duration but observed no difference in the time spent in target 
glucose range over 24 hours [9] .

Hypoglycaemia

Closed- loop systems reduce time spent in hypoglycaemia 
(<3.9  mmol/ L) by 1.5% (approximately 20 minutes/ 24  h period) 
compared to control [8] . The incidence of severe hypoglycaemia 
is very low in clinical studies comparing closed- loop with control 
so there is insufficient evidence to determine any benefit of closed- 
loop insulin delivery on severe hypoglycaemia. However, use of 
closed- loop systems was associated with a decrease in low blood 
glucose index overnight compared to controls, a measure of the risk 
of severe hypoglycaemia.

Clinical studies contrasting dual- hormone with single- hormone 
systems report less time spent in hypoglycaemia and fewer hypo-
glycaemic events with dual- hormone systems [7] . The reduction in 
hypoglycaemia was observed with comparable mean glucose levels.

Mean Glucose and HbA1c

Compared to control, use of closed- loop systems has a favourable 
effect on the mean sensor glucose level over 24h, which is reduced 
by 0.48 mmol/ L in meta- analysis data [8] . These findings are con-
sistent with a reduction in HbA1c of 0.26% observed with closed- 
loop systems compared with control in studies with a duration per 
intervention of more than eight weeks.

Glycaemic Variability

In almost all closed- loop studies, glucose variability, measured as 
the standard deviation and coefficient of variation of the sensor glu-
cose level between days, is lower with closed- loop systems than with 
controls [10].

Insulin Requirements

Individual studies have conflicting results with respect to the effect 
of closed- loop systems on daily insulin dose. Meta- analysis data 
suggests there is no difference between closed- loop and control sys-
tems in the mean daily insulin requirement [5, 8].

Closed Loop in Pregnancy

Closed- loop insulin delivery has been shown to be safe and effective 
in women with T1D during pregnancy. In a randomized, cross- over 
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study in pregnant women with T1D, overnight closed- loop therapy 
for 4 weeks resulted in increased time in target range (3.5– 7.8 mmol/ 
L) by 15.2 percentage points (74.7% vs. 59.5%) compared to SAP 
therapy [11]. There was no difference between closed- loop and SAP 
therapy in the percentage of time in hypoglycaemia. During the 
continuation phase (up to 14.6 additional weeks including antenatal 
hospitalizations, labour, and delivery), of day- and- night closed loop 
until delivery, glucose levels were in the target range 68.7% of the 
time. The impact of closed- loop insulin delivery on perinatal out-
comes has not been established.

Closed Loop in Inpatients

In- patient hyperglycaemia is a marker of poor prognosis associated 
with increased morbidity, mortality, length of stay, and healthcare 
costs. In- patient studies have focused on fully closed- loop insulin 
delivery (without meal announcements) both in the intensive care 
unit (ICU) and the general wards.

Most closed- loop insulin delivery studies in the ICU have util-
ized intravenous insulin delivery and venous glucose sampling. 
These studies have demonstrated efficacy and safety of automated 
insulin delivery although the requirement for large blood sample 
volumes has resulted in limited uptake [12]. Use of fully automated 
closed- loop therapy with continuous subcutaneous glucose moni-
toring led to increased time in target glucose range (6.0– 8.0 mmol/ 
L) compared with control intravenous variable rate insulin (54.3% 
vs. 18.5%) over a 48 h period in ICU without increasing the risk of 
hypoglycaemia [13].

In inpatients with type 2 diabetes in the general wards, closed- 
loop insulin delivery significantly increased time spent within 
target glucose range (5.6– 10.0 mmol/ L) compared to conventional 
subcutaneous insulin delivery (65.8% vs. 41.5%) without any in-
crease in the risk of hypoglycaemia [14].

Psychosocial Aspects of Closed Loop

Long- term usage of closed- loop technology is likely to be influenced 
by user expectations and experience. Expectations include stable 
glucose regulation, reduced need for glucose self- monitoring, relief 
of daily concerns, and timesaving, however, trust in automated in-
sulin delivery is perceived as a potential barrier [15].

Reported benefits, in addition to improved glycaemic control, 
include reduced fear of hypoglycaemia, reassurance for users and 
family members, reduced anxiety, improved sleep, confidence, 
‘time off ’ from diabetes demands, greater freedom to engage in ac-
tivity, excitement, and empowerment. Reported burdens included 
technical difficulties, alarm intrusiveness and interrupted sleep, 
increased time spent thinking about diabetes, size, and appear-
ance of the equipment, limitations on exercise, and perceptions of 
deskilling and data obsession.

OpenAPS (Open Artificial Pancreas System) and LOOP lay com-
munities suggest high parental and end- user interests in the tech-
nology [16]. The OpenAPS movement includes individuals building 
alternative non- commercial do- it- yourself (DIY) closed- loop sys-
tems from commercially available insulin pumps (sometimes out of 
warranty), CGM devices, and an open source algorithm.

Individual users have varied levels of engagement (a ‘hands- off ’ 
approach with minimal input to high levels of engagement and 

adjustment of the control algorithm to their individual needs) and 
differing preferences with potential implications for effective long- 
term usage, associated glycaemic outcomes, and training needs. 
Clinician attitudes to closed- loop systems have yet to be considered.

Commercially Available Closed- Loop Systems

The MiniMed® 670G pump (Medtronic, Northridge, CA), approved 
in 2016 by the U.S. Food and Drug Administration (FDA) for use 
by people with T1D over 14 years of age, is a single- hormone hybrid 
closed- loop system with the control algorithm integrated in the in-
sulin pump (Figure 15.8.2.2). The pump basal rate is automated 
based on a proportional– integral– derivative algorithm with in-
sulin on board feedback. Clinical trial evaluation to assess safety 
was non- randomized and lacked a control arm therefore statements 
pertaining to its efficacy are limited [17]. The closed- loop system 
was used day and night for 3 months by 94 adults and 30 adoles-
cents. No episodes of severe hypoglycaemia or ketoacidosis were 
observed. Several other hybrid closed- loop systems are being de-
veloped for commercial use. Post- marketing studies are ongoing.

Outlook

Future closed- loop systems will utilize improved system compo-
nents. Sensors with improved accuracy, reduced or factory cali-
brations, and increased wear time will improve both performance 
and acceptability. Faster insulin analogues may further improve 
closed- loop system performance. At present, meal announcement 
with accurate carbohydrate counting is recommended to achieve 
optimal glucose control. Algorithms capable of integrating multiple 
signals may more accurately reflect the rapidly changing insulin 

Figure 15.8.2.2 Hybrid closed- loop system comprising fourth 
generation Enlite 3 glucose sensor, MiniMed® 670G insulin pump, with 
an embedded proportional– integral– derivative algorithm with insulin 
feedback (Medtronic, Northridge, CA).
Reproduced with permission from Medtronic.
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requirements of a person with diabetes than CGM alone. Device 
interoperability, cloud upload, and remote monitoring capabilities 
may further increase appeal and acceptability.

Assessment of cost- effectiveness for reimbursement by healthcare 
systems, and development of adequate infrastructure to support 
closed- loop users is essential for wide adoption of this technology.
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Diabetic Ketoacidosis (DKA): Introduction

Diabetic ketoacidosis (DKA) is a frequently encountered acute 
metabolic emergency most frequently occurring in people with 
type 1 diabetes mellitus, but increasingly in those with type 2 as 
well. DKA is a condition, that if not managed correctly in a timely 
manner it is still associated with an appreciable mortality. The 
Centers for Disease Control and Prevention in the United States re-
ported that in 2014 there were 168 000 admissions to hospital for 
this condition, a prevalence of 7.7 per 1000 people with diabetes 
[1] . These data are broadly unchanged from the late 1970s and early 
1980s [2, 3]. In 2014, admissions for DKA represented ~2.3% of all 
admissions where diabetes was listed as a discharge diagnosis. In 
1993, the mortality rate for DKA was reported as 3.9% in the United 
Kingdom [4], but data from the United States suggests that more 
recently this has fallen from ~8% to less than 1% [5, 6]. Among chil-
dren and young adults the long- term standardized mortality ratio 
for children and young people has also come down from 9.3 to 5.6 
between 1965 and 1979 [7, 8]. However, in this age group, DKA re-
mains the most common cause of death with type 1 diabetes.

Pathophysiology

DKA occurs due to absolute insulin deficiency or when the con-
centrations of counterregulatory hormones (glucagon, catechol-
amines, cortisol and, to a lesser extent, growth hormone) are high. 

In these circumstances there is almost no insulin mediated cel-
lular glucose uptake meaning that cells need an alternative energy 
substrate.

Insulin deficiency results in the generation of free fatty acids 
due to the increase in hormone- sensitive lipase activity on tri-
glycerides [9] . The fatty acids are β- oxidized to form acetyl coen-
zyme A (CoA), which usually enters the tricarboxylic acid (TCA) 
cycle. This excess acetyl CoA entering the TCA cycle overwhelms 
the enzyme systems, and is converted into ketone bodies in the 
liver [10]. These ketones provide the alternative energy substrate 
needed for cellular metabolism to continue, mainly in the form 
of β- hydroxybutyrate (a hydroxyl acid) and acetoacetate at an ap-
proximate ratio of 10:1 [11].

Definition of DKA

To date, there is no recognized ‘standardized’ definition of DKA. 
While it may sound obvious, to make a diagnosis of DKA, all 
three of these criteria must be met. In the absence of large scale 
clinical studies to help determine the best management of DKA 
in the United Kingdom, the Joint British Diabetes Societies have 
produced a widely used national guideline on the management of 
DKA, used by over 90% of all UK hospitals [12, 13]. The diagnostic 
criteria they use states that the individual should either have an ad-
mission glucose of >11.1 mmol/ L (200 mg/ dl) or be known to have 
diabetes— irrespective of the admission glucose (the ‘D’); that the 
plasma β- hydroxybutyrate concentration be ≥3.0 mmol/ L, or there 
be significant ketonuria (>2+ on standard urine ketone sticks) (the 
‘K’); and the plasma bicarbonate concentration be <15.0  mmol/ L 
and/ or a venous pH of <7.3 (the ‘A’) [12].

Probably the most widely adopted guidelines used elsewhere for 
the management of DKA come from the 2009 American Diabetes 
Association position statement on hyperglycaemia emergencies 
[14]. That document uses a slightly different set of diagnostic criteria 
for DKA:  a glucose concentration of >13.9  mmol/ L (250  mg/ dl); 
that ketones must be present (in urine or in the blood); and a meta-
bolic acidosis must be present, with a pH of <7.30 (measured on ar-
terial or venous blood) and a serum bicarbonate of ≤18.0 mmol/ L.  
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Recently there has been a call to amend the ADA guideline in the 
face of emerging concerns about the sodium- glucose cotransporter 
2 (SGLT- 2) inhibitors and their association with ‘euglycaemic 
DKA’, where glucose concentrations may be less than 10.0 mmol/ 
L (180 mg/ dl) [15]. This condition may occur in between 3.5% and 
15% of all cases of DKA, but because the ADA guideline states that 
DKA should not be diagnosed unless the glucose is >13.9 mmol/ L 
(250 mg/ dl), there is potential room for error in diagnosis, and sub-
sequent management [16, 17].

The ADA also grades DKA into levels of severity depending on 
pH, bicarbonate concentrations, anion gap and level of alertness 
[14]. This is important because the available evidence suggests that 
in patients with mild to moderate DKA, the use of weight based, low 
dose subcutaneous or intramuscular insulin given every one or two 
hours offers an acceptable alternative to intravenous insulin [18]. In 
addition, the use of modern technology can guide whether an indi-
vidual needs to be admitted for treatment or not [19]. Thus, there 
is an opportunity to reduce the costs associated with treating DKA, 
especially where the use of intravenous insulin necessitates man-
datory admission to high cost environments such as the intensive 
care unit.

Incidence and Prevalence of DKA

A recent systematic literature review reported a range for incidence 
of 0– 56 per 1000 person years, and a prevalence of 0– 128 per 1000 
people [20]. In North America, the prevalence of 168 000 admis-
sions per year equated to an estimated incidence of DKA in at be-
tween 1% and 5% per year [1, 3, 21]. Most of these are in people 
with type 1 diabetes, but in some areas with high ethnic diversity or 
strong family history, up to 50% of cases occur in those with type 2 
diabetes [22,  23]. In other parts of the world the rates vary, with 
quoted rates of 10 per 100 patient years in the Western Pacific [24]. 
It is much lower in Northern Europe [25, 26], with rates of 4.8 per 
100 patient years being reported in the United Kingdom— an inci-
dence of 3.8% per year [27, 28]. The treatment of DKA is expensive, 
with costs per admission in the US estimated at ~$17 500 [14], and 
£2064 in the United Kingdom [29].

Precipitants

Recent data has suggested that DKA is the first presentation for  
type 1 diabetes in only 3– 6% of cases [16, 30], far below the previ-
ously quoted figure of ~30% [3, 31– 35]. While in many cases no clear 
cause is found, the other main causes of DKA are infections, poor 
adherence to treatment, and drug and alcohol related events [16, 
36, 37]. As mentioned, DKA— in particular euglycaemic DKA— has 
been increasingly reported with the use of SGLT- 2 inhibitors [38] 
(and in SGLT1/ 2 inhibitors [39]) in those with type 1 and type 2 
diabetes. More recently, a systematic review has found that lower 
socio- economic status is also associated with an increased risk of 
DKA [40].

DKA is still reported as the largest cause of death in children and 
young adults with type 1 diabetes under 30 years old [8] . However, 
the mortality rate in adults and in children may be dropping [41]. In 
2016 a national survey of DKA management in the United Kingdom 
reported no deaths due to DKA in over 280 acute admissions [16], 
compared to previously reported rates of between 1.7% and 3.9% in 
the United Kingdom and China [4, 42, 43].

The Management of DKA

The principles of managing DKA centre primarily on replacing the 
fluid deficit. In addition to enhancing organ perfusion, fluid replace-
ment helps reduce counterregulatory hormones production. Once a 
fluid replacement regimen has been started, then a weight based, fixed 
rate intravenous insulin infusion (FRIII) should be administered to 
suppress lipolysis and ketone production. 50 units of human soluble 
insulin should be made up to 50 ml with 0.9% sodium chloride solu-
tion and infused at a starting dose of 0.1 units/ kg/ hour. As mentioned 
previously, the American Diabetes Association guideline suggests 
grading the severity of DKA allowing for the use of regular subcuta-
neous insulin should hospital admission need to be avoided [14].

A bolus dose of subcutaneous or intravenous insulin should only 
be administered if there is a delay in setting up an FRIII. At the same 
time as the fluid and insulin are being administered, precipitating 
factors should be sought and treated appropriately. The presence of 
any of the factors listed in Box 15.9.1.1 should prompt an urgent 
assessment for care in a level 2/ high dependency unit environment

The aim of treatment should be to restore euvolaemia, 
euglycaemia, and a normal pH without inducing iatrogenic hypo-
kalaemia or hypoglycaemia.

Table 15.9.1.1 gives an example of a fluid replacement regimen.
Hyperkalaemia is common at presentation in DKA, and, if severe, 

should be treated as an emergency. However, high serum potassium 
often masks a total body deficiency potassium, and because potas-
sium is driven into cells by treatment with insulin and fluids, serum 

Box 15.9.1.1 Factors that should prompt an urgent assessment 
for care in a Level 2/ High Dependency Unit environment in DKA

 • Severe ketoacidosis (blood ketones >6.0 mmol/ L; serum bicarbonate 
<5.0 mmol/ L; venous or arterial pH <7.1; anion gap >16)

 • Hypokalaemia (<3.5 mmol/ L)
 • Impaired consciousness (e.g. abnormal Glasgow coma score (GCS) 

or AVPU (Alert, Voice, Pain, Unresponsive) score)
 • Oxygen saturation <92% breathing air (if baseline respiratory func-

tion normal)
 • Haemodynamic compromise (systolic BP <90 mmHg and/ or heart 

rate >100 or <60 beats per minute)

Table 15.9.1.1 An example of a fluid replacement regimen in DKA

Fluid Volume

0.9% sodium chloride 1 L 1000 ml over 1st hour

0.9% sodium chloride 1 L with 
potassium chloride

1000 ml over next 2 hours

0.9% sodium chloride 1 L with 
potassium chloride

1000 ml over next 2 hours

0.9% sodium chloride 1 L with 
potassium chloride

1000 ml over next 2 hours

0.9% sodium chloride 1 L with 
potassium chloride

1000 ml over next 4 hours

0.9% sodium chloride 1 L with 
potassium chloride

1000 ml over next 4 hours

Re- assessment of cardiovascular status at 12 hours is mandatory, further fluid may be 
required
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potassium may fall sharply. Hypokalaemia occurs frequently, and 
serum potassium should be checked regularly and replaced pro-
actively to avoid hypokalaemia [16].

Table 15.9.1.2 gives an example of a potassium replacement 
regimen.

Regular clinical and biochemical assessment (ideally hourly ini-
tially) should be mandatory to ensure continued improvement after 
the initiation of therapy. As discussed next, the urine ketone esti-
mation should be avoided, while the use of venous blood gases is 
strongly encouraged.

Resolution of DKA is defined as a venous pH >7.3, serum bicar-
bonate >15.0 mmol/ L, and blood ketone <0.6 mmol/ L.

The early involvement of the diabetes specialist team in the 
longer- term management of the person with DKA is crucial.

Urinary vs. Plasma Ketones

In addition to the call for changes in the glucose concentra-
tion used to define DKA, there has been an increasing focus on 
the potentially inappropriate use of urinary ketones. There are 
many reasons for this. Firstly, the predominant ketone in urine 
is acetoacetate [44]. The urinary concentrations of acetoacetate 
do not reflect the concentration of plasma β- hydroxybutyrate 
[11]. Furthermore, as the DKA resolves, β- hydroxybutyrate is 
converted into acetoacetic acid which is then renally excreted. 
This leads to the false impression that the DKA is taking longer 
to resolve than is the case [45]. With the increasing availability of 
handheld, point- of- care ketone meters, there is call to stop using 
urinary ketones and to use blood ketones to help diagnose, and 
guide the management of DKA [17, 45, 46]. This move towards 
the DKA being ‘ketone- centric’ rather than ‘glucose- centric’ is 
increasingly important given the recognition of the previously 
mentioned ‘euglycaemic DKA’. While it is increasingly being re-
ported with the use of SGLT- 2 inhibitors [38] (and in SGLT1/ 2 
inhibitors [39]) euglycaemic DKA can also occur in pregnancy, 
starvation, and alcoholism [47– 49].

Venous vs. Arterial Blood Gases

There is increasing evidence to suggest that the difference between 
venous and arterial pH is very minor— in the region of 0.02– 0.15 
pH units, and that the difference between arterial and venous bi-
carbonate is ~1.88  mmol/ L [50– 53]. These differences are highly 
unlikely to change the diagnosis or alter the management of DKA. 
Given the potential iatrogenic harm that can be caused by an ar-
terial blood gas sample being taken, in the United Kingdom it is 
felt that it is no longer necessary to use arterial blood to measure 
acid- base status [12]. Venous blood can be used in portable and 
fixed blood gas analysers and therefore venous measurements (pH, 

bicarbonate, chloride, and potassium) are easily obtained in most 
admitting units. The UK guideline suggests that an arterial line 
should only be inserted if its use will influence management [12].

Continuation of Subcutaneous Long- Acting Basal Insulin

The use of long- acting basal insulin is now widespread. These can 
be either human or analogue insulin. They should be continued in 
patients already taking them, or started at a dose of 0.25 units/ kg 
subcutaneously once daily in those for whom DKA is the first pres-
entation of type 1 diabetes. Continuation of these subcutaneous 
injections during the initial management of DKA provides back-
ground insulin when the intravenous insulin is eventually discon-
tinued, and so avoids any rebound hyperglycaemia [54]. This should 
avoid extending the length of stay [55]. This only applies to long- 
acting insulin and does not obviate the need to give short acting 
insulin before discontinuing the intravenous insulin infusion.

Future Developments

It is likely that there will be several changes in the management of 
DKA over the next few years. The unexpected finding of DKA with 
the use of SGLT- 2 inhibitors has highlighted some issues with the 
diagnostic criteria used to diagnose DKA. The DKA event in these 
trials were not adjudicated, and on closer inspection of the data, it 
is clear that the definitions used to diagnose the conditions in these 
trials varied across the world, and even within countries at different 
institutions. However, despite there being no clear definitions used, 
licencing authorities have placed warnings on the use of these drugs 
[56, 57] Because of this, there has recently been a call to ensure that 
the same diagnostic criteria are used, especially with clinical trials, 
to ensure that data used to make such decisions are robust [58].

In addition, the awareness that euglycaemic DKA occurs with 
some frequency, may change the diagnostic algorithm used by the 
ADA to allow a glucose of lower than 13.9 mmol/ L (250 mg/ dl) be-
fore a diagnosis can be made.

The recent move towards the management being more ‘ketone- 
centric’, because of the increasing availability of point- of- care ke-
tone testing equipment, means that there is likely to be a greater 
call for their use— in diagnosing the disorder and also in guiding 
its management [45]. And while there remain differences in the 
management of DKA between the two most commonly used 
guidelines— those of the United States and the United Kingdom 
[59]. These differences are likely to become smaller as the evi-
dence base increases and there are changes in the paradigm in 
how DKA presents [17]. This is important because of the data 
suggesting that fragmentation of— and by extension— differences 
in care— is associated with recurrent DKA as well as increased 
mortality [60].

Finally, recent evidence from a large national survey showed that 
the current management paradigm used in the United Kingdom 
was associated with over 27% of patients developing hypokalaemia 
(a potassium concentration of <4.0 mmol/ L) and 55% developing 
mild (i.e. self- treated) hypoglycaemia (blood glucose <72  mg/ dl 
[4.0  mmol/ L]) [16]. While these biochemical abnormalities were 
not associated with any harm, what remains unclear is whether 
these were due to staff not following the guidelines, or whether the 
rate of insulin infusion needs to be reduced to reduce the likelihood 
of them occurring. Further work needs to be done to determine the 
best intravenous insulin infusion rates.

Table 15.9.1.2 An example of a potassium replacement 
regimen in DKA

Potassium concentration in   
first 24 hours (mmol/ L)

Potassium replacement in mmol/ L 
of infusion solution

Over 5.5 Nil

3.5– 5.5 40 mmol/ L

 Below 3.5 Senior review because additional 
potassium needs to be given
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Hyperosmolar Hyperglycaemic State (HHS)

Introduction

HHS was initially described as a separate entity causing diabetic 
coma by Dreschfield [61] and Von Frerichs [62]. Dreschfield and 
others described three forms of ‘diabetic coma’— one of which was 
the gradual onset of loss of consciousness that occurred most fre-
quently in adults over the age of 40, who were overweight without 
the characteristic acetone breath or acetone in the urine found in 
other forms of diabetic coma [61, 63– 65]. It was with the advent of 
post- war technology that the true extent of the metabolic derange-
ment associated with HHS became apparent [66, 67].

Definition and Pathophysiology

While there is no formally accepted definition of HHS, it is a con-
dition characterized by severe dehydration, hyperglycaemia in 
the absence of ketoacidosis, and hyperosmolarity. The diagnosis 
is made when there is hypovolaemia, a glucose of >30.0  mmol/ 
L (>33.3  mmol/ L in the United States), with a serum osmolality 
>320  mOsm/ kg— in the absence of significant acidosis or keto-
naemia [14, 68]. Osmolality should be calculated as or [2 × meas-
ured Na (mmol/ L) + glucose (mmol/ L) + [urea (mmol/ L)] or [2 
× measured Na (mEq/ L) + glucose (mg/ dl)/ 18 + blood urea ni-
trogen (mg/ dl)]/ 2.8]. HHS is believed to result from the presence 
of sufficient insulin to suppress hepatic ketone production, but not 
to suppress gluconeogenesis. The slow onset of progressive hyper-
glycaemia causes an osmotic diuresis, which itself leads to often 
severe dehydration. Because the renal losses of water are in excess 
of sodium and potassium the osmolality rises. Fluid losses are es-
timated at between 100 and 220 ml/ kg. Despite this, patients with 
HHS may not look dehydrated, because of the redistribution of 
body water due to blood hypertonicity and preservation of intra-
vascular volume.

Some patients may present with a mixed picture, with a metabolic 
acidosis and a raised anion gap— this may be due in part to keto-
naemia, but also to high lactate concentrations.

Precipitants

The most common precipitant of HHS is infection. Other common 
causes are omission of glucose lowering agents, other comorbid-
ities, such as acute coronary syndrome, or the addition of high dose 
glucocorticoid therapy. In only a minority of cases is HHS the first 
presentation of diabetes [36].

Morbidity and Mortality

HHS tends to occur in individuals who are older than those with 
DKA. As such, they often have several other comorbidities at 
the time of presentation. In addition, they are at greater risk of 
developing other complications, with atherosclerosis, thrombosis, 
and foot ulceration posing particular risks. Patients with HHS 
should be offered heel protection— particularly to those with neur-
opathy, peripheral vascular disease, or lower limb deformity. The 
feet should be examined daily.

It is likely that the reported mortality of HHS of 5– 16% (about 
10- fold higher than for DKA) is partly because of these pre- existing 
comorbidities [69, 70].

Management of HHS

As with DKA, the principles of managing HHS centre primarily on 
replacing the fluid deficit and lowering glucose concentrations. The 
two main guidelines used in many parts of the world— the ADA 
guidelines [14] and the UK guidelines from the Joint British Diabetes 
Societies for Inpatient Care [68], both advocate the use of 0.9% so-
dium chloride solution given at an appropriate rate (depending 
on the presence of cardiac, pulmonary or renal comorbidities) to 
correct the dehydration and reduce the serum osmolality. The UK 
guideline advocated that approximately 50% of the estimated fluid 
loss should be replaced within the first 12 hours, and the remainder 
in the following 12 hours. There may be an initial rise in serum 
sodium concentrations but because the glucose and urea concen-
trations would fall faster than the sodium rise, the overall calcu-
lated serum osmolality should fall— ideally by 3– 8 mOsmol/ kg/ 
hr. The use of 0.45% sodium chloride solution should be avoided 
initially— except when the osmolality fails to fall despite adequate 
fluid replacement. Despite the absence of hard data, a decline in 
serum sodium of 0.5 mmol/ L per hour has been recommended for 
hypernatraemic dehydration. Potassium should be replaced as for 
DKA (see Table 15.9.1.2).

The only time that insulin should be started before glucose con-
centrations stop falling in HHS is if, at the time of presentation or 
anytime thereafter, ketonaemia (>1.0 mmol/ L) develops. This would 
indicate a relative hypoinsulinaemia. Most patients with HHS are 
insulin sensitive, and the addition of insulin prior to the fluids alone 
allowing glucose concentrations to fall may lead to a precipitous 
drop in glucose, causing a rapid lowering of osmolality, potentially 
leading to central pontine myelinolysis. In addition, the rapid fluid 
shifts associated with the movement of glucose intracellularly out 
of the intravascular space, may lead to cardiovascular collapse if the 
rate of fluid replacement is insufficient, or not possible due to other 
comorbidities.

Careful and regular monitoring of fluid balance and 
biochemistry— ideally hourly for the first 6 hours— should be in-
stituted, and the intravenous fluid should be continued until the 
osmolality stops falling. In addition, once the glucose concentration 
has stopped falling with fluid administration alone should a weight 
based, FRIII be initiated at a rate of 0.05  unit/ Kg/ hour. The aim 
should be to reduce the glucose concentration at a rate of 5.0 mmol/ 
L/ hour, but to maintain it initially between 10.0 and 15.0 mmol/ L 
(according to the UK guideline). As the condition of the patient im-
proves, with the addition of further intravenous insulin, or the use 
of oral hypoglycaemic agents, the glucose concentration may be re-
duced further as necessary.

While infusing intravenous fluids, clinical assessment should 
look for evidence of a precipitating cause, e.g. inflammation, sepsis, 
or myocardial infarction, or a change in medication, e.g. recently 
starting steroids. Once fluid resuscitation has been initiated, then 
the underlying cause should be sought and treated appropriately, 
while at the same time ensuring the prevention of complications 
such as arterial or venous thrombosis, cerebral oedema, central 
pontine myelinolysis, and foot ulceration. Foot examination is man-
datory at the time of admission and daily afterwards. Obtunded 
or uncooperative patients should be assumed to be at particularly 
high risk.
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The presence of any of the factors listed in Box 15.9.1.2 should 
prompt an urgent assessment for care in a level 2/ high dependency 
unit environment.

Education

For DKA and HHS the key is prevention— educating patients be-
fore they develop any complications. For those with insulin treated 
diabetes, revision of ‘sick day rules’ should form a part of the annual 
review.

For those who develop DKA or HHS, assessment by the inpatient 
diabetes specialist team should be mandatory, to educate the patient 
and provide a contact for patients and carers for when the patient 
leaves hospital.
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Introduction

The previous edition of this textbook lamented on the general lack of 
interest in inpatient diabetes care. Since then there has been a signifi-
cant change, partly brought about by increasing recognition of the 
significant financial burden of inpatient diabetes, increased lengths 
of stay, worryingly high levels of patient harms associated with poor 
control (both hyperglycaemia and hypoglycaemia), and poor pa-
tient experience [1, 2]. In England and Wales, the National Diabetes 
Inpatient Audit (NaDIA— vide infra), the world’s first national dia-
betes audit was partially instrumental in highlighting the levels of 
patient harms and patient dissatisfaction as well revealing the pau-
city of inpatient diabetes specialists [2] . Additionally, recognizing the 
need to improve inpatient diabetes care the Joint British Diabetes 
Societies (JBDS) for inpatient care was formed to produce evidence 
and consensus based national guidelines to promote better care and 
reduce variation in practice [3]. Similarly, in 2013, diabetes special-
ists in the United States formed a consortium for Planning Research 
in Inpatient Diabetes (PRIDE) to improve inpatient diabetes care [4]. 
Thus, driven by evidence of suboptimal management and the asso-
ciated high costs, inpatient diabetes care has now become a major 
focus for funders, hospital management, clinicians, and patients. The 
goal should be to ensure that the outcomes for people with diabetes 
admitted to hospital are no different from those without diabetes 
by prevention of inpatient hyperglycaemia, hypoglycaemia, and 
hospital- acquired foot lesions and ensuring early and safe discharge.

Prevalence and Economic Burden

In England, accurate data on bed occupancy by people with diabetes 
was for the first time available following the first NaDIA in 2010. 
This annual bedside snapshot audit that takes place on a single day 
in a week in September, in over 98% of all acute hospitals, surveys 
of every inpatient to find those with diabetes and then evaluates the 
care they have received and documents any complications that have 
arisen during their stay. In the first NaDIA, people with diabetes were 
found to occupy 14.9% of inpatient beds; higher than expected from 
the often quoted 10% from Hospital Episode Statistics and three times 
the prevalence of the condition in the general population [2, 5,  6]. 
Furthermore, in line with the increasing prevalence in the general 
population there has been a year upon year increase such that in 2017, 
diabetes patients accounted for more than one in six inpatient beds in 
England and Wales (17.9%) [7] . Projecting forward it is estimated that 
by 2030 more than one in four inpatients will have diabetes. Indeed, in 
some UK hospitals the prevalence is as high as 30% [7], a prevalence 
already exceeded in the whole of some American states [8].

In 2011, the NHS in England was estimated to spend £2.3– 2.5 bil-
lion a year on inpatient care for people with diabetes— around 11% 
of total inpatient care expenditure and approximately 25% of the 
total expenditure on diabetes care [1] . Very similar estimates have 
been made for the French (22%) and American (25%) healthcare 
systems, both confirming that inpatient care is the largest compo-
nent of medical expenditure for diabetes [9, 10].

Given the inexorable increase in prevalence, the high cost and 
associated demands on staffing this has major implications for 
funding and planning inpatient diabetes care.
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Patient Outcomes: Length of Stay, Re- Admissions, 
and Mortality

Numerous publications based on hospital activity data confirm that 
patients with diabetes have longer lengths of stay and emergency re- 
admission compared with people without diabetes [5, 11, 12]. They 
also have a greater risk of dying in hospital [5] . Reasons include 
being an older group with more comorbidities, however after cor-
recting for these it has been shown that unstable diabetes control in 
the form of hypoglycaemia and hyperglycaemia is associated with 
increased length of stay, morbidity and mortality [5, 12– 15]. Recent 
studies have however demonstrated that focused initiatives can re-
duce length of stay and re- admission rates, which if replicated on a 
nationwide basis would result in substantial savings [16, 17].

Bedside Diabetes Care: Lessons from the National 
Diabetes Inpatient Audit (NaDIA)

Hospital activity data, collected mainly for the purposes of billing, 
though providing important data on length of stay, re- admissions, 
and mortality contains no information on the actual care patients 
receive. The NaDIA is unique in that it provides comprehensive 
information on bedside care, which includes patient harms, treat-
ment and management errors, structures of care such as inpatient 
diabetes specialist staffing levels, and direct feedback from patients 
of their inpatient experience. Uniquely it allows hospitals to bench-
mark against other hospitals

The key findings of the NaDIA 2017 report, the 7th iteration pro-
viding data on 16 010 inpatients with diabetes admitted to 208 hos-
pital sites in England and Wales are summarized in Box 15.9.2.1. 
The provision of specialist diabetes staff remains a concern and has 
not improved since the audits began. Medication errors and insulin 
errors have significantly reduced however, as shown in the box re-
main at unacceptable levels. Inpatient hypoglycaemia and hospital 
acquired foot ulceration have reduced year on year however, cases 
of diabetic ketoacidosis and hyperosmolar hyperglycaemic state 
occurring in hospital remain unacceptably high. Shockingly, 1 in 

25 patients with type 1 diabetes experiences diabetic ketoacidosis 
during their hospital stay due to due to inadequate care. Although 
exclusive to England and Wales, anecdotal feedback suggests that 
the experience in many other countries is very similar.

Glucose Abnormalities on Admission and During 
the Hospital Stay

All patients admitted to hospital should have a blood glucose meas-
ured on admission. Those known to have diabetes with blood glu-
cose levels persistently greater than 7.8 mmol/ L require alterations 
to their diet and medication. In these patients, an admission HbA1c 
is helpful in determining the diabetes control prior to admission. In 
those without history of diabetes, persistent glucose results greater 
than 7.0 mmol/ L may signify stress hyperglycaemia, which will re-
solve after discharge or newly diagnosed diabetes, which will per-
sist after discharge. An admission HbA1c of ≥6.5% is helpful in 
confirming pre- existing diabetes and <6.5% in indicating stress 
hyperglycaemia.

In hospital- hypoglycaemia is clinically significant at glucose 
levels below 3.0 mmol/ L; however, clinical staff should be alerted 
to levels below 4.0 mmol/ L as many people with diabetes are symp-
tomatic below these levels. In the NaDIA, mild hypoglycaemia is 
defined as any glucose level below 4.0 mmol/ L and ≥3.0 mmol/ L, 
severe hypoglycaemia as below 3.0  mmol/ L and a third category 
of severe hypoglycaemia requiring injectable rescue treatment 
(IV dextrose or IV/ IM glucagon) was included to indicate life- 
threatening hypoglycaemia.

The NaDIA revealed concerning levels of hypoglycaemia 
occurring in UK hospital. In 2011, 25.7% of people with diabetes ex-
perienced a hypoglycaemic episode during their admission; 10.6% 
were severe. Since, there have been year on year improvements; 
in 2017, the respective figures were 18.4% and 7.0%. Importantly, 
hypoglycaemic episodes requiring injectable rescue treatment (IV 
glucose or IV/ IM glucagon) have fallen from 2.1% to 1.3%.

Glycaemic Targets in Hospitalized Patients 
with Diabetes

Over the past decade, inpatient glycaemic management has fo-
cused mainly on preventing hyperglycaemia rather than avoidance 
of hypoglycaemia as the former has been shown to be associated 
with increased morbidity and mortality, particularly in cardiac and 
orthopaedic surgery [18– 22]. The initial studies of ‘tight glycaemic 
control’ (4.4– 6.1  mmol/ L), were conducted in a single intensive 
care unit (ICU) where it was possible to very intensively monitor 
glucose and intravenous insulin infusion rates. The first study in 
surgical ICU patients demonstrated an impressive 34% reduction 
in mortality, 34% reduction in septicaemia and 46% reduction in 
renal failure requiring dialysis by 41% [23]. A subsequent study by 
the same group in medical ICU patients did not show a reduction 
in mortality but benefit in length of stay in the ICU [24]. This led 
to much excitement among intensivists with many adopting strat-
egies to achieve ‘tight glycaemic control’. However, subsequent ‘real 

Box 15.9.2.1 Key findings from the National Diabetes Inpatient 
Audit in 2017

NaDIA 2017 Key messages summary
 • 30% of hospitals have no inpatient diabetes specialist nurse
 • 30% who should be seen by the diabetes specialist are NOT SEEN
 • Less than half of those insulin- treated have a ‘good’ diabetes day (no 

BG<4.0 and no more than 2 >11.0 mmol/ L)
 • 31% experienced medication errors— more frequent on 

surgical wards
 • Insulin errors occurred in 40% of those treated with insulin
 • Inhospital DKA occurred 1 in 25 people with type 1 diabetes
 • Severe hypoglycaemia occurs in 1 in 4 people with type 1 diabetes
 • 1 in 80 of all inpatients with diabetes required injectable rescue 

treatment
 • Patient satisfaction with timing of and meal choice continue 

to worsen
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world’ studies across multiple ICUs have not supported these find-
ings and indeed suggest that ‘tight control’ may be associated with 
greater mortality possibly related to increased frequency of hypo-
glycaemia [25– 27]. As the vast majority of diabetes admissions are 
not to critical care units, these studies are not helpful in determining 
glycaemic targets in general wards where glucose monitoring is less 
intensive and the patient to nursing/ medical staff ratio significantly 
lower. A meta- analysis aimed at establishing set guidelines in non- 
critical hospitalized patients concluded that there is no difference 
in the mortality or macrovascular complications for non- critical 
patients with diabetes receiving intensive vs. standard glycaemic 
control but cautioned that the strength of this conclusion is limited 
by a dearth of literature from the non- critical setting [28]. In the ab-
sence of definite evidence for ‘tight glycaemic control’ and a broad 
consensus that hyperglycaemia and hypoglycaemia are associated 
with adverse outcomes, the pragmatic approach is to avoid hypogly-
caemia and significant hyperglycaemia. Thus, American Diabetes 
Association recommends a target glucose range of 7.8– 10.0 mmol/ 
L for the majority of critically ill and non- critically ill patients. In 
the United Kingdom, the JBDS recommend an ideal blood glucose 
target range of 6.0– 10.0 mmol/ L (acceptable range 4.0– 12.0 mmol/ 
L). More stringent targets may be appropriate in selected groups 
such as those undergoing cardiac surgery where intensive moni-
toring is possible and in whom there is good evidence for the benefit 
of ‘tight glycaemic control’ [29]. Conversely, higher glucose targets 
may be appropriate in those who are terminally ill, those with severe 
comorbidities, and elderly frail patients.

Barriers to Achieving Good Glycaemic Control 
in Hospital

There are numerous reasons why achieving good inpatient dia-
betes control is challenging. These include the physiological 
response to illness and/ or surgery, reduction in carbohydrate 
intake from emesis, interruption of enteral feeding, periods of 
fasting for procedures, comorbidities such as renal, cardiac, and 
hepatic disease, and alteration in insulin sensitivity due use of 
new medications such as steroids. System issues include coord-
inating meals and insulin, staff knowledge, staffing levels, com-
munication between staff and with the patient, and insufficient 
frequency of blood glucose monitoring. Importantly, as over 90% 
of patients with diabetes are admitted for reasons unrelated to 
diabetes (e.g. pneumonia or a fracture) and are cared for by non- 
diabetes specialist staff with relatively little experience in insulin 
dose adjustment, the need to tailor diabetes medications during 
illness and in the management of diabetic emergencies. Added 
to this new classes of diabetes medications, new combinations of 
existing medications and biosimilar insulins with new names has 
made diabetes management significantly more challenging for 
diabetes specialists let  alone non- specialists. Indeed, one of the 
largest surveys of junior doctors in the United Kingdom found 
that a majority felt their diabetes training did not allow them to 
confidently manage inpatients with diabetes safely, and that only 
40% would take the initiative to optimize glycaemic control for 
patients under their care [30]. For these reasons, systems need  

to be in place systems to train non- specialist staff in the basic 
care of people with diabetes in hospital, and they need easy access 
to guidelines and policies on diabetes management as well as in-
struction on whom when and how to refer for specialist support. 
Patient and system factors that increase the risk of hypoglycaemia 
are listed in Box 15.9.2.2.

Point- of- Care Testing and Frequency of Blood 
Glucose Monitoring

It is recommended that patients on insulin and/ or sulphonylurea 
therapy are monitored prior to meals and before bed. Less frequent 
monitoring may be appropriate in other groups such as patients 
who are solely diet treated if initial monitoring suggests satisfactory 
and stable glycaemic control. The frequency should be intensified 
in the deteriorating patient or when there is a change of medication 
known to effect glycaemia (e.g. steroid therapy).

Glycaemic control in hospitalized patients with diabetes requires 
accurate near- patient glucose monitoring systems. Blood glucose 
meters for patient use should not be used in the hospital setting as 
they lack the required accuracy particularly at the lower glycaemic 
ranges and unlike those designed for hospital may be adversely af-
fected by hypoxia, dehydration, haematocrit, non- glucose sugars, 
and interfering drugs [31].

Box 15.9.2.2 Factors contributing to hypoglycaemia

Patient factors contributing to hypoglycaemia
 • Critical illness (hepatic, cardiac, and renal failure)
 • Alterations in medications such as rapid steroid dose reduction
 • Reduced CHO intake: vomiting, reduced oral intake, e.g. fasting for 

procedures: interruption of intravenous glucose infusion, enteral or 
parenteral nutrition

 • Impaired patient awareness and response to hypoglycaemia related 
to altered mental status due to sedation or illness

System failures resulting in hypoglycaemia
Inappropriate insulin administration and adjustment:
 • Unawareness of interaction between timing of timing in insulin ad-

ministration to meal
 • Lack of information of carbohydrate content of meal and corres-

ponding adjustment of insulin dose
 • Lack of knowledge on different insulin types
 • Errors in insulin prescription, dosage, and administration

Infrequent/ missed blood glucose monitoring:
 • Suboptimal levels of staff knowledge on the importance of 

monitoring
 • Lack of blood glucose re- testing and reviewing, following a hypogly-

caemic episode

Insufficient ward staffing levels and competencies:
 • Low staffing levels, especially in specialist staff, overnight and 

weekends
 • General knowledge and hands- on experience of diabetes lacking 

for nurses and junior doctors, particularly on wards not commonly 
dealing with patients diagnosed with diabetes

 • Non- specialist staff reluctant to seek specialist’s help and  
advice
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Currently, fourth- generation point- of- care BG data management 
systems are available that connect seamless and bidirectionally with 
wireless enabled point- of- care BG meters [32]. These can be con-
figured to provide alerts of out of range glucose results to enable 
early review of hypoglycaemic medication to prevent recurrent 
hypoglycaemia. Data from such systems have been also been used 
to investigate patterns of hypoglycaemia and in one study identified 
nocturnal hypoglycaemia as a particular issue in patients receiving 
nocturnal basal insulin and/ or sulphonylurea therapy [33].

Glycaemic Therapies in Hospitalized Patients

In the United Kingdom as in many other countries, most patients 
admitted to hospital remain on their usual antihyperglycaemic 
regimen in contrast to the United States where the American 
Diabetes Association recommends a basal- bolus regimen for all 
diabetes admissions irrespective of their pre- admission treatments 
[34]. This policy has not been adopted in the United Kingdom prin-
cipally because nurse to patient ratios are a considerably lower, and 
the provision of diabetes inpatient nurses is insufficient to support 
the more intensive management required. Indeed, given the high 
levels of harm related to insulin use already seen in UK hospitals, 
the widespread adoption of the basal- bolus regime in inpatients 
with diabetes may be unwise.

On admission, there should be a review of the patient’s glycaemic 
therapy. In certain circumstances some oral hypoglycaemic agents 
may need to be discontinued (e.g. metformin and sulphonylureas in 
the presence of acute kidney injury); metformin should be tempor-
arily discontinued in patients with impaired renal function if intra-
venous contrast material is to be administered. There will also be a 
need to consider altering the dose of insulin and/ or sulphonylurea 
therapy depending on patient circumstances. Thus, in many patients 
the evening basal insulin and or/ sulphonylurea dose may need to be 
reduced take into account differences in feeding patterns and nutri-
tional content of the evening hospital meals compared with those 
usually eaten at home. Incretin therapies can be used but should 
be avoided in patients who develop heart failure. Glucagon- like 

peptide 1 agonists may be continued provided gastrointestinal 
symptoms are not an issue.

SGLT- 2 inhibitors, a relatively new group of oral hypoglycaemic 
agents currently indicated for the treatment of type 2 diabetes but 
also increasingly used off licence in type 1 diabetes, should be dis-
continued, as there is a risk of euglycaemic ketoacidosis in ill and 
dehydrated patients.

A summary example of the adjustments to hypoglycaemic treat-
ments that should be considered on admission in all patients is 
shown in Table 15.9.2.1.

Patients started on corticosteroid therapy must be closely moni-
tored and where high doses are required it very likely there will be a 
need to escalate hypoglycaemic treatment. Furthermore, when the 
dose of corticosteroid is tapered dose reduction guided by frequent 
blood glucose monitoring is necessary to avoid hypoglycaemia. 
Detailed guidance for monitoring and managing steroid induced 
hyperglycaemia in patients with and without pre- existing diabetes 
is available through the JBDS [3] .

Continuous Subcutaneous Insulin Infusion 
(CSII) Therapy

An increasing number of patients are using CSII. Unless incapaci-
tated, most will be safest remaining on CSII if admitted to hospital. 
They will know how best to use the device however but they should 
be reviewed by the diabetes team. If the patient is unable to manage 
the CSII, and no specialist advice is immediately available, the CSII 
should be discontinued and a conventional intravenous insulin in-
fusion or S/ C basal- bolus insulin regimen.

Intravenous Insulin Infusion

In critically ill patients and those unable to eat or drink, con-
tinuous intravenous insulin infusion is the choice method for 
achieving and maintaining glucose control. However, as intra-
venous insulin has a half- life of a few minutes, if interrupted 

Table 15.9.2.1 Diabetes medicines management on admission card

Diabetes medicines management on admission Preventing hypoglycaemia in the first 48 hours after admission

 • SGLT2 inhibitors (e.g. empagliflozin)—RISK of DKA. Stop for 
major surgery or severe medical illness.

 • Metformin—RISK of lactic acidosis in presence of significant 
kidney, liver, respiratory, or cardiac failure. Stop if any 
of above or in those with and eGFR <60 undergoing a 
procedure that requires prolonged fasting, or a diagnostic 
test requiring radio-opaque contrast material which can 
impair kidney function.

 • NEVER stop the patient’s basal insulin (e.g. Lantus or 
Levemir). Continue even when on an insulin infusion.

 • Gliclazide—RISK of nocturnal hypoglycaemia in renal 
impairment or where food intake is reduced. Reduce or 
omit (if already on low dose) evening dose.

 • All oral diabetes drugs should preferably be administered 
with food.

 • Hypoglycaemia is common within 48 hours of admission; 
therefore unless admitted with a hyperglycaemic emergency or 
admission blood glucose > 15 mmol/I:
 — Basal-bolus regiment—reduce pre-bed basal insulin by 20% 

(i.e. give 80% of usual dose);
 — If on a pre-mix insulin (e.g. Humulin M3) reduce evening 

dose by 20% (i.e. give 80% of usual dose);
 — Halve or omit (if already on low dose) the evening dose of 

sulphonylurea (Gliclazide).
 • Reassess hypoglycaemic therapy the following day.

Note: Never omit insulin after correcting a hypoglycaemic event as rebound DKA may occur.
Source: The Ipswich Hospital NHS Trust.
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ketoacidosis can quickly ensue. This can occur if the infusion line 
becomes blocked or dislodged or the infusion pump is inadvert-
ently switched off, or intentionally stopped but not restarted (e.g. 
when transferring from the ward to an investigation area). For 
these reasons, it is recommended the basal insulin be continued 
during the infusion in those already receiving a basal insulin. It 
is also essential that patients placed on an intravenous infusion 
have hourly monitoring. In most circumstances the variable rate 
intravenous insulin infusion (VRIII) is used. In those already 
insulin- treated the initial algorithm may be determined by the 
previous insulin total daily dose, otherwise a mid- range algo-
rithm is used. The blood glucose response to the insulin infusion 
must be reviewed regularly to determine whether the glucose/ in-
sulin algorithm should be altered. Because of the risk of hypogly-
caemia an intravenous glucose infusion should be administered 
either as 5% dextrose with 40  mmol/ L KCL at 125  ml/ hr if the 
serum potassium is 3.5– 5.5  mmol/ L or preferably 0.45% NaCl 
and 5% glucose with 0.3% KCl (40 mmol/ L) at 125 ml/ hr if serum 
K is 3.5– 5.5 mmol/ L. A fixed rated intravenous insulin infusion 
(FRIII) is now considered the most effective means of correcting 
ketosis in patients with diabetic ketoacidosis. Examples of infu-
sion scales for the VRIII as well as the insulin dose calculation for 
the FRIII are shown in Table 15.9.2.2. More detailed information 
on the use of VRIIIs and FRIIIs is available from the Joint British 
Diabetes Societies as well as in specials situations such as patients 
on parenteral nutrition [3] .

In addition to diabetic ketoacidosis, hypoglycaemia, fluid over-
load, hypokalaemia and/ or hyponatraemia, and cannula site in-
fection are potential risk of intravenous insulin infusion. Daily 
electrolyte measurement is recommended. Given these risks, and 
the discomfort and intrusion of frequent monitoring especially 
overnight for the patient, intravenous insulin infusions should only 
be used where absolutely necessary. In the NaDIA 2010, 7.6% of in-
fusions were considered unnecessary, 9.9% continued for too long 
and in 25.8% of patients, the transfer back to subcutaneous insulin 
not well managed. Fortunately, the situation has improved and in 
2017, the respective figures were 6.1%, 7.1, and 16.4%.

When transferring from intravenous to subcutaneous insulin, it 
is important that the latter has been given prior to stopping the infu-
sion to prevent insulinopenia and subsequent ketoacidosis. Ideally, 
basal insulin should have been continued during the infusion. The 
VRIII should only be discontinued 30 minutes after subcutaneous 
short acting or mixed insulin has been given and ideally at a meal-
time. Transfer should not be done at bedtime where there is less 
observation by staff.

If the patient is new to insulin the total daily insulin dose can be 
calculated from the insulin requirement over the last 6 hours on the 
VRIII. It is prudent to reduce this by 20%. Fifty per cent (50%) is 
given as basal insulin and the rest divided initially equally for each 
of the three meals.

An exciting new development in achieving glucose levels within 
a ‘tight’ target range without the risk of hypoglycaemia is the use 
of automated, closed- loop insulin- delivery systems. To date, in in-
patients their use has been limited to those with type 2 diabetes 
and at present they remain at the research stage [35, 36]. Though 
attractive, considerable expertise in the use of closed- loop tech-
nology and the involvement of diabetes staff expert in fitting and 

calibrating the sensors is essential. Although such systems hold con-
siderable promise, further work is necessary to improve their ease of 
use before they can be used on busy general wards [37].

Self- Management

All clinicians who talk to people with diabetes are aware that many 
are deeply unhappy about the care they receive in hospital. The 
NaDIA reports that patients are disempowered, particularly in their 
involvement in their own diabetes control; this includes being per-
mitted to being allowed to self- monitor their own blood glucose, 
self- administer insulin, and contribute to decisions on insulin dose 
adjustment. They also report significant concerns about the quality, 
choice and timing of meals in relation to insulin administration [7] .

Self- management is appropriate in selected patients and should 
be encouraged provided the patient is known to successfully 
manage their diabetes at home and is well enough and not cogni-
tively affected by their illness. With one in 25 people with type 1 
diabetes experiencing diabetic ketosis during their hospital admis-
sion, far greater than would occur self- caring in the community, it 
is not surprising that many patients self- discharge in the belief that 
they are more capable of controlling their diabetes that the staff in 
the hospital.

Safe Discharge from Hospital and Preventing 
Re- Admissions

Re- admission rates within 28 days for people with diabetes are be-
tween 14% and 20% and are 59% higher than those without diabetes 
[38]. A proportion of these can be prevented by a ‘safe diabetes dis-
charge policy’. This should include a formal review of diabetes ther-
apies before discharge, which can be informed by HbA1c measured 
on admission. Care should be taken to ensure that the patient or 
carer is able to recognize and treat hypoglycaemia, has written in-
struction on insulin doses and their timing and that they leave with 
all the necessary equipment and treatments (e.g. needles, insulin 
pens, blood glucose monitoring). Care should also be taken to avoid 
transcription errors when communicating medication dosages to 
the patient, carers, and the primary care physician and all should be 
aware of follow- up arrangements. The inpatient diabetes specialist 
nurse is often the key member of the team in this discharge policy.

A relatively small cohort of patients with recurrent admissions 
account for a significant proportion of inpatient stays in people 
with diabetes. In one study, 30% of patients who had two or more 
hospital admissions accounted for more than 50% of such hospital-
izations [39]. Targeting these patients may decrease re- admissions. 
This would include provision of psychological support for those 
with recurrent ketoacidosis and hypoglycaemia related to behav-
ioural problems. Frail elderly and patients from nursing and resi-
dential homes are at particular risk of recurrent hypoglycaemic 
admissions and/ or ambulance call outs with over a third of these 
being repeated events [40]. Support from the diabetes specialist 
team, in particular focusing on medication de- escalation and set-
ting less stringent blood glucose targets may reduce re- admissions 
in this group.
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Introduction

Evoked by severe physical stress, critically ill patients and patients 
undergoing major surgery usually develop stress hyperglycaemia, 
irrespective of their pre- admission diabetes status. Large observa-
tional studies have shown that the degree of stress hyperglycaemia 
relates to poor outcome (Figure 15.9.3.1), with the lowest risk of 
death being associated with normal or nearly normal age- adjusted 
fasting blood glucose levels [1, 2]. Remarkably, in critically ill pa-
tients with established diabetes, the relationship between hypergly-
caemia and mortality is blunted and shifted to the right [1] . Since 
these associations are derived from observational studies, they do 
not imply causality. Indeed, sicker patients will develop more severe 
insulin resistance, with consequently higher blood glucose levels. 

A causal relationship can only be derived from adequately powered 
randomized controlled trials (RCTs).

Tight Glucose Control in the Intensive Care Unit

Over the last two decades, several RCTs— varying in design, study 
population, size, blood glucose target, and outcome measures— 
have tested the hypothesis that tight glucose control may improve 
outcome of critically ill patients [3– 8].

The Leuven Studies on Tight Glucose Control in the 
Intensive Care Unit

In three pioneer studies performed in Leuven, Belgium, tight glu-
cose control improved morbidity and mortality of critically ill 
adults and children, as compared to tolerating hyperglycaemia up 
to 12  mmol/ L (215  mg/ dl) [3– 5]. In the intervention group, age- 
adjusted normal fasting glucose levels were targeted (4.4– 6.1 mmol/ 
L for adults [80– 110 mmol/ L], 3.9– 5.6 mmol/ L [70– 100 mg/ dl] for 
children older than 1  year, and 2.8– 4.4  mmol/ L for infants [50- 
80 mg/ dl]) and insulin was administered through continuous intra-
venous infusion (no boluses). As long as an arterial line was present, 
glucose measurements were performed on arterial blood, using an 
accurate blood gas analyser, with simultaneous measurement of po-
tassium. All patients received early parenteral nutrition as part of 
the standard care at that time. The intervention protocol was highly 
efficient, with >70% of measurements within target and a clear sep-
aration in blood glucose levels between the randomization groups.

Importantly, the short- term clinical benefit was maintained on 
the long- term in both adults and children [9, 10], and the interven-
tion was shown to reduce healthcare costs [11]. Subsequent mech-
anistic studies attributed the beneficial impact to the avoidance of 
hyperglycaemia and consequent glucose overload in vital organs, 
rather than to glycaemia- independent effects of insulin [12].

Subsequent Studies and Possible Contributors 
to Interstudy Discrepancies

After the Leuven trials, several large implementation studies 
and small RCTs have confirmed a positive clinical impact of 
implementing tight glucose control in critically ill patients [13– 16]. 

80 140

M
or

ta
lit

y 
ri

sk

215

Blood glucose (mg/dl)

Diabetes mellitus
No history of diabetes mellitus

Figure 15.9.3.1 The association of blood glucose concentrations 
with outcome in critically ill adults. In observational studies, the 
statistical association between blood glucose concentrations and the 
risk of mortality follows a J- shaped curve. To convert mg/ dl to mmol/ L, 
divide by 18.



15.9.3 Care of Diabetes in ICU and Perisurgery 2091

However, the intervention remains debated, since multicentre RCTs 
have not reproduced the benefit observed in the pioneer studies 
[6– 8]. The largest RCT, the NICE- SUGAR trial, even found excess 
mortality by tight glucose control, which was subsequently attrib-
uted to the increased risk of hypoglycaemia [7, 17]. Substantial dif-
ferences in study design may explain these seemingly contradictory 
results, including differences in blood glucose target, the accuracy 
of the glucose measurements, the insulin infusion protocol, and the 
feeding protocol.

In contrast to the Leuven studies, in which tight glucose control 
was compared to tolerating severe hyperglycaemia, many subse-
quent studies, including NICE- SUGAR, targeted stricter blood glu-
cose levels in the control group, explained by a shift in standard care 
after the Leuven studies [3– 5,  7]. The outcome effect of lowering 
blood glucose from less severely elevated to tight blood glucose 
levels is presumably smaller than with a larger difference in blood 
glucose target. This is confirmed by a secondary analysis of the 
Leuven studies, which found a dose- dependent impact of blood 
glucose lowering on outcome [18].

Second, the accuracy of the blood glucose measurement and the 
insulin protocol differed among studies. Whereas in the Leuven 
studies, blood glucose was measured on arterial blood using an ac-
curate blood gas analyser, in many subsequent studies including 
NICE- SUGAR, a variety of— at that time— inaccurate glucometers 
were used [19]. Also, subsequent studies allowed capillary glucose 
measurements, although unreliable in patients with shock [12]. 
Apart from that, the insulin treatment protocol differed. In Leuven, 
insulin was only administered through continuous intravenous in-
fusion, in contrast to subsequent studies in which insulin boluses 
were allowed. Theoretically, inaccurate glucose measurements and 
insulin boluses increase blood glucose variability and the risk of 
prolonged and undetected hypoglycaemia, which may have con-
tributed to the harm observed in NICE- SUGAR.

Finally, the feeding protocol differed among studies. In the 
Leuven studies, all patients received early parenteral nutrition as 
part of the standard treatment, whereas in NICE- SUGAR and other 
subsequent studies, patients received less parenteral calories in the 
acute phase [3– 5, 7]. Early parenteral nutrition increases the risk of 
hyperglycaemia and was subsequently shown to be harmful, even in 
a context of tight glucose control [20, 21]. A meta- analysis revealed 
that the mortality impact of tight glucose control related to the 
amount of parenteral glucose given in the trial [22]. However, this 
meta- analysis did not adjust for other methodological differences. 
In contrast, a secondary analysis of the Leuven studies showed that 
the benefit of tight glucose control was also present in the subgroup 
who received the lowest amount of parenteral glucose [18]. Hence, 
it currently remains unknown whether tight glucose control is still 
beneficial in the absence of early parenteral nutrition.

Intraoperative Tight Glucose Control

Most large RCTs have investigated the effect of tight glucose control 
in intensive care unit (ICU) patients. However, major surgery per 
se also evokes hyperglycaemia, which has been associated with an 
increased risk of complications [2] . Several RCTs have investigated 
whether tight, intraoperative control of blood glucose also improves 
outcome as compared to tolerating hyperglycaemia. Altogether, 

these studies showed mixed results. Whereas some RCTs showed 
benefit in patients undergoing cardiac and vascular surgery, other 
trials in cardiac and non- cardiac surgery patients were neutral 
[23– 26]. However, as the duration of the intervention was relatively 
small (mainly the time in the operating room), the benefit the in-
vestigators anticipated was probably too large. Hence, several of 
these RCTs were likely underpowered [27]. Interestingly, the lar-
gest RCT, which randomized 2383 elective cardiac surgery patients 
to intraoperative tight (4.4– 6.1 mmol/ L [80– 110 mg/ dl]) or liberal 
blood glucose control (<10 mmol/ L [180 mg/ dl]), followed by tight 
glucose control in all patients once admitted to the ICU, found less 
postoperative complications with the addition of intraoperative 
tight glucose control to only postoperative tight control [23]. 
Likewise, a recent RCT found reduced morbidity and mortality by 
a hyperinsulinaemic normoglycaemic clamp during elective cardiac 
surgery, as compared to standard care, which consisted of tolerating 
hyperglycaemia up to 8.3 mmol/ L (150 mg/ dl) [28]. As the study 
combined a hyperinsulinaemic clamp with maintaining normo-
glycaemia by adjusting the glucose intake, it is unclear whether the 
clinical benefit is explained by the lower glucose levels, by the higher 
insulin dose, or by a combination of both. However, as previous 
RCTs on glucose- insulin- potassium therapy in acute myocardial in-
farction revealed negative results when targeting normoglycaemia 
was not part of the intervention protocol [29, 30], it seems plaus-
ible that at least part of the benefit of the latter trial is explained by 
maintaining normal blood glucose levels.

Tight Glucose Control: Which Patients 
Benefit Most?

Theoretically, the mixed results across the different RCTs on tight 
glucose control could be explained by a different case mix. However, 
subgroup analyses could not identify a patient subgroup who re-
sponded differently to the intervention than others, with the pos-
sible exception of patients with pre- admission diabetes [7, 8, 18]. 
Indeed, in a secondary analysis of the Leuven RCTs, all patient sub-
groups showed benefit from tight glucose control, except patients 
with pre- admission diabetes in whom the intervention was neutral 
[18]. Likewise, in the large, intraoperative RCT, the benefit of tight 
glucose control was only present in the subgroup of non- diabetes 
patients [23]. These findings support observational studies, which 
revealed a flattened and right- shifted relationship of blood glucose 
with outcome, especially in patients with poorly controlled diabetes 
[1, 31] (Figure 15.9.3.1). Conversely, in NICE- SUGAR, all patient 
subgroups were harmed by the intervention, including patients 
without pre- admission diabetes [7] . Moreover, a large observational 
study in 5510 diabetic cardiac surgery patients found reduced mor-
tality and infectious complications by implementation of a peri-
operative glucose control protocol [32].

Tight Glucose Control and the Risk 
of Hypoglycaemia

Tight glucose control inevitably increases the risk of hypogly-
caemia. When severe or prolonged, hypoglycaemia can cause con-
vulsions, coma, and irreversible brain damage, as well as cardiac 
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arrhythmias. The risk of hypoglycaemia is a concern in critically 
ill and surgical patients because early hypoglycaemic symptoms 
are not easily recognized in sedated patients [18]. Multiple obser-
vational studies have associated the occurrence of hypoglycaemia 
with an increased risk of death. However, hypoglycaemia is more 
prevalent in patients with more severe disease (particularly liver 
failure and sepsis). It remains unknown whether a short- lasting epi-
sode of iatrogenic hypoglycaemia adversely impacts outcome [18]. 
A  secondary analysis of NICE- SUGAR attributed the increased 
mortality risk by tight glucose control to an increased risk of hypo-
glycaemia [17]. However, also prolonged hyperglycaemia may cause 
harm. A 4- year neurocognitive follow- up study of patients included 
in the paediatric Leuven study showed a better neurocognitive 
outcome of children randomized to tight glucose control, des-
pite a high incidence of hypoglycaemia [10]. Moreover, a nested 
case- control study, matching critically ill children who effectively 
experienced an episode of hypoglycaemia to critically ill children 
without a hypoglycaemic event, also could not detect any harmful 
impact of hypoglycaemia on neuronal biomarkers and on 4- years 
neurocognitive outcome [10,  33]. The fact that overcorrection of 
hypoglycaemia was carefully avoided in the latter study [5] , may 
have played a role. Indeed, animal data suggest that neuronal death 
after hypoglycaemia is mainly triggered by activation of neuronal 
NADPH oxidase, which occurs during glucose reperfusion [34]. 
Nevertheless, treatment protocols should aim at minimizing the 
risk of hypoglycaemia. The use of validated computerized treatment 
algorithms and of near- continuous glucose monitoring may sub-
stantially reduce this risk [35].

Summary and Conclusions

Currently, the optimal blood glucose target for critically ill and 
surgical patients remains unclear and may depend on the context. 
Tight glucose control has been shown to reduce morbidity and mor-
tality of critically ill patients when performed with accurate glucose 
monitoring tools and an effective treatment algorithm that avoids 
insulin boluses in a context of early parenteral nutrition. Analyses of 
patient subgroups have not shown a differential impact of the inter-
vention, with the possible exception of patients with pre- admission 
diabetes, who may benefit less from tight glucose control. The im-
pact of tight glucose control in patients in whom early parenteral 
nutrition is avoided, is unknown. When the logistic context does not 
allow frequent, accurate glucose monitoring, tolerating higher glu-
cose concentrations appears safer than strictly targeting the healthy 
fasting range. In any case, the incidence of hypoglycaemia and se-
vere hyperglycaemia should be minimized, which can be achieved 
by the use of validated computerized treatment algorithms.
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MODY

Overview

MODY is a familial form of diabetes with autosomal dominant in-
heritance that typically presents with non- insulin dependent dia-
betes diagnosed under the age of 25 years. The term ‘MODY’ was 
based on the previous definition of juvenile- onset and maturity- 
onset diabetes (now type 1 and type 2 diabetes). Although the term 
MODY is useful as it describes a broad category, cases are more ap-
propriately described by the gene involved when this is known.

MODY is a genetically heterogeneous condition. The commonest 
causes are due to defects in the transcription factor genes: hepatic 
nuclear factor- 1 alpha (HNF1A; ~52%), and hepatic nuclear factor- 
4 alpha (HNF4A; ~10%), as well as the Glucokinase gene (GCK; 
~32%) [1,  2]. The diabetes phenotype is similar in HNF1A and 

HNF4A MODY and distinct from that seen in GCK MODY. These 
are summarized in Table 15.10.1.1.

HNF1A and HNF4A MODY

Clinical Phenotype

Diabetes

HNF1A and HNF4A MODY have a similar diabetes phenotype with 
progressive hyperglycaemia throughout life [3]  (Figure 15.10.1.1). 
Diabetes characteristically presents in adolescence or early adult-
hood, in HNF1A MODY 70% develop diabetes by age 25  years, 
97% by 50 years. The mean age of diagnosis is similar in HNF1A 
(20 years) and HNF4A MODY (23 years) [2, 4, 5]. Postprandial glu-
cose values are raised before fasting hyperglycaemia develops and 
hence, during an oral glucose tolerance test (OGTT), patients typ-
ically have an elevated 2- hour glucose with a large increment above 
the fasting value (>3 mmol/ L) [6].

Diabetes- related complications occur frequently and are related 
to the degree of hyperglycaemia, therefore ongoing monitoring and 
follow- up is important. There is an increase in cardiovascular mor-
bidity seen in HNF1A MODY. This is despite HDL levels being rela-
tively high, which may appear falsely reassuring [2] .

Non- Diabetes Features

HNF1A MODY can sometimes be differentiated from HNF4A 
MODY by the extrapancreatic features.

In HNF1A MODY decreased renal glucose reabsorption results 
in a low renal threshold for glucose, causing glycosuria at minim-
ally raised blood glucose levels (<8 mmol/ L). Glycosuria may be an 
early sign of glucose intolerance offering the potential for use as a 
screening tool in undiagnosed children with an affected parent [2] .

In HNF4A MODY apolipoprotein synthesis is altered, resulting 
in a reduction in HDL, lipoprotein A1, and A2 [5] . Macrosomia 
also occurs in ~50% (average increased birth weight 800  g) and 
transient neonatal hypoglycaemia may be present (~15%) with dia-
betes presenting later in life [2, 7]. A history of marked macrosomia 
(birth weight >4.4 kg) or prolonged (>48 hours) hypoglycaemia in 
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an infant of a diabetic parent (mother or father) is an indication for 
sequencing HNF4A before the more common HNF1A gene [2, 7].

Differentiating HNF1A/ HNF4A MODY from Type 1   
and Type 2 Diabetes

More than 80% of MODY is not diagnosed in routine clinical prac-
tice due to overlapping clinical features with T1D and T2D [1] . 
The classical criteria (young- onset, family history and non- insulin 
treatment) only identifies 48% of patients with MODY. However, 

identifying patients with a high probability of MODY can be greatly 
improved by using a statistical calculator that takes into account 
multiple simple clinical factors [8]. The ‘MODY Probability calcu-
lator’ is available as a smart phone application (Diabetes diagnostic) 
and at https:// www.diabetesgenes.org.

HNF1A/ HNF4A MODY may be misdiagnosed as T1D due to the 
young age at symptomatic presentation.

However unlike T1D, in HNF1A/ HNF4A MODY, endogenous 
insulin production (C- peptide >200  pmol/ L) is persistent outside 
the honeymoon period [9]  and islet autoantibodies are negative 
[10]. Therefore, presence of islet autoantibodies and/ or C- peptide 
<200  pmol/ L strongly confirms presence of T1D and can be 
used as a rule- out test for selecting patients for MODY genetic   
testing.

T2D may be misdiagnosed in patients who are clearly non- insulin 
dependent. In contrast to T2D, patients with HNF1A/ HNF4A 
MODY are rarely obese, do not have acanthosis nigricans, and 
the metabolic syndrome is less common. ‘MODY Probability cal-
culator’ helps to discriminate T2D and MODY [8] . Sulphonylurea 
therapy may cause hypoglycaemia in HNF1A/ HNF4A MODY at 
the standard doses used in T2D.

Genetics

Over 414 different heterozygous mutations have been reported in 
the HNF1A gene and ~103 have been reported in the HNF4A gene 
[11]. The commonest genetic abnormalities are missense mutations 
(55% in the HNF1A gene). Other mutations include nonsense, in-
sertions, duplications, deletions, insertion/ deletions, promoter, and 
splice site mutations.

Table 15.10.1.1 Comparison between HNF1A/ HNF4A MODY and GCK MODY and type 1 and type 2 diabetes

HNF1A/ HNF4A MODY GCK MODY Type 1 Diabetes Type 2 Diabetes

Age at diagnosis Typically adolescence/ early 
adulthood

When tested Typically child or young adult Typically middle or old age

Presenting features Polyuria, polydipsia, weight   
loss but may be asymptomatic

Usually incidental
Asymptomatic

Polyuria, polydipsia, weight loss Polyuria, polydipsia but may be 
asymptomatic

Glycaemia Progressive deterioration,   
HbA1c ≥6.5% (48 mmol/ mol)

Stable mild elevated   
fasting hyperglycaemia   
(5.4– 8.3 mmol/ L) from   
birth, HbA1c 5.8– 7.6%   
(40– 60 mmol/ mol)

Progressive deterioration HbA1C 
≥6.5% (48 mmol/ mol)

Progressive deterioration HbA1C 
≥6.5% (48 mmol/ mol)

Low C- peptide   
(<200 pmol/ L)

No No Yes outside honeymoon No

Islet autoantibodies Negative Negative Positive (~80– 90%) Negative

Complications Frequent microvascular and 
macrovascular complications
HNF1A: Excess cardiovascular 
morbidity

Very rare microvascular 
complications— mild if   
occur, no monitoring   
required

Frequent microvascular and 
macrovascular complications

Frequent microvascular and 
macrovascular complications

Extrapancreatic   
features

HNF1A: Renal- glycosuria at 
lower renal threshold
HNF1A liver- Raised HDL, 
adenoma
HNF4A: liver- reduced TG, LDL, 
reduced HDL
Macrosomia (56%),
neonatal hypoglycaemia (15%)

Fetal size determined by 
maternal/ fetal genotype

None None

Treatment Sulphonylurea sensitive
30% ultimately require insulin

Treatment usually neither 
effective nor needed
Consider insulin during 
pregnancy

Insulin Diet, non- insulin antidiabetic 
drugs, Insulin

Hepatic Nuclear factor 1 Alpha (HNF1A) diabetes
deteriorating glycaemia with age
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Figure 15.10.1.1 Effect of glycaemia on MODY genotype. In HNF1A/ 
HNF4A MODY, glucose deteriorates with increasing age. In contrast, in 
GCK MODY, there is little change in glycaemia with age.
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Pathophysiology

HNF1A and HNF4A genes encode proteins which control gene 
expression during embryogenesis and in adult life. HNF1A and 
HNF4A are expressed in the pancreatic beta- cell and hepatocyte, 
regulating genes which encode proteins involved in beta- cell devel-
opment and functioning. They result predominantly in progressive 
beta- cell failure [3] .

Treatment

Patients are very sensitive to the glucose lowering effect of 
sulphonylurea therapy (five times more than metformin and four 
times more than in T2D) [3, 12]. This results from both increased 
insulin secretion and increased insulin sensitivity [12]. Starting 
doses should be low (e.g. 20– 40 mg gliclazide daily) to avoid hypo-
glycaemia. Alternatively low- dose fast- acting novel agents like 
repaglinide may be used.

Increasing sulphonylurea doses are required to treat deteriorating 
glycaemia occurring as the patient gets older. Around 30– 40% of 
patients progress to needing insulin treatment to control blood glu-
cose values, so monitoring glycaemic control is essential. Patients 
who are misdiagnosed with T1D will be treated with insulin ini-
tially and even after several years on insulin the majority (79%) can 
still be successfully transferred onto sulphonylureas often with im-
provement in glycaemic control [13].

Due to the excess in cardiovascular morbidity, we recommend 
treating patients with HNF1A MODY with a statin after the age of 
40 years even if HDL levels appear high [2] .

GCK MODY

Clinical Phenotype

Diabetes

GCK MODY causes asymptomatic mild fasting hyperglycaemia 
(usually 5.4– 8.3 mmol/ L) from birth that deteriorates slightly with 
age. It is often detected incidentally and depending upon the time of 
detection can be misdiagnosed as gestational diabetes during rou-
tine antenatal screening, T1D or T2D [14].

In contrast to those with HNF1A/ HNF4A MODY, patients al-
ways have fasting glucose >5.5  mmol/ L and a small increment 
during an OGTT [6, 14]. This is because they have appropriate in-
sulin secretion which is reset at a slightly higher glucose set point. 
This is also reflected in their HbA1c which ranges from 5.8 to 7.6% 
(40– 60 mmol/ mol) [14].

Differentiating GCK MODY from Type 1 and   
Type 2 Diabetes

A persistently raised mild fasting glucose without further de-
terioration in glycaemia strongly suggests GCK MODY espe-
cially when found in children or young adults (Figure 15.10.1.1). 
A  dominant family history may not be identified unless fasting 
glucose is tested in asymptomatic family members. Diagnosis is 
worthwhile to avoid unnecessary treatment. Similar to HNF1A/ 
HNF4A MODY, MODY probability calculator and C- peptide and 
islet autoantibodies can help to discriminate GCK MODY from 
T1D/ T2D.

Genetics

Nearly 620 heterozygous inactivating mutations (missense, non-
sense, frameshift, splice site) have been described throughout the 
10 exons of the GCK gene [15].

Pathophysiology

GCK is a glycolytic enzyme catalysing the first step in glucose me-
tabolism in the pancreatic beta- cell and hepatocyte (glucose to 
glucose- 6- phosphate). Glucokinase is often referred to as the ‘pan-
creatic glucose sensor’ because this rate- determining step is key to 
detection of ambient glucose and maintaining euglycaemia through 
appropriate insulin secretion [14, 15]. A reduction in GCK activity 
decreases glucose phosphorylation, which raises the threshold con-
centration of glucose needed for insulin secretion.

Treatment

Treatment of hyperglycaemia is usually unnecessary outside preg-
nancy as microvascular complications are rare and glucose homeo-
stasis is maintained [14, 16]. In addition as the fasting glucose level 
is regulated, low- dose insulin or oral agents do not alter HbA1c ex-
cept when T2D is also present (HbA1c > 7.5%) [14].

Management in pregnancy depends on growth of the fetus. 
Growth can be predicted by parental/ fetal inheritance. If the fetus 
and mother both have the mutation, they share a common higher 
glucose set point resulting in appropriate fetal growth. If there is 
only a maternal mutation, the fetus will increase its own insulin se-
cretion in response to maternal hyperglycaemia and so there will 
be increased fetal growth. Reducing maternal hyperglycaemia may 
be difficult and large insulin doses (at least replacement doses) are 
often needed and the patient’s counterregulation which is also set to 
the higher level will make achieving normal glucose values difficult. 
Early delivery may be required for a macrosomic baby. Conversely, 
a fetus who inherits a paternal mutation may be small for dates 
because of reduced fetal insulin secretion as the fetal set point is 
higher than its unaffected mother [17].

Less Common Subtypes of MODY

Other rarer causes of MODY include heterozygous mutations in 
PDX1, NEUROD1, ABCC8, INS, KCNJ11, and RFX6. Although 
HNF1B was initially described as a MODY gene and is a hepatic 
transcription factor it is discussed under monogenic diabetes syn-
dromes since it typically presents with extrapancreatic (notably 
renal) disease [18].

Neonatal Diabetes

Overview

Neonatal diabetes is a rare (1:100 000 live births) genetically het-
erogeneous disorder in which diabetes is diagnosed within the first 
6 months of life [19]. Around 85% of diabetes diagnosed within the 
first 6 months of life has a monogenic aetiology [20]. Patients pre-
sent with diabetes that either persists (permanent neonatal diabetes, 
PNDM) or remits but frequently relapses later in life (transient 
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neonatal diabetes, TNDM), in approximately equal proportions. 
There is some overlap in the genes involved. The underlying genetic 
aetiology determines both the clinical features and the treatment 
modalities. Those involving the ATP- sensitive potassium channel 
(KATP channel) should be treated with oral sulphonylureas. This 
makes early genetic diagnosis a priority. Diabetes may be present 
in isolation or associated with other features. Neonatal diabetes can 
also occur in babies born preterm and they should also have gen-
etic testing. Comparison of the common subtypes of PNDM and 
TNDM are summarized in Table 15.10.1.2.

Permanent Neonatal Diabetes (PNDM)

Mutations in several genes have been reported giving rise to PNDM, 
causing abnormal pancreatic development, increased beta- cell de-
struction, or beta- cell dysfunction.

Common Causes

Activating (gain of function) mutations in KCNJ11 and ABCC8 
genes account for around 40% of cases [20, 21]. They encode the 
subunits that make up the KATP channel of the beta- cell membrane; 
a 4:4 complex, with an inner pore- forming subunit Kir6.2 (KCNJ11) 
and outer regulatory subunit SUR1 (ABCC8). This channel is crit-
ical to maintaining glucose homeostasis through insulin secretion 
by the beta- cell; binding of ATP to Kir6.2 causes channel closure, 
membrane depolarization, and insulin secretion. The mutated KATP 
channel remains open and therefore unable to complete the cascade 
of steps culminating in insulin secretion [2, 22].

Most patients are born small (mean birthweight 2.7  kg), re-
flecting fetal insulin deficiency. The typical age of diagnosis is 8 
weeks with marked hyperglycaemia (median glucose 33  mmol/ L 
for those with KCNJ11 mutations) and ketoacidosis with absent 
or very low C- peptide, all reflecting marked insulin deficiency. 
Except in a few rare cases, patients are diagnosed under the age of 
6 months [21, 22].

The majority of patients have isolated diabetes, but neurological 
features may be seen in approximately 29% cases with KCNJ11 
mutations, and are less frequent and less marked in those with 
ABCC8 mutations (20%) [20]. The neurological features result 
from a severely mutated KATP channel affecting the brain, muscle, 
and/ or nerve. There are two patterns of abnormalities described. 
The DEND syndrome (severe Developmental delay, Epilepsy and 
Neonatal Diabetes) and the less severe phenotype, intermediate- 
DEND, in which epilepsy is less severe and less common, and the 
developmental delay is less marked [2, 19].

KATP channel mutations usually arise de novo (KCNJ11:  ~80%; 
ABCC8:  ~50%), but are typically dominantly inherited although 
some ABCC8 mutations are recessive. There is a strong genotype- 
phenotype relationship for KCNJ11 mutations although this is not 
absolute. For example, KCNJ11 R201H mutations are typically seen 
in isolated diabetes, while patients with V59M typically have neuro-
logical features with the intermediate- DEND syndrome.

The critical reason to make a genetic diagnosis is that it will have 
a dramatic impact on treatment. Sulphonylureas close the mu-
tated KATP channel causing membrane depolarization and insulin 
secretion. After stabilization on insulin, the majority of patients 
(85– 90%) can be transferred on to sulphonylureas with improved 
glycaemic control, without increased hypoglycaemia that persists 
up to 10 years [22, 23]. Doses used are 3– 4 times higher than those 
used in T2D. Higher doses (0.4– 0.8 mg/ kg/ day) are typically needed 
in those with KCNJ11 compared to SUR1 mutations. (0.2– 0.4 mg/ 
kg)/ day) [23]. Choice of sulphonylurea may be important in those 
who later develop neurological features. Glibenclamide crosses the 
blood– brain barrier and early treatment may reverse some neuro-
logical deficit in some cases [24].

Less Common Causes

Mutations in the INS gene, which encodes preproinsulin, accounts 
for 12% PNDM cases. They tend to be diagnosed later than those 
with KATP channel mutations (11 vs. 8 weeks) and require insulin 
treatment [21].

Rare

Rare causes of PNDM frequently involve extrapancreatic tissues 
and are listed in Table 15.10.1.3 [19, 20].

Transient Neonatal Diabetes (TNDM)

Commonest Causes

Approximately 70% cases are due to abnormalities in imprinting 
on chromosome 6q24, causing overexpression of a paternally 
expressed gene (ZAC and HYMAI) through different mechan-
isms; paternal uniparental disomy, paternal 6q24 duplication, and 
hypomethylation [25]. Of those with a methylation defect, some 
have been found due to a mutation on an upstream gene (ZFP57) 
which regulates methylation at 6q24 [25]. These patients have a 
global methylation problem which explains their other clinical fea-
tures (congenital heart disease, developmental delay).

Irrespective of mechanism, the common phenotype is one of se-
vere intrauterine growth retardation (IUGR) (mean birthweight 

Table 15.10.1.2 Comparison of clinical features of the common genetic subgroups seen in PNDM and TNDM

PNDM TNDM

Genes involved KATP channel (~40%) INS (~12%) 6q24 (70%) KATP channel (~25%)

Age of presentation
in weeks, median (range)

8 (0– 40) 11 (0– 1144) Initial: 0.4 (0– 4)
Relapse:16 years (4– 25 years)

Initial: 4 (0– 16)
Relapse: 5 years (3– 15 years)

Birth weight in kg, median (range) 2.7 (1.5– 4.2) 2.7 (1.7– 3.9) 1.9 (1.6– 2.7) 2.6 (1.4– 3.6)

Sensitivity to sulphonylureas 85– 90% None Usually successful on relapse Usually successful on relapse

PNDM, permanent neonatal diabetes; TNDM, transient neonatal diabetes; KATP channel genes, KCNJ11, ABCC8.
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Table 15.10.1.3 Causes of neonatal diabetes

Gene (protein) affected PNDM/ TNDM Inheritance Pancreatic 
agenesis

Common Extrapancreatic features (excluding low 
birth weight)

Common causes KATP channel; KCNJ11 
(Kir6.2) and ABCC8 (SUR1)

PNDM (50%)
TNDM (25%)

AD (KCNJ11)
AD/ AR (ABCC8)

No Neurological— developmental delay and epilepsy (29%)

6q24 abnormality TNDM (70%) Variable No Macroglossia (30%)
Umbilical hernia (9%)

INS (insulin) PNDM (12%) AD (Coding 
mutation) / 
AR (promoter 
mutation)

No Nil

Less common 
causes

EIF2AK3 (eukaryotic 
translation initiation factor   
2- alpha kinase 3)

PNDM AR No Wolcott– Rallison syndrome (spondyloepiphyseal 
dysplasia, hepatitis, renal failure)

FOXP3 (forkhead box 
protein P3)

PNDM X- linked No IPEX syndrome
(immunodysregulation, entero- , and endocrinopathy)

GATA6 (GATA binding 
protein 6)

PNDM AD Yes Congenital heart malformation, neurological defects, 
hypothyroidism, gut and hepato- biliary malformation, 
exocrine pancreatic dysfunction

GCK (glucokinase) PNDM AR No Nil

PTF1A (pancreas 
transcription factor 1 
subunit alpha)

PNDM AR Yes Distal enhancer mutation— isolated pancreatic agenesis; 
Coding mutation— cerebellar agenesis, microcephaly, 
exocrine pancreatic dysfunction

Rare causes GATA4 (GATA binding 
protein 4)

PNDM AD Yes Congenital heart malformation, exocrine pancreatic 
dysfunction

GLIS3 (GLIS family zinc 
finger 3)

PNDM AR No Congenital hypothyroidism and glaucoma, liver fibrosis, 
cystic kidney disease

HNF1B (hepatocyte 
nuclear factor 1- beta)

PNDM/ TNDM AD Yes Renal cysts, exocrine pancreatic dysfunction

IER3IP1 (immediate early 
response 3- interacting 
protein 1)

PNDM AR No Microcephaly, epilepsy

LRBA (lipopolysaccharide- 
responsive and beige- like 
anchor protein)

PNDM AR No Early onset multiple autoimmune features (e.g. 
hypothyroidism, autoimmune cytopenia, enteropathy), 
recurrent infections

MNX1 (motor neuron 
and pancreas homeobox 
protein 1)

PNDM AR No Sacral agenesis, neurological defects

NEUROD1 (neurogenic 
differentiation factor 1)

PNDM AR No Cerebellar hypoplasia, sensorineural deafness, visual 
impairment

NEUROG3 (neurogenin- 3) PNDM AR No Congenital malabsorptive diarrhoea

NKX2- 2 (homeobox 
protein Nkx- 2.2)

PNDM AR No Severe neurodevelopmental defects

PDX1 (PANCREAS/ 
duodenum homeobox 
protein 1)

PNDM AR Yes Exocrine pancreatic dysfunction

RFX6 (regulatory factor X6) PNDM AR No Gall bladder aplasia, gut atresia

SLC2A2 (solute carrier 
family 2, facilitated glucose 
transporter member 2)

PNDM/ TNDM AR No Hypergalactosaemia, liver failure

STAT3 (signal transducer 
and activator of 
transcription 3)

PNDM AD No Short stature, early onset multiple autoimmune features 
(e.g. hypothyroidism, autoimmune cytopenia, eczema), 
low IgE

WFS1 (Wolframin) PNDM AD No Congenital sensorineural deafness, and congenital 
cataracts

AR, autosomal recessive; AD, autosomal dominant.
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1930 g), diabetes usually in the first weeks of life (median presenta-
tion 3 days), remission (typically at 3 months), and relapse in ~55% 
at around 14 years. Macroglossia (30%) and occasionally an umbil-
ical hernia (9%) may also be present. The genetic mechanism pre-
dicts the heritability [25].

Treatment is initially with insulin but on relapse, patients are 
managed with sulphonylureas or other oral therapy [26].

Patients who have TNDM but do not have an abnormality at 6q24 
(~25%) usually (~89%) have a gain of function mutation in one of 
the KATP channel genes (KCNJ11, ABCC8). In comparison to those 
with 6q24 abnormalities, patients with TNDM due to KATP channel 
mutations have less IUGR (mean birth weight 2.57 vs. 1.95  kg), 
and present later (4 vs. 0 weeks) indicating less severe insulin defi-
ciency at birth. However, they also enter remission later (35 vs. 13 
weeks), and relapse earlier (4.7 vs. 16 years). Similar to KATP channel 
mutations causing PNDM, neurological features may be present 
[27]. These TNDM patients on relapse are treated with low- dose 
sulphonylureas compared to high- dose sulphonylureas for PNDM 
patients.

Rare Causes of TNDM

Rare causes of TNDM include mutations in INS, HNF1B, SLC2A2, 
which may also cause PNDM.

Monogenic Syndromes Associated with 
Monogenic Beta- Cell Disorders

These are listed in Table 15.10.1.4 [2, 18, 28, 29].

Conclusions

There have been considerable advances in our understanding of 
the molecular genetic aetiology of beta- cell monogenic diabetes. 
Identifying the aetiological subtypes is crucial for appropriate pa-
tient management. Molecular genetics is now key in this area of 
clinical diabetes and not solely a research investigation.
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Introduction

The most common cause of insulin resistance, defined by impaired 
blood glucose lowering by insulin, is obesity. A minority of patients 
have severe insulin resistance without obesity. These patients, while 
not contributing significantly to the general prevalence of diabetes, 
often harbour pathogenic single gene defects affecting insulin sig-
nalling or adipose tissue function [1] . This chapter focuses on the 
resulting severe insulin resistance syndromes.

The normal response of the pancreatic beta-cells to insulin 
resistance is increased insulin secretion, and hyperglycaemia 
may not be present, especially earlier in life. Although clinical 
history and examination may offer clues to the presence of se-
vere insulin resistance, laboratory confirmation should usually 
be sought. Measurement of insulin concentration is useful, al-
though this is infrequent in clinical practice. Biochemical diag-
nostic thresholds for severe insulin resistance are arbitrary, and 
should, ideally, be interpreted in the context of BMI- adjusted 
normal ranges. However, one set of approximate diagnostic cri-
teria is as follows:

 • No diabetes and BMI under 30 kg/ m2 — fasting insulin above 150 
pmol/ L or peak insulin on oral glucose tolerance testing above 
1500 pmol/ L.

 • Diabetes with absolute insulin deficiency and BMI under 30 kg/ 
m2 — exogenous insulin requirement above 3 units/ kg/ day.

 • Diabetes with partial β cell decompensation and/ or BMI over 
30 kg/ m2— insulin levels are difficult to interpret in the context 
of obesity, while, in established diabetes, glucotoxicity, impaired 
islet function, and a combination of endogenous and exogenous 
insulin in the circulation confuse the biochemical picture. In 
this setting, the clinical history and features such as acanthosis 
nigricans are important in making a diagnosis of likely mono-
genic severe insulin resistance.

Causes of Severe Insulin Resistance

In addition to obesity, causes of severe insulin resistance can be 
categorized into:

 1. Inherited or acquired defects in insulin signalling (including in-
sulin receptoropathies)

 2. Inherited or acquired impairment of adipocyte triglyceride 
storage (lipodystrophies)

 3. Complex syndromes with associated severe insulin resistance

Insulin resistance of any cause may be exacerbated by puberty, preg-
nancy, weight gain, or intercurrent illness. Existing clinical nomen-
clature is variably applied and reflects historical descriptions of the 
syndromes: type A insulin resistance syndrome was named in the 
1970s to discriminate it from the anti- insulin receptor antibody- 
mediated type B insulin resistance. It denotes acanthosis nigricans, 
hyperandrogenism, oligo-  or amenorrhoea, and a BMI <30  kg/ 
m2. ‘HAIR- AN’ syndrome denotes ‘HyperAndrogenism, Insulin 
Resistance, and Acanthosis Nigricans’, and is identical to type A in-
sulin resistance syndrome except that it is often used only in women 
with BMI >30 kg/ m2.

Prevalence of Severe Insulin Resistance

No clear prevalence figures exist for severe insulin resistance syn-
dromes. A recent survey suggested a prevalence of all lipodystrophies 
across adjudicated electronic medical record databases of 3.07 cases 
per million (0.23 cases/ million for generalized lipodystrophy and 
2.84 cases/ million for partial lipodystrophy) [2] . It is likely that 
many patients, especially males, remain undiagnosed. Experience 
over 5  years in the UK national specialist referral centre found 
that of 283 patients with confirmed severe insulin resistance and/ 
or lipodystrophy, 14 (5%) had an insulin receptor (INSR) muta-
tion, 1 (0.3%) had insulin- receptor antibodies, 13 (4.5%) had con-
genital generalized lipodystrophy, and 135 (47%) familial partial 
lipodystrophy (FPLD). Of the FPLD group 76 (26.5%) had FPLD1, 
42 (14.6%) FPLD2 secondary to mutation of the LMNA gene, 17 
(6%) FPLD3 secondary to mutation of the PPARG gene and 36 
(12.5%) acquired lipodystrophy (4 generalized).

Generic Clinical Features of Severe Insulin 
Resistance Syndromes

Severe insulin resistance is often first noticed in patients with per-
sistent hyperglycaemia despite very large doses of insulin. However 
many cases are unrecognized in the pre- diabetic phase. Indeed, 
a very common early feature of severe insulin resistance is spon-
taneous and symptomatic postprandial hypoglycaemia. This may 
dominate the clinical picture for years before hyperglycaemia 
supervenes, which only occurs in the face of β cell decompensa-
tion. The commonest presentation of severe insulin resistance 
is with acanthosis nigricans, which is nearly a sine qua non of all 
forms of severe insulin resistance. Another common presenting 
feature in females is hyperandrogenism (which may be severe) and 
oligo-  or amenorrhoea. Partly for this reason, a large preponder-
ance of presenting patients are female. Acanthosis nigricans and 
hyperandrogenism are common to all known forms of severe in-
sulin resistance, but are not generally seen in insulin- deficient 
forms of diabetes. It is thus concluded that their pathogenesis de-
pends upon severe hyperinsulinaemia, likely leading to ectopic acti-
vation of the insulin- like growth factor 1 (IGF- 1) receptor, which is 
closely homologous to the insulin receptor. This mechanism, while 
not proven, seems plausible for components of the syndrome that 
feature cellular hyperproliferation, such as acanthosis nigricans and 
ovarian hyperthecosis [3] .

Clinical Features Which Differentiate Causes 
of Severe Insulin Resistance

Clinical examination may reveal, in addition to acanthosis 
nigricans, a paucity or an unusual distribution of body fat, sug-
gesting lipodystrophy. There may be other clinical features in pa-
tients with complex syndromes including short stature or signs 
of premature ageing. Age of onset of clinical features provides 
diagnostic clues. Fat loss is present from birth in the inherited 
generalized lipodystrophies, becomes most noticeable at puberty 
in the inherited partial lipodystrophies and tends to start with 
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the face and upper body in acquired lipodystrophies. Signs and 
symptoms often present in puberty in patients with heterozygous 
insulin- receptor mutations but earlier in childhood in patients 
with homozygous insulin- receptor mutations. The time course of 
onset is also important. For example, there is usually a history of 
rapid weight loss and onset of acanthosis nigricans and diabetes in 
patients with insulin receptor antibody- mediated type B insulin 
resistance.

Defects in Insulin Signalling Including 
Insulin Receptoropathies

Genetic defects in INSR, the gene encoding the insulin receptor, 
produce a spectrum of clinical syndromes:  the most severe are 
autosomal recessive disorders with infant or childhood mortality. 
Although they form a continuum, the historical labels ‘Donohue’ 
or ‘Rabson– Mendenhall’ syndromes are still commonly used [4, 5]. 
Both feature characteristic dysmorphism and impaired linear 
growth. There is poor development of adipose tissue and muscle, 
which both rely on insulin- stimulated glucose uptake, contrasting 
with pseudoacromegaloid overgrowth of many other soft tissues. 
Hypertrichosis and exaggerated growth of androgen- dependent tis-
sues may be particularly prominent. More difficult to diagnose clin-
ically are the milder autosomal dominant insulin- receptor defects 
leading to type A insulin resistance, HAIR- AN (hyperandrogenism, 
insulin resistance, and acanthosis nigricans) syndrome, or their 
male equivalents. These are commonly caused by heterozygous 
intracellular mutations with dominant negative activity towards the 
coexpressed wild- type allele [6] .

Traditionally, it has been difficult to discriminate patients with 
type A insulin resistance due to INSR mutations from those with 
other aetiologies for their insulin resistance. However, by ex-
ploiting the biochemical differences between receptoropathies 
and other forms of severe insulin resistance, it is now possible 
to undertake biochemical triage with a high degree of accuracy 
prior to genetic testing, expediting genetic diagnosis of affected 
patients and avoiding unnecessary and expensive sequencing 
of the large INSR gene. Plasma concentration of the adipose 
tissue- derived protein adiponectin is the most discriminating 
marker of receptoropathy. In receptoropathy, normal or elevated 
adiponectin levels are usually found in the face of extreme insulin 
resistance, unlike the suppressed levels seen in other insulin- 
resistant states including lipodystrophy [7]  (Table 15.10.2.1). 
A further clinical clue to insulin receptoropathy is the absence of 
dyslipidaemia and hepatic steatosis despite severe insulin resist-
ance [8]. This interesting observation has also led to the inference 
that this component of the common ‘insulin resistance syndrome’ 
actually reflects exposure of intact insulin signalling pathways in 
at least some tissues to high circulating insulin levels. A  similar 
biochemical profile with normal or raised adiponectin levels and 
an absence of dyslipidaemia is seen in patients whose insulin re-
sistance is due to mutations in the p85 alpha regulatory subunit 
of PI3 kinase (see SHORT syndrome, to follow). The biochemical 
profile of type B insulin resistance, due to anti- insulin- receptor 
antibodies, is also similar to that of the genetic insulin- receptor 
defects, but the onset is more acute, with rapid onset acanthosis 
nigricans and severe hyper and/ or hypoglycaemia [9]. Type B 

insulin resistance is most often, but not exclusively, described in 
females of African origin.

Primary Lipodystrophic Syndromes

Lipodystrophies are a heterogeneous group of conditions character-
ized by partial or complete absence of adipose tissue [10]. They may 
be genetic or acquired, and are further classified according to the 
anatomical distribution of the lipodystrophy [10]. White adipose 
tissue is required for the storage of excess energy as triglyceride in 
lipid droplets. Failure to store triglyceride in subcutaneous adipose 
tissue leads to alternative storage in liver and muscle tissue causing 
impaired insulin action in these tissues [11]. Insulin resistance 
therefore is a feature of most, but not all lipodystrophies. As with all 
forms of insulin resistance, the clinical expression in adults is more 
pronounced in women.

Congenital Generalized Lipodystrophy

Congenital generalized lipodystrophy (CGL), also known as 
Berardinelli– Seip congenital lipodystrophy (BSCL) [12], is an auto-
somal recessive condition characterized by a generalized absence 
of adipose tissue from birth, increased appetite due to leptin de-
ficiency, accelerated growth, and advanced bone age. Skeletal 
muscles, peripheral veins, and the thyroid gland are prominent 
due in part to paucity of subcutaneous fat. Hyperinsulinaemia 
from early childhood leads to organomegaly, acromegaloid fea-
tures, and acanthosis nigricans. Diabetes tends to develop in the 
second decade. Hepatomegaly is often prominent and caused by 
severe non- alcoholic fatty liver disease (NAFLD), which generally 
progresses to non- alcoholic steatohepatitis (NASH), and, often, 
eventually to cirrhosis. Severe hypertriglyceridaemia, eruptive 
xanthomata, and pancreatitis are common. In the vast majority of 
cases, CGL is due to biallelic mutations in either the gene encoding 
1- acylglycerol- 3- phosphate O- acyltransferase 2 (AGPAT2), or the 
gene- encoding seipin (BSCL2), an endoplasmic reticulum pro-
tein. AGPAT2 is an essential enzyme in glycerophospholipid and 
triacylglycerol synthesis. The mechanistic link between seipin and 
lipodystrophy is more obscure, although seipin has been shown 

Table 15.10.2.1 Comparison of biochemical features of insulin 
receptoropathy with other forms of severe insulin resistance

Prevalent insulin resistance/  
lipodystrophy

Insulin receptoropathy

Insulin ↑↑ ↑↑- ↑↑↑

Glucose ↑/ →/ ↓ ↑/ →/ ↓

Triglyceride ↑- ↑↑↑ →

High- density
lipoprotein
(HDL)
cholesterol

↓ →

Adiponectin ↓ ↑- ↑↑↑

IGFBP- 1 ↓ →- ↑↑

SHBG ↓ →- ↑↑
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to be highly expressed in white adipose tissue and to be essential 
for adipogenesis in vitro [13]. It is currently not possible to distin-
guish clinically between these genetic subgroups with confidence. 
However, adipose tissue loss in mechanical fat pads, such as the 
palms, soles, orbits, scalp, and periarticular regions, has been re-
ported as a specific feature of CGL due to seipin mutations.

Familial Partial Lipodystrophies

Familial partial lipodystrophies (FPLD) are both milder and more 
common than CGL. Indeed, patients with these conditions may 
exhibit normal, or even increased, whole- body adipose stores. 
Consequently, indices such as the BMI have little utility in diag-
nosing FPLD. The abnormality instead lies in the adipose tissue top-
ography, or fat distribution. In particular, head and neck adipose 
depots are often preserved or increased. Without a thorough clin-
ical examination, it is thus possible to form the erroneous impres-
sion of normal or increased adiposity [10]. These disorders most 
commonly present in peri-  or postpubertal women, and the loss of 
femorogluteal fat is particularly striking. They are difficult to detect 
clinically in men and in prepubertal children. Metabolic abnormal-
ities range from asymptomatic impaired glucose tolerance and mild 
dyslipidaemia to severe insulin resistance with type 2 diabetes mel-
litus and severe dyslipidaemia, eruptive xanthomata, and pancrea-
titis. NAFLD/  NASH is also common.

Familial Partial Lipodystrophy Type 1 (FPLD1)

FPLD1 (Köbberling syndrome) is characterized by loss of limb fat 
with preserved (and, frequently, increased) truncal fat, in a pattern 
reminiscent of that seen in Cushing’s syndrome [14]. While some of 
these patients do have affected family members, many do not, sug-
gesting that not all cases are inherited. No specific genetic defects 
have been reported in this group and recently it has been noted that 
patients with FPLD1 are significantly enriched for SNPs associated 
with increased fasting insulin and lower gluteofemoral fat depos-
ition from 53 distinct genomic regions, suggesting polygenic inher-
itance [15, 16].

Familial Partial Lipodystrophy Type 2 (FPLD2)

FPLD2 (Dunnigan syndrome) predominantly affects the limbs 
and gluteal fat depots with variable truncal involvement, but with 
normal or excess fat on the face, neck, and in the labia majora 
[17]. A  majority of patients with FPLD2 have heterozygous loss- 
of- function mutations in LMNA, encoding lamin A/ C, a structural 
component of the nuclear lamina which is nearly ubiquitously ex-
pressed. Mutations in this gene have also been convincingly linked 
to several different disorders, including muscular dystrophy and di-
lated cardiomyopathy. Detailed understanding of the mechanisms 
underlying the tissue- selective phenotypes associated with LMNA 
mutations is lacking, but proposed abnormalities include structural 
defects in the nuclear envelope and altered binding of the nuclear 
lamina to chromatin or transcription factors.

Familial Partial Lipodystrophy Type 3 (FPLD3)

FPLD3 also features a paucity of limb and gluteal fat; however, 
abdominal fat is generally preserved and may even be increased, 
and facial fat is most commonly normal. Insulin resistance and 
lipodystrophy have been described in prepubertal children, al-
though peripubertal presentation is most common. The very high 
prevalence of early onset hypertension helps to discriminate FPLD3 
from FPLD2. Loss- of- function mutations in the gene- encoding 
peroxisome proliferator- activated receptor γ (PPARγ)— a nuclear 
hormone receptor critically required for adipose tissue develop-
ment and targeted by thiazolidinedione insulin sensitizers— have 
been described in many patients with FPLD3. All pathogenic muta-
tions described to date have been heterozygous, located in the DNA 
or ligand- binding domains of the protein, and many display dom-
inant negative activity in vitro [18].

Familial Partial Lipodystrophies Types 4– 6

FPLD4 (PLIN1), FPLD5 (CIDEC), and FPLD6 (LIPE) are very rare 
subtypes of partial lipodystrophy. PLIN1 and CIDEC are involved 
in triglyceride storage within lipid droplets and are almost exclu-
sively expressed in adipocytes. Rare cases associated with mutations 
in AKT2 and PCYT1A have also been described.

Acquired Lipodystrophies

Acquired partial lipodystrophies are often associated with auto-
immune disorders. The best described is Barraquer– Simons syn-
drome, with cephalocaudal loss of subcutaneous fat, complement 
C3 deficiency, C3 nephritic factor and mesangioproliferative glom-
erulonephritis [19]. Barraquer– Simons is not usually associated 
with metabolic disturbance due to the sparing of gluteofemoral 
fat stores. Acquired partial lipodystrophy is increasingly being de-
scribed following childhood total body irradiation and/ or chemo-
therapy and can be associated with metabolic disturbances including 
diabetes and NAFLD [20]. ‘Late effects’ screening should include 
metabolic screening and clinical examination for lipodystrophy 
and acanthosis nigricans. Acquired generalized lipodystrophies are 
very rare and may be associated with low C4 complement levels. 
Metabolic sequelae are usually severe [21].

Complex Syndromes Featuring Severe 
Insulin Resistance

There is group of syndromes that exhibit severe insulin resistance 
disproportionate to total fat mass as part of a more generalized 
disorder. These include Alström syndrome, primordial dwarfism, 
mandibuloacral dysplasia, and some forms of progeria. Often in 
these conditions, acanthosis nigricans is the key clinical clue, and 
it is important that its clinical significance is recognized and that 
appropriate endocrine assessment is undertaken at an early stage 
of evaluation. Some of these complex syndromes are associated 
with dyslipidaemia and hepatic steatosis but this is not the case in 
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SHORT syndrome, which arises due to a loss- of- function mutation 
in the PIK3R1 gene. SHORT syndrome is also associated with a 
raised adiponectin concentration.

Principles of Management of Severe 
Insulin Resistance

Management of severe insulin resistance involves early, intensive 
use of insulin- sensitizing agents (metformin), and lifestyle modi-
fication to include a low- calorie, low- fat diet, and as much aerobic 
exercise as reasonably possible. Where postprandial hypoglycaemia 
is symptomatic, a low glycaemic index diet, corn starch/ glycoside 
and acarbose may be efficacious. Dietary measures are particularly 
important in lipodystrophy, where they are crucial in preventing 
or improving dyslipidaemia and diabetes [22]. Some patients with 
lipodystrophy have benefitted from ‘metabolic surgery’ despite a 
normal body mass index, with remission of diabetes and reduc-
tion in serum triglycerides [23]. Adjunctive use of subcutaneous 
leptin in patients who have secondary leptin deficiency due to lack 
of adipose tissue has proved highly effective, especially in patients 
with generalized lipodystrophy [24]. Recombinant IGF1 or com-
posite preparations have some utility in severe insulin resistance 
[25]. Clinical management should be introduced based on clinical 
and biochemical criteria, and establishment of the genetic defect 
should not influence therapeutic decision making significantly. The 
FPLDs are minor exceptions to this: it is logical to suppose that use 
of potent thiazolidinedione PPARγ agonists in patients with PPARG 
mutations may be particularly efficacious; however, despite some 
evidence for this in the case of particular mutations and novel agon-
ists, this requires further study. Type B insulin resistance can be 
effectively treated with immunosuppressive regimens [9] . Many pa-
tients with severe insulin resistance require very high insulin doses 
and the use of concentrated insulin formulations and continuous 
subcutaneous insulin pump therapy is common. The incidence of 
early microvascular and macrovascular complications is high, espe-
cially in patients with lipodystrophy, and close attention should be 
paid to minimizing cardiovascular risk factors [10, 26]. The psycho-
logical burden of severe insulin resistance syndromes can be high, 
especially when there is severe hyperandrogenism and in patients 
with lipodystrophy, largely due altered body image [27], but also 
due to the burden of early complications.
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Cystic Fibrosis- Related Diabetes

Cystic fibrosis (CF) is an autosomal recessive disorder caused by 
gene mutations in the cystic fibrosis transmembrane regulator 
(CFTR) gene. CFTR is a chloride channel responsible for regula-
tion of salt and water across cell walls with mutations leading to in-
creased viscosity of secretions resulting in obstruction and fibrosis 
of organs including the pancreas [1] .

Survival rates for CF patients have increased but this has been as-
sociated with the development of complications, the commonest of 
which is CF related diabetes (CFRD). CFRD occurs in 20% of ado-
lescents and up to 50% of adults with CF. CFRD is associated with 
female gender, increasing age, exocrine pancreatic insufficiency, 
and corticosteroid usage. The median age for diagnosis of CFRD is 
between 18 and 21 years. CFRD has a significant impact on survival 
rates. Female CF patients with normal glucose tolerance survive up 
to 16 years longer than those with CFRD. Furthermore, CFRD is 
associated with reduced pulmonary function, an increase in acute 
exacerbations of pulmonary disease and poor nutritional status [2] . 
Effective treatment of CFRD improves pulmonary function [3].

CF leads to exocrine pancreatic failure in up to 85% of patients. 
Initially beta- cell function is preserved but there is progressive loss 
of beta-  and alpha- cell function. Initially, hyperglycaemia may be 
seen only at times of acute infection or when the patient is taking 
corticosteroids (due to associated insulin resistance). As beta- cell 
function reduces further postprandial hyperglycaemia (but normal 

fasting glucose) and finally CFRD with fasting hyperglycaemia 
occurs [4] .

CF patients should be screened annually from 10 years of age for 
CFRD [5] . The American Diabetes Association (ADA) does not rec-
ommend HbA1c for screening as it is unlikely to detect the early 
stages of glucose intolerance that are associated with declining pul-
monary and nutritional status of the patient [5]. In addition, HbA1c 
can be spuriously low in patients with CF owing to increased red cell 
turnover. The gold standard test for CFRD remains the oral glucose 
tolerance test (OGTT). The diagnostic criteria for diagnosing im-
paired glucose regulation in CF patients are the same as in the gen-
eral population but if pulmonary function is adversely affected the 
diagnosis of clinically significant glucose dysregulation may need 
to be individualized. The conventional 2- hour post glucose load 
OGTT may fail to detect relevant glucose rises between the glucose 
ingestion and the 2- hour sample. For this reason, in a person with 
CF who has no symptoms of diabetes and whose respiratory func-
tion is stable, an abnormal OGTT should be followed by a period of 
home blood glucose monitoring. Increasingly continuous glucose 
monitoring is used in such patients allowing for detailed examin-
ation of the abnormality in glucose regulation and tailoring of in-
sulin therapy [4, 5].

Patients with CFRD rarely develop macrovascular disease but 
patients are now surviving long enough to develop microvascular 
complications.

The aim of treating CFRD is to maintain/ improve lung function 
and nutritional status as well as reducing the risk of developing 
microvascular complications. Insulin treatment remains the main-
stay and is associated with improved pulmonary function and an in-
crease in body weight [4– 6]. For this reason insulin may be initiated 
in patients with CF and impaired glucose tolerance who are losing 
weight or who have a persistent decline in their lung function.

To maintain nutrition CFRD patients need an increased calorie 
intake compared to the non- CF population and dietary carbohy-
drate is recommended to comprise 40– 60% of the total energy in-
take [4] . While recommendations are for low glycaemic index and 
high fibre foods, in reality many CFRD patients, particularly those 
with poor nutritional status, rely on refined sugary food taken in 
regular quantities.

Insulin regimens need to be individualized based on the patient’s 
home blood glucose monitoring but the majority of patients with 
CFRD and fasting hyperglycaemia require a multiple dose regimen 
including a basal insulin. Balancing exocrine replacement therapy 
with nutritional intake and exogenous insulin replacement is com-
plex and patient education as well as regular review by a multi-
disciplinary team is essential to ensure adequate nutrition, attain 
diabetes control, and maintain respiratory function.

Pancreatitis

Acute pancreatitis, most commonly due to gallstones, is associated 
with transient hyperglycaemia in up to 50% of cases [7] . The se-
verity of hyperglycaemia is a prognostic indicator in patients with 
acute pancreatitis and is included in a number of disease severity 
scoring systems. Persistent hyperglycaemia after the acute episode 
is less common and is associated with the severity of the pancrea-
titis, obesity, male gender, older age, the presence of chronic liver 
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disease, hypertension, and a history of alcohol intoxication [8]. If 
surgical intervention is required for the acute episode of pancrea-
titis then the risk of diabetes is increased. Glucose tolerance should 
be assessed in all patients 3– 6  months after an episode of acute 
pancreatitis.

Chronic pancreatitis is an inflammatory disease of the pancreas 
initially affecting the exocrine pancreas which can, over time, im-
pact on endocrine pancreatic function [9] . The chronic inflamma-
tion results in fibrosis and in most cases later calcification. In the 
United Kingdom most cases chronic pancreatitis are associated 
with excess alcohol or are idiopathic. It is estimated that up to 60% 
of patients with calcific pancreatitis develop diabetes. Chronic pan-
creatitis, especially hereditary pancreatitis, is linked to the risk of 
developing pancreatic cancer.

Fibrocalculous pancreatic diabetes is due to a form of chronic 
pancreatitis seen only in developing countries and is not associated 
with alcohol excess [10]. It affects young adults and is character-
ized by abdominal pain due to intraductal pancreatic calculi and 
the development of exocrine and later endocrine pancreatic failure. 
The aetiology remains uncertain, but micronutrient deficiencies or 
possible toxins have been proposed. Despite the degree of pancre-
atic fibrosis, ketoacidosis is rare in those affected. There is a strong 
association with pancreatic cancer.

Patients with chronic pancreatitis from any cause who develop 
diabetes are at risk of developing diabetes complications.

The treatment of diabetes secondary to chronic pancreatitis 
is complex as patients are susceptible to greater glucose vari-
ability and are more prone to iatrogenic hypoglycaemia given as-
sociated hypoglucagonaemia which results in reduced hepatic 
gluconeogenesis. This is often compounded by poor nutrition and 
malabsorption associated with failure of the exocrine pancreas and 
the limitations of pancreatic exocrine replacement therapy [11]. 
Continued alcohol excess can lead to further glycaemic instability.

Oral glucose lowering agents may be tried initially provided there 
is adequate beta- cell reserve but the choice of agents is limited. These 
patients are often malnourished and underweight so metformin is 
not favoured. With the continued uncertainty around the risk of 
pancreatitis with incretin- mimetic agents and DPP4 inhibitors they 
are best avoided in this group of patients. Similarly, SGLT2 inhibitors 
should be avoided in view of the possibility of progressive insulin 
deficiency and risk of developing normoglycaemic ketoacidosis. 
Sulphonylureas may be effective but long- acting sulphonylureas 
should be used with caution given the increased risk of hypogly-
caemia. Insulin remains the mainstay of treatment for these pa-
tients. This may initially be with prandial fast acting insulin but as 
beta- cell function declines multiple daily insulin doses are needed.

Pancreatic Cancer

Pancreatic cancer is a devastating disease and the fourth commonest 
cause of cancer- related mortality in men in the United States [12]. 
The relationship between pancreatic cancer and diabetes is com-
plex and two- way. Patients with pancreatic cancer develop diabetes, 
with up to 50% of patients with a new diagnosis of pancreatic cancer 
having associated hyperglycaemia. Conversely, patients with type 2 
diabetes are at increased risk of developing pancreatic cancer [13].

The pathophysiology of developing diabetes with pancreatic 
cancer is far from clear. Although reduced beta- cell mass secondary 
to tumour- related pancreatitis and fibrosis has been proposed, islet 
loss may not be sufficient to fully account for pancreas cancer asso-
ciated diabetes. Other possible factors include a shared association 
with obesity and insulin resistance, impairment of incretin secre-
tion or earlier loss of beta-cells compared to alpha cells [14].

Haemochromatosis

Primary haemochromatosis is an autosomal recessive condition as-
sociated with the HFE gene. Patients with primary haemochroma-
tosis chronically absorb iron in excess from the small bowel and 
the excess iron is deposited in a number of organs, including the 
pancreas. Identification of the HFE gene has allowed the recogni-
tion of milder forms of the disease so the incidence of associated 
diabetes has fallen over the years from 75% of cases to around 15% 
dependent on the degree of iron overload [15]. Diabetes is caused 
by progressive pancreatic fibrosis and other factors and is often pre-
sent at the diagnosis of severe iron overload.

Diabetes in patients with haemochromatosis is associated with 
micro-  and macrovascular complications and most patients require 
insulin therapy. Regular venesection to reduce the iron overload is 
associated with improvements in glycaemic control.

Secondary haemochromatosis occurring in patients with haem-
atological conditions requiring frequent blood transfusions is also 
associated with diabetes.

Diabetes secondary to pancreatic disease is commonly seen and 
can present complex management problems which are best man-
aged by a multidisciplinary team. Treating the underlying condition 
as well as the associated hyperglycaemia is essential.
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Acromegaly

Acromegaly is a rare condition usually caused by a pituitary 
somatotroph adenoma. It is estimated that up to 40% of patients 
with acromegaly may develop diabetes and that 20% of patients 
develop diabetes prior to the diagnosis of acromegaly being made. 
Diabetes is most likely to occur in those individuals with higher 
growth hormone (GH) and IGF- 1 levels, older individuals, those 
that have had the condition untreated for longer and also where 
there is a family history of type 2 diabetes. The development of dia-
betes in the context of acromegaly may also be associated with an 
adverse mortality outcome. Diabetes is often diagnosed as part of 
the diagnostic work- up during an oral glucose tolerance test when 
glucose excursions can be measured alongside assessing the ability 
of a glucose load to suppress GH levels. Formal assessment of glu-
cose tolerance should be made in all patients with acromegaly.

Insulin resistance, despite the relatively lean phenotype of pa-
tients with acromegaly, is thought to be the major underlying patho-
physiological mechanism driving the development of diabetes. 
Fasting insulin levels are usually elevated and there is impaired glu-
cose disposal. In addition, GH is able to stimulate gluconeogenesis 

further contributing to elevations in blood glucose. Insulin defi-
ciency and diabetic ketoacidosis are rarely seen [1] .

The aims of treating diabetes in patients with acromegaly 
are not different to those of treating type 2 diabetes in isolation. 
Normoglycaemia, with restoration of normal insulin and C- peptide 
levels, can be achieved with normalization of IGF- 1 and GH levels 
following pituitary surgery and occurs in up to 60% of cases.

The use of somatostatin analogues, either as primary therapy or 
postoperatively, can both improve insulin sensitivity (as a result of 
lowering IGF- 1 and GH levels) but these also impair insulin secre-
tion. As a consequence, they can have a variable impact on glucose 
homeostasis, but are often reported to have no overall impact on 
glucose tolerance [2] . However, close monitoring of glycaemic con-
trol is advocated. Second- generation somatostatin analogues which 
possess broader somatostatin receptor activity have a more detri-
mental impact on glycaemic control. This is thought to arise as a 
result of a more profound inhibitory action impairing insulin re-
lease within the pancreatic islet. In patients who respond clinically 
to somatostatin analogues, but who have coexistent diabetes, man-
agement should be according to current type 2 diabetes consensus 
guidelines. Agents which stimulate insulin secretion have been used 
effectively as have GLP- 1 analogues, insulin, and insulin analogue 
therapy. There are limited clinical data available, but the novel GH 
receptor ligand, pegvisomant, does not appear to worsen, and actu-
ally may improve glycaemic control.

Cushing’s Syndrome

Cushing’s syndrome is defined by circulating glucocorticoid excess 
due to a pituitary tumour secreting adrenocorticotropic hormone 
(ACTH) (Cushing’s disease); secondary to ectopic ACTH secretion; 
from an adrenal adenoma or rarely carcinoma. However, the com-
monest cause of Cushing’s syndrome is medically prescribed gluco-
corticoids; currently it is estimated that 2– 3% of the population are 
prescribed glucocorticoid therapy.

The prevalence of altered glucose homeostasis in Cushing’s 
syndrome is as high as 90%. Overt type 2 diabetes may be pre-
sent in almost 50% of cases and glucose intolerance in up to 30% 
[3] . Fasting glucose is more variable, and can be normal in those 
with diabetes, notably in those with iatrogenic Cushing’s syn-
drome due to prescribed glucocorticoids. Diabetes is more com-
monly seen in patients with ectopic ACTH secretion who often 
present with severe and rapidly progressive disease, although the 
correlations between circulating glucocorticoid levels and abnor-
malities of glucose homeostasis are variable, probably reflecting 
interindividual variability in the susceptibility to the adverse ef-
fects of glucocorticoids.

The mechanisms underpinning glucocorticoid- induced diabetes 
and impaired glucose tolerance are complex, but hepatic and per-
ipheral insulin resistance are thought to be crucial. Fasting glucose 
and insulin levels are elevated in comparison with age- , sex- , and 
BMI- matched controls. Insulin resistance is thought to be driven, 
at least in part, through elevated circulating free fatty acid levels 
which inhibit skeletal muscle and hepatic insulin signalling. In add-
ition, elevated circulating glucocorticoid levels can impair insulin 
secretion.
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Although surgical and pharmacological treatment of Cushing’s 
syndrome to decrease circulating glucocorticoid levels are asso-
ciated with improvements in glucose homeostasis, the impact of 
Cushing’s syndrome on glucose metabolism can persist for long 
after the normalization of circulating glucocorticoid levels. As with 
acromegaly, the second- generation somatostatin analogues with 
broad receptor affinity can worsen glycaemic control in patients 
with Cushing’s disease and therefore close monitoring of glycaemic 
control in these patients is needed [4] .

There are currently no established guidelines for the treatment of 
diabetes associated with glucocorticoid excess. All treatment mo-
dalities including insulin therapy, sulphonylureas, GLP- 1 receptor 
analogues, and DPP4 inhibitors have been used. The decision to use 
a specific strategy will rely upon both the degree of impaired glu-
cose metabolism as well as the urgency with which glycaemic con-
trol is needed [5] .

Hyperaldosteronism

Primary hyperaldosteronism is commonly associated with features 
of the metabolic syndrome. Insulin sensitivity is reduced in patients 
with primary hyperaldosteronism in comparison to those patients 
with essential hypertension. Aldosterone is able to induce insulin 
resistance in a variety of metabolic target tissues including muscle 
and adipose tissue. In addition, there is also evidence to suggest 
that aldosterone can impair insulin secretion. Mineralocorticoid re-
ceptor antagonism and surgical removal of an aldosterone secreting 
adenoma have resulted in improvements in insulin sensitivity and 
glucose handling in some, but not all, studies [6] .

Hypo-  and Hyperthyroidism

Both hypo-  and hyperthyroidism are associated with glucose in-
tolerance driven by both impaired insulin secretion and insulin 
resistance. Furthermore, the development of hyperthyroidism may 
worsen established glucose intolerance or type 2 diabetes.

While the underlying autoimmune aetiology underpins the asso-
ciation between thyroid disease and type 1 diabetes, the association 
with type 2 diabetes is more complex. Thyroid hormones have been 
shown to regulate key elements of carbohydrate metabolism, how-
ever, variability in glucose control is also associated with increased 
thyroid- stimulating hormone (TSH) levels which normalize once 
glucose control is optimized [7] .

The mechanisms underpinning these observations have largely 
been explored in cellular and rodent models. Muscle glucose up-
take is impaired in subclinical and overt hypothyroidism and 
hyperthyroidism (subclinical and overt) is associated with in-
creased gluconeogenesis and impaired glycogen synthesis [8] . 
Thyroid hormones have been shown to increase the expression of 
phosphoenolpyruvate carboxykinase (PEPCK), the rate- limiting step 
in gluconeogenesis. In addition, hyperthyroid- associated hepatic in-
sulin resistance is driven via central mechanisms originating within 
the hypothalamus altering sympathetic stimulation of the liver [9].

The management of impaired glucose homeostasis and diabetes 
in the context of thyroid dysfunction is not different to those pa-
tients without coexistent thyroid disease.

Phaeochromocytoma

Phaeochromocytomas and paragangliomas synthesize the catechol-
amines norepinephrine, epinephrine, and less frequently dopamine, 
either in isolation or in combination. Increasingly, these tumours 
are being recognized as part of hereditary syndromes rather than 
sporadic occurrences. The prevalence of abnormal glucose hand-
ling is highly variable and may occur in up to 75% of cases, but 
overt type 2 diabetes is relatively rare. Catecholamines inhibit in-
sulin secretion and this is thought to be the main factor driving the 
development of diabetes although insulin resistance, increased hep-
atic glucose output, increased glycogenolysis and increased intes-
tinal glucose absorption may all have a role to play [10, 11]. Diabetic 
ketoacidosis has been reported in a very small number of cases of 
phaeochromocytomas. Adrenoceptor blockade can improve both 
insulin secretion and glucose tolerance although even after surgical 
intervention, abnormalities in glucose homeostasis may persist.

Other Neuroendocrine Tumours

Glucagonoma and somatostatinoma are very rare neuroendocrine 
tumours. Patients with glucagonoma can present with a constel-
lation of symptoms that include diabetes (in up to 70% of cases), 
necrolytic migratory erythema, weight loss, stomatitis, anaemia, 
venous thromboembolic disease, neuropsychiatric disturbances, 
and diarrhoea [12].

Approximately 75% of patients with pancreatic somatostatinoma 
develop diabetes (contrasting with 10% of patients who have intes-
tinally located tumours). In addition to the direct impact of local 
somatostatin excess and its impact upon insulin secretion, replace-
ment of functional endocrine pancreatic tissue may contribute to the 
high prevalence of impaired glucose handling in this group [13]. The 
abnormalities in glucose homeostasis are often relatively mild and 
oral hypoglycaemic agents or insulin can be used therapeutically.

Diabetes is commonly associated with many other endocrine 
conditions. While the principles of management may not differ 
(and include treating the underling endocrine disease), the funda-
mental importance lies in making the diagnosis so that appropriate 
treatment can be instigated without delay.
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Epidemiology

Globally, 17% of women have hyperglycaemia in pregnancy and 
16% of these women have pre- existing diabetes [1] . The prevalence 
of T2D and gestational diabetes (GDM) in pregnancy is increasing 
and varies substantially between ethnic groups and locations [1]. The 

increase in GDM is accompanied by rising rates of maternal over-
weight and obesity, and excessive gestational weight gain. Obesity 
may further complicate pregnancy by increasing the risk of fertility 
problems, excess fetal growth, and maternal hypertensive disorders.

Physiology

There is a normal physiological adaptation of maternal metabolism 
during pregnancy to ensure growth and development of the fetus. 
This involves a greater fall in plasma glucose and amino acids, and 
a greater rise in free fatty acids in response to overnight fasting than 
in the non- pregnant state (‘accelerated starvation’). This is associ-
ated with increased hepatic insulin resistance. In later pregnancy, 
a progressive rise in postprandial glucose and its associated insulin 
response, associated with decreased peripheral insulin sensitivity, 
parallels the growth of the fetal placental unit and rapidly reverses 
after delivery. This ‘facilitated anabolism’ brings about changes in 
carbohydrate, amino acid, and lipid metabolism, to ensure adequate 
nutrients for the developing fetus.

Pathophysiology

Women who lack the necessary beta- cell reserve, either absolutely, 
as in T1D, or relatively, as in T2D or GDM, still have normal physio-
logical adaptation of carbohydrate, protein, and fat metabolism. 
Pregnant woman with T1D require sufficient insulin to compensate 
for increasing caloric needs, increasing adiposity, decreasing exercise, 
and increasing anti- insulin hormones. The insulin dose to maintain 
normoglycaemia and prevent maternal ketosis may increase up to 
threefold during pregnancy in T1D, and women with T2D will usu-
ally require insulin treatment in pregnancy, often at high doses often 
related to obesity and physical inactivity. An understanding of these 
underlying pathophysiological mechanisms is necessary for the suc-
cessful management of these women during pregnancy.

Definitions

Internationally agreed definitions of T1 and T2D apply during preg-
nancy. Screening for overt diabetes in early pregnancy should be 
performed for those at high risk. The physiologic adaptations of 
pregnancy, however, affect fasting and 2- hour plasma glucose values 
as well as HbA1c. This suggests the need for more specific diag-
nostic criteria pertaining to pregnancy.

GDM is defined as carbohydrate intolerance with onset or first 
recognition during pregnancy, though its definition remains con-
troversial. A fundamental challenge is that the relationship between 
maternal hyperglycaemia and adverse pregnancy outcome appears 
to be continuous. Traditionally, two different schemes have been 
employed. Both involve an oral glucose tolerance test (OGTT), but 
differ in the glucose load and interpretation.

The Hyperglycaemia and Pregnancy Outcome (HAPO) trial was 
a multicentre, multicultural, prospective observational study that 
examined whether maternal hyperglycaemia, short of diabetes, is 
associated with adverse maternal fetal outcome [1] . The study com-
prised 25 000 women who underwent a 75 g OGTT at ~28 weeks’ 
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gestation with clinicians blinded to the results, unless the fasting 
glucose was >5.8  mmol/ L or the 2- h was >11.1  mmol/ L. The re-
sults demonstrated a continuum of risk, without clear thresholds, 
between each of the OGTT glucose measures (fasting, 1 hour, 
and 2 hours post- glucose load) and each of the four primary out-
comes: macrosomia, primary caesarean section, neonatal hypogly-
caemia, and fetal hyperinsulinism [1].

Different GDM diagnostic criteria continue to be endorsed by 
various international guidelines (Table 15.10.5.1) which reflect the 
controversy in this area. The glycaemic threshold values chosen 
from the HAPO data are consistent with an odds ratio of 1.75 for 
large- for- gestational- age, high neonatal body fat, elevated cord 
blood C- peptide, or a combination of these, compared to reference 
glucose values. Thirteen per cent (13%) of the total group had one 
or more values greater than or equal to the threshold.

The UK NICE guidelines recommended a diagnosis of GDM for 
women with a more severe glycaemic disturbance. Their diagnostic 
criteria suggest a fasting blood glucose of ≥5.6 mmol/ L or a 2- hour 
blood glucose of ≥7.8 mmol/ L with a 2- hour 75 g OGTT [2, 3].

Screening for Diabetes in Pregnancy

There is again a lack of international agreement in this area. 
Some authorities have recommended universal or selective 
screening, while others advocate screening only women with 
risk factors for GDM. In North America, screening traditionally 
has been based on a 50 g 1- hour non- fasting glucose challenge 
test [4] . In the UK, NICE guidelines recommend screening 
women with a 75 g OGTT who have any of the following risk 
factors [4]:

 • BMI >30 kg/ m2
 • Previous baby with macrosomia (birth weight ≥4.5 kg)
 • Previous GDM
 • First- degree relative with diabetes
 • Family origin with high prevalence of diabetes (South Asian, 

black Caribbean, and Middle Eastern)

Management

Pre- Gestational Diabetes in Pregnancy

Pre- Pregnancy Care

Pre- pregnancy care includes counselling about pregnancy and safe, 
effective contraception as well as additional care to prepare women 

for pregnancy. It has been associated with improvements in both 
pregnancy preparation and pregnancy complications including a 
reduction in serious adverse outcomes [5] . Despite these data, less 
than half of women attend specialized pre- pregnancy care clinics. 
Women with T2D are less likely to receive formal pre- pregnancy 
care than those with T1D [6].

The education of, and discussion with, women of reproductive 
age about pregnancy and contraception is an essential component 
of every diabetes consultation. Ideally, prepregnancy care should 
begin at least 6 months before stopping contraception and include 
advice and discussion on the following:

 • Continued adherence with safe effective contraception until opti-
mization of glycaemic control

 • Individualized glycaemic targets
 • Importance of periconception glucose control to pregnancy out-

comes including congenital malformations and stillbirth
 • The risk of hypoglycaemia and instruction of family members in 

use of glucagon
 • Assessment of microvascular complications with referral and 

treatment as appropriate
 • Review of medications, smoking, alcohol consumption
 • Folic acid supplementation (5 mg daily)
 • Advice on early referral mechanisms as soon as pregnancy is 

confirmed

Provision of Pregnancy Care

Specialized interdisciplinary teams operating in a secondary or 
tertiary care setting is a commonly adopted model for the care of 
women with diabetes. Members of the team include a diabetologist, 
obstetrician, a diabetes specialist nurse, dedicated dietitian, and a 
diabetes- trained midwife. Review is usually fortnightly and women 
are often seen weekly as term approaches.

Nutrition

A healthy lifestyle consisting of a well- balanced diet and moderate 
physical activity should be encouraged with the aim of limiting 
post- meal glucose excursions and preventing hypoglycaemia be-
tween meals. Low glycaemic- index foods help to achieve this (5). 
Individual advice around appropriate carbohydrate intake and in-
sulin adjustment is essential.

Obesity in pregnancies continues to be common in GDM and 
T2D pregnancies but has also become a substantial concern in 
T1D with over half of all pregnant women with type 1 diabetes 
entering pregnancy overweight or obese [7,  8]. Therefore, weight 
management may be an important part of dietary counselling both 

Table 15.10.5.1 Definitions of gestational diabetes mellitus based on a 75 g oral glucose tolerance test

Fasting plasma glucose 1 h plasma glucose 2 h plasma glucose

World Health Organization diagnostic criteria

Any of the following are met or exceeded 5.1– 6.9 mmol/ L (92– 125 mg/ dl) ≥ 10.0 mmol/ L (180 mg/ dl) 8.5– 11.0 mmol/ L (153– 199 mg/ dl)

International Association of Diabetes and Pregnancy Study Group

Any of the following are met or exceeded 5.1 mmol/ L (92 mg/ dl) 10.0 mmol/ L (180 mg/ dl) 8.5 mmol/ L (153 mg/ dl)

National Institute for Health and Care Excellence (NICE) UK Guidelines

Any of the following are met or exceeded 5.6 mmol/ L (100 mg/ dl) – 7.8 mmol/ L (140 mg/ dl)
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before and during pregnancy. Appropriate weight targets should be 
based on the woman’s pre- pregnancy weight. The following gesta-
tional weight gain targets are recommended over pregnancy: BMI 
<18.5 kg/ m2 13– 18 kg, BMI 18.5– 24.9 kg/ m2 11– 16 kg, BMI 25– 
29.9 kg/ m2 7– 11 kg, >30.0 kg/ m2 5– 9 kg [9] .

Glycaemic Control

In T1D, blood glucose should be measured up to eight times daily 
(before and after each meal, at bedtime, and, intermittently, over-
night). Continuous glucose monitoring (CGM) should be offered to 
all pregnant women with T1D. Evidence for this is from a landmark 
international randomized trial which found improvement in not 
only maternal glycaemic control (increased time spent in- target- 
glucose- range) but also a halving of the odds ratio for large- for- 
gestational age, neonatal hypoglycaemia, neonatal intensive care 
unit admissions and a shorter neonatal length of hospital stay [5] . 
In T2D, blood glucose should generally be tested at least four times 
a day but may vary based on treatment strategy.

Treatment targets for women should be individualized and in-
clude an assessment of the risk of hypoglycaemia. Women with 
pre- gestational diabetes should generally target an HbA1c of <6.5% 
prior to and early in pregnancy. Self- glucose monitoring is essential 
and women should aim for a fasting glucose of <5.3 mmol/ L and a 1 
hour postprandial glucose of <7.8 mmol/ L or a 2 hour postprandial 
glucose of <6.4 mmol/ L [10]. Any strategy for intensive glycaemic 
control must constantly be balanced against the risk of maternal 
hypoglycaemia.

Intensive insulin therapy is the standard of care for women with 
T1D and many with T2D. This can be in the form of multiple dose 
injection (MDI) insulin regimen or the insulin pump. MDI usu-
ally comprises a short- acting insulin taken before meals and an 
intermediate-  or long- acting insulin taken daily or twice a day. 
There are no randomized controlled trial data to suggest that insulin 
pump therapy is superior to MDI for most women, but its selected 
use in experienced centres with motivated patients may be appro-
priate. Insulin pump therapy can be combined with CGM (sensor 
augmented pump therapy) and increasing degrees of automation 
from low glucose suspend to hybrid closed- loop systems, whereby 
basal insulin delivery in fully automated but manual pre- meal bo-
luses are still required.

Gestational Diabetes Mellitus

Women with GDM are typically diagnosed during screening or 
through a diagnostic OGTT around at 24– 28 weeks’ gestation. 
Treatment for GDM has been shown to decrease preeclampsia, fetal 
overgrowth and shoulder dystocia in large randomized controlled 
trials and meta- analyses [11].

Medical nutritional therapy with regular review of blood glucose 
results and fetal growth is successful in controlling hyperglycaemia 
in most women with GDM [10]. For women who are not reaching 
target glucose with diet  alone, pharmacologic therapy should be 
considered. After a discussion of risks and benefits, metformin 
can be offered to women in whom insulin therapy may be avoided. 
Insulin treatment should be offered if metformin therapy is un-
acceptable, contraindicated, or in women with more severe gly-
caemic disturbances [5] . While not considered first line, NICE 
Guidelines suggest that glibenclamide may be considered if women 
decline insulin therapy and are not achieving glycaemic targets with 

metformin and/ or cannot tolerate metformin [12]. Metformin, un-
like glibenclamide, crosses the placenta and caution is necessary 
until safety in the first trimester has been evaluated more fully. 
Glibenclamide needs to be administered at least 30– 60 minutes be-
fore eating for optimal postprandial glucose control which is often 
impractical.

Diabetic Complications in Women 
with Pre- Existing Diabetes

When counselling a woman with advanced diabetic complications 
about pregnancy, the risks both to herself and to the fetus must be 
considered. The development or progression of retinopathy, neph-
ropathy, or autonomic neuropathy during pregnancy may present 
major management challenges and require close collaboration be-
tween multidisciplinary colleagues. Diabetic ketoacidosis is a ser-
ious concern, and every mother should be instructed to monitor 
ketones and seek urgent advice if needed. Early pregnancy is a 
high- risk time for severe hypoglycaemia (defined as hypoglycaemia 
requiring third party assistance) and strategies to avoid and treat 
hypoglycaemia must be discussed.

Obstetric Surveillance

The goal of obstetric surveillance is to identify fetuses at risk, in 
order to intervene in a timely and appropriate fashion to reduce 
perinatal morbidity and mortality. Given the limitations of the 
available tests and lack of rigorous randomized controlled trials, all 
protocols used for fetal surveillance are empirical and have limi-
tations. The UK NICE Guideline recommends ultrasound moni-
toring of fetal growth and amniotic fluid volume every 4 weeks from 
28 to 36 weeks, and individualized monitoring of fetal wellbeing for 
women at risk of intrauterine growth restriction (IUGR) such as 
women with macrovascular disease or nephropathy [13, 14].

Labour and Delivery

The primary objectives are to avoid stillbirth and the complica-
tions of obstructed labour or shoulder dystocia associated with 
fetal overgrowth. Consequently, Caesarean section rates for women 
with pre- existing diabetes in most parts of the world are >50% [5] . 
Iatrogenic prematurity has resulted in high rates of admission to 
neonatal intensive care particularly following T1D pregnancies 
(Table 15.10.5.2) [5].

An individualized approach to the timing and mode of delivery 
is essential. Many factors need to be taken into consideration, 
including glycaemic control, diabetes complications, past obstetric 
history, fetal growth, and the availability of healthcare resources in 
labour.

The management of labour should follow standard practice as for 
women without diabetes. The treatment of diabetes during labour 
should follow an established protocol in a dedicated centre with a 
neonatal care unit equipped to deliver the highest level of care.

Most clinical practice guidelines recommend achieving a ma-
ternal blood glucose of 4– 7  mmol/ L during labour and delivery 
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to minimize risk of neonatal hypoglycaemia [5] . Hourly capillary 
glucose measurements are essential for safety and to guide insulin 
adjustment. For women with T1D, insulin delivery is usually either 
via intravenous insulin infusion or subcutaneous insulin pump. 
Some women with insulin- treated T2D and GDM may also require 
intravenous insulin. For women with diet- controlled GDM, glucose 
should be monitored every 1– 2 hours once labour is established, 
with the aim of keeping glucose levels <7  mmol/ L. If this is not 
achieved, an insulin/ glucose infusion may be required.

Diabetes Management Immediately Postpartum

Because of the dramatic increase in insulin sensitivity following the 
delivery of the placenta, all women with diabetes in pregnancy will 
require treatment adjustment postpartum. For women with GDM, 
insulin is discontinued immediately following delivery. Glucose 
monitoring should continue for several days to ensure a return of 
blood glucose values to the normal range. These women should be 
booked for an assessment of glucose tolerance and review approxi-
mately 6– 12 weeks after delivery.

Women with pregestational diabetes should be counselled 
that postpartum glycaemic targets are less stringent (typically 6– 
10 mmol/ L) and that the risk maternal hypoglycaemia during this 
period is high [3] . Mothers with T2D previously on oral hypogly-
caemic agents can typically discontinue insulin. Metformin and 
glibenclamide are used, often at lower doses, while breastfeeding. 
However, all other oral hypoglycaemic agents should be avoided. If 
blood glucose levels remain consistently above target, insulin may 
be required. For insulin- treated women with pregestational dia-
betes, a large decrease (typically a 50% reduction) in insulin doses 
immediately postpartum is required. Dose adjustments should be 
individualized and based on previous insulin doses and risk of ma-
ternal hypoglycaemia.

The benefits of breastfeeding to both mother and infant are well- 
recognized [15]. In addition to the overall benefits of breastfeeding, 
women with diabetes may have additional short-  and long- term ad-
vantages for both mother and offspring including a decreased risk 
of developing type 2 diabetes following GDM [2] .

Contraception

Safe effective contraception should be discussed with all women 
with diabetes who may become pregnant. Important consider-
ations when choosing contraception include:  decision to breast-
feed, failure rates, patient preference, and cardiovascular risk. 
Long- acting reversible contraception methods including proges-
terone implants and intrauterine contraceptive devices (IUCD) 
are particularly suited to women who do not wish to become preg-
nant within the next 1– 2 years. Uncomplicated diabetes generally 
does not limit contraceptive choice [5] . Women with longstanding 
diabetes, hypertension, microvascular, or cardiovascular compli-
cations, and possibly women who smoke cigarettes and/ or have a 
BMI of ≥35 kg/ m2, should consider progesterone- only long- acting 
reversible contraception methods (injections, implants, or IUCD) 
although all contraception options may be safer than an unplanned 
pregnancy in high- risk women.

Postpartum Considerations

All women should be reviewed at 6– 7 weeks after delivery, with fur-
ther counselling regarding contraception and possible pregnancy 
planning. Women with pre- gestational diabetes are referred back to 
their pre- pregnancy care providers. Women with GDM are offered 
a 75 g OGTT after 6– 12 weeks.

GDM is a recognized risk factor for the future development of 
GDM with subsequent pregnancies, T2D, and cardiovascular dis-
ease. In addition, risk factors for the development of GDM are 
similar to those for T2D and metabolic syndrome. The postnatal 
visit, therefore, provides a unique opportunity to offer specific 
lifestyle advice, to screen for cardiovascular factors, and remind 
women of the need for early referral for future pregnancies. Those 
with normal or impaired glucose tolerance should have annual dia-
betes screening in the community.

Long- Term Outcomes

There is now increasing recognition that offspring of women with 
diabetes (whether T1D, T2D, GDM, or maturity- onset diabetes of 
the young) during pregnancy are at increased future risk of diabetes, 
obesity, and cardiovascular disease [5] . Since these risk factors de-
velop early in life, they place the offspring of women with diabetes 
at risk throughout adulthood. The major public health challenge is 
to break this vicious cycle by the prevention of diabetes until after 
women have completed their pregnancies and, possibly, also by 
better control of diabetes during pregnancy.
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Depression

Epidemiology

Depression is a mental state of pervasive low mood with little to 
no enjoyment, causing a marked deterioration in function. Early 
studies using self- rated questionnaires in T1D populations sug-
gested rates of depression of around 15%, and recent studies using 
standardized clinical interview estimate rates that are twice as fre-
quent as the general population [1– 3]. Depressive symptoms have 
been linked to worse glycaemic control, morbidity, including acute 
admissions, and premature mortality [4– 7].

Assessment and Management

For some clinicians not working in mental health there is some-
times a difficulty in discerning the mental state of a chronic intract-
able low mood from an existential sadness through the experience 
of living with T1D. However, from a health resources perspective 
it is useful that a referring clinician is able to draw the distinction 
thorough clinical assessment prior to referral for treatment.

For full ICD diagnostic criteria of depression see Table 15.11.2.1 
in Chapter 15.11.2, ‘Type 2 Diabetes and Psychiatry’. People with 
depression feel persistently low with reduced enjoyment of everyday 
activities. Psychological symptoms emerge from this profound sense 
of sadness leading to negativity in all aspects of thinking including 
perception of self, surroundings, and future and some patients will 
wish to be dead and some will make active plans to end their life.

Physical symptoms of depression include tiredness, decreased 
concentration and disturbed sleep, an alteration in eating habits 

either markedly increased or decreased, and loss of sex drive. 
However, these can be confused with the physical symptoms of 
T1D and vice versa. For example, prolonged hyperglycaemia can 
cause dehydration and fatigue and diabetes late complications im-
pair quality of life, which will in turn impact on mood.

One can quickly see how depression could affect a person’s ability 
to self- manage a condition where motivation and consistency is 
key to achieving glycaemic control— when there has been a marked 
change in a person’s diabetes management, consideration of an 
underlying depressive illness is appropriate and necessary.

When using standardized psychological tools in screening for 
depression, an understanding of the co- occurrence of diabetes dis-
tress is important and therefore a tool such as the Hospital Anxiety 
and Depression Scale alongside the Diabetes Distress Scale is ap-
propriate [8, 9].

Treatment of depression alongside type 1 diabetes follows the 
same pathway as with people without a chronic health condition 
according to current guidance. In milder presentations a watch, 
wait, and review policy is employed alongside advice on self- help 
literature and psychoeducation around the condition, the import-
ance of activity and connectedness to others. Management will gen-
erally take place in primary care though a clear plan is necessary for 
more intensive treatment to be activated if improvement does not 
occur relatively quickly or diabetes management becomes clearly 
affected, evidenced by worsening glycaemic control or acute admis-
sions. More intensive treatment is required in moderate to severe 
presentations with psychological interventions and/ or antidepres-
sants in the form of selective serotonin reuptake inhibitors (SSRIs). 
Where treatment is not provided within the diabetes service, liaison 
is required between mental health and physical health clinicians, 
particularly when insulin omission is prominent and where DKA 
has occurred.

Anxiety Disorders

Epidemiology

Anxiety disorders are a collection of mental health conditions where 
the most prominent aspect of the presentation is heightened anxiety 
coupled with physical symptoms of stress response, namely tachy-
cardia, sweating, and increased respiratory rate. Incidence of anx-
iety disorders in T1D is approximately 7– 9%, more than double that 
in the background population, though caution is again necessary in 
diagnosis due to the overlapping symptoms of ‘diabetes distress’ and 



SECTION 15 Diabetes Mellitus2116

with the majority of studies largely focused on people with type 2 
diabetes [10– 12].

Assessment and Management

Anxiety disorders divide largely into three categories, those where anx-
iety is consistently present, those where there are discreet episodes of 
heightened anxiety without anxiety in between and those where there 

is background anxiety and overlapping intense episodes. Often these 
conditions are comorbid with depression and presence of heightened 
anxiety indicates the need to assess for underlying depression.

Generalized anxiety disorder is a chronic anxiety state character-
ized by persistent ‘free- floating’ anxiety, not particularly focused on 
a specific situation or concern, but pervasive and all- encompassing 
with inability to feel relaxed or at ease. Physical manifestations can 

Table 15.11.1.1 Outlining the personality disorder diagnoses using ICD- 10 Criteria

Personality disorder cluster Personality disorder diagnosis ICD- 10 Criteria

A Paranoid ICD- 10 F60.0
 • Excessive sensitivity to setbacks
 • Unforgiving of others
 • Suspiciousness and jealousy
 • Combative
 • Sense of personal rights
 • May be excessive self- importance, and there is often excessive self- reference

Schizoid PD ICD- 10 F60.1
 • Withdrawal from affectional, social, and other contacts
 • Preference for fantasy, solitary activities, and introspection
 • Limited capacity to express feelings and to experience pleasure

B Dissocial PD ICD- 10 F60.2
 • Disregard for social obligations
 • Callous unconcern for others
 • Gross disparity between behaviour and the prevailing social norms
 • Behaviour is not readily modifiable by adverse experience, including punishment
 • Low frustration tolerance
 • Low threshold for discharge of aggression, including violence
 • Tendency to blame others

Emotionally unstable personality 
disorder (PD)

ICD- 10 F60.3
 • Act impulsively without consideration of consequences
 • Unpredictable mood
 • Liability to outbursts of emotion and an incapacity to control the behavioural explosions
 • Quarrelsome
 • Two subtypes: (1) impulsive type, characterized predominantly by emotional instability 

and lack of impulse control; (2) borderline type, characterized in addition by disturbances 
in self- image, aims, and internal preferences, chronic feelings of emptiness, intense and 
unstable interpersonal relationships, and a tendency to self- destructive behaviour, including 
suicide gestures and attempts

Histrionic PD ICD- 10 F60.4
 • Shallow and labile affectivity
 • Self- dramatization and theatricality
 • Suggestibility
 • Egocentricity
 • Lack of consideration for others
 • Easily hurt feelings
 • Continuous seeking for appreciation, excitement, and attention

C Anankastic PD ICD- 10 F60.5
 • Feelings of doubt
 • Perfectionism
 • Excessive conscientiousness,
 • Checking and preoccupation with details
 • Stubbornness, caution, and rigidity

Anxious ICD- 10 F60.6
 • Constant tension and apprehension
 • Insecurity and inferiority
 • Continuous yearning to be liked and accepted
 • Hypersensitivity to rejection and criticism with restricted personal attachments, and a 

tendency to avoid certain activities by habitual exaggeration of the potential dangers or 
risks in everyday situations

Dependent ICD- 10 F60.6
 • Passive reliance on other people
 • Fear of abandonment
 • Feelings of helplessness and incompetence
 • Compliance with the wishes of others
 • Weak response to the demands of daily life
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include unsteadinesss walking, trembling, and light- headedness— 
symptoms which can be related to T1D or its therapy. Symptomatic 
anxiety disorder may also be misinterpreted as symptoms of hypo-
glycaemia or neuropathy (e.g. numbness).

Often this constant worry will lead to avoidance behaviour to 
prevent anxiety, potentially resulting in functional impairment (e.g. 
in work, relationships, social life). This may include avoidance of 
diabetes self- management tasks.

Panic disorder is the experience of intermittent episodes of ex-
tremely intense anxiety. Although these episodes may be triggered 
by specific situations such as getting on a bus or being in a crowded 
place, or in the diabetes context fear that one is becoming hypogly-
caemic, they often emerge ‘out of the blue’. During a ‘panic attack’ the 
person feels suddenly intensely fearful, about to die, and consequent 
adrenal activity leads to tachycardia, sweating, and hyperventilation, 
symptoms also experienced in the adrenergic response to hypogly-
caemia, again emphasizing the importance of a detailed history.

Anxiety disorders may impact on type 1 diabetes where many 
of the health behaviours required could evoke emotion. Specific 
phobias can occur around finger prick blood tests or self- injection 
of insulin and can lead to problematic self- management through 
avoidance. Fear of hypoglycaemia can lead to disproportionate in-
sulin restriction and chronic hyperglycaemia.

Like depression, treatment of anxiety disorders alongside type 
1 diabetes depends on severity. Milder presentations, not affecting 
diabetes management are usually managed by primary care phys-
icians using ‘wait and review’ alongside psychoeducation and advice 
on avoidance behaviours and maintaining a social network as well 
as self- help literature. More intensive treatment is required in mod-
erate to severe presentations with psychological interventions being 
particularly beneficial in simple diabetes- related phobias including 
fear of testing or fear of injections. More general cognitive behav-
ioural therapy (CBT) interventions and/ or antidepressants are used 
in more pervasive presentations and liaison is required between 
mental health and physical health clinicians, particularly when in-
sulin omission is prominent.

Eating Disorders

Epidemiology

Eating disorders (ED) are twice as common in young people with 
T1D compared with controls without diabetes [13]. Typically, onset 
is during adolescence either soon after the onset of T1DM or after 
onset of puberty in established T1D [14]. Poor classification has re-
sulted in broad prevalence estimates from 8% to 36% [15, 16] with 
a further 9– 14% classified as ‘subthreshold’ ED. Insulin restriction 
in T1D, which is seen to varying degrees in ED is associated with 
3- fold increased mortality compared to those who do not restrict 
insulin [17]. Mortality is driven by accelerated onset of diabetes late 
complications secondary to persistent hyperglycaemia [18, 19] and 
by acute complications due to almost total insulin omission leading 
to DKA or insulin overdose [17].

Assessment and Management

Diagnostic criteria for common EDs are detailed in Table 15.11.2.2 
of Chapter 15.11.2. However, clinical presentations in T1D can vary 

widely and often do not fit within established ED categories. Some 
patients restrict by only a few units of insulin per day to keep their 
weight in check with a normal body mass index (BMI) so that the 
only clinical indicator is persistent hyperglycaemia. Other patients 
will restrict by much larger amounts and induce rapid weight loss 
within a few days (sometimes up to 5 kg) as the severe hypergly-
caemia causes a rapid osmotic diuresis [20]. This may present with 
rDKA. Recently in the media and among diabetes communities, in-
sulin omission for the purpose of losing weight, has been termed 
‘diabulimia’ [21].

Screening questionnaires for ED in the T1D context are prob-
lematic due to false positive responses related to overlap between 
diabetes management and eating disorder behaviours such as a 
focus on diet, counting carbohydrates, and eating when not hungry 
to avoid or treat hypoglycaemia. There is only one diabetes- specific 
questionnaire for ED, the DEPS- R which has been tested in adoles-
cent and adult populations [22].

From a clinical perspective, management of T1D and ED re-
quires a multidisciplinary approach to integrate physical and 
mental health elements. There are few specialists in this area but 
treating clinicians should be cognisant of certain concepts. For ex-
ample, omitting or restricting insulin to control or reduce weight 
is a harmful behaviour that is only possible in people with type 1 
diabetes and occurrence of diabetic ketoacidosis and extent and 
chronicity of hyperglycaemia are key indicators, while BMI, which 
is usually used by psychiatrists to make decisions regarding admis-
sion in ED is less relevant [23]. In addition, physical and mental 
health management can be at cross- purposes, with ED therapeutic 
interventions actively discouraging consideration of calorie content 
of food, while diabetes clinicians encourage a focus on carbohydrate 
and fat content in order to calibrate insulin dose.

The main stay of treatment is psychotherapeutic with limited 
call for psychopharmacological interventions except use of SSRIs 
as treatment for binge eating. Therapeutic modalities employed in-
clude CBT, mentalization based treatment (MBT), and cognitive 
analytic therapy (CAT) but there is a very limited evidence base for 
outcomes and treatment generally follows what is available locally. 
As a general principle, therapy aims to help a person gain greater 
understanding of their thoughts and emotions connected to the 
ideas about their body, to help regulate eating patterns and to ex-
plore their relationship with diabetes. From a diabetes perspec-
tive, clinicians are actively involved in support and monitoring of 
insulin use as well as monitoring for complications and specialist 
dietician input.

Personality Disorders

Epidemiology

The personality disorders (PD) are a group of psychiatric conditions 
made up of enduring, extreme personality characteristics often evi-
dent in late childhood or adolescence but generally diagnosed over 
the age of 18, broadly dividing into three ‘clusters’ referred to as 
A (odd, eccentric), B (dramatic) and C (anxious). Table 15.11.1.1 
shows ICD- 10 criteria for the different PD diagnoses. A recent lon-
gitudinal study suggested that PD are twice as common in young 
adults with T1D, implying that the condition is affecting personality 
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development per se. A  recent case- control study indicated associ-
ation between personality disorder and recurrent DKA [24].

Assessment

Cluster A

The personality disorders that make up cluster A are often referred to 
as the ‘odd’ or ‘eccentric’ group, although an additional key element 
is ideas or beliefs outside reality. People with paranoid PD have per-
vasive distrust, struggle to maintain close relationships, bear pro-
longed grudges towards individuals or organizations and are often 
litigious. Schizoid personality disorder consists of lack of interest in 
others, isolation, and lack of close relationships. Typically they are 
non- plussed about emotions and described as ‘cold’. An example in 
T1D may be a patient with chronic hyperglycaemia who sustains a 
leg ulcer, yet does not become anxious or change behaviours despite 
development of a long- term, life- limiting complication.

Cluster B

The cluster B PD diagnoses are described as the ‘dramatic’ group 
due to marked fluctuations in emotion regulation and difficulties in 
impulse control, particularly at times of interpersonal conflict. In 
the diabetes context, difficulty in emotion regulation is associated 
with diabetes distress [25]. Often T1D is used as a vehicle for ex-
pressing aggression and upset through over-  and undertreatment. 
Such expressions can be external, creating disruptions within fam-
ilies, and internal, inflicting self- harm. Dissocial PD is typified by 
impulsiveness, recklessness, disregard for others, and externaliza-
tion of difficulties leading to blaming others. In the diabetes con-
text this can lead to a lack of responsibility for diabetes care and 
tendency to make others culpable for diabetes treatment and com-
plications. Emotionally unstable PD also classically presents with 
emotion dysregulation and impulsivity, but recklessness tends to 
be more self- damaging with interpersonal conflict often acting as 
a trigger to self- destructive behaviour including undertreatment 
causing DKA or overtreatment with insulin and subsequent 
hypoglycaemia.

Cluster C

Cluster C is made up of the ‘anxious’ PDs and much of the inter-
play with T1D results in extreme anxiety and panic regarding self- 
management with subsequent avoidance of self- monitoring and 
insulin delivery. This may manifest as ‘fear of hypoglycaemia’ or 
‘needle phobia’ and patients presenting with these common issues 
should be assessed by their clinician for more pervasive anxiety 
symptoms. Anxious PD consists of a core feature of profoundly 
diminished self- esteem and perceived criticism, leading to avoid-
ance of work and social interaction. Dependent PD also has the 
core feature of negative self- perception. Here, rather than avoid-
ance, feelings of inadequacy may lead to overreliance on others 
for emotional and physical wellbeing. This group struggle to 
gain independence and the T1D burden is displaced onto others. 
Anankastic PD is one of the few psychiatric conditions, which can 
interact favourably with T1D. The key feature is an obsessive drive 
for control, mastery over one’s environment, and perfectionism, 
which can lead to focused attention on glycaemic control. This 
personality type can be associated with profound frustration with 
the intrinsic unpredictability of blood glucose readings with risk 

of superimposed depressive disorder or recurrent hypoglycaemia 
from overtight control.

Management

Unlike depression and anxiety disorders, which are eminently treat-
able and often transient, PDs are persistent and treatment remains 
difficult despite advances in the last two decades [26]. Eliciting the 
disorder early is vital to maximize treatment potential and limit im-
pact on T1D self- management. Moreover, difficulty with relation-
ships is a prime issue in PD and diagnosing the condition can aid 
understanding and the approach to therapeutic engagement for dia-
betes clinicians, which should include establishing trust and a con-
sistent approach, with potential redefining of achievable treatment 
goals. Established psychotherapy interventions for PD focus mainly 
on the cluster B disorders with MBT, dialectical behaviour therapy 
and transference- focused psychotherapy all having an established 
evidence base [26].

Summary and Future Directions

This chapter has summarized the major mental health issues 
impacting T1D and emphasizes their bidirectional nature: physical 
symptoms potentiate psychopathology and mental health problems 
worsen prognosis through impact on self- care. Diabetes clinical 
care should include an element of mental health management in 
order to prevent early complications and mortality. Integration of 
mental healthcare into T1D services is therefore the gold standard. 
In addition, mental health should be assessed as part of the annual 
routine screening for diabetes complications and efforts should be 
made to stratify risk. Embedding mental healthcare into the phys-
ical healthcare setting will lower the threshold for accessing early 
diagnosis and targeted therapies. Such interventions should be de-
livered by clinicians with experience in managing psychopathology 
specific to T1D in close partnership with diabetes clinicians.
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Depression

Epidemiology

Clinical depression is characterized by pervasive low mood, reduced 
enjoyment, and/ or increased fatigue, accompanied by other bio-
logical and cognitive symptoms (Table 15.11.2.1). Approximately 
10% of people with type 2 diabetes meet ICD- 10 diagnostic cri-
teria for clinical depression and 20– 30% have significant depressive 
symptoms on self- report questionnaires [1, 2]. Depression has a bi-
directional relationship with type 2 diabetes: depression increases 
the risk of incident type 2 diabetes by 60%, while type 2 diabetes 
increases the risk of incident depression by 15– 20% [3] . Diabetes 
and depression comorbidity are associated with increased incidence 
of microvascular and macrovascular complications in addition to 
premature mortality [4]. Notably, depression does not appear to 
worsen diabetes self- care [5], and growing evidence suggests that 
shared biological mechanisms, such as inflammation, may link the 
two conditions [6].
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Management

Guidelines recommend that clinicians working with people with 
chronic illnesses, such as type 2 diabetes, should actively screen 
for concurrent depression [7] . Although brief screening ques-
tionnaires may assist, such as the Patient Health Questionnare- 9 
(PHQ- 9) [8], a clinical assessment should confirm the diagnosis 
of depression. The history should consider previous treatments for 
depression and social problems that might be perpetuating depres-
sion. Patients should specifically be asked about thoughts of self- 
harm or suicide.

Treatment of depression follows a stepped care model [7] . Patients 
with mild or subthreshold depressive symptoms may be referred to a 

group physical activity programme, group- based peer support or low- 
intensity psychological interventions (e.g. group cognitive- behavioural 
therapy (CBT)). Patients with moderate and severe depression, or 
with persistent mild to moderate depression despite lower- intensity 
treatment, need to have their treatment intensified including anti-
depressants and/ or high- intensity psychological therapies. Selective 
serotonin reuptake inhibitors (SSRIs), such as sertraline and fluox-
etine, are the first- line antidepressants due to their favourable side- 
effect profile. Prior to starting antidepressants, patients should be 
advised of the risk of increased agitation, nausea, and suicidal ideation 
in the first few days of treatment. Regular reviews are indicated, and if 
an antidepressant is ineffective after 2– 4 weeks, the first step is to check 
the patients’ concordance with treatment and for substance misuse. If 
antidepressants are ineffective or partially effective, a dose increase, or 
switching to a different medication should be considered.

Antidepressants should be continued for at least 6 months from 
the point of remission of a depressive episode to prevent early re-
lapse or recurrence [7] . Referral to specialist mental health services 
is advised for patients with psychotic-  or treatment- resistant depres-
sion, or those with risk of self- harm, suicide, or severe self- neglect.

Eating Disorders

Epidemiology

Disordered eating affects up to 40% of people with type 2 diabetes 
[9] . Binge eating disorder (BED), bulimia nervosa (BN) and night 
eating syndrome (NES) are eating disorders associated with exces-
sive caloric intake and are often comorbid with overweight, obesity 
and type 2 diabetes [10] (see Table 15.11.2.2 for diagnostic criteria). 

Table 15.11.2.1 Diagnostic criteria for depression according to the 
International Classification of Diseases (ICD- 10)

Diagnosis Criteria

Depression At least two of:
 • Low mood
 • Anhedonia (loss of interest and enjoyment)
 • Low energy

Plus at least two of:
 • reduced concentration and attention
 • reduced self- esteem and self- confidence
 • ideas of guilt and unworthiness
 • bleak and pessimistic views of the future
 • ideas or acts of self- harm or suicide
 • disturbed sleep
 • diminished appetite
Symptoms must be present for at least 2 weeks (or less if 
severe and of rapid onset).

Table 15.11.2.2 Diagnostic criteria for eating disorders associated with type 2 diabetes

Diagnosis Criteria

Bulimia nervosa ICD- 10 F50.2
 • Persistent preoccupation with eating, and an irresistible craving for food; episodes in which large amounts of food are 

consumed in short periods of time
 • Attempts to counteract the ‘fattening’ effects of food by one or more of the following:

 — self- induced vomiting
 — purgative abuse
 — alternating periods of starvation
 — use of drugs such as appetite suppressants, thyroid preparations, or diuretics
 — neglecting insulin treatment

 • Morbid dread of fatness and a sharply self- defined weight threshold, well below the premorbid weight that constitutes 
optimum or healthy weight

Binge eating disorder (BED) DSM 5 307.51 (American Psychiatric Association, 2013)
 • Recurrent episodes of binge eating, characterized by eating a large amount of food in a discrete period of time, with lack of 

control overeating during the episode
 • Episodes associated with at least 3 of the following:

 — Eating much more rapidly than normal
 — Eating until feeling uncomfortably full
 — Eating large amounts of food when not feeling hungry
 — Eating alone due to feeling embarrassed by how much one is eating
 — Feeling disgusted with oneself, depressed, or very guilty after the episode

 • Marked distress regarding binge eating
 • Episodes occur at least once a week for 3 months
Episodes are not associated with inappropriate compensatory behaviour

Night eating syndrome DSM 5 307.59
 • Recurrent episodes of eating after awakening from sleep, or excessive food consumption after the evening meal
 • There is awareness and recall of the eating
 • Episodes are not better explained by changes in the sleep- wake cycle or by local or social norms
 • Episodes cause significant distress and/ or functional impairment
The pattern or eating is not better explained by BED, other mental or medical disorder, or the effects of a medication



15.11.2 Type 2 Diabetes and Psychiatry 2121

Cross- sectional studies have found that patients with type 2 diabetes 
who have frequent episodes of binge eating tend to have higher body 
mass index, more depressive symptoms, poorer glycaemic control, 
and more frequent hospital admissions for diabetes complications 
[11]. Therefore, addressing these conditions is essential in sup-
porting patients in lifestyle interventions to manage type 2 diabetes.

Management

The evidence base for treatment of BED and BN in type 2 diabetes 
is limited. From evidence in the general population, treatment may 
include guided self- help and psychological therapies such as CBT. 
Family therapy may help young people with BN. High- dose SSRI 
(e.g. fluoxetine up to 60 mg) is effective in combination with psy-
chological therapy or guided self- help for BN [12]. Specialist re-
ferral is advised for patients with severe distress or comorbidity with 
other mental disorders. Those with complications associated with 
purging or restrictive behaviours or risk of self- harm or suicide may 
warrant urgent psychiatric assessment. Treatments for NES are not 
as well established; SSRI may be helpful in treating NES symptoms 
and promoting weight loss, and pilot studies have indicated that 
CBT may help reduce the frequency of night eating episodes [13].

Cognitive Impairment and Dementia

Epidemiology

A broad spectrum of cognitive impairment is overrepresented in 
people with type 2 diabetes. Most severe is dementia: a progressive 
deterioration in multiple cognitive domains leading to a significant 
deterioration in functioning [14]. The relative risks for Alzheimer 
disease and vascular dementia are 1.53 and 2.27, respectively, in 
people with diabetes, although Alzheimer’s disease is more preva-
lent overall [15]. Mild cognitive impairment (MCI) describes cogni-
tive impairment greater than expected based on age and education 
but which, unlike dementia, does not interfere with daily activities, 
and people with diabetes are 1.5– 3 times more likely to progress 
from MCI to dementia [16]. There is also emerging evidence that 
milder subjective- only cognitive decrements are common in people 
with diabetes of all ages, although research is at an earlier stage [17].

Risk factors for dementia in diabetes are likely multiple. In the 
large- scale ACCORD- MIND trial, intensive modification of gly-
caemic control did not affect cognitive decline in people with type 2 
diabetes [18]. By contrast, prior episodes of cardiovascular disease 
(CVD) and repeated hypoglycaemic episodes are consistent risk 
factors for dementia in people with type 2 diabetes [19]. Promising 
novel risk factors for dementia in type 2 diabetes, including inflam-
mation and depression, have not been tested in clinical trials.

Management

Diabetes physicians should be mindful that there may be a bidirec-
tional effect of cognitive impairment and diabetes control. Insight 
into cognitive impairment is frequently poor and dementia in-
creases the risk of medication errors, hypoglycaemia and CVD [20]. 
The following steps may support non- specialists encountering sus-
pected cognitive impairment:

 1. Obtain collateral history of any cognitive decline, its time- 
course, and effects on function.

 2. Conduct a physical examination and consider blood tests to ex-
clude organic causes of cognitive impairment, such as hypothy-
roidism and vitamin B12 deficiency.

 3. Screen for depression (e.g. PHQ- 9 score ≥10), as depression can 
cause cognitive impairment.

 4. If time permits, perform a brief supplementary cognitive as-
sessment, such as the 6- item cognitive impairment test or 
Mini- Cog [14].

 5. If MCI or dementia is still suspected, follow local protocols. In 
the United Kingdom, patients with suspected dementia should 
be referred to a memory clinic or community old age psychiatry 
service [14].

Detailed guidance is available on adjusting diabetes management 
in people with established dementia [20]. In particular, clinicians 
should be vigilant to hypoglycaemia risk and should consider 
mitigating this through additional support at mealtimes, relax-
ation of HbA1c targets to 8.5% (70 mmol/ mol), and avoidance of 
sulphonylurea medication.

Severe Mental Illness

Epidemiology

Individuals with schizophrenia and other severe mental illness 
(SMI) have a 20- year reduction in life expectancy when compared 
to the general population, largely due to increased incidence of 
CVD [21]. Further compounding the risk of CVD is a 2– 3- fold in-
creased risk of developing type 2 diabetes [22]. The multiple reasons 
behind this include genetic susceptibility and environmental fac-
tors, such as poor diet, obesity, and lower levels of physical activity. 
Furthermore, antipsychotic medications, in particular olanzapine 
and clozapine, are associated with lipid and glucose dysregulation 
and increased risk of obesity [23]. These medications have seda-
tive and appetite stimulating properties and may also have a direct 
toxic effect on pancreatic beta-cells [23]. In addition to long- term 
risks, individuals using antipsychotic medication are also at risk of 
developing acute complications of diabetes including diabetic keto-
acidosis (DKA) [24].

Management

Deaths from acute complications of unrecognized diabetes in indi-
viduals with SMI have been reported, indicating a need for all people 
starting antipsychotic therapy and their carers to be made aware of 
the risk of developing diabetes and its acute symptoms. Effective 
strategies for managing obesity and glucose dysregulation in people 
with SMI using antipsychotic medication are lacking. In patients 
prescribed clozapine, coprescription of metformin, aripiprazole, or 
topiramate may help to reduce weight, but this evidence should be 
balanced against potential side effects [25]. A theory- based, group 
structured lifestyle education programme was unable to achieve 
weight loss [26]. Promisingly, glucagon- like peptide- 1 receptor 
agonists have recently been found to achieve reversion to normal 
glucose tolerance in up to two- thirds of people [27].

Further compounding the challenge of managing diabetes and 
obesity in people living with SMI is the organization of care systems 
which often separate physical from mental healthcare. Moreover, in-
novations for people with type 2 diabetes in the general population 
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[28] appear to exclude those with SMI, even though these individ-
uals may be in the greatest need.

Future Treatment Directions

In isolation, current treatments for depression are limited by failure 
rate of around one- third [29], poor concordance rates [30], and 
inconsistent effects on subsequent diabetes outcomes [31]. Novel 
strategies may include collaborative interventions to achieve better 
integration between mental and physical health [31], novel psycho-
logical therapies [32], and even the repositioning of current dia-
betes treatments for mental health [33].

Summary

Psychiatric disorders are overrepresented in patients with type 2 dia-
betes and predict poor diabetes outcomes. Clinicians in diabetes and 
primary care should actively screen for these comorbidities and seek 
to initiate at least first- line management and refer appropriately. Future 
treatments strategies, such as collaborative care and repositioning of 
diabetes treatments, may provide novel opportunities to integrate care 
and improve both psychological and biomedical outcomes.
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Figure 15.12.1.1 Microvascular complications are the result of disruptions 
of the intimate relationship between the capillaries and the cells abutting or 
nearby. These cells also contain the metabolic pathways which are impaired 
by high glucose and which are responsible for cell dysfunction.
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Introduction

Diabetes is associated with vascular complications which affect both 
the large and small blood vessels. The major macrovascular com-
plications include accelerated cardiovascular disease (CVD) and 
cerebrovascular disease; patients with diabetes have, for example, a 
2– 3- fold increase risk of myocardial infarction and CVD accounts 
for more than 50% of the mortality in this patient group [1] .

This chapter concentrates on the complications of diabetes which 
involve the small blood vessels (the microvasculature comprising 
small arteries, arterioles, capillaries and venules) and their intimate 
relationship with the organ in which they reside.

By the time clinically detectable microvascular complications 
are present, an individual may have had many years during which 
the function of the microvasculature has been abnormal and the 
surrounding tissue has been challenged. Normal microvascular 
function is important as it maintains the delivery of oxygen, other 
nutrients and hormones; ensures removal of waste products; main-
tains the filtration barrier between the blood and tissue; and controls 
the local tissue blood flow and blood pressure in order to compen-
sate for changes in metabolism, oxygenation, or perfusion pressure.

Microvascular complications are traditionally thought of as those 
in the eye (see Chapter 15.12.2), kidney (Chapter 15.12.3), and nerves 
(Chapter 15.12.4) but it is becoming increasingly clear that micro-
vascular complications are not confined to these tissues; they occur in 
many other tissues, e.g. heart, brain, bone, spinal cord [2– 4].

Diabetic complications are the result of the combined effects of 
the diabetic milieu (hyperglycaemia and altered lipid profiles) and 
haemodynamic factors on cells, modulated by genetic predispos-
ition and environmental factors. Increasing evidence also suggests 
that the deleterious effects of hyperglycaemia are exacerbated by an 
imbalance between factors designed to protect tissues from a var-
iety of toxic effects and the toxic effects of hyperglycaemia per se.

These complications of diabetes should not be thought of as 
arising from the abnormalities of the microcirculation alone but 
rather they are the result of the disruption of the intimate relation-
ship between the microcirculation and abutting or nearby cells 
(Figure 15.12.1.1). Recently the American Diabetes Association 
[5]  described diabetic retinopathy as a highly specific neurovascular 
complication involving progressive disruption of the interdependence 
between multiple cell types in the retina. These cells comprise endo-
thelial cells, pericytes, or vascular smooth muscle cells, retinal glia 
including Müller cells and astrocytes, neuronal processes, and im-
mune cells both microglia and macrophages [6]. Similarly diabetic 
neuropathy is due to the interactions of the direct effects of the dia-
betic milieu on the Schwann cell and the axon as well as the more 
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indirect effects on these cells via altered microvascular perfusion 
[7]; and in the kidney, mesangial cells, podocytes and renal tubules 
[8] play important roles in diabetic nephropathy in addition to the 
cells of the vasculature.

Which of these many cell types are the initiators of the complications 
in diabetes is highly controversial and disputed and is likely to vary ac-
cording to the tissue examined. One of the main problems in trying 
to establish which functional abnormality occurs first (e.g. nerve or 
blood vessel dysfunction) is the intertwined nature of the many com-
ponents and the fact that the different techniques used to detect these 
earliest functional abnormalities vary in their ability to detect very 
small changes. It is however becoming increasingly recognized that 
many of these ‘support’ cells, for example Schwann cells or Müller cells 
contain the metabolic pathways which have been implicated in micro-
vascular complications for many years, and thus they may play direct 
roles in the development of complications (Figure 15.12.1.1).

It is difficult to give a detailed overview of the pathogenesis 
of microvascular complications in diabetes as the mechanistic 
pathway(s) involved varies according to:- 

 • whether complications are just being initiated, being sustained or 
in a progressive phase;

 • which organ (e.g. kidney, eye, etc.) is being considered and the 
roles of the vasculature and effects of other cells in the organ;

 • whether the patient is receiving treatment which modifies the 
pathogenic mechanisms.

This chapter thus describes the potential factors involved in the 
pathogenesis of complications and some of the mechanistic path-
ways. Further details are available in recent reviews [9] . Subsequent 
chapters may add specific details about the pathogenesis of an indi-
vidual complication (e.g. Chapter 15.12.3).

Factors Involved in the Pathogenesis 
of Microvascular Complications

Metabolic

The Effect of Hyperglycaemia

There is no doubt that the hyperglycaemia associated with diabetes 
is a major contributing factor but it is not, on its own, sufficient to 
explain all diabetes complications (see Figure 15.12.1.2). Trial evi-
dence has shown that intensive metabolic control can reduce micro-
vascular complications in both type 1 (DCCT) and type 2 diabetes 
(UKPDS). The follow- up studies of DCCT and UKPDS show clearly 
that early intensified glycaemic control can protect against future 
diabetic complications even when glycaemic control is no longer so 
intensive— the so- called metabolic memory [10– 14].

Higher glycaemic variability, defined as greater pre-  and post-
prandial glucose excursions or more variation of HBA1c over time, 
predict increased patient risk for cardiovascular complications. 
Higher glycaemic variability also likely increases the risk of diabetic 

Genetic
Predisposition

Haemodynamic Factors:
microvascular hyperaemia/

increased pressure

Hyperglycaemia
metabolic memory/
glycaemic variability

Increased
shear/strain/pressure

Epigenetic
Modifications

RAGE: Ligand
Interaction

Polyol
Pathway Pathway

Hexosamine AGE: PKC
RAGE: Pathway

Renin-Angiotensin
System

Angiotensin II
Reactive
Oxygen
Species

Transcription
Factors
NF-kB

SP1
Ets-1

Inflammation, Apoptosis, Extracellular Matrix Remodelling, Cell Growth and Proliferation
e.g. TNFa, IL-1, IL-6, IL-18; ↑adhesion molecules; ↑growth factors (TGF-β, CTGF);

↑chemokines (MCP-1); vasoactive compounds (↑ET-1, ↑All, ↑prostaglandin, ↓NO)

Microvascular complications due to abnormalities in
vascular cells, neurovascular units, specialised cells

of the retina, kidney etc and tissue structural changes

Protein
Kinase C

Environmental Factors
e.g. obesity

Figure 15.12.1.2 The factors involved in the pathogenesis of microvascular complications.



15.12.1 Pathogenesis of Microvascular Complications 2127

microvascular complications in patients with diabetes as oxidative 
stress is increased by acute glucose fluctuations.

Classical pathways [9]  implicated in the hyperglycaemic effects 
include: 

 • An increased glucose flux through the polyol pathway;
 • Increased activity of the protein kinase C (PKC) pathway;
 • Increased activity of the hexosamine pathway;
 • Accumulation of advanced glycation end- products.

Many of the cells involved in complications respond to an increase 
in blood glucose by an increase in intracellular glucose. This leads 
to an increased activity in the glycolysis pathway. Cell glucose 
is first phosphorylated then converted to fructose 6- phosphate, 
glyceraldehyde 3- phosphate and dihydroxyacetone phosphate, pre-
cursors of diacylglycerol (DAG), and at the end of glycolysis, pyru-
vate is increased and increases activity though the tricarboxylic acid 
cycle (TCA) cycle in mitochondria.

The high intracellular glucose also results in an increased glu-
cose flux through the polyol pathway which increases the amount 
of glucose converted to sorbitol and fructose. This leads to a relative 
depletion of NADPH and activation of NADH oxidase, a reduction 
in the regeneration of the antioxidant glutathione and increased 3- 
deoxyglucosone a precursor for advanced glycation end- products 
(AGE) and histone glycation [15]. Activation of the polyol pathway 
thus increases oxidative stress and enhances AGE formation. 
The polyol pathway is present in many cells relevant to diabetic 
microangiopathy including endothelial cells, Schwann cells, Müller 
cells, and pericytes.

Increased activity of the PKC pathway which converts 
glyceraldehyde- 3P, by DAG, reactive oxygen species (ROS) 
generated from other pathways or by hyperglycaemia causing 
transcriptional upregulation of PKC lead to:- 

 • Endothelial dysfunction with elevation of the vasoconstrictor 
endothelin- 1 (ET- 1), and reduction of the vasodilatory nitric 
oxide (NO) production, and reduced vasodilatory prostaglan-
dins, and increased permeability via an increase in the vascular 
endothelial growth factor (VEGF) all important mechanisms in 
diabetic retinopathy and nephropathy;

 • Local inflammation with increases in the transcription factor 
NF- κB;

 • Cell apoptosis, e.g. retinal pericytes, via multiple mechanisms 
including NF- κB, NADPH oxidase, SHP- 1 and MAP kinase;

 • Activation of growth factors such as transforming growth factor- 
β (TGFβ) or connective tissue growth factor (CTGF).

Increased flux through the hexosamine pathway is caused by 
hyperglycaemia and increases gene expression, for example of plas-
minogen activator inhibitor- 1 (PAI- 1) and TGF- β. The pathway 
converts fructose- 6- phosphate to glucosamine- 6 phosphate by 
glutamine- fructose- 6 phosphate aminotransferase. Glucosamine- 6 
phosphate is then converted to uridine diphosphate- N- acetyl glu-
cosamine (UDP- GlcNAc) which, after conversion by 0- GlcNac 
transferase, activates transcription factors such as Sp1. Insulin 
vasodilatation and signalling are also impaired by N- acetyl 
glucosamine [16].

Hyperglycaemia accelerates the formation and accumulation 
of AGEs. AGEs are the products of non- enzymatic glycation and/ 

or oxidation of proteins and lipids [17]. AGEs are slowly metabol-
ized and are postulated to contribute to the metabolic memory of 
diabetes complications. The receptor for AGE, RAGE, is widely dis-
tributed in vascular and inflammatory cells, Müller cells, podocytes, 
pericytes, neurons, and microglia. RAGE is upregulated in diabetes. 
The interaction of AGE with their signal– transduction receptor 
RAGE contributes to many aspects of diabetic microangiopathy par-
ticularly inflammation, oxidative stress, and functional effects e.g. in:

 • Endothelium— AGE/ RAGE upregulates adhesion molecule ex-
pression and increases the adherence of leukocytes, increases 
oxidative stress, increases cytokines and growth factors through 
activation of NF- κB, increases VEGF, and thus impairs the barrier 
function of the vessel.

 • Nerves— AGE/ RAGE impairs perfusion in the vasa nervorum by 
increasing oxidative stress and prothrombotic signals, causes pro- 
inflammatory signals in Schwann cells.

 • Glomerular— AGE/ RAGE increases vascular permeability and 
proteinuria.

 • Macrophages and monocytes— AGE/ RAGE stimulates the gener-
ation of cytokines and migration.

 • Retina— AGE/ RAGE causes glial cell dysfunction leading to in-
flammatory cytokine and chemokine release, oxidative stress, and 
aberrant growth factor signalling.

AGE- RAGE interaction, via the transcription factors NF- κB and 
Sp1 for example, increases gene expression of pro- inflammatory 
cytokines and generates ROS by NADPH oxidase and mitochon-
drial pathways. Non- AGE ligands for RAGE are also important in 
diabetic microangiopathy.

Balancing Toxic Effects of Hyperglycaemia and 
Protective Factors

The consequences of hyperglycaemia for a particular patient de-
pend on the balance of the toxic effects of hyperglycaemia and the 
patient’s natural protective factors [16]. In the Joslin Clinics cohort 
of 1000 individuals with more than 50 years of insulin requirement 
[16] 12% have diabetic nephropathy, and 35% have no retinopathy, 
nephropathy, or neuropathy. Presence or absence of complications 
was not related to previous glycaemic control. Glomeruli and other 
cells from these individuals have revealed protective factors several 
of which have both protective and toxic effects.

Protective factors include:

 • Insulin which, via the IRS/ PI3Kinase/ Akt pathway, upregulates 
nitric oxide synthase in endothelial cells, upregulates antioxidant 
activity haeme oxygenase 1 (HO- 1), act as an important cell sur-
vival factor (e.g. podocytes) and counteracts leukocyte- endothe-
lial cell adhesion;

 • Increased endogenous antioxidant enzymes activity, activation of 
nuclear factor (erythroid derived 2)- like 2 (nrf2) upregulates HO- 
1 and enzymes in the glutathione pathway;

 • Growth factors, e.g. platelet derived growth factor’s (PDGF) im-
portant cell survival factor function, TGF- β’s anti- inflammatory 
effect, VEGF’s role as a survival factor for endothelial cells and 
podocytes;

 • Endothelial and myeloid progenitor cells which can improve 
angiogenesis and show potential as protective factors.
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Metabolic Memory

Metabolic memory refers to the effect of earlier periods of glycaemic 
control on subsequent development of microvascular complica-
tions. DCCT and 30- year follow- up, the Epidemiology of Diabetes 
Interventions and Complications trial (EDIC) in type 1 diabetes, 
and the UKPDS and its 10- year follow- up in type 2 diabetes, clearly 
demonstrated that intensive glycaemic control early in diabetes re-
duced subsequent microvascular complications compared to the 
normal control arm, despite the differences in glycaemic control 
between the treatment arms only being apparent during the trials 
themselves and not during considerable follow- up periods. See re-
views including Cochrane systematic review [10– 14].

Animal models show that glycaemic memory is established very 
early in diabetes causing cellular changes which are not easy to re-
verse. The mechanisms involved are several. The key biochemical 
drivers of metabolic memory appear to be oxidative stress and 
AGE accumulation with various epigenetic marks such as histone 
methylations and DNA methylation heavily involved [18,  19]. In 
vascular smooth muscle cells from the db/ db mouse model of type 2 
diabetes, an epigenetic link to a persistent pro- inflammatory pheno-
type associated with a reduction in chromatin histone methylation 
mark, H3K9me3 was reported. This pro- inflammatory phenotype 
persisted even after culture of the cells in normal glucose levels for 
several passages [19]. Monocytes of DCCT trial patients from the 
conventional control group demonstrated evidence of increased 
acetylation of H3K9 at promoters of genes related to inflammation, 
apoptosis, NFκB pathway and ROS which increased activation of 
these pathways. Epigenetic marks may also contribute to the hyper-
glycaemia associated endothelial dysfunction, changes to histone 
methylation marks in human microvascular endothelial cells incu-
bated in high glucose, induced upregulation of NFκB p65 expres-
sion and an increase in the transcription of numerous inflammatory 
cytokines. A  genome- wide DNA methylation analysis of blood 
from individuals with type 1 diabetes with or without nephropathy 
revealed hypermethylation of UNC13B promoter in nephropathy, 
a region with effects on glomerular apoptosis. DNA methylation 
has also been associated with glycaemic memory and progression 
of diabetic retinopathy in a rat model of diabetes. Thus epigenetic 
modifications likely have a very important effect on the formation 
and progression of diabetic complications as well as on glycaemic 
memory. An important role for these biochemical changes on endo-
thelial progenitor cells (EPCs) has also been proposed. Given that 
EPCs have an extended lifetime and are important for vascular re-
pair and homeostasis, it is likely that the metabolic memory also 
impairs the vasoreparative capacities of diabetic tissues.

Microvascular Haemodynamic and Structural Factors

Haemodynamic Factors

Both microvascular blood flow and blood pressure contribute to the 
pathogenesis of microvascular complications (see Figure 15.12.1.2) 
[20,  21]. Given that microvascular perfusion is not measured or 
reported clinically, individuals may be classified as remaining free 
from microvascular complications despite the fact that micro-
vascular perfusion deficits are present. Indeed microvascular dys-
function precedes diabetes. Abnormal microvascular responses are 
reported in obesity and prediabetes and may contribute to insulin 
resistance, for example, by impaired insulin mediated vasodilation 

and reduced capillary recruitment leading to reduced insulin de-
livery and glucose uptake.

In individuals with type 2 diabetes, reductions in future micro-
vascular complications were achieved by lowering systemic blood 
pressure from diagnosis in the UKDPS study, irrespective of the 
therapy used suggesting a beneficial effect of lowering blood pres-
sure per se rather than a therapeutic specific effect.

Early in diabetes, tissue hyperperfusion is common, linked 
to poor glycaemic control followed later by loss of vascular 
autoregulation and barrier leakage. In type 1 diabetes, abnormal-
ities of the microvascular response to stress are present within the 
first year of diagnosis, even in prepubertal children. In type 2 dia-
betes microvascular dysfunction is considerable even at presenta-
tion with disease. Endothelial dysfunction becomes increasingly 
abnormal with longer disease duration and is most marked in those 
with poor control.

Capillary hypertension, even in the absence of systemic hyper-
tension, is a feature of poorly controlled short duration type 1 dia-
betes or in those with microalbuminuria. Raised capillary pressure 
in patients with type 2 diabetes and hypertension is likely due to 
impaired pressure autoregulation. Whether capillary rarefaction 
(reduction in number) is a feature of human diabetes is a matter of 
controversy. Glomerular capillary hypertension in animal models 
of diabetes precedes the development of glomerulosclerosis and 
prevention of this glomerular capillary hypertension by treatment 
with angiotensin converting enzyme inhibitors prevents diabetic 
nephropathy emphasizing the importance of capillary hypertension 
in the pathogenesis of diabetic microangiopathy.

Clinical observations link haemodynamic factors with diabetic 
microangiopathy. Patients with unilateral renal artery stenosis, for 
example, develop unilateral diabetic nephropathy, the kidney with 
the stenosed renal artery being protected both from the abnormal-
ities of pressure and diabetic nephropathy. Similar findings are re-
ported for diabetic retinopathy.

Early hyperaemia and elevations in capillary pressure lead to 
microangiopathy via the effects of pressure, strain, and shear on 
the vasculature (endothelial cells, vascular smooth muscle cells and 
pericytes) and supporting cells such as mesangial cells [20].

These haemodynamic forces:

 • increase ROS
 • activate PKC
 • increase NF kappa Beta (NFκB)
 • increase Glut 1
 • increase adhesion molecules, e.g. ICAM- 1, monocyte chemo-

attractant protein (MCP)
 • activate the renin– angiotensin– aldosterone system (RAAS)
 • increase growth factors, e.g. CTGF, TGF- β
 • stimulate increased secretion of basement membrane components
 • change DNA methylation patterns

In addition to these functional changes to the microvasculature, 
structural changes to the vessels and associated multiple cell types 
are described.

Structural Changes in the Microcirculation

In a multitude of tissues thickening of the capillary basement mem-
brane is the ultrastructural hallmark of diabetic microangiopathy. It 
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occurs in muscle capillaries, retinal capillaries, glomerulus, and heart 
capillaries to name a few. The increased thickness is due to increased 
synthesis of fibronectin, type IV collagen, and laminin by endothelial 
cells and pericytes which occurs early in diabetes and is not matched 
by an equivalent increase in the breakdown of these components. 
Thickening of the basement membrane occurs prior to clinically de-
tectable complications, it increases the rigidity of capillaries, and im-
pairs the barrier function of the vessel wall due to its altered charge 
and a more open lattice work structure. In the kidney the glomerular 
basement membrane is twice as thick as other capillary basement 
membranes as it is synthesized by both the glomerular endothelial 
cells and the podocytes. Glomerular basement membrane thickness 
is increased within two years of diagnosis of diabetes at least in part 
due to podocyte injury, which causes increased synthesis of extracel-
lular matrix components and dysregulation of matrix degradation. In 
the pathogenesis of diabetic neuropathy not only is the endoneurial 
capillary basement membrane thickened prior to clinically detect-
able neuropathy but the Schwann cell basement membrane increases 
in thickness and changes composition with proposed consequences 
for neural transmission.

The basement membrane serves as a substratum for cell attach-
ment and regulates cell survival. Thickening of the capillary base-
ment membrane may alter cross talk between the pericytes and 
endothelial cells in unspecialized capillaries or between the glial 
cells (Müller cells or astrocytes) and endothelial cells in the retinal 
neurovascular unit and impair podocyte survival in the glomerulus.

 i) Pericytes are perivascular cells embedded in the basement mem-
brane of capillaries and venules which have long processes which 
interact with one or many endothelial cells. They likely regulate 
microvascular blood flow. They contain actin, have the ability to 
contract and are able to respond to vasoconstrictor and vaso-
dilator agents. The interaction between the endothelial cell and 
pericytes is important in the maintenance and regulation of 
vessel function and structure, in the control of the vascular bar-
rier function and in the modulation of the immune response.

In diabetes, loss of pericytes from capillaries occurs early in 
disease. Pericyte deficient capillaries have been reported in many 
tissues (e.g. skeletal muscle, retina, skin, kidney, and nerves). 
Pericyte loss contributes to altered endothelial function, impaired 
barrier function, and neovascularization. Pericyte loss and subse-
quent weakening of the capillary may result in microaneurysms 
which, in the retina at least, are normally located adjacent to areas 
of acellular capillaries and non- perfusion. High glucose induced 
migration of renal pericytes from the capillary into the intersti-
tial space and subsequent differentiation into collagen producing 
myofibroblasts has been implicated in tubulointerstitial fibrosis and 
renal dysfunction [22].

The number of capillary microaneurysms and non- perfused ca-
pillaries increases with the severity of the microangiopathy, and to-
gether with impaired vascular reactivity of larger vessels, explain the 
inadequate perfusion of severe microangiopathy.

Diabetic retinopathy histologically is ultimately associated with 
acellular non- perfused capillaries in the retina due to the death of 
both endothelial cells and pericytes. These non- perfused capillaries 
are simply tubes of basement membrane. Delivery of oxygen to 
such areas is compromised and results in activation of inflamma-
tory cascades.

Diabetic nephropathy is accompanied by several main histo-
logical changes;

 • extensive mesangial expansion and glomerulosclerosis;
 • thickening of the glomerular basement membrane;
 • broadening (effacement) of the podocyte foot processes. This 

reduces filtration slit area between the podocytes and increases 
macromolecule passage;

 • abnormalities of the glycocalyx and glomerular endothelial cells.

The renal structural changes of early diabetes are heterogenous. 
Abnormalities to the glomerular endothelial cell surface layer 
(glycocalyx) have recently been reported to contribute to the devel-
opment of diabetic microalbuminuria [23].

Genetic Susceptibility

Genetic factors contribute to microvascular complications:  There 
is familial clustering of both diabetic nephropathy and severe, vi-
sion threatening forms of diabetic retinopathy as reported in the 
Diabetes Control and Complications Trial. The estimated herit-
ability of albumin excretion rate is ~20– 40% and diabetic siblings 
of patients with diabetic nephropathy have a twofold increased risk 
of diabetic nephropathy.

Many genetic risk variants for microvascular complications have 
been reported by candidate gene studies or by genome- wide asso-
ciation studies; however very few have shown robust replication. In 
the biggest study in type 1 diabetes to date, sets of alleles known to 
increase body mass index, and those known to increase the risk of 
type 2 diabetes, were associated with the risk of diabetic nephrop-
athy [24]. Pathway analysis implicated ascorbate and aldarate metab-
olism, and pentose and glucoronate interconversions. In the largest 
T2DM study to date, the genetic analysis provided support for the 
importance of BMI and identified some variants associated with 
GFR and microalbuminuria in diabetic nephropathy [25]. Further 
studies are needed, accompanied by more intensive phenotyping of 
disease in particular using biomarkers which can identify individ-
uals destined to develop the complications prior to any clinical evi-
dence [26]. It is highly likely that epigenetic changes contribute to 
the formation of both diabetic nephropathy and retinopathy.

Environmental Factors

Environmental and behavioural factors, for example, those influen-
cing BMI and levels of exercise, can modulate many of the pathways 
through which hyperglycaemia, haemodynamics, and genetic sus-
ceptibility lead to microvascular complications of diabetes and thus 
contribute to the findings of links between the two. Obesity is, for 
example, accompanied by increases in ROS, dysregulation of mito-
chondrial biogenesis, mitophagy, and dynamics, downregulation of 
both the AMP- activated protein kinase (AMPK) and sirtuins and 
activation of the renin– angiotensin– aldosterone system.

Pathways Involved in the Formation 
of Microvascular Complications

Reactive Oxygen Species (ROS)

ROS encompasses non- radical species such as hydrogen peroxide 
and free radical species such as hydroxyl radical and superoxide 
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anion (see Figure 15.12.1.2). ROS are proposed to act as a common 
pathway in the pathogenesis of diabetic complications, though the 
exact species involved has caused dispute over recent years [27]. 
ROS are produced physiologically in health as normal homeostatic 
functions. However when the balance between production and re-
moval of ROS is altered, oxidative stress can result. At high concen-
trations, ROS can cause tissue damage including modifications to 
proteins, DNA, and lipids. Reactive nitrogen species, e.g. derivatives 
of NO also cause tissue damage.

In diabetic complications [27], ROS are increased in, for example, 
endothelial cells, vascular smooth muscle cells, cardiac myocytes, 
mesangial and tubular epithelial cells, retinal glial cells, Schwann 
cells by factors including:

 • hyperglycaemia
 • haemodynamic factors
 • inflammatory processes.

There are many pathways which contribute to the generation of 
ROS in tissues in which diabetic microvascular complications arise.

These include:

 • enzymes such as nicotinamide adenine dinucleotide phosphate 
oxidase (NADPH oxidase complex (NOX)), xanthine oxidase, 12/ 
15 lipoxygenase, myeloperoxidase;

 • altered mitochondrial ROS production and clearance due to in-
creased oxidative phosphorylation;

 • cytochrome p450;
 • uncoupling of nitric oxide synthase so that superoxide anions ra-

ther than nitric oxide are produced.

Whether the mitochondrial electron transport chain is involved 
in diabetic complications has been at the centre of controversy re-
cently but the consensus seems to be that changes in mitochondrial 
redox status by impaired electron transport are indeed important in 
the formation of diabetic microangiopathy even if they are subse-
quently reduced at later stages of the disease [27].

The antioxidant pathways which remove ROS are often also im-
paired in diabetes such as heme- oxygenase- 1 (HO- 1), Superoxide 
dismutase (SOD), glutathione peroxidases (GPx). Nrf2, a transcrip-
tion factor, controls baseline and induced levels of antioxidants 
and is thus an important regulator of ROS and a target for future 
therapies.

The downstream redox sensitive processes which are affected by 
increases in ROS are numerous and include major metabolic path-
ways, RAGE/ AGE, PKC, renin– angiotensin– aldosterone system 
(RAAS), cell growth, apoptosis, migration, extracellular matrix 
modelling, growth factors, vascular function, and permeability. The 
exact mechanisms and pathways involved in ROS mediated damage 
differs in retinopathy, nephropathy, neuropathy, and other tissues.

Inflammation

Many mechanisms, mediators and signalling cascades contribute 
to inflammation in diabetic complications with some variation of 
pathways and the cells involved in different tissues [28, 29].

Inflammation, recruitment, and activation of immune cells 
to clear damage to tissue or pathogens, is beneficial in the acute 
phase; however, chronic inflammation may cause irreversible 
pathological tissue changes. Pattern recognition receptors such as 

RAGE are involved as one of the receptors in inflammatory re-
sponses. RAGE- ligand interactions both initiate and sustain in-
flammation, NF- κB is activated and stimulates transcription of 
pro- inflammatory genes, acute phase proteins, and chemokines 
such as IL- 6, TNF- α, monocyte chemoattractant protein (MCP- 1) 
which all play a major role in the recruitment and activation of 
monocytes and leukocytes and the subsequent inflammatory re-
sponse, all are implicated.

Inflammatory mechanisms have been implicated as important 
early pathogenic factors in retinopathy, neuropathy, and nephrop-
athy. This is strengthened by the finding that modification of in-
flammation is associated with reduced complications in patients 
[30]. Circulating markers of inflammation are increased in both 
type 1 and type 2 diabetes and correlate with albuminuria and risk 
of progression towards End Stage Renal Disease.

Activation of macrophages, neutrophils, resident immune cells 
such as microglia or dendritic cells, Schwann cells, endothelial cells, 
or adipocytes via pattern recognition receptors [28– 30] leads to:

 • increased NF- κB activity, mitogen- activated protein kinases 
(MAPKs);

 • induction of pro- inflammatory genes;
 • release of pro- inflammatory cytokines/ chemokines with effects 

locally and systemically including immune cell recruitment.

Exactly which cytokines are released, in what proportions, and the 
downstream effects appear to vary according to the stage of disease 
and the tissue examined. TNFα, IL- 1, IL- 6, and IL- 18 are increased 
early in diabetic nephropathy; they increase adhesion molecule ex-
pression (e.g. ICAM- 1), alter glomerular haemodynamics and in-
crease glomerular permeability, increase prostaglandin secretion, 
induce mesangial cell proliferation, cause apoptosis, generate ROS, 
and augment the inflammatory response by stimulating transcrip-
tion factors and other growth factors. Similar cytokines are also 
increased in retinopathy although VEGF is induced by hypoxia 
through HIF- 1 and contributes to increased vascular permeability 
[31, 32].

The chemokines such as CCL- 2, CCL- 4, CXCL- 9, and CXCL- 10 
are elevated in vitreous samples from patients with proliferative 
diabetic retinopathy as is the MCP- 1. All are involved in immune 
stimulation and recruiting and activating microglia (resident im-
mune cells in retina) and leukocytes. MCP- 1 also contributes to fi-
brosis and angiogenesis [30]. Many of these chemokines are also 
elevated in patients with diabetic nephropathy.

The Renin– Angiotensin– System (RAS)

RAS is upregulated by both hyperglycaemia and by haemodynamic 
factors.

RAS is expressed locally in tissues, e.g. in the eye it is present in 
neuronal (Müller cells, ganglion cells) and vascular cells. The RAS 
components are produced locally in the tissues rather than being 
filtered from the circulation. Increased levels of Angiotensin II (Ang 
II) and other RAS components have been found in the vitreous fluid 
in patients with proliferative retinopathy compared to controls. 
Research suggests these locally produced components of RAS es-
pecially Ang II are involved in the pathogenesis of complications 
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and potentially that chymases rather than angiotensin converting 
enzymes (ACE) are the primary mechanism of intracellular Ang II 
generation. Chymases convert Ang I to Ang II at a much higher rate 
than ACE and are not inhibited by ACE inhibitors. In the eye some 
cells will be exposed to circulating Ang II (e.g. endothelial cells), 
while cells behind the vascular barrier will be primarily exposed 
to locally derived Ang II. Kidney Ang II is also locally generated as 
well as circulating.

Angiotensin II (Ang II) has haemodynamic and non- 
haemodynamic effects, generating its actions via ROS and stimula-
tion of pro- inflammatory transcription factors such as NF- κB and 
Ets- 1.

Ang II increases:

 • glomerular hypertension, by preferentially vasoconstricting the 
efferent capillary;

 • cellular apoptosis which decreases pericyte viability and impairs 
vascular regulation;

 • vascular permeability, by stimulating expression and secretion of 
VEGF, leukotriene C4, PGE2, and PGE1;

 • rolling and sticking leukocytes by upregulating E- selectin VCAM- 
1 and ICAM- 1;

 • recruitment of monocytes, T lymphocytes, and neutrophils by 
stimulating secretion of monocyte chemotactic protein MCP- 1, 
cytokine- inducible neutrophil chemoattractant, keratinocyte- 
derived chemokine, and macrophage inflammatory protein 
(MIP)- 2.

Ang II also:

 • impairs tissue repair;
 • mediates fibrosis via TGF- β and CTGF;
 • induces apoptosis/ proliferation;
 • stimulates ECM deposition.
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Definition of Diabetic Retinopathy

Diabetic retinopathy refers to the microvascular complication of 
diabetes with pathology of the capillaries, arterioles and venules in 
the retina and the subsequent effects of leakage from or occlusion 
of the small vessels.

The Normal Eye

The eye is an approximate globe consisting of three concentric 
major layers of tissue. The outermost layer is the white protective 
sclera except anteriorly where it becomes transparent to allow light 
to enter through the cornea. The middle layer is the uvea which 
comprises the iris, ciliary body, and choroid. The innermost layer in 
the posterior section is the retina which contains the photoreceptor 
cells. The anterior part of the globe is filled with aqueous humour 
and the posterior part is filled with the vitreous jelly, both of which 
are transparent to allow passage of light through to the retina. The 
majority of the retina, excepting the central foveal region, is pro-
vided with oxygen from the retinal vascular circulation. The central 
foveal region is thinner and has no direct retinal blood supply. Lying 
between the choroid and the retina are the very thin Bruch’s mem-
brane and the retinal pigment epithelium. The supply of oxygen and 
nutrients is provided through diffusion from the choriocapillaris, 
which has small gaps (fenestrations) between the cells in the walls 
of smaller choroidal vessels, and through contact with the retinal 
pigment epithelium. The blood vessels in the retina exhibit tight 
junctions between adjacent cells, which prevent leakage of blood 
components, fluids, chemicals, or drugs through the retinal blood 
vessel wall maintaining the blood– retinal barrier.

Pathology of Diabetic Retinopathy

The histological changes that have been described in diabetic 
retinopathy are:

 1. Thickening of the basement membrane
 2. Pericyte loss
 3. Loss of epithelial tight junctions
 4. Loss of endothelial cells
 5. Smooth muscle cell death
 6. Capillary weakening
 7. Increased capillary permeability
 8. Capillary occlusion
 9. Microaneurysm formation— this has always been considered 

one of the earliest lesions in diabetic retinopathy and the hall-
mark of the condition.

The production of vascular endothelial growth factor (VEGF) 
during the pathological processes of diabetic retinopathy and the 
beneficial effects of blocking the effects with VEGF inhibitor drugs 
have become increasingly apparent.

Modifiable Risk Factors for Progression of DR

 a) Systemic hypertension
Although there had been previous descriptions of the effect of 
hypertension on diabetic retinopathy progression, Joner [1]  
studied a nationwide cohort of 600 young people with type 1 dia-
betes in Norway in 1992 and found hypertension to be a signifi-
cant contributor to the occurrence and progression of diabetic 
retinopathy in a multiple logistic regression model. Matthews [2] 
described the UK Prospective Diabetes Study (UKPDS) results 
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in type 2 diabetes that by 4.5  years after randomization, there 
was a highly significant difference in microaneurysm count with 
23.3% in the tight BP control group and 33.5% in the less tight 
BP control group having 5 or more microaneurysms (relative 
risk [RR], 0.70; P = 0.003).

More recently the ACCORD [3]  and the ADVANCE [4] trials did 
not show any benefits for retinopathy of more intensive blood pres-
sure lowering, presumably because the blood pressure in the control 
arms was relatively well controlled compared to the earlier studies.

 b) Glucose control.
In type 1 diabetes, the Diabetes Control and Complications 
Trial (DCCT) [5, 6] demonstrated the beneficial effects of glu-
cose control. After a mean follow- up of 6.5 years in the primary- 
prevention cohort, intensive therapy reduced the risk for the 
development of DR by 76% (CI 62– 85%), compared with con-
ventional therapy. For the secondary intervention cohort, inten-
sive therapy slowed the progression of DR by 54% (CI 39– 66%) 
and reduced the development of proliferative diabetic retin-
opathy (PDR) or severe non- proliferative diabetic retinopathy 
(NPDR) by 47% (CI 14– 67%).

In type 2 diabetes, the United Kingdom Prospective Diabetes 
Study UKPDS [7, 8] demonstrated that there was a 25% (CI 7– 
40%) risk reduction in the intensive group in development of 
diabetic retinopathy.

 c) Blood lipids.
The role of lipids in the genesis of retinopathy is less clear than that of 
B/ P and glucose control. In 1996 Chew [9]  reported an association 
of elevated serum lipid levels with retinal hard exudates in diabetic 
patients from the Early Treatment Diabetic Retinopathy Study.

In a recent Health Technology Assessment (HTA) project 
[10] looking at identifying low risk individuals whose screening 
risk could be safely extended, the total serum cholesterol (per 
1 mmol/ L) was a risk factor for progression to screen positive 
maculopathy but not for progression to pre- proliferative or pro-
liferative DR. The hazard ratio for progression to screen positive 
maculopathy was 1.14 (95% CI 1.06– 1.22).

The FIELD [11] and ACCORD [3]  trails suggested that 
fenofibrate may have beneficial effects on preventing and slowing 
progression of retinopathy [3, 11], although the mechanism may 
not be through modification of lipid levels as had previously been 
thought.

 d) Smoking.
In type 1 diabetes Muhlhauser [12] and Karamanos [13] re-
ported smoking to be a risk factor for progression. In type 2 dia-
betes the evidence is controversial and it may protect against the 
progression of retinopathy in some patients despite the fact that 
mortality from cardiovascular disease is increased.

Non- Modifiable Risk Factors for DR

These include:

 a) Duration of diabetes:
Numerous studies have reported [14] on the effect of duration of 
diabetes. Most recently we have reported [15] on the retinopathy 
levels in 2125 children with diabetes screened for the first time at 

age 12 or 13. In those diagnosed with diabetes at 2 years of age or 
less the proportion with retinopathy in one eye or both eyes was 
20% and 11%, respectively, decreasing to 8% and 2% in those 
diagnosed between 2 and 12 years (P <0.0001)

 b) Age:
In type 1 diabetes the relationship with age is complex as de-
scribed [15] earlier in the younger age group where those diag-
nosed less than 2 years old had disproportionately higher levels 
of retinopathy at aged 12 years when they were first screened.

However, in type 2 diabetes in the UKPDS [16], in those who 
already had retinopathy, progression was associated with older 
age.

 c) Genetic predisposition:
Hietala [17] found a familial clustering of proliferative retinop-
athy in patients with type 1 diabetes. The observation could not 
be accounted for by conventional risk factors, suggesting a gen-
etic component in the pathogenesis of proliferative retinopathy 
in type 1 diabetes.

 d) Ethnicity:
Simmons [18] compared ethnic differences in Auckland, New 
Zealand and found that moderate or more severe retinopathy is 
more common in Polynesians than Europeans and this differ-
ence could not be explained by differences in diabetes duration, 
insulin therapy, the extent of renal disease, blood pressure, or 
glycaemic control.

Other Common Conditions Affecting 
the Progression of DR

Pregnancy

Progression of diabetic retinopathy may occur during pregnancy. 
The known risk factors for progression of diabetic retinopathy in 
pregnancy are:

 a) Pregnancy [19, 20] is independently associated with progression 
of diabetic retinopathy

 b) Baseline severity of retinopathy [21– 23]
 c) Poor metabolic control at conception [21]
 d) Rapid improvement of glycaemic control [20– 23]
 e) Poor metabolic control during pregnancy or the early post-

partum period [19, 20, 23, 24]
 f) Duration of diabetes [23, 25, 26]
 g) Chronic hypertension and pregnancy- induced hypertension [23]

Renal Failure

Sakata [27] described four patients who exhibited the greatest decline 
in the estimated glomerular filtration rate (12.3– 23.5 ml/ min/ 1.73 m2/ 
year) had several clinical features in common, including marked ret-
inopathy. It is common in diabetic retinopathy clinics to find deterior-
ation in retinopathy with decline in renal function and there is often 
(but not always) an improvement once renal dialysis has commenced.

The Early Worsening Phenomenon

In 1998 the DCCT described the effect of early worsening of dia-
betic retinopathy at the 6-  and/ or 12- month visit in 13.1% of 711 
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patients assigned to intensive treatment. Early worsening led to 
high- risk proliferative retinopathy in two patients in the DCCT 
who had poorer control on entering the trial. However, the long- 
term benefits of intensive insulin treatment greatly outweighed the 
risks of early worsening.

The Early Treatment Diabetic Retinopathy   
Study (ETDRS)

The ETDRS [29] described the progression of diabetic retinopathy 
in relation to the development of the specific lesions, the most im-
portant of which were:

 1. Microaneurysms (Ma)
 2. Small retinal haemorrhages or dot haemorrhages
 3. HMa (haemorrhage/ microaneurysm)
 4. Flame haemorrhages
 5. Blot haemorrhages

 6. Hard exudates— often just referred to as exudates (HE)
 7. Cotton wool spots (referred to as soft exudates or SE in the 

ETDRS but this term is now rarely used)
 8. Intraretinal microvascular abnormality (IRMA)
 9. Venous beading (VB)
 10. New vessels at the disc (NVD)
 11. New vessels elsewhere (NVE)
 12. Vitreous haemorrhage (VH)
 13. Preretinal haemorrhage (PRH)

Table 15.12.2.1 shows the progression to PDR according to the 
ETDRS severity scale [30] and a comparison to English Screening 
Programme grades.

Screening for Diabetic Retinopathy

Screening for Diabetic Retinopathy commenced in the Four Nations 
of England, Scotland, Wales, and Northern Ireland between 2002 

Table 15.12.2.1 Diabetic retinopathy classification of progression to proliferative DR

ETDRS final retinopathy 
severity scale

ETDRS (final) 
grade

Lesions Risk of progression   
to PDR in 1 year
(ETDRS interim)

English Screening 
Programme levels

No apparent retinopathy 10
14, 15

DR absent
DR questionable

R0
Currently screen
Annually

Mild NPDR 20 Micro aneurysms only R1
Screen annually
Background
microaneurysm(s)
Retinal haemorrhage(s) ± 
any exudate
Venous loop

35
a
b
c
d
e

One or more of the following:
Venous loops > definite in 1 field
SE, IRMA, or VB questionable
Retinal haemorrhages present
HE > definite in 1 field
SE > definite in 1 field

Level 30 = 6.2%

Moderate NPDR 43a
b

H/ Ma moderate in 4– 5 fields or severe in 1 field or
IRMA definite in 1– 3 fields

Level 41 = 11.3% R2
Refer to ophthalmologist
Pre- proliferative
venous beading
venous reduplication
intraretinal microvascular 
abnormality (IRMA)
multiple deep, round, or 
blot haemorrhages

Moderately severe NPDR 47
a
b
c
d

Both level 43 characteristics – 
H/ Ma moderate in 4– 5 fields or severe in 1 field and 
IRMA definite in 1– 3 fields
or any one of the following:
IRMA in 4– 5 fields
HMA severe in 2– 3 fields
VB definite in 1 field

Level 45 = 20.7%

Severe NPDR 53
a
b
c
d

One or more of the following:
> 2 of the 3 level 47 characteristics
H/ Ma severe in 4– 5 fields
IRMA > moderate in 1 field
VB > definite in 2– 3 fields

Level 51 = 44.2%
Level 55 = 54.8%

Mild PDR 61a
b

FPD or FPE present with NVD absent or
NVE = definite

R3  
Proliferative DR

Moderate PDR 65a
b

1) NVE > moderate in 1 field or definite NVD with VH 
and PRH absent or questionable or
2) VH or PRH definite and NVE < moderate in 1 field 
and NVD absent

High- risk PDR 71
a
b
c
d

Any of the following:
1) VH or PRH > moderate in 1 field
2) NVE > moderate in 1 field and VH or PRH definite 
in 1 field
3) NVD = 2 and VH or PRH definite in 1 field
4) NVD > moderate

High- risk PDR 75 NVD > moderate and definite VH or PRH

Advanced PDR 81 Retina obscured due to VH or PRH
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and 2004 with full population coverage being achieved in England 
by 2008. All Four Nations use digital photography as their primary 
screening tool with England and Wales dilating all people with 
diabetes, Northern Ireland dilating over the age of 50  years and 
Scotland using a staged approach with dilation if the screener con-
siders the image quality to be poor. In 2014 it was reported [31] that 
Diabetic Retinopathy was no longer the leading cause of blindness 
in the working age group in England and Wales and the introduc-
tion of the screening programmes was considered to have made a 
significant contribution to this achievement.

The English Screening Classification 
for DR Progression

The English Screening Programme takes two 45- degree fields and uses 
the classification shown in the right- hand column of Table 15.12.2.1 for 
grading the images. Each eye has a retinopathy R and a maculopathy 
M grade, and the outcome is dependent on the grade of the worst eye.

R0M0 No Diabetic Retinopathy. No maculopathy
R1M0. Background DR. No maculopathy
R1M1. Background DR. No maculopathy
R1M1 is Background DR. Maculopathy
R2M0. Pre- proliferative DR. No maculopathy 
R2M1. Pre- proliferative DR. Maculopathy
R3M0. Proliferative DR. No maculopathy
R3M1. Proliferative DR. Maculopathy
U. Unassessable images

People with diabetes who have unassessable images are referred for 
slit- lamp biomicroscopy investigation.

Examination Techniques Used to Assess 
Diabetic Retinopathy

The commonly used examination techniques used are:

 1. A carefully taken history.
 2. Assessment of visual acuity.
 3. Dilation of the pupil with G Tropicamide 1% often with G 

Phenylephrine 2.5%.
 4. Direct ophthalmoscopy has a limited field of view and does not 

have a good sensitivity and specificity for the detection of sight 
threatening diabetic retinopathy but is useful for ad hoc detec-
tion of diabetic retinopathy.

 5. Slit- lamp biomicroscopy is the commonest method used by oph-
thalmologists to diagnose and monitor retinal disease using an 
indirect lens such as a 78D lens.

 6. Contact lens biomicrosopy is used for more detailed retinal 
examinations and while conducting laser treatments with a con-
tact lens placed on the eye.

 7. Binocular indirect ophthalmoscopy is useful for evaluating the 
posterior segment and retinal periphery. A  larger area can be 
viewed than with slit- lamp biomicroscopy but this view is less 
magnified.

Investigations Used to Assess 
Diabetic Retinopathy

 1. Retinal photography— digital colour retinal photography is 
currently the method of choice for screening for diabetic ret-
inopathy. In the English Screening Programme two 45- degree 
fields are taken, one centred on the fovea and one centred on 
the optic disc. In programmes that use non- mydriatic photog-
raphy such as Scotland, one 45- degree field is used because of the 
delay in pupil dilation after the flash. All new screening meth-
odologies are tested against a reference standard of seven- field 
stereophotography. See Figure 15.12.2.1.

 2. Scanning laser ophthalmoscopy (SLO)— this method is increas-
ingly being used in the eye clinic environment and they provide 
an artificial colour image. The SLOs use monochromatic light 
and provide an artificial colour image by using red, green, and 
blue lasers sequentially to acquire red, green, and blue reflect-
ance images of the retina and combining these images to pro-
duce an artificial colour image. The Optos machine can take a 
wide 200- degree field although this width of field does limit the 
central resolution. Other scanning laser ophthalmoscopes such 
as the Heidelberg Spectralis take a smaller field (e.g. 55 degrees).

 3. Scanning confocal ophthalmoscopy (not laser)— some recent 
machines use the same principle of confocal light but produce a 
colour image using LED light (e.g. the Eidon by CenterVue and 
the Zeiss Clarus 500).

 4. Fundus fluorescein angiography is a diagnostic procedure in 
which fluorescein dye (typically 5 ml of 10% sodium fluores-
cein) is injected in a peripheral vein and a specialized fundus 
camera or confocal scanning laser ophthalmoscope captures 
high resolution, rapid sequence photographs, or digital videos 
to monitor the circulation of the fluorescent dye through the 
eye. The dye provides a yellow fluorescence with blue light and 
so the technique involves blue light being transmitted into the 
eye and yellow filters being inserted for light returning to the 
camera or SLO. The fluorescein dye can cause side effects in a few 
individuals such as nausea, vomiting, occasional syncope, skin 
rashes, and itching. More serious side effects, such as anaphyl-
actic shock, are extremely rare. See Figure 15.12.2.2.

 5. Optical coherence tomography (OCT) utilizes time of flight 
optical interferometry to resolve the different reflective layers 
of the retina at resolutions typically in the range of 3– 8 μm for 
standard commercial systems. OCT images can be presented as 
either cross- sectional images or as topographic maps and can be 
combined with fluorescein angiography. See Figure 15.12.2.3.

 6. Optical coherence tomography angiography— advances in 
OCT technology have seen the development of methods of 
non- invasive, dye- free angiography. This technique analyses the 
axial motion associated with blood flow and uses this to gen-
erate three- dimensional reconstructions of the vasculature. 
OCT angiography has a number of advantages over fluorescein 
angiography— it is non- invasive, does not require the use of 
fluorescein dye, and is quicker to perform. However, it presents 
challenges with interpretation because the absence of a vessel 
may mean that the blood flow is too slow for the technique to 
detect rather than true absence.

 7. See Figure 15.12.2.4.
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 8. Ultrasound B scan examination uses high frequency ultrasound 
typically in the range of 8– 15 MHz, to generate images of the eye. 
Ocular structures are identified by their characteristic reflect-
ivity profiles on the A- scan and B- scans provide cross- sectional 
images of the eye. This is useful to examine the density and ex-
tent of a VH and the presence or absence of a retinal detachment 
where the retinal view is obscured. This technique is particularly 
useful in advanced diabetic retinopathy where fibrovascular 
membranes, tractional retinal detachments, and VHs may co-
exist and assists in planning vitreoretinal surgery.

 9. Visual field perimetry is the systematic measurement of differ-
ential light sensitivity in the visual field by the detection of the 
presence of test targets on a defined background in order to map 
and quantify the visual field, normally testing each eye inde-
pendently but binocularly for driving field assessment.

Multidisciplinary Approach

Many patients who have severe diabetic eye disease have sub-
optimal control of blood glucose, blood pressure, and lipid levels. It 

Figure 15.12.2.1 This macular centre digital photograph shows features of R2 preproliferative DR with multiple haemorrhages and IRMA and M1 
maculopathy with exudates <1DD from the foveal centre.

Figure 15.12.2.2 A fluorescein angiogram 36 seconds after injection of dye showing a very ischaemic retina with very poor blood supply to the 
macular area and leakage of dye from the new vessels elsewhere is starting and will increase over the next few minutes and will be more obvious in 
the later photos.
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is important to have a multidisciplinary approach to these patients 
so that the eye is not treated in isolation. Hence it is important that 
proper attention is paid to the management of:

 a) Systemic hypertension
 b) Glucose control
 c) Blood lipids

Treatment of Diabetic Maculopathy

In the past diabetic maculopathy was treated with laser in accord-
ance with the definition of clinically significant macular oedema 
which was defined by the ETDRS study as:

 1. Thickening of the retina at or within 500 microns of the centre of 
the macula;

 2. Hard exudates at or within 500 microns of the centre of the 
fovea, if associated with thickening of the adjacent retina (not 
residual hard exudates remaining after disappearance of retinal 
thickening);

 3. A zone or zones of retinal thickening 1 disc area or larger, any part 
of which is within 1 disc diameter of the centre of the macula.

When treatment was carried out with laser it was recognized that 
one should not treat within the foveal avascular zone because of the 
risk of the treated individual noticing a blind spot in their vision 
and because laser creep over time can affect the central vision at a 
later date.

Figure 15.12.2.3 An OCT image of the left macular area showing leaking of fluid into the retinal layers on the temporal side of the macula in a 
patient with diabetic maculopathy.

(a) (b)

Figure 15.12.2.4 (a) Colour image of the left macula and disc showing NVD at the left disc and a superior branch arterial occlusion above the left 
macula. (b) An OCT angiogram of the left macular area showing the poor blood supply in the superior left macular area.
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VEGF inhibitors— more recently laser has been reserved for 
thickening that is off centre and those people with diabetes who 
have diabetic maculopathy and central thickening are offered a 
course of intravitreal injections of VEGF inhibitors for treatment 
of their oedema. In England NICE guidelines restrict this treat-
ment to those whose centre thickness are greater than or equal 400 
microns.

There have been a number of studies that have shown that this 
treatment is beneficial in diabetic maculopathy using the two on- 
label preparations ranibizumab [32], aflibercept [33,  34], and the 
off- label bevacizumab [35]. One exciting feature of all of these 
studies was that there was regression of ETDRS levels and there was 
a significant gain in vision measured by the number of extra letters 
read. This was of course dependent on the starting level of vision but 
there was considerably more visual gain with VEGF inhibitors than 
with laser treatment where stabilization of vision was considered 
optimal and vision gain was infrequent. One study [36] suggested 
a higher vision gain could be achieved with aflibercept in patients 
whose initial vision was worse (less than 69 letters or approximately 
≤6/ 15) than using other VEGF inhibitors. There tends to be a re-
duction in treatment frequency required over time with an average 
of 7– 9 anti- VEGF injections required in the first year, 2– 4 in the 
second year, 1– 3 in the third, and approximately 1 injection per year 
in years 4 and 5 [37, 38].

Potential side effects of intravitreal VEGF inhibitor therapy are 
sustained elevation of intraocular pressure [39] (9.5% compared to 
3.4% in the control group), endophthalmitis [40] (0.04– 0.06/ injec-
tion) and cardiovascular events [41] which, although a theoretical 
risk, have not been found to be higher than the control group in a 
meta- analysis of six randomized controlled studies. Until recently 
we have had a choice in England of using the on- label preparations 
of aflibercept and ranibizumab but NICE has recently issued guid-
ance [42] suggesting that they found no significant differences in 
effectiveness and safety between the different anti- VEGF treatments 
in age- related macular degeneration following the subsequent state-
ment by the GMC [43] that they would not raise any ‘fitness to 
practice’ concerns if doctors prescribed bevacizumab, we may see a 
wider use of this agent.

Intravitreal corticosteroids— it has been shown [44] that inflam-
mation plays a significant role in the development of macular oe-
dema in some patients with diabetes. Intravitreal triamcinolone 
acetonide is an off- label treatment that has been extensively studied 
[45] and has been shown to be beneficial in some patients. Side 
effects of all intravitreal steroid preparations are elevation of IOP 
requiring topical treatment or surgery, and cataracts. In addition 
some patients who were treated with intravitreal triamcinolone 
developed sterile uveitis/ pseudoendophthalmitis (in up to 13% 
of eyes) that further limited its clinical use [46]. Dexamethasone 
intravitreal implant (Ozurdex, Allergan, Inc., Irvine, CA) is a 
sustained- release bio- gradable implant formulation of cortico-
steroid that has been shown [47] to improve visual acuity in a 
difficult- to- treat patient population with long- standing refractory 
DME of macular oedema due to diabetes. Dexamethasone im-
plants only have a duration of action of approximately 3 months. 
In the UK, it has also been approved by NICE [48] for this indi-
cation but only in pseudophakic eyes who have not responded to 
non- corticosteroid treatment. Fluocinolone acetonide (Illuvien) 
is an intravitreal implant of fluocinolone acetonide which delivers 

36  months of continuous, low- dose corticosteroid. Intravitreal 
Fluocinolone acetonide was recently granted approval [49] in the 
UK by NICE but only for treating chronic diabetic macular oedema 
that is insufficiently responsive to available therapies only if the im-
plant is to be used in an eye with an intraocular (pseudophakic) 
lens [50].

Treatment of PDR

The Diabetic Retinopathy Study (DRS) [51, 52] provided the first 
treatment for PDR with panretinal photocoagulation (PRP) in 1976 
and recommended prompt treatment in the presence of DRS high- 
risk characteristics, which reduced the two- year risk of severe visual 
loss by 50% or more and were defined by:

 a) The presence of preretinal or VH;
 b) Eyes with NVD equalling or exceeding one- quarter to one- third 

disc area in extent with no haemorrhage;
 c) NVE equalling > one- half disc area with haemorrhage.

See Figure 15.12.2.5.
As the side effects of laser have reduced there has been an 

increasing acceptance that treatment of low risk PDR with PRP 
should also be undertaken. The modern lasers have reduced the 
duration of the burn which has reduced discomfort and enabled 
multiple burn spots to be produced with each depression of the foot 
pedal, which reduces the time taken for the procedure, although a 
larger number of burns appears to be required [53] than with trad-
itional lasers.

However, for the first time since 1976 an alternative treatment 
is being suggested, which are regular injections of VEGF inhibi-
tors. A study [54] by the Diabetic Retinopathy Clinical Research 

Figure 15.12.2.5 New vessels are developing at this right disc due to 
generalized ischaemia. As they are >1/ 3rd disc area they are considered 
high risk.



15.12.2 Retinopathy 2139

Network assessed the non- inferiority of intravitreal ranibizumab 
compared with PRP for visual acuity outcomes in patients with 
PDR. Among eyes with PDR, treatment with ranibizumab re-
sulted in visual acuity that was not worse than PRP treatment at 
2 years. A study from the UK [55] found that patients with PDR 
who were treated with intravitreal aflibercept had an improved out-
come at 1  year compared with those treated with PRP standard 
care. However, the long- term requirements of number of injec-
tions required to maintain this benefit and the economic costs are 
currently unknown and so PRP continues to be standard care for 
proliferative DR.

Treatment of the Combination of Diabetic 
Maculopathy and PDR

Before the introduction for VEGF inhibitors, report from the DRS 
[56] suggested that ‘reducing macular oedema by focal photocoagu-
lation before initiating scatter treatment and dividing scatter treat-
ment into multiple sessions with less intense burns may decrease the 
risk of the visual loss associated with photocoagulation’. However, 
the introduction of VEGF inhibitors has made VEGF inhibitors the 
preferred treatment if the centre thickness of the macula is >400 
microns.

A report from the United Kingdom National Ophthalmology 
Database Study on diabetic retinopathy showed that of 48 250 eyes 
of patients with diabetes who had had a structured assessment re-
corded in the hospital eye service, 5066 eyes had proliferative DR. 
Of those with proliferative DR there were 14.2% (719 eyes) with 
centre involving diabetic macular oedema and 7.6% (385 eyes) 
with non- centre involving diabetic macular oedema. Hence, it is 
common to see the combination of proliferative DR and diabetic 
macular oedema.

Treatment of Advanced DR

Advanced DR such as non- clearing VH and tractional retinal de-
tachment involving the macula is treated with pars plana vitrec-
tomy. With frequent follow- up examinations and timely scatter 
(panretinal) photocoagulation, the 5- year cumulative rate of 
pars plana vitrectomy in ETDRS patients [57] was 5.3%. Surgical 
techniques have improved since the early reports and some sur-
geons [58] are now using preoperative intravitreal VEGF inhibi-
tors to reduce intraoperative bleeding and thereby facilitating 
the surgery. Iris neovascularization and neovascular glaucoma 
are usually treated [59] with an intravitreal VEGF inhibitor fol-
lowed by PRP [60] to control the retinal ischaemia. Before the 
availability of VEGF inhibitors it was often very difficult to treat 
these patients because the raised intraocular pressure produced 
corneal oedema that made it difficult to undertake the PRP be-
cause of the poor view. With the advent of the VEGF inhibitors 
the neovascularization usually responds within 24 hours and the 
intraocular pressure reduces and this allows a window of approxi-
mately 1 month to provide the required PRP. If there is a delay in 
presentation, the angle may have closed and then other surgical 
techniques (e.g. cyclodiode laser may be required to control the 
intraocular pressure).
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Definition

Classical Diabetic Nephropathy

The evolution of diabetic nephropathy (DN) proceeds through 
several distinct stages. The stages of DN have been historically de-
picted as progression through increasing amount of albumin in 
the urine (normoalbuminuria- A1, microalbuminuria- A2, and 
macroalbuminuria- A3), as a result of a damaged glomerular filtration 
barrier [1] , until renal failure [2]. DN is defined as presence of albu-
minuria and progressive decline in glomerular filtration rate (GFR) 
associated with retinopathy and hypertension. Albuminuria per se is 
inadequate to stage the progression of DN; it has recently been sug-
gested that the parallel use of albuminuria and GFR levels improves 
the staging of renal disease progression [2].

Non- Classical Diabetic Nephropathy

The presence of albuminuria is not always associated with a com-
mensurate alteration/ decline in renal function, especially in the early 
phase of renal disease in diabetes [3, 4]. GFR progressive decline has 
been extensively described in the absence of albuminuria [5] , a fre-
quent scenario particularly in patients with T2DM [6, 7] observed 
in many studies (NEFRON [8], UKPDS [9], ADVANCE [10]).

Non- albuminuric renal impairment in T2DM does not asso-
ciate with poor metabolic control, retinopathy and hypertension 
but is linked to a higher cardiovascular risk [11]. Vascular disease 
(macroangiopathy) has been suggested as a potential underlying 
renal pathology [12].

Up to 40– 50% of individuals with T2DM present with some de-
gree of renal function decline in the absence of retinopathy, sug-
gesting atypical renal disease is frequent and should be quickly 
identified with a kidney biopsy for a conclusive diagnosis [13, 14].

Changing Epidemiology?

Diabetes is the major cause of ESRD (United States Renal Data 
System, 2016, https:// www.usrds.org/ 2016/ view/ Default.aspx). The 
progressive ageing of the population in the western world has con-
tributed to an increased prevalence of T2DM and chronic kidney 
disease (CKD), the incidence of ESRD in elderly people being 
higher than in the general population [15]. Similarly, the obesity 
epidemic, today also observed in young adults, has been linked with 
an increased risk for diabetic kidney disease (DKD) [16].

The recently observed reduction in cardiovascular events in the 
T1DM and T2DM population [17] has not been associated with an 
improvement in CKD [18] which still affects ∼50% of patients with 
T2DM [19].

Of the patients with diabetes who develop CKD, approxi-
mately one- third will present with classical DN, one- third with 
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non- diabetic kidney disease (mostly obesity- related focal segmental 
glomerulosclerosis in the absence of retinopathy) and one- third 
with mixed pathologies [20].

Pathology

Classic Diabetic Nephropathy

Histologically, the classical presentation of DN is characterized by 
specific glomerular and tubulointerstitial lesions [21]:

Glomerulus

The glomerular anatomo- ultrastructural changes comprise thick-
ening of the glomerular basement membrane (GBM), diffuse 
mesangial sclerosis with accumulation of extracellular matrix and 
nodular formation (Kimmelstiel- Wilson lesion), as well as hyalinosis, 
and glomerular capillary microaneurysms [21]. There has been an 
attempt to classify the glomerular lesions into four classes according 
to the degree of extracellular matrix accumulation and mesangial ex-
pansion [22]. This is paralleled by podocyte loss in the urine [23] and 
progressive fall in filtration surface and decline in renal function.

Tubular Compartment

Pathological alterations within the tubular compartment occur in 
the advanced stage of the disease: these are characterized by tubular 
interstitial fibrosis with significant inflammatory infiltrates and oc-
casionally tubular atrophy. Hyaline arteriosclerosis of renal vessels 
can be seen as a result of a vascular disease process that occurs from 
the early stages of DN [24].

Non- Classic Diabetic Nephropathy

There is no structured classification/ definition for the ‘non- classical’ 
presentation of DN, mostly seen in patients with T2DM; the atyp-
ical presentation is characterized mainly by disproportionate 
tubulointerstitial, glomerulosclerotic, and vascular changes. The 
aetiology is thought to be related to ageing, atherosclerotic vascular 
disease in general, and hypertension.

The heterogeneity in renal ultrastructural lesions in T2DM leaves 
us with many unanswered questions about the natural history of 
albuminuria or proteinuria in patients with T2DM who may pre-
sent with minimal or no renal lesions. On the other hand patients 
with albuminuria/ proteinuria can present with mild diabetic glom-
erular changes but disproportionately severe vasculopathy, tubular 
atrophy, tubular basement membrane thickening, tubulointerstitial 
inflammatory infiltrate, and sclerosis.

Especially in patients with T2DM, the renal pathological presen-
tation may have many distinct patterns with variable glomerular, 
tubular, and vascular involvement [25].

Pathophysiology of Microvascular Damage

Mechanisms of Glomerular Disease

A clear interaction has been proposed between haemodynamic 
(glomerular hypertension) and metabolic (hyperglycaemia, 
dyslipidaemia) perturbations as recognized drivers for renal disease 
in diabetes [26, 27] (see Figure 15.12.3.1 online only).

Hyperglycaemia has been implicated in the dysregulation of af-
ferent and efferent glomerular arteriolae with dysregulation of the 
local tissue RAAS. Excess angiotensin- 2 is a key player in glom-
erular hypertension [28]. Excess local angiotensin- 2 is a major direct 
stimulus for TGFβ1, one of the main stimuli for glomerular and 
tubulointerstitial fibrosis [29] and a stimulus for the expression of cyto-
kines such as VEGF- A, monocyte chemoattractant protein- 1 (MCP- 
1), TGFβ1 itself, and connective tissue growth factor (CTGF) [30]. 
Of note, TGFβ1- mediated facilitative glucose transporter (GLUT)-1 
upregulation has been proposed as one of the mediators of metabolic– 
haemodynamic interaction in diabetic glomerulopathy [27].

Both angiotensin- 2 and TGFβ1 stimulate nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase leading to excess re-
active oxygen species accumulation [31]. Excess cell glucose metab-
olism / oxidative stress- mediated ER- stress has been proposed as a 
mechanism of DN [32].

The excess cellular glucose uptake, driven by the ambient ele-
vated circulating glucose levels, and excess oxidative stress also 
results in activation of different intracellular metabolic pathways 
such as the polyol and hexosamine pathway, increased production 
of advanced glycation end- products, activation of protein kinase C 
(PKC) and p38 mitogen activated protein kinase (MAPK), path-
ways linked to upregulation of mediators of glomerular damage 
such as angiotensin- 2, VEGF- A, and TGFβ1 [33].

Oxidative stress is an important mediator of inflammation: acti-
vation of NFkB, a transcription factor that controls the expression of 
cytokines involved in inflammation (interleukin (IL)- 1, IL- 6, IL- 18, 
and tumour necrosis factor), plays an important role in DKD [34].

Recent studies have challenged the role of oxidant species in the 
pathophysiology of DN, highlighting how oxidant species not only 
cause oxidative stress if elevated, but also function as important sig-
nalling molecules [31], implying that a balanced level of oxidant 
species must be maintained in physiology [31, 35].

The endothelium plays an important central role in the patho-
physiology of diabetic glomerulopathy. Endothelial dysfunction 
precedes increased vascular permeability and albuminuria. In dia-
betes, glomerular endothelial cell injury with loss of glycocalyx 
and cell apoptosis has been proposed as one of the mechanisms of 
diabetic glomerulopathy [36]. Changes in glycocalyx structure are 
associated with changes in glomerular permeability [1] . Diabetes af-
fects other glomerular cells, such as podocytes and mesangial cells, 
resulting in podocyte effacement, foot process fusion and apoptosis 
with podocyte loss in the urine [23], mesangial expansion, and 
mesangiolysis.

Diabetes affects the anatomical structure of the cells forming the 
glomerular filtration barrier and alters the autocrine/ paracrine actions 
of cytokines and vascular growth factors (e.g. TGF- β1, VEGF- A, and 
angiopoietins) secreted by these cells [37]. Glomerular VEGF- A ex-
pression plays a role in the pathophysiology of diabetic glomerulopathy 
by binding to its receptors expressed in endothelial cells, mesangial 
cells, and podocytes [37]. Primary VEGF- A overexpression in the 
podocytes results in proteinuria and disruption of the GBM [38], 
while inhibition of VEGF- A in animal experimental models of dia-
betes ameliorates proteinuria and glomerular damage [21, 37].

VEGF- A and nitric oxide (NO) play important roles in endothe-
lial dysfunction [39]. In diabetes, endothelial nitric oxide synthase 
(eNOS) uncoupling results in decreased NO production and in-
creased reactive oxygen species. The role of eNOS is still debated. 
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More will be learned from eNOS knockout mice which develop ad-
vanced diabetic renal lesions [40]. In addition, lack of eNOS pro-
tects from diabetes- mediated hyperfiltration [41].

VEGF- A expression modulates the actions of angiopoietin 
(Angpt)- 1 and - 2 on the vasculature [37]. Angpt- 1 promotes endo-
thelial cell survival, stabilization of supporting perivascular cells, 
and inhibition of endothelial permeability, while Angpt- 2 is con-
sidered to be a natural antagonist of Angpt- 1 and its overexpression 
results in albuminuria [21, 37].

In diabetic glomerulopathy, Angpt- 1 and Angpt- 2 levels are 
deregulated (often with Angpt- 2  > Angpt- 1) and ablation of 
Angpt- 1 in podocytes or mesangial cells results in accelerated 
diabetes- mediated glomerular damage, while podocyte specific 
Angpt- 1 overexpression in diabetes is protective [37]. VEGF- A has 
been implicated in maintenance of the endothelial glycocalyx struc-
ture and Angpt- 1 promotes a healthy endothelial glycocalyx and re-
duces glomerular capillary permeability [21, 37].

Mechanisms of Tubular Disease and Interstitial Fibrosis

Metabolic perturbations driving inflammation and oxidative stress 
have been involved in interstitial fibrosis and tubular damage in 
diabetes [42]; importantly renal function correlates with diabetes- 
mediated tubulointerstitial changes [43].

Diabetes is characterized by an upregulation of the low- affinity/ 
high- capacity sodium- glucose cotransporter SGLT2 known to rep-
resent the major player in glucose reabsorption in the nephron. 
SGLT2 upregulation is paralleled by activation of the local 
angiotensin- 2 system and prosclerotic cytokines such as CTGF and 
TGF- β1 which, in turn, will favour tubular cell proliferation and 
hypertrophy, cell senescence and increased deposition of extracel-
lular matrix [21]. Studies in patients with T1DM have suggested 
that tubular hypertrophy and excess glucose tubular reabsorption 
could contribute to hyperfiltration and faster decline in renal func-
tion [44]. Hyperfiltration, in turn, results in glomerular proteinuria, 
and tubulointerstitial inflammation and fibrosis [45].

Clinical Presentation

Early Renal Abnormalities

Hyperfiltration

Whole- kidney hyperfiltration (GFR>120– 140 ml/ min) is common 
in newly- diagnosed T1DM and short- duration T2DM. In add-
ition, as kidney disease advances and nephron mass reduces, 
hyperfiltration occurs in the remaining nephrons [46]. In many in-
dividuals, hyperfiltration at diagnosis of diabetes resolves as glucose 
control improves. In some, hyperfiltration persists and may predis-
pose to later DN. However, this remains controversial [47].

Progression of DKD

At presentation of diabetes, albuminuria A2 or even A3 may be pre-
sent. As hyperglycaemia resolves, albuminuria returns to normal 
in almost everyone with T1DM and the majority of those with 
T2DM. In classical DN, albuminuria then rises gradually through 
A1 to A2 and A3. Tracking changes in GFR in early disease rou-
tinely is extremely difficult because of the insensitivity of serum cre-
atinine and creatinine- based formulae for estimating GFR to small 

changes in renal function at higher levels. However, it seems that 
GFR falls in parallel with rising albuminuria, from early persistent 
hyperfiltration, to normal and then low levels [48]. The fall in GFR 
is linear but the rate varies widely between individuals [49]. Blood 
pressure and cardiovascular risk rise in parallel with increasing al-
buminuria and declining GFR.

In non- classical DN, a substantial number of individuals with 
T2DM, and approximately 10– 20% of those with T1DM, develop 
ESRD without significant progressive albuminuria. The clinical 
phenotype of these individuals is different to those with progressive 
albuminuria [9, 50]. In addition, in T2DM, histological changes are 
of atherosclerotic vascular disease rather than the glomerulosclerosis 
of DN [51]. Thus it is likely that classical and non- classical neph-
ropathy are of different aetiology, the non- albuminuric phenotype 
probably developing from hypertension, atherosclerotic vascular 
disease, and obesity. The rate of fall of GFR is at least as great as 
in classical nephropathy. Frank hypertension is usually present 
throughout and individuals may not have significant retinopathy.

Cardiovascular Disease and the Cardiorenal Syndrome

Cardiovascular risk increases progressively DKD develops [52]. 
Most individuals with DKD die of cardiovascular disease before 
developing renal failure. Albuminuria and GFR <60 ml/ min/ 1.73m2 
are both independently and additively associated with increased all- 
cause and cardiovascular mortality and cardiovascular events [47]. 
Individuals with both increased albuminuria and decreased GFR 
have the highest risk.

Non- albuminuric renal impairment is also a strong predictor of 
mortality, highlighting the prognostic role of renal dysfunction in-
dependently of albuminuria [53].

Potential explanations for this increased cardiovascular disease 
(CVD) risk include shared traditional CVD risk factors, worsening 
of traditional CVD risk factors as DKD progresses, novel CVD risk 
factors (e.g. disruption of mineral metabolism) and genetic factors. 
The term cardiorenal metabolic syndrome has been coined to de-
scribe the constellation of central obesity, insulin resistance, hyper-
tension, dyslipidaemia and proteinuria and/ or declining GFR [54].

Risk Factors for Disease Onset and Progression

Non- Modifiable

There is a genetic predisposition to classical DN and the associated 
cardiovascular disease. Different genes may influence disease ini-
tiation and progression, and separately affect the development of 
albuminuria and decline in GFR. Although numerous candidate 
genes have been suggested, none are currently clinically useful. 
Epigenetic modification may also play a role. The role of inheritance 
in the development of non- classical DKD is unknown.

Modifiable

For classical DN, the main modifiable risk factors are burden of 
glycaemia (increasing duration of diabetes and hyperglycaemia), 
blood pressure, smoking, dyslipidaemia, and obesity. These factors 
all probably influence initial development and progression of DN. 
Other features of the metabolic syndrome, such as insulin resist-
ance, non- alcoholic fatty liver disease, and sleep apnoea are also 
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associated. All of these risk factors are also likely to influence the 
development and progression of non- classical DKD, but this is less 
well studied.

Diagnosis and Monitoring

Despite much work exploring novel biomarkers for DKD [55], only 
albuminuria and GFR are of clinical use currently. Screening relies 
on annual measurement of urine albumin excretion and serum cre-
atinine, with calculation of the estimated GFR (eGFR) using the 
CKD- EPI equation [2]  (Figure 15.12.3.2 online only). Urine sam-
ples can be spot early morning, spot random, or timed collections. 
For spot samples, urine creatinine is also measured and the urine 
albumin:creatinine ratio (ACR) calculated. Timed samples are in-
convenient for the individual with diabetes and open to inaccur-
acies in collection, so generally are not used for screening. Spot 
early morning samples avoid changes in albuminuria with upright 
posture so are preferred to random samples.

On screening (Figure 15.12.3.3 online only), if albuminuria is A1 
and eGFR>90 ml/ min/ 1.73m2, the patient does not have DKD and 
both measurements should be repeated annually. Because of the ex-
tremely high intraindividual day- to- day variation in albuminuria, 
if the first measurement is abnormal, further measurements should 
be made over 3– 6 months. Albuminuria A2 and A3 should only be 
diagnosed if repeat measurements are abnormal. If present, meas-
urements should be made at each clinic visit, to allow a clear picture 
of the trajectory of albuminuria over time, and the response to any 
intervention. If eGFR is 30– 60 ml/ min/ 1.73m2, the test should be 
repeated 6 monthly, and if <30 ml/ min/ 1.73m2, every 3 months, so 
that the rate of change of kidney function can be assessed accur-
ately. As eGFR declines, anaemia and bone chemistry should also 
be monitored.

Diagnosis of DN is usually made clinically, on the basis of a 
gradual rise in albuminuria and blood pressure, with GFR falling 
linearly, in the presence of significant retinopathy and other com-
plications of diabetes. The absence of retinopathy suggests non- 
diabetic CKD. If there are concerns that other renal disease is 
present (e.g. sudden occurrence of albuminuria A3 in someone with 
previously normal ACR), then further investigations might include 
renal tract ultrasound (symmetrical kidneys of normal size in DN), 
autoantibodies and immunoglobulins (all normal in DN). If doubt 
remains, renal biopsy can be performed.

Prevention and Management of Diabetic 
Kidney Disease

Prevention of DKD is clearly of utmost importance, as once CKD 
stage 3 develops, its progress can only be slowed, not reversed.

Glycaemic Control

Numerous studies have demonstrated that the better the glucose 
control (HbA1c), the lower the risk of developing DN. In T1DM, 
the Diabetes Control and Complications Trial (DCCT) and its 
open follow- up, the Epidemiology of Diabetes Interventions and 
Complications Study (DCCT- EDIC) [56] demonstrated highly 

significant reductions in the number of individuals developing 
micro-  and macroalbuminuria, eGFR <60  ml/ min/ 1.73m2, and 
ESRD in those originally assigned to intensive management com-
pared to those initially receiving usual care. The difference in 
HbA1c during the 6.5 years randomized clinical trial (mean HbA1c 
7.2% intensive group, 9.1% conventional group) was lost during 
open follow- up (mean HbA1c 8.0% in both groups). However, 
despite the loss of glycaemic separation, DCCT/ EDIC showed a 
durable effect of initial assigned therapies, with risk reductions for 
new microalbuminuria of 45%, new macroalbuminuria 61% and 
eGFR<60 ml/ min/ 1.73m2 44% [56].

In T2DM, several studies have demonstrated reduction in the de-
velopment of micro-  and macro- albuminuria with improved glu-
cose control [57– 60], but studies have been too small and too short 
to demonstrate convincing effects on GFR. The exception to this are 
the SGLT2 studies, which are discussed later.

Once albuminuria A2 or A3 are present, there is some evidence 
in both T1DM and T2DM that improving glucose control may 
reduce albuminuria. In an observational study of T1DM indi-
viduals with persistent microalbuminuria at baseline, those who 
became normoalbuminuric were more likely to have HbA1c less 
than 8.0%, systolic BP less than 115mmHg and cholesterol less 
than 5.13 mmol/ L [61]. In T2DM, individuals receiving intensive 
glucose management are less likely to have progressive albumin-
uria and albuminuria is more likely to regress compared to those 
receiving usual care [57,  59]. There is no convincing data that 
rate of fall of GFR is altered by improving glucose control and no 
head- to- head studies of different classes of oral glucose- lowering 
agents, so that the choice of therapy should be individualized. Most 
guidelines recommend a target HbA1c of 6.5– 7.2% (48– 52 mmol/ 
mol), but this must be individualized. Tight glucose control is in-
appropriate in individuals with multiple comorbidities and limited 
life expectancy. In addition, as GFR declines, the risk of hypogly-
caemia increases, due to declining kidney gluconeogenesis, re-
duced clearance of some glucose- lowering agents and declining 
appetite among others [62].

There is no specific trial data on the effects of improving glucose 
control in individuals with non- classical DKD.

Inhibition of the Renin Angiotensin Aldosterone 
System (RAAS)

Inhibitors of the RAAS cause dilatation of the efferent glomerular 
arteriole and thus reduce intraglomerular pressure and albumin-
uria. By doing so, we believe they reduce the rate of progression 
of albuminuric CKD. Experts therefore suggest that diabetic indi-
viduals with albuminuria should be prescribed a RAAS inhibitor, 
regardless of blood pressure, and the dose titrated to the maximum 
recommended or tolerated. Evidence supporting this rests on a few 
small studies in T1DM with BP below the definition of hyperten-
sion but clearly above that of their normoalbuminuric peers. For 
historical reasons, the bulk of the evidence favours angiotensin- 2 
converting enzyme inhibitors (ACEI) in T1DM and angiotensin- 2 
receptor blockers (ARB) in T2DM, although in reality there is little 
to choose between the agents. Blockade of RAAS using a single 
agent is incomplete, so that dual blockade using ACEI plus ARB or 
aldosterone antagonist has been explored. Dual blockade reduces 
blood pressure and albuminuria more than single blockade, but 
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the significantly higher risks of hyperkalaemia and acute kidney 
injury outweigh any benefit, so that this strategy is currently not 
recommended.

RAAS blockade does not reduce the risk of developing DN in 
normoalbuminuric diabetic individuals with BP <140/ 90  mmHg. 
We do not know if RAAS inhibitors have any advantages over 
other classes of antihypertensive medication in individuals with 
normoalbuminuric DKD.

All patients taking RAAS blockade should be counselled to stop 
these medications temporarily if they become unwell with vomiting 
or diarrhoea or cannot maintain a normal fluid intake, and only 
to restart the drugs when they recover. Women of childbearing 
age should be advised to stop RAAS blockade if they are consid-
ering pregnancy, because of the teratogenic effects. Other agents, 
including methyldopa, nifedipine, and labetalol should be substi-
tuted during the preconception phase.

Blood Pressure

Raised blood pressure is a key initiating and progressing factor in 
DKD. The higher the blood pressure, the higher the risk of devel-
opment and progression of DN. Lowering blood pressure reduces 
albuminuria and slows the rate of decline of GFR and progression 
to renal failure. Historic data shows that without antihypertensive 
therapy, GFR declines by 10– 12 ml/ min/ 1.73 m2 per year. With ef-
fective blood pressure control, this is slowed to 3– 5  ml/ min/ 1.73 
m2 per year. Thus if blood pressure is controlled adequately from 
early in the disease process, the time to requiring renal replace-
ment therapy can be doubled. There are no specific trials in non- 
albuminuric DKD, but it seems extremely likely that good blood 
pressure control is also beneficial.

The target blood pressure for diabetic individuals with CKD is 
generally 130/ 80 mmHg. Too tight blood pressure control may ac-
tually be harmful, leading to renal hypoperfusion. Thus, as with 
glucose targets, blood pressure targets should be individualized. In 
fitter individuals with few comorbidities, lower targets (less than 
130 mmHg systolic) can probably be achieved safely. In people with 
multiple comorbidities, it is probably safer to accept blood pressure 
in the range 130– 140 mmHg. Increasingly, more weight is being put 
on 24- hour blood pressure monitoring or home measurements by 
the individual, rather than clinic blood pressure readings. Loss of 
normal nocturnal blood pressure dipping may occur, even though 
day- time blood pressure is normal.

The initial antihypertensive agent usually will be either a RAAS 
inhibitor or calcium- channel blocking agent. Most individuals will 
need two or more agents to achieve good control. Combinations 
used in trials include RAAS blocker plus calcium- channel blocker, 
or RAAS blocker plus a diuretic. There is little evidence to guide 
choice of a third or fourth agent, but α- blockers, β- blockers, and 
centrally acting agents are all used routinely. It is vital to reduce 
the blood pressure to a satisfactory level, using the combination of 
agents best suited to the individual person.

Dietary Factors

Weight Loss

Obesity may be one of the factors which drives non- albuminuric 
DKD. Albuminuria decreases significantly after bariatric surgery 
[63], but we lack robust data on its effects on GFR.

Protein Intake

A low- protein diet reduces progression of CKD [64]. Intake should 
not be restricted to <0.8 g/ kg per day [2] . Vegetable protein may be 
more beneficial than animal protein.

Salt

The blood pressure lowering effect of RAAS blockade is greater in 
individuals whose salt intake is lower rather than higher [65]. Thus 
individuals should be encouraged to moderate their salt intake to 
<90 mmol sodium / day [2] .

Potassium

Hyperkalaemia is common, particularly in those taking RAAS 
blockade. There is a U- shaped relationship between serum potas-
sium and adverse outcomes [66]. Hyperkalaemia may limit the dose 
of RAAS inhibitor. Above a level of 5.5 mmol/ L, a diet low in potas-
sium should be advised.

Other Cardiovascular Risk Factors

It is important to ensure that cardiovascular risk factors are man-
aged aggressively in individuals with DKD. Smoking cessation is 
paramount, as is lipid control. Lipid profiles change as DKD pro-
gresses, but all individuals should be offered statin therapy. Because 
of the very high cardiovascular risk, it has been suggested that 
everyone with DKD should be offered low- dose aspirin therapy as 
primary prevention, but there is no good evidence to support this. 
In addition to reducing cardiovascular risk, it is hoped that these 
therapies will also reduce DKD progression, but there is no trial 
data to support this.

Multifactorial Intervention

Addressing all renal and cardiovascular risk factors, not just in-
dividual factors, is vital, as demonstrated by the Steno- 2 multi-
factorial intervention trial [67]. In this study, T2DM individuals 
with microalbuminuria were randomized to intensive risk factor 
management or routine care. Over the 8 years of the intervention 
trial, and in open follow- up thereafter, the risk of progression to 
proteinuria and ESRD, need for laser therapy, cardiovascular and 
all- cause mortality and heart failure were all significantly reduced 
in the intensively managed group [68, 69]. Thus, intensive manage-
ment of a wide range of risk factors has tangible long- term benefits 
encompassing both micro-  and macro- vascular complications (see 
Table 15.12.3.1 online only).

Future Treatments

Since the 1990s, blockade of RAAS, along with good metabolic con-
trol has been the key therapeutic approach for renal protection in 
diabetes [21].

The use of aldosterone antagonist on top of conventional RAAS 
blockade (ACEI or ARB therapy) has demonstrated a reduction in 
albuminuria and renal disease progression [21, 70], but side effects 



SECTION 15 Diabetes Mellitus2146

such as hyperkalaemia, hypotension and acute kidney injury has 
dampened the enthusiasm for double RAAS blockade [21].

Other agents such as endothelin antagonists and activator of the 
antioxidant element NrF2 have failed to show any benefit in renal 
protection and have often raised important safety concerns [21].

In recent years inhibitors of the SGLT2 glucose transporters, 
introduced as oral hypoglycaemic agents, have been proposed as 
new cardiorenal protective treatments; their positive effects seem 
related to haemodynamic changes [71] and recent studies have con-
firmed these beneficial effects on renal protection [72].

The incretin pathway has recently been proposed to confer 
renoprotection; GLP- 1 analogues developed as hypoglycaemic 
agents retain anti- inflammatory and renoprotective properties [21]. 
Recent human studies have suggested a significant cardiovascular- 
renal protection of GLP- 1 analogues [73,  74]. Further work is 
needed to confirm and validate these findings.
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Figure 15.12.4.1 Neuropathic syndromes associated with diabetes 
mellitus.

is not a single entity but includes several neuropathic syndromes 
(Figure 15.12.4.1). In clinical practice, the commonest presentation 
of neuropathy is chronic distal symmetrical polyneuropathy (DSP) 
also known as diabetic peripheral neuropathy (DPN). The neuro-
pathic syndromes depicted in Figure 15.12.4.1 have varied presen-
tations and pathogenesis. This chapter will cover these syndromes 
although the main focuses will be: (1) DPN, which is the main ini-
tiating factor for foot ulceration and a cause of troublesome painful 
neuropathic symptoms and (2) autonomic neuropathy.

Epidemiology

There is much variation in the prevalence of DPN. Where elec-
trophysiology is employed the prevalence rates will be in excess 
of 50% [2] , whereas when clinical parameters or QST (quantita-
tive sensory testing) are employed both clinic-  and population- 
based studies show similar prevalence rates at about 30% [3]. The 
EURODIAB Prospective Complications Study investigated 3250 
type 1 patients, and found a prevalence rate of 28% for DPN [4]. The 
study also showed that over a 7.3 year period, about one- quarter of 
type 1 diabetic patients developed DPN [5]. The development of 
DPN was also associated with modifiable cardiovascular risk fac-
tors such as hypertension, hyperlipidaemia, obesity, and cigarette 
smoking (Figure 15.12.4.2) [5]. Based on recent epidemiological 
studies, correlates of DPN include age, duration of diabetes, poor 
glycaemic control, retinopathy, albuminuria, and vascular risk 
factors [5].

Classification of Diabetic Neuropathy

Classification of the various syndromes of diabetic neuropathy is 
difficult. The variations and overlap in aetiology, clinical features, 
natural history, and prognosis have meant that most classifications 
are necessarily oversimplified. Nevertheless, classification assists in 
the planning of clinical management.

Figure 15.12.4.1 shows a modified clinical classification of dia-
betic polyneuropathy [6] .

Watkins and Edmonds [7]  have suggested a classification for dia-
betic neuropathy based on the natural history of the various syn-
dromes, which separates them into three distinct groups (Box 
15.12.4.1).

Additional material is provided in the online version at  
oxfordmedicine.com/otendocrinology3
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Introduction

Diabetic neuropathy is a major complication of diabetes and a cause 
of considerable morbidity and mortality [1] . Diabetic neuropathy 
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More recently, the American Diabetes Association Position state-
ment on Diabetic Neuropathy [8]  has suggested a classification 
summarized in Box 15.12.4.2.

Diabetic Peripheral Neuropathy (DPN)

This is the commonest neuropathic syndrome. The Toronto 
Consensus Panel recently defined DPN as ‘a symmetrical, length 
dependent sensorimotor polyneuropathy attributable to metabolic 
and microvessel alterations as a result of chronic hyperglycaemia 
exposure (diabetes) and cardiovascular risk covariates’ [9] . There 
is a ‘length- related’ pattern of sensory loss, with sensory symptoms 
starting in the toes and then extending to involve the feet and legs 
in a stocking distribution. In more severe cases, there is upper limb 
involvement, with a similar progression proximally. Although the 
nerve damage can extend over the entire body including the head 
and face, this is exceptional. Subclinical neuropathy detectable by 
autonomic function tests is usually present. However, clinical auto-
nomic neuropathy is less common. As the disease advances, overt 
motor manifestations such as wasting of the small muscles of the 
hands and limb weakness become apparent. Subclinical motor 

involvement detected by magnetic resonance imaging appears to be 
common, and thus motor disturbance is clearly part of the func-
tional impairment caused by DPN [10].

The main clinical presentation of DPN is sensory loss, which the 
patient may not be aware of or may be described as ‘asleep numb-
ness’ or ‘dead feeling’. However, some may experience a progres-
sive build- up of unpleasant sensory symptoms including tingling 
(paraesthesiae or ‘pins and needles’). Box 15.12.4.3 summarizes the 
‘positive’ and ‘negative’ symptoms of DPN. There is a large spectrum 
of severity of these symptoms.

Diabetic neuropathic pain is characteristically more severe at 
night, and often prevents sleep [11]. Some patients may be in a 
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Triglycerides

BMI

Diabetes duration

Change in HbA1c

HbA1c

Smoking

Hypertension
1.57

1.38

1.48

1.36

1.40

1.27

1.21

1.15

Odds ratios (95% CI)

n = 1101 with T1 DM; Followup 7.3±0.6 yrs 

Figure 15.12.4.2 Risk factors for incident DPN in the EURODIAB prospective study.
Reproduced with permission from Tesfaye S, Chaturvedi N, Eaton SEM, Witte D, Ward JD, Fuller J. Vascular risk factors and diabetic neuropathy. New Engl J Med 2005; 
352: 341– 50. Copyright © 2005, Massachusetts Medical Society. (Ref. 5).

Box 15.12.4.1 Classification of diabetic neuropathies 
by natural history

 1 Progressive neuropathies. These are associated with increasing 
duration of diabetes and with other microvascular complications. 
Sensory disturbance predominates and autonomic involvement is 
common. The onset is gradual and there is no recovery.

 2 Reversible neuropathies. These have an acute onset, often 
occurring at the presentation of diabetes itself, and are not related 
to the duration of diabetes or other microvascular complications. 
There is spontaneous recovery of these acute neuropathies.

 3 Pressure palsies. Although these are not specific to diabetes only, 
they tend to occur more frequently in diabetic patients than the 
general population. There is no association with duration of diabetes 
or other microvascular complications of diabetes.

Reproduced with permission from Watkins PJ, Edmonds ME. Clinical features of dia-
betic neuropathy. In: Textbook of Diabetes Vol.2. Pickup J, Williams G (Eds.) 1997; pp 
50.1– 50.20. Copyright © 1998, Springer Science Business Media New York. (Ref. 7).

Box 15.12.4.2 Classification of diabetic neuropathies

Polyneuropathies
 • Distal symmetrical polyneuropathy
 • Combined large and small- fibre neuropathy
 • Predominantly large- fibre neuropathy
 • Predominantly small- fibre neuropathy

Autonomic neuropathy
 • Cardiovascular
 • Resting tachycardia
 • Sudden death
 • Exercise intolerance
 • Orthostatic hypotension
 • Foot vein distension and arteriovenous shunting
 • Gastrointestinal
 • Gastroparesis
 • Diarrhoea or constipation
 • Bladder hypomotility
 • Erectile dysfunction
 • Gustatory sweating
 • Reduced peripheral sweating

Focal neuropathies
 • Mononeuropathies
 • Mononeuritis multiplex
 • Proximal motor neuropathy (amyotrophy)
 • Thoraco- abdominal neuropathy



SECTION 15 Diabetes Mellitus2150

constant state of tiredness because of sleep deprivation [11]. Others 
are unable to maintain full employment. Severe painful neuropathy 
can cause marked reduction in exercise threshold so as interfere 
with daily activities. This is particularly the case when there is an 
associated disabling, severe postural hypotension due to autonomic 
involvement. Not surprisingly therefore, mood disorders including 
anxiety and depressive symptoms are common [12]. It is important 
to appreciate that many subjects with DPN may not have any of 
the symptoms shown in Box 15.12.4.3, and their first presentation 
may be with a foot ulcer [13]. This underpins the need for care-
fully examining and screening the feet of all diabetic people. The 
insensate foot is at risk of developing mechanical and thermal in-
juries, and patients must therefore be warned about these and given 
appropriate advice with regard to foot care [13]. A curious feature of 
the neuropathic foot is that both numbness and pain may occur, the 
so- called ‘painful, painless’ leg. It is indeed a paradox that the pa-
tient with a large foot ulcer may also have severe neuropathic pain. 
In those with advanced neuropathy, there may be sensory ataxia, 
unsteadiness on walking, and falls.

DPN is usually easily detected by simple clinical examination 
(Table 15.12.4.1) [8] . Bare feet should be examined at least annually 
and more often if neuropathy is present. The most common pre-
senting abnormality is a reduction or absence of vibration sense in 
the toes. As the disease progresses there is sensory loss in a ‘stocking’ 
and sometimes in a ‘glove’ distribution, involving all modalities. 
When there is severe sensory loss, proprioception may also be im-
paired, leading to a positive Romberg’s sign. Ankle tendon reflexes 
are lost (though this may also be lost with old age in non- diabetic 

people) and with more advanced neuropathy, knee reflexes are 
often reduced or absent. The recent American Diabetes Association 
Position Statement made clear recommendations for the screening 
of DPN (Box 15.12.4.4).

Muscle strength is usually normal early in the course of the dis-
ease, although mild weakness may be found in toe extensors. With 
progressive disease there is significant generalized muscular wasting, 
particularly in the small muscles of the hand and feet. Wasting of 
dorsal interossei is usually due to entrapment of the ulnar nerve at 
the elbow. Clawing of the toes is believed to be due to unopposed 
pulling of the long extensor and flexor tendons. This scenario results 
in elevated plantar pressure points at the metatarsal heads that are 
prone to callus formation and foot ulceration. Deformities such as a 
bunion can form the focus of ulceration, and with more extreme de-
formities such as those associated with Charcot arthropathy [14] the 
risk is further increased. As one of the most common precipitants 
to foot ulceration is inappropriate footwear, a thorough assessment 
should also include examination of shoes for poor fit, abnormal 
wear, and internal pressure areas or foreign bodies.

Autonomic neuropathy affecting the feet can cause a reduction 
in sweating and consequently dry skin that is likely to crack easily, 
predisposing the patient to the risk of infection. The ‘purely’ neuro-
pathic foot is also warm due to arteriovenous shunting. This results 
in the distension of foot veins that fail to collapse even when the 
foot is elevated. It is not unusual to observe a gangrenous toe in a 
foot that has bounding arterial pulses, as there is impairment of the 
nutritive capillary circulation due to arteriovenous shunting. The 
oxygen tension of the blood in these veins is typically raised. The 
increasing blood flow brought about by autonomic neuropathy can 
sometimes result in neuropathic oedema.

Recent Advances in the Assessment of DPN Using 
Novel Point- of- Care Devices

Over the past decade there has been an advance in the develop-
ment of non- invasive, objective, relatively quick and accurate 

Box 15.12.4.3 Symptoms of DPN

‘Positive’ symptoms
 • Persistent burning or dull pain
 • Paroxysmal electric, shooting, stabbing path
 • Dysesthesias (painful parasthesias)
 • Evoked pain (hyperalgesia, allodynia)
 • Asleep numbness

‘Negative’ symptoms (deficits)
 • Hypoalgesia, analgesia
 • Hypoesthesia, anaesthesia

Table 15.12.4.1 Clinical assessment for DPN

History Signs

 • Sensory symptoms  • Inspection (normal or distal wasting, 
clawing)

 • Motor symptoms  • Reflexes (ankle reflex unreliable in the 
elderly)

 • Assessment of disability   
due to DPN

 • Sensory

 • Exclude other causes of 
neuropathy

 • Vibration
 • Temperature
 • Pinprick (good discriminator in the elderly)
 • 10 g mono filament

Assess footwear

In DPN there is ↓ in: reflexes, vibration, pinprick, and pressure sensation.

Box 15.12.4.4 American Diabetes Association 
recommendations for the screening of DPN

 • All patients should be assessed for DPN starting at diagnosis of type 
2 diabetes and 5 years after the diagnosis of type 1 diabetes and at 
least annually thereafter.

 • Consider screening patients with prediabetes who have symptoms 
of peripheral neuropathy.

 • Assessment should include a careful history and either temperature 
or pinprick sensation (small- fibre function) and vibration sensation 
using a 128- Hz tuning fork (large- fibre function). All patients should 
have an annual 10- g monofilament testing to assess for feet at risk 
for ulceration and amputation.

 • Electrophysiological testing or referral to a neurologist is rarely 
needed for screening, except in situations where the clinical features 
are atypical, the diagnosis is unclear, or a different aetiology is sus-
pected. Atypical features include motor greater than sensory neur-
opathy, rapid onset, or asymmetrical presentation.

Reproduced with permission from Pop- Busui R, Boulton AJ, Feldman EL, Bril V, Freeman 
R, Malik RA, Sosenko JM, Ziegler D. Diabetic Neuropathy: A Position Statement by the 
American Diabetes Association. Diabetes Care. 2017; 40(1):136– 54. (Ref. 8).



15.12.4 Diabetic Neuropathy 2151

point- of- care devices (POCDs) that may be able to diagnose DPN 
early, before overt clinical signs are apparent. These include DPN- 
Check that can measure sural nerve conduction velocity and ampli-
tude, Sudoscan that can measure sudomotor (small fibre function), 
Neuropad colour change that can also measure sudomotor function 
and corneal confocal microscopy that can assess corneal small fibres 
[15]. A recent study evaluated the use of POCDs in an annual, one- 
stop diabetes microvascular screening clinic and found that this 
reduces clinic visits, unmasked new diagnosis of painful DPN in 
25% and the at- risk foot [16]. However, the long- term impact of this 
clinic on hard outcomes such as foot ulcers and amputations has not 
been evaluated.

Differential Diagnosis of DPN

Before attributing the neuropathy to diabetes other common causes 
of neuropathy must be excluded. The absence of other complica-
tions of diabetes, rapid weight loss, excessive alcohol intake and 
other atypical features in either the history or clinical examination 
should direct the physician to search for other causes of neuropathy 
(Box 15.12.4.5). Some clinicians routinely screen for B12 deficiency 
(particularly as metformin use is linked with B12 deficiency) and 
hypothyroidism in all diabetic patients.

Confirmed Diagnosis of DPN

The Toronto Consensus Panel on Diabetic Neuropathy [9]  de-
fined: possible DPN as the presence of typical symptoms or signs; 
probable DPN as one that requires at least two of the symptoms, 
distal sensory deficits, or decreased/ absent ankle jerks; confirmed 

DPN as one abnormal nerve conduction attribute and the presence 
of symptom(s)/ sign (s); subclinical DPN is defined as one abnormal 
nerve conduction attribute or validated measure of small- fibre im-
pairment in the absence of symptom(s)/ sign(s). This expert group 
has also proposed minimal diagnostic criteria for small- fibre neur-
opathy (SFN) as follows:  possible SFN:  symptoms and/ or signs of 
small- fibre impairment; probable SFN:  symptoms and signs of 
small- fibre impairment with normal nerve conduction parameters 
of the sural nerve; definite SFN: symptoms and signs of small- fibre 
damage, normal nerve conduction parameters of the sural nerve, 
with reduced intraepidermal nerve fibre density on skin biopsy and/ 
or abnormal thermal perception thresholds.

Acute Painful Neuropathies

Acute painful neuropathies are transient neuropathic syndromes 
characterized by an acute onset of pain (over weeks) in the lower 
limbs. They are relatively rare compared to chronic DPN. There are 
two distinct syndromes, the first of which occurs within the context 
of poor glycaemic control, and the second with rapid improvement 
in glycaemic control.

Acute Painful Neuropathy of Poor Glycaemic Control

This occurs usually in diabetic subjects with poor glycaemic control. 
There is often an associated severe weight loss. Ellenberg coined the 
description of this condition as ‘neuropathic cachexia’ [17]. With 
improvements in the treatment of diabetes and the achievement of 
better standards of care, this complication is now rarely seen in de-
veloped countries such the UK. Patients typically experience per-
sistent burning pain associated with allodynia (contact pain). The 
pain is most marked in the feet but often affects the whole of the 
lower extremities. As in chronic DPN, the pain is typically worse at 
night and often results in depression.

In acute painful neuropathies sensory loss is usually mild or ab-
sent. There are usually no motor signs, although ankle jerks may 
be absent. Nerve conduction studies are usually normal or mildly 
abnormal. Temperature discrimination threshold (small fibre 
function) is affected more commonly than vibration perception 
threshold (large- fibre function). There is complete resolution of 
symptoms within 12  months, and weight gain is usual with con-
tinued improvement in glycaemic control with the use of insulin.

Acute Painful Neuropathy of Rapid Glycaemic Control 
(Treatment- Induced Neuropathy of Diabetes— TIND)

Acute painful neuropathy of rapid glycaemic control, also known as 
treatment- induced neuropathy of diabetes (TIND) and occasionally 
as ‘insulin neuritis’ has recently been found to occur in around 10% 
people with DPN, more common than previously thought [18]. The 
term ‘insulin neuritis’ is a misnomer as the condition can follow 
rapid improvement in glycaemic control with oral hypoglycaemic 
agents; and is better termed ‘acute painful neuropathy of rapid 
glycaemic control’ or TIND [18]. A  decrease in the glycosylated 
haemoglobin A1C of more than 3% in 3 months in individuals with 
chronic hyperglycaemia increases the risk of developing TIND. The 
natural history of acute painful neuropathies is an almost guaran-
teed improvement in contrast to chronic DPN [19]. Presentation is 
with burning pain, paraesthesiae, allodynia, often with a nocturnal 

Box 15.12.4.5 Differential diagnosis of DPN

•  Metabolic
— Diabetes
— Amyloidosis
— Uraemia
— Myxoedema
— Porphyria

•  Vitamin deficiency (thiamine, B12, B6, pyridoxine)
•  Drugs and chemicals

— Alcohol
— Cytotoxic drugs, e.g. vincristine
— Chlorambucil
— Nitrofurantoin
— Isoniazid

•  Neoplastic disorders
— Bronchial or gastric carcinoma
— Lymphoma

•  Infective or inflammatory
— HIV
— Leprosy
— Guillain- Barre syndrome
— Lyme borreliosis
— Chronic inflammatory demyelinating polyneuropathy (CIDP)

•  Polyarteritis nodosa
•  Genetic

— Charcot– Marie– Tooth disease
— Hereditary sensory neuropathies
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exacerbation of symptoms; and accompanying depression. There is 
no associated weight loss, sensory loss is often mild or absent, and 
there are may be autonomic neuropathy but there are no motor signs 
[19]. There is little or no abnormality on nerve conduction studies. 
Prognosis is good with usually complete resolution of symptoms 
within 12  months [19]. The management of painful neuropathic 
symptoms is as in chronic painful DPN.

Small- Fibre Neuropathy

The existence of ‘small- fibre neuropathy’ as a distinct entity has been 
advocated [20], usually within the context of young type 1 diabetes 
patients and prediabetes [21]. A dominant feature of this syndrome 
is neuropathic pain, which may be severe, with relative sparing of 
large- fibre functions (vibration and proprioception). The pain is 
sometimes described as burning, deep and aching. The sensation 
of ‘pins and needles’ (paraesthesiae) is often experienced. Contact 
hypersensitivity (allodynia) may be present. Autonomic involve-
ment is common, and severely affected patients may be disabled by 
postural hypotension and/ or gastrointestinal symptoms. The syn-
drome tends to develop within a few years of diabetes (and indeed 
in pre- diabetes) as a relatively early complication.

On clinical examination there is little evidence of objective signs 
of nerve damage, apart from a reduction in pinprick and tempera-
ture sensation, which are reduced in a ‘stocking’ and ‘glove’ distribu-
tion. There is relative sparing of vibration and position sense (due to 
relative sparing of the large diameter Aβ fibres). Muscle strength and 
reflexes are usually normal. Autonomic function tests are frequently 
abnormal and affected male patients usually have erectile dysfunc-
tion. Electrophysiological tests are usually normal. Controversy still 
exists as to whether small- fibre neuropathy is a distinct entity or an 
earlier manifestation of DPN [20].

Asymmetrical Neuropathies

Asymmetrical (or focal) neuropathies have a relatively rapid onset, and 
complete recovery is usual. This contrasts with chronic DPN, where 
there is usually no improvement in symptoms several years after onset. 
Unlike DPN their presence is not related to the presence of other dia-
betic complications. Asymmetrical neuropathies predominantly affect 
middle aged/ older patients and are more common in men [22]. A high 
index of suspicion for a non- diabetic cause is advised.

Diabetic Amyotrophy

Proximal Motor Neuropathy, Lumbo- Sacral 
Polyradiculopathy

The syndrome of progressive asymmetrical proximal leg weakness 
and atrophy was first described by Garland [23], who coined the 
term ‘diabetic amyotrophy’. This condition has also been named as 
‘proximal motor neuropathy’ or ‘lumbo- sacral polyradiculopathy’. 
The patient presents with severe pain which is felt deep in the thigh, 
but can sometimes be of burning quality and extend below the 
knee. The pain is usually continuous and often causes insomnia and 

depression. Both type 1 and type 2 patients over the age of 50 are 
affected [23]. There is an associated weight loss which can be severe, 
and can raise the possibility of an occult malignancy.

On examination there is profound wasting of the quadriceps with 
marked weakness in these muscle groups, although hip flexors and 
hip abductors can also be affected. Thigh adductors, glutei, and 
hamstring muscles may be involved. The knee jerk is usually re-
duced or absent. The profound weakness can lead to difficulty from 
getting out of a low chair or climbing stairs. Sensory loss is unusual, 
and if present indicates a coexistent DPN.

Other causes of quadriceps wasting such as nerve root and cauda 
equina lesions and occult malignancy causing proximal myopathy 
syndromes (e.g. polymyositis) should be excluded. MR imaging of 
the lumbo- sacral spine is now mandatory in order to exclude focal 
nerve root entrapment, neoplastic infiltrative lesions, and other 
pathologies. An erythrocyte sedimentation rate (ESR), an X- ray of 
the lumbar/ sacral spine, a chest X- ray and ultrasound/ CT of the 
abdomen may also be required. Electrophysiological studies may 
demonstrate increased femoral nerve latency and active denerv-
ation of affected muscles. CSF protein is often mildly elevated.

The cause of diabetic proximal motor neuropathy is not known. It 
tends to occur within the background of DPN. The combination of 
focal features superimposed on diffuse peripheral neuropathy may 
suggest vascular damage to the femoral nerve roots, as a cause of 
this condition. An immune mediated epineurial microvasculitis has 
been demonstrated in nerve biopsies.

There is scarcity of prospective studies that have looked at the 
natural history of proximal motor neuropathy. Pain usually starts 
to settle after about three months, and usually settles by one year, 
while the knee jerk is restored in 50% of the patients after two years. 
Recurrence is a rare event. Management is largely symptomatic and 
supportive. There is still controversy as to whether the use of insulin 
therapy influences the natural history of this syndrome. Some pa-
tients benefit from physiotherapy that including extension exercises 
to strengthen the quadriceps. The management of pain in diabetic 
amyotrophy is similar to that of painful DPN (see next).

Cranial Mononeuropathies

The commonest cranial mononeuropathy is the third cranial nerve 
palsy (Figure 15.12.4.3). The patient presents with pain in the 
orbit, or sometimes with a frontal headache [24]. There is typically 
ptosis and ophthalmoplegia, although the pupil is usually spared. 
Recovery occurs usually over 6 months. It is important to exclude 
any other cause of third cranial nerve palsy (aneurysm or tumour) 
by CT or MR scanning, where the diagnosis is in doubt. Fourth, 
sixth, and seventh cranial nerve palsies have also been described in 
diabetic subjects, but the association with diabetes is not as strong 
as that with third cranial nerve palsy.

Thoracoabdominal Neuropathy

Truncal Radiculopathy

Diabetic thoracoabdominal neuropathy (truncal radiculopathy) 
is characterized by an acute onset pain in a dermatomal 
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distribution over the thorax or the abdomen [25] (Figure 
15.12.4.4). The pain is usually asymmetrical, and can cause 
local bulging of the muscle due to weakness [26]. There may be 
patchy sensory loss over the affected area and other causes of 
nerve root compression should be excluded. When the patient 
presents with focal thoraco/ abdominal pain one has to take a 
careful history and perform a clinical exam of the affected area 
assessing:  pinprick sensation, light touch sensation, and dy-
namic mechanical allodynia. A clear difference is demonstrated 
when comparing with the unaffected area. Many patients have 
ended up with laparotomy or even worse when simple clinical 
examinations could have avoided this. Recovery is usually the 
rule within several months, although symptoms can sometimes 
persist for years.

Pressure Palsies

Carpal Tunnel Syndrome

The patient typically has pain and paraesthesia in the hands, which 
sometimes radiate to the forearm and are particularly marked at 
night. In severe cases clinical examination may reveal a reduction 
in sensation in the median nerve territory in the hands, and wasting 
of the muscle bulk in the thenar eminence. The clinical diagnosis 
is confirmed by median nerve conduction studies and treatment 
involves steroid injection and/ or surgical decompression. There is 
generally a good response to surgery, although painful symptoms 
may relapse more commonly than in the non- diabetic population.

Ulnar Nerve and Other Isolated Nerve Entrapments

The ulnar nerve is also vulnerable to pressure damage at the elbow re-
sulting in wasting of the dorsal interossei, particularly the first dorsal 
interosseous. This is confirmed by ulnar electrophysiological studies.

Rarely, the patients may present with wrist drop due to radial 
nerve palsy after prolonged sitting or while unconscious during 
hypoglycaemia.

In the lower limbs the common peroneal (lateral popliteal) is the 
most commonly affected nerve resulting in foot drop. Unfortunately, 
complete recovery is not usual. The lateral cutaneous nerve of the 
thigh is occasionally also affected with entrapment neuropathy in 
diabetes. Phrenic nerve involvement in association with diabetes 
has been described.

Pathogenesis of DPN

Despite considerable research, the specific mechanisms contrib-
uting to DPN are not completely understood [8] . There is experi-
mental evidence for hyperglycaemia, dyslipidaemia, impaired 
insulin signalling and oxidative- nitrosative stress acting in concert 

(a) (b)

(c)

Figure 15.12.4.3 A patient with sudden onset third cranial nerve palsy (3 A) showing ptosis; ophthalmoplegia with mild dilatation of the pupil on 
manual opening of the eye lid (3B) and complete recovery 4 months later (3C).

Figure 15.12.4.4 Diabetic truncal polyradiculopathy presenting as a 
bulge in the left abdominal wall secondary to muscle weakness.
Reproduced with permission from Weeks RA, Thomas PK, Gale AN. Abdominal 
pseudohernia caused by diabetic truncal radiculoneuropathy. J Neurol Neurosurg 
Psychiatry. 1999; 66(3):405. Copyright © 1999, British Medical Journal. (Ref 26).
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with other risk factors to activate several biochemical pathways, 
in addition to vascular factors that contribute to neuronal injury 
(Figures 15.12.4.5 and 15.12.4.6). These alterations promote the 
pathological changes of DPN including:  (1) segmental demyelin-
ation and remyelination without axonal degeneration [27]; (2) a loss 
of large and small myelinated and unmyelinated nerve fibres [28]; 
(3) focal areas of demyelination on teased fibre preparations [29]. 
Nerve regenerative activity may also be seen with the emergence of 
‘regenerative, clusters’ [30], containing groups of myelinated axons 
and non- myelinated axons sprouts. Until recently, few studies had 
assessed small fibres, even though these had been shown to have 
comparable sensitivity/ specificity for detecting neuropathy [31] 
and constitute around 80% of all peripheral nerve fibres. Figure 
15.12.4.5 shows the multifactorial pathogenesis of DPN [32].

Metabolic Pathways

Prolonged hyperglycaemia is a key risk factor for DPN and can 
lead to cellular damage in several ways. Hyperglycaemia induces 

increased formation of advanced glycation end- products (AGEs) 
[33]. AGEs cross- link essential proteins, lipids, or nucleic acids, al-
tering their function and causing cellular damage [34]. Extracellular 
AGEs also bind to the receptor RAGE, initiating inflammatory sig-
nalling cascades, activating NADPH oxidases and generating oxi-
dative stress [35]. The polyol pathway is the most studied pathway 
thought to play an important role in the pathogenesis DPN. Excess 
glucose is converted to sorbitol by aldose reductase resulting in in-
crease of cellular osmolarity, reduction of NADPH levels and oxi-
dative stress [36]. Increased glycolysis in response to excess glucose 
can overload the electron transport chain and initiate mitochon-
drial and cytosolic oxidative stress, which promote neuronal injury 
[37]. Moreover, the glycolysis intermediate fructose- 6- phosphate 
also enters the hexosamine pathway which is associated with in-
flammatory injury [38].

Dyslipidaemia has been found to be associated with DPN [5, 
39, 40]. Plasma lipoproteins, particularly low- density lipoproteins 
(LDLs), can be modified by oxidation (oxLDL) and/ or glycation, 

Hyperglycaemia

Figure 15.12.4.5 Pathological mechanisms involved in DPN. Factors linked to type 1 diabetes (yellow), type 2 diabetes (blue) and both (green) 
cause DNA damage, ER stress, mitochondrial dysfunction, apoptosis, and loss of neurotrophic signalling. The relative importance of the pathways in 
this network will vary with cell type, disease profile, and time. Abbreviations: AGE, advanced glycation end- products; LDL, low- density lipoprotein; 
HDL, high- density lipoprotein; FFA, free fatty acids; ROS, reactive oxygen species (red star); ER, endoplasmic reticulum; PI3K, phosphatidylinositol 3- 
kinase. For a colour version of this figure, please see colour plate section.
Reproduced with permission from Callaghan BC, Cheng HT, Stables CL, Smith AL, Feldman EL. Diabetic neuropathy: clinical manifestations and current treatments. Lancet 
Neurol 2012; 11:521– 34. Copyright © 2012 Elsevier Ltd. (Ref 32).
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and these modified LDLs can bind to extracellular receptors 
(including the oxLDL receptor LOX [41], Toll- like receptor 4 [42], 
and RAGE [35], triggering signalling cascades that activate NADPH 
oxidase and subsequent oxidative stress [41]. Free fatty acids (FFAs) 
result in cellular dysfunction and cell apoptosis that involves activa-
tion of inflammatory signalling, mitochondrial dysfunction and an 
augmented state of cellular oxidative stress [43]. Additionally, chol-
esterol may be oxidized to oxysterols, which have been suggested to 
induce neuronal apoptosis [44].

Insulin and insulin signalling dysregulation may also contribute 
to neuropathic damage. Although insulin does not appear to dir-
ectly control glucose transport into the PNS, it is a potent neuro-
trophic factor capable of supporting axonal growth and survival. 
[45, 46]. Reduced neurotrophic signalling due to insulin deficiency 
(type 1 diabetes) or insulin resistance (IR; type 2 diabetes) may lead 
to neuronal injury [47]. In neurons, IR occurs by inhibition of the 
PI3K/ Akt signalling pathway [48]. Disruption of this pathway may 
result in mitochondrial dysfunction, oxidative stress, and the devel-
opment of neuropathy [47].

Oxidative Stress, Nitrosative Stress, and Inflammation

Excess glucose overloads the electron transport chain, leading to 
the production of superoxides and subsequent mitochondrial gen-
eration of reactive oxygen species (ROS) [48]. Hyperglycaemia 
also induces nitrogen generating pathways (nitrosative stress) [49]. 
These processes impair the capacity of the vascular endothelium to 
produce biologically active nitric oxide (NO), which adversely af-
fects vascular relaxation. Superoxide combined with NO generated 

by the endothelial cells then leads to the formation of peroxynitrite, 
which attacks various biomolecules in the vascular endothelium 
[50]. Many of these changes trigger inflammatory mechanisms of 
cell stress and death. Inflammation, a potentially important patho-
genic mechanism of DPN, induces activation of nuclear factor 
kappa B, activator protein 1, mitogen- activated protein kinases and 
the release of inflammatory cytokines [51]. The increase of inflam-
matory factors appears to be associated with both the incidence and 
progression of DPN [52].

Ultimately, the mechanisms outlined earlier result in mitochon-
drial dysfunction, endoplasmic reticulum (ER) stress and DNA 
damage, causing neuronal dysfunction and/ or apoptosis, and sub-
sequently manifesting as clinical DPN.

Vascular Factors

Microvascular disease of the vara nervorum has long been thought 
to be important in the pathogenesis of DPN [40, 53, 54]. The pro-
motion of inflammatory cascades and other mechanisms, such 
as those described earlier, cause endoneurial capillary damage in 
DPN. This may in turn affect Schwann- cell function by disrupting 
access to oxygen and glucose (Figure 15.12.4.6). These micro-
vascular changes are particularly severe in endoneurial capillaries, 
and include capillary basement membrane thickening, loss of 
pericyte coverage, and endothelial hyperplasia [55]; and the de-
gree of microvascular changes has been correlated with both the 
extent of peripheral nerve fibre loss and the clinical severity of 
DPN [55]. Narrowing of individual capillaries might not prevent 
blood from passing through the endoneurial capillary bed, but the 

Figure 15.12.4.6 Hyperglycaemia- driven Schwann cells stress and neuronal damage. Hyperglycaemia and dyslipidaemia ultimately lead to 
reduction of neuronal support from Schwann cells and microvessels. Disruption of neuronal support by Schwann cells and the vascular system 
contributes to neuropathy, in conjunction with the direct effects of diabetes on neurons themselves.
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resulting increase in velocity of blood through endoneurial func-
tional shunts prevents efficient oxygen extraction, causing nerve 
hypoxia [54, 56].

In vivo studies focused on the sural nerve in human subjects 
have given evidence of epineural arteriovenous shunting, that 
seems to cause a ‘steal’ phenomenon diverting blood from the nu-
tritive endoneurial circulation (Figure 15.12.4.7) [57]. The fall in 
endoneural oxygen tension demonstrated in DPN [58] appears to 
be the result of the impairment of nerve blood flow [57].

In addition, there are several other studies providing indirect 
evidence implicating a vascular aetiology for diabetic neuropathy. 
In non- neuropathic diabetic subjects, strenuous exercise increases 
nerve blood flow, increasing nerve conduction velocity by an 
average of 4 metres/ second [59]. But in neuropathic subjects whose 
nerve microvasculature is severely diseased, this increase in nerve 
conduction velocity with exercise is diminished [59]. Moreover, 
the correlation between nerve conduction velocity and lower limb 
transcutaneous oxygenation measurements in diabetes is strong; 
macrovascular disease appears to aggravate neuropathy and sur-
gical restoration of perfusion improves nerve conduction velocity 
[60]. Several studies have also found a strong correlation between 
DPN and cardiovascular risk factors [5] . A population- based study 
of patients with type 2 diabetes found that microvascular disease 
conferred a risk for DPN, equivalent to conventional factors such 
as smoking, hypertension, and dyslipidaemia [61]. Additionally, the 
absence of at least one dorsalis pedis or one posterior tibial pulse 
compared with the presence of all peripheral pulses was associated 
with diabetic nephropathy and DPN [62].

Impairment of nerve blood flow has also been identified as an 
early manifestation in rats with streptozotocin diabetes [53]. Several 
vasodilators have also been demonstrated to improve nerve blood 
flow and nerve function in diabetic animals [53]. angiotensin- 
converting- enzyme (ACE) inhibitors have been found to improve 
nerve function in experimental [53] and human [63] DPN. Subjects 
with acute painful neuropathy of rapid glycaemic control (insulin 
neuritis, Treatment- Induced Neuropathy of Diabetes— TIND) have 
also been found to have severe epineurial microvascular changes 
and associated new vessel formation similar to that found in 

proliferative retinopathy, providing perhaps an even stronger evi-
dence for the importance of microvascular factors in the pathogen-
esis of DPN [19].

Central Nervous System (CNS) Involvement in DPN

Recent work has suggested that DPN may not be as its name sug-
gests and may also involve the CNS [64]. The use of advanced multi-
modal magnetic resonance imaging (MRI) is now making detailed 
CNS studies, in carefully phenotyped patients, possible. A detailed 
review of recent advances in this area is beyond the scope of this 
chapter but some of the discoveries in brief include:

 • A  reduction in spinal cord cross- sectional area (shrinkage) in 
DPN [65].

 • Loss of grey matter volume (atrophy) in the primary somatosen-
sory cortex in both painful and painless DPN [66].

 • Evidence of neuronal dysfunction in the thalamus, an important 
gateway for most sensory information to the cerebral cortex, in 
patients with painless DPN [67].

 • Thalamic hyperperfusion in painful DPN whereas there is a slug-
gish blood flow in those with painless DPN [68].

 • Changes in higher brain areas, specifically the ‘pain processing 
matrix’ thought to be involved not only in detecting the location 
and intensity of pain but also the emotional (affective) responses 
[64, 69].

Autonomic Neuropathy

Abnormalities of autonomic function are very common in subjects 
with longstanding diabetes; however, clinically significant auto-
nomic dysfunction is uncommon. Several systems are affected (Box 
15.12.4.6). Autonomic neuropathy has a gradual onset and is slowly 
progressive. The prevalence of diabetic autonomic neuropathy de-
pends on the type of population studied, and a number of tests of 
autonomic function employed. In the EURODIAB study the preva-
lence of autonomic neuropathy defined as the presence of two ab-
normal cardiovascular autonomic function tests, was 24%, and the 

Figure 15.12.4.7 Sural nerve epineurial vessel anatomy in a patient without (left) and with DPN (right).
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prevalence increased with age, duration of diabetes, poor glycaemic 
control and presence of cardiovascular risk factors [5] .

Cardiovascular Autonomic Neuropathy

Cardiovascular autonomic neuropathy (CAN) is a serious compli-
cation of long standing diabetes and causes postural hypotension, 
and may be a cause of sudden death. Although CAN prevalence 
is very low in newly diagnosed patients with type 1 diabetes, CAN 
prevalence increases substantially with diabetes duration, and 
prevalence rates of at least 30% were observed in the DCCT/ EDIC 
cohort after 20  years of diabetes duration [8] . In type 2 diabetes, 
the prevalence of CAN also increases with diabetes duration and 
may be present in up to 60% of patients with type 2 diabetes after 
15 years. CAN may affect youth, especially young women and those 
with elevated A1C levels [8]. In addition, CAN is present in patients 
with pre- diabetes [8].

A timely diagnosis of CAN may have important clinical im-
plications, as CAN is a major risk factor for cardiovascular mor-
tality, arrhythmia, silent ischaemia, and major cardiovascular  
events.

Postural Hypotension

It is now generally accepted that a fall in systolic blood pressure of 
>20  mmHg is considered abnormal. Coincidental treatment with 
tricyclic antidepressants for neuropathic pain, and diuretics may ex-
acerbate postural hypotension. The symptoms of postural hypoten-
sion can be disabling for some patients who may not be able to walk 
for more than a few minutes. Severely affected patients are prone 
to unsteadiness and falls. The degree of dizziness does not appear 

to correlate with the postural drop in blood pressure. There is in-
creased mortality in subjects with postural hypotension.

The management of subjects with postural hypotension is chal-
lenging. Current treatments include:  (1) removing any drugs that 
may result in orthostatic hypotension such as diuretics, β- blockers, 
etc.; (2)  advising patients to get up from the sitting or lying pos-
ition slowly, and crossing the legs; (3) increasing sodium intake up 
to 10 grams (185  mmol) per day and fluid intake of 2– 2.5 litres/ 
day (caution in elderly patients with heart failure); (4)  the use of 
custom fitted elastic stockings extending to the waist; (5) treatment 
with fludrocortisone (starting at 100 µgm per day) while carefully 
monitoring electrolytes; and (6) in severe cases the alpha- 1 adrenal 
receptor agonist, midodrine, or octreotide may be effective.

Cardiovascular Autonomic Function Tests

Five cardiovascular autonomic function tests are now widely used 
for the assessment of autonomic function. These tests are non- 
invasive, and all that is required is an electrocardiogram machine, 
an aneroid pressure gauge attached to a mouthpiece, a hand grip 
dynamometer, and sphygmomanometer. See Table 15.12.4.2 [70].

The American Diabetes Association Position Statement on dia-
betic neuropathy recommends screening for diabetic autonomic 
neuropathy at diagnosis in type 2 diabetes and 5 years after diag-
nosis in type 1 diabetes [8] . If negative, it recommends yearly 
screening subsequently and if, positive or symptomatic, to institute 
treatment [8].

A correct diagnosis of CAN is based on a combination of symp-
toms, signs and/ or tests of autonomic function. These tests combine 
reflex responses to parasympathetic and sympathetic testing (Table 
15.12.4.2). The recommended tests include the following during a 
period of electrocardiographic monitoring:

 • A demonstration of a resting tachycardia greater than 100 beats 
per minute. It is useful as a risk stratification tool and a thera-
peutic target.

 • An estimation of the beat– to- beat variation in heart rate under 
resting conditions while supine. This is best augmented by maxi-
mizing vagal activity by breathing at a rate of six breaths per mi-
nute. A difference between expiratory and inspiratory heart rates 
of greater than 15 beats per minute is expected. Less than ten 
beats is considered abnormal. Between these two figures is bor-
derline. This variation with respiration can be represented as the 
ratio between the mean heart rates in expiration and inspiration. 
It is age dependent and varies between the sexes decreasing with 
advancing age and in females.

Box 15.12.4.6 Clinical consequences of autonomic neuropathy

• Cardiac autonomic neuropathy
 — sudden death
 — silent myocardial ischaemia
 — exercise intolerance
 — orthostatic hypotension
 — foot vein distension/ AV shunting

•  Gastrointestinal autonomic neuropathy
 — gastroparesis
 — diarrhoea or constipation

•  Bladder hypomotility
 — urinary incontinence/ retention

•  Erectile dysfunction
•  Gustatory sweating
•  Reduced peripheral sweating

Table 15.12.4.2 Reference values for standard cardiovascular function tests

Normal Borderline Abnormal

Heart rate tests
Heart rate response to standing up (30:15 ratio)

≥ 1.04 1.01– 1.03 ≤ 1.00

Heart rate response to deep breathing (maximum minus minimum heart rate) ≥ 15 beats/ min 11– 14 beats/ min ≤ 10 beats/ min

Heart rate response to Valsalva manoeuvre (Valsalva ratio) ≥ 1.21 – ≤ 1.20

Blood pressure tests
Blood pressure response to standing up (fall in systolic BP)

≤ 10mmHg 11– 29 mmHg ≥ 30 mmHg

Blood pressure response to sustained handgrip (increase in diastolic BP) ≥ 16 mmHg 11–  15 mmHg ≤ 10 mmHg
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 • A measurement of the reflex response to standing which usually 
involves reflex tachycardia followed by bradycardia. It is usual to 
express this as the ratio between the R- R interval after 15 beats 
and at 30 beats. This is more conveniently known as the 30/ 
15 ratio.

 • Assessment of the Valsalva manoeuvre. The subject strains at 
40 mmHg for 15 seconds during which there is a tachycardia and 
vasoconstriction. Bradycardia and a rise in blood pressure then 
occur following relaxation. This expressed as a ratio of the longest 
to shortest R- R interval. It is regarded as normal when greater 
than 1.03.

 • The presence of postural hypotension measured after being 
supine for 2 minutes. A drop in systolic blood pressure of up to 
10  mmHg is regarded as normal, between 10 and 29  mmHg is 
borderline and 30 or more is regarded as significant. There is, 
however, acceptance of postural hypotension as a drop in sys-
tolic greater than 20 mmHg and or a diastolic drop greater than 
10 mmHg [8] .

 • ECG determination of corrected QT interval. This is normal 
below 440 ms and is considered a risk factor for ventricular ar-
rhythmias when prolonged.

 • Analysis of spectral heart rate variability (SHRV) expressed in 
frequency bands. This may manifest as reduced very low fre-
quency, low frequency, and high frequency bands. A ratio of the 
low frequency to high frequency can be used as a measure of 
sympathovagal balance. SHRV is considered to provide more in-
formation than time domain analysis.

Gastrointestinal Autonomic Neuropathy

Gastroparesis

Autonomic neuropathy can reduce oesophageal motility (dys-
phagia and heartburn), and cause gastroparesis (reduced gastric 
emptying, vomiting, swings in blood sugar) [71]. The diagnosis of 
gastroparesis is often made on clinical grounds by the evaluation of 
symptoms and sometimes the presence of succussion splash, while 
barium swallow and follow through, and gastroscopy may reveal a 
large food residue in the stomach. Gastric motility and emptying 
studies may aid diagnosis.

Management of diabetic gastroparesis include:  optimization of 
glycaemic control; the use of antiemetics (e.g. metoclopramide) and 
the use of the cholinergic agent which stimulates oesophageal mo-
tility (erythromycin which may enhance the activity of the gut pep-
tide, motilin) [1] . Pyloric Botox injection may provide short- term 
benefit in some patients. Gastric electrical stimulation (GES) has re-
cently been introduced as a treatment option in patients with drug 
refractory gastroparesis [1].

Severe gastroparesis causing recurrent vomiting, is associated 
with dehydration, swings in blood sugar and weight loss, and is 
an indication for hospital admission. The patient should be ad-
equately hydrated with intravenous fluids and blood sugar should 
be stabilized, antiemetics could be given intravenously and if the 
course of the gastroparesis is prolonged, total parenteral nutrition, 
or feeding through a gastrostomy tube may be required.

Autonomic Diarrhoea

The usual presentation is that of diarrhoea which tends to be worse 
at night, or alternatively some may present with constipation. Both 

the diarrhoea and constipation respond to conventional treatment. 
Diarrhoea associated with bacterial overgrowth may respond to 
treatment with a broad spectrum antibiotic.

Abnormalities of Bladder Function

Autonomic bladder dysfunction is a rare complication of autonomic 
neuropathy and may result in hesitancy of micturition, increased 
frequency of micturition, and in serious cases with urinary reten-
tion associated with overflow incontinence. Such a patient is prone 
to urinary tract infections. Ultrasound scan of the urinary tract and 
urodynamic studies may be required. Treatments include mechan-
ical methods of bladder emptying by applying suprapubic pressure, 
or the use of intermittent self- catheterization. Anticholinesterase 
drugs such as neostigmine or pyridostigmine may be useful.

Gustatory Sweating

Increased sweating usually affecting the face, and often brought 
about by eating (gustatory sweating) can be embarrassing to patients. 
Oral anticholinergic agents, including oxybutynin, propantheline, 
and glycopyrrolate, have improved symptoms; however adverse re-
actions limit their use. Clonidine has also been used with some suc-
cess but is also limited by side effects including hypotension and dry 
mouth. Systemic side effects have led to the investigation of non- 
systemic approaches. Topical glycopyrrolate, a quaternary ammo-
nium, antimuscarinic compound has been shown to significantly 
decrease the incidence, severity, and frequency of sweating with 
eating and is tolerated well [72]. Botulinum toxin has been used for 
gustatory sweating, though in most literature it is limited to use in 
unilateral, surgical- related cases.

Management of Painful DPN

Painful DPN can be extremely distressing to many patients but un-
fortunately, currently available treatment approaches may not com-
pletely abolish the pain [73]. An empathic approach is essential. The 
assessment and treatment of painful DPN should ideally involve 
a multidisciplinary team (MDT) that may include a diabetologist, 
a neurologist, the pain clinic team, specialist nurses, podiatrists, 
psychologists, physiotherapists, occupational therapists, and others. 
However, in most clinical settings this is not possible and the man-
agement falls mainly to the diabetes physician, the primary care 
physician, or neurologist. When treatment is started, a realistic ob-
jective would be to achieve around 50% reduction in pain intensity. 
However, being ‘realistic’ shouldn’t be interpreted as less aggressive 
pursuit of maximum pain relief. Secondary objectives should in-
clude restoration or improvement in functional measures, quality of 
life, sleep, and mood.

Glycaemic Control

There is now little doubt that good blood sugar control prevents or 
delays the onset of DPN in type 1 diabetes [74]. Similar convincing 
data is lacking in type 2 diabetes and there is currently only Level B 
evidence [8] . The view that painful neuropathic symptoms may be 
improved by improving metabolic control, if necessary with the use 
of insulin in type 2 diabetes is not supported by evidence from con-
trolled trials. Nevertheless, current consensus is that the first step in 
the management of painful neuropathy is an attempt at improving 
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glycaemic control where appropriate. Additionally, as cardiovas-
cular disease is common in patients with DPN [5] and vascular risk 
factors (hypertriglyceridaemia, hypertension, visceral obesity, etc.) 
appear to be implicated in the pathogenesis of DPN [5], there is a 
good rationale for management of vascular risk factors beyond gly-
caemic control.

Pharmacotherapy

International consensus panels [73] including the National Institute 
for Health and Care Excellence (NICE) [75] broadly recommend 
that tricyclic compounds such as amitriptyline, serotonin nor-
adrenaline reuptake inhibitors (SNRI) such as duloxetine, and the 
anticonvulsants, pregabalin and gabapentin as first- line agents for 
the management of painful DPN. Box 15.12.4.7 shows some of the 
commonly prescribed medications for painful DPN.

Tricyclic Compounds

Tricyclic compounds are regarded as one of the first- line treat-
ment agents [73]. A  number of double- blind clinical trials have 
confirmed their effectiveness beyond any doubt, although they are 
not licensed for use in painful DPN. However, there is a good case 
for their use off label and indeed this is the case. As these drugs 
do have unwanted side effects such as drowsiness, dry mouth, and 
postural hypotension, patients should be started on Imipramine or 
Amitriptyline at a low dose (10– 25 mg taken before bed), the dose 
gradually titrated if necessary up to 100 mg per day. Caution should 
be taken in elderly patients and in those with cardiovascular disease 
[73]. The mechanism of action of tricyclic compounds in improving 
neuropathic pain is not fully understood.

Serotonin Noradrenaline Reuptake Inhibitors (SNRI)

SNRIs such as duloxetine relieve pain by increasing synaptic avail-
ability of 5- HT and noradrenaline in the descending pathways that 
are inhibitory to pain impulses. Duloxetine is licensed for the treat-
ment of painful diabetic neuropathy. The efficacy of duloxetine 
in painful neuropathy has been investigated in several studies 
[73] with the 60 mg/ day and 120 mg/ day doses being effective in 

relieving painful symptoms. Duloxetine is contraindicated in those 
with liver disease.

Anticonvulsants

Older anticonvulsants, including sodium valproate and carbamaze-
pine, though effective, tend to have more side effects. Gabapentin 
and pregabalin bind to the α- 2- δ subunit of the calcium channel re-
ducing calcium flux, and thus resulting in reduced neurotransmitter 
release in the hyperexcited neurone. Gabapentin has been used to 
treat painful neuropathy for over two decades [73]. More recently 
pregabalin at 300– 600 mg/ day has been found effective in several 
clinical trials and is licensed for the treatment of painful DPN. Side 
effects of include dizziness, somnolence, and peripheral oedema.

Alpha- Lipoic Acid

Infusion of the antioxidant alpha- lipoic acid: at a dose of 600 mg 
per day orally or intravenously has also been found to be useful in 
reducing neuropathic pain [73].

Opiates

The opiate derivative tramadol (50– 100 mg four times per day) has 
been found effective in relieving neuropathic pain [73]. Another 
opioid, oxycodone slow release and tapentadol slow release have 
also been shown to be effective in the management of neuropathic 
pain [73]. Because of their marked addiction potential, opioids 
should only be considered when all other drug combinations have 
failed.

Topical Capsaicin and Capsaicin Patch

Topical capsaicin works by depleting substance ‘P’ from nerve ter-
minals, and there may be worsening of neuropathic symptoms for 
the first 2– 4 weeks of application. Topical capsaicin (0.075%) ap-
plied sparingly 3– 4 times per day to the affected area has also been 
found to relieve neuropathic pain [73]. In patients with painful 
DPN, capsaicin 8% patch treatment was found to provide modest 
pain relief and sleep quality improvements versus a placebo patch, 
similar in magnitude to other treatments with known efficacy, but 
without systemic side effects or sensory deterioration [76]. Recently, 
the European Commission has granted approval for a label exten-
sion for QUTENZA (capsaicin 8% patch) to include the treatment 
of adult diabetic patients with peripheral neuropathic pain, either 
alone or in combination with other medicinal products for pain. 
However, this treatment is provided in specialist centres as pro-
tective gear has to be worn during the application.

Intravenous Lignocaine

Intravenous lignocaine at a dose of 5 mg per kg body- weight with 
another 30 minutes with a cardiac monitor in situ, has been found 
to be effective in relieving neuropathic pain for up to 2– 6 weeks 
[73]. This form of treatment is useful in subjects who are having se-
vere pain which is not responding to these agents, although it does 
necessitate bringing the patient into hospital for a few hours.

Combination Treatment

Combinations of first- line therapies may be considered if there is 
pain, despite a change in first- line monotherapy [73]. If pain is still 
inadequately controlled, opioids such as tramadol and oxycodone 
may be added in a combination treatment [73]. A number of areas 

Box 15.12.4.7 Pharmacological treatment of painful DPN

 • Tricyclic antidepressants (TCAs)
Amitriptyline 25– 150 mg/ day;
Imipramine 25– 150 mg/ day

 • Serotonin noradrenaline reuptake inhibitors (SNRIs)
Duloxetine 60– 120 mg/ day

 • Anticonvulsants
Gabapentin 300– 3600 mg/ day
 Pregabalin 300–600 mg/day

 • Opiates
 Tramadol 200– 400 mg/ day
 Tapentadol slow release 100– 500 mg/ day
 Oxycodone 20– 80 mg/ day
Morphine sulphate SR 20– 80 mg/ day

 • Capsaicin cream
 (0.075%) applied sparingly 3– 4 times per day)
8% patch applied under a specialist supervision

 • IV lignocaine
5 mg/ kg given IV over 30 min with ECG monitoring
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relating to painful DPN warrant further investigation including 
population- based prevalence and natural history studies, trials using 
active comparators rather than placebo [77, 78], assessment of com-
bination therapies in addition to placebo, and longer- term studies 
of the efficacy and durability of treatments of painful DPN [73].

Management of Disabling Painful Neuropathy Not 
Responding to Pharmacological Treatment

Neuropathic pain can sometimes be extremely severe. Unfortunately 
some patients are not helped by conventional pharmacological treat-
ment. Such patients may respond to electrical spinal cord stimula-
tion which relieves both background and peak neuropathic pains 
[79]. This treatment is provided in specialist centres and a recent 
two- centre prospective study has confirmed long- term efficacy [80].
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Introduction

Type 2 diabetes mellitus represents a growing global public health 
problem, driven by a demographic shift towards ageing in the popu-
lation and increased prevalence of obesity. Over 25% of patients pre-
senting to hospital with acute myocardial infarction have comorbid 
diabetes, and a substantial further proportion have lesser degrees 
of impaired glycaemic control (pre- diabetes) [1] . Cardiovascular 
complications remain the most common cause of death in people 
with diabetes, with major macrovascular events occurring 15 years 
earlier in those with diabetes than in the general population [2]. 
Atherogenesis refers to the pathological process wherein fibro- fatty 
deposits accrue within the arterial wall as a result of chronic injury 
and inflammation. Diabetes accelerates atherogenesis, resulting in 
more diffuse and complex lesions, and also impairs coronary vessel 
repair after percutaneous intervention [3].

Insulin resistance is defined, in principle, as a reduction in the 
metabolic and/ or signalling responses to insulin at cell, tissue, or or-
ganismal level. Most commonly it is taken to denote impaired blood 
glucose lowering action of insulin [4] . Where pancreatic beta-cells 
are unable to compensate fully for the resulting increased insulin de-
mand, hyperglycaemia ensues, ranging through glucose intolerance 

to the clinical phenomenon of type 2 diabetes mellitus. This chapter 
explores the key components of the systemic insulin resistance 
syndrome that potentially contribute to atherogenesis and athero-
sclerotic plaque rupture. We also discuss how local perturbation of 
insulin signalling in the arterial wall may promote atherogenesis, 
independent of changes in systemic glucose and lipid metabolism, 
noting that insulin receptors are abundantly expressed in vascular 
endothelium, vascular smooth muscle cells (VSMCs) and leuco-
cytes. In particular, the notion of cell-  and tissue- specific differences 
in insulin resistance extending beyond classical metabolic tissues, 
such as liver, adipose tissue, and muscle, is reviewed. Finally, a brief 
overview is provided of how diabetes impairs endogenous vascular 
reparative processes which serve to mitigate atherogenesis.

Atherogenesis: From Fatty Streak to Plaque 
Rupture

The macrovascular risk associated with diabetes mellitus primarily 
relates to accelerated atherosclerosis in large and medium- sized ar-
teries. Atherogenesis is a multifaceted disease process, perhaps best 
characterized as an ‘inflammatory’ disorder of vessel walls associ-
ated with progressive accumulation of oxidized lipids in a plaque 
with a necrotic core. These lesions impinge upon the vascular lumen 
and are susceptible to rupture [5] . The pathology of atherosclerotic 
lesions in patients with diabetes is in many regards indistinguishable 
from that seen in patients without diabetes, although the lesions are 
generally more advanced and diffusely distributed [6]. A unifying 
concept thought to explain initiation of atherogenesis is ‘endothelial 
dysfunction’, which describes a complex disturbance of endothelial 
biology, associated with reduced nitric oxide (NO) bioavailability, 
oxidative stress, and leukocyte adhesion molecule expression. This 
homeostatic failure initiates the cascade of events that underpin the 
atherogenic cascade (Figure 15.13.1.1).

The earliest discernible vascular lesion is the so- called fatty streak, 
which is often present in young adults [7] . It occurs as a response to 
receptor- mediated transcytosis of low- density lipoproteins (LDL) 
and other apoB- containing lipoproteins across the endothelium, 
with subsequent trapping in the arterial intima. These are targets for 
modifications including oxidation, which have pro- inflammatory 
effects via recruitment of monocytes to the intima, where they ter-
minally differentiate into macrophages. Oxidized LDL can then be 
internalized by macrophages and stored in cytoplasmic lipid drop-
lets [8]. Progressive failure to clear these modified lipids results in 
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the formation of ‘foam cells’, which characterize lesion progres-
sion from early to intermediate stages and, in combination with T 
lymphocytes, are the histological hallmark of fatty streaks.

Foam cells release chemokines and cytokines, and express ad-
hesion receptors which orchestrate further recruitment of macro-
phages and T cells, perpetuating the inflammatory process [9] . 
Supplementary release of growth factors such as platelet derived 
growth factor (PDGF) and fibroblast growth factor (FGF) results in 
migration of VSMC into the intima. This provides the major source 
of extracellular matrix (ECM) in atherosclerotic lesions [10].

Apoptosis of foam cells within the lesions results in formation 
of a necrotic core, which is essential for the development of the 
propensity for plaque rupture [11]. This core is moreover impreg-
nated with oxidized lipids and tissue factors, rendering it highly 
thrombogenic when exposed to circulating blood. The lipid- rich 
core is covered by a fibrous cap formed by VSMCs and the ECM 
components that they secrete, which include collagen and proteo-
glycans. Such advanced lesions may remain stable for years, and be 
entirely asymptomatic if non- occlusive. However, activated leuko-
cytes within the plaque produce matrix metalloproteinases (MMP), 
collagenases, and elastases, which collectively act to degrade the fi-
brous cap. Apoptosis of VSMCs also destabilizes the cap by reducing 
ECM synthesis. Rupture of the fibrous cap results in exposure of 
the underlying necrotic core and surrounding extracellular compo-
nents, such as collagen and von Willebrand factor (vWF), to circu-
lating blood. This results in activation of endogenous haemostatic 
cascades. Although these processes are crucial in physiological 
haemostasis, their activation in the context of acute plaque rupture 
generates thrombus within an already narrowed vascular lumen. If 
this causes sufficient impairment of blood flow, ischaemic injury oc-
curs downstream, as typified by clinical presentations such as acute 
coronary syndromes.

The Metabolic Syndrome

Insulin resistance and central obesity are intimately associated with a 
cluster of cardiovascular risk factors, frequently collectively referred 
to as the ‘metabolic syndrome’ [12]. While various diagnostic cri-
teria exist, these generally capture the coexistence of central obesity, 

dysglycaemia, dyslipidaemia, and hypertension, with broader de-
scriptions also including factors such as inflammation, oxidative 
stress, and a pro- thrombotic tendency. The incremental value of 
such wider definitions of the syndrome beyond its constituent parts 
has been questioned, however there is broad consensus that it cap-
tures a unifying driver of multiple pro- atherogenic phenomena. 
Unpicking the causal relationships involved in these associations 
with vascular disease, and the mechanisms that underpin them are 
a major focus of current research.

The Insulin Signalling Cascade

Understanding of insulin resistance and its role both in the com-
plex metabolic perturbation of the metabolic syndrome, and 
directly in the tissue pathology of the vessel wall, first requires 
understanding of the cellular pathways whereby insulin exerts its 
many effects on tissue. These are summarized in Figure 15.13.1.2. 
The insulin receptor is a transmembrane receptor tyrosine kinase 
(RTK). Upon ligand binding it undergoes autophosphorylation 
before recruiting and phosphorylating insulin receptor substrates 
(IRS) and other adaptor proteins [13]. These then bind to docking 
proteins containing Src- homology- 2 (SH2) domains. In broad 
terms, proteins bearing SH2 domains can be subdivided into two 
classes:  enzymes such as phosphatidylinositol- 4,5- bisphosphate 
3- kinase (PI3K), and adaptor proteins such as growth factor 
receptor- bound protein 2 (Grb2) [14]. Insulin signal transduction 
is discussed in more detail in Chapter 1.3, ‘Molecular Aspects of 
Hormonal Regulation’.

Class  IA PI3K are most strongly implicated in insulin’s meta-
bolic actions. Their primary substrate is phosphatidylinositol 4,5- 
bisphosphate (PtdIns(4,5)P2), which is phosphorylated to yield 
PtdIns(3,4,5)P3 (or PIP3). This is a membrane- resident lipid second 
messenger that is able to initiate multiple downstream enzyme cas-
cades by recruiting proteins with Pleckstrin homology (PH) do-
mains specific for PIP3 [15]. AKT is a serine/ threonine kinase of 
particular relevance, functioning as a critical regulatory node in 
signalling [16]. Activated AKT has multiple downstream targets 
which mediate regulation of diverse cellular functions. In skeletal 
and cardiac muscle AKT action drives translocation of glucose 
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Figure 15.13.1.1 Processes that underpin atherothrombosis. The black arrow indicates time, spanning decades. VSMCs = vascular smooth 
muscle cells.
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transporter protein 4 (GLUT4)- containing vesicles to the plasma 
membrane, stimulating cellular glucose uptake. In adipose tissue 
it plays a similar role, and is also critical in insulin’s suppression 
of triglyceride breakdown to release fatty acids. In liver, insulin’s 
roles include promotion of fatty acid and VLDL synthesis, and sup-
pression of liver glucose output. While much work has focussed on 
the role of insulin in these ‘canonical’ insulin responsive tissues, 
insulin also plays critical roles in other tissues critical for vascular 
disease. In endothelial cells, for example, AKT activated by insulin 
phosphorylates endothelial nitric oxide synthase (eNOS) at serine 
1177, augmenting catalytic activity and production of NO [17]. 
NO is considered one of the most important mediators of vascular 
homeostasis, regulating vascular tone, inflammation, thrombosis, 
cell growth, and migration.

As well as being important for metabolic regulation, insulin is 
also a potent growth factor. The Grb2/ mitogen- activated protein 
kinase (MAPK) pathway is essential for insulin’s mitogenic effects 
[18]. Grb2 binds to phosphorylated IRS or Shc, after insulin re-
ceptor activation. A phosphorylation cascade eventually results in 
activation of the kinases ERK- 1 and 2.  Activated ERK can phos-
phorylate a range of cellular targets that regulate gene expression, 
cellular differentiation, and mitogenesis. They also induce surface 
adhesion molecules on endothelial cells which facilitate leucocyte 
recruitment. ERK signalling also potentiates release of endothelin- 
1 (ET- 1), which has potent vasoconstrictor and potentially pro- 
atherogenic effects.

Metabolic Syndrome Components 
and Atherogenesis

Dyslipidaemia

The dyslipidaemia associated with the metabolic syndrome com-
prises elevated triglycerides, reduced high- density lipoprotein 
(HDL) cholesterol and smaller, denser LDL cholesterol particles [19] 
(see Chapter  15.13.4  ‘Diabetic Dyslipidaemia’). Triglycerides are a 
source of free fatty acids (FFA), which in excess can result in car-
diovascular lipotoxicity through various mechanisms. FFA- induced 
mitochondrial dysfunction, uncoupled eNOS (a shift from dimeric 
to monomeric structure, resulting in generation of superoxide in-
stead of NO) arising from direct enzymatic modification or depleted 
cofactors, and activation of nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidases (NOX) results in generation of superoxide 
(a form of reactive oxygen species, or ROS) and vascular oxidative 
stress [20]. These phenomena, with the associated pro- inflammatory 
signalling cascade activation, are directly implicated in insulin resist-
ance, creating a vicious cycle [20]. Ceramide derived from saturated 
FFA metabolism also directly inhibits insulin- stimulated AKT acti-
vation. It impairs glucose uptake in human subjects with obesity and 
also contributes to oxidized LDL- induced calcification of human 
VSMCs, a feature of advanced atherosclerosis. Lastly, small, dense 
LDL cholesterol particles are particularly susceptible to oxidative 
modification which, as described earlier, is potently atherogenic.
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Hyperglycaemia

Hyperglycaemia results in diverse alterations in vascular cell biology 
which can potentiate atherosclerosis. The formation of advanced 
glycation end products (AGE) by non- enzymatic glycation driven 
by high blood glucose levels indirectly promotes ROS production, 
a pro- inflammatory state, and impaired insulin signal transduction; 
moreover, by binding to AGE receptors (termed RAGE) on leuko-
cytes, vascular endothelial cells, and VSMCs, AGEs can directly 
influence cell biology [21]. Higher AGE levels have been found in 
patients with type II diabetes than in healthy and type I  diabetic 
patients. Moreover, their abundance appears to be increased in pa-
tients with diabetes and coronary disease compared to those without 
coronary disease. Glycated haemoglobin (HbA1c) levels appear to 
correlate with AGE, and pharmacotherapy with agents that lower 
blood glucose and AGE is associated with reductions in micro-
vascular sequelae such as nephropathy and retinopathy, though ef-
fects on macrovascular complications are less established [22].

Shunting of glucose metabolism through the hexosamine biosyn-
thesis pathway results in modification of proteins such as AKT via 
O- linked N- acetylglucosamine (O- GlcNAcylation), which is asso-
ciated with increased vascular calcification in the context of dia-
betes [23]. Hyperglycaemia activates protein kinase C (PKC), which 
augments monocyte recruitment, foam cell formation, and pro-
motes switching to a synthetic VSMC phenotype which enables cell 
migration and proliferation [24]. Consistent with this observation, 
atherosclerosis- prone mice with genetic deletion of PKC display re-
duced atherosclerosis. Endothelial expression of the transcriptional 
coactivator PGC- 1α is induced in rodents and humans with hyper-
glycaemia, and potently inhibits Notch and AKT/ eNOS signalling 
with deleterious effects on endothelial function [25]. Lastly, hyper-
glycaemia generates oxidative stress and a pro- inflammatory mi-
lieu, which is directly implicated in atherogenesis as detailed next.

Hyperinsulinaemia and Insulin Resistance

Insulin resistance is characterized by impaired intracellular insulin 
signal transduction and compensatory hyperinsulinaemia. A  key 
feature of this complex perturbation is that while signalling via the 
PI3K/ AKT cascade is impaired, the MAPK/ ERK pathway remains 
unaffected [26]. This concept of ‘pathway- specific resistance’ is rele-
vant because the compensatory hyperinsulinaemia required to sus-
tain glucose homeostasis via PI3K/ AKT leads to excessive MAPK/ 
ERK signalling through a ‘bystander’ effect of high insulin levels 
acting on relatively unimpaired pathways leading to ERK activation. 
Since PI3K/ AKT signalling promotes eNOS activation, vascular 
pathway- specific insulin resistance is characterized by reduced NO 
bioavailability, alongside increased vascular leukocyte adhesion 
molecule expression and ET- 1 mediated vasoconstriction through 
MAPK signalling. Indeed, people with diabetes have elevated base-
line levels of ET- 1, and show improved endothelial function when 
treated with a pharmacological antagonist [27].

Insulin also plays a vital role in regulation of sympathetic nervous 
system (SNS) activity by acting on the arcuate nucleus of the hypo-
thalamus. In the context of obesity, SNS hyperactivity arises from 
chronic hyperinsulinaemia. This promotes vasoconstriction and 
can secondarily activate the renin– angiotensin– aldosterone system 
(RAAS), contributing to systemic hypertension, which is an inde-
pendent risk factor for development of atherosclerosis.

Oxidative Stress

Oxidative stress is intimately involved both in development of in-
dividual components of the metabolic syndrome, and directly with 
the pathophysiology of diabetes- associated macrovascular disease. 
The term refers to disrupted spatiotemporal balance between pro-
duction of ROS and their scavenging by antioxidant defences, re-
sulting in detrimental modification of lipids, proteins, and nucleic 
acids [28]. ROS are highly reactive derivatives of oxygen (O2), 
loosely categorized into free radicals, such as superoxide (O2- ) and 
peroxynitrite (ONOO- ), and non- radicals such as hydrogen per-
oxide (H2O2).

At physiological concentrations, ROS are fundamental to cellular 
homeostasis by acting primarily as a reversible signalling mech-
anism [29]. Excessive production or inadequate degradation of 
ROS results in maladaptive oxidative stress. One important mech-
anism of vascular oxidative stress in animal models of diabetes is 
increased NADPH oxidase activity [30]. eNOS uncoupling, for ex-
ample due to oxidation of the enzyme’s cofactor tetrahydrobiopterin 
(BH4), can also paradoxically result in generation of superoxide by 
eNOS. Dysfunctional mitochondrial lipid metabolism is an add-
itional important source of ROS in the insulin- resistant vasculature 
[31]. Oxidative stress associated single- strand DNA breakage and 
poly(ADP- ribose) polymerase (PARP) activation may also subse-
quently promote diabetic endothelial dysfunction.

Mechanistic insights into the role of vascular ROS have been de-
rived from in vivo manipulation of vascular insulin signalling. Mice 
with endothelium- targeted overexpression of an inhibitory mutant 
human insulin receptor (ESMIRO), or with loss of one of the two 
insulin receptor alleles (IRKO), have enhanced vascular super-
oxide production. This can be suppressed with a pharmacological 
Nox- 2 inhibitor, and is associated with improved endothelium- 
mediated vasorelaxation [32]. Consistent with this notion, diabetic 
blood vessels in hamsters demonstrate improved endothelium- 
dependent relaxation when treated with superoxide dismutase 
(SOD), an antioxidant. However, conflicting data has arisen from 
studying mice with endothelium- specific overexpression of the 
human insulin receptor (hIRECO), a model of increased endothe-
lial insulin signalling, which also exhibited reduced NO bioavail-
ability and superoxide- mediated oxidative stress [33]. Similarly, 
mice with endothelial inactivation of Shc homology 2- containing 
inositol 5’ phosphatase- 2 (SHIP2), a negative regulator of insulin 
signalling, also exhibit oxidative stress and endothelial dysfunc-
tion [34]. Overall, these data may provide some explanation for the 
disappointing results of clinical trials that have sought to improve 
cardiovascular outcomes with broad- spectrum antioxidants, in 
addition to intensive insulin regimens.

Pro- Inflammatory Adipocytokines

Chronic inflammation is an important driver of atherosclerosis 
[35]. It is closely coupled with the glucotoxicity and lipotoxicity 
of the metabolic syndrome and is aggravated by oxidative stress. 
Dysfunctional visceral adipose depots are a particularly important 
driver of systemic inflammation, due to altered adipocytokine 
(or adipokine) secretion profiles. Adipokines are a diverse group 
of cytokines derived from adipose tissue, and include interleukin 
(IL)- 1β, IL- 6, tumour necrosis factor (TNF)- α, adiponectin, and 
leptin, among many others [36]. Their impact extends beyond 
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adipose tissue biology and wider metabolic homeostasis, with 
direct effects on vascular function also being apparent. However, 
our understanding of adipokine biology remains limited. For ex-
ample, adiponectin is generally less abundant in insulin- resistant 
states, and has been demonstrated to have anti- inflammatory and 
antiatherosclerotic properties in mouse models of atherosclerosis 
[37]. While some data suggest its circulating concentration is in-
versely predictive of coronary plaque calcification and fibrous cap 
integrity, contradictory observations have also been made. This il-
lustrates a recurring theme in the adipokine literature, probably re-
flecting our incomplete understanding of their context dependent 
effects.

Cell- Autonomous Insulin Resistance

Vascular Endothelial Cells

The vascular endothelium is a monolayer composed of approxi-
mately 1014 cells. It separates the vessel lumen and VSMCs and 
hence provides a direct mechanical interface between blood and 
the tissues it supplies. Beyond its role as a structural barrier, it is 
also metabolically active and has a critical role in regulating physio-
logical homeostasis. Its functions include transport of nutrients and 
solutes across the endothelium, maintenance of vascular tone, and 
regulation of the thrombotic environment.

Endothelial dysfunction refers to a subtle alteration in endothe-
lial phenotype that is implicated in early atherosclerosis, and pre-
cedes structural changes in the arterial wall. This unfavourable shift 
is accelerated by systemic contributors including components of the 
metabolic syndrome and arises through various mechanisms, per-
haps most important of which is a reduction in NO bioavailability. 
NO has many antiatherogenic and antithrombotic properties that 
are required in normal physiology. In health there is continuous, 
basal vascular synthesis of NO which is essential for vascular func-
tion, for example promoting vasodilation, inhibiting platelet acti-
vation, suppressing inflammation and limiting leukocyte adhesion 
molecule expression [38]. Indeed, eNOS knockout mice are hyper-
tensive, insulin- resistant, and develop accelerated atherosclerosis.

The macrovascular sequelae of endothelium- specific insulin re-
sistance have been explored in various murine models. Importantly, 
mice with diet- induced obesity exhibit vascular insulin resistance 
associated with reduced expression of the insulin receptor [39]. 
In atherosclerosis- prone mice, genetic knockout of endothelial 
insulin receptors induces expression of the leukocyte adhesion 
molecule VCAM- 1 and increases atherosclerotic lesion area [40]. 
ESMIRO mice have been shown to develop endothelial dysfunc-
tion, and when crossed with atherosclerosis- prone mice, develop 
accelerated atherosclerosis. This is independent of systemic meta-
bolic perturbations, and associated with reduced NO bioavailability 
and superoxide- dependent oxidative stress [41]. As outlined earlier, 
however, murine models of increased endothelial insulin signal-
ling also paradoxically exhibit enhanced superoxide abundance 
and oxidative stress- induced endothelial dysfunction. Nevertheless 
these findings, as well as highlighting the complexity in interplay 
between metabolic and vascular function, prove the principle that 
perturbated insulin resistance autonomous to vascular tissues may 
promote atherogenesis.

Macrophages

There is also evidence that myeloid- specific insulin resistance can 
accelerate atherogenesis. Macrophages from obese mice have re-
duced insulin receptor expression, alongside increased expres-
sion of surface receptors such as scavenger receptor A (SRA) and 
CD36 [42]; these are implicated in internalization and cytoplasmic 
storage of oxidized LDL. Similar changes have been observed in in-
sulin receptor- deficient macrophages. Using murine bone marrow 
transplantation studies, it has been shown that macrophage in-
sulin receptor deficiency increases endoplasmic reticulum (ER) 
stress- induced apoptosis and necrotic core formation in advanced 
atherosclerotic lesions [43]. However, conflicting data also exist 
indicating that myeloid lineage- specific insulin resistance can pro-
tect atherosclerosis- prone mice from the development and pro-
gression of atherosclerotic lesions [44]. This may relate to insulin 
receptor- deficient macrophages having impaired capacity to pro-
duce pro- inflammatory cytokines, such as IL- 1β and IL- 6.

Atherothrombosis

The propensity of atherosclerotic plaques to acute rupture is de-
pendent primarily upon plaque constituents, rather than the extent 
of vessel stenosis [45]. Factors that enhance vulnerability to rup-
ture are also associated with diabetes, and include thinning of the 
fibrous cap, increased macrophage infiltration, increased size of the 
necrotic core, and reduced abundance of VSMCs [46]. The extent 
of plaque vascularization has also been implicated in instability. 
In the early phases of atherogenesis, plaque neovascularization 
may have antiapoptotic effects, while facilitating lesion growth. In 
more advanced lesions, however, release of cytokines secondary to 
local inflammation can result in dysregulated neointimal prolifer-
ation of microvessels which are leaky, fragile, and of poor quality, 
rendering them susceptible to rupture. Studies in humans have re-
ported higher proportions of neovessel formation in the most ad-
vanced atherosclerotic plaques, with increased abundance in those 
with diabetes. Expression of proteolytic enzymes, such as MMPs, 
is also increased by hyperglycaemia, and increases propensity for 
fibrous cap rupture [47].

Platelets initiate plaque thrombosis upon detection of ECM 
and core constituents, and their aggregation is augmented in the 
setting of insulin resistance by reduced NO bioavailability, altered 
calcium regulation, oxidative stress, and increased circulating von 
Willebrand factor. Notably, atheromatous plaques in people with dia-
betes have been shown to exhibit increased intracoronary thrombus 
compared to controls [48]. Normoglycaemic patients with insulin 
resistance, and those with type II diabetes, have altered circulating 
components of the coagulation and fibrinolytic pathways, with in-
creased levels of plasminogen activator inhibitor (PAI)- 1 particu-
larly implicated in the pro- thrombotic tendency of the metabolic 
syndrome [49]. PAI- 1 binds to tissue plasminogen activator (tPA) 
to inhibit its conversion of plasminogen to plasmin, an enzyme that 
is essential to degrade fibrin clots. Indeed, PAI- 1 levels have been 
shown to be lowered in patients with DM by weight reduction and 
pharmacotherapies, such as metformin and thiazolidinediones. 
Hyperglycaemia can also directly cause post- translational modifi-
cation of coagulation proteins, such as fibrinogen. This results in a 
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fibrin clot which is denser, with thinner fibres, and is more resistant 
to plasmin- mediated lysis [50].

Defects in Vascular Repair

In response to vascular insults, endogenous reparative mechanisms 
are thought to mitigate injury, and so potentially retard athero-
genesis. The term ‘vascular repair’ is typically used to describe 
re- endothelialization of existing conduit vessels that have been ex-
posed to injurious insults, and requires complex interaction of local 
and circulating cells [51] (Figure 15.13.1.3). The endothelium is a 
critical player in this process, with proliferation and migration of 
local endothelial cells resulting in restoration of a seamless endothe-
lial monolayer. While bone marrow- derived cells may promote this 
process via paracrine mechanisms, they do not directly contribute 
to the neo- endothelium.

There is emerging evidence to support the notion that an insulin- 
resistant phenotype has adverse effects on indices of endogenous vas-
cular repair. IRKO mice demonstrate broadly preserved metabolic 
sensitivity to insulin, but markedly impaired re- endothelization of 
the femoral artery after denudation [52]. In vivo models of type 2 
diabetes have an exaggerated neointimal response to vascular in-
jury, which is retarded with rosiglitazone, an agent that enhances 
insulin sensitivity [53]. Myeloid angiogenic cells derived from pa-
tients with diabetes have impaired paracrine capacity to promote 
vascular repair, which correlates with increased superoxide abun-
dance [54]. Outgrowth endothelial cells (OEC) derived from South 
Asian men, who are insulin resistant and have increased risk of car-
diovascular sequelae, also exhibit impaired vascular repair capacity 
due to impaired AKT signalling [55].

eNOS expression also appears reduced in diabetic vascular pro-
genitors, and this is associated with impaired migration and adhe-
sion capacity [56]. Reduced endothelial NO bioavailability in the 
context of insulin- resistant states may be pertinent, promoting cell 
senescence and impairing migration in response to chemotactic 

stimuli, both factors likely to be relevant in promoting conduit repair 
[57]. Indeed, NO has more potent inhibitory effects on neointimal 
hyperplasia after arterial injury in rats with metabolic syndrome and 
frank diabetes, in comparison to normoglycaemic controls.

Conclusions

Despite contemporary pharmacotherapies and lifestyle modifi-
cation, the presence of diabetes continues to confer a prognostic 
disadvantage with regards to atherosclerosis- mediated major car-
diovascular events. Significant progress has been made in our 
understanding of insulin resistance and diabetes- associated vas-
cular disease; however, the complexity of this association means that 
many mechanistic and translational questions remain. Addressing 
these uncertainties will be pivotal in the development of thera-
peutic strategies that safely and effectively promote macrovascular 
health, survival, and quality of life in patients across the spectrum 
of dysglycaemia.
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Cardiovascular Risk in Type 2 Diabetes

While type 2 diabetes was once considered a coronary heart disease 
(CHD) risk equivalent, this notion has been superseded. The most 
comprehensive evidence comes from the emerging risk factor col-
laboration (ERFC), which produced a collaborative meta- analysis 
of 102 prospective studies using individual participant data [1] . This 
showed that prevalent diabetes confers on average a twofold excess 
risk for a wide range of vascular outcomes, independently of other 
risk factors (Figure 15.13.2.1). This work also showed that diabetes 
is around a third more strongly related to risk of fatal events than of 
non- fatal myocardial infarction (MI). Further analyses showed the 
excess relative risk of vascular events in people with versus without 
diabetes was greater in women and at younger ages. This fits well 
with findings in national datasets such as the QRISK2 study from 
the United Kingdom which reported type 2 diabetes to be associ-
ated with CVD risk levels of 2.20 and 2.54 in men and women, re-
spectively, independent of other measured risk factors [2].

Lesser Degrees of Dysglycaemia and Cardiovascular Risk

In those without diabetes, ERFC analyses showed no clear asso-
ciation with CHD risk at fasting blood glucose (FBG) levels be-
tween 3.9 and 5.6 mmol/ L, but a modest rise in risk thereafter [1] . 
However, when the hazard ratios for CHD were examined by clin-
ically defined categories, they were only meaningfully elevated with 
known or undiagnosed diabetes, being modest at FBG levels below 
7  mmol/ L (Figure 15.13.2.2). By contrast, low- density lipoprotein 
(LDL) cholesterol and blood pressure had stronger and nearly log- 
linear associations with vascular risk. A  subsequent meta- analysis 
of individual participant data for three different glycaemia measures 
(HbA1c, random or FBG and post load glucose) from multiple co-
horts determined that in those without type 2 diabetes although the 
HbA1c association with CVD risk was equal to or greater than that 
seen for fasting, random, or post load glucose levels, no glycaemia 
measure meaningfully improved CVD risk prediction in this non- 
diabetic group [3]. Near identical findings were recently reported for 
a 11.5- year follow- up from the Whitehall II study [4], where CVD 
risk associations for all glycaemia measures in the pre- diabetes range 
turned out to be modest. Collectively, these results suggest that, 
while diabetes is meaningfully and independently related to CVD 
risk, lesser levels of dysglycaemia are not. In clinical terms, CVD 
risks in patients with pre- diabetes should be determined using usual 
CVD risk scores without any multiplication factor.

Factors Associated with Differential CVD Risk 
in Diabetes

Notably, a doubling of CVD risk represents only the average risk in 
all patients with type 2 diabetes, and wide heterogeneity of risk is 
seen, driven by several patient characteristics. For example, at the 
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point of diabetes diagnosis relative risk is well below 2, whereas once 
a patient has had several years of diabetes or exhibits microvascular 
complication, such as albuminuria, low glomerular filtration rate 
(eGFR), or moderate retinopathy, CVD risk levels are elevated 
many fold. The relevance of these and other risk factors to excess 
risk of CVD in type 2 diabetes is discussed in more detail next.

Age of Onset

Age of onset of type 2 diabetes is an important determinant of risk of 
adverse outcomes as well as years lost due to diabetes. Several lines 
of evidence support this notion. These include the finding from the 

Swedish diabetes registry of much higher hazard ratios (~2– 3 fold) 
for CVD and total mortality in diabetes patients under 55, whereas 
hazard ratios (HRs) were around 1– 1.2 fold in patients with diabetes 
above 75 years of age (Figure 15.13.2.3) [5] . Similarly, recent data from 
the Swedish diabetes registry showed that life- years lost due to type 2 
diabetes were more than a decade when it was diagnosed in adoles-
cence, to around 6 years lost when diagnosed in the 40s, and tapering 
to no loss of life- years when diagnosed above 80 years or so (Figure 
15.13.2.4) [6]. More recently, using only two age groups, a Chinese 
study suggested a near doubling of risk of non- fatal cardiovascular in 
those with early (<40 years) versus later onset type 2 diabetes [7], while 
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work from Australia showed higher mortality risk, in particular CVD 
mortality, in younger onset diabetes patients in a study of just under 
three- quarters of a million Australians with diabetes [8]. Collectively, 
these studies support the notion that type 2 diabetes is a more potent 
driver of CVD risk when it develops at younger ages.

Other research has provided important mechanistic insights 
into reasons for higher CVD risk at younger age of diabetes onset. 
In an analysis of just over hundred  thousand newly diagnosed 

patients, individuals with younger onset type 2 diabetes were 
much more obese and had worse glycaemia and lipid (LDL chol-
esterol, triglyceride, and high- density lipoprotein (HDL) chol-
esterol) levels than those developing type 2 diabetes much later 
in life (Figure 15.13.2.5a– e) [9] . Such differences persisted for 
several years’ post diagnosis and could not be accounted for dif-
ferential glycaemia or lipid- lowering treatments. There was also 
evidence from this latter study plus other work from Scotland 
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for faster glycaemic deterioration in younger type 2 diabetes pa-
tients, with HbA1c changes being more modest in those diag-
nosed with diabetes when older [10]. Indeed, in the latter study, 
it was noted that ‘The rate of deterioration in those diagnosed 
at over 70 years of age was very low, with 66% having a rate of 
deterioration of less than 1.1  mmol/ mol HbA1c per year, and 
only 1.5% progressing more rapidly than 4.4 mmol/ mol HbA1c 
per year’. Collectively, these epidemiological findings support 
age at type 2 diabetes diagnosis as an important stratifier for fu-
ture CVD and mortality risks. They also suggest that gains from 
preventative therapies in terms of life- years free from vascular 
disease will likely be greatest in younger onset type 2 diabetes pa-
tients. This is due to the fact that gain in life- years will be greater 
when treating younger people at elevated risk, than when treating 
older people who are on average at lower excess risk relative to 
people without diabetes [11].

Duration

Duration of diabetes is linked to greater CVD risks. In analysis of data 
from the British Regional Heart Study [12], it was shown that men 
without prior MI and with diabetes of mean duration 16.7 years had 
subsequent CHD risks approaching those with prior MI but without 
diabetes, whereas those with short mean diabetes duration (mean 
1.9 years) had much lower risks. One caveat in this type of analysis is 
that those with longer duration also have earlier onset disease so it is 
difficult to tease out to what extent duration explains risks with earlier 
onset disease. Regardless, these findings are understandable if frank 
hyperglycaemia is causally related to excess CVD risk in a manner 
consistent with cumulative exposure.
Presence of Microvascular Disease

In a recent report using the UK Clinical Practice Research Datalink 
[13], it was elegantly demonstrated that the presence of microvascular 

6 8

6 8

6 8

6 8

6 8

34
(a)

32

30

28
 B

M
I (

kg
/m

2 )

0 2 4

Time from diagnosis (years)

0 2 4

Time from diagnosis (years)

0 2 4

Time from diagnosis (years)

0 2 4

Time from diagnosis (years)

0 2 4

Time from diagnosis (years)

60.0

(b)

57.5

52.5

55.0

50.0H
bA

1c
 (m

m
ol

/m
ol

)

2.4
(c)

2.0

2.2

1.8

1.6

Tr
ig

ly
ce

ri
de

 (m
m

ol
/l

)

(d)

H
D

L-
ch

ol
es

te
ro

l (
m

m
ol

/l
) 1.4

1.1

1.3

1.2

(e)

LD
L-

ch
ol

es
te

ro
l (

m
m

ol
/l

) 3.2

2.6

3.0

2.8

Figure 15.13.2.5 The trajectories of cardiometabolic risk factors over time by age at type 2 diabetes diagnosis. Yearly averages (95% CI) stratified by 
age group for (a) BMI, (b) HbA1c, (c) triglyceride, (d) HDL cholesterol and (e) LDL cholesterol. White circles, 18–44 years old; plus sign (+), 45–59 years 
old; crosses (×), 60–74 years old; white triangles, ≥75 years old. All analyses, p < 0.05 where 95% CI do not overlap.
Reproduced with permission from Steinarsson AO, Rawshani A, Gudbjörnsdottir S et al. Short- term progression of cardiometabolic risk factors in relation to age at type 2 
diabetes diagnosis: a longitudinal observational study of 100,606 individuals from the Swedish National Diabetes Register. Diabetologia 2018;61:599– 606. Copyright © 2018, 
Steinarsson AO, et al.



SECTION 15 Diabetes Mellitus2174

complications, whether retinopathy, nephropathy, or neuropathy, sig-
nals excess vascular risk perhaps better than differences in usual risk 
factors (Figure 15.13.2.6). Furthermore, this work demonstrated that 
if two or three such complications were present then CVD risks were 
even higher (Figure 15.13.2.6) [13]. This latter observation accords 
with the notion that small vessel disease begets large vessel disease, 
perhaps directly by provoking vasculopathy [14]. Of note, several 
studies have shown that both low eGFR and evidence of proteinuria 
are very strong prognostic indicators of future CVD risks in diabetes. 
In a systematic review of event rates from diabetes trials, the presence 
of proteinuria seemed to be associated with future outcome risks to 
a similar extent to those with prevalent cardiovascular disease [15].

Of course, microvascular disease is also linked to longer diabetes 
duration and to cumulative hyperglycaemia exposure as well as 
other risk factors, in particular hypertension, so that several risk 
factors can accelerate both small and large vessel disease.

Ethnicity

It is well established that several ethnicities— notably South Asians, 
Chinese, and Afro- Caribbeans— are at particularly elevated risk 
for type 2 diabetes even when body mass index (BMI) is taken into 
account. The reasons for these excess risks are not fully established 
but could include, among other factors, altered body compos-
ition. In terms of cardiovascular risk, historical evidence suggests 
South Asians with diabetes have even greater risks of premature 
macrovascular disease, as previously reviewed [16]. More recent 
evidence suggests such risks may be coming down for immigrant 
South Asian populations [17], perhaps in part due to earlier diagnosis 
of diabetes and so earlier and more prolonged exposure to cardio-
vascular risk factor management. This suggestion remains specu-
lative and more research is needed in this area (see Chapter 15.7.3, 
‘Type 2 Diabetes in Different Ethnic Groups’).

Sex

Plentiful evidence suggests that relative risk of CVD increases more 
as women transit from non- diabetes to diabetes than as do men, with 
a recent meta- analysis suggesting that after controlling for major 
vascular risk factors, diabetes roughly doubles occlusive vascular 
mortality risk among men while tripling risk among women [18]. 

However, while relative risks are often greater in women with dia-
betes, their absolute risks appear similar. In other words, the presence 
of diabetes appears to narrow or abolish the gap in absolute vascular 
risks between men and women [18]. Recent work has suggested that 
the greater excess vascular risk imposed by diabetes in women may 
be due to women requiring greater weight gain to develop type 2 dia-
betes than men, since women start from a point of lower risk [19]. 
This latter observation may explain why risk factor changes (in par-
ticular blood pressure) are on average greater in women who develop 
diabetes than their male counterparts [20]. It also explains why there 
exists a higher prevalence of diabetes in middle aged men compared 
to women, a finding which seems true for different ethnicities [21].

Existing Vascular Disease

When diabetes occurs in the context of established vascular disease, 
then risks for premature mortality are much higher. In an individual 
participant meta- analysis the presence of diabetes together with pre-
mature MI or stroke at the age of 40 years led to a near doubling of 
life- years lost compared to diabetes alone, whereas when all three 
conditions coexisted, over 20 years of life were lost (Figure 15.13.2.7) 
[22]. At older ages, fewer years were lost but even at 65 years of age, 
having diabetes plus MI or stroke led to loss of nearly 10 years of life 
compared to 5 years with diabetes alone. These considerations, com-
bined with emerging evidence for significant cardiovascular and total 
mortality benefits for some newer diabetes drugs [23], mean that it is 
important to check for occult diabetes in patients with existing vas-
cular disease. Determining HbA1c, which can easily be done at any 
time of the day or night and is also informative when tested during 
acute illness, should substantially increase opportunities for diabetes 
diagnosis in those with existing vascular disease. Relevant guidelines 
have ratified use of HbA1c in such scenarios [24].

Changes in Cardiovascular and Mortality Risks 
Over Time in Type 2 Diabetes Relative to the 
General Population

In high income countries, such as the United States, a pattern of 
substantially reducing risks for MI and stroke in diabetes patients 

1.0 2.0 3.00.5

1 microvascular disease state

2 microvascular disease states

3 microvascular disease states

Systolic blood pressure (per 1 SD increase)

Diastolic blood pressure (per 1 SD increase)

LDL cholesterol (per 1 SD increase)

BMI (per 1 SD increase)

HbA1c, (per 1 SD increase)

Smoking history

Figure 15.13.2.6 Adjusted hazard ratio for the primary outcome by cumulative burden of microvascular disease and per 1 SD difference in values for 
established risk factors.* The primary outcome measure was cardiovascular mortality, non- fatal myocardial infarction, or non- fatal ischaemic stroke. 1 
SD of each established risk factor is: blood pressure 13.5/ 8.4 mmHg; LDL cholesterol 0.9 mmol/ L; BMI 6.3 kg/ m²; HbA1c 1.3% (14.2 mmol/ mol). 
* Adjusted for age, sex, systolic blood pressure, diastolic blood pressure, LDL cholesterol, HDL cholesterol, HbA1c, BMI, duration of diabetes, smoking status, antiplatelet 
therapy, lipid- lowering treatment, RAS blockade, other blood pressure treatment, ethnicity, and Index of Multiple Deprivation.

Reproduced with permission from Brownrigg JRW, Hughes CO, Burleigh D et al. Microvascular disease and risk of cardiovascular events among individuals with type 2 
diabetes: a population- level cohort study. Lancet Diabetes Endocrinol 2016;4:588– 97. Copyright © 2016 Elsevier Ltd.
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has been noted over the last two or so decades [25], though such 
risks still remain far in excess of healthy controls (Figure 15.13.2.8a) 
[26]. Likewise, in recent longitudinal Swedish data covering the 
period between 1998 and 2013, type 2 diabetes patients experienced 
greater (44% vs. 29%) relative risk reductions for CVD hospitaliza-
tions than did their non- diabetes counterparts (Figure 15.13.2.8b) 
[27]. However, reduction over time in CVD deaths appeared to be 
similar so that there was no obvious narrowing in risks in diabetes. 
Consequently, recent attention has focused more on the excess risk 
for other ‘vascular’ outcomes in diabetes such as heart failure and 
peripheral arterial disease (Figure 15.13.2.9). In a recent analysis 
of data from the United Kingdom, these latter two outcomes were 
the most common first ‘vascular’ outcomes in diabetes patients, 
with MI and stroke [28] being less frequent. This greater success at 
preventing non- fatal CVD events in diabetes [27] suggests an in-
complete understanding of the causes of excess CVD mortality in 
type 2 diabetes, an area which requires further research. That noted, 
as vascular deaths have declined in both individuals with diabetes 
and in those without known diabetes, the percentage of total deaths 
in the United States due to vascular causes has declined from around 
48% to 34% in diabetes, and 45% to 31% in non- diabetes from 1988 
to 2015 [29]. The percentage of deaths due to cancer was stable in 
both groups so that proportionately more deaths are now due to 
non- vascular and non- cancer causes [29]. With further dissection 
of these data by age, it was notable that only people with diabetes 
of younger onset (<44 years of age) did not experience reductions 
in mortality, suggesting a need for more particularly assertive risk 
factor management in this group.

Heart Failure Risks in Type 2 Diabetes

The excess risk for heart failure in diabetes has been known 
for many years. While this could be due to excess myocardial 

infarctions, the presence of a specific diabetic cardiomyopathy, 
linked in part to the altered metabolic milieu in diabetes, has been 
proposed for many years although its presence remains strongly 
debated. Recent research has shown that while heart failure risks 
are elevated in type 2 diabetes at all ages, relative risks are greatest 
in those with diabetes of earlier onset [30]. Overall, risks for heart 
failure are around double those in people without diabetes [31]. 
More recent research suggests a more prominent role for renal dis-
ease and obesity in heart failure pathogenesis in diabetes, whereas 
the usual risk factors— glycaemia, lipids, blood pressure— appear 
more important for incident myocardial infarction [32]. This 
finding, together with unexpected results from the EMPAREG 
outcome trial, where a substantial reduction in mortality and heart 
failure hospitalizations with treatment with an SGLT2 inhibitor 
occurred [33], suggests that pathways to heart failure in type 2 
diabetes are more complex than previously thought. Perturbation 
of circulating volume may play a prominent role [34]. Recent 
thought-provoking reviews [35, 36] have pointed out a need for 
more attention to be directed at heart failure in future diabetes 
clinical trials.

Evidence for Better CVD Risk Factor Management 
in Diabetes

The aforementioned reductions in CVD risk in people with dia-
betes (greater relative reductions than in general population) and 
vascular mortality (reductions about the same as in general popu-
lation) have occurred due to improvements in risk factors. There 
have been large reductions in cholesterol levels from around the 
year 2000 in all high income countries as a result of wide prescrip-
tion of statins, driven by the view enshrined in many guidelines 
that diabetes confers high CVD risk. For example, Ford and col-
leagues showed average cholesterol levels in diabetes patients 
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declined from around 5.3 mmol/ L in 1999/ 2000 to 4.6 mmol/ L by 
2007/ 8; over the same period smoking rates fell from 20% to 15% 
and average HbA1c from 7.7% to 7.3% [37]. Large improvements 

in blood pressure stemmed from 1990s onwards, and the call to 
even lower targets (to <130 mmHg in many), should continue to 
push average levels lower whereas glycaemia levels have improved 
to lesser extents and mostly in the last two decades [26]. Population 
level reductions in smoking have also contributed to such CVD 
trends as have earlier diagnosis of diabetes. The relative contribu-
tion of such risk factor changes to reductions in CVD outcomes in 
diabetes have not been formerly calculated but greater short- term 
outcome benefits have been seen in trials from intensive manage-
ment of lipids and blood pressure than with intensive glycaemia 
management [38]. That noted, newer diabetes therapies with 
proven CVD benefits may start to influence this pattern, even if 
they may lessen risks partially or largely independent of glucose 
lowering. Of course, the patterns of risk factor treatments are far 
from optimal in low and middle income countries where limited 
resources mean that many patients go without oral antidiabetes 
drugs, statins, or antihypertensive drugs. This lack of resource ex-
plains the persisting very high mortality rates in diabetes in such 
countries. To reduce CVD risk in diabetes in low-  and middle- 
income countries (LMIC) therefore requires a sustainable supply 
of cheap statins, antihypertensives and metformin/ sulfonylureas. 
This is by no means an easy task and, as recently reviewed for 
South Asian countries, many difficult challenges (costs, infrastruc-
ture, care processes) need to be overcome/ improved to make this 
happen [39].

Summary

CVD risk in type 2 diabetes has been declining for the last 2– 
3 decades in high income countries with greater reductions in 
non- fatal than in fatal outcomes. The main drivers of these im-
provements are clear:  better management of multiple risk fac-
tors, including targeting and improvement of glycaemia and LDL 
cholesterol levels, and blood pressure, as well as a reduction in 
smoking rates. Better secondary prevention has also played a 
role. Consequently, patients with type 2 diabetes are living longer 
than ever, although they continue to suffer an excess (on average 
double) of cardiovascular risk relative to the general population. 
Thus, considerable work remains to lower rates further, especially 
of fatal events. There is also a need to improve prediction and 
management of other vascular outcomes in diabetes such as heart 
failure and peripheral arterial disease, which appear now at least 
as common as incident MI or stroke as vascular outcomes in high 
income countries. Subgroups of patients have even higher rela-
tive risks for CVD outcome dependent on their characteristics 
such as age of diagnosis (worse in younger), sex (higher relative 
risks in women, though absolute risks remain lower than in men), 
ethnicity (most non- whites at higher CVD risks), and presence 
of coexisting disease. Finally, the greatest future needs for better 
CVD risk factor management in high income countries is in 
younger patients, whereas all LMIC patients, require improved 
and sustainable access to cheap and cost– effective medications 
across all risk factor domains to lower CVD risks.
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Introduction

As onset is most common early in life, type 1 diabetes is often 
thought of as a condition of children and adolescents. However, 
more than half of those affected are over 40 years of age and the 
‘typical’ person with type 1 diabetes is a middle- aged adult who has 
had the condition for several decades [1] .

‘Macrovascular disease’ is a collective term for the complications 
of diabetes as they affect medium or large diameter arteries (>100 
μm), predominantly the coronary, cerebral and peripheral (lower 
limb) arteries. Also known as ‘cardiovascular disease’, it comprises 
angina, myocardial infarction, stroke, congestive heart failure, and 
peripheral artery disease. The glucose- dependent mechanisms and 
pathways mediating microvascular complications (i.e. retinop-
athy, nephropathy, and neuropathy) play a key role but additional 
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inflammatory, lipid, haemodynamic, and other pathways are also 
implicated.

Pathology and Pathophysiology

By activating enzymes that generate oxidative stress (e.g. by pro-
ducing superoxide ions), hyperglycaemia initiates several parallel 
adverse biochemical processes within vascular cells, including acti-
vation of the polyol and hexosamine pathways, activation of Protein 
Kinase C (pro- inflammatory), and formation of advanced glycation 
end- products (AGEs) [2] . These glucose- mediated mechanisms 
account for much of the adverse cardiovascular risk in type 1 dia-
betes [3] but additional immune mechanisms specific to type 1 dia-
betes may also play a role.

As may also occur in the general population, atherosclerosis in 
type 1 diabetes is often associated with calcification of the layer of 
the arterial wall adjacent to the lumen, i.e. the tunica intima. In 
type 1 diabetes, this may be accompanied by an additional (and in-
dependent) process of calcification of the tunica media known as 
Monckeberg’s arteriosclerosis. This is most often seen in the aorta, 
causing stiffening, elevated systolic BP, and decreased coronary ar-
tery perfusion— and in lower limb vessels in association with ar-
terial insufficiency. Its significance is uncertain.

Epidemiology

Since the discovery of insulin a century ago, life expectancy of indi-
viduals with type 1 diabetes has dramatically improved, but remains 
substantially reduced:  by 11  years and 13  years for a 20- year- old 
man and woman, respectively [4] . Metabolic complications (hypo-
glycaemia, ketoacidosis) and infections (osteomyelitis) are the com-
monest causes of death in younger individuals, but cardiovascular 
disease predominates after the age of 40 years [5].

A man in his mid- 40s with type 1 diabetes living in Scotland, 
for example, has an approximately 12% risk of having a cardiovas-
cular event (as defined earlier) over the next ten years, compared 
with 4% risk in the general population (i.e. a threefold elevation in 
relative risk). For a woman of the same age, the average ten- year 
risk is 8% compared with 1.6% in the general population (i.e. a 
fivefold elevation [5] ). At younger ages, while the absolute rates 
are lower, the relative risks are even higher (due to the low risk of 
the background population). After the menopause, women with 
type 1 diabetes lose premenopausal protection from cardiovas-
cular disease.

Heart failure is rare in young adults without type 1 diabetes, but 
recent population- based data from Scotland indicate a fivefold ex-
cess risk in men aged 20– 29 years (3.6% vs. 0.7% ten- year risk) [6] . 
There are similar data from Sweden [7– 9], where women (but not 
men) aged 40 years were also shown to have twice the risk of atrial 
fibrillation compared with the general population [10].

Following a cardiovascular event, outcomes are poorer in type 
1 diabetes: for example, in Scotland 30 day mortality in men aged 
30– 49 years of age after admission to hospital with heart failure is 
9.3% compared with 4.4% in the non- diabetic population (i.e. rela-
tive risk more than doubled) [6] .

Risk Factors and Markers

Glucose: Much of our knowledge about type 1 diabetes comes from 
the Diabetes Control and Complications Trial (DCCT), a landmark 
randomized clinical trial initiated in North America in the early 
1980s. It compared rates of complications in 1441 children and ado-
lescents with type 1 diabetes on intensive (average HbA1c 7.2%) or 
conventional (average HbA1c 9.1%) insulin treatment [11]. Follow- 
up in the study for 6.5 years was insufficient to detect differences in 
rates of macrovascular complications between groups, but these be-
came evident as participants were followed- up post- randomization 
in the Epidemiology of Diabetes and its Complications (EDIC study; 
average HbA1c 8.0% in both groups). In the most recent EDIC study 
follow- up, 30 years after initial DCCT randomization, there was a 
30% reduction in the risk of cardiovascular events in those formerly 
allocated to intensive insulin therapy: 149 cardiovascular events (in 
82 participants) in the intensive arm and 217 cardiovascular events 
(in 102 participants) in the conventional arm [12].

Other traditional risk factors: In younger individuals with type 
1 diabetes the DCCT suggests that blood pressure and cholesterol 
on average contribute little to overall cardiovascular risk given the 
dominant effect of blood glucose. However, after the age of 40 years, 
or 15– 20 years from diagnosis for those with earlier onset, blood 
pressure and cholesterol start to mediate an increasing proportion 
of the overall risk and require to be targeted directly [13]. In add-
ition, smoking is a powerful risk factor for macrovascular disease 
in type 1 diabetes, as in the general population, but unfortunately 
remains prevalent in up to 25% of individuals [5] , often receiving 
insufficient attention.

Microalbuminuria: Much of the excess cardiovascular risk in 
type 1 diabetes occurs in those who develop renal disease, whether 
subclinical (microalbuminuria) or clinical (diabetic nephropathy) 
[13]. Preventing microalbuminuria is an important therapeutic 
goal, particularly as remission from sustained microalbuminuria 
to normoalbuminuria in DCCT/ EDIC did not lead to a significant 
improvement in cardiovascular (or renal) outcomes [14].

Novel risk markers: A number of other risk markers are associ-
ated with the development of macrovascular complications (e.g. 
advanced glycation end- products [15], high sensitivity C- reactive 
protein [16], and haptoglobin genotype [17]). However, these are 
not routinely measured in clinical practice [18] as risk can be quite 
accurately predicted by combining traditional risk factors [19].

Assessment

Cardiovascular disease: As in type 2 diabetes and the general 
population, routine screening for coronary and cerebrovascular 
disease is not currently undertaken in asymptomatic people with 
type 1 diabetes, even in those with microalbuminuria [20]. This 
may seem surprising given a marked elevation of cardiovascular 
risk. However, while some tests (e.g. measurement of coronary ar-
tery calcification by electron beam computed tomography) provide 
accurate risk stratification, no test has as yet been demonstrated to 
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have sufficient sensitivity and specificity to guide the planning of 
cost- effective interventions (i.e. to be suitable for use in widespread 
screening).

In the absence of screening, presentation with coronary and 
cerebrovascular disease is thus likely to occur as in the general 
population, either with the gradual onset of symptoms (angina, 
breathlessness) or with sudden development of angina, myocardial 
infarction, congestive heart failure, transient ischaemic attack, or 
stroke leading to emergency medical assessment. Assessment fol-
lows the same pathways as in the general population.

Peripheral vascular disease: In contrast, screening for peripheral 
arterial disease by palpating the posterior tibial and dorsalis pedis 
pulses is a routine component of annual foot ulcer risk assessment. 
Absence of both conveys a significantly higher risk for foot ulcer-
ation (and requirement for amputation) in that foot and is associated 
with a two-year mortality of 14% [21]. There is a further increase in 
risk if protective sensation (detected by light touch with a 10 g mono-
filament) is also absent. Individuals with absent foot pulses should be 
referred to a podiatrist for assessment and ongoing foot care.

Those who also have a history of intermittent claudication and 
reduced walking distance on direct questioning should be re-
ferred to a vascular surgeon for consideration of angiography and/ 
or revascularization. At the time of writing, rates of lower limb 
amputation vary widely between different areas of the United 
Kingdom:  this is thought to reflect, at least in part, the quality of 
local foot screening and referral systems [22].

Prevention and Risk Factor Management

Glucose control: Mean glucose concentration (as estimated by 
HbA1c) is the dominant risk factor for coronary and cerebrovas-
cular disease in type 1 diabetes [3, 13]. Within-  and between- day 
glucose variability predict hypoglycaemia, but do not appear to con-
tribute independently to the risk of long- term complications [23]. 
For younger individuals, achieving and maintaining target HbA1c 
while minimizing the risk of hypoglycaemia is therefore the most 
rational strategy for preventing macrovascular disease.

Doing this in everyday life using multiple daily injections of 
insulin is challenging, particularly for younger individuals, and 
HbA1c targets are reached in only a minority [24]. Even in those 
who do sustain intensive glycaemic control, the cardiovascular 
benefits can be attenuated or even lost entirely over time by insulin- 
induced weight gain [25].

Blood pressure and cholesterol: There have been no randomized 
trials directly addressing management of these risk factors in re-
lation to cardiovascular outcomes specifically in type 1 diabetes. 
Guidelines therefore draw on epidemiology and studies in type 2 
diabetes for selecting therapies, as well as in setting appropriate 
thresholds and targets for their use (Table 15.13.3.1). In addition, 
there have been some outcome trials from which people with type 
1 diabetes were not excluded (e.g. the Heart Protection Study with 
simvastatin): this reported a similar point estimate for reduction in 
risk as in other subgroups, with no evidence of statistical heterogen-
eity but wide and non- statistically significant confidence intervals 
for the treatment effect [26].

Smoking: There are few trials from which the benefits of smoking 
cessation in type 1 diabetes can be directly estimated, or indeed to 
guide how it can best be achieved and maintained. However, its 
likely benefits if achieved seem self- evident.

Antiplatelet therapy: Low dose aspirin was widely prescribed 
for primary prevention of cardiovascular disease for asymp-
tomatic people with types 1 and 2 diabetes until publication of 
the Prevention Of Progression of Arterial Disease And Diabetes 
(POPADAD) trial in 2008 [27]. As there was no evidence of 
benefit over seven years, this practice was removed from guide-
lines. However, as the trial was not large enough to exclude a small 
benefit, the larger ASCEND study was undertaken with 12 times 
the number of participants, 6% of whom had type 1 diabetes. The 
results, published in 2018, showed a lower absolute rate of car-
diovascular events with aspirin than with placebo (8.5% vs. 9.6%, 
P = 0.01) over 7.4 years but this was outweighed by an increased 
risk of major bleeding (4.1% vs. 3.2%, P = 0.003), supporting ex-
isting guidelines [28].

Given these uncertainties (Table 15.13.3.1), further clinical trials 
aimed specifically at optimizing cardiovascular prevention in type 1 
diabetes are urgently required.

Treatment

At coronary angiography, people with type 1 diabetes are more 
likely to have diffuse disease affecting several rather than single ar-
teries: in general, outcomes are better with coronary artery bypass 
grafting than with stenting individual vessels [29], but technology 
is developing rapidly and decision- making must be made on an 
individual basis.

Table 15.13.3.1 Risk factor management in type 1 diabetes: targets for primary prevention in adults

Risk factor Test Target Evidence base Notes

Glucose HbA1c ≤7.0%
(53 mmol/ mol)

High level: DCCT and   
EDIC [3, 11]

Lipids LDL cholesterol <2.6 mmol/ L
(<100 mg/ dl)

Mainly extrapolation from 
type 2 diabetes [20]

Lifestyle measures plus statins*

Blood pressure Semi- automated sphygmomanometer 
(clinic reading)

<130/  80 mmHg [20] Absence of high quality   
data [34]

Lifestyle measures plus ACE 
inhibitor or ARB as first line*

* in women at risk of pregnancy ensure adequate contraceptive measures in place.
Abbreviations: HbA1c, glycated haemoglobin; LDL, low density lipoprotein; ACE, angiotensin converting enzyme; ARB, angiotensin receptor blocker.
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Future Perspectives

One approach to reducing rates of cardiovascular events in type 1 
diabetes is ‘adjunct therapy’ (i.e. adding in non- insulin treatments 
that have been shown to be of benefit in type 2 diabetes). The 
REMOVAL trial recently showed over three years in 428 middle- 
aged people with type 1 diabetes that metformin decreases weight 
and LDL cholesterol and may reduce the rate of progression of 
carotid atherosclerosis [30]. Other candidate agents that require 
further testing in type 1 diabetes include glucagon- like peptide- 1 
agonists and sodium glucose transporter- 2 inhibitors, ideally using 
cardiovascular outcomes rather than surrogate endpoints. Wider 
use of PCSK9 inhibitors in those who do not achieve lipid targets 
with statins may also be of benefit [31].

Increasing use of technology is another strategy that pro-
vides hope for improved cardiovascular outcomes in type 1 dia-
betes:  lower rates of cardiovascular mortality have been observed 
in association with continuous subcutaneous insulin infusion 
(CSII, ‘insulin pump’) use in Sweden [32]. Increasing combination 
of this method of insulin delivery with continuous glucose moni-
toring systems, moving towards ‘closed- loop’ systems (‘the artificial 
pancreas’), is likely to allow more individuals with type 1 diabetes 
to achieve target glycaemia, while avoiding hypoglycaemia and 
weight gain.

There have been attempts to design specific therapies to disrupt 
the downstream intracellular pathways activated by glucose (e.g. 
alagebrium, an ‘AGE- breaker’), but these have so far shown either 
toxicity or insufficient efficacy, perhaps because glucose can cause 
vascular damage by multiple biochemical pathways [33].

Conclusion

Macrovascular (cardiovascular) disease decreases life expectancy 
by more than 10 years on average in type 1 diabetes. Current care 
focuses on its prevention via glucose control and avoidance of cig-
arette smoking, combined with controlling blood pressure and 
cholesterol with longer disease duration. However, this strategy is 
difficult to implement for many individuals and new approaches are 
urgently required to reduce macrovascular complications and bring 
life expectancy in line with the non- diabetic population.
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Introduction

Diabetic dyslipidaemia, which encompasses abnormalities in all lipo-
proteins, is a major contributor to the increased cardiovascular risk 
associated with type 2 diabetes (T2DM). In this chapter, the patho-
physiology of diabetic dyslipidaemia in T2DM, its relationship with 
cardiovascular disease and its diagnosis and management will be dis-
cussed. At the end of this chapter, the main features of the diabetic 
dyslipidaemia observed in type 1 diabetes (T1DM) will be considered.

Diabetic Dyslipidaemia in T2DM

Pathophysiology of Diabetic Dyslipidaemia

Lipid abnormalities in T2DM are not only quantitative, but also 
qualitative and kinetic in nature [1] . Increased triglycerides and 
reduced HDL cholesterol are the main quantitative abnormalities 
whereas qualitative and kinetic abnormalities are observed for all 
lipoproteins (Table 15.13.4.1).

Many of the lipid abnormalities observed in patients with T2DM 
precede the onset of diabetes, and form an important part of the 
‘insulin resistance’ or ‘metabolic’ syndrome [2] . This emphasizes 
the important role of insulin resistance in the pathophysiology of 
diabetic dyslipidaemia. Insulin is a key hormone in the regulation 
of lipid metabolism, exerting a major influence on several different 
tissues which collectively regulate lipid metabolism. For example, 
insulin inhibits hormone- sensitive lipase in adipose tissue, sup-
pressing release and hepatic delivery of free fatty acids, and also 
inhibits hepatic VLDL production, both directly and indirectly via 
alteration of substrate flux. It also activates lipoprotein lipase (LPL), 
responsible for triglyceride catabolism and free fatty acid trapping 
in tissues, and increases the expression of LDL receptor and LRP 
(LDL receptor- related protein), responsible for hepatic uptake of 
chylomicron- remnants. The main lipid abnormalities in T2DM are 
shown in Figure 15.13.4.1.

Patients with T2DM show postprandial hyperlipidaemia, which 
is a pro- atherogenic phenomenon. This is due both to increased 
production and delayed catabolism of chylomicrons. Insulin re-
sistance is likely to be involved in the increased chylomicron 
production, since the normal acute suppression of postprandial 
chylomicron secretion by insulin is absent in patients with T2DM 
[3] . The delayed catabolism of chylomicrons is attributable to de-
creased activity of LPL, the enzyme responsible for chylomicron 
hydrolysis, to increased plasma levels of ApoC- III, an inhibitor of 
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LPL, and potentially to reduced expression of LRP, the receptor for 
chylomicron- remnants.

Fasting hypertriglyceridemia in T2DM is largely due to an in-
creased number of VLDLs, particularly large VLDL1 particles [4] . 
Both increased production and delayed catabolism of VLDL are 
responsible for the increased VLDL pool. Increased production of 

VLDL1 has been shown to be correlated with indices of insulin re-
sistance [1]. Several mechanisms are responsible for the increased 
production of VLDL1. First, insulin resistance is associated with 
reduced inhibition of the hormone- sensitive lipase by insulin in 
adipose tissue, leading to increased lipolysis and thus augmented 
delivery of free fatty acids to the liver, which stimulates synthesis 

Table 15.13.4.1 Key changes of lipoproteins in type 2 diabetes

Lipoprotein Quantitative changes in plasma 
concentration

Qualitative changes Kinetic/ metabolic changes

Chylomicron Increased  • Very few data (decreased ApoE content in diabetic rabbits)  • Increased production
 • Decreased catabolism

VLDL Increased  • Greater proportion of larger particles (VLDL1)
 • Increased palmitic acid- containing species and diacylglycerol, 

reduced sphingomyelin
 • Glycation

 • Increased production
 • Decreased catabolism

LDL No change or slightly increased  • Greater proportion of small dense particles (triglyceride enrichment)
 • Increased LDL oxidation
 • Increased palmitic acid- containing species and diacylglycerol, 

reduced sphingomyelin
 • Glycation

 • Decreased catabolism

HDL Decreased  • Triglyceride enrichment
 • Increased palmitic acid- containing species and diacylglycerol, 

reduced sphingomyelin
 • Glycation
 • ↘ vasorelaxant effect
 • ↘ antioxidative effect

 • Increased catabolism

Apo: apolipoprotein; VLDL: Very Low- Density Lipoprotein; LDL: Low- Density Lipoprotein; HDL: High- Density Lipoprotein.

Figure 15.13.4.1 Main lipid abnormalities in type 2 diabetes. Triglycerides (hypertriglyceridemia, qualitative and kinetic abnormalities): ➊ 
increased VLDL production (mostly VLDL1), ➋ increased chylomicron production, ➌ reduced catabolism of both chylomicrons and VLDLs 
(diminished LPL activity), ➍ increased production of large VLDL (VLDL1), preferentially taken up by macrophages; LDL (qualitative and kinetic 
abnormalities): ➎ reduced LDL turnover (decreased LDL receptor), ➏ increased number of glycated LDLs, small dense LDLs (TG- rich) and oxidized 
LDLs, which are preferentially taken up by macrophages; HDL (low HDL cholesterol, qualitative and kinetic abnormalities): ➐ increased CETP activity 
(increased transfer of triglycerides from TG- rich lipoproteins to LDLs and HDLs), ➑ increased TG content of HDLs, promoting HL activity and HDL 
catabolism, ➒ low plasma adiponectin favouring the increase in HDL catabolism, ➓ Dysfunctional HDLs. Apo: apolipoprotein; FFA: free fatty acid; 
VLDL: very low- density lipoprotein; IDL: intermediate- density lipoprotein; LDL: low- density lipoprotein; sd LDL: small, dense LDL; HDL: high- density 
lipoprotein; HDLn: nascent HDL; TG: triglyceride; CE: cholesterol esters; LDL- R: LDL receptor; LRP: LDL receptor- related protein; ABCA1: ATP- binding 
cassette A1 transporter; SR- B1: scavenger receptor B1; HSL: hormone- sensitive lipase; LPL: lipoprotein lipase; HL: hepatic lipase; CETP: cholesteryl 
ester transfer protein; LCAT: lecithin- cholesterol acyl transferase.
Reproduced with permission from Vergès, B. Pathophysiology of diabetic dyslipidaemia: where are we? Diabetologia. 2015 May;58(5):886–99. Copyright © 2015 Verges B
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of triglycerides in hepatocytes. Second, the normal suppressant ef-
fect of insulin on VLDL (and more precisely VLDL1) production 
is blunted due to hepatic insulin resistance [1]. Third, de novo 
lipogenesis is increased in individuals with insulin resistance [5]. 
Delayed catabolism of VLDL in diabetic dyslipidaemia is due to re-
duced activity of LPL secondary to insulin resistance and/ or ‘rela-
tive’ insulin deficiency. Increased plasma levels of ApoC- III could 
also contribute to the decreased catabolism of VLDL in T2DM 
patients.

VLDLs from patients with T2DM also show qualitative ab-
normalities that are potentially atherogenic. Indeed, there is an 
increase in large VLDL1 particles, enriched with cholesterol es-
ters and phospholipids, which are preferentially taken up by 
macrophages, leading to the formation of foam cells in vessel 
walls and the production of pro- inflammatory cytokines. VLDLs 
from patients with T2DM have increased diacylglycerol content 
and reduced sphingomyelin, along with increased palmitic acid- 
containing species. In addition, glycation of apolipoproteins in 
VLDL (ApoB, ApoCs, ApoE) in poorly controlled diabetes may 
be detrimental [1] .

Although plasma LDL cholesterol is usually normal in patients 
with T2DM, LDL metabolism is significantly modified, with a 
substantial reduction of its catabolism observed in parallel with 
a reduction of its production, secondary to diminution of LDL- 
receptors. This extends the lifespan of LDL in the plasma and 
may promote lipid deposition in artery walls. LDLs from patients 
with T2DM also show important qualitative abnormalities. Small, 
dense, triglyceride- rich LDL particles are more prevalent in T2DM 
as a direct consequence of hypertriglyceridemia and increased 
cholesteryl ester transfer protein (CETP) activity. Furthermore, an 
increased number of oxidized and glycated LDLs is also observed. 
Small dense LDLs, oxidized and glycated LDLs are pro- atherogenic 
since they induce the production of pro- inflammatory cytokines 
and adhesion molecules. They are preferentially taken up by macro-
phages, leading to the formation of foam cells. Moreover, LDLs 
from patients with T2DM have increased diacylglycerol content 
and reduced sphingomyelin, along with increased palmitic acid- 
containing species.

The decrease in HDL cholesterol in patients with T2DM is 
due to increased catabolism of HDLs. Hypertriglyceridemia, 
or more precisely the increased VLDL1 pool, is an important 
factor responsible for accelerated HDL catabolism [1, 6]. Indeed, 
hypertriglyceridemia, observed in T2DM, promotes CETP- 
mediated triglyceride enrichment of HDL particles and, as a con-
sequence, enhances HDL catabolism, because HDL- rich particles 
are very good substrates for hepatic lipase, the enzyme responsible 
for HDL catabolism. The reduction in plasma adiponectin levels 
often observed in individuals with insulin resistance and T2DM 
may also be directly involved in the accelerated HDL catabolism 
[7] . As for other lipoproteins, several qualitative abnormalities 
of HDL are observed in T2DM, including increased glycation of 
apoA- I, increased diacylglycerol content and reduced sphingo-
myelin, and an increased complement of palmitic acid- containing 
species. HDLs from patients with T2DM are known to be dys-
functional, with reduced capacity to stimulate ex vivo cholesterol 
efflux from cells, and reduced antioxidative and vasorelaxant 
properties [1].

Diabetic Dyslipidaemia and Cardiovascular Disease

Similarly to what is observed in the general population, elevated 
LDL cholesterol is a risk factor for cardiovascular disease (CVD) 
in T2DM, as shown in the United Kingdom Prospective Diabetes 
Study (UKPDS), the Strong Heart Study or a large Finnish epi-
demiological study [8– 10]. Hypertriglyceridemia has been sug-
gested to be an independent risk factor for CVD in T2DM in the 
WHO study, the Paris prospective study and the Schwabing study 
[11– 13], while HDL cholesterol has been found to be inversely as-
sociated with CVD in patients with T2DM in the UKPDS, and the 
Strong Heart Study [8,  9]. In the Finnish epidemiological study 
and the long- term follow- up of the Strong Heart Study, coupling of 
hypertriglyceridemia and low HDL cholesterol was an independent 
risk factor for CVD [10, 14]. Collectively these findings suggest that 
hypertriglyceridemia and low HDL cholesterol, the main quantita-
tive lipid abnormalities in T2DM, are likely to be bona fide risk fac-
tors for CVD (Table 15.13.4.2).

Many in vitro and ex vivo data argue that the qualitative lipopro-
tein abnormalities of diabetic dyslipidaemia are likely to be athero-
genic, as just discussed. However, the direct association between 
these abnormalities and CVD has not been extensively studied. 
Although some epidemiological studies have shown that high con-
centrations of small dense LDL particles are an independent factor 
for CVD in large unselected populations, the question of a direct 
role of small dense LDL particles in development of CVD among 
patients with T2DM remains to be answered. Similarly, the direct 
role of other qualitative abnormalities such as increased levels of 
oxidized LDL, glycation of apolipoproteins or dysfunctional HDLs 
in the increased CVD risk in T2DM remains to be fully assessed.

Diagnosis of Diabetic Dyslipidaemia

Diagnosis of diabetic dyslipidaemia is based on quantitative lipid 
abnormalities, being made based on the presence of triglycer-
ides ≥150  mg/ dl (1.7  mmol/ L) and/ or HDL cholesterol <40  mg/ 
dl (1.03 mmol/ L) in men or <50 mg/ dl (1.29 mmol/ L) in women. 
However, vigilance is required, as not all lipid disorders observed in 

Table 15.13.4.2 Independent association between plasma 
lipids and CVD risk in patients with type 2 diabetes. Data 
from epidemiological studies. CVD, cardiovascular disease.

LDL cholesterol Positive independent association with CVD risk:
• UKPDS [16]
• Strong Heart Study [17]
• Finnish epidemiological study [18]

HDL cholesterol Negative independent association with CVD risk:
• UKPDS [16]
• Strong Heart Study [17]
• Finnish epidemiological study [18], in association 

with triglycerides
• Long- term follow- up of the Strong Heart Study 

[19], in association with triglycerides

Triglycerides Positive independent association with CVD risk:
• WHO study [20]
• Paris Prospective study [21]
• Schwabing study [22]
• Finnish epidemiological study [18], in association 

with low HDL cholesterol
• Long- term follow- up of the Strong Heart Study 

[19] in association with low HDL cholesterol
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patients with T2DM are related to diabetic dyslipidaemia. Indeed, 
in situations with very high triglycerides (>500 mg/ dl or 5.6 mmol/ 
L), lipodystrophy or a primary hypertriglyceridemia associated 
with diabetes should be considered. If a significant elevation of 
plasma LDL- cholesterol is observed in a patient with T2DM, then 
a diagnosis of coincidental familial hypercholesterolemia must be 
considered.

Management of Diabetic Dyslipidaemia

Lifestyle modification focusing on weight loss (if indicated), dietary 
alterations including reduction of saturated fat and transfat, and in-
crease of n- 3 fatty acids and viscous fibre, and increased physical 
activity are recommended to improve the lipid profile in patients 
with diabetes. Improvement of glycaemic control is likely to reduce 
hypertriglyceridemia but will not, alone, normalize the lipid profile.

The clear cardiovascular benefit of LDL cholesterol reduction 
with statins in patients with diabetes has been shown in several pro-
spective controlled trials [15]. In the Heart Protection Study (HPS), 
in the subgroup of 5963 patients with diabetes (mainly type 2), 
treatment with simvastatin reduced by 22% the risk for major CV 
events (P <0.0001) and by 26% the risk for major coronary events 
(P <0.0001). There was also a highly significant 33% reduction of 
major CV events (P <0.0001) among the 2912 diabetic patients 
without history of CVD. The primary prevention Collaborative 
Atorvastatin Diabetes Study (CARDS), which was undertaken in 
2838 patients with T2DM, showed that treatment with atorvastatin 
10  mg daily for 3.9  years induced a 37% reduction of major CV 
events (P  =  0.001). In the Treating to New Targets (TNT) study, 
which compared the efficacy of atorvastatin 80  mg daily versus 
10 mg daily, a significant 25% reduction of major CV events (P = 0. 
026)  was observed with the highest atorvastatin dose in the sub-
group of 1501 diabetic patients.

Data from all clinical trials indicate that the CV benefit obtained 
by LDL cholesterol reduction with a statin is similar in patients with 
diabetes and in non- diabetic individuals. The clear CV benefit of 
statin treatment in patients with diabetes has been confirmed in 
several meta- analyses. Indeed, data from a meta- analysis of 12 ran-
domized prospective studies indicate that, in patients with diabetes, 
a significant 21% reduction of major CV event and a 19% reduc-
tion of CV mortality is observed for each 1 mmol/ L (39 mg/ dl) de-
crease in LDL cholesterol [8] . The Cholesterol Treatment Trialists’ 
Collaborators meta- analysis, performed from 14 randomized pro-
spective studies, which includes 17 220 patients with T2DM, shows 
a significant 21% reduction of major CV event for each 1 mmol/ L 
(39 mg/ dl) decrease in LDL cholesterol [9].

Because of the clear cardiovascular benefit of LDL cholesterol re-
duction in patients with T2DM, the use of statins is widely recom-
mended in guidelines. In the 2016 European Guidelines on CVD 
prevention, lipid lowering agents (principally statins) are recom-
mended in all patients with diabetes above the age of 40 years, since 
most diabetic patients are at high risk [10]. In diabetic patients with 
high- risk, LDL cholesterol target <2.6 mmol/ L (<100 mg/ dl) or a 
reduction of at least 50% if the baseline LDL cholesterol is between 
2.6 and 5.1 mmol/ L (100 and 200 mg/ dl) is recommended. In dia-
betic patients at very high- risk (secondary prevention, target organ 
damage, severe kidney disease with GFR<30 ml/ min or a calculated 
SCORE ≥10%), an LDL cholesterol target <1.8 mmol/ L (<70 mg/ 
dl), or a reduction of at least 50% if the baseline LDL cholesterol is 

between 1.8 and 3.5 mmol/ L (70 and 135 mg/ dl), is recommended 
[10]. American Diabetes Association (ADA) standards of care rec-
ommend moderate- intensity statins for all T2DM patients over the 
age of 40 years and in patients less than 40 years with additional CV 
risk factors [11]. For patients of all ages with diabetes and CVD, 
high- intensity statin therapy is recommended by the ADA [11]. If 
the LDL- target is not obtained with the optimal dose of statin, add-
itional treatment with ezetimibe or PCSK9 inhibitor may be needed.

Post- hoc analyses of the FIELD and ACCORD- Lipid trials have 
shown a significant reduction of major cardiovascular events with 
fenofibrate in individuals with elevated triglycerides and low HDL 
cholesterol. This was confirmed in a meta- analysis demonstrating 
a 35% reduction for the risk of major cardiovascular events with 
fibrates in this specific population [12]. This is the reason why 
some recent guidelines suggest considering adding fenofibrate 
to a statin in high CV risk patients featuring fasting triglyceride 
levels ≥2.26 mmol/ L (200 mg/ dl) and low HDL cholesterol levels 
[13]. For patients with fasting triglycerides above 5.7  mmol/ L 
(500 mg/ dl), it is recommended to look for secondary or primary 
hypertriglyceridemia and to consider fibrate treatment to reduce 
the risk of pancreatitis [11, 13].

Diabetic Dyslipidaemia in T1DM

Type 1 diabetic patients with good glycaemic control and without 
nephropathy do not show quantitative lipid disorders. Plasma tri-
glyceride and LDL cholesterol levels are normal or slightly reduced 
and HDL cholesterol level is normal or slightly increased. However, 
several qualitative and potentially atherogenic abnormalities of lipo-
proteins are observed in patients with T1DM, even in those with 
good metabolic control. These include increased cholesterol/ trigly-
ceride ratio within VLDLs, increased triglyceride content of LDLs 
and HDLs, augmented oxidation of LDLs, increased small dense 
LDL particles and reduced ceramides and sphingosine- 1- phosphate 
in HDLs [14]. In the context of hyperglycaemia, glycation of 
apolipoproteins may occur. All these qualitative changes of lipopro-
teins are likely to impair their function. HDLs from type 1 diabetic 
patients show reduced antioxidative and vasorelaxant proper-
ties. The reasons for these qualitative abnormalities are not clear. 
However, some are due to increased CETP activity promoted by 
peripheral hyperinsulinemia secondary to the subcutaneous route 
of insulin administration [14].

The cardiovascular benefit of LDL cholesterol reduction with 
statins is similar in T1DM and T2DM (10). ADA standards of care 
recommend statin therapy for all T1DM patients over the age of 
40  years and in those less than 40  years with additional CV risk 
factors [11].

For the Future: Questions and Perspectives

Many questions about diabetic dyslipidaemia remain unanswered. 
These relate to the pathophysiology and the cardiovascular con-
sequences of the qualitative lipid abnormalities, the mechanisms 
and signalling pathways linking insulin resistance to lipid abnor-
malities, and the role played by adipose tissue dysfunction and 
adipocytokines. Additional studies focusing on these areas will be 
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required to improve our understanding of lipid disorders associated 
with type 2 diabetes, and these should lead to new specific thera-
peutic targets.

In the clinical trial arena, the important question of the ability of 
fibrate to reduce CVD in high- risk diabetic patients with triglycer-
ides ≥2.26 mmol/ L (200 mg/ dl) and HDL cholesterol ≤1.03 mmol/ 
L (40 mg/ dl) will be assessed by the ongoing PROMINENT trial, 
which is assessing pemafibrate in addition to high- dose statins.
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Epidemiology and Pathophysiology 
of Hypertension in Diabetes

Hypertension is very common in people with diabetes. There is 
moreover an association between hypertension and diabetes that 
tracks through life, while the blood glucose concentration of young 
non- diabetic individuals has been shown to predict risk of future 
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hypertension. Conversely, people with hypertension are twice as 
likely to develop type 2 diabetes over their lifetime.

In younger people with type 1 diabetes, the excess prevalence of 
hypertension compared to the non- diabetic population is closely 
associated with the development of albuminuria. Blood pres-
sure rises by about 2– 4  mmHg per year following the onset of 
microalbuminuria, tracking the increase in urinary albumin excre-
tion. Thus, by the time overt proteinuria is established, hyperten-
sion is nearly inevitable.

The situation is different in people with type 2 diabetes, who tend 
to be older. Hypertension— defined by blood pressures above the ar-
bitrary cut- off of 140/ 90 mmHg for clinic/ office measurements— is 
at least twice as common as in the age- matched non- diabetic popu-
lation, affecting approximately 80% of people with type 2 diabetes. 
It is also important to note that the pathophysiology and character-
istics of hypertension are different in people with type 2 diabetes. 
Although the development of microalbuminuria also heralds the 
onset of hypertension, by far the commonest cause is an acceler-
ation of the vascular and renal ageing process. Mechanisms include 
stiffening of large conduit arteries, such as the aorta, principally due 
to advanced glycation of vascular wall collagen and a reduction in 
endothelium- dependent vasorelaxation. This reduction in vascular 
compliance results in a widening of pulse pressure and acceleration 
of the age- related rise in systolic blood pressure, accompanied by 
a corresponding fall in diastolic blood pressure. This means that 
many people with type 2 diabetes develop systolic hypertension at 
least 10 years earlier than the general population.

Arterial stiffening is important because it renders the systolic 
blood pressure more resistant to treatment. The vascular changes 
are compounded by accelerated loss of glomerular filtration rate 
(GFR) and a shift in the pressure— natriuresis curve to the right. 
That is, higher pressures are required to generate any given level 
of natriuresis. Alongside these changes, there is often inappropriate 
activity of the renin– angiotensin system (RAS) and enhanced renal 
sympathetic tone, which promote sodium retention. Moreover, the 
insulin resistance that characterizes type 2 diabetes (and common 
in people with hypertension) does not extend to insulin’s action on 
the renal tubule, so hyperinsulinaemia promotes further sodium re-
tention. Together, these mechanisms conspire to produce an exquis-
itely salt- sensitive state. A vicious circle is created whereby volume 
expansion is poorly accommodated by the reduced vascular com-
pliance, culminating in hypertension (Figure 15.13.5.1). Although 
separated for the purposes of this discussion, younger people with 

type 1 diabetes, even if they do not develop nephropathy, ultimately 
develop the same high risk of hypertension with ageing due to the 
mechanisms discussed for type 2 diabetes.

Vulnerability to Hypertensive Complications 
in Diabetes

Not only is hypertension remarkably common in people with dia-
betes, but there is also enhanced vulnerability to its cardiovascular 
and microcirculatory system sequelae [1] . There are two important 
reasons why people with diabetes are especially vulnerable to 
pressure- mediated macrovascular and microvascular damage:

 1. Soon after onset of diabetes, subtle autonomic dysfunction de-
velops in the majority of people with diabetes, disturbing the 
circadian rhythm of blood pressure regulation. In particular, 
there is a blunting of the usual nocturnal dip in blood pressure 
during sleep. This means that, for any given level of clinic blood 
pressure, people with type diabetes invariably have an increase 
in their 24- h blood pressure ‘load’. Importantly, this means that 
24- h blood pressure load is a more accurate predictor of struc-
tural damage to the heart and circulation than measurements in 
clinic. This explains why the magnitude of left ventricular mass 
and carotid intima- media thickness often appear dispropor-
tionate to clinic blood pressure levels.

 2. To compound matters, blood flow autoregulation is impaired in 
people with diabetes. This means that any increase in circulatory 
pressure is more readily transferred to the delicate microcircula-
tion, thereby explaining in large part the development of some-
times devastating microvascular disease (Figure 15.13.5.2).

This vulnerability is captured by the European Systematic 
COronary Risk Evaluation (SCORE) system which classifies 
the large majority of patients with diabetes and hypertension 
as being at very high (evidence of organ damage) or high risk of 
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Figure 15.13.5.1 Mechanisms contributing to the pathogenesis of 
hypertension in people with diabetes. SNS, sympathetic nervous system; 
RAAS, renin– angiotensin– aldosterone system.
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Figure 15.13.5.2 The special vulnerability of the microcirculation to 
hypertensive injury in people with diabetes. This arises from impairment 
of blood flow autoregulation, leading to increased pressure transmission 
to the microcirculation. This results in higher microvascular pressures 
than would otherwise be encountered for the level of systemic blood 
pressure, culminating in microvascular injury. Glycaemia is a major 
factor associated with blunting of autoregulation, compounded by 
microvascular denervation and poor responsiveness of hyalinized 
arterioles.
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a fatal atherosclerotic event over 10  years [2] . Younger patients 
with diabetes, or those with no other risk factors may be at mod-
erate risk only. Detection and treatment of hypertension in people 
with diabetes is thus critical in protection of both the macro-  and 
microvasculature. The combination of increased blood pressure 
load and impaired microcirculatory defences have also provided the 
rational for advocating more aggressive blood pressure lowering.

Benefits of Blood Pressure Lowering in People 
with Diabetes

In patients with type 2 diabetes, there is a continuous relationship 
between systolic blood pressure and the risk of cardiac, micro-
vascular, and all diabetes- related endpoints (Figure 15.13.5.3). The 
Framingham cohort study established that the presence of diabetes 
at least doubles the risk of all cardiovascular events relative to the 
non- diabetic population with the same levels of blood pressure [3] , 
while the lower cardiovascular risk experienced by premenopausal 
women appeared to be eliminated by the presence of diabetes.

Since this link between cardiovascular risk and diabetes has been 
established, numerous randomized clinical trials and meta- analyses 
have demonstrated that blood pressure lowering reduces the risk of 
cardiovascular disease, microvascular disease, and premature mor-
tality in people with diabetes. The United Kingdom Prospective 
Diabetes Study (UKPDS) first illustrated the magnitude of benefit 
associated with ‘more’ versus ‘less’ blood pressure control [4] . A dif-
ference in blood pressure achieved in that study of approximately 10/ 
5 mmHg was associated with a reduction in diabetes- related endpoints 
by a quarter, reductions in death related to diabetes by almost a third, 
a reduction in stroke by almost half and in heart failure by more than 

half. Moreover, microvascular disease was reduced by about a third 
(mainly accounted for by delayed progression of retinopathy). The 
‘number needed to treat’ to prevent one major complication over 
10 years was only 6 patients, and to prevent a diabetes- related death 
was only 15 patients. Subsequent studies have confirmed the impact 
of blood pressure lowering on major clinical outcomes.

A feature of clinical outcome trials of blood pressure- lowering 
therapy in people with diabetes is that the treatment benefit is usu-
ally greater than anticipated from the epidemiological association 
between blood pressure and risk. This perhaps reflects the afore-
mentioned enhanced vulnerability of patients with diabetes to 
pressure- mediated cardiovascular and microvascular disease.

The potency of blood pressure lowering as a strategy to reduce the 
cardiovascular risk of people with diabetes highlights the importance 
of early intervention to prevent the evolution of disease. The import-
ance of primary prevention of cardiovascular disease in people with 
diabetes is underscored by the observation that when people with 
type 2 diabetes develop coronary heart disease, heart failure, or stroke, 
their prognosis was worse than that of the non- diabetic population.

Evaluation of Hypertension in People 
with Diabetes

The aims of evaluation of any patient with hypertension are:

 • to establish whether blood pressure is elevated, and, if so, to deter-
mine the magnitude of the elevation;

 • to determine the presence of any associated target organ damage. 
This may be manifest as established cardiovascular complications 
(e.g. ischaemic heart disease, cerebrovascular disease, cardiac 
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failure, peripheral vascular disease) or be subclinical and ascer-
tained by investigation (e.g. retinopathy, renal dysfunction, left 
ventricular hypertrophy);

 • to seek underlying causes of hypertension (e.g. Conn’s adenoma, 
renovascular disease, chronic kidney disease unrelated to dia-
betes, phaeochromocytoma, Cushing’s disease). Although dia-
betes is commonly associated with hypertension, secondary 
causes of hypertension must be considered, especially where the 
blood pressure is refractory to treatment and where there are spe-
cific suggestive signs or symptoms. Presentation and investigation 
of ‘secondary’ hypertension is beyond the scope of this chapter;

 • to assess lifestyle (especially salt intake) or pharmacological (e.g. 
non- steroidal anti- inflammatory drugs) contributors to blood 
pressure elevation

 • to document concomitant conditions (e.g. asthma, heart failure, 
ischaemic heart disease) relevant to selection of drug therapy.

Basic Investigations

These include measurement of renal function and electrolyte 
concentrations, a 12- lead ECG, urinalysis for albumin, urine 
albumin:creatine ratio (ACR) and blood lipid profile, as well as as-
sessment of glycaemic control.

Blood Pressure Measurement

The method for estimating blood pressure assumes particular im-
portance in people with diabetes. Traditional seated clinic blood 
pressure measurement has remained the standard approach, how-
ever recognition that people with diabetes often have an elevated 
24- h blood pressure load and nocturnal hypertension has prompted 
increased use of 24- h ambulatory blood pressure recording; 24- h 
ambulatory recording is underused in characterizing the blood 
pressure elevation at diagnosis and in establishing the quality of 
blood pressure control on treatment for people with diabetes. Such 
24- h ambulatory monitoring can also identify those patients who 
have either high clinic blood pressure measurements but normal 
blood pressure outside this environment (‘white coat’ hyperten-
sion) and those with normal clinic blood pressure measurements 
but high 24- h blood pressure levels (‘masked’ hypertension). Both 
variants of hypertension confer increased cardiovascular risk, with 
masked hypertension increasing risk of cardiovascular and renal 
events in diabetes especially where blood pressure is elevated 
nocturnally [5] .

Home blood pressure monitoring (HBPM) is increasingly being 
validated as another useful clinical tool in assessment of blood 
pressure. It should be performed using a semiautomated, valid-
ated monitor, for 3– 7  days prior to a clinic visit, and be under-
taken morning and evening in a quiet room after 5 minutes of rest. 
It has shown more reproducible measurements than clinic blood 
pressure determinations, and these show a stronger relationship to 
hypertension- mediated end organ disease [6]  and perhaps cardio-
vascular morbidity and mortality [7].

It should be noted that the normal ranges for 24- h ambulatory 
daytime and night- time averages, and for home blood pressure re-
cordings, are substantially lower than those measured in clinic. That 
said, the normal ranges for 24- h ambulatory blood pressure have 
not been formally defined for people with diabetes and it is recom-
mended that the ranges identified for the general population should 
be used for people with diabetes (Table 15.13.5.1).

Two additional caveats are important when measuring blood pres-
sure in people with diabetes: (1) lying and standing blood pressure 
should be recorded at diagnosis and to assess the impact of treatment 
because of the potential of autonomic dysfunction to induce signifi-
cant postural hypotension and supine hypertension; and (2) the cor-
rect cuff size must be used to measure blood pressure, either in the 
clinic, at home, or when using ambulatory devices. The use of blood 
pressure cuffs that are too small for the arm circumference (e.g. in 
people with obesity) leads to overestimation of blood pressure read-
ings. Comprehensive information on blood pressure measurement, 
validated monitors and appropriate cuff sizes is available at British 
Hypertension Society website (https:// www.bhsoc.org).

Treatment Thresholds for Hypertension 
in Diabetes

Blood pressure is a continuous variable and has a continuous rela-
tionship with cardiovascular disease risk, so ‘cut offs’ are arbitrary, 
although pragmatic and important in guiding practice. A ‘normal’ 
blood pressure is commonly taken to be less than 120/ 80 mmHg, 
but cardiovascular risk begins to rise when systolic blood pres-
sure increases to greater than 115 mmHg. Treatment guidelines are 
based on data from clinical intervention trials, however, and, for 
the most part, these have not enrolled patients with blood pressure 
values less than 140/ 90 mmHg. Thus, the definition of hypertension 
and the threshold for intervention with blood pressure- lowering 
drugs for people with diabetes has been defined as a blood pressure 
of 140/ 90 mmHg or higher. This value is based on clinic blood pres-
sure and lower thresholds apply for 24- h ambulatory blood pressure 
averages (Table 15.13.5.1).

Some guidelines over the past decade have recommended interven-
tion with blood pressure- lowering medications at a lower threshold 
(i.e. 130– 139/ 85– 90  mmHg). For those with microalbuminuria 
or evidence of target organ damage and/ or microvascular or 
macrovascular disease it could be argued that lower blood pressure 
thresholds for intervention with blood pressure- lowering drugs are 
justified because such patients already exhibit evidence of pressure- 
mediated damage. This illustrates the conflict between generalized 
evidence- based guidance and individualized patient care. Evidence 
supporting lower blood pressure intervention thresholds for those 
with manifest blood pressure- related disease is sparse, however 

Table 15.13.5.1 Definitions of hypertension according to the 
method of measurement (mmHg); similar values should apply 
to people with diabetes

Systolic blood pressure Diastolic blood pressure

Office or clinic ≥ 140 AND/ OR ≥ 90

24- h average ≥ 130 AND/ OR ≥ 80

Day ≥ 135 AND/ OR ≥ 85

Night ≥ 120 AND/ OR ≥ 70

Home ≥ 135 AND/ OR ≥ 85

24 h, day, and night refer to the averages for these time periods as measured by 
ambulatory blood pressure monitoring. The home average refers to an average of 
readings, usually twice daily, over 7 days. If a lower blood pressure threshold for 
intervention and/ or target for treatment is adopted, then the values for 24- h and home 
blood pressure averages will be lower, in proportion to the threshold/ target adjustment.
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the approach is supported by a strong pathophysiological rational. 
Further clinical trials are required to conclusively demonstrate the 
benefits of initiating blood pressure- lowering therapy in those at 
high risk with blood pressure in the high normal range (i.e. 130– 
139/ 80– 89 mmHg). It is thus suggested that this approach be con-
sidered in recent guidelines [8] .

Blood Pressure Treatment Targets

Most available evidence on cardiovascular endpoints in people with 
diabetes relates to type 2 diabetes. Blood pressure targets for those 
with diabetes and treated hypertension have been contentious, with 
previous recommendations often ahead of the evidence from clin-
ical trials. Important uncertainty remains, but the evidence guiding 
practice has solidified somewhat in recent years, in the form of ran-
domized controlled trials, meta- analyses, and post- hoc subgroup 
analyses of controlled trials [8, 9].

There is a broad evidence base for a blood pressure target of less 
than 140/ 85  mmHg for all people with treated hypertension and 
diabetes. International guidance previously suggested that blood 
pressure targets for people with diabetes should be lower than those 
advocated for the treatment of hypertension in general, with an op-
timal treatment target of less than 130/ 80  mmHg recommended, 
especially for patients with manifest cardiovascular disease and/ or 
nephropathy. However, no major trial of blood pressure lowering 
in diabetes had achieved such low levels of blood pressure (Figure 
15.13.5.4). A preponderance of more recent evidence from trials, 
meta- analyses and post- hoc analyses of trials now suggests that 
targeting systolic blood pressures towards the lower end of the 130– 
130 mmHg is beneficial, and this is now enshrined in most guide-
lines (e.g. [8] ).

Whether systolic blood pressure targets lower than 130 mmHg 
are appropriate is a matter of much greater debate [9] . There is 

no outcome evidence that lowering systolic blood pressure below 
120 mmHg is beneficial, and indeed the ACCORD study suggested 
this may increase risk [10], and so this should be avoided. The evi-
dence for cardiovascular benefits of targets between 120 and 130 
is mixed, however. There is no conclusive evidence that lowering 
blood pressure to these levels improves general cardiovascular risk, 
especially where glycaemia is optimally controlled, however con-
sistent evidence has emerged from several trials and meta- analyses 
that risk of stroke is reduced [9]. Targets in this range may thus be 
considered where risk of stroke is considered particularly high. 
Regarding diastolic blood pressure, current evidence suggests that 
a target of 80 mmHg, is safe, with little evidence on which to base a 
judgement about lower levels.

Blood Pressure Treatment Strategies

The ultimate objective of treating blood pressure is not only to lower 
the blood pressure but also to safely minimize cardiovascular and 
microvascular risk. This is best achieved through a combination 
of lifestyle intervention, blood pressure- lowering medication, and 
concomitant use of other medications to reduce cardiovascular risk, 
notably statins.

Lifestyle Interventions

These are important and should be implemented early. Lifestyle 
intervention can lower blood pressure and also reduce cardio-
vascular risk. Recommended lifestyle interventions for people 
with diabetes and hypertension are shown in Box 15.13.5.1. 
With regard to blood pressure reduction, one of the most ef-
fective lifestyle interventions for people with diabetes is restric-
tion of dietary sodium intake. This is important because the 
pathophysiology of hypertension in people with diabetes points 
to a ‘salt- sensitive state’. Moreover, most people with diabetes 
and treated hypertension will receive medication to inhibit the 
activity of the RAS, and sodium restriction increases the ef-
fectiveness of these medications with regard to blood pressure- 
lowering and the reduction of albuminuria. Other lifestyle 
interventions such as increasing intake of fresh fruit and veget-
ables, reduction in saturated fat intake, increased regular exer-
cise, weight reduction, and moderation of alcohol intake, can 
all contribute to blood pressure lowering, as well as improving 
cardiovascular health.
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Figure 15.13.5.4 Clinical outcomes in blood pressure- lowering 
studies of people with diabetes; 130 refers to the recommended 
blood pressure target (mmHg) in most guidelines. Success refers to a 
positive clinical outcome in the study; partial success refers to positive 
outcomes in some endpoints, but not all; fail refers to no evidence of 
benefit. The various trials are annotated on the axis.
Reproduced with permission from Zanchetti A, Grassi, Mancia G. When should 
antihypertensive drug treatment be initiated and to what levels should systolic 
blood pressure be lowered? A critical reappraisal. J Hypertens, 2009; 27: 923– 34. 
Copyright © 2009, © 2009 Lippincott Williams. (Ref 7).

Box 15.13.5.1 Lifestyle measures suggested for people 
with diabetes and high blood pressure

Lifestyle measures that lower blood pressure:
 • Weight reduction
 • Reduced salt intake
 • Limitation of alcohol consumption
 • Increased physical activity
 • Increased fruit and vegetable consumption
 • Reduced total fat and saturated fat intake

Measures to reduce cardiovascular disease risk
 • Cessation of smoking
 • Reduced total fat and saturated fat intake
 • Replacement of saturated fats with monounsaturated fats
 • Increased oily fish consumption
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Blood Pressure- Lowering Medication

Medication is invariably required to lower blood pressure in most 
patients. Patients with diabetes often develop systolic hyperten-
sion and this can be particularly resistant to treatment. There has 
been much debate about the relative merits of specific medications 
with regard to cardiovascular and renal protection in people with 
hypertension and diabetes. What is beyond dispute is that the most 
important driver of benefit is the magnitude of blood pressure 
lowering. This must be the first objective.

Data from clinical trials have suggested that blockade of the RAS 
‘adds value’ over and above the blood pressure lowering they pro-
duce in preventing cardiovascular and renal events in people with 
diabetes, although this has not been confirmed by all studies. There 
appears to be a clear advantage of RAS blockade in people with dia-
betes on key renal endpoints (albuminuria and progression of renal 
disease), however, which has prompted international guidelines to 
conclude that RAS blockade should be part of the cocktail of treat-
ments used to lower blood pressure in people with diabetes.

It is emphasized that most people with diabetes will need two or 
more medications to control their blood pressure. Thus, modern 
treatment strategies would usually include RAS blockade along 
with a calcium channel blocker (CCB) and/ or a thiazide- type 
diuretic, or all three, ideally in a single pill [8] . This is based on 
the higher cardiovascular risk conferred by hypertension in the 
context of diabetes, and the challenges in controlling hyperten-
sion in diabetes. Recent trials have suggested that sodium glucose 
cotransporter 2 inhibitors, used primarily for their hyperglycaemic 
effect, also lower clinic and ambulatory blood pressure by several 
mmHg, even in those concomitantly treated with antihypertensive 
drugs [11, 12]. This may help improve blood pressure control in 
people with diabetes, which is often challenging. Of note, ACE in-
hibitors and angiotensin receptor antagonists should not be com-
bined, as was once suggested, due to trial evidence that this confers 
unacceptable excess risk of renal side effects without outcome 
benefit [13].

Concerns About Some Blood Pressure- Lowering 
Medications in Diabetes

In the 1990s, there was concern that CCBs, especially the 
dihydropyridines (e.g. nifedipine, amlodipine), might be less ef-
fective at protecting against cardiovascular and renal events when 
compared to alternative treatments. This is worthy of comment be-
cause such concern still lingers. This concern was surprising because 
the CCBs are arguably the most effective blood pressure- lowering 
agents in people with diabetes. It arose from post- hoc analyses of 
trials and case– control studies and was ill- founded. However, sub-
sequent large- scale, prospective trials have conclusively demon-
strated the effectiveness, safety, and importance of CCBs for the 
management of hypertension in people with diabetes.

There has also been longer standing concern about the use of 
thiazide- type diuretics for people with diabetes because of their po-
tential to adversely impact on glucose homoeostasis. This in part 
reflects the glucocentric perspective of the clinical management 
of diabetes. Once again, data from large- scale trials have demon-
strated that thiazide- type diuretics are very effective at reducing 
blood pressure and cardiovascular events in people with diabetes. 
Moreover, as sodium retention plays such a fundamental part in the 

pathogenesis of hypertension in diabetes, thiazide- type diuretics are 
often essential to control blood pressure in people with diabetes.

Finally, β- blockers have slipped down the hierarchy of prescribing 
for hypertension because they appear less effective at reducing car-
diovascular events, especially stroke, when compared to aforemen-
tioned blood pressure- lowering medications. However, β- blockers 
would still be used where there is a specific indication for their use, 
i.e. symptomatic angina, post myocardial infarction, and in people 
with chronic heart failure.

An Algorithm for Use of Blood Pressure Lowering   
Medications in Diabetes

As indicated earlier, most guidelines, including prominent recent 
revisions [8]  recommend the inclusion of RAS blockade (i.e. an 
ACE- inhibitor or angiotensin receptor blocker) as part of the treat-
ment strategy for people with hypertension and diabetes. For many, 
RAS blockade alone will not be sufficient to control blood pressure 
and the addition of a CCB or thiazide- type diuretic will be required 
to improve blood pressure control [8]. The fact that two or more 
medications is almost inevitable to control blood pressure for most 
people with diabetes, has led to strengthening of the view that initial 
therapy for hypertension in people with diabetes should be with a 
combination of two medications, ideally combined in a single pill to 
reduce medication burden and increase compliance.

Which combination of blood pressure- lowering medications is 
preferred remains unclear, despite a growing number of random-
ized trials, summarized in recent guidelines [8] . The ACCOMPLISH 
study from the United States, for example, compared the combin-
ation of an ACE- inhibitor with either a CCB or thiazide- type diur-
etic in a hypertensive population in which a high proportion had 
diabetes [14]. This study suggested that despite similar blood pres-
sure control, those treated with the ACE + CCB combination ex-
perienced fewer cardiovascular events than those treated with the 
ACE + thiazide combination. In reality, however, there is no single 
combination that is preferred or tolerated by all patients and thus 
choice is needed. The initial preferred choice is; RAS blockade + 
CCB, or RAS blockade + thiazide. For those not controlled with two 
drugs, RAS blockade + CCB + thiazide would be the most logical 
next step (Figure 15.13.5.5).

Microalbuminuria/
proteinuria

BP <140/90 mmHg

RAS blockade
BP target 

<140/90 mmHg and
possibly lower,

i.e. <130/80 mmHg

BP ≥140/90 mmHg ± microalbuminuria
or  proteinuria

RAS blockade

+ CCB +
thiazide*

or

RAS blockade + CCB +
thiazide*

Figure 15.13.5.5 A suggested treatment algorithm for hypertension 
in people with diabetes. Guidelines concur that RAS blockade would 
usually be the foundation for treatment with a common requirement for 
additional therapy, i.e. a dihydropyridine CCB, or a thiazide- type diuretic, 
or all three in those with more resistant hypertension.
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Resistant Hypertension

The blood pressure of some patients remains uncontrolled despite 
treatment with optimal doses of three medications. This is described 
as resistant hypertension [15]. This is more common in people with 
people with diabetes, in whom systolic blood pressure is often the 
most difficult to control. Specific causes of secondary resistant 
hypertension to be considered in diabetes include progressive neph-
ropathy, obstructive sleep apnoea, atherosclerotic renovascular dis-
ease, certain medications or, more rarely, Cushing’s syndrome or 
phaeochromocytoma, which also both often cause diabetes.

Treatment options for resistant hypertension have been poorly 
evaluated. Sodium restriction is a valuable adjunct to pharmaco-
therapy. Pharmacological options include further increasing the 
potency or dose of thiazide- type diuretic, or use of an additional 
diuretic such as low- dose spironolactone, or a loop diuretic at 
low eGFR. Careful monitoring of potassium and sodium are re-
quired. Other options are β- blockade or α- blockade and selective 
endothelin receptor antagonism. Referral to a specialist hyperten-
sion centre should be considered in patients in whom a secondary 
cause of hypertension is considered likely and for patients in whom 
blood pressure is resistant to treatment.

Treating Blood Pressure and Wider Cardiovascular   
Risk in Diabetes

People with diabetes and hypertension are at especially high risk of 
premature cardiovascular disease. It therefore seems illogical not 
to optimize their risk reduction by considering the use of statin 
therapy alongside blood pressure- lowering medications. The Anglo- 
Scandinavian Cardiac Outcomes Trial (ASCOT) used a factorial de-
sign to demonstrate that the addition of statin therapy to people with 
hypertension (many with diabetes) resulted in a reduction of ischaemic 
heart disease related events by over a third and stroke events by almost 
a quarter [16]. This was in addition to the benefits already accrued by 
blood pressure lowering. Moreover, the relative risk reduction was con-
sistent irrespective of baseline cholesterol levels. This and other similar 
observations from the Heart Protection Study and CARDS supports 
the philosophy that if a decision has been taken to reduce blood pres-
sure with medication, then the addition of statin therapy should be the 
rule rather than the exception for people with diabetes.
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Introduction

Diabetic foot problems are preventable but still account for a high 
number of hospital admissions in developed countries. In 2005, The 
International Diabetes Federation (IDF) focused on the diabetic 
foot. The ‘Put Feet First’ campaign highlighted the high prevalence 
of amputations within the diabetic population worldwide. Parallel 
to this World Diabetes Day launch, The Lancet dedicated a large 

proportion of its issue to the diabetic foot: a first for any major non- 
specialist journal focusing on this global challenge [1] .

The economic burden both nationally and internationally can be 
extremely high. UK data suggest an annual cost of over $749 million 
for diabetic foot complications [2] . The financial constraints are in-
fluenced by ulcer type as illustrated in the Eurodiale study [3] which 
reported an average spend of $13 000 for treating non- infected foot 
ulcers increasing to $18 000 for infected ulcers with concurrent per-
ipheral arterial disease. A grossly infected lesion can be predicted 
to incur higher costs. Calculations that incorporate failed antibiotic 
regimens, inpatient admissions for intravenous antibiotics, limb sal-
vage and/ or major amputations with associated aftercare generated 
sums in excesses of $188 645 [4].

In many Western countries, neuroischaemic lesions account for 
the greatest majority and represent a major challenge both med-
ically and surgically. Routine podiatric diabetic foot care in high- 
risk patients was emphasized by a recent observational study from 
Arizona where the state cut podiatric care as a cost- saving measure. 
This led to an annual saving of $351 000 but the cost of this action 
measured by increased hospitalization, length of stay, and amputa-
tions was $16.7 million per annum [5] .

Armstrong et  al. concluded that 34% of people with diabetes 
will develop a foot ulcer during the course of their life [6] ; thus 
the overall treatment and healthcare management of diabetic foot 
complications can be sustained and time- consuming requiring the 
involvement of a multidisciplinary team (MDT) dedicated to foot 
health. It has recently been suggested that those with a previous 
foot ulcer history should be described as being in ‘remission’ rather 
than ‘healed’, emphasizing the seriousness of a foot ulcer history [7]. 
A non- healing lesion complicated by gross infection is estimated to 
precede 85% of all major lower limb amputations [8].

Epidemiology of Diabetic Foot Problems

In the United Kingdom, the annual incidence and prevalence of 
foot ulceration in patients with diabetes was calculated at 2.2% and 
1.7%, respectively, in 2002 [9] . Later, a European multicentre study 
on Diabetes and the Lower Extremity (Eurodiale) [3] followed 
1232 diabetes patients with a foot ulcer for 12 months, and found 
that 5% of these underwent a major amputation (above or below 
knee) during the follow- up period. Krishnan et  al. [10] reported 
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an amputation rate of 16.5 per 10 000 people with diabetes in the 
United Kingdom. Data extracted from the General Physicians data-
bases in Scotland identified that 2.5% of the diagnosed diabetes 
population had an active foot ulcer at the beginning of December 
2010 [11]. Diabetic foot disease is associated with a risk of amputa-
tion 23 times that of a person without diabetes [12].

There are few databases that capture diabetic foot ulceration as 
a distinct entity but Diabetes UK used data from the Public Health 
Observatory and National Diabetes In- patient Audit [13], to esti-
mate the cost of inpatient care for complicated diabetic foot ulcers 
(DFUs). For the period 2010 to 2011 expenditure was UK £219 mil-
lion ($285 million) [14].

Prevalence of Major Amputations

The overall rate of major amputation in England in the general 
adult population from studies published over the last 15 years was 
approximately 5/ 100 000. The rate was approximately eight times 
higher in those with diabetes than those without while the rate 
for males was three times higher than for females [15]. In the ab-
sence of diabetes, amputation rates were higher in the black British 
versus white- British population; however, black British people with 
diabetes had a 50% lower rate of amputation compared with their 
white- British counterparts.

Vamos et  al. [16] published two studies describing the preva-
lence of major amputation in England. The first described rates in 
1996 and 2005 based on hospital data and found the overall rate in 
England to have decreased from 7.0 to 4.9/ 100 000. A subsequent 
study using similar methodology describing major amputation 
rates from 2004 to 2008 found the overall rate to have decreased 
from 7.7 in 2004 to 6.9/ 100 000 in 2008 [17]. Moxey et al. [18] de-
scribed the major amputation rate in England between 2003– 2008 
using the same data and found it to be 5.1/ 100 000.

Prevalence of Major Amputation 
by Diabetic Status

Rayman et  al. [19] compared the rates for major amputations in 
patients with and without diabetes between 1997 and 2000 in the 
south- east of England. At the end of the study period those with 
diabetes had an amputation rate of 108/ 100 000 compared to 3.0/ 
100 000 for those without. McCaslin et al. [20], however, described 
the age- specific major amputation rate by diabetes status across the 
whole of England in 2004. Surprisingly, the rate was much lower 
for diabetes where the rates, per 100 000, for the age ranges 45– 64, 
65– 74, and 75– 84 were 1.9 (11.5), 5.0 (30.9), and 6.5 (51.5).

Canavan et al. [21] described a 5- year reduction of amputation by 
diabetes status between 1995 and 2000 in the north- east of England. 
At the end of the study period the rate was 75.8 for people with dia-
betes compared to 15.3/ 100 000 for those without diabetes.

Vamos et al. described the amputation rate by diabetes status 
in 1996 and 2005 using national data [16]. During the 9  year 
intervening period, the rate of amputation in type 1 diabetes re-
duced from 1.3 to 0.7/ 100 000 in contrast to the increased rate of 
amputation observed for type 2 diabetes rising from 2.0 to 2.7/ 
100 000. Again the rate in the general population was similar 

to McCaslin et  al. (i.e. higher in the non- diabetic population 
but decreased over the same period from 7.0 to 4.9/ 100 000). 
A further study by Vamos et al. reported amputation rates for the 
period 2004 to 2008 in adults over 17 years of age across England 
[17]. The rate for diabetes in 2008 was over ten times higher than 
the rate for people without diabetes at 102 versus 6.9/ 100 000, 
respectively.

Abbott et al. [22] reported rates for lower extremity amputation 
based on diabetes patients attending a specialist clinic in Manchester. 
Rates were 1.3%, 0.6%, and 1.4% for white- British, south Asian, and 
black British attendees, respectively.

Diabetic Peripheral Neuropathy (DPN)

The late sequelae of diabetic neuropathy (DPN) include foot ulcer-
ation, Charcot neuroarthropathy (CN), and amputation:  likewise, 
peripheral vascular disease (PVD) is a major aetiological factor 
in diabetic foot disease. DPN increases the risk of foot ulceration 
through the loss of protective sensation by a sevenfold increase 
when comparing to the non- diabetic population [23]. The resultant 
soft tissue trauma results in the development of a diabetic foot le-
sion; in many cases the patient is unaware and continues to mo-
bilize in some cases for days or even weeks. DPN is also inextricably 
linked to an increased risk of falls by a marked alteration in gait and 
foot architecture [24].

Distal Symmetrical Sensorimotor Peripheral   
Neuropathy

Sensorimotor peripheral neuropathy can be divided into painful 
and painless via the symptoms, although both may occur simul-
taneously. Symptoms include reduced or absent sensation, burning, 
tingling, stabbing sensation, pain, paraesthesia, and patients can 
also report the sensation of walking on marbles. In contrast, numb-
ness, heaviness or in some cases asymptomatic, profound sensory 
loss renders the foot ‘at risk’. Up to 50% may not experience any type 
of symptomatology at all [25]; thus careful examination of both feet 
is paramount.

Peripheral Sympathetic Autonomic Neuropathy

In some cases, autonomic dysfunction can manifest as anhidrosis 
predisposing the foot to callus and fissure formation beneath 
weight- bearing structures [26]. Sympathetic vasoconstrictor tone 
resulting in arteriovenous shunting and a warm well- perfused foot 
result in ‘auto- sympathectomy’. Distended dorsal foot veins remain 
distended on elevation. Thus it is the warm, insensate, and painless 
foot that is the ‘at- risk foot’.

Other Long- Term Risk Factors for Foot Ulceration

Diabetic foot lesions remain a major cause of morbidity in pa-
tients with renal failure and even in the early stages of renal dis-
ease microalbuminuria is a strong predictor of foot ulceration [27]. 
Patients who undergo simultaneous pancreas and kidney trans-
plants (SPK) may have normoglycemia with near normal renal 
output but are still at high risk of ulceration and must be monitored 
long term. As their overall health status improves and activity levels 
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increase, reports of foot ulcers and even acute CN some years after 
the SPK have been reported [28].

Structural changes within the foot/ ankle render the foot vulner-
able to areas of high pressures, associated digital flexion deformities 
along with migration of the plantar fat pad distally increases the risk 
of tissue breakdown.

A number of studies have examined the role of psychosocial 
factors in the pathway to foot ulceration. They have demonstrated 
that patients’ behaviour is not driven by the abstract designation of 
being ‘at risk’:  it is more that the patients’ perception of their risk 
[29]. A recent prospective study confirmed that depression predicts 
first, although not recurrent, DFUs [30].

Peripheral Vascular Disease

Critical Limb Ischaemia— Risk Factors and   
Epidemiology

Critical limb ischaemia (CLI) is a late complication of PVD with a 
European prevalence of 500– 1000 per million [31]. It is defined as stage 3 
in the Rutherford Classification [32]. The progression from intermittent 
claudication to CLI is related to diabetes (fourfold risk), smoking (three-
fold risk) and hypercholesterolaemia (twofold risk) [33]. Approximately 
half of all patients with CLI have some form of revascularization with 
40% of those with no reconstructable disease undergoing amputa-
tion within 6  months and 20% dying within the same period [34].

The influence of different risk factors on the progression of PAD 
into CLI was described by Dormandy et al. [35] and is illustrated in 
Figure 15.14.1.1.

Identification of the High- Risk Foot

An annual foot examination by a clinician should occur in tandem 
with patient engagement (i.e. patients should be actively engaged 
through regular monitoring of their own feet). The foot should al-
ways be an integral part of the annual review. The clinician should 
never rely on symptoms alone to identify high- risk patients; 50% 
of patients with insensitive feet have no previous history of neuro-
pathic symptoms, and claudication [36].

Assessment

Up to 50% of older, type 2 diabetic patients have signs of DPN 
[37]. The American Diabetes Association (ADA) document on the 
‘Comprehensive Diabetic Foot Examination (CDFE)’ [37] provides 
a robust assessment tool.

Examination is the ‘key’ component of foot screening but needs 
to be placed in context via a thorough history that identifies specific 
risk factors.

History

 • Past or present neuropathic symptoms
 • Vascular (intermittent claudication/ rest pain/ past history of by-

pass surgery or angioplasty)
 • History of ulcer or minor/ major amputation
 • Social factors (living alone, smoking)
 • Visual impairment or end- stage renal failure (dialysis or 

post- transplant)

Clinical Examination

 • Skin colour, callus, fissures, reduced sweating
 • Bacterial/ fungal infection
 • Ulceration?
 • Architecture/ structural alterations, claw toes, prominent meta-

tarsal heads
 • Anhidrosis
 • Skin temperature; a unilateral, warm, insensate foot should be 

considered to be acute CN until proven otherwise 
 • Footwear suitability

Neurological Assessment

The 10 g monofilament (Bailey Instruments Ltd, Manchester, UK) is 
widely used in clinical practice and designed to buckle when a 10 g 
force is applied. Testing at the first, third and fifth metatarsal heads 
along with plantar surface of hallux (a simple yes or no if a stimulus 
has been detected) is a reliable and highly accurate predictor of foot 
ulceration [38].

The Ipswich Touch Test requires a light touch via the index finger 
onto the 1st, 3rd, and 5th digits. A loss of sensation, neuropathy, is 
identified when detection fails at two or more sites (out of the total 

Diabetes
x4

Smoking
x3

Risk of Developing CLI

Age >65
x2

ABPI <0.7
x2

The influence of different risk Factors on the risk of developing CLI

Dyslipidaemias
x2

ABPI <0.5
x3

Figure 15.14.1.1 The influence of different risk factors on the risk of developing critical limb ischaemia.
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six). This highly simplistic test demonstrates strong agreement with 
other validated tests such as the monofilament [39].

The VibratipTM, (McCallan Medical, Nottingham, UK) is a small, 
battery operated, disposable vibrating stylus that assesses vibration 
sensation. Levels of agreement with other, similar tests are highly 
positive [40].

The Vibration Perception Testing (VPT) is a hand- held device that 
generates a vibratory stimulus when applied to the hallux. VPT has 
demonstrated excellent sensitivity and specificity for neuropathy.

A 128 Hz tuning fork is a traditional method of assessing vibra-
tion perception when placed over the apices of the hallux bilaterally. 
The cold metal can also provide additional stimuli in the form of 
temperature.

A pin- prick test is a simple test sensation over the apex of the hal-
luces. Ankle reflex testing is a standard component of neurological 
testing whereby the absence of ankle reflexes bilaterally is an ab-
normal response [41].

Vascular Assessment

Classification of Peripheral Arterial Disease

Peripheral arterial disease (PAD) is characterized by progressive 
arterial occlusive disease of the lower extremities. The worldwide 
prevalence has been estimated at 3– 10% increasing to 15– 20% in 
individuals over 70 [42]. The ratio of symptomatic to asymptomatic 
disease is up to one in three with as many as 50% never consulting a 
clinician. Those with PAD have a threefold increase in risk of mor-
tality from major cardiovascular events (heart attack and stroke) 
compared to those without PAD [43].

It can be diagnosed based on symptoms— classically intermittent 
claudication (cramping pain in legs on walking) and signs such as 
absent peripheral pulses, ulcers, gangrene, and amputation. Non- 
invasive diagnosis can also be made using the ankle- brachial pres-
sure index. This is a ratio of the blood pressure taken at the arm and 
the leg (at the level of the malleoli). A ratio of <0.9 is 95% sensitive 
and 100% specific for detecting angiogram positive disease [44].

PAD is classified by the Fontaine and Rutherford classification 
system [32] and ranges from asymptomatic, through to claudication 
and finally tissue loss and gangrene.

Screening for vascular disease can be difficult. Palpation for pos-
terior tibial and dorsalis pedis pulses is important but detection can 
be influenced by the skill and room temperature. A femoral bruit can 
also be a strong indicator of PVD. Doppler ultrasound can be useful 
to assess flow signal waveforms although vessel wall calcification can 
lead to a falsely elevated reading of the ankle- brachial index (ABI).

The High- Risk Patient

If anomalies identified and/ or relevant clinical history place the 
foot ‘at risk’, strategies aimed at- risk management must be imple-
mented. Education promotes self- monitoring and foot hygiene; 
however, this needs to be supported by regular clinical reviews by 
the multidisciplinary team.

Wound Classification

A number of classification systems are currently in existence but all 
follow a similar theme: size, depth, appearance, and location. These 
provide the clinician with a good reference point for wound surveil-
lance (Box 15.14.1.1). In this system, grades refer to the depth of the 

wound, and each grade has four stages, depending on the presence 
or absence of infection and/ or ischaemia.

Grade 0

A UT grade 0 foot has no open lesions, but is at risk. The patient 
may have a history of foot ulcers or pre- ulcer lesions.

Grade 1

Superficial full- thickness loss:  these lesions tend to be predom-
inantly neuropathic with (UT 1B) or without (UT 1A) infection. 
Lesions commonly occur under points of high- pressure areas (e.g. 
the metatarsal heads, toes). The presence of ischaemia should be 
confirmed examination.

Grade 2

Deeper seated lesions that penetrate into the subcutaneous tissue, 
exposing tendon and/ or capsule but without bony involvement.

Grade 3

Lesions penetrating to bone and/ or joints. The ability to probe to 
bone has been shown to be sensitive for identifying osteomyelitis.

Evidence shows that UT grade 3B lesions may respond to anti-
biotic treatment without the need for surgical intervention. A re-
cent randomized comparative trial (RCT) of antibiotics versus 
surgery for localized bone infection yielded similar outcomes in 
both groups [45]. A recent interim analysis of a large multicentre 
UK RCT of Oral Versus Intravenous Antibiotics (OVIVA) over 
a 6- week period for localized joint and bone infection showed 
oral to be inferior to IV antibiotics. It should be emphasized that 
only 16% of the study population had a diagnosis of diabetes 
mellitus [46].

Management of Diabetic Foot Ulceration

Neuropathic Ulcers

The mainstay of management of uncomplicated lesions consists of 
debridement of non- viable tissues along with an appropriate wound 
dressing; very little evidence exists for any one type of wound 
dressing over others and the decision in clinical practice has gener-
ally been dictated by the clinician’s personal experience.

The EXPLORER trial is the first clinical study to indicate the effi-
cacy of a dressing in the treatment of diabetic foot lesions [47]. The 

Box 15.14.1.1 Wound classification

The ‘University of Texas Diabetic Wound Classification’ is regularly used 
for staging diabetic foot ulcers. This classification grades and stages ul-
cers by their depth and the presence of any infection or ischaemia.

 • Staging
 A: No infection or ischaemia
 B: Infection present
 C: Ischaemia present
 D: Infection and ischaemia present
 • Grading
 0: Epithelialized wound
 1: Superficial wound
 2: Wound penetrates to tendon or capsule
 3: Wound penetrates to bone or joint
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double- blind RCT involved teams in 43 hospitals with specialized 
diabetic foot clinics in France, Spain, Italy, Germany, and the UK. The 
aim was to assess the effect of a sucrose octasulfate dressing versus a 
control dressing on wound closure in patients with neuroischaemic 
lesions. Ulcers were deemed neuroischaemic if peripheral neur-
opathy/ PAD were both present. Over a period of three years, 240 
individuals took part in the trial. Of these, 126 were treated with the 
sucrose octasulfate dressing under investigation and 114 with a con-
trol dressing of a type usually used to dress this type of wound.

After 20 weeks, 18% more wound closures were recorded in the 
sucrose octasulfate dressing group, compared to the control dressing 
group and there was an observed 30% improvement in healing. The 
expected time to wound closure for all participants— as determined 
by Kaplan– Meier analysis— was 180 days in the control group and 
only 120 days in the sucrose octasulfate dressing group. The results 
suggest a significant improvement in wound healing resulting from 
treatment with the sucrose octasulfate dressing. This is the first study 
to demonstrate proven efficacy of a dressing in wound healing.

Debridement

The formation of hyperkeratotic tissue (Callus) results from sheer 
pressure and removal reduces abnormally high plantar pressures. 
Lesions that show extensive bone and soft tissue involvement require 
aggressive debridement providing drainage of purulent discharge. 
Surgical removal/ excision has been shown to significantly reduce 
time to healing when compared to conservative management [48].

Offloading

This is the key to healing plantar foot lesions, and outcomes are 
positive when offloading devices are used. Total contact casts (TCC) 
are the gold standard based on evidence of a 90% success rate for 
ulcer healing, supported by several RCTs [49– 51]. Other devices, 
removable cast walkers, or adapted footwear, to date have not been 
successful in demonstrating similar results. Armstrong et  al. [49] 
recorded the activity levels of patients prescribed removable cast 
walkers as treatment for neuropathic foot ulcers. Findings demon-
strated that patients only wore the offloading device for 28% of their 
total daily activity. Further randomized controlled trials were car-
ried out in Miami and Tucson. In Miami, patients with non- infected 
neuropathic plantar ulcers were randomized either to a total contact 
cast, or a removable cast walker, rendered irremovable by wrapping 
with a sheet of cast material. Not surprisingly, there were no dif-
ferences in healing rates which were generally rapid [50]. By con-
trast, in the Tucson study, where patients were randomized either 
to a total contact cast or a removable cast walker, healing rates were 
much more rapid in the total contact cast group as the removable 
walkers were not used for much of the time [51, 52].

Neuroischaemic Ulcers

Conservative debridement in the case of neuroischaemic lesions 
may be necessary using minimal sharp techniques, using instead 
debriding agents. Conflicting advice exists with regards to casting 

neuroischaemic with or without osseous involvement and to date 
little evidence exists but offloading remains an essential part of 
the management plan for these patients [53]. However, some de-
gree of vascular intervention may need to be considered in order 
to increase the potential for healing. Initial investigations should 
comprise a non- invasive assessment using Doppler ultrasound 
techniques. Prior to any vascular surgical intervention, arteriog-
raphy is usually indicated. Care should be taken with the use of 
certain contrast media as many patients with foot ulceration have 
renal dysfunction. All patients with PVD should be seen by a vas-
cular surgeon or interventional radiologist who would normally be 
a member of the MDT.

Infection

DFUs serve as a portal for pathogens and approximately 60% of 
DFUs are already infected on initial presentation. Gram- positive 
cocci, especially Staphylococcus aureus, streptococcus species, and 
coagulase- negative staphylococci have all been isolated from DFUs 
[54, 55]. The prevalence of Gram- negative bacteria, pseudomonas, 
and Enterobacteriaceae species is lower, but increases in chronic 
wounds previously treated with antibiotics. Anaerobic bacteria 
must also be considered, especially in neuroischaemic ulcers.

Antibiotic- resistant organisms have become an increasing 
problem in the management of DFUs over recent decades with 
the rise of methicillin- resistant Staphylococcus aureus (MRSA). 
Multidrug resistant (MDR) Gram- negative strains such as highly 
resistant pseudomonas, extended- spectrum β- lactamase (ESBL) 
and carbapenemase- producing Gram- negative bacilli are also being 
isolated from diabetic foot wounds [56].

The clinical signs, pain, warmth, erythema, raised temperature, 
and inflammatory markers can be reduced or absent in patients 
with neuropathy and or ischaemia with approximately 50% re-
maining asymptomatic. Characteristics such as onset of tender-
ness, prolonged healing, and wound malodour may be the only 
indicators of infection. Others include discharge, poor granula-
tion tissue, and hyperglycaemia [54]. Tissue samples are the gold 
standard for culture and sensitivity to inform the choice of anti-
biotic regimen as superficial cultures are contaminated by colon-
izing bacteria.

Non- infected wounds do not require antibiotics; superficial 
wound swabs are inaccurate and misleading, only yielding contam-
inants; deep tissue specimens via a curettage or after aggressive de-
bridement are the gold standard for microbiological testing. Initial 
antibiotic therapy should be empirical consisting of activity against 
Staphylococcus aureus and aerobic streptococci. Consider that agents 
against Gram- negative organisms may be required for patients with 
severe infections.

Tailor antibiotic regimen once culture and sensitivity results are 
available; a more specific regimen should be initiated being mindful 
of local resistance patterns. Intravenous antibiotic administration 
should only be indicated in severe infections; for mild to moderate 
infections oral antibiotics with a high bioavailability will suffice. ‘It’s 
not what you put on the ulcer, it’s what you take off ’. Antibiotics will be 
of little benefit if sharp debridement, drainage of purulent discharge, 
and appropriate offloading are not adhered to. Both the International 
Working Group on the Diabetic Foot [57] and the Infectious Disease 
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Society of North America [54] have provided useful guidelines to 
assist in the antibiotic treatment of infected DFUs.

Wound Dressings

Selection of the ideal wound dressing will depend upon specific 
characteristics of the lesion. Unfortunately, there is currently little 
evidence concerning wound dressings, such that selection relies 
more on clinical experience rather than evidence. Wound healing 
can be challenging and is further complicated by neuropathy and/ 
or ischaemia. The wound environment is paramount in maintaining 
a moist protective occlusive layer at the wound interface. The basic 
make- up of wound dressings requires absorption of exudate, 
thermal insulation, gas permeability, and being impenetrable to 
microorganisms. Adherent products should not contact the wound 
bed, thus preventing removal of newly granulated tissue. As the 
wound progresses, a variety of different dressings can come into 
play (i.e. sloughy wounds require debridement agents, clean moist 
wounds absorbency properties). Products are divided into three 
broad categories; debriding, antiseptic- based, and moisture control, 
and are listed in Table 15.14.1.1.

Negative Pressure Wound Therapy

The application of Negative Pressure Wound Therapy (NPWT) is 
believed to accelerate healing through reducing oedema, removal of 
exudate, increased perfusion, self- proliferation, and the formation 
of granulation tissue [58]. Studies have demonstrated that wounds 
achieve faster closure over conventional dressing regimes [59]. 

Increased perfusion and promotion of granulation tissue have been 
reported via increasing cell mitosis. RCTs have suggested efficacy in 
rates of wound healing and reduced amputations in post- surgical 
wounds [60].

Hyperbaric Oxygen Therapy

Hyperbaric oxygen therapy (HBO) enhances the body’s nat-
ural healing process by inhalation of 100% oxygen in a total 
body chamber, where atmospheric pressure is increased and con-
trolled. HBO has been promoted as an effective treatment in dia-
betic foot wounds over many years. Unfortunately, early RCTs 
consisted of small patient numbers and methodological flaws. 
A well designed Swedish RCT suggested there was a benefit from 
HBO in neuroischaemic infected lesions without the possibility of 
revascularization [61]. Two large multicentre RCTs, one carried out 
in the Netherlands [62] and a further undertaken in Canada [63], 
showed no benefits of HBO of the patient groups. To date there is 
no definite clinical indication for the use of HBO in diabetic foot 
lesions and few data to support its efficacy.

Growth Factors and Skin Substitutes

Becaplermin is a recombinant platelet- derived growth factor 
(PDGF) ointment which has shown some slight benefit in wounds 
with delayed healing. Granulocyte colony stimulating factor 
(GCS- F) has been reported to improve resolution of infection and 
is claimed to reduce amputation rates [64]. Bioengineered skin 
(Apligraf) and human dermis (Dermagraft) are types of biologically 
active implants and contain human fibroblasts that deliver growth 
factors to the wound. The evidence base is weak for these expensive 

Table 15.14.1.1 Wound management products

Dressing Description Contraindications Example

Hydrocolloid Facilitate re- hydration & autolytic debridement.
Dry, sloughy, necrotic wounds.
Promote granulation.

Infected wounds.
Twice weekly change.

Aquacel: ConvaTec Deeside, Wales, UK.
Comfeel: Coloplast Peterborough, UK.

Hydrogels Donates liquid to dry
wounds & absorbs exudates.
Dry, sloughy wounds.
Autyolitic debridement.

Hydrogel sheets avoided in infected 
wounds.

Intrasite gel: Smith & Nephew wound 
management, Hull, UK.
Iodosorb: Smith & Nephew wound mgt, UK.

Silver Antimicrobial. Colonization. Sensitivity to silver. Acticoat: Smith & Nephew wound mgt, USA.

Vapour- permeable Provide a moist healing environment. Mild 
exude.

Heavily exudating wound. Tegaderm: 3M,
Reading, UK.

Foam dressing Primary or secondary cover.
Light & Heavy exudates.

Remove if strike through occurs. Allevyn: Smith & Nephew wound mgt, Europe.
Lyofoam: Molnlyck,. Oldham, UK.

Odour absorbent Absorbs odour. Malodorous. Silver (sensitivity). Actisorb: Johnson & Johnson Medical
Skipton, UK

Larval therapy Debridement, promote granulation.
Heavily sloughy necrotic wounds.

Increase in pain. Maggots: BioMond
Bridgend, Wales, UK.

Alginate Haemostat. Heavy exudates. Blockage. Loose fibres. Kaltostate: ConvaTec, UK.

Skin substitutes Living skin. Obstinate wounds. Colonized. Infected wound. Dermagraft:
Smith & Nephew medical, Europe.

Iodine Antibacterial. Exudating wounds. Iodine (sensitivity)
Renal/ thyroid conditions.

Iodosorb: Smith & Nephew medical, Europe.

Honey Antimicrobial. Sloughy necrotic wounds.
Autolytic debridement.

Medical grade only. L- Mesitran: Aspen medical Europe Ltd
Ashby de la Zouch, Europe.
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therapies and large- scale randomized controlled trials (RCTS) are 
needed. A  recent systematic review concluded that there is little 
published evidence to justify the use of any of these therapies [65].

Charcot Neuroarthropathy

CN is non- infective arthropathy in a well- perfused, insensitive foot. 
CN is inextricably linked with distal symmetrical somatic and auto-
nomic neuropathy although the exact pathogenetic mechanisms are 
unknown.

Advances into the pathogenesis of osteopenia and osteopor-
osis, and the role of the receptor activator of nuclear factor κB/ 
osteoprotegerin (RANKL/ OPG) signalling system have led to the 
theory that acute CN might be triggered in a susceptible individual 
by an event that leads to localized inflammation in the affected foot, 
resulting in an increasing cycle of osteoblastic/ clastic activity.

Its main characteristics are osseous and joint destruction 
leading to a gross alteration in foot structure (Figure 15.14.1.2). 
Abnormalities may occur in the forefoot, mid- foot, peri- talar, or 
ankle regions with avulsion fractures affecting the posterior tuber-
osity of the calcaneus. Mobilization due to a lack of sensory aware-
ness compounds further destruction. In the later stages complete 
mid- foot collapse can be recognized by a rocker bottom deformity 
[66] (Figure 15.14.1.3). The patient with acute CN continues to 

walk and more minor trauma occurs. Any patient with neuropathy 
who complains of swelling or discomfort, with or without a history 
of injury, should be assessed.

Treatment in the initial stages of acute CN is offloading with 
a cast walker. Unfortunately, there are currently no proven med-
ical or pharmacological approaches other than immobilization. 
Controversy exists over the timing of surgical intervention in the 
acute or later phase due to a lack of evidence. Simple exostectomies 
and tendon transfers can offer therapeutic benefit thereby redu-
cing the risk of ulcerative lesions (Figure 15.14.1.4). Little evidence 
exists to show a surgically corrected Charcot deformity functions 
any better than a non- surgically corrected deformity [67].

Patient Education

Successful self- management requires motivation and compliance 
from the patient to accept a degree of responsibility for their own 
care. However, foot inspection can be problematic for obese indi-
viduals and those with visual impairment. Difficulty understanding 
the nature and relevance of neuropathy to the individual with dia-
betes has also been suggested as a barrier to engaging in the educa-
tion process [68].

Some success with patient engagement in foot care has been dem-
onstrated utilizing self- monitoring tools such as temperature moni-
toring [69], the NeuropadTM (an indicator of autonomic neuropathy 

Figure 15.14.1.2 Chronic Charcot neuroarthropathy involving 
the mid- foot (cuneiform- metatarsal bone area). There was extensive 
deformity with a large plantar ulcerative lesion under the bony 
prominence.

Figure 15.14.1.3 Chronic neuropathic foot problems with Charcot 
deformity and previous amputations of four toes.
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[70]), and a simple foot pressure mat for monitoring pressure 
changes under the foot [71]. Inappropriate footwear, either incor-
rect size or inadequate cushioning, has been observed to contribute 
to the development of ulcers. Tightly fitting shoes commonly lead 
to ulceration at dorsal deformities such as bunions or between the 
spaces of toes which have been crushed together. Loose shoes can 
also be problematic, leading to ulceration from frictional forces.

Additionally, patients should be advised about other associated 
risk factors such as controlling high blood pressure, cholesterol, 
smoking cessation, and obesity. Not only will these measures re-
duce patients’ risk of ulcers, they will also lower their macrovascular 
complication risk.

Multidisciplinary Team Input

Successful management of diabetic foot complications depends 
upon achieving stability in all aspects of diabetes care. Patients re-
quiring a total package of care from a specialist diabetes foot care 
team need a structured management plan in order to contend with 
the multiple comorbidities and complications associated with dia-
betes. Varying levels of care currently exist in different countries. At 
a minimum, a multidisciplinary foot- care team should consist of 
a diabetologist, surgeon (podiatric, vascular, or orthopaedist), dia-
betes specialist nurse and podiatrists (or in some countries the older 
title of chiropodist).

Improved outcomes, including reduced incidence of amputa-
tions, have been shown in a number of studies where there is a clear 
MDT involvement [10]. One study directly compared outcomes as-
sociated with care delivered by an established MDT comparing with 

another hospital lacking an MDT. Major amputations performed on 
patients treated by the MDT were lower (4.7%) vs. 21.7% without 
MDT input (P <0.0001). Mortality during hospitalization was also 
significantly different between the two groups at 2.5% for the MDT 
group and 9.4% for the controls (P <0.001) [72].

Conclusion

The Foot in Remission

Recurrence rates after ulcer healing may be as high as 40% after 
1  year and 65% after 5.  CN patients have up to 50% chance of 
developing the same scenario in the contralateral foot. Thus the 
concept of ‘remission’ may be preferable to referring to ‘healed’ 
[73, 74].

The Future

Diabetic foot complications involve multiple factors coming into 
play driven primarily by prolonged hyperglycaemia. The tools for 
reducing foot complications are already available to the MDT in the 
form of consensus and evidence based guidelines. Lack of patient 
engagement and self- empowerment represent the most significant 
barrier to future success in diabetic related foot complications.

The aetiopathogenesis and management of diabetic foot disease 
over the last three decades, in the mainstay comes from what we 
have learned from clinical practice still lacking evidence base. Most 
important of all however in the management of patients with dia-
betic foot disorders, is to remember that the patient has frequently 

(a) (b)

Figure 15.14.1.4 (a) Radiograph of a chronic Charcot foot demonstrating previous amputation of three digits, vascular calcification, and gross 
disruption in the cuneiform- metatarsal joints of the mid- foot. (b) Radiograph showing chronic Charcot neuroarthopathic changes in the mid- foot 
with peritalar destruction.
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lost the ‘gift of pain’ that protects most of us from developing sig-
nificant foot problems but, when absent, can lead to devastating 
consequences.
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This section was written in June 2018. Several programmes which are 
discussed to offer context are described as they were at this time, namely:

• The Healthier You: NHS Diabetes Prevention Programme
•  The NHS England Digital Diabetes Programme
•  The NHS England Diabetes Treatment and Care Programme.

Introduction

The World Health Organization has estimated that globally, 422 mil-
lion adults were living with diabetes in 2014, compared to 108 million 
in 1980. This represents an almost doubling of the age- standardized 
global prevalence of diabetes since 1980, rising from 4.7% to 8.5% in 
the adult population over this period [1] . Separate global estimates of 
diabetes prevalence for type 1 and type 2 do not exist. However, the 
majority of people with diabetes have type 2 diabetes.

Overweight and obesity is the major modifiable risk factor for type 
2 diabetes, and the global increase in prevalence of type 2 diabetes has 
tracked the global increase in prevalence of overweight and obesity. 
The World Health Organization has estimated that worldwide, obesity 
has nearly tripled since 1975; that in 2016, more than 1.9 billion adults 

were overweight, and of these over 650 million were obese; and that in 
2016, 39% of adults were overweight and 13% were obese [2] .

In England, with a population of approximately 55  million, 
3.8 million people aged over 16 had diabetes in 2015, around 9% of 
the adult population. Approximately 90% had type 2 diabetes, and 
the model estimated that 940 000 of those with type 2 diabetes were 
as yet undiagnosed [3] .

The direct health costs for type 1 and type 2 diabetes in the United 
Kingdom were estimated to be £9.8billion in financial year 2010/ 
11, approximately 10% of the total health resource expenditure. The 
majority of the direct costs, 80%, related to the management of the 
complications of diabetes [4] . The National Audit Office estimated 
in 2012 that National Health Service (NHS) spending on diabetes 
services in England in 2009/ 10 was at least £3.9 billion [5], and in 
2015 estimated that the cost of diabetes to the NHS in England in 
2010/ 11 was £5.6 billion [6]. The differences in estimates reflect dif-
ferent assumptions made, and reflect the difficulties in accurately 
assessing health costs related to diabetes.

Increasing Prevalence Has Required Evolution 
of Healthcare Delivery Systems

Although different healthcare systems have different means of 
funding, increasing prevalence of diabetes has required evolution 
of healthcare delivery systems irrespective of funding methods. 
While the lens of the current article is the NHS in England, a tax-
payer funded system that provides universal care free at the point 
of delivery, the challenges posed by increasing diabetes prevalence, 
and the potential solutions, will to some extent be common to 
most healthcare systems. Whereas in the 1980s, diabetes care de-
livery was often the preserve of hospital- based specialist diabetes 
services, increasing patient numbers now require the majority of 
diabetes care to be delivered by generalist healthcare professionals 
outside of hospital settings, with more complex care, and care re-
lated to the complications of diabetes usually delivered by hospital- 
based specialists, with an integrated interface between generalist 
and specialist services. The nature of the interface, and the differing 
relative care distributions between generalist and specialist teams, 
vary across local healthcare systems and local health economies in 
England. Type 1 diabetes and rarer forms of diabetes are usually 
cared for by specialist teams even in the absence of complications.

In some low and middle income countries, there may be additional 
and distinct problems, such as access to medicines, including insulin, 
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that will not be covered specifically in this chapter. Where both re-
sources and diabetes expertise are in short supply, care delivery is often 
centralized. However, although approaches may be quite different, the 
principles of providing the best possible services within a specific and 
sometimes limited resource envelope remain the same.

Sustainability of Healthcare Systems

With health inflation at around 7% per annum and ageing populations, 
sustainability is a concern for most healthcare systems internation-
ally. In England, a strategy document called the Five Year Forward 
View was published in 2014 that suggested a direction of travel for 
healthcare, with an important emphasis on long- term sustainability 
of the NHS in England [7] . Areas of focus relevant to diabetes care 
prioritized either within that document or subsequently are:

 • To establish a national evidence- based type 2 diabetes preven-
tion programme for those already identified to be at high risk, in 
order to reduce the current national trajectory of type 2 diabetes 
incidence.

 • To invest in diabetes treatment and care in order to reduce future 
complication burden, and so potentially realize long- term return 
on investment as well as improvements in care and outcomes.

 • To empower individuals with diabetes to better self- manage their 
condition, through better access to information, support, and 
structured education.

 • To harness digital technologies for healthcare provision and to 
support individuals to better self- manage their condition through 
digital health platforms.

 • To better integrate services, across primary care and hospital 
interfaces, across physical and mental healthcare interfaces, and 
across health and social care interfaces.

The Healthier You: NHS Diabetes 
Prevention Programme

Based on best evidence [8] , an intervention was developed to prevent 
or delay onset of type 2 diabetes in those already identified to be at 
high risk. The intervention encourages behavioural change focussing 
on weight loss, increased physical activity, and better quality nutri-
tion. The intervention is for those with non- diabetic hyperglycaemia 
(also referred to as pre- diabetes) and involves at least 13 group- based 
face- to- face sessions, across at least a 9 month period, constituting 
at least 16 hours of contact time. During the first year of national 
roll- out (financial year 2016/ 17), the programme was implemented 
across approximately 50% of England. Referral numbers and per-
centage uptake were found to be in excess of prior modelled values, 
suggesting that general practices and people at high risk of type 2 dia-
betes value the prevention opportunities provided. Attendance rates 
for men, Asian, Afro- Caribbean, mixed, and other ethnic groups and 
participants from areas in the most deprived quintile suggest that, 
in its early stages, the programme is reaching both those who are at 
greater risk of developing type 2 diabetes and those who typically ac-
cess healthcare less effectively [9]. During the second year of national 
roll- out (financial year 2017/ 18), implementation reached 75% of 
England, with early data demonstrating encouraging weight loss seen 

in participants that have so far completed the intervention, as well as 
demonstrating encouraging completion rates, with over 50% of those 
that initiated an intervention attending at least eight of the tailored 
support sessions. By summer 2018, implementation reached 100% 
of England. At full roll- out, the programme is planned to deliver to 
100 000 people each year, although more recent policy decisions (an-
nounced 30 November 2018), based on the initial encouraging re-
sults, suggest that this will be extended to 200 000 people each year. 
The National Institute of Health Research has supported an inde-
pendent evaluation of the programme, scheduled to report in 2021, 
that will assess programme impact on the current national trajectory 
of type 2 diabetes incidence.

Interventions for individuals at high risk of type 2 diabetes will 
be complemented by population level interventions, outlined in the 
UK Government’s Childhood Obesity Plan [10], such as a levy on 
sugar- sweetened beverages, and plans to encourage product refor-
mulation to reduce sugar and total calorie content.

An overview of systematic reviews and meta- analysis has recently 
evaluated the efficacy of population- wide obesity and diabetes pre-
vention programmes. Increased price of sugar- sweetened beverages 
and decreased price of fruit and vegetables, menu labelling, grocery- 
store interventions and multicomponent interventions were asso-
ciated with small reductions in body mass index (BMI) or weight. 
While the reach of such interventions was many times greater than 
interventions for those at high risk, the effect size was smaller by a 
similar factor [11]. So a combination of both approaches is desirable.

The NHS England Digital Diabetes Programme

The two promises of digital health interventions are greater reach 
and lower unit cost, and these may be another route to deliver be-
haviour change services with large reach. However, while evidence 
of effectiveness of digital interventions in the prevention of type 2 
diabetes is currently emerging, this has not yet reached a consensus 
position. For this reason, NHS England is currently piloting a Digital 
Diabetes Prevention programme, trialling five digital products in 
those at high risk of type 2 diabetes in the real world setting, with a 
formal evaluation to assess clinical effectiveness and reach [12].

Digital health interventions also offer opportunities for delivery 
of behaviour change services around diabetes self- management [13], 
and this is a further area of investment and development in England.

The NHS England Diabetes Treatment and 
Care Programme

The focus here is to reduce the future diabetes complication burden, 
with up- front investment. Cases for potential return on investment, by 
way of improvements in care and outcomes that evidence indicated 
should result in reinvestable savings, were made in the following areas:

 • Achievement of treatment targets for HbA1c, blood pressure, and 
cholesterol and tackling variation around that achievement in 
order to reduce the risk of onset of complications.

 • Attendance at structured education to empower individuals with 
diabetes to better self- manage their condition and so support im-
proved glycaemic control and psychosocial well- being.
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 • Multidisciplinary diabetic foot care, and more specifically the exist-
ence of and sufficient capacity within a multidisciplinary foot ser-
vice. Multidisciplinary diabetic foot care has been shown to reduce 
amputations by up to 50% [14] and a strong economic case has been 
made [15].

 • Inpatient care, and more specifically the existence of and sufficient 
capacity within a diabetes inpatient specialist nurse service which 
has been shown to support reduction in lengths of inpatient stay. 
One in six of all hospital beds in England are now occupied by 
someone with diabetes.

A Model of Service Provision That Promotes 
Integrated Care Delivery

In the latter part of 2014, NHS England, in collaboration with 
stakeholders, produced a sample service specification for diabetes 
services [16]. The principals involved are broadly applicable— the 

model outlines the provision of high quality care for all those with 
diabetes, and differentiates the care needs of those with type 1 from 
those with type 2 diabetes where those care needs differ. It details 
the entire care pathway for people with diabetes, including those 
with the long- term complications of diabetes. The model divides the 
care pathway into two broad elements:

 • Generalist care and
 • Specialist care.

In the example (see Figure 15.15.1.1), a community based multi-
disciplinary team (MDT) that interfaces between general practice- 
based and specialist services is also included.

In the model described, the generalist practice- based service will 
have primary responsibility for the person with diabetes. Specialist 
services and the community based MDT will have responsibility for 
the episodes of care provided in those settings. However, account-
ability for the incidence of onset of complications and incidence of 
hard clinical endpoints such as amputation and blindness across the 

NHS Choices image
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• Transition service
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provide:
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• Pregnancy advice for women 
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• Foot protection team
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special interest, Diabetes 

Specialist Nurse, Diabetes 

Specialist Dietician, Diabetes 
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Figure 15.15.1.1 An exemplar care pathway. Care delivery is based on a multidisciplinary approach whether the care setting is the GP practice, 
a community centre, or a hospital. The example illustrates a community based multidisciplinary team (MDT) at the interface between generalist 
practice- based care and specialist care. The community based multidisciplinary team can support delivery of parts of the pathway that could not be 
delivered in every GP practice— an example could be delivery of structured education. Such teams should be innovatively exploring ways of generalists 
and specialists working together in the community using information technology and new technologies to ensure patient care is delivered in an 
appropriate setting local to the patient when possible. They need to have strong networking links and channels of communication with generalist and 
specialist colleagues working in the hospital and community.
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health economy should be shared by all providers of diabetes care. 
Therefore both generalist and specialist services will be jointly ac-
countable for clinical outcomes.

A community based MDT may act as the link between gener-
alist clinicians and hospital- based specialists by representing both. 
Hospital- based specialists should spend a proportion of their time in 
the community advising and facilitating the work of the community 
based MDT. The presence of specialists in the MDT will facilitate 
fast- tracking of complications once diagnosed up to appropriate spe-
cialist settings and allow the team to provide more routine aspects of 
specialist care closer to the patient’s home. Examples of services that 
may be delivered by the community based MDT include:

 1. Structured education for those with type 2 diabetes, for people 
whose GP practice does not provide this in- house.

 2. Structured education for those with type 1 diabetes.
 3. Type 2 diabetes with poor glycaemic control despite best efforts 

in primary care.
 4. Pregnancy advice for women of childbearing age.
 5. Foot protection— assessing and advising those identified to be at 

high risk of diabetic foot disease (e.g. those already identified to 
have peripheral neuropathy or/ and peripheral vascular disease).

 6. Type 1 diabetes care when the MDT includes a consultant 
diabetologist.

 7. Clinical psychology support within the MDT environment for 
those with depression and anxiety that is related to their diabetes.

All people with T1DM should have access to specialist services if 
they so choose, given the relative rarity of type 1 diabetes and the 
associated specific care needs. People with other forms of diabetes, 
such as monogenic diabetes (e.g. maturity- onset diabetes of the 
young (MODY), mitochondrial diabetes), diabetes due to chronic 
pancreatitis or total pancreatectomy, should also have access to spe-
cialist services given their specific care needs.

For the purposes of this model the providers of specialist care 
have the following designated responsibilities:

 1. Provision of a transition diabetes service (ages 13– 25 years).
 2. Provision of a diabetic foot service.
 3. Provision of a diabetic antenatal service.
 4. Provision of a diabetic kidney service, prior to renal replacement 

therapy.
 5. Provision of a T1DM service, including an insulin pump service.
 6. Provision of a diabetic inpatient service.
 7. Provision of a diabetic mental health service.
 8. Provision of a diagnostic service where there is doubt as to the 

type of diabetes— if there is difficulty differentiating type 1 from 
type 2 diabetes, or if a rarer form of diabetes, such as MODY or 
mitochondrial diabetes, is suspected.

There may be additional services provided by the specialist pro-
vider, depending on local requirement that are not covered here. 
There will also be additional services that contribute to comprehen-
sive diabetes care, that are dealt with through broader population 
based services, such as ophthalmology/ medical retinal services and 
retinal screening services. Where this is the case, it is however im-
portant that such services are still integrated within the diabetes care 
pathways— for example, that the recognition of significant diabetic 
retinopathy is associated with greater input and efforts to improve 

glycaemic and blood pressure control by diabetes care pathway gen-
eralists and/ or specialists as appropriate. It is also important to en-
sure that the number screening positive with retinal screening is 
matched by appropriate capacity in ophthalmology/ medical retinal 
services, even if such services are not included within the diabetes 
service specification.

This model of care is reliant on the seamless integration of gener-
alist and specialist services. To achieve this it is essential that patient 
records are integrated— and wherever possible shared or owned by 
the person with diabetes— and the two elements have good com-
munication mechanisms to allow for continuity of care. Integration 
can be further supported by formal arrangements for specialists to 
support generalists through:

 • Email advice (e.g. a specified one working day turn- around for 
email advice);

 • Telephone contact support (e.g. a dedicated daily time window 
for taking calls for advice).

For older people, many of whom will have complications of diabetes 
and hence will have multiple comorbidities and may also suffer 
frailty, there will need to be coordination of health and social care.

Competency of Healthcare Professionals and 
Continuous Professional Development

It is important to ensure that all staff involved in designing and 
delivering the service are trained in line with any national/ professional 
recommendations and curricula to achieve key competencies that have 
been identified in their job role to deliver appropriate diabetes care. 
Time should be made available in job plans to support relevant initial, 
and then continuous professional development for all staff contrib-
uting to the diabetes clinical pathway. This provides an opportunity to 
foster further interaction between generalists and specialists. Diabetes 
specialist physicians, nurses, dieticians, podiatrist, and psychologist 
members of the MDT should provide continuing diabetes- specific 
education to members of the generalist teams. These specialist mem-
bers of the MDT can also provide support, advice, and mentorship in 
diabetes management to members of the generalist teams.

Other Models of Service Provision

While the broad principles are similar, other models of diabetes 
care provision have been described and implemented in the NHS in 
England. All share the principles of patient- centred care, and inte-
gration of diabetes services [17].

The NHS RightCare Diabetes Pathway

NHS RightCare is a national NHS England supported programme 
committed to delivering the best care to patients, making the 
funding available go as far as possible and improving patient out-
comes [18]. NHS RightCare advises local health economies to:

 • Make the best use of their resources— by tackling overuse and 
underuse of resources.

 • Understand their performance— by identifying variation between 
demographically similar populations so they can adopt and im-
plement optimal care pathways more efficiently and effectively.
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 • Talk together about the same things— about population 
healthcare rather than organizations and encouraging joint 
decision- making.

 • Focus on areas of greatest opportunity by identifying priority pro-
grammes which offer the best opportunities to improve healthcare 
for people and ensuring taxpayer money goes as far as possible.

 • Use tried and tested evidence- based processes to make sustain-
able improvement to reduce unwarranted variation.

The RightCare diabetes pathway defines the core components of 
an optimal diabetes service, leaning heavily on the principles al-
ready outlined in the model of service delivery here, for people with 
type 1 and type 2 diabetes or those at risk of developing type 2 dia-
betes that delivers better value in terms of outcomes and cost. The 
pathway shows the core components of an optimal diabetes service, 
evidence of the opportunity to reduce variation and improve out-
comes and the key evidence- based interventions which the system 
should focus on for greatest improvement, supported by practice 
examples from across the NHS [19]. The pathway allows local 
health economies to think about their existing diabetes service and 
compare it with an optimal diabetes service. It provides guidance 
for commissioners about the scale of improvements that could be 
delivered through optimization of local pathways.

Conclusions

Increasing diabetes prevalence has required evolution of healthcare 
delivery systems, with a view to long- term sustainability. With a 
focus on patient- centredness, much of the care now provided is by 
generalist healthcare professionals, necessitating effective integra-
tion of generalist and specialist services.
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Introduction

It has been estimated that the cost of diagnosed diabetes in 2017 
was $327 billion accounting for 1 in 4 healthcare dollars [1] . A re-
cent review of studies globally indicates an even greater relative 
cost in low-  and middle- income countries [2]. For the majority of 
countries, overall healthcare expenditure has been increasing over 
time. Estimates from the Organisation for Economic Co- operation 
and Development (OECD) indicate that in 2019 the United States 
had the highest health expenditure amongst the developed nations 
of the world, at 17.0% of GDP. This has increased from 12.5% in the 
year 2000. Over the same period, health expenditure in the United 
Kingdom was 9.8% of GDP in 2019, up from 7.3% in 2000.

Like other types of healthcare, costs associated with diabetes has 
been rising over time. In the United States, the population diag-
nosed with diabetes has grown by approximately 700  000 people 
annually between 2012 and 2017 (24.7 million people in 2017) and 
medical costs associated with diabetes has increased by 26% (from 
$188 billion to $237.3 billion) during that same period [3] . 36.3% 
of these medical costs are attributed to insulin and prescription 
medications.

Sustainability

Studies examining key drivers of changes in health expenditure 
over time attribute the rise in many countries to population ageing, 
increasing demand for more and better healthcare, rising incomes 
as well as technological change. If real expenditure (i.e. spending 
adjusted for inflation) is rising faster than allocated expenditure (i.e. 
receipts from taxation), the increase in health expenditure must be 
offset by either increasing the allocated expenditure through raising 
the level of taxation, or reducing expenditure on other government 
programmes (e.g. education, defence). It is also important to effi-
ciently allocate resources to ensure spending on healthcare repre-
sents value for money. Health economics is an important feature 

of healthcare decision- making to ensure sustainability of the health 
system.

Variations in Drug Prices and Its Impact 
on Sustainability

The changing demand for insulins in the United States is an example 
of how increasing health expenditure is impacted by technological 
change [4] . The introduction of newer medications has resulted in 
many individuals substituting analogue for human insulin, which 
is costlier. Figure 15.15.2.1 shows the cost of antihyperglycemic 
medications in the United States based on data from the Medicare 
Expenditure Panel Survey (MEPS) over time. The estimated cost 
of insulin per patient has increased from $231 in 2002 to $722 in 
2012 (after adjusting for inflation), while the price of older oral 
therapies has decreased to $111 in 2012 (Figure 15.15.2.1). Given 
the substantial variation and increasing discrepancies in costs over 
time between these therapies, it is important to assess whether the 
more expensive therapies provide additional benefits to justify the 
additional costs (i.e. provide value for money).

Technological Change— An Ongoing Challenge 
for Health Systems

New technologies for the treatment of diabetes such as analogue 
insulin can provide additional benefits to patients but are often 
more expensive than the medical care they replace. The substantial 
costs in research and development incurred when developing new 
pharmaceuticals and medical devices means that higher prices are 
charged, particularly when patents protect new products.

Government budgetary constraints mean that expenditure on 
new drugs need to be assessed to determine if it represents value for 
money relative to existing expenditure and the communities’ will-
ingness to pay for more healthcare relative to other types of goods.

Economic evaluation is a tool that involves quantifying the 
healthcare costs and health outcomes of the new drug relative to a 
comparator drug. Normally, the comparator refers to the drug that 
is currently in use and will be replaced by the new drug. What mat-
ters most in an evaluation is the incremental (or additional) out-
comes and costs between the new drug and its comparator, which is 
relevant for use in an economic evaluation [5] .

The drug being evaluated and its comparator may incur positive 
and negative impacts on both outcomes and costs, highlighted in 
Table 15.15.2.1.

Positive outcomes associated with a new drug are reductions in 
the risk of morbidity (such as diabetes- related complications) and 
mortality and therefore an increase in patient’s life expectancy, as 
well as their quality of life. Negative side effects can potentially in-
crease the risk of adverse events, worsen quality of life, and elevate 
mortality risk.

When quantifying costs it is important to take account of the 
full cost of the intervention, so if a pharmaceutical drug was being 
evaluated, not only is it important to cost the drug itself, but also 
the cost of administration (e.g. the time taken by a practice nurse 
or diabetes educator when patients start insulin therapy). The use of 
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some types of healthcare may have an impact on downstream costs. 
For example, drugs that prevent diabetes complications may reduce 
rates of hospitalizations and other medical services. Reductions in 
healthcare costs are known as cost savings and represents a mon-
etary gain to society.

Economic evaluation essentially compares the costs and benefits 
of the intervention in question (new or existing) to an alternative 
intervention; it is dependent on the availability of information on 
the costs and effectiveness associated with an intervention.

Economic evaluation involves the calculation of a ratio of incre-
mental costs to incremental outcomes, known as the incremental 
cost- effectiveness ratio (ICER) using the formula:

 

Incremental cost effectivenessratio
Cost of intervention A Cos

−

=
− tt of interventionB

Outcomesof intervention A Outcomesof interve− nntionB

The ICER is a measure of the additional cost per additional unit of 
health outcome produced by an intervention compared with another.

There are three main types of economic evaluation: cost- benefit 
analysis, cost- effectiveness analysis, and cost- utility analysis. 
These differ only in the metric used to qualify outcomes. Cost- 
benefit analysis values outcomes in monetary terms, which is often 
challenging due to the subjectivity of putting a dollar value on the 
health of individuals. Cost- effectiveness analysis values outcomes 
in the same unit of health gain. Examples of health outcomes are 
life expectancy, cardiovascular disease event prevented, and hos-
pital admission averted or life- years gained. A  limitation of cost- 
effectiveness analysis is its reliance on a single, specific measure of 
outcome. Cost- utility analysis enables comparison of interventions 
of different health outcomes of interest because it accounts for both 
length and quality of life using an outcome known as quality- ad-
justed life- years (QALYs).

QALYs are a measure of health outcomes in which life expect-
ancy, in terms of life- years, is weighted by an index of quality of 
life and measured on a scale in which 1 represents full health and 
zero represents health states equivalent to death. For example, if an 
intervention that results in a 10- year gain in life expectancy but the 
quality of life for each of those  years was valued at 0.5, then the gain 
over a 10- year period is calculated to be 5 QALYs.

Health Technology Assessments

Economic evaluation is a tool used in health technology assess-
ment (HTA) to help inform decision- making and is one of the cri-
teria for allocating public funds. In many countries, HTA research 
is undertaken to evaluate any intervention used in the treatment, 
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Figure 15.15.2.1 Cost of antihyperglycemic medications in the United States, 2002– 2012.
Insulin = human and analogue. Newer oral therapies = thiazolidinediones, dipeptidyl peptidase- 4 inhibitors, and combinations. Older oral therapies = metformin, 
sulfonylureas, α- galactosidase inhibitors, and non- sulfonylurea secretagogues.

Table 15.15.2.1 Outcomes and costs to be considered 
when assessing a new diabetes intervention

Costs
 • Drug price and duration of use;
 • Cost of administration/ prescription 

(e.g. visits to doctor)
• Cost of healthcare utilization 

(hospitalizations, medical services, 
use of other drugs)

Positive outcomes (Benefits)
 • Increases in life expectancy
 • Improvements in quality of life
 • Reduced hospitalization events

Savings
 • Reduced healthcare utilization  

due to the drug

Negative outcomes (Side effects)
 • Adverse events including elevated 

risk of mortality
 • Adverse impacts on patient 

reported outcomes including 
quality of life
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prevention, or diagnosis of disease that has the potential to directly 
benefit patients. Normally, some evidence of efficacy already exists 
for an intervention. However evidence of cost- effectiveness has yet 
to be determined. There are a wide range of interventions for dia-
betes management, from treatment- specific interventions (pharma-
ceutical and medical devices) that lower blood glucose, improve 
metabolic control, to prevention, health promotion, and broader 
community interventions.

Economic evaluations of early intensive blood glucose- lowering 
trials, notably the DCCT and UKPDS, suggested that such pol-
icies are cost- effective. For example, an analysis of UKPDS inten-
sive blood glucose control based on policies of using insulin and 
sulphonylureas reported an ICER of around £6000 per QALY, while 
blood glucose control with metformin was cost- saving [6] . Similarly, 
large clinical trials of better control of blood pressure [7] and lipid 
lowering [8] show that these strategies are also cost- effective and (in 
some cases) cost- saving. Lifestyle management interventions such 
as the Diabetes Prevention Program (DPP) have also been found to 
be cost- effective (discussed later) [9].

It is important to note that the cost- effectiveness of interventions 
may vary over time or across different healthcare settings, particu-
larly if the cost of therapies change (see Figure 15.15.2.1). In such 
an environment, decision makers need to consider whether dif-
ferent strategies for prevention and treatment of diabetes are con-
sidered value for money and hence should be funded. Economists 
use the calculated ICER to implicitly place a value on extending and 
improving the quality of life. This is done by identifying a bench-
mark or threshold to determine whether an intervention is worth 
funding relative to outcomes.

What threshold should be used in the US? While there is no 
universally accepted amount, many studies often quote around 

$US50 000 per QALY. The origins of this threshold come from an 
American study in the 1970s that estimated the funding of dia-
lysis patients with end- stage renal disease, the argument being 
that if there was public funding provided for dialysis then public 
funding should also be provided for interventions that had 
lower cost- effectiveness ratios [10]. In the United Kingdom, the 
National Institute for Health and Clinical Excellence (NICE) has 
an explicit threshold of £30 000 per QALY [11] although some 
have recently questioned this level as analyses of actual funding 
decisions indicates lower levels are currently being spent on care 
in the United Kingdom.

Use of Simulation Modelling

While there are now many randomized controlled trials of therapies 
for people with diabetes, economic evaluations just based on the evi-
dence from such studies do not capture all the costs and benefits 
associated with these interventions due to the limited timeframe of 
the trial. Figure 15.15.2.2 illustrates the lifetime outcomes (meas-
ured in QALYs) of intensive blood glucose therapy based on evi-
dence from the UKPDS [6, 12]. Although the UKPDS was a study 
of comparatively long duration having a median follow- up of over 
10 years, the majority of the incremental outcomes (and costs) of in-
tensive therapy over conventional therapy occurred after completion 
of the trial.

 Quality- Adjusted Life Year in the US

Simulation modelling can be used to extrapolate beyond the results 
of a clinical trial to capture the costs and health outcomes accumu-
lated over a lifetime associated with an intervention. Models such as 
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the UKPDS Outcomes model have been used in type 2 diabetes to 
explore head- to- head comparisons of new interventions to an ex-
isting treatment, developed using survival analysis techniques on 
data from the trial to estimate lifetime health outcomes and costs 
for type 2 diabetes patients [13, 14]. This has been used worldwide 
to investigate the cost- effectiveness of interventions that could po-
tentially lower the risk and healthcare costs associated with dia-
betes- related complications, as well as prevent premature mortality.

Case Study— Economic Evaluation Comparing a 
Lifestyle Intervention Versus Metformin for the 
Prevention of Diabetes

People with impaired glucose tolerance (IGT) are at high risk of 
progressing to type 2 diabetes. The DPP was a large randomized 
controlled clinical trial that tested whether either lifestyle (diet, ex-
ercise, and behaviour modification) changes or metformin could 
prevent or delay the onset of type 2 diabetes in over 3000 people 
with IGT [15]. Over a 3- year period, individuals reduced their risk 
of developing diabetes by 58% in the lifestyle intervention group 
and 31% in the metformin group when compared to the placebo 
group. DPP participants were followed up for an additional 7 years 
to assess the long- term effects of the interventions on health and 
healthcare utilization.

An economic evaluation was conducted comparing the lifestyle 
and metformin interventions with the placebo group. Both inter-
vention groups experienced savings due to lower medical care costs, 
with less doctor and hospital visits, and other types of medications 
compared to the placebo group. Over a 10- year period the average 
cost per person was calculated to be an additional $928 in the life-
style group compared to placebo, while metformin was cheaper 
than the placebo group ($321 per person).

Outcomes were assessed in terms of the cumulative number of 
QALYs over a 10- year period. The total increase in QALYs was ap-
proximately 0.14 and 0.02 for the lifestyle and metformin groups, 
respectively. It is important to remember that both outcomes and 
costs in economic evaluation are represented as the average or mean 
change, and may vary considerably between individual patients. For 
example, blood- pressure medication may have a large impact on an 
individuals’ survival if it prevents them having a stroke, but may be 
of no benefit on survival for other patients.

Using the information provided on the costs and outcomes of 
both interventions (see Table 15.15.2.2):

Then, using the formula to calculate an ICER for the lifestyle 
intervention group compared to the placebo group:

 
Incremental cost effectiveness ratio     − = =$

$
928

0.14
6629.

 

Note that no incremental cost- effectiveness ratio was calculated 
for the metformin group. That is because the metformin inter-
vention is both cheaper and more effective compared to placebo, 
which is a cost- saving scenario and an easy decision to fund for pol-
icymakers. This is known as a dominant intervention.

This means it costs on average around $6600 for each additional 
QALY gained through the use of a lifestyle intervention. Is it worth 
society spending the extra money to ensure access to the lifestyle 
intervention for diabetes prevention in adults with IGT?
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